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October 9, 2006

Mark McClellan

Center for Medicare and Medicaid Services
Mail Stop 5-11-24

7500 Security Blvd.

Baltimore MD 21244-1850

Re: CMS-1321-P - Medicare Program; Revisions to Payment Policies Under the
Physician Fee Schedule for Calendar Year 2007 and other Changes to Payment Under
Part B

Dear Administrator McClellan:

We are survivors of gynecological cancers, their family members, and friends. We are
writing to you because we have learmned that the Medicare program may change the way it
pays for tests that help oncologists choose the most effective chemotherapy for a patient.
This type of testing is known as “chemoresponse testing” and is growing in use,
particularly as the choice of chemotherapy becomes more complex.

Today, chemoresponse tests are widely used to guide the treatment of ovarian, epithelial
and fallopian tube cancers. When a chemoresponse test has been incorporated into the
treatment plan, women experience progression-free intervals two to three times longer
than women whose treatment did not benefit from these tests.

Medicare has paid for these tests for years as a Part B service. Now, however, Medicare
has apparently re-thought this practice and decided that these tests should be billed to the
hospital as an inpatient service and included in the hospital’s DRG payment. Hospitals,
howeyver, are understandably unwilling to pay for tests, which are done in an independent
laboratory, after a patient has been discharged, for purposes of guiding treatment that will
not be delivered in the hospital. ‘

Perhaps this is being done to save money for Medicare, but the price to women will be
high. Because hospitals will not pay, and Medicare rules forbid women to pay privately,
this valuable service will become unavailable. We think that is wrong. Please continue
the policy of paying for chemoresponse testing as a Part B service.

Sincerely,
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PATHOLOGISTS

Comments of the
Georgia Association of Pathologists
on the Revisions to Payment Policies Under the

Physician Fee Schedule for Calendar Year 2007
[CMS-1321-P]

The Georgia Association of Pathologists (GAP) is pleased to have the
opportunity to comment on the proposed revisions to payment policies under the
physician fee schedule for calendar year 2007 (the “Proposed Rule”). 71 Fed. Reg.
48982 (Aug. 22, 2006). The GAP is a professional society of pathologists practicing in
the state of Georgia. GAP members perform a variety of services that are reimbursed
under the physician fee schedule. Thus, GAP members will be significantly affected by
the changes in the Proposed Rule. The GAP’s comments on the Proposed Rule focus
on the revisions to the reassignment and physician self-referral rules, and changes to
the rules governing how anatomic pathology services are billed.

PROVISIONS
REASSIGNMENT AND PHYSICIAN SELF-REFERRAL

The GAP is very pleased that CMS is taking action designed to curb the growth
of so-called “pod” or condo laboratories. Id. at 49054. These arrangements give
referring physicians the opportunity to earn revenues based on their own referrals for
services performed by other physicians. The Medicare program has always expressed
concern about such arrangements and has numerous provisions in place to curb such
abuses. CMS is taking an important step in its revision to the reassignment rules and
the Stark self-referral laws as a way of curbing these abusive arrangements. However,
the GAP believes that in order to be effective in addressing the pod issue, CMS must
impiement not only the independent contractor reassignment revisions that pertain to
the technical and professional components of anatomic pathology, but also measures
that would limit the use of part-time employee pathologists in such arrangements.

As CMS recognizes, there are two different, but related, means of curbing these
practices: first, clarify the provisions of the prohibition on reassignment, which is
designed specifically to prevent Medicare from paying physicians for work performed by
others, except in limited situations and second, modify the Stark self-referral law, which
is designed to prevent physicians from profiting by referring business to entities with
which they have a financial relationship. As CMS notes, many pod arrangements are
established either in contravention of these requirements or by taking advantage of
ambiguities that exist. Generally, the GAP is supportive of the changes that CMS is
making, but we are aware of additional helpful proposals to clarify or more closely
define the requirements set out by CMS, as well as to address the issue of part-time
employees.
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Changes to the Reassignment Rule

In the area of the changes to the prohibition on reassignment, CMS makes the

following proposals:

Clarify that physicians acting pursuant to the contractual arrangement exception
must still meet the requirements applicable to the purchase of diagnostic testing,
with regard to the professional component.

GAP position: supports applying current purchased-service limitations in situations

of reassignment where the ordering physician that sees the patient is purchasing
the professional interpretation from a pathologist, even if the service is
reassigned under the contractual arrangement exception. Ordering physicians
that bill for purchased diagnostic tests should not be able to circumvent the
requirements by calling the purchased service a service performed under a
contractual arrangement. However, the GAP does not support making the
requirements across the board for all reassigned services under the contractual
arrangement exception because of the potential unintended consequences for
longstanding and legitimate practice arrangements among pathologists and
pathology groups. Pathology groups that choose to engage another pathologist
as an independent contractor and reassign payment rely on the contractual
arrangement exception without risk of program abuse.

CMS requests comments on what additional limitations should be put on the
purchase of the professional component.

GAP position: no additional limitations are necessary on PC purchase, beyond
the need to apply the purchased-service rules that already exist and clarifying that
they apply in the contracted reassignment setting. But the GAP does not oppose an
anti-markup provision for the PC, similar to the requirements for the purchase of the
TC, to protect against other abuses by ordering physicians billing for diagnostic
testing.

CMS asks whether all diagnostic testing in the designated health services
("DHS") category should be covered or whether it should apply specifically to
pathology; and whether any of the provisions should apply to services performed
on the premises of the billing entity, and if so, how to define the premises
appropriately.

GAP position: no comment

Stark Self Referral Provisions

As CMS recognizes, in order to limit these types of practices in all areas, it is also

necessary to further clarify certain specific provisions or exceptions in the Stark self-
referral law. The GAP agrees that this is imperative. We are especially concerned that
in response to changes in the reassignment rules, discussed above, many pod




arrangements will simply restructure and hire pathologists as part-time employees,
which could circumvent the purpose of many of these changes. The GAP believes that
the Stark law may provide the most direct way of curbing these new abuses. Therefore,
before discussing the other changes proposed by CMS to the Stark provisions, we wish
to make one additional proposal designed to limit part-time pathologists.

Part-Time Employment of Pathologists

The GAP is concerned that in response to the provisions in the Proposed Rule,
existing and new arrangements may be restructured so that pathologists will be retained
as part-time employees rather than independent contractors. For example, a
pathologist could become a part-time employee of several different groups under
arrangements that potentially satisfy both the reassignment rules and the physician
service or in-office ancillary services exceptions to the Stark self-referral provisions.
From the standpoint of the group practice and the retained pathologist, the arrangement
need not differ significantly from an independent contractor relationship. Thus, the GAP
considers it to be essential that CMS address both structures in its rulemaking.

The GAP recognizes that some groups may decide to hire their own pathologist,
but they should be required to make the same investment in salaries and capital that
any other business would have to make in that endeavor and undertake the same type
of business risk. They should not be able to avoid that requirement by re-characterizing
an “independent contractor” pathologist as a “part-time employee” pathologist, without
incurring the additional costs and risk attendant to hiring that person. Without some
limitation on this practice, groups will simply restructure without any risk and continue to
profit from their own referrals. The GAP believes that the part-time employee concern
could be addressed through modifications in the “group practice” requirements under
the Stark seif-referral rules or, potentially, through changes in the employee
reassignment provision.

We are aware of, and support suggested alternative regulatory proposals that
would address this issue through the “substantially all” requirements for group practices
under Stark. In essence, they would require that, in addition to the group practice as a
whole having to perform at least 75% of its patient care services through the group,
each individual member would need to perform at least one-half of its patient care
services through the group. Such a provision could be limited to pathology services.
Alternatively, CMS could, in the same provision of Stark establish a maximum number
of group practices to which any one pathologist could belong. The GAP would strongly
support this approach. These are more fully described in the comments of the
American Clinical Laboratory Association, so they need not be repeated in detail here.
Basically, if a pathologist arrangement did not meet this requirement, then the group
practice would not be able to bill for pathology services that it refers to the pathologist.
We believe that such a provision would limit restructuring that might be anticipated in
response to the proposed changes in the contractor reassignment rules.




INDEPENDENT LAB BILLING

In the Proposed Rule, CMS states, “We continue to believe, however, that
hospital prospective payment amounts already compensate hospitals for the TC of
physician pathology tests and that additional payment under the PFS is inappropriate.”
Id. Therefore, CMS is proposing to amend § 415.130 to provide that, for services
furnished after December 31, 2006, an independent laboratory may not bill the carrier
for physician pathology services furnished to a hospital inpatient or outpatient.

The GAP believes that the proposed rule misstates the intention of the proposal
to discontinue the Grandfather provision, where it states ‘For services furnished after
December 31, 2006, an independent laboratory may not bill the carrier for physician
pathology services furnished to a hospital inpatient or outpatient.” We believe the intent
was to state that “For services furnished after December 31, 2006, an independent
laboratory may not bill the carrier for the technical component of physician pathology
services furnished to a hospital inpatient or outpatient.” We urge CMS to correct this
language if this concept is to appear in the final rule.

Given this major change to these historical billing rules, we strongly urge CMS to
help hospitals understand their new obligations and move forward to address them to
ensure that Medicare beneficiaries have full access to necessary clinical laboratory
testing services.

CONCLUSION

Thank you for the opportunity to submit these comments. We look forward to
working with CMS to finalize and implement the proposed changes to the physician fee
schedule. Please do not hesitate to contact us should you have any questions about
this information or need any further information.

Respectfully submitted,

Matthew R. Fries, MD
President, Georgia Association of Pathologists
October 9, 2006
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October 4, 2006

Honorable Mark B. McClellan, M.D., Ph.D.

Administrator, Centers for Medicare and Medicaid Services
Department of Health & Human Services

Attention: CMS-1321-P

Mail Stop C4-26-05

7500 Security Boulevard

Baltimore, MD 21244-1850

Re: CMS$-1321-P Medicare Program: Revisions to Payment Policies Under the Physician Fee Schedule for Calendar
Year 2007 and Other Changes to Payment Under Part B

Dear Dr. McClellan:

On behalf of DePuy Mitek Inc., | am pieased to submit comments and recommendations in response to the Revisions to
Payment Policies under the Physician Fee Schedule for Calendar Year 2007 and Other Changes to Payment under Part B
issued by the Centers for Medicare & Medicaid Services (CMS) in the Federal Reqister on August 22, 2006. DePuy Mitek is a
leading manufacturer of advanced orthopedic medical device technologies.

The FDA approved ORTHOVISC® in February 2004. Since that time, it has been without a permanent J code, which has
caused significant access issues. Over the past 2-14 years, we have followed the process; completing three HCPCS
applications and participating in two HCPCS panel reviews. To date, ORTHOVISC® remains with a temporary code. In the
attached comment letter, we will make the following recommendations:

. Request a new unique code for ORTHOVISC® based on clinical differences, differences in cost of treatment and limited
access to care by the Medicare population related to extreme administrative burdens caused by a Not Otherwise
Classified (NOC) code.

e A new unique J code is necessary and appropriate for ORTHOVISC® under the established HCPCS process.
Assignment of a new J code would recognize the unique characteristics of ORTHOVISC®, distinguish it from other
viscosupplements, facilitate patient access and allow for appropriate payment for ORTHOVISC® and other hyaluronic acid
(HA) products.

e  The proposed 2007 Proposed OPPS Rule eliminates ORTHOVISC®'s existing C code, C 9220. Therefore, a permanent
appropriate J code is needed for the use of ORTHOVISC® in the hospital outpatient clinic setting.

e  Werecommend J codes for sodium hyaluronate products be assigned based on dose ranges to accommodate existing
and future products in this category:

»  Nineteen or less mg. per intra-articular injection - current J code 7320

»  Twenty to twenty-nine mg. per intra-articular injection - current J code 7317

>  Thirty and above mg. per intra-articular injection - new J code JXXXX
Overview

ORTHOVISC® (high molecular weight hyaluronan) is a high molecular weight, ultra-pure natural hyaluronan dissolved in
physiological saline. It is used in the treatment of pain due to osteoarthritis (OA) of the knee for patients who have failed to
respond adequately to conservative non-pharmacologic therapy and to simple analgesics (e.g. acetaminophen). The following
represent the milestones and activity involved in attempting to obtain a unique J code since ORTHOVISC® obtained FDA
approval in February 2004.

e Jcode application submitted in April 2004,

e Request for an OPPS pass through was submitted May 2004 and new C code approved November 2004.
+ Jcode application was resubmitted December 2004 under the new HCPCS application process.

. DePuy Mitek presented clinical and economic information at the HCPCS Pane! meeting in May 2005.

e  The 2006 Physician Fee Schedule issued in November 2005 HCPCS panel created code 7318 to describe all
sodium hyaluronate or derivatives products per mg including ORTHOVISC®.

« In November 2005, CMS reversed decision of the 2006 Final Physician Fee Schedule and previous coding was U S A
maintained placing ORTHOVISC® back in NOC and returned all HA products to previous pre-rule codes.

«  DePuy Mitek resubmitted J code application for ORTHOVISC® December 2005.

e

«  DePuy Mitek presented clinical, economic and market information at the HCPCS Panel meeting May 2006. #ROUD PARTHER
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In the past 24 months, there have been over 100,000 ORTHOVISC® injections. Providers, who have determined that
ORTHOVISC® is the appropriate treatment for their patients, have experienced severe payment issues due to lack of a specific
code including:

+  Automatic claim denials based on NOC code;

¢ Lengthy appeals process with some providers experiencing 1-4 months;

+  Resubmission of claims adding an additional 2-4 weeks;

e  Manual processing of claim which are more time consuming and results in delay in payment and

e  ~46 % decrease in reimbursement from the ORTHOVISC® established Average Selling Price (ASP) due to carriers
assigning ORTHOVISC® to J7317 resuiting in inappropriate reimbursement.

Unique HCPCS Code for ORTHOVISC®

The request for a new unique code is based on clinical differences; differences in cost of treatment and limited access to care
by the Medicare population related to extreme administrative burdens caused by the current NOC code.

Currently there are five FDA approved hyaluronans. Each agent has unique physical properties, dosing and administration
schedules as outlined in Table I.

Tablel
Dose Pes Number of Molecular Hyaluronan
Brand Name Generic name Injection weekly Weight Concentration
injections per | (X10¢D) (mg/ml)
treatment
COourse
High Molecular
ORTHOVISC* Weight 30 mg 3or4* 1.0-29 15
Hyaluronan ]
; ~ 6 (Hylan A I J
Synvise® Hylan G-F 20 16 mg 3 only) 8
Sodium
Hyalgan® Hyaluronate 20 mg 5 0.5-0.73 10
Supartz® Sodium 25m 34,5 0.62-1.17 0
P Hyaluronate 9 . ’ ’
* | Sodium 2mg Fora Ty

Adapted from package inserts

*ORTHOVISC® is primarily used as a 3-injection treatment course. A majority of commercial Medical Policies defines ORTHOVISC®
as a 3d-injection treatment regime and Supartz and Hyalgan as 5-injection treatment regimes.

Aetna Clinical Policy Bulletin # 0179

Arkansas Blue Cross Blue Shield Coverage Poiicy: Viscosupplementation for the Treatment of Osteoarthritis of the Knee

CLINICAL DIFFERENCES:

In the osteoarthritic joint, the concentration as well as motecular weight of normal hyaluronate decreases in the synovial fluid,
which compromises the viscoelastic properties of the joint fluid. The aim of viscosupplementation with hyaluronate products is
to restore the elasticity and viscosity of the synovial fluid and provide symptomatic relief of osteoarthritic pain.’

Five agents have FDA approval for the intra-articular treatment of knee osteoarthritis. ORTHOVISC® (High Molecular Weight
Hyaluronan) is unique from the other four products (Synvisc, Hyalgan, Supartz and Euflexxa) in the following ways:

¢  ORTHOVISC?®is the only product with a 30-mg dose;

. ORTHOVISC® has a higher molecular weight than most other Hyaluronans. Cochrane Review 2 and JAMA Meta-
Analysis ¥ indicates higher molecular weight product may offer improved pain relief at early, mid and late time points;
and

! Moreland LW Arthitis Res Ther (2003) 5:54-67
2 Cochrane Group Review, Feb 2005
* JAMA, Dec 2003; 290: 3115 - 3121.
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s  ORTHOVISC®is supplied in the highest hyaluronic acid concentration (mg/ml) of the five products.

There are several reasons why placing ORTHOVISC® in one of the current existing codes is not appropriate.
e  The use of code J7317 Sodium hyaluronate, per 20 to 25 mg dose for intra-articular injection to report ORTHOVISC®is
inappropriate because it specifies a 20 to 25 mg dose and ORTHOVISC®can only be administered as a 30 mg dose.

e  The use of code J7320 Hylan G-F 20, 16 mg, for intra-articular injection to report ORTHOVISC®is inappropriate because
ORTHOVISC®is not Hylan G-F 20, which is a chemically modified Hyaluronan derivative viscosupplement. The brand
name for J7320 Hylan G-F 20 is Synvisc. ORTHOVISC®is a natural product that is not described by code J7320.

COST DIFFERENCES:

Table 1| compares the cost per injection and the cost for a typical complete course of therapy for the five FDA approved
viscosupplements currently on the market.

Typically, ORTHOVISC® and Synvisc require a 3-injection treatment program (for a duration of pain relief of 26 weeks at a cost
to the Medicare system of ~$800. Hyalgan and Supartz per FDA label require a 5-treatment program for duration of pain relief
of 26 weeks for $876, a 10% increase in cost. Euflexxa requires a 3-injection treatment program for duration of pain relief of
only 12 weeks at $714.69. While Euflexxa is not approved for repeat treatment, the cost of obtaining 24-week pain relief
duration would be $1,429.38, a 79% increase in cost compared to an ORTHOVISC® or Synvisc 3-injection treatment program.

Table l}§
ORTHOVISC® Synvisc . Hyalgan Supartz *Euflexxa
J3590 J7320 J7317 J7317 “Jr317
per 20- per 20-
mg 25mg
I 4 -

Reimbursement per |  $201.08 $198.74 $106.71 $106.71 106.71
injection***
Injection Fee $ 68.00 $ 68.00 $68.00 $ 68.00 "~ $68.00
# Injections**** 3 3 5 5 b3
Duration of Pain 26 weeks 26 weeks 26 weeks 26 weeks 12 weeks
Relief
Total
Rei
Section foea. $807.24 $800.22 $873.55 $873.55 $524.13

*Euflexxa - not considered a comparable treatment with only 12 weeks of pain relief is included in analysis to encompass all FDA
approved Sodium Hyaluronates

**Aligned with J7317 by manufacturer ***Q4 ASP 2006 rates

**=* # of injections used to obtain state duration of pain relief as stated in package insert

Access Issues

Itis important that ORTHOVISC® be assigned a product-specific code to allow Medicare and other payers to seamlessly
update coverage guidelines to include ORTHOVISC®and the appropriate product-specific code that should be used to bill
ORTHOVISC®. The use of miscellaneous coding continues to result in claims processing delays or denials and increases
administrative costs for both physicians and payers. In many carrier environments, the use of an NOC code automatically
denies the claim and requires the providers to file an appeal.

We have experienced Medicare carrier environments that are refusing the use of a NOC and requiring the use of J3717. Some
carriers are requesting the use of a multiplier depending on the multiplier (1.5 or 2) the product may or may not be adequately
reimbursed. Placing ORTHOVISC® in J3717 will impact future ASP for this J code where the products currently assigned to
J3717 are similarly priced. Some claim systems require whole integers in the quantity in order to process electronically
requiring a 1.5 multiplier to be billed and processed manually. The following examples of how ORTHOVISC® has been treated
in the marketplace demonstrate the administrative burden and inadequate reimbursement that an NOC code creates.

Trailblazers (TX, MD, VA, DE, DC)

Trailblazers requires the use of J3717 and responded to inquiry from DePuy Mitek that 2 units should be billed.
Trailblazers’ rationale is that the code J3717 represents up to a 25mg dose, therefore a 26-mg to 50-mg dose would be
considered 2 units. Since ORTHOVISC® is a 30-mg dose it would qualify as 2 units.

Without instructions from Trailblazers (Trailblazers communicated to DePuy Mitek that they do not plan to proactively
notify their providers of these instructions) providers are reluctant to document 2 units.




Pinnacle (OK, NM, RI, LA, MO, AR)

In early 2006, Pinnacle was reimbursing ORTHOVISC?®, as J3590, which initiated an automatic denial of claim, required
provider to appeal and required manual processing. To streamline the process, Pinnacle changed the code for
ORTHOVISC® to J3717 and was reimbursed at the ASP of $113.10, 43% below the established ASP for ORTHOVISC® of
$199.50. Pinnacle increased the reimbursement to 1.5 units, only to discover that claim could not be processed
electronically. In May 2006, Pinnacle reverted to accepting the NOC code, but this continues to cause difficulties in
securing timely reimbursement for many providers.

CAHABA (AL, GA, MS)

Reimbursing ORTHOVISC® as J3590 (NOC code), initiates an automatic denial of claim, requires provider to appeal and
requires manual processing, causing difficulties in securing timely treatment and reimbursement.

In summary, as noted in the above carrier examples, all of these factors lead to excessive administrative burdens, delays
in reimbursement and under reimbursement. Combined, all of these factors lead to barriers to access for the Medicare
population and unnecessary inefficiencies in the delivery of care.

Analysis of Proposed J Code Assignment for Sodium Hyaluronates

There are several proposals on possible J code assignment that have been discussed by the HCPCS panel review or previous
proposed rules. We have listed several of these proposals below and outlined some of the significant issues that need to be
considered in the evaluation of each of these options. It is very important to note that the wrong assignment of codes for these
HA products, results in Medicare beneficiary access issues, inappropriate reimbursement by Medicare and inappropriate co-
pays by Medicare beneficiaries.

|. Single J Code Bundie Proposal

The single J Code bundle proposal advocates assigning all of the current and future sodium hyaluronate products to one J
Code. We believe that this is not an adequate or appropriate proposed course of action for the reasons outlined below.

CMS could experience increased expenditures if a single J Code were adopted:
s Increased office visits
*  Increased claims processing
* Increased utilization driven by per dose payment proposal

s The current payment for a treatment course of a 3-injection regime (for 26-pain relief duration) is less than
a treatment course of a 5-injection regime.

Table Ill demonstrates the change in ASP based on market share allocation to ASP if a single J code was adapted.

Table 1l
Estimated ASP + 6% calculation for FY, 2007
(Based upon 2006 Q4 ASP +6% / market share)

HCPCS Description Brand name |Mg/ [Maximum Market | Contribution to !
Code Dose |Aliowable ASP|Share |ASP (ASP*Market
+6% Q4 2006 Share)
J7317 Sodium Hyalgan 20 $106.71 22% $ 2348
hyaluronate
| injection
J7317 Sodium 'Supartz 25 $106.71 1% $ 1174
Hyaluronate
injection ]
J7317 Sodium Euflexxa 20 $106.71 WZ% $ 213
Hyaluronate
injection ‘
J7320 Hylan G-F 20 |Synvisc 16 $198.74 60% $ 119.24 \
injection
J3490 High Molecular |ORTHOVISC® |30 $201.08 5% $ 1005
Weight
Hyaluronan
ASP, $166.65
+6%

The impact of combining all of the sodium hyaluronate products into a single J Code creates an artificial ASP + 6% of $166.65, a
$59.94 or 56% increase in payment for products currently assigned to J7317 and a decrease for products in J7320 and J3490 of
$32.09 (16%) and $34.43 (17%) respectively. This is illustrated in Table IV.




Table IV
Impact of CMS Expenditure of Single Bundle J Code

HCPCS Description Brand name | Mg/ Maximum Maximum | Gain/(loss)
Code Dose | Allowable ASP | Allowable
+6%, ASP +6%,
Q4 2006 Q1, 2007
J7317 Sodium Hyalgan 20 $106.71 $166.65 $59.94
Hyaluronate
injection
J7317 Sodium Supartz 25 $106.71 $166.65 $59.94
Hyaluronate
injection
J7317  [Sodium Euflexxa 20 $106.71 $166.65 $59.94
Hyaluronate
injection
J7320 Hylan G-F 20 Synvisc 16 $198.74 $166.65 $(32.09)
injection
r3490 High Molecular |ORTHOVISC® 30 $201.08 $166.65 $(34.43)
Weight
Hyaluronan ] ]

Table V demonstrates the impact of increased costs a single J code would have on the course of treatment and the overall cost to
the Medicare System. A single J code for the sodium hyaluronate category would create an artificial ASP. As a consequence, the
prescribed treatment for a Medicare patient may not be clinically driven but impacted significantly by the margin between pricing and

reimbursement.

Projections based on the single J code reimbursement suggest that there would be a shift in market share in Q2 2007 from 3-
injection products to the two 5-injection products with 26 weeks of pain relief and to the 3-injection product with 12 weeks of pain
relief product. These products currently have lowest ASP.

The projected average expenditure for course of treatment in Q4 2006 is $819.55 at a total cost to the Medicare program of
$266,255,633. In Q2 2007, the result of assigning all sodium hyaluronates to one J code, causing a shift in market share allocation,
increases the average course of treatment cost to $985.53 and total cost to the Medicare program of $320,267,250.

Table V
Projected Cost of Treatment

2006 Medicare Population Treated with Sodium Hyaluronate

325,000
Q4 2006 Mg/ JASP % lnhcﬁoq’#d N of [Contribution to [Cost of Treatment
dose i [Trestment ASP for Medicare
___fCost -~ ___1Population

Hyalgan 20 $106.71 $68.00 |5 $ 873.55 |22% $ 19218
Eupaltz 25 $106.71 $68.00 |5 $ 873.55 |11% $ 96.09
Euflexxa 20 $106.71 $68.00 |3 $ 524.13 |2% $ 1048
Synvisc 16 $198.74 $68.00 |3 $ 800.22 |[60% $ 480.13
ORTHOVISC® |30 $201.08 $68.00 |3 $ 807.24 |5% $ 4036

$ 81925 $ 266,255,633
Q1 2007
Hyalgan 20 $166.65 $68.00 |5 $ 1,173.25 |22% $ 25812 7
Supariz 25 $166.65 $68.00 |5 $  1,173.25 |11% $ 12906 |
Euflexxa 20 $166.65 $68.00 |3 $ 703.95 (2% $ 1408
Synvisc 16 $166.65 $68.00 |3 $ 703.95 |60% $ 42237
ORTHOVISC® |30 $166.65 $68.00 |3 $ 703.95 (5% $ 3520

$ 858.82 $ 279,116,175
Q2 2007
Hyalgan 20 $166.65 $68.00 |5 $ 1,173.25 |35% $ 410.64
Supartz 25 $166.65 $68.00 |5 $ 1,173.25 |25% $ 293.31
Euflexxa 20 $166.65 $68.00 |3 $ 703.95 |15% $ 105.59
Synvisc 16 $166.65 $68.00 [3 $ 703.95 120% $ 140.79
ORTHOVISC® |30 $166.65 $68.00 |3 $ 703.95 (5% $ 35.20

$ 985.53 $ 320,297,250




ll. Natural vs. Synthetic J Code Proposal

The assignment of J Codes based on natural vs. synthetic product also creates an artificial ASP and we believe an unsubstantiated
differentiation in products. Al sodium hyaluronate products come from natural sources; some are processed differently. The
difference in processing should not be a factor of separation in classification.

Table Vi demonstrates the impact that the Natural vs. Synthetic proposal would have on ASP. Gain or loss represents the
difference between current maximum allowable payment and the estimated maximum allowabie payment based on combining
Hyalgan, Supartz, Euflexxa and ORTHOVISC®. Products with lower ASPs benefit from products with higher ASPs combined into
one J code.

Table VI
Impact of Natural vs. Synthetic Proposal

HCPCS Description | Brand name { mg/dose | Maximum $ | Maximum $ Gain/
Code Allowable Allowable (loss)
ASP +6%, ASP +6%,
Q4 2006 Q1, 2007
J7317 Sodium Hyalgan 20 $106.71 $118.50 $11.79
Hyaluronate
injection
J7317 Sodium Supartz 25 $106.71 $118.50 $11.79
Hyaluronate
injection
J7317 Sodium Euflexxa 20 $106.71 $118.50 $11.79
Hyaluronate
injection ]
J3490 High
Molecular [ORTHOVISC® 30 $201.08 $118.50 $(81.58)
Weight
Hyaluronan
——
J7320 Hylan G-F 20 |Synvisc 16 $198.74 $198.87 $0.127
injection

Both the Single J Code and Natural vs. Synthetic proposals erodes the confidence level of the ASP program designed by CMS and
inhibits innovative introduction into the market place of a 1- or 2- injection product for 26 weeks pain reduction product.

DePuy Mitek Recommendation

We strongly recommend permanent J codes assignment for ORTHOVISC®. We believe based on the clinical differences and the
dosing, this would achieve the following:

¢  minimize the number of codes used in this category,

e  address the dosage differences of the products,

e accommodate future product introduction in this category;

e supports CMS' decision to establish separate ASP rates under Medicare Part B; and

s eliminates the creation of an artificial ASP

—



Table VII outlines DePuy Mitek’s recommendations for the descriptors and J Code classifications for current sodium hyaluronan

products.
TABLE Vii
Brand Generic Dose Current Current Recommended
Name Name Per | Description Code ' Pescription
IORTHOVISC® High Molecular30 mg Unclassified drugs J3490 Hyaluronan (sodium J XXXX
Weight hyaluronate) or
Hyaluronan herivative, per 30 or
imore mg, for intra-
rticular injection
\
Supartz Sodium 25 mg Sodium hyaluronate, J7317 [Hyaluronan (sodium J7317
Hyaluronate per 20 to 25 mg dose hyaluronate) or
for intra-articular Ferivative, per 20 to 29
Hyalgan Sodium 20 mg injection J7317  mg, for intra-articular J 7317
Hyaluronate injection
Euflexxa Sodium 20mg J7317 J 7317
Hyaluronate
[Synvisc Hylan GF-20 [16mg Hylan G-F 20, 16 J 7320 Hyaluronan (sodium J 7320
mg, for intra articular hyaluronate) or
injection erivative, per 19 or less
g, for intra-articular
njection

* Aligned with J7317 by manufacturer

Conclusion

We believe that without a unique J Code assigned to ORTHOVISC? in the upcoming assignment of codes there will be serious
access to care issues for the Medicare population to ORTHOVISC®. We recommend that Hyaluronan (sodium hyaluronate) or

derivative be assigned to J Codes based on the following dose ranges:

. Nineteen or less mg. per intra-articular injection - current J code 7320

e  Twenty to 28 mg. per intra-articular injection - current J code 7317

e  Thirty and above mg. per intra-articular injection - new J code JXXXX

We appreciate your consideration of the above comments.

Sincerely,

2l s

Michael McBreen

Vice President and General Manager - ORTHOVISC® Franchise
DePuy Mitek, a Johnson & Johnson company
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October 10, 2006

Mark McClellan, M.D., Ph.D.

Administrator

Centers for Medicare & Medicaid Services
Department of Health and Human Services
Room 445-G, Hubert H. Humphrey Building
200 Independence Avenue, S.W.
Washington, DC 20201

Re: Medicare Program: Revisions to Payment Policies Under the Physician Fee
Schedule for Calendar Year 2007 and Other Changes to Payment Under Part B
(CMS-1321-P)

Dear Dr. McClellan:

Reed Smith LLP welcomes the opportunity to comment on behalf of one of our pharmaceutical
manufacturer clients concerning CMS’s proposed rule on Revisions to Payment Policies Under the
Physician Fee Schedule for Calendar Year 2007 and Other Changes to Payment Under Part B (the
“Proposed Rule”). The client is one of the country’s leading research-based pharmaceutical companies
and is devoted to making life-improving medicines available to patients, which include many Medicare
beneficiaries.

Our client’s comments on the Proposed Rule focus on CMS’s provisions regarding ASP
calculations (i.e., the section of the Proposed Rule on “ASP Issues™). As detailed below, they address
CMS’s discussion and proposed definition of bona fide service fees and request for comments on
bundling arrangements.

L. Fees Not Considered Price Concessions

In the Proposed Rule, CMS seeks to clarify what it considers to constitute a bona fide service fee
and that bona fide service fees are not considered price concessions. To that end, CMS proposes to
define bona fide service fees as fees paid by a manufacturer to an entity that represent fair market value
for a bona fide, itemized service actually performed on behalf of the manufacturer that the manufacturer
would otherwise perform (or contract for) in the absence of the service arrangement, and that is passed
on, in whole or in part, to a client or customer of an entity, whether or not the entity takes title to the
drug. CMS also proposes to clarify that administrative fees and other fees paid to group purchasing
organizations or pharmacy benefit managers are not considered price concessions if they meet the
general criteria for bona fide service fees.

Our client supports CMS’s efforts to provide additional guidance concerning what constitutes a
bona fide service fee. At the same time, our client believes it is imperative that the definition of such
fees reflect real-world practices so that it provides a workable and realistic framework that can be used
to further refine the calculation of ASP. Our client also requests that, to ensure consistency, CMS

NEW YORK ¢ LONDON ¢ LOS ANGELES ¢ PARIS ¢ SAN FRANCISCO ¢ WASHINGTON, D.C. ¢ PHILADELPHIA ¢ PITTSBURGH ¢ OAKLAND
MUNICH ¢ PRINCETON ¢ NORTHERN VIRGINIA ¢ WILMINGTON ¢ NEWARK ¢ BIRMINGHAM, U.K. ¢ CENTURY CITY ¢ RICHMOND

reedsmith.com
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specify in any guidance that its provisions on bona fide service fees apply to the calculation of ASP and
Medicaid rebate calculations (e.g., AMP and Best Price).

In response to CMS’s solicitation of comments on the specific types of services entities perform,
our client does not believe that it is practicable to “itemize” or provide a “laundry list” of services in
these comments. Our client recommends that CMS consider establishing a clear standard that,
consistent with the personal services safe harbor to the anti-kickback statute, bona fide services be any
that are reasonably intended to accomplish the commercially reasonable business purpose of the
manufacturer and, as discussed below, consistent with fair market value. By establishing such a
standard, the ultimate determination of whether a fee is being paid for a service (as opposed to being a
price concession) will be made based on the specifics of the arrangement between the manufacturer and
entity. Accordingly, arrangements for some of the services that CMS lists in its discussion of the
Proposed Rule, such as inventory management, distribution, and other activities of distributors, would
each need to be specifically assessed on their own merits against the standard.

Our client also recommends against the proposed standard that would require that the service be
one the manufacturer would otherwise perform directly or contract for in the absence of the service
arrangement. This standard is somewhat unclear, as it appears to define a bona fide service as only one
that a manufacturer could perform for itself. Our client believes that such a test could be unduly
restrictive of established, common business practices because there are many types of services that are
unique to the service provider (e.g., refill reminders, certain inventory related services) that a
manufacturer is not in a position to otherwise perform directly (or contract for outside of the particular
service arrangement). These services are no less important to the manufacturer and no less desirable to
its efficient operation. The use of the term “would otherwise perform” also may suggest that services be
“absolutely” necessary to the manufacturer, as opposed to reasonably intended to accomplish a
commercially reasonable business purpose. Clearly, manufacturers may engage third parties to perform
services that are desirable, even if not absolutely “necessary.” Applying the standard as written may
place undue emphasis on the form rather than the substance of the service.

CMS also requests comments on fair market value determinations for bona fide services. We
note that historically, CMS and the OIG have declined to make fair market value determinations. While
the fair market value of many services may readily be ascertained, using external references,
comparators, and the like, our client also recognizes the difficulty of determining fair market value due
to the unique nature of some services. Accordingly, our client requests that CMS acknowledge that
some service providers may be uniquely situated to provide services, such as when there is not otherwise
an active market for the services (e.g., refill reminders to patients). In addition, CMS should recognize
that services fees may be paid on a variety of bases. For example, certain service fees may be paid on a
percentage basis, yet are objectively reasonable in amount with respect to the value of the service to the
manufacturer, and still in fact constitute fair market value for the service. Our client also strongly urges
CMS to revisit the proposed requirement that a fee may not be passed on in whole or in part in order to
be considered a bona fide service fee. Our client does not believe this is an appropriate or useful test to
determine whether something is an actual service fee. The nature of the services rendered should dictate
the treatment of the fee being paid. In other words, the ultimate disposition of the fee does not take
away from or otherwise change the characteristics of the services. Further, as a practical matter, it is
difficult if not impossible for a manufacturer to determine whether a fee has, in fact, been passed on to
an end user. Instead, our client recommends that CMS provide that a bona fide service fee is one paid
for a bona fide service where the manufacturer has not contracted for the fee to be passed on by the
middleman through to an end user with the intention of delivering to the end user a price concession
from the manufacturer for its products.

Finally, with respect to administrative fees paid to group purchasing organizations and pharmacy
benefit managers, our client recommends that CMS provide guidance to ensure consistency by

DCLIB-480665.2-CEBLOOMQ
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manufacturers in the treatment of such fees. To the extent that CMS determines these fees should be
treated as services, our client does not believe that CMS should require that such arrangements also meet
the general “bona fide service fee” standards. The standards for evaluating bona fide service fees and
whether they are consistent with fair market value cannot be applied to administrative fees in any
practical way. Such standards are not appropriate in light of the unique nature of these arrangements, as
reflected in the GPO Administrative Fee safe harbor being separate from the discount safe harbor.
Specifically, an itemization of services is not feasible with respect to these arrangements; nor is the
“pass-through” standard manageable in light of the fact that some providers hold ownership interests in
GPOs and PBMs. If CMS determines that GPO and PBM administrative fees should be considered
service fees, then in connection with establishing a standard, it should consider providing guidance that
GPO and PBM fees at or below an identified amount (e.g., 3%) are presumed to be for bona fide
services. | Further, with respect to fair market value, the GPO safe harbor reflects an implicit
presumption that fees that are 3% or less of the value of purchases may be considered fair market value,
thus CMS should specify a similar presumption for GPO and PBM fees.

1I. Other Price Concession Issues: Bundled Price Concessions

CMS solicits comments concerning various issues associated with bundled fee arrangements to
ensure that ASP “is an accurate reflection of market prices for Part B drugs and that the treatment of
bundled price concessions in the ASP calculation does not create inappropriate financial incentives.”
Specifically, CMS requests information concerning the frequency of bundled arrangements, different
bundled arrangement structures, the bundling of Part B drugs with non-Part B products, and potential
methodologies to apportion costs under bundled arrangements.

Our client believes that CMS should provide consistent guidance concerning bundling across
various programs (i.e., Medicaid rebate, ASP calculation) and that such guidance should apply only
prospectively. In our client’s experience, there is not significant bundling with respect to Part B
products because of their unique therapeutic nature. Accordingly, it may be more appropriate to address
bundled arrangements in the impending AMP rulemaking required under the Deficit Reduction Act of
2005. In addition, CMS should proceed carefully in providing such guidance, because guidance that
deems an arrangement to be a “bundle” may have different and unintended impacts on price reporting,
depending on the programs involved. For example, if CMS guidance were to deem an arrangement a
bundled sale that required allocation of discounts among the included products, it might serve to lower
the Medicare ASP on one product in the bundle, but could simultaneously raise the Medicaid best price
for a different product.

If CMS chooses to provide guidance on bundling in the ASP context, our client believes that
such guidance should be through formal rulemaking with a comment period and that CMS should give
particular attention to the way in which it defines what constitutes a bundled arrangement. Our client
recommends that CMS identify a bundled arrangement as one in which a discount on one or more
products or services is contingent on the actual purchase of one or more other products or services.
Therefore, not all contracts involving multiple products will constitute bundled arrangements. For
example, a contract that merely requires the placing of multiple products on a formulary should not be
considered to trigger a bundled sale, because formulary status, in and of itself, does not impose a
contractual requirement that the customer must make an actual purchase or utilize products in specific
amounts. Given the many types of contracting arrangements that exist, however, we do not believe that
it is practicable for CMS to attempt to define all of the types of arrangements that may qualify as

1 In adopting such a standard, however, CMS should be clear that such fees in excess of the 3%
standard may be permissible.

DCLIB-480665.2-CEBLOOMQ
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bundled sales, and CMS should continue to allow manufacturers to make “reasonable assumptions” in
the absence of specific guidance.

Similarly, if CMS provides guidance on allocation methodologies for bundled arrangements, our
client recommends that manufacturers be entitled to employ reasonable assumptions concerning the

appropriate bases for proportionally allocating discounts among affected products that would allow
manufacturers to take into account contract or market prices.

* * * *

We appreciate your consideration of these comments. Please do not hesitate to contact me if you
have any questions or need additional information concerning the issues presented herein.

Very truly yours,

oseph W. Metro

JWM:cr

DCLIB-480665.2-CEBLOOMQ
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October 6, 2006

Mark McClellan, MD, Ph.D

Administrator

Centers for Medicare and Medicaid Services
Department of Health and Human Services
Attention: CMS -1321 -P

Mait Stop: C4-26-05

7500 Security Boulevard

Baltimore, MD 21244-1850

RE: Proposed Rule; Revisions to Payment Policies under the Physician
Fee Schedule for Calendar Year 2007 and Other Changes to Payment
Under Part B (Federal Register, August 22, 2006)

Dear Dr. McClellan:

On behalf of Inland Cardiology Associates, PS, we appreciate the opportunity to submit these
comments to the Centers for Medicare & Medicaid Services (“CMS”) regarding the above
proposed Revisions to Payment Policies under the Physician Fee Schedule for Calendar Year -
2007 and Other Changes to Payment Under Part B; Proposed Rule (“Proposed Rule”). We are
concerned about several provisions that will impact Medicare beneficiaries’ access to services in
outpatient cardiac centers, particularly those related to cardiac catheterizations. Specifically, we
are concerned about the payment method proposed for cardiac catheterization related procedures.
The Cardiovascular Outpatient Center Alliance (“COCA”), of which we are a member, will
address the CMS proposal to require standards for Independent Diagnostic Testing Facilities
(“IDTFs”). Qur concerns related to the payment method are outlined below.
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Payment Method

Under the proposed rule CMS states that the payment for Cardiac catheterization related
procedures (e.g. CPT code 93510 TC, 93553 TC and 93555 TC) will be established by the
Medicare carriers. The change in the payment method appears only in Addendum B, and CMS
provides no explanation or justification in the body of the proposed rule for this change. We
object to this approach because it is inconsistent with the overall policy of basing Medicare
payment rates for physician services on a national fee schedule methodology. We are also
concerned that if carrier pricing were to be implemented, the carriers would look to the values in
the June 29, 2006 Notice that addressed the changes to the methodology for the development of
practice expense (PE) relative value units (RVUs). Therefore, we request that CMS give serious
consideration to addressing the flaws in the proposed changes to the bottom up “PE”
methodology for procedures where the technical component (TC) can be billed separately. We
know that developing an adequate solution will take time and, therefore, request that CMS set
the 2007 relative value units for the three codes listed based on the 2006 values.

We urge CMS to use the current relative value units as the basis for determining reimbursement
for these procedures rather than relying on the Medicare carriers to price these services. By
doing so, CMS will be able to set a reimbursement rate that fairly reflects the costs of performing
these procedures. This recommendation is supported by actual data from outpatient centers.
COCA sponsored a study to estimate the costs of performing a cardiac catheterization (CPT
Code 93510 TC) in an outpatient center. The study results demonstrated that the 2006 Part B
physician fee schedule payment approximates the average cost of providing these services. Asa
result, we do not believe that a new pricing methodology is necessary.

The current relative value units result in a payment rate that is in relative parity with the payment
amount hospitals receive under the hospital outpatient prospective payment system. In fact, the
2006 physician fee schedule payments for the three CPT codes included in the Ambulatory
Procedure Classification (“APC”) for cardiac catheterizations are 93 percent of the relevant APC
rate.

In our response to CMS’ Proposed Changes to the Practice Expense Methodology (Federal
Register, June 29, 2006) we outlined our concerns with the proposed changes to the PE
Methodology, I.e., use of a bottom-up methodology and the elimination of the non-physician
work pool. The proposed payment rates resulting from the use of the practice expense RVU’s
for the left heart catheterization procedure alone (CPT code 93510 TC) reduce payment levels in
2007 by 16 percent, and by 2010 make overall reduction of 53 percent. The flaws in the
methodology, particularly as they relate to the cardiac catheterization procedure codes were
described in ICA/Dr. Murphy’s previous letter of August, 2006, and more specifically in the
August 22, 2006 comment letter submitted by COCA.

Cardiac catheterizations that are billed through the Medicare physician fee schedule are
performed primarily in cardiology groups and freestanding centers which are grouped into a
diverse group of diagnostic testing facilities known as IDTFs.
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We believe that the development of unique standards for each type of diagnostic testing facilities
will facilitate the development of a consistent Medicare policy for outpatient cardiac
catheterization services. The standards will provide a solution to the issue that cardiac
catheterization labs faced when the national coverage determination for outpatient
catheterizations was rescinded because of the change of scope in the CMS contracts with the
Peer Review Organizations in January 2006.

The need to develop unique standards for each type of diagnostic testing facility provider is
consistent with the observation that CMS made in the Proposed Rule regarding the practice
expense for different types of remote cardiac monitoring and anticoagulation monitoring.
Similar to CMS’s observation that these types of IDTFs are different, we believe that cardiac
catheterization centers are unique and that their cost structure and quality standards are similar
regardless of whether they are performed in a cardiology practice or an independent outpatient
center. The COCA cost study shows that the cost profile of outpatient cardiac centers is quite
different from the average profile of all IDTFs. We believe the COCA cost analysis will be
helpful to CMS as it begins to develop standards, specifically for cardiac outpatient centers
because the data can be used to estimate the impact that each standard has on practice expenses.
The cost study will also be helpful as CMS works to develop a practice expense RVU for cardiac
catheterization procedures that reflect the resources needed to perform the service.

In summary, we have grave concerns about the use of carrier-based pricing for procedures that
are offered nationwide and historically have been paid according to the physician fee schedule
methodology. The carrier based pricing approach is more often used for new services where
there is insufficient data on which to determine a national rate. We have previously described
our concerns with the proposed 2007 PE RVUs for the cardiac catheterization-related
procedures, and, therefore, request that the 2006 rates be frozen so that payments reflect the costs
of performing the procedure in the outpatient setting and are on par with the APC rate fora
comparable family of cardiac catheterization-related procedures. In addition, we also note that
carrier-based pricing has the potential to create disparities in beneficiary co-payment liability.

We thank you for the opportunity to describe our concerns about the proposed rule, specifically
as it related to payment for cardiac catheterization-related procedures and the development of
standards for centers that perform these procedures on an outpatient basis.

Sincerely,

Wil <

William S. Murphy, MD, FACC, FCCP
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We appreciate the opportunity to submit comments on 42 CFR Parts 405, 410, 411,
414,415, and 424 [CMS-1321-P] RIN 0938-A024 Medicare Program; Revisions to
Payment Policies Under the Physician Fee Schedule for Calendar Year 2007 and
Other Changes to Payment Under Part B.

Image-guided robotic stereotactic radiosurgery (r-SRS) is both an alternative to
surgery and an adjunct to radiotherapy involving a defined set of clinical resources
to deliver effective treatment. Image-guided robotic stereotactic radiosurgery is not
radiotherapy, as it is intended to ablate identifiable lesions, while preserving normal
tissue adjacent to the target volume, rather than treat microscopic disease. The
CyberKnife® is a complex image-guided robotic stereotactic radiosurgery system (r-
SRS), delivering radiosurgical precision throughout the body, for as many treatments
(fractions) as the clinician deems necessary for a given situation. CMS currently
allows for up to five fractionated image-guided robotic stereotactic radiosurgery
treatments and our data indicate that treatments average 3 fractions per course of
treatment. Clinicians and patients have recognized the benefits of radiosurgery,
which include no incisions, no anesthesia, lower risk of complications, and,
therefore, improved patient guality of life.

Image-guided robotic stereotactic radiosurgery is substantially more resource-
intensive than other forms of linac-based systems. It was for this reason that CMS
created separate HCPCS codes to distinguish these technologies. Further, itis clear
that the resources required for image-guided robotic stereotactic radiosurgery
treatment are the same regardless of whether the treatment is performed in the first
or a subsequent session.

Image-guided robotic stereotactic radiosurgery is a capital intensive technology, and,
due to the relatively small number of patients for whom it is clinically appropriate
(as compared with, for example, conventional external beam technology), it is not
necessarily cost-efficient for a single hospital to provide these services by itself.
Robotic stereotactic radiosurgery facilities that are associated with a particular
hospital are typically available for use only by physicians on staff at that hospital,
thus restricting their ability to serve the larger community and limiting access.
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Allowing carriers to pay for the technology when provided in freestanding centers
would facilitate cost sharing among a number of hospitals (and others) to provide
these services, improving device access to amore diverse population of patients in a
given geographic region.

Comment:

A number of temporary codes have been established to enable hospitals to report the
technical component costs of image-guided robotic stereotactic radiosurgery (r-SRS)
treatment (HCPCS Codes G0339 and G0340). The proposed Rule regarding the

Physician Fee Schedule for 2007 designates codes G0339 and G0340 as “C —
Carriers price the code.”

This is consistent with the technical component radiation oncology services of all
kinds that are reimbursed under the Physician Fee Schedule, and bave been since the
inception of the Physician Fee Schedule methodology.

Recommendation:
The CyberKnife Coalition respectfully recommends and encourages CMS to:

® Adopt the proposed change to include HCPCS Level II codes G0339 and
G0340 on the CY 2007 PFS, classifying the codes with the modifier “C” to
indicate that they may be carrier priced.

We support this modification that would clearly establish carrier authority to cover
image-guided robotic stereotactic radiosurgery in freestanding settings, subject to
their establishment of appropriate quality assurance measures to ensure patient
safety and regulatory compliance, to the satisfaction of the carrier.

We appreciate your consideration of our comment.

“Sincerely,

Doug as G. Myking, M.B.A.

Executive Director and Chief Financial Officer
atuer ssosaen wRadiation Medical Group, Inc.
9466 First Avenue, Suite B
San Diego, CA 92101
Phone: 619-220-4100

Email: dmyking@rmgmed.com

Accredited by
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Virginia Tobiason 100 Abbott Park Rd. Phone: 847-837-8438
0381, Bldg. APED-2 Fax:  847-835-8613
Abbott Park, IL 80084-6008

October 2, 2006

VIA OVERNIGHT MAIL

Mark B. McClellan, M.D., Ph.D., Administrator
Centers for Medicare & Medicaid Services
Department of Health and Human Services
Attention: CMS-1321-P

Mail Stop C4-26-05

7500 Security Boulevard

Baitimore, MD 21244-1850

RE: Medicare Program; Revisions to Payment Policies Under the Physician Fee
Schedule for Calendar Year 2007 and Other Changes to Payment Under Part B
(CMS-1321-P)

Dear Dr. McClellan:

Abbott welcomes the opportunity to comment on the Centers for Medicare & Medicaid
Services’ ("CMS") proposed rule on Revisions to Payment Policies Under the Physician Fee
Schedule for Calendar Year 2007 and Other Changes to Payment Under Part B (“Proposed
Rule”).

Abbott is a global, broad-based health care company devoted to discovering new medicines,
new technologies and new ways to manage health. Our products span the continuum of care,
from nutritional products and laboratory diagnostics through medical devices and
pharmaceutical therapies. The company employs 65,000 people and markets its products in
more than 130 countries.

Our comments focus on two sections of the Proposed Rule: (1) CMS’s proposed changes in

average sales price (“ASP”) reporting requirements, and (2) proposed provisions related to the
establishment of payment amounts for new clinical laboratory tests.

I Average Sales Price Issues

A. Fees Not Considered Concessions

CMS is proposing to clarify that bona fide service fees that are paid by a manufacturer to an
entity, whether or not the entity takes title to the drug, are not considered price concessions for
ASP reporting purposes. CMS proposes to define bona fide service fees as fees paid by a
manufacturer to an entity that represent fair market value for a bona fide, itemized service
actually performed on behalf of the manufacturer that the manufacturer would otherwise
perform (or contract for) in the absence of the service arrangement, and that are not passed
on, in whole or in part, to a client or customer of an entity, whether or not the entity takes title
to the drug. We have several concerns about the proposal regarding bona fide service fees.
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First, to the extent CMS intends the definition of “bona fide service fees” to be limited to
payments for services that a manufacturer could otherwise physically perform (if it chose not
to contract them out), we believe the definition is too narrow. Certain services, by their nature,
can only be performed by a non-manufacturer, but that should not rule out a payment by a
manufacturer for such a service from being viewed as a payment for a bona fide service.

Second, we are concerned that the proposed definition of “bona fide service fees” would
exclude any payment passed on by the recipient to its clients or customers. We believe the
relevant inquiry in determining whether a payment is a “bona fide service fee” is not whether
the recipient passes any part of the payment to third parties, but rather, whether the
manufacturer intends the payment as a fee for services rendered by the recipient, as opposed
to a price concession to the recipient (or its customers). We also are concerned with the
burden of having to track downstream distribution of our payments. Manufacturers are not
routinely provided with information about such downstream transactions, and there are
significant barriers to manufacturers obtaining this information (e.q., confidentiality issues,
market competitiveness considerations, and customer liability concerns related to providing
incorrect information). There is a significant risk that manufacturers would not be able to
obtain downstream transaction information with the consistency and level of accuracy that
would be necessary for ASP reporting purposes.

Finally, CMS indicates that it may give guidance on specific types of services and whether
payments for those services should be viewed as bona fide services fees for purposes of the
ASP calculation. We believe it would be more valuable for CMS to provide general guidance
on the issue that can be used by manufacturers in making determinations with respect to any
type of service. For example, we believe it is clear that payments for services which qualify for
the personal services safe harbor should be viewed as bona fide service fees. On the other
hand, the determination of whether payments made for non-safe harbored services would be
more accurately viewed as payments for a bona fide service or as price concessions will often
depend on individual price negotiations or company pricing policies. tn general, we believe
that a payment for a service should be viewed as a bona fide service fee only if it is (a) paid in
connection with a service that meets the personal services safe harbor, or (b) is a payment for
a service that meets a commercially reasonable business purpose of the manufacturer and is
not intended as a price concession to the recipient.

B. Other ASP Calculation and Reporting Requirements

CMS has proposed a number of modifications to its ASP calculation and reporting
requirements that we believe generally promote clarity in ASP requirements.

. Estimation Methodology for Lagged Exempted Sales. CMS is proposing to
require that all manufacturers use a 12-month rolling average ratio methodology to
estimate exempted sales known on a lagged basis. We agree that specific CMS
guidance in this area promotes consistency and accuracy in ASP reporting, and that
CMS's proposed methodology is appropriate.
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) Nominal Sales. CMS proposes to continue the current methodology for identifying
and excluding nominal sales (that is, sales that are exempt from the Medicaid best
price calculation) from the manufacturer's calculation of the Medicare ASP. We agree
with CMS that using a single method for identifying nominal sales for both ASP and
Medicaid average manufacturer price (“AMP”) promotes consistency and helps
maintain continuity in the ASP calculation. We recommend that CMS adopt this
proposal in the final rule.

) Price Concessions for National Drug Codes (“NDCs”) With Less Than 12
Months of Sales. For circumstances in which a NDC with price concessions known
on a lagged basis has not been sold for a full 12 months, CMS proposes to specify
that the period used to estimate lagged price concessions is the total number of
months the NDC has been sold. We believe this is a reasonable approach for
reporting for products without a full year of sales, and we support this proposed
clarification.

. Redesignated NDCs. The Proposed Rule addresses situations in which a
manufacturer has changed the NDC assigned to a product and package size while
continuing price concessions that span across sales of the product under its prior and
redesignated NDCs. Specifically, CMS proposes that when an NDC is changed and
lagged price concessions offered for the prior NDC remain in effect, the manufacturer
generally must use 12 months (or the total number of months of sales of the prior and
redesignated NDCs if the total number of months of sales is less than 12 months) of
sales and price concession data from the prior and redesignated NDCs to estimate
lagged price concessions applicable to the redesignated NDC. Again, we agree with
CMS that this is an appropriate methodology for addressing continuing price
concessions for redesignated NDCs, and we encourage CMS to adopt this provision
in the final rute.

C. Widely Available Market Prices (“WAMP") and AMP Threshold

Section 1847A(d) of the Social Security Act requires the Secretary and the Office of the
Inspector General (“OIG”) to monitor market prices for drugs and biologicals to determine the
WAMP, which is defined as the price that a prudent physician or supplier would pay for the
drug or biological. If the OIG determines that the ASP for a drug or biological exceeds the
WAMP or the applicable percentage of the AMP, the Secretary may disregard the ASP and
base reimbursement on WAMP or AMP. Under the statute, the applicable threshold
percentage was 5 percent in 2005 and the percentage designated by the Secretary in
subsequent years. In CY 2006, CMS specified an applicable threshold percentage of 5
percent for both the WAMP and AMP, and CMS proposes to continue this 5 percent threshold
in 2007. The OIG has issued two reports to date comparing the WAMP and the AMP for
various drugs and biologicals, and the OIG’s work continues in this area. However, CMS
points out that “[there are a number of operational issues associated with” substituting a lower
payment amount for a drug based on the OIG's findings that the ASP exceeds the WAMP or
AMP by more than the established threshold. CMS invites comments on these operational
issues.
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We agree that CMS should proceed cautiously in adjusting Medicare reimbursement amounts
for drugs and biologicals based on the OIG's reports comparing ASP and AMP. There are a
number of differences between the AMP and ASP methodologies that could impact the price
comparisons reported by OIG, and CMS should take these differences into account before
imposing any price adjustments in response to the OIG’s findings.

For instance, AMP and ASP use different methodologies to account for price concessions.
ASP price concessions (e.g., rebates, chargebacks, prompt pay, wholesaler credits) are
smoothed through the use of a 12-month rolling average for the quarterly calculation. In other
words, the ASP for a quarter considers four quarters of price concession data. On the other
hand, AMP price concessions are calculated using values for only one quarter (i.e.; they are
not smoothed through the use of a 12-month rolling average). The following exampies
illustrate how these differences could impact the reiationship between ASP and AMP.

Scenario 1:  Price concessions are discontinued for a particular product. This would impact
the AMP immediately for the first quarter without the price concession, creating
a higher AMP. However, due to the use of a 12-month rolling average for price
concessions under the ASP system, the ASP would not fully reflect the end of
the price concessions for four quarters; in the interim, the ASP would be lower
than the AMP.

Scenario 2:  Price concessions are increased for a particular product as a percentage of
sales. This would result in a higher ASP compared to the AMP, since the ASP
smoothing mechanism would not refiect the full impact of these increased price
concessions until the fourth quarter. On the other hand, the AMP would reflect
the increased price concessions immediately, therefore lowering the AMP in
comparison to ASP.

In addition to the price concession calculation issue, a number of other differences between
AMP and ASP calculations could result in varied ASP and AMP values, including the following:

° ASP is based on all non-government direct sales, while AMP is based on the price
realized for drugs distributed to the retail pharmacy class of trade.

. ASP is calculated at an NDC-11 level, while AMP is reported at an NDC-9 level.

. ASPs may not be restated, while AMPs can be restated retroactively.

CMS should ensure that any Medicare reimbursement policy based on comparisons between
ASP and AMP recognizes the differences between the ASP and AMP methodologies.

Given that many market factors and methodological issues could temporarily impact the
relationship between AMP and ASP, it is imperative that CMS not substitute a lower payment
amount for a drug based on the OIG's findings related to pricing in a single quarter. There are
too many factors that could influence pricing comparisons at one particular moment in time;
such quarterly fluctuations should not form the basis for setting aside the regular statutory
payment methodology for the product. Indeed, a premature payment adjustment based on a
single quarter's data could result in skewed payment amounts and undermine reimbursement
accuracy. Instead, CMS should examine pricing trends that point to a sustained, meaningful
differential between AMP and ASP before disregarding the ASP for a drug.

Abbott

Page 4 A Promise for Life




il. Diagnostic Laboratory Tests

A Procedures for Public Consuitation for Payment for New Clinical Diagnostic
Laboratory Test

In the Proposed Rule, CMS proposes to codify its current process for providing public
consultation on the establishment of payment amounts for new clinical laboratory tests. We
agree that the process for establishing laboratory test payment amounts should be transparent
and consistent, and we thank CMS for addressing this issue in the Proposed Rule. Public
input — and agency consideration of that input -- is critical to developing payment policy that
adequately reflects the costs of new technology. We support adoption of this provision in the
final rule with certain refinements and clarifications, as described below

B. Payment for New Clinical Diagnastic | aboratory Test. Crosswalking and
Gapfilling

CMS also proposes to establish in regulation the procedures to set payment amounts for new
clinical laboratory tests through either crosswalking or gapfilling.

1. Crosswalking

CMS proposes that when it establishes the payment amount for a new clinical laboratory test
using the crosswalk methodology, it would use the existing local fee schedule amounts and
national limitation amount for the new code. Payment for the new test code would be made at
the lesser of the local fee schedule amount or the national limitation amount.

We are concerned, however, that the wide disparities in payments at the local level
undermines CMS’s attempts to approximate payment for a new test using existing codes.
Although CMS guidance on this issue is limited, CMS presumably decides to crosswalk a
technology to an existing code’s payment level because of clinical similarities between the
tests and/or CMS’s determination regarding the appropriateness of the existing national
payment limitation --- rather than because of a carrier-by-carrier payment analysis. We
believe that using the national payment level for a crosswalked test would avoid wide
geographic swings in payment and promote beneficiary access to new clinical laboratory tests
nationwide. We therefore recommend that CMS crosswalk new codes to existing codes using
the national limitation amount of the existing code rather than the local carrier amounts.

2. Gapfilling

With respect to gapfilling, CMS proposes to continue its current process of providing carriers
with manual instructions outlining the sources of information carriers should examine in
determining gapfill amounts. CMS notes that its current instructions direct carriers to consider
the following sources information in setting amounts:
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. Charges for the test and routine discounts to charges;

° Resources required to perform the test;
. Payment amounts determined by other payers;
. Charges, payment amounts, and resources required for other tests that may be

comparable or otherwise relevant; and

. Other sources of information as appropriate, including clinical studies and information
provided by clinicians practicing in the area, manufacturers, or other interested
parties.

Under current policy and the proposed regulatory text, there is no CMS oversight or review
process to ensure that carriers actually follow the instructions established by CMS, that
carriers consider information provided by interested parties, or that carriers ultimately establish
reasonable local payment amounts. Local carriers currently have wide discretion in setting
payment rates, and as a result local payment rates are not always reasonable and consistent
with charges and resources associated with new tests.

We believe that additional safeguards should be added to the gapfilling process to provide
CMS oversight of the carrier payment determination process, since these local payment
determinations form the basis of the national payment limitation in the second year of a new
test. Specifically, CMS should assess the accuracy and appropriateness of carrier laboratory
test payment determinations before calculating the national payment limit. This assessment
should include validation that carriers have followed CMS instructions, and a solicitation and
consideration of comments from physicians, laboratories, manufacturers, and other affected
parties. CMS should be authorized to modify the proposed payment limit as necessary after
its review of the carrier’s process.

To that end, we recommend that the following regulatory language be added to proposed
§414.408;

Sec. 414.408 Payment for a new clinical diagnostic laboratory test.
For a new clinical diagnostic laboratory test that is assigned a new or substantially

revised code on or after January 1, 2005, CMS determines the payment amount
based on either of the following:

(b) Gapfilling. Gapfilling is used when no comparable existing test is available.

(1) Carrier-specific amounts are established for the new test code for the first year
using the following sources of information to determine gapfill amounts, if available:
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(i) Charges for the test and routine discounts to charges;
(i) Resources required to perform the test;
(iii) Payment amounts determined by other payers; and

(iv) Charges, payment amounts, and resources required for other tests that may be
comparable or otherwise relevant.

(2) In the second year, the test code is paid at the national limitation amount, which
is the median of the carrier-specific amounts, subject to CMS determination of the
accuracy and appropriateness of such carrier-specific amounts using the
following process:

(i) CMS shall review each carrier payment amount to determine if it complies
with CMS instructions.

(ii) CMS shall publish a notice announcing the proposed national limitation
amount and summarizing the sources of information on which the proposed
amount is based. The notice shall solicit input from physicians, laboratories,
manufacturers, and other interested parties regarding payment for the test,
including charges, other payer amounts, and resources required to perform the
test (including direct and indirect costs of efficiently performing the test).

(iii) If CMS determines that a carrier payment amount does not reflect full
compliance with CMS instructions, or that the carrier amount is inconsistent
with data received from the public in response to the notice under clause (ii),
CMS may adjust the national payment limitation accordingly to reflect the
technological improvements or innovations of the new test.

* ok ok ok ok

We appreciate your consideration of our comments. Please feel free to contact me if you have
any questions or if you need additional information.

Sincerely,

Virgin
Senior Director,
Corporate Reimbursement
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October 9, 2002

VIA_UPS NEXT DAY MAIL

The Honorable Mark McClellan, M.D., Ph.D.
Centers for Medicare & Medicaid Services,
Department of Health and Human Services,
Attention: CMS-1512-PN,

Mail Stop C4-26-05,

7500 Security Boulevard,

Baltimore, MD 21244-1850

Re: CMS-1321-P
Dear Dr. McClellan:

Thank you for the opportunity to comment on the CMS proposed rule 1321-P. We
will keep our comments brief because we have had the opportunity to contribute to
the broader and more detailed response submitted by our industry association,
National Coalition of Quality Diagnostic Imaging Services (NCQDIS). We request
that you give additional attention to the following two areas, specifically as the
concerns relate to imaging facilities.

1. We appeal to CMS to pursue continuity in its regulations of all
imaging facilities. Both the current and proposed payment and
operating regulations are severely inconsistent and are a
disincentive to provide high-quality imaging services for Medicare
beneficiaries. Further, the inconsistencies in payment and operating
regulations negate chances of success for the Administration’s goal
of more transparency of both cost and quality.

Center for Diagnostic Imaging, Inc. is a collection of hospital and physician
partnerships in eight states with 12 distinct markets. Each imaging
partnership is unique in that it has been developed to fit the local market it
serves. Through our partnerships, CDI has facilities that are reimbursed
as IDTFs, physician practices, and hospital outpatient facilities. We also
have a free-standing ambulatory surgical center. At CDI, we strive to
operate all of our facilities consistently and in a manner that maintains our
stellar reputation for quality imaging and patient services. We require high
and consistent requirements of technologists and other staff and our
radiologists participate in a joint, sub-specialized, modality specific CQlI
program, including a robust peer review process.

Currently CMS does not require the same operating standards for the
various sources of imaging services, nor will you be reimbursing facilities

www.cdiradiology.com or www.heartct.com
5775 Wayzata Boulevard, Suite 400 Minneapolis, MN 55416 tel 952.543.6500 toll free 877.566.6500 fax 952.847.1152
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such as CDI’'s at a generally consistent rate beginning in January, 2007
(See the AMIC Moran report of 9/06 - attached). Your proposed rule adds
further variance and will, unfortunately, begin to influence our decisions on
current and future partners and partnership structures. For example, many
more operational regulations are imposed on IDTFs but for lesser pay
than if we operate as a hospital outpatient facility. Making decisions
based on inconsistent regulations is not in the best interest of the patients
we serve nor our local hospital and physician partners. Nor will these
decisions be in the best interest of CMS’ budget. If CMS cannot enhance
services to its Medicare beneficiaries, CMS should at least attempt to
avoid eroding quality services already in place. The inconsistencies in
how CMS regulates and reimburses imaging facilities will erode quality
services for your beneficiaries.

Furthermore, the current Administration has endorsed an effort towards
transparency in both quality and cost measures. CDI supports this
movement and has and will continue to remain involved in the national
effort to apply and report measurable indicators of quality. However, it is
virtually impossible for any payer (including Medicare) or provider
(including CDI) to be able to offer meaningful and measurable
comparisons of imaging facilities because of the severe inconsistency in
regulations and reimbursement.

2. The proposed payment structure for diagnostic and therapeutic
injection (DTI) procedures does not appear to be based on
appropriate and comprehensive practice expense data.

We ask that you specifically re-address the differences in practice patterns
in DT services and differentiate your reimbursement based on practice
expense data. As an experienced provider of DTI services, we are willing
to share our practice expense data and to assist CMS in differentiating
more thoroughly the components which make up the practice expense for
various DTI procedures, with and without fluoroscopic guidance. Once
CMS has proceeded with this clarification, CDI also commits to working to
develop an industry collaborative for submitting reliable practice expense
data to CMS.

Thank you for your attention to our concerns. We look forward to working with you
to the benefit of our patients.

Sincerely yours,

Robert V. Baumgartner
Chief Executive Officer
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Kenneth B. Heithotf, M.D.
Chairman and National Medical Director
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Assessing the Deficit Reduction Act Limits on Imaging
Reimbursement:
Cross-Site Comparisons of Cost and Reimbursement

Introduction

In §5102 of the Deficit Reduction Act of 2005 (“DRA”), Congress enacted special
payment rules limiting reimbursements, beginning in 2007, for the technical component
(“TC”) of imaging services performed in the office setting'. Under the DRA policy,
reimbursements for imaging services performed in the office would equal the lesser of
the amount provided under the Medicare Physician Fee Schedule (“MPFS”), or the
amount payable to hospitals under the Outpatient Prospective Payment System (“OPPS”).

In the spring of 2006, a new organization, the Access to Medical Imaging Coalition
(“AMIC”), formed to advocate elimination or mitigation of this policy. AMIC believed
the policy would impose substantial payment reductions for a significant subset of
imaging procedures performed in the office. It is our understanding that, in its
communications with Congress regarding this policy, AMIC was asked to answer two
questions:

e How will payments under the DRA policy compare to the cost of performing
these imaging procedures in the office setting?

e In the aggregate, how do present payments for imaging services in the office
setting compare to payments for similar services in the outpatient hospital setting?

AMIC engaged The Moran Company to help provide answers to these questions. This
report presents the findings of our analysis, accompanied by a discussion of the data we
used and the methodologies we employed in reaching these findings. Our findings can be
summarized as follows:

1. We found that 126 of the 145 procedures (87%) whose payment would be
affected by the DRA caps would be paid, under those caps, an amount less than
the estimated cost of performing the procedure in the office setting. We used a
cost estimation concept consistent with the Centers for Medicare and Medicaid
(“CMS”) Town Hall methodology to compute the practice expense component of
the MPFS.

' The vast majority of imaging procedures permit separate reimbursement for the “technical component”
associated with generating the image, as distinct from the “professional component” associated with having
a trained physician read and interpret the images generated. When the same Medicare provider performs
both services, that provider can bill a “global” fee. Under the DRA policy, payment limits on the TC
component apply even if the global fee is billed.



2. We found that aggregate payments for imaging services across the office and
hospital outpatient settings are very close to equal’. We compared 2006 payment
rates in both settings (prior to application of the caps) using constant volumes for
the procedures in 2004,

a. When payments for imaging services are compared across sites of care,
volume weighted payments in the office are slightly higher, by 0.6%,
when weighting is done by the volume of procedures performed in the
office.

b. When volume is weighted by the volumes performed in the outpatient
hospital setting, however, MPFS payments are 2.9% below OPPS payment
levels prior to the implementation of the DRA.

3. We conclude from this that current payment policy, prior to the application of the
DRA caps, does not exhibit a bias toward higher payments in one setting versus
another.

4. Once the DRA caps are implemented, however, imaging reimbursement in the
office would be materially lower, perhaps by 16-18%, than in the outpatient
setting.

Our analysis was completed in June of 2006. On June 29, 2006 CMS published a Notice
of Proposed Rulemaking regarding MPFS practice expense and five year review payment
policies and methodology (i.e. CMS-1512-PN). On August 8, 2006, CMS published the
MPFS proposed rule (CMS-1321-P) and the OPPS proposed rule (CMS-1506-P) for
calendar year (CY) 2007. Each of these proposed rules contain payment policy changes
and proposed methodological revisions which were not taken into consideration in this
analysis. Additionally, with the release of the MPFS CY 2007 proposed rule (CMS-
1321-P), CMS published a list of codes that will be subject to §5102 of the DRA
(Addendum F of CMS-1321-P). This addendum was not available at the time of our
analysis and accordingly, the list of codes used in this analysis (as discussed below) differ
from those in Addendum F of the MPFS CY 2007 proposed rule. Finally, this analysis
does not take into consideration any projected updates to the conversion factor (e.g., for
CY 2007 the CF is currently estimated to decrease by 5.1%).

L Estimated Cost of Procedures Affected by DRA Reimbursement
Limits

Procedures Subject to the Policy

2 The estimated cost of procedure analysis discussed in section I of this report did not take differences in
payment policy into account, however the site of care analysis discussed in section I1 of this report does
take differences in payment policy across settings (e.g., multiple procedure reductions and outlier
payments) into account.



Our first task in developing these estimates was to determine which services might be
subject to the policy. The statute applies the “lesser of MPFS or OPPS” test to “imaging
services,” which could be interpreted to include procedures other than diagnostic imaging
services. In the case of therapeutic services that involve i imaging, such as treatment
planning, certain nuclear medicine services and certain guidance procedures, it is possible
that the Secretary, in implementing this policy, would conclude that the DRA limits apply
to the technical component of such services if they have discrete billing codes under the
AMA Current Procedure Terminology (CPT®)* and/or Healthcare Common Procedure
Coding System (HCPCS). We, however, did not include most of these services in our
analysis. After developing an initial list, we consulted with the American College of
Radiology, which is a member of the Access to Medical Imaging Coalition, and
employed a list of services modified by their comments and suggestions.

The full list of codes evaluated is presented in Appendix A and includes 524
CPT®/HCPCS codes which have associated technical component modifiers’. Certain
imaging related services which also have associated technical component modifiers were
excluded from our analysis as they fell into one of the following categories: a) carrier
priced under the MPFS and therefore national reimbursement rates were unavailable, for
example Positron Emission Tomography (PET)®; b) certain imaging guidance services; c)
imaging services used intra-operatively; d) mammography services and computer-aided
detection (CAD) services associated with mammography; €) radiation oncology services;
f) services that are not covered by Medicare or are restricted by Medicare (i.e. N or R
status indicator) under the physician fee schedule; g) certain nuclear medicine services;
and h) services related to a pregnant uterus or fetus as these are not relevant to Medicare
patients.

Payment Rates in 2006

To determine which procedures might be subject to the DRA payment rules, we used
payment rates for both the MPFS and OPPS based on the respective Final Rule payment
rates for these systems for calendar year 2006, the last year for which we had final
payment rates for both systems. The MPFS rates were calculated using the total non-
facility relative values, multiplied by the 2006 conversion factor.” The OPPS rates were
based on the published rates for the APC to which each procedure maps under Appendix
B of the final OPPS rule for 2006.°

¥ The statute explicitly excludes both screening and diagnostic mammography services from these caps.

*CPT® is a trademark of the American Medical Association.

° As stated in the introduction section of this report, the list of codes used in this analysis was developed in
June 2006, prior to publication of CMS’s proposed list of codes subject to the DRA (CMS-1321-P,
Addendum F).

8 Carrier priced codes were included in the site of service analysis as we were able to estimate price by
average carrier payment rates extracted from the 2004 Part B Summary and OPPS files.

7 The technical components of these procedures have no work values under the Resource-Based Relative
Value Scale (RBRVS), hence the payment rates are the sum of the applicable practice expense and
malpractice weights.

¥ For certain services, such as Magnetic Resonance Angiography (MRA), multiple C codes under OPPS
correspond to one CPT code for that group of services under the physician fee schedule. When this



Estimated Cost

We developed our estimates of procedure-level, office-based cost using the most recent
data available from CMS regarding procedure level cost of performing imaging services
in the non-facility setting.” The methodology we used parallels the cost determination
methodology CMS employs in establishing relative values under the practice expense
component of the MPFS in several ways, but differs in that we are using these data to
generate absolute estimates of cost as opposed to relative costs.

We start with the direct cost input values presented for clinical labor, medical supplies,
and medical equipment, expressed as absolute dollars per procedure performed. We have
published values for 494 of the 524 procedures on our list.'® For the 30 procedures
without published input values, we were unable to compute estimated cost. In some
instances, our approximation of cost may be underestimated, as the CMS “Town Hall”
data source was missing values for supplies (this occurred in 7 instances as noted on
Appendix A) or was missing values for supplies and equipment (this occurred in 5
instances as noted in Appendix A).

To estimate indirect costs (that is, practice overhead costs unrelated to the performance of
individual procedures), we employed the methodology CMS proposed to use in its Town
Hall discussion. Under that methodology, CMS determined its indirect cost estimates on
an indirect cost base including both the direct cost inputs, and the dollar value of the
applicable physician work values. Using indirect cost data generated from survey data
under the practice expense computation methodology, CMS generated procedure-level
“Indirect Practice Costs Indices” (IPClIs) that reflect a blend of indirect cost information
from the respective specialties performing each procedure, in proportion to each
specialty’s share of total procedure volume.!! Under the CMS Town Hall methodology,
these IPCIs were multiplied by the dollar value of the direct cost base to generate indirect
cost weights, which were then added to the direct cost weights to calculate the practice
expense RVUs. We followed this approach, but used the methodology to generate
dollars per procedure values, rather than relative weights.

occurred, a single OPPS rate was not available and accordingly, an OPPS rate was not included in the
comparison of cost to payment analysis, however these codes were included in the analysis across sites of
care.

? Since this analysis was performed prior to release of the Notice of Proposed Rulemaking regarding MPFS
practice expense and five year review payment policy (i.e. CMS-1512-PN) and prior to the MPFS proposed
rule for 2007 (CMS-1321-P), we employed the data CMS published on its website in February 2006 in
conjunction with its “Town Hall” presentation of alternative practice expense methodologies.

'* In 37 cases no CPEP data was included in the published Town Hall database. Therefore we used the
CPEP data published in the 2005 Final Rule database for these services.

"' To maintain consistency with the CMS Town Hall methodology, we used the IPCls published by CMS in
February 2006. The American College of Radiology, however, pointed out to us that the “practice expense
per hour” values CMS used for radiology were, while supposedly based on supplemental survey data
submitted by ACR, materially lower than the actual survey values, apparently due to trimming and
reweighting of survey records. Since we do not know the details of how CMS’s methodology contractor re-
weighted the survey data, we cannot determine what adjustments might be appropriate to the [PCI data
used by CMS.



Said a different way, we are using the “official” cost inputs CMS published in its
February 2006 Town Hall practice expense meeting. For direct costs, we are using the
CPEP values, as they have been refined by the AMA RUC/PEAC process. For indirect
costs, we are using the CMS Town Hall methodology of physician work (which for codes
in this analysis is equal to zero) plus the direct cost, adjusted by a procedure-level IPCL

Comparison of Costs to Payment

In Appendix A, we present our findings comparing our procedure-level cost estimates to
the payment rates that would have been applicable had the DRA payment policy been
implemented in 2006. We compared the MPFS rates to the corresponding OPPS rates at
the procedure level, applying the “lesser of” policy to determine which procedures would
have been capped, in that year, had this policy applied. We then compared the payment
outcome to the cost estimate, and identified cases where cost exceeded payment.'

In summary, we found that 145 of the 494 codes for which we have complete data, were
found to be affected by the DRA payment limits. Of these, 126 procedures, or 87% of
the procedures, would be paid at a rate below the estimated cost of performing them in
the office setting.

Procedure-level comparisons are shown in Appendix A.
II. Payments for Imaging Services Across Sites of Care

Data and Methodology Issues

To generate a consistent comparison of payments across sites of care, we used claims
data from the 2004 Carrier and Outpatient Standard Analytical Files to calculate
procedure-level scalars to adjust for payment policy differences across settings. On the
office side, we used actual claims to determine what proportion of payment lines would
have been reduced, in 2004, under the 25% reduction policy for multiple imaging
procedures applicable to 2006. We then determined, for each procedure, the percentage
change in payment that would have resulted.”> On the outpatient hospital side, we looked
at actual outlier payments for claims including imaging procedures in 2004, and

"2 Note that we are comparing 2006 payment rates to cost estimates generated using data on direct cost
inputs (i.e. CPEP data) as published by CMS during the 02/15/06 Town Hall meeting or as published by
CMS in the 2005 final rule database. This comparison is meaningful as the direct cost input dollar values
are not linked to any particular year. The original CPEP direct cost input values were first generated in
1996-1997. After initial implementation of the resource-based practice expense methodology in 1999,
these values were then “refined” via a five-year process involving the Practice Expense Advisory
Comnmittee (PEAC) of the AMA. The refined values for each procedure are not, in general, indexed to
make them strictly comparable to payment rates across payment years. For this reason, we believe that the
methodology we have employed produces what are likely to be conservative estimates of procedure-level
cost.

¥ Under the MPFS, CMS has, by regulation, implemented a series of payment reductions for multiple
procedures when two or more imaging studies are conducted of “contiguous body parts.” Those regulations
identify “families” of procedures, which, if reported on the same claim for the same date of service, invoke
the 25% multiple procedure reduction policy.



calculated, for each procedure, the average percentage increase in payments that resulted
from outlier payments.'*

In performing our analyses, we had to set aside procedures for which data were not
available under one system or another in either 2004 or 2006. We trimmed 21 codes for
missing data. In several instances we had to crosswalk codes to make the payment values
comparable across settings. Four MR angiography codes show up as CPT codes in the
office setting, but are billed based on C-codes in the OPPS. Hence we clustered these
procedures so that payments are based on the CPT volume when using the MPFS
payment methodology, while payments under the OPPS policy are done at the APC level.
For PET codes that are carrier-priced, and have no fee schedule values in 2006, we
simulateg MPFS payment rates based on actual carrier payments for the TC component
in 2004.

To account for case mix differences for imaging services in each setting, we calculated

volume-weighted estimates of aggregate payment differences across settings. To do this
we used the volume of cases observed in the office in 2004 and the volume observed to
be paid under the OPPS.

Our findings are as follows:

Comparison of Payments for Imaging Services in Alternative Settings:
2006 Payment Policies & 2004 Volumes

Volumes Used: MPFS OPPS

Rules & Rates: MPFS OPPS MPFS OPPS
Total Payments ($M) $6,341 $6,302 $5,730 $5,900
MPFS Payments as a % of OPPS 100.6% 97.1%

' In outlier claims that included non-imaging services, we pro-rated the outlier payment value based on
charges. Our analysis did not include outlier payments for claims involving MRA or PET.

15 We extracted the volume of services and payments from 2004 Part B Summary and OPPS files. We
estimated a payment rate based on carrier payments in 2004 by taking an average payment per unit based
on TC unit payments, and inflating that rate by .015% to account for the conversion factor increase in 2005
(0% increase in 2006). A number of PET codes dropped out of the analysis due to a lack of data. The 2004
service volume for the remaining PET codes (accounting for approximately 99% of PET payments in both
systems) from the carrier file was priced using the 2006 OPPS rates, matching 2004 codes to 2006
equivalent codes. The 2004 service volume from the OPPS claims file was priced using the estimated
average Carrier payment rate described above. PET codes excluded from the analysis were: 78608, G0030,
G0032, G0033, G0034, G0036, GO039, G0040, GO041, G0042, GO043, G0233, due to no paid “TC” units
in the 2004 Carrier File; 78459, 78810, G0031, G0044, G0046, G023 1, G0232, due to only one or two
paid “TC” units in the 2004 Carrier File which is too low a number to derive an average payment rate;
G0038 due to no paid volume; and G0234 due to no OPPS payment rate.



As these data suggest, aggregate payments under both systems, when adjusted for
comparability across disparate system features, are roughly comparable prior to
application of the DRA policy. The data in the next table break out the effects of the
adjustments for comparability.

Effects of Methodology Differences on Payment Comparison

2006 Payment Policies & 2004 Volumes
Excludes outlier payments for MRA and PET procedures

Based on MPFS Procedure Volumes

MPFS Rates MPFS % OPPS  OPPS Rates

(M) (8M)
Raw Rate Comparison $6,402 104.8% $6,108
Effects of Multiple Procedure Reduction -$61
Effects of Outlier Payments $194
Adjusted Payments $6,341 100.6% $6,302

In this analysis, we are using the MPFS volumes in both settings to standardize the
comparison. In the first line, we show how these volumes would weight up to total
payments based solely on payment rate differences. We find that payments under the
MPFS would be 4.8% higher than would be obtained by using the OPPS rates across the
same volumes.

When the other major differences between systems are taken into consideration, however,
the comparison approaches neutrality. Applying the multiple procedure reduction for
contiguous body part studies lowers total MPFS payments by $61.3 M, or roughly 1%.
Meanwhile, outlier payment adjustments increase payments under the OPPS
methodology, for these same volumes, by $194 M, or by more than 3%. As a result, the
“system to system” comparison shows the MPFS rates being, on average, 0.6% higher
than the OPPS rates.

Procedure-Level Variation in Effects

When we look at procedure-level variations in this basic comparison, we find that the
effects are heavily concentrated, both pro and con, in a limited number of procedures.
The table below shows how concentrated these differentials are'®.

'® This analysis excludes the MRA codes because the coding disparities across settings make direct
comparisons unmeaningful.




Procedure-Level Variation in Cross-Site Payment Differentials

MPFS Yolume MPFS YVolome
Under MPFS  Under OPPS

hepes2004 Description Payment Rules Payment Rules MPFS-OPPS
(mililons of dollars)
93307 Echo exam of heart $455 $566 St
93320 Doppler echo exam, hcart $208 $309 -$100
71020 Chest x-ray ML $202 -$38
78478 Heart wall motion add-on silo $168 -$58
78480 Heart function add-on sio $l67 -$57
76519 Echo exam of eye $48 $91 -$42
93350 Echo transthorack 521 $59 $38
73560 X-ray exam of knee, 1 or 2 $27 $58 -$31
71010 Chest x-ray $19 3458 -$27
76514 Echo exam of eye, thickness $2 $28 -$26
Ten Largest Negative Comparisons $L113 $1.692 -$579
GoI128 PET, reglonal Imaging or whole body, single pulmon. nodule $53 $32 $22
7371 Mt jnt of Iwr extre wio dye si30 $105 $25
93928 Lower extremity study $86 351 $34
72158 Mri lumbar spine w/o & w/dye 3125 $67 $59
72148 Mri lumbar spine w/o dye $252 $i81 $70
93328 Doppler color flow add-on $354 $277 377
76078 Dxa bone density, axial $214 $127 587
93830 Extracranial study $297 $208 $89
784658 Heart image (3d), multiple $848 $744 $104
70553 Mri brain w/o & w/dye $336 $178 $159
Ten Largest Positive Comparisons $2.695 $1.971 $725
Other Procedures $2.532 $2.640 -$108
Al Procedures $6.341 $6.302 $38

As these data suggest, cross-site disparities are not uniform across procedures. While the
MPFS rates produced weighted payments roughly $38 million higher than under the
OPPS, this average masks large swings at the procedure level. The top ten procedures
ranked by the dollar magnitude of the payment disparity had MPFS payments fall short of
OPPS payments by $579 M, or by 34.2% on average. The top ten “winners,” by contrast,
show MPFS payments $725 million (36.8%) higher than would be paid under the OPPS
methodology and rates.

The “lesser of MPFS or OPPS” payment policy under the DRA will, if implemented,
have a highly concentrated effect on the limited number of procedures for which MPFS
rates happen to be higher than the corresponding OPPS rates — while having no effect at
all on the substantial number of procedures where MPFS payment is, at present, below
the OPPS rates. As a result, our present finding of rough balance in payments for
imaging services across sites of care would be materially altered toward lower aggregate
payments in the office. While the exact comparison awaits final details on how CMS
intends to implement the DRA policy, the manner in which CMS finalizes its proposal to
revise the practice expense methodology for calculating RVUs, and any updates to the
conversion factor, we anticipate that aggregate payments for the TC portion of imaging
services would be 16-18% lower in the office setting than the aggregate amount of
comparable APC payments in the hospital setting, holding volumes constant.




TUE MORAN COMPANY

Analysis of Payment Versus Cost for linaging Procedures Affected by DRA
Cost Based on CMS Values for Direct & Indirect Costs in Non-Facility Setting
** See Notes section at the end of this spreadsheet

Totals

70010TC[Contrast x-ray of brain $ 172818 17353 ]S 165998 - $ -]
70015TC|Contrast x-ray of brain $ 54198 17353 |§ 16780 |8 - $ -
70030TC|X-ray eyc for foreign body $ 1667(% 4342 |8 3733(§ - $ -
70100TC|X-ray exam of jaw $ 2046)% 434218 39398 - $ -
70110TC|X-ray exam of jaw § 2501 |§ 4342 (% 48778 - 3 -
|70120TC | X-ray exam of masioids $ 2501)$ 4342 1% 4315)% - $ -
70130TC[X-ray exam of mastoids § 3145(¢ 434218 716518 - $ -
70134TC | X-ray exam of middle ear $ 2956|$ 7389 |8 5539|§ - $ -
70140TC|X-ray exam of facial bones § 2501 |% 4342 |§ 3225|8% - 3 -
70150TC|X-ray exam of facial bones $ 3145|% 4342(% 52668 - $ - J
70160TC|X-ray exam of nasal bones § 2046 |35 4342 |5 44115 - $ -
70170TC|X-ray exam of tear duct $ 3828 )% 20556 % - 5 - 3 -
70190TC | X-ray cxam of cyc sockets § 2501 |5 4342 |5 44345 - $ -
70200TC|X-ray cxam of cy¢ sockets $ 3145|8 4342[5 5348|§ - B -1
70210TC|X-ray exam of sinuses § 250118 43428 33121§% - $ -
[70220TC|X-ray exam of sinuses § 3145|5 434285 4343 |5 - $ -]
70240TC|"X-ray exam, pituitary saddle” $ 1667 |8 4342 |8 352118 - $ -]
70250TC|X-ray exam of skull $§ 2501 (8§ 4342105 4300($ - $ -
70260TC | X-ray exam of skull $§ 3600|$ 7389|% 53128 - $ -
70300TC | X-ray exam of teeth $ 1061 |8 4772 |S 12458 - S -
70310TC | X-ray exam of tecth $ 1667($ 4772 (S 4980 |8 - 3 -
70320TC [Full mouth x-ray of teeth § 3145|% 4772 |5 5882 ([§ - $ -
70328TC|X-ray exam of jaw joint $ 1933]|$ 434215 3733|§ - $ -
70330TC|X-ray exam of jaw joints $ 3373[$ 4342[S 6215|$ - $ -]
70332TC | X-ray exam of jaw joint $ 8451 |$ 20785]§ 8857|% - $ -
[70336TC["Magnetic image, jaw joint" $ 44795 (S 30349 |S 90431 | $303.49 34%| § (600.82)
[70350TC|X-ray head for orthodontia $ 15.16[$ 4342($ 1719|§ - $ -
70355TC jPanoramic x-ray of jaws $ 2312]|8% 43423 1385|8% - $ -
70360TC|X-ray exam of neck § 1667 | 4342 |8 3487 (%5 - $ -
70370TC |Throat x-ray & fluoroscopy § 5230($ 79.10(S§ 107138 - 3 -
70371 TC!"Speech evaluation, complex” $§ 8451[8 79103 86608 79.10 91%| §  (7.50))
[70373TC]Contrast x-ray of larynx $ 7201 [$ 10i04|S 10657]8 - $ -]
70380TC|X-ray cxam of salivary gland § 2691 |8 4342 |$ 49.02]§% - $ -]
[70390TC[X-ray exam of salivary duct $§ 7201]% 1010413 1577018 - 3 -
70450TC|Ct head/brain w/o dye $ 18873 |5 188.10 |$ 33577 |S5188.10 56% Ul47.6DW
70460TC|Ct head/brain w/dye § 22663 |$ 25543 |5 447.14 1% - $ -
70470TC|Ct head/brain w/o & w/dye § 28272 |§ 30382 |% 54845|% - $ - \
70480TC|Ct orbi/ear/fossa w/o dye § 18873 |§ 188.10 S 58882 | $188.10 32%| § (400.72))
70481 TC|Ct orbit/ear/fossa w/dye $ 22663 |8 25543 % 69775 )% - $ -
[70482TC|Ct orbit/ear/fossa w/o&widye $ 28272 |5 30382 |8 81223[5 - 3 -
|70486TC|Ct maxillofacial w/o dye $ 18873 S 188.10|S 465927 | $188.10 40% $  (281.17
|70487TC[Ct maxillofacial w/dye $§ 22663 (8% 25543(8% 5795118 - $ -
(70488 TC[Ct maxillofacial w/o & widye § 28272 (5 30382($ 7333818 - 5 -
70490TC |C1 soft tissuc neck w/o dye $ 18873 |% 188.10 % 447.74 | $188.10 42% U259.6‘Q)
70491 TC|Ct soft tissue neck w/dye § 22663 |$ 25543 | § 55501 |% - ) -
70492TC|Ct sft tsue nck w/o & w/dye $ 282728 3038285 713168 - $ -]
70496 TC|"Ct angiography, head” $ 42483 1§ 29722 ) §1,209.37 | $297.22 25%)| §  (912.15)
|70498TC|"Ct angiography, ncck” $ 42483 |§ 297.22 | §1,221.28 | $297.22 24%| 8§ (924.06
[70540TC Mri orbit/face/neck w/o dye $ 44037 |8 349.20 | $1.,054.25 | $349.20 33%| 8 (705.05
[70542TC[Mri orbivface/neck w/dye $ 52867 [§ 371.00 [ $1,108.59 | $371.00 33%[ § (737.59)




70543TC

Mri orbt/fac/nck w/o & widye

Ts 97738

$1,382.10

$506.26

M 37%| $_(875.84)
|70544TC [Mr angiography head w/o dye $ 4479518 349.20 | §1,14523 | $349.20 30%| $ (796.03)
70545TC |Mr angiography head w/dye $ 44795 |S 371.00 | $1,129.66 | $371.00 33%| § (758.66)
70546 TC |Mr angiograph head w/o&w/dye $ 87392 |$ 506.26 | $1,753.28 | $506.26 29%]| $(1,247.02)
70547TC [Mr angiography ncck wlo dye $ 4479518 34920 ] 51,150.90 | $349.20 30%| 3 (801.70)
[70548TC | Mr angiography neck widye $ 44795 [$ 371.00 [ $1,194.23 | $371.00 31%] 5 (823.23)!
|70549TC|Mr angiograph neck w/o&w/dye $ 87392 |$ 506.26 | $1,744.64 | $506.26 29%]| $(1,238.38)
70551 TC | Miri brain w/o dye $ 44795 |§ 349.20 | $1,038.82 | $349.20 34%| § (689.62
|70552TC |Mri brain w/dye $ 53739 {$ 371.00 )51,097.67 | $371.00 34%) $  (726.67)
70553 TC|Mri brain w/o & w/dye $ 99519 |$ 506.26 | $1,288.39 | §506.26 39%| $ (782.13)
71010TC|Chest x-ray $ 1857(% 4342 |8% 2513 |§ - $ -
71015TC |Chest x-ray $ 204615 4342|835 3377]|% - s -
71020TC|Chest x-ray $§ 2501 {$ 4342(8% 33431(% ) -
[71021TC [Chest x-ray § 2956 |$ 4342|S 4234]$ - $ - ]
71022TC|Chest x-ray $ 295685 4342|8% 53.56%§ M) -]
71023 TC|Chest x-ray and fluoroscopy § 31451% 791018 103.85)% $ - 5
71030TC|Chest x-ray $ 31458 4342 |8 5469($ $ - [
71034TC|Chest x-ray and fluoroscopy $ 57608 7910 |83 141468 $ -]
| 71035TC|Chest x-ray $ 20468 4342|535 500298 3 -
71040TC|Contrast x-ray of bronchi $ 5836|% 1010418 1198918 5 -
71060TC [Contrast x-ray of bronchi $ 8868 |5 101043 19684 |35 M -
71100TC|X-ray exam of ribs § 23125 4342 |8 36578 s -
701101 TC|X-ray exam of ribs/chest $ 26918 434218 4632 )% M -
71110TC[X-ray exam of ribs § 3145|8 434218 47778 - $ -
71111 TC|X-ray exam of ribs/chest $ 3600|835 7389 |% 6587[% - S -
71120TC|X-ray exam of breastbone $ 2615]% 4342 |8 3752 |% $ -]
71130TC|X-ray exam of breastbone $ 28428 434215 461615 - 3 -
71250TC|Ct thorax w/o dye § 23648 |S 188.10 | § 443.33 | $188.10 2% § (255.23)
71260TC|Ct thorax w/dye $ 28272 |§ 25543 |§ 552.26 | $255.43 46%| § (296.83)
71270TC|Ct thorax w/o & w/dye § 3539618 3038218 710.41 530382 43%) $  (406.59)
71275TC|"Ct angiography, chest" S 48547 | § 297.22 | S 803.94 | 829722 37%| §_(506.72
71550TC|Mri chest w/o dye $ 44264 |8 349.20 | $1,203.73 | $349.20 29%| § (854.53)
71551 TC|Mri chest w/dye $ 53057 | S 371.00 | $1,300.37 | $371.00 29%| $ (929.37)
71552TC|Mri chest w/o & w/dye $ 97131 | § 506.26 | §1,644.69 | §506.26 31%) $(1,138.43)
[71555TC|Mri angio chest w or wio dyc § 447.95 $1,10888 [§ - $ -
|72010TC|X-ray exam of spine $ 4093 ]85 4342]5 81.09$ $ -
[72020TC|X-ray cxam of spin¢ S 1667|S 4342 |5 2156]8 - s -
72040TC| X-ray exam of neck spine $ 2425|§ 4342(§ 46475 - 5 -
72050TC | X-ray exam of neck spinc $ 3600|5 73895 6443|S - $ -]
72052TC| X-ray exam of neck spine $§ 4500|$ 7389 |§ 841315 - ¥ -
[72069TC|X-ray exam of trunk spinc $ 193318 434218 453618 - M) -
L72070TC X-ray cxam of thoracic spine § 2615|% 43428 3752 |% $
72072TC| X-ray exam of thoracic spinc $ 2956 |% 4342 |5 482718 s -
72074TC | X-ray exam of thoracic spine $§ 36768 434218 595818 - $
72080TC|X-ray exam of trunk spinc $ 2691 |% 43425 3979(% - §
72090TC|X-ray exam of trunk spine $ 2691 |$ 7389 |8 6135|8% - $ -
72100TC|X-ray exam of lower spinc $ 2691 1% 4342|535 4924 |% - 3
72110TC[X-ray exam of lower spine $ 367618 738918 693218 - $
72114TC|X-ray exam of lower spine $ 4737|$ 7389 /% 9380|8 - $
72120TC|X-ray cxam of lower spine $ 3600|% 73898 6347|% - s -
MSTC Ct neck spine w/o dye § 23648 |5 188,10 |$ 441.13 | $188.10 43%| §  (253.03)
72126 TC|Ct neck spine w/dye § 28272 [$ 25543 |$ 555.01 [$255.43 46%| § (299.58)
72127TC|Ct neck spine w/o & w/dye $ 35396 /% 303.82 | S 728.00 |$303.82 42% SJ424.1§)J
72128TC|C1 chest spine w/o dye $ 23648 |3 188.10 | $ 443.33 | $188.10 42%| §_(255.23))
[72129TC]Ct chest spinc w/dye $ 28272 |§ 25543 [§ 552.26 | $255.43 46%| § (296.83)|
[72130TC[Ct chest spine wlo & widye $ 353.96 | § 303.82 | _728.00 | $303.82 42%| §_(424.18)]
[72131TC|Ct lumbar spinc w/o dye $ 23648 |§ 188.10 | § 443.33 [ $188.10 42%| §_(255.23)]
[72132TC[Ct lumbar spine widye $ 282725 25543 |3 555.01 | $255.43 46%] $ (299.58)]




T2133TC

Ct lumbar spine w/o & w/dye

353.96

303.82

709.65

$ s s $303.82 43%| § (405.83)
72141 TC [Mri neck spine w/o dye $ 4479518 3492018 904.31; $349.20 39%| $ (555.11)
72142TC |Mri neck spine w/dye $ 53739 |8 37100 [ $1,108.59 [ $371.00 33%| $ (737.59)
| 72146 TC |Mri chest spine w/o dye $ 49722 S 34920 |5 899.90 | $349.20 39%| §_ (550.70)
72147TC |Mri chest spine w/dye $ 53739 |$ 37100 |$ 954.62 | $371.00 39%| § (583.62)
72148TC |Mri lumbar spine w/o dye § 49722 |5 34920 |§ 908.72 | $349.20 38%|$  (559.52
72149TC|Mri lumbar spine w/dye $ 537.39 |$ 371.00 | $1,114.05 [ $371.00 33%| § (743.05)]
72156TC |Mri neck spine w/o & w/dye $ 99519 |§ 50626 | $1,264.76 | $506.26 40%| 5§ (758.50)]
PZIS?TC Mri chest spine w/o & w/dye $ 99519 [$ 506.26 | $1,145.52 | $506.26 44%| $ (639.26)]
72158TC |Mri lumbar spine w/o & w/dye $ 995.19 | $ 50626 | §$1.270.99 | $506.26 40%| § 4(764@
[72159TC [Mr angio spine w/o&w/dye § 489.26 § 53041 |$ - s -]
72170TC|X-ray exam of pelvis $ 2046 |35 4342 |5 2838 |% - 3 - j
72190TC|X-ray exam of pelvis $ 2691 |8 4342 (8 5203(S8 - $ -
72191TC|Ct angiograph pelv w/o&w/dye $ 47182 |S 29722 |§ 783.11 | $297.22 38%| §(485.89)|
72192TC|Ct pelvis w/o dye $ 23648 |$ 188.10 (S 41134 |5188.10 46%| §  (223.24)
72193TC|Ct pelvis w/dye $ 27362 (8 25543 | 8§ 521.79 | $25543 49%| § (266.36,
72194TC|Ct pelvis w/o & widye $ 3388015 3038208 713.16 1530382 43%| 3 (409.34)|
72195TC |Mri pelvis w/o dye $ 44264 |$ 349.20 | $1,054.25 | §349.20 33%[ §(705.05)]
72196 TC |Mri pelvis w/dye $ 53057 )% 371.00;§1,108.59 | $371.00 33%| 5 (737.59))
[72197TC[Mri pelvis w/o & w/dye $ 98041 |$ 506.26 | $1,368.62 | $506.26 37%| 8 (862.36)|
[72198TC [Mr angio pelvis wio & widye $ 44795 $1,08766 18 - 3 -
72200TC | X-ray exam sacroiliac joints $ 20463 4342|§ 3562|8 - $ -
72202TC | X-ray cxam sacroiliac joints $ 2501 )% 4342 |§ 46005 - 3 -
72220TC| X-ray exam of taiibone § 2302 |8 4342($ 3473|$ - 3 -
72240TC | Contrast x-ray of neck spine $ 18987 |5 17353 |§ 157.62 | §$173.53 110%| § ISE
72255TC|"Contrast x-ray, thorax spine” $ 17281 |8 17353 |8 13822 % - $ -
72265TC|"Contrast x-ray, lower spine” $ 16296 |8 17353 |8 15762 |8 - $ -
72270TC|"Contrast x-ray, spine” $ 24444 |5 17353 1§ 246.50 | §173.53 70%| 8 (72.97
72275TC |Epidurography $ 8830|8 17353 |$ 1016415 - M -
72285TC|X-ray c/t spine disk $ 33463 |8 72432 (S T7598(% - $ - |
72295TC | X-ray of lower spine disk $ 31379 |8 72432 |$ 7895|8 - M -
73000TC| X-ray exam of collar bone $ 204615 434218 326315 - 5 -]
73010TC|X-ray exam of shoulder blade $ 2046[5 43428 33585 - $ -]
73020TC|X-ray exam of shoulder § 185713 434218 260118 - $ -J
73030TC|X-ray exam of shoulder $ 23.12|% 4342 (8 3295(§ - $ - J
73040TC |Contrast x-ray of shoulder $ 84510§ 20785]S 144.69(% - $ -
73050TC | X-ray exam of shoulders $ 26918 43428 41.12]5 - $ -
73060TC | X-ray exam of humerus $ 231208 4342(S5 34283 - 5 -
73070TC| X-ray exam of ¢lbow § 20463 4342|% 32165 - $ -]
73080TC | X-ray cxam of eibow $§ 2302 ]8 4342 |3 472318 5 - 4]
|73085TC Contrast x-ray of elbow $ 8451 (% 20785|% 11199 ]|§ - $ - J
[73090TC]X-ray exam of forearm $ 2046 |8 4342|8 33435 $ -]
[73092TC|"X-ray exam of arm, infant" $ 1933]|% 4342($ 3509|5 - 3 -
73100TC | X-ray exam of wrist $§ 1933|§ 4342|S$ 33875 - $ -
73110TC[X-ray cxam of wrist $ 20845 43425 4793[s - S -
73115TC|Contrast x-ray of wrist $ 63.67|% 20785 |8 14732 |8 - $ -]
73120TC| X-ray exam of hand S 1933|S 43428 3215|S - $ -]
73130TC|X-ray exam of hand $ 20843 4342|835 39415 - $ -
73 140TC|X-ray exam of finger(s) S 1667 |5 4342|$ 4078|S - s -
73200TC|Ct upper extremity w/o dye $ 19782 |5 188.10 | 44554 | § 188.10 42%| $  (257.44))
73201 TC|Ct upper extremity w/dye $ 23648 | 25543 (§ 55501 1§ - $ -
73202TC|Ct uppr extremity w/o&w/dye $ 2967418 303828 75711 % - $ -
73206 TC |Cu angio upt cxtrm w/o& w/dyc $ 4312718 2972218 737.55 | $29722 40%| § (44033
ﬁBZlSTC Mri upper extremity w/o dye $ 44037 | § 349.20 | $1,059.39 | $349.20 33%| 8§ (710.19)
[73219TC[Mri upper extremity widye $ 528678 371.00 | $1,114.05 { $371.00 33%) §_ (743.05)
[73220TC|Mri uppr extremity wio&w/dye $ 97738 | § 506.26 | §1,368.62 | $506.26 37%| §  (862.36
ﬁSZ?,lTC Mii joint upr extrem w/o dye $ 44037 13 345208 993.22 | $345.20 35%| $ (644.00)
[73222TC | Mri joint upr extrem w/dye $ 52867 | $ 371.00 [ $1,050.03 | $371.00 35%| $  (679.03




$1,270.99

$506.26

73223TC |Mri joint upr extr w/o&kw/dye $ 50626 40%| § (764.73
73225TC [Mr angio upr extr w/o&w/dye $ 53041(8% - S -
73500TC|X-ray exam of hip $ 4342|838 27858 $ -
73510TC |X-ray exam of hip s 434208 4716(S s -
[73520TC|X-ray exam of hips $ 738985 4693]$ s -]
[73525TC | Contrast x-ray of hip $ 207858 11086|% - s -
[73540TC[X-ray exam of pelvis & hips § 4342 |8 46168 $ -
T73542TC "X-ray exam, sacroiliac joint" $ 20785|8 66328 $ j
|73550TC[X-ray exam of thigh S 43428 3215(S s -
[73560TC["X-ray exam of knee, 1 or 2" § 4342 |8 3343|% $ -
|73562TC|"X-ray exam of knee, 3" s 43.42]8 4217]S - $ -
|73564TC|"X-ray exam, knee, 4 or more" $ 43428 51098 - s -]
73565TC | X-ray exam of knees § 4342|% 3565|8 - s -
73580TC|Contrast x-ray of knee joint $_ 20785 |8 14827(%S $ -
73590TC|X-ray exam of lower leg § 4342 |8 3167|8 - $ -
73592TC|"X-ray exam of leg, infant" § 434218 345518 - 3 -
[73600TC|X-ray exam of ankle S 43425 3231|S - s - |
[73610TC|X-ray exam of ankle S 434208 4000(5 - $ -
73615TC|Contrast x-ray of ankle $ 207858 113488 - 3 -
73620TC|X-ray exam of foot $ 4342)8 2945 |8 - M -
73630TC| X-ray exam of foot $ 434218 3803 (% - $
73650TC|X-ray exam of heel $ 4342|835 3183|$% - 3 -
73660TC | X-ray exam of toe(s) $ 4342185 1863(8 - 3 -
73700TC|Ct lower extremity w/o dye S 188.10 | S 44333 | $188.10 42%| §  (255.23
73701 TC|Ct lower extremity w/dye $ 2554318 5495118 - $ -
73702TC|Ct Iwr extremity w/o&w/dye $ 30382 % 76460 |[$ - 3 - ]
73706 TC|Ct angio Iwr extr w/o&w/dye $ 29722 |§ 85872 | $297.22 35%| $_ (561.50
73718TC|Mri lower extremity w/o dye $ 349.20 | $1,059.39 | $349.20 33%| 8§ (710.19)
73719TC|Mri lower extremity w/dye $ 371.00[$1,103.13 | $371.00 34% 8 (732.13)
73720TC| Mri lwr extremity w/o&w/dye $ 506.26 | $1,361.88 | §506.26 37%| §  (855.62)
73721 TC|Mri jnt of Iwr extre w/o dye $ 349.20 [ $1,017.47 | §349.20 34%[ §  (668.27)]
73722TC|Mri joint of lwr extr w/dye $ 371.00 | $1,050.03 | $371.00 35%| S (679.03)]
73723TC | Mri joint Iwr extr w/o&w/dye $ 506.26 | $1,264.76 | $506.26 40%| §  (758.50))
73725TC|Mr ang Iwr ext w or w/o dye $1,077.05 |8 - $ -]
74000TC [X-ray exam of abdomen § 4342]8 2688[S - S -
74010TC|[X-ray exam of abdomen $ 4342 |S 49271$% - $ -
74020TC | X-ray exam of abdomen $ 434218 49521% $ -
|74022TC "X-ray exam series, abdomen" $ 7389|838 s5958|% - $ -

| 74150TC|Ct abdomen w/o dye $ 188.10 13 411.34|$188.10 46%| §  (223.24)
74160TC|Ct abdomen w/dye $ 2554313 612.44 | $25543 42%| $ (357.01)
74170TC|Ct abdomen w/o & w/dye $ 30382 |3 859.69 | $303.82 35%| $  (555.87)
74175TC|Ct angio abdom w/o & w/dye $ 29722 |8 849.93 | $297.22 35%| 8§ (552.71)
74181 TC|Mri abdomen w/o dye $ 34920 |8 891.08 | $349.20 39%| §  (541.88)
|74182TC [Mri abdomen w/dye $ 371.00 ] $1,244.68 | $371.00 30%| $  (873.68)|
[74183TC|Mri abdomen w/o & widye $ 506.26 | $1,361.88 | $506.26 37%| $ (855.62)|
[74185TC|"Mri angio, abdom w orw/o dye" $1,077.05 18 - $ -
[74190TC|X-ray exam of peritoneum $ 205568 - |8 - $ -]
|74210TC|Contrst x-ray exam of throat $ 8744 |% 11655|8 - $ -
[74220TC["Contrast x-ray, esophagus” S 87448 132648 $ -]
[74230TC|"Cine/vid x-ray, throat/csoph” S 87448 12355]8 - $ -]
74240TC|"X-ray exam, upper gi tract" $ 874415 14628185 - $ ~j
74241 TC|"X-ray exam, upper gi tract” $ 8744 |% 16358 |§ - $ -]
74245TC|"X-ray cxam, upper gi tract” $ 136585 25846 % $ -]
[74246TC [Contrst x-ray uppr gi tract § 8744|% 18206 S - $ -]
74247TC|Conirst x-ray uppr gi tract $ 874418 21298 % $ -
74249TC |Contrst x-ray uppr gi tract $ 136585 285.75(% - $ -
74250TC| X-ray exam of small bowel $ 87448 16523|8 - 5 -
74251 TC|X-ray exam of small bowel $ 1365818 71048 |8 - $




X-ray exam of small bowel

592.02

[74260TC $ 5950(8% 1365818 $ -
74270TC|Contrast x-ray exam of colon $ 68595 87448 23800 3 -]
74280TC |Contrast x-ray cxam of colon $ 898213 13658 |5 33047 3 -
74283 TC|Contrast x-ray exam of colon § 10270 |$ 8744 |$ 197.84 4%[ S (110.40)]
74290TC|"Contrast x-ray, gallbladder" $ 2956|% 87445 10228 s -
| 74291 TC|"Contrast x-rays, gallbladder” $ 1667]5 8744 |$ 10516 $ -
74320TC|Contrast x-ray of bile ducts $ 12620 |$ 20556 |8 13993 $ -
74327TC|X-ray bile stone removal $ 7125(9% 13499(8% 190.18 $ -
74328TC| X-ray bile duct endoscopy $ 126.20 $ - $ -
74329TC|X-ray for pancreas endoscopy $ - $ M -
[74330TC|X-ray bile/panc endoscopy $ 126.20 $ $ -
74340TC|X-ray guide for GI tube $10498 18 79.10 1S - $ _ 79.10
74350TC|"X-ray guide, stomach tube" $12620 [$ 101.04 | $ 14002 72%| § _ (38.98
74355TC|"X-ray guide, intestinal tube" Si0498 |§ 10104(5 - S 101.04
74360TC|"X-ray guide, Gl dilation" $12620 {§ 13499 |§ - 3 -
74400TC|"Contrst x-ray, urinary tract" $ 67848 152108 16925 $ -
74410TC|"Contrst x-ray, urinary tract" $ 784518 152,108 17509 $ -
74415TC|"Contrst x-ray, urinary tract" $ 85278 152.10|$ 219.56 $ -]
74420TC|"Contrst x-ray, urinary tract” 5 10498 [$ 152.10 % - $ - J
74425TC |"Contrst x-ray, urinary tract” § 523008 15210]% - $ -
74430TC|"Contrast x-ray, bladder” $§ 420718 152.10|% 13006 $ -
74440TC |"X-ray, malc genital tract” S 45108 152,10 |§ 13525 3 -
74445TC|X-ray cxam of penis § 451008 1521013 - $

74450TC |"X-ray, urethra/bladder” § 5836|3% 152108 - 3 -
T4455TC|"X-ray, urethra/bladder” $ 63673 152103 13998 S - ’
74470TC|X-ray exam of kidney lesion § 50.02|% 101.04|5% - S -
74475TC|"X-ray control, cath insert" $ 16296 | $ 303.37 | $ 140.01 $ - J
74480TC|"X-ray control, cath insert" 3 16296 |3 13499 |§ 139.16 97% §  (4.17)|
74485TC|"X-ray guide, GU dilation” $ 12620 |$ 13499 |5 147.60 $ -
74710TC| X-ray measurement of pelvis § 4207|% 738985 3648 $ -
74740TC|"X-ray, female genital tract" 3 52308 20556 |% 116.89 5 -
74775TC|X-ray exam of perineum $ 5836(% 152108 - $ -
75552TC |Heart mri for morph w/o dye $ 44795 % 349.20 | $1,407.79 25% § (1,058.59)f
75553TC |Heart mri for morph w/dye $ 4479513 371.00)81,92243 19%) $(1,551.43)
75554TC |Cardiac MRI/function $ 44795 |8 34920 | $2,104.96 17%] $(1,755.76)
75555TC | Cardiac MRV/limited study $ 44795 15 34920 ] $2,209.16 16%) $(1,859.96)
|75600TC Contrast x-ray exam of aorta $ 503.66 | $1,2i5.14 | § 45823 $ -
X75605TC Contrast x-ray exam of aorta $ 503.66 | $1,215.14 | § 232.84 $ -
|75625TC Contrast x-ray ¢xam of aorta $ 503.66 | $1,2i5.14 | § 207.62 $ -
|75630TC|"X-ray aorta, lcg arteries” § 525.26 | $1,215.14 | S_218.29 $ -
75635TC|Ct angio abdominal arteries $ 619628 29722 (§ B875.22 34%| 8§ (578.00)
75650TC |"Anery x-rays, head & neck” $ 503.66 | $1,215.14 | § 21053 ) -
75658TC|"Artery x-rays, arm” $ 5036635 S51767[8 231.66 $ -
75660TC|"Artery x-rays, head & neck” $ 503.66 | $ 37554 |$ 233.80 161%| 8§ 141.74 |
75662TC|"Artery x-rays, head & neck” $ 503.66 | $1,215.14 | § 308.97 3 - J
75665TC|"Artery x-rays, head & neck” $ 503.66 | $1,215.14 | § 237.16 $ -]
7567V TC|"Artery x-rays, head & neck” $ 503.66 3121514 18 30042 3 -
75676TC|"Artery x-rays, neck” $ 503.66 | $1,215.14 | § 226.30 3 -]
75680TC | "Artery x-rays, neck" $ 503.66 | 51,215.14 | § 273.04 3 - \
75685TC["Artery x-rays, spine” $ 503.66 | 51,2154 | § 233.80 s -]
75705TC|"Anery x-rays, spine” $ 503.66 |5 37554 | S 218.79 172%| §_ 156.75 |
75710TC|"Artcry x-rays, amvicg” $ 503.66 | $1,215.14 [ $_241.48 3 -
75716TC|"Antery x-rays, arms/legs” $ 503.66[51,215.14 | § 302.6) $ - J
75722TC | "Artery x-rays, kidney” $ 50366 |$1,21514 |8 24337 3 -
75724TC|"Artcry x-rays, kidneys” $ 50366 |%1,21514 | $ 331.36 $ -
75726TC|"Artery x-rays, abdomen” § 50366 {§1215.14 |§ 229.52 $ -
75731 TC|"Artery x-rays, adrenal gland” $ 503.66 | $1,215.14 | § 242.60 M -
75733TC|"Artery x-rays, adrenals” $ 50366 |5 375548 337.50 111%] 8 3804




75736 TC|" Artery x-rays, pelvis”

$ 50366

$1,215.14

$ 2362118 - s
75741 TC|" Artery x-rays, lung" $ 503.66| S 5176718 189.05|% $ -
75743TC[" Artery x-rays, lungs” $ 503.66 | $1,215.14 | S 208108 - s -
75746 TC|"Atery x-rays, lung" S 503.66|8 51767 1% 2133018 - s
[75756TC|"Artery x-rays, chest” S 503.66 | S 517.67 ]S 300.74 | § $ -
75774TC|"Artery x-ray, each vessel" ¢ 5036618 5176718 1694818 - | $ -
75790TC |Visualize A-V shunt S 54198 51767 (% 16997 ]% - 3 -
75801 TC|"Lymph vessel x-ray, armvlcg” S 16775 20556|S - 520556 $_ 20556 )
|75803TC|"Lymph vessel x-ray,arms/legs" $ 216778 2053685 - | $205.56 $  205.56 |
[75805TC|"Lymph vessel x-ray, trunk” § 24444 (S 20556|8 - |$20556 ] $_ 205.56 )
75809TC|"Nonvascular shunt, x-ray" § 314518 101.04|5 14249]8 - | S -]
75810TC|"Vein x-ray, spleen/liver" § 50366 |8 517678 15 - | 3 P
75820TC|"Vein x-ray, arm/leg” $ 38288 375548 19956|% - $ -
75822 TC|"Vein x-ray, arms/legs” § 5902|$ 37554 |8 196.181% - $ J
75825TC |"Vein x-ray, trunk” $ 503.66 |5 51767 |8 175728 - s -]
[75827TC]" Vein x-ray, chest” $ 503.66 |8 517675 1748418 - s -]
75831 TC|"Vein x-ray, kidney" § 503.66 |§ 51767 (% 184.18[§ - s -
75833TC |"Vein x-ray, kidneys" $ 503.66 | S 517678 2141818 - 5 -
75840TC|"Vein x-ray, adrenal gland" § 503.66 ($1,21514 ]S 9209(8 - s B
75842TC|"Vein x-ray, adrenal glands" § 503.66 | $1,21514 |8 10712 |8 - 3 - }
75860TC|" Vein x-ray, neck” S 5036615 37554 |5 220.10 | $375.54 | 171%[§ 15544 |
75870TC["Vein x-ray, skull" $ 503.66 | § 37554 (S 19431 [8$375.54 193%| §_181.23 ]
75872TC |"Vein x-ray, skull” S 50366 (S 51767 |§ 2016818 - | $ -
75880TC|"Vein x-ray, cye sockct” S 38285 375543 1854218 - | B ]
75885TC|" Vein x-ray, liver” $ 503.66)$1,21514 |8 90891 - $ -
75887TC|"Vein x-ray, liver" $ 503.66 8§ 51767 |8 1899618 - $ -]
75889TC|"Vein x-ray, liver” $ 503.66 | $1,21514 S 908918 - $ )
P5891TC "Vein x-1ay, liver" § 503668 517678 184518 - 3 -
75893 TC|Venous sampling by catheter $ 503.66 § 1860213 - $ -
[75894TC|"X-rays, transcath therapy" § 96525 |8 30337|S - [$303.37 $ 30337
75896TC|"X-rays, transcath therapy” $ 83943 |3 30337 |8 - |$30337 $_ 30337 |
75898 TC |Follow-up angiography $ 42078 101043 - 5 - $ i‘
75901 TC [Remove cva device obstruct § 81.10$ 10104 ]S 28252 |8 - M -
75902 TC|Remove cva lumen obstruct s 81105 10104 S 10664 |% - $ 4{
75940TC|"X-ray placement, vein filter” $ 50366 |85 303375 - |$30337 5 30337
759457TC|Intravascular us $ 18229 | 15201 |8 - $152.01 S 15201 |
75960TC | Transcath iv stent rs&i § 59537 |8 375548 - |$375.54 S 375.54 |
75961TC|"Retrieval, broken catheter” S 41990 | § 37554 [§ 212.05 { $375.54 177%| § 16349 |
75962TC |Repair arterial blockage S 629.86 |3 37554 |8 224.65 | $375.54 167%)] §__ 15089 |
75964 TC |"Repair artery blockage, cach” $ 33501 |§ 37554 |8 1559318 - 3 -
[75966TC|Repair arterial blockage S 629.86 | § 37554 |8 258.67 | $375.54 145%] §__116.87 |
[75968TC|"Repair artery blockage, cach” $ 33501 |8 37554 |8 17137})8 - $ -
[75970TC| Vascular biopsy $ 46121 |8 375548 - | 837554 $_ 37554 |
[75978TC|Repair venous blockage S 62986 |5 37554 |8 200.27 | $375.54 188%] 5 175.27 |
[75980TC|Contrast xray exam bile duct § 21677 |5 303.37[8 - [8 - $ - |
|75984TC|Xray control catheter change S 7845|5 10104 S 14766]9 - 3 -
[75980TC | Abscess drainage under x-ray $ 12620 $ 13026 [$ - $ -
[75992TC|" Atherectomy, x-ray exam” § 62086 |8 5176713 - $517.67 $_ 517.67 |
76000TC | Fluoroscope examination § 5230[$ 79308 181.90(% - 3 -
76001 TC|“Fluoroscope exam, extensive” $ 104.98 3 - s - $ _]
76010TC|"X-ray, nose to rectum” § 20468 4342]$ 3167|% - $ -
76020TC|X-rays for bone age § 2046 |3 434218 2476]§ - 5 -
76040TC | "X -rays, bone evaluation” $ 3145|3 73898 355318 $ -J
76061 TC|"X-rays, bone survey” S 40.07|3 73898 87603 - $ -
76062TC ["X -rays, bonc survey" $ 5760]$ 7389 |§ 1447318 - S -]
[76065TC|"X-rays, bonc cvaluation” S 2956|% 7389 |8 1218 |8 - 3 -
Poserc " Joint survey, single view" S 4434 (3 4342 § 3358 |8 4342 129%(5 984
76070TC|"Ct bone density, axial” $ 11824 |8 72708 342398 7270 21%[ § (269.69




"Ct bone density, peripheral”
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76071TC $ 11407 |§ 9482 ($ 45.08 210%)| §
76075TC|"Dxa bone density, axial" $12392|8 7270|S 365718 72.70 199%| $

76076 TC|Dxa bone density/peripheral $ 3032|8 3797(% 2976|$% - 3 -
76077TC|Dxa bone density/v-fracture $ 3032{§ 4342|% 2183|85 - 3 -J
76078TC|Radiographic absorptiometry $ 3032)% 4342[5 1978|S§ - b} -]
76080TC| X-ray cxam of fistula $ 4207|$ 10104|8 6201]$ - $ -
76086 TC|X-ray of mammary duct $ 1049818 10104 |8 7580 |3101.04 133%| § 25.25
76088TC| X-ray of mammary ducts $ 14628 |$ 101.04 |§ 103.834 | $101.04 97%| 8 (2.80)
76093TC|"Magnetic image, breast” § 70451 §$1,583.12 18 - 3 -]
76094TC| "Magnetic image, both breasts” $ 95577 $1,59095 | § 3 -
76098TC|"X-ray exam, breast specimen” § 1667|8 4342|858 17268 - $ -
76100TC [X-ray exam of body section $ 500218 738908 22733|8% - $ -]
176101 TC|Complex body section x-ray § 56855 10104 |8 34858(8 - 3 -
[76102TC[Complex body section X-rays $§ 701185 2055618 4977083 - b} -
[76120TC|Cine/video x-rays S 4207[$ 79.10[s 137.04]5 - $ -
[76125TC|Cinefvideo x-rays add-on § 3145|8 43423 - s - M -
76376TC|3d render w/o postprocess § 133028 3652 |5 9493 | § 3652 8% § (5841
76377TC|3d rendering w/postprocess $ 14174 |8 9482 |8 7579 |8 9482 125%! $ 19.03
76380TC|CAT scan follow-up study $ 13984 [§ 9482 |8 319.85(35 9482 30%| §  (225.03)!
[76400TC|*Magnetic image, bone marrow” $ 44795 |'§ 303.49 | $1,074.82 | $303.49 28%| § (771.33))
76506 TC|Echo exam of head § S685[% 5909|8 16592135 - $ -
76510TC|"Ophth us, b & quant a" 5 8565|885 9452 |$ 116105 - M -
76511 TC|"Ophth us, quant a only" $ 7996 |8 9452 |8 6868 |3 - $ -
76512TC|"Ophth us, b w/non-quant a" § 727618 9452 (8§ 55863 - 3 -
76513TC|"Echo exam of cye, water bath” $ 61398 945235 86663 3 -
[76514TC | "Echo exam of eye, thickness” § 2278 3652|8 406|% - $ -
76516 TC|Echo cxam of eye § 4889 |38 590918 6497 |8 - $ - J
76519TC|Echo exam of eye $ 5230|838 9452 |8 73208 - $ -
76529TC|Echo exam of cye § 45865 59.09|S 6426|835 - s - |
76536TC|Us exam of head and neck $ 56853 94528 17233 1§ - 3 -
76604TC|"Us exam, chest, b-scan" $ 5230|8 9452(8 11369|S - 3 -
76645TC|"Us exam, breast(s)" $ 42075 59098 1342418 - 3 -
76700TC|"Us exam, abdom, complete” $ 79218 94528 19404 |85 - $ -
76705TC|Echo exam of abdomen $ 5685|8% 9452(8 150068 - 3 -
76770TC|"Us exam abdo back wall, comp” § 7921 |8 9452|8% 18787 |% - $ -
76775TC|"Us exam abdo back wall, lim" § 5685135 945283 15380)|% - $ -
76778TC [Us exam kidney transplant $ 7921 |8 9452 |% 208443 - 3 Q
76800TC|"Us exam, spinal canal” § S5685|8 9452 |8 134388 - $ - j
|76830TC|"Transvaginal us, non-ob" § 61395 9452138 1747013 3 -]
\7683 ITC|"Echo cxam, uterus" $ 6139 (S 152013 16359 |8 - $ -
[76856TC|"Us exam, pelvic, complete” § 61398 94521% 17936|3 - 3 -
76857TC|"Us exam, pelvic, limited” § 67.08|S 5909 |85 157463 59.09 38% 5498347))
76870TC|"Us exam, scrotum” $ 6139|838 9452(% 182573 - ) Q
76872TC|"Us, transrectal” § B8072|8%8 94528 2030818 - $ -
76880TC|"Us exam, extremity” $ 5685|8 9452($ 20010|5F - $ -
76885TC|"Us exam infant hips, dynamic” $ 6139|% 59093 2081018 59.09 28%| §  (149.01
76886 TC|"Us exam infant hips, static" $ 56858 9452($ 13537|% - $ -
76970TC |Ultrasound exam follow-up $ 4207|8 5909|§ 11790(§ - 3 -
76975TC |GI endoscopic ultrasound § 613915 94528 25977]|% - 3 -
76977TC|Us bone density measure $ 32978 3652 |F% 54018 - $ -
78006 TC| Thyroid imaging with uptake $ 95505 14677]S 333.29|8 5 -
78007TC|"Thyroid image, mult uptakes” § 10308 |5 16546 |85 14998 |9§ $ N
78010TC |Thyroid imaging § 73525 146775 22593 |% - 5 -
7801 L TC| Thyroid imaging with flow § 96643 14677(S 242798 - $ -
17801 STC ! Thyroid mct imaging $ 10308 |§ 24636 |8 29486 |3 - 3 -
[78016TC | Thyroid met imaging/studies $ 139.08 |5 24636 (5 48043 |3 - 3 -
[78018TC|"Thyroid met imaging, body" $ 2174513 24636 |3 4383213 - 3 -




78020TC{Thyroid met uptake § 5495|S 8950 |8 95888 - -
78070TC | Parathyroid nuclear imaging § 16637 |5 16546 [$ 167.09 | 16546 s (163
[78075TC|Adrenal nuclear imaging $ 21715 |8 16546 |$ 65297 | $165.46 $ (48751
[78102TC|"Bone marrow imaging, itd” $ 82241S 233058 22522|$ - -
[78103TC ["Bone marrow imaging, mult” $ 12696 |5 233055 303208 - -
78104TC["Bone marrow imaging, body" $ 16296 1% 233.05|$ 345901% - $ -
78185TC Spleen imaging § 94748 233058 29141|$ - 5 -
[78195TC |Lymph system imaging $ 16296 |5 233.05|S 456578 - $ -
178201TC [Liver imaging S 9474 |5 25653 |§ 24861 (% - | 3 -
78202TC [Liver imaging with flow S 11485 | S 25653 S 26398 |8 - | B -
[78205TC [ Liver imaging (3D) S 73648 |5 25653 |5 28I18 18 - | $ -
78206 TC | Liver image (3d) with flow § 228908 25653 |8 79536|S - $ -]
|7821STC|Liver and spleen imaging $ 117108 25653 ]S 25607 % - s -
[78216TC [Liver & spleen image/flow $ 13908 |8 25653 |8 14314 (% - $ -
|78220TC | Liver function study $148.56 | § 256.53 |8 15150 |8 - s -
|78223TC [Hepatobiliary imaging $ 14628 | § 25653 |8 4477418 - $ -
78230TC |Salivary gland imaging $ 8792|5 224335 21898 |8 - s -
78231 TC | Serial salivary imaging § 12696 |85 22433 (S 14706 % - 3 -
78232TC|Salivary gland function exam $ 1413685 22433 S 155798 - s -
78258TC |Esophageal motility study $ 114835 224338 3026918 - S -
[78261TC|Gastric mucosa imaging $ 164108 22433 |8 32512]8 - $ -
[78262TC Gastrocsophageal reflux exam $ 169.78 | $ 22433 |§ 30847 % - 3 -
[78264TC |Gastric emptying study $ 16523 (8§ 22433 (% 37551{% - $ -
[78278TC|Acute Gt blood loss imaging S 10441 |$ 22433 | S 4522718 - 5 -]
[78290TC |Mecke! Fs divert exam $ 12203]% 22433 |8 4515918 - $ -1
78291 TC|Leveen/shunt patency exam $ 122418 22433 |8 327128 - $ -
783007C | "Bone imaging, limited arca” S 99675 237575 21664 (S - $ -
[78305TC|"“Bone imaging, multiple areas” § 14628 |§ 237578 28234 (8 - $ -
78306TC |"Bone imaging, whole body” $ 17054 |8 237.57|S 316208 - 3 -
18315TC|"Bone imaging, 3 phase” $ 101001% 2375718 4604918 - $ -
[78320TC|Bone imaging (3D) S 23648 | § 237575 28522]8 - | 3 -
[78350TC|"Bone mineral, single photon" $ 303208 43425 90481% - 3 -
[78428TC|Cardiac shunt imaging $ 90588 250.17]8 30185|$ - $ -]
78445TC | Vascular flow imaging $ 7504 |8 12396 |8 257228 - s -
78456 TC | Acutc venous thrombus image $ 16220 |5 12396 |§ 580.62 ($123.96 $ (456.66
78457TC| Venous thrombosis imaging S 10649 |§ 123.96 |§ 22864 |§ - 3 -
78458TC|"Ven thrombosis images, bilat" S 16069 S 123.96 |3 25837 |$12396 | $ (134.41))
78460TC | "Heart muscle blood, single” S 9474|S 250.17]8 23524|8 - | $ -
78461 TC|" Heart muscle blood, multipie” 3 1887315 397.11|S 1887118 - 13 -
78464TC | "Heart image (3d), single” $ 2827208 250.17|S 315.79 | $250.17 $  (65.62)]
78465TC| "Heart image (3d), multiple” § 47144 |5 397.11 |5 639.90 | $397.11 § (242.79)|
78466 TC |Heart infarct image $ 10498 | § 250.17 |5 23273 1§ - 3 -
[78468TC | Heart infarct image (ef) S 14628 |S 250.17 |85 34329 ($ - s - 1
[78469TC [Eleart infarct image (3D) $ 20919 |5 250.171S 3349918 - 3 R
[78472TC|"Gated heart, planar, single” $ 22094 |3 25017 |8 26855(% - $ -
[78473TC ["Gated heart, multiple" $ 32071 |5 20943 |§ 172.27 | $29943 $ 12116
78478TC|Hcart wall motion add-on $ 6291]% 89508 292218 - $ -
78480TC |Heart function add-on $ 6291 |5 8950|S 29228 - $ -
78481 TC|"Heart first pass, single" S 20919 |8 250175 2979 |8 - s -
[78483TC|"Heart first pass, multiple" S 3145515 29943 |$ 4005 |5299.43 748%) 5§ 259.38 |
[78494TC|"Heart image, spect” S 28006 | § 250.17 ]S 334.18 | $250.17 75%] s gsa,m%
78496 TC|Heant first pass add-on $280.06 |3 89.50 |[§ 38.58 | § 89.50 232%) 8 50.92
[78580TC | Lung perfusion imaging $ 137195 19737 |8 27009 |8 - | 1s -
78584 TC|Lung V/Q image single breath $ 128.09 |8 321.74S 13635]8 - $ ﬂ
78585TC|Lung V/Q imaging § 22587 |8 32074 |8 45371 (S - $ -
78586 TC|"Acrosol lung image, single” S 10384 (5 197378 2168618 - s |
}LSS?TC "Aerosol lung image, multiple” $ 111808 19737 |8 29087 |8 - $ -]
78588TC|Perfusion lung image S 1284715 321745 45682(8 - | $ - )




78591 TC|"Vent image, | breath, 1 proj” S $ $ 215.57

78593TC|"Vent image, | proj, gas" $ 137958 197.37 | $§ 253.58 - S -
78594TC|"Vent image, mult proj, gas" $ 19858 |8 19737 |$ 287.07 [ $197.37 69%| $ __ (89.70)
78600TC |"Brain imaging, Itd static” S 11483 |8 30773 ]S 419515 - s -
78601 TC|"Brain imaging, Itd w/flow" $ 136058 30773 ]S 288068 - $ -
78605TC|"Brain imaging, complete” $ 13605|$ 30773 |8 24894 |8 - s -]
78606 TC|"Brain imaging, compl w/flow" $§ 155008 30773 (5 45096 (% $ -
78607TC [Brain imaging (3D) § 26225]% 30773 |8 8498318 - 3 -
78610TC|Brain flow imaging only $ 6367]8 30773 |3 238065 - 3 -
78615TC|Cerebral vascular flow image $ 15424 |8 30773 |$ 28929 (S - $ -
78630TC|Cerebrospinal fluid scan $ 20161 (% 20838 |§ 459.92|§ - $ -
78635TC|CSF ventriculography $ 10194 (S 2083818 46221 |8 $ -
78645TC|CSF shunt evaluation $ 137.19 |8 20838 |§ 46637 |8 - $ -
78647TC|Cerebrospinal fluid scan $ 23648 | S 20838 | § 794.14 | $208.38 26%| $ (585.76
78650TC |CSF leakage imaging $ 18532 |% 20838 (§ 461458 - $ -
78660TC [Nuclear exam of tear flow § 8527 |8 20838 |$ 22844 |8 - $ -
78700TC|"Kidney imaging, static” $ 1220313 21756(§ 22951|§ - 3 -
[78701 TC|Kidney imaging with flow $ 14212 |$ 21756 |8 28651 |8 - ) -
78704TC|Imaging renogram $ 15803 ($§ 21756 |8 28373 |% - $ -
78707TC [Kidney flow/function image 3 17850 |8 21756 {5 28889 |8 - $ -
78708 TC [Kidney flow/function image $ 17850 |$ 24693 | § 16235(3% - $ -
78709TC |Kidney flow/function image $ 17850 |$ 24693 |§ 46744 )% - $ -
78710TC |Kidney imaging (3D) § 23648 [$ 21756 | § 27580 | $217.56 79%| 3 (58.24
78715TC |Renal vascular flow exam $ 6367 |8 21756 |8 267815 - $ -
78730TC | Urinary bladder retention $ 5836 53652 | 5263248 36.52 14%] §_ (226.72)]
78740TC |Ureteral reflux study $ 852718 21756 |8 3185018 - $ Q
78760TC | Testicular imaging $ 10725 |% 21756 S 22201 |§% - 3 J
78761TC (Testicular imaging/flow § 12809|$ 2175615 263888 - 3 -
78800TC ["Tumor imaging, limited area” $ 136058 246368 21235|§ - $ -_J
78801TC|"Tumor imaging, mult areas” § 168.64 |S 24636 |3 313.11]|$ - M -
78802TC |"Tumor imaging, whole body" $ 22170 |5 24636 |5 44443 (S5 - $ -
78803TC | Tumor imaging (3D) § 26225 |§ 24636 |3 861.69 | §246.36 29%| § (615.33)]
78804TC ["Tumor imaging, whole body" $ 43165|8% 650003 819638 - 3 -
[78805TC[" Abscess imaging, ltd area" $ 13605 |$ 24636 |8 22093 (8 - 3 -
[78806TC |"Abscess imaging, whole body” $ 25770 | $ 24636 | §449.10 | $246.36 55%| § (20274
78807TC |Nuclear localization/abscess § 26225 [$ 24636 | § 830.00 | $246.36 30%| 8 (583.64))
93303TC|Echo transthoracic $ 15538 % 189.01 |$ 30343 |8 - $ ]
93304TC |Echo transthoracic $ 7883|5 89993 20925|8 - 3 -
93307TC|Echo exam of heart $ 15538 |8 189.01 |[$ 25422 (% - $ - J
93308TC |Echo exam of heart § 7883 |8 8999 (S$ 183788 - $ -
93312TC |Echo transesophageal $ 1546218 3533119 4989218 - $ -
93314TC|Echo transesophageal $ 154.62 § 49084 S $ -
193320TC["Doppler echo exam, heart" $ 6935|8 9976 (§ 111348 - 3 -
93321TC|"Dappler echo exam, heart” § 45108 89995 4202[S - 5 -
93325TC | Doppter color flow add-on $ 11824 |5 8999185 4946(8% 89.99 182%| § 4053 |
93350TC |Echo transthoracic $ 7201 |S 18001 |8 343.02}8 - 5 -
93880TC |Extracranial study $216.79 $152.01 | $ 413.49 | $152.01 37%\ § (26L48)J
93890TC|"Tcd, vasoreactivity study” $ 18570 | 9452 |% 40399 |8 94.52 23%| §  (309.47)
93892TC|"Tcd, emboli detect w/o inj" $ 19328 (S 94528 431.59(S 94.52 22%| § (331.07)
93893TC |"Ted, emboli detect w/inj" $ 18835 (3 9452 |8 40928 1§ 94.52 23%| $ (314.76))
53922 TC [Extromity study S 10384 |§ 95345 202328 95.34 47%| §_(106.98)|
93923TC |Extremity study $ 15576 |§ 9534 [ 5 30834 [§ 95.34 31%| § (213.00)]
93924TC |Extremity study $ 18494 |5 9534 | $ 40127 | § 95.34 24%] S (305.93)]
93925TC | Lower extremity study $ 26339 |8 15201 | § 55897 | $152.01 27%| $_(406.96)|
93926TC|Lower extremity study § 15765 |§ 9452 | § 339.08 | § 94.52 28%]| § _(244.56)]
93930TC|Upper extremity study § 20147 |$ 152.01 |$ 41780 |§152.01 36%| § (265.79
[93931TC|Upper extremity study § 137578 94528 287.26 |8 94.52 33%| 3 (192.74)
[93965TC[Extremity study $ 10611 |5 9534 |$ 20948 | § 95.34 46%| § (114.14
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152.01 ]S 41435 [ $152.01 37%| § (262.34)

205.78

93970TC|Extremity study $ $

93971 TC |Extremity study $ 14098 | 94528 271.01 | $ 94.52 35%| $  (176.49)]
93975TC |Vascular study $ 28347 |$ 15201 | $§ 554.15 [ $152.01 | 27%) $  (402.14)
93976 TC [Vascular study $ 16069 | $ 15201 |$ 29243 [ $152.01 | 52%| 8§ (140.42)
93978TC [Vascular study $ 17698 |$ 9452 |3 41142 | § 94.52 23%| $  (316.90)
93979TC|Vascular study § 12544 | §_ 9452 |8 29822 | § 94.52 32%| §_(203.70)|
93980TC [Penile vascular study $ 10573 |$ 15201 |$ 207728 - $ -
93981 TC |Penile vascular study $ 11559 |$ 9452 | S 183428 94.52 52%| 5 (88.90)]
93990TC [Doppler flow testing $ 15690 (% 9452 |8 32880 (8 94.52 29%|§ (234.28
G0130TgSingle energy x-ray study $§ 3221 (% 43428 - s - $ -
G0365T( Vessel mapping hemo access $ 15690 (% 15201 )8 223.75 ;| $152.01 68%| 5 (71.74)

* Source: MPFS rates were calculated using the most current version of 2006 Relative Value Units (RVUs) as published in the RVU files on the Ch
OPPS rates were calcutated using the most current version of the applicable Ambulatory Payment Classification (APC) as published in Addendum {
** Source: CMS "Town Hall® Cost Data was calculated using Clinical Practice Expart Panel (CPEP) inputs as published by CMS during the 2/15/06

CMS sponsorad Town Hall meating. In the 37 instances where CPEP Inputs were missing from this town hall data source, CPEP inputs from the 2
database were utilized. In certain instances we could not identify a value from either source and could not calculate cost data,

while we left these on the list so it could be noted that they may potentially be atfected by the DRA policy, they were not included in our analysis of |
In 7 instances, CPEP Inputs were missing for supplies and/or were missing for supplies

and equipment (5 instances). When CPEP inputs are missing, the Est. CMS "Town Hall" Cost Data may be underestimated.




Centers for Medicare & Medicaid Services
Department of Health and Human Services
Attention: CMS-1321-P

Mail Stop C4-26-05

7500 Security Blvd

Baltimore, MD 21244-1850

Sept. 4, 2006

RE: BONE MASS MEASUREMENT TESTS
Fed. Reg. Vol. 71, No. 162/Tuesday, August 22, 2006

We wish to comment on the Proposed Rules referenced in the above document.
In general, we believe this writing fails to accurately describe and consider CT Bone
Densitometry as an important modality in managing this important disease state. As
background to our comments, it is helpful to recognize that “some” Primary Care
Physicians who place DXA devices in their offices and Radiologists who control CT
scanners have somewhat of a turf dispute. Due to the large potential market to primary
physicians for DXA devices as compared to the number of CT facilities, larger device
companies with greater promotional abilities market DXA much more widely. Having
said this, however, “all” of the big CT manufacturers offer CT Bone Densitometry, many
using our device. Primary care physicians with DXA devices in their offices have an
incentive to perpetrate the belief that DXA is superior to QCT. Many of these same
physicians have joined efforts in the International Society of Bone Densitometry, which
is essentially void of QCT users and researchers. Radiologists are trained in equipment
technology and imaging physics. As they have access to CT scanners, it is not surprising
they can readily understand the imaging properties and measurement performances of
QCT and DXA. Most radiologists will likely recognize the several diagnostic advantages
of QCT over DXA. The exceptions include the requirement to use a sophisticated CT
instrument, which is not usually available in offices, and although a very low dose
procedure, the radiation dose can be higher with QCT. However, the dose from modern
DXA devices with vertebral fracture analysis [VFA] is comparable to QCT.

Not only the overly favorable reporting of DXA but the restriction of follow-up
monitoring to only DXA would be extremely unfair to QCT and especially those patients
being served by this technique. The implementation of such a restriction would
essentially grant a monopoly to DXA companies and users and seriously harm the
medical care of those thousands of patients being so ably served today by QCT. This
proposal is suspect especially in light of the fact that QCT has distinct advantages in
monitoring patients under therapy. Such a restrictive decision would have no cost savings
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to CMMS, as both are reimbursed at the same rate. DXA is often not, but QCT is,
available in smaller communities making such a decision unfair to those patients. DXA
and QCT cannot be used to follow-up the other device in monitoring since they measure
different bone volumes and are not interchangeable. We are developing methods using
the 3-D data of QCT, which may allow follow-up of DXA but DXA certainly cannot
follow-up QCT. We ask for removal of the recommendation for restrictions on
reimbursements for monitoring and a more accurate description of CT bone densitometry.

We want to make the following specific comments:
1. CT Bone Densitometry is widely available.

We estimate that approximately 10,000 QCT devices have been placed in
operation and most CT facilities in the U.S. currently have BMD capabilities. CT BMD
should not be grouped with the “other” category, which includes appendicular devices,
SXA, RA, ultrasound, etc. QCT is highly regarded as an advantageous technique and
widely used.

2. Definition ofa “Bone Mass Measurement”

The definition given could be redefined to reflect it is a “density” measurement
preferably over a “mass” measurement. Also quoting from the Register, the use of
terminology such as “bone densitometer” (other than a single photon or dual-photon
absorptiometry) or with a bone sonometer system that has been cleared for marketing for
this use by the FDA” This definition and the use of the exclusions almost completely
excludes QCT. Further, the statement that “by the newer techniques of DXA, which are
believed to be superior in accuracy and precisions” give an inaccurate impression of the
known science. Many of the leading bone densitometry researchers report that QCT has
superior diagnostic accuracy and significantly greater sensitivity than DXA to detect and
monitor osteoporosis. This superior performance of QCT should exclude it from in the
category of the “other” devices and place it at least on level with DXA.

We propose a definition, which includes all the currently used techniques and
clearly includes such a major technique as QCT. We see no need to specifically exclude
isotope source absorptiometers. They are at least as accurate and sensitive as the
appendicular devices or RA and superior to ultrasound devices, which as a side comment
do not measure ‘bone mineral density’. We propose a definition such as “bone density
measurements may be 3-D volumetric bone density measurements in g/cc (QCT) or 2-D
projection measurements of areal density in g/cm2 (DXA, SXA,RA) all being x-ray based
and carried out in the axial or appendicular skeleton. Other projection techniques include
ultrasound measurements of bone quality end points. BMD may be performed with any
FDA cleared device under 21 CFR part 807/814.

3. Monitoring of BMD changes.

The current writing states “the monitoring would have to be performed by the use
of a dual energy x-ray absorptiometry system (axial system). DXA is precise, safe, and
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low in radiation exposure and permits more accurate and reliable monitoring of
individuals over time”. Although such statements have great commercial value, they are
in part inaccurate. It is widely known that QCT measurements of the lumbar spine are the
most sensitive and most reliable technique to monitor individuals over time. Most any
research scientist working in the bone density field who is not biased by his/her use of
only a DXA device will readily agree with this statement. QCT of the lumbar spine
provides the earliest detection of osteoporosis over all other techniques. QCT is
increasingly being used in multi-center drug studies because of its superior sensitivity to
monitor changes in bone density. Instead of the usually DXA recommended 2 years for
follow-up with therapy, investigators have shown a therapeutic response with QCT after
3 months. This greatly hastens the detection of non-responders while allowing a more
reliable measurement of bone density changes over time. The DXA companies are
currently working on methods to rotate their devices to attempt to acquire 3-D data like
QCT. This alone speaks loudly of what they think of 3-D bone density measurements.

The referenced publications listed below and excerpted statements support our
conclusions and are enclosed for review:

Genant et al, Review — Noninvasive Assessment of Bone Mineral and Structure:
State of the Art. J Bohe and Mineral Research, Vol. 11, No. 6, 1996

“QCT’s ability to selectively assess the metabolically active and structurally important
trabecular bone in the vertebral centrum ¢™**'%) results in the excellent ability to
discriminate vertebral fracture and to measure bone loss, generally with better sensitivity
than projectional methods such as DXA or DPA.”

Lang et al, Bone, 1997 Jul;21(1):101-8

“ For trebecular BMD the precision was 1.1% and 1.6% for the femoral neck and
trochanteric subregions compared to 3.3% and 1.6% for the corresponding integral
envelopes. Trabecular BMD measurements were reproducible and highly correlated to
biomechanical strength measurements”.

Bolotin et al, Journal of Bone and Mineral Research, Vol. 16, No. 5, 2001

“The growing number of investigations that have shown DXA-derived in vivo BMD to
be subject to sizable inherent systemic inaccuracies that may adversely influence
measurement outcomes [32-39]. Such BMD inaccuracies could seriously compromise
the integrity of measurements undertaken to diagnose, monitor, and evaluate the
osteopenic/osteoporotic condition and predictive bone fragility of any individual patient.”
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Black et al, The Effects of Parathyroid Hormone and Alendronate Alone or in
Combination in Postmenopausal Osteoporosis. N Eng J Med 2003:349:1207-15

Figures 1 and 2 show, but don’t provide graphically comparison, the therapeutic response
of PaTH as measured by QCT and DXA. DXA shows about 6% increase in BMD while
QCT shows about 25% increases for the spinal results. This is consistent with other
publications. The results show approximately a 400% larger measurement response with
QCT. This allows for earlier detection of response and for more reliable monitoring of
change over time. { My comments, please see p.1211}

Bolotin et al, Patient-Specific DXA Bone Mineral Density Inaccuracies:
Quantitative Effects of Nonuniform Extraosseous Fat Distributions. Journal of
Bone and Mineral Research, Vol. 18, No. 6, 2003

“Nonuniform extra osseous fat is shown to raise the magnitude of inaccuracies in DXA in
vivo BMD measurements into the range of 20-50% in clinically relevant cases. Hence,
DXA-based bone fragility diagnoses/prognoses and evaluations of bone responsiveness
to treatment can be unreliable.”

Banks et al, Effect of Degenerative Spinal and Aortic Calcification on Bone Density
Measurements in Post-Menopausal Women: Links Between Osteoporosis and
Cardiovascular Disease? European Journal of Clinical Investigation (1994) 24, 813-
817

“Women with spinal degenerative calcification had higher spine bone density when
measured by dual photon absorptiometry compared to those without calcification (P<0-
01), but this was not reflected by the quantitative computer tomography or the proximal
femur bone densities, suggesting that spinal calcification artificially increases spinal bone
density when measured by dual photon techniques.”

Weigert et al, DXA in Obese Patients: Are normal values really normal?
Imaging Center of West Hartford, CT and University of California, San Francisco,
CA

“The results of this study suggest that DXA of both the spine and hip overestimate BMD
in obese women and the results should be interpreted with caution”.
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Yu W et al, Calcif Tissue Int. 1995 Sep;57(3):169-74

“For all women, BMD by PA- and L-DXA was affected more by DJD than by fracture
status. We conclude that QCT and mL-DXA are superior to PA-DXA and L-DXA in
detecting bone loss in patients with DJD.”

Guglielmi et al, Acta Radiologica, rad57868.3d

“There is no evidence supporting that trabecular BMD measurements by QCT are
influenced by OA. Instead, degenerative changes have an effect on both cortical and
integral QCT, and on DXA at the lumbar spine and the hip. For subjects with established
OA, assessment of BMD by volumetric QCT may be suggested.”

v

Griswold et al, Diagn8stic Imaging Nov. 2001

“Quantitative CT is almost always done by radiologists. Patients who cannot be studied
well by DXA: obese patients and degenerative hypertrophic bone, a history of spinal
surgery, excessive vascular calcifications, and severe scoliosis (Figures 4 and 5). In
addition, QCT is more sensitive to the trabecular bone loss of early menopause as well as
to the response to therapy, which is frequently first seen in trabecular bone.”

4. Diagnostic Accuracy

QCT and DXA measure largely different bone components. QCT by isolating and
measuring a purely trabecular bone region in the axial skeleton allows the early detection
of low BMD well before any other technique. The much higher metabolic activity of
trabecular bone results in larger measurement changes of BMD, which provides greater
reliability due to this much higher sensitivity. For monitoring therapy or for early
detection of osteoporosis, QCT is clearly superior. DXA measurements of the Hip
predict hip fractures better than any other technique but the recent availability of CT
DXAView of the hip can reproduce this result with comparable performance. Please see
the following supporting publications:
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Guglielmi et al, Quantitative Computed Tomography at the Axial and Peripheral
Skeleton. Eur. Radiology, 7 (Suppl.2), S32-S42

“QCT has been shown to discriminate better between healthy women and those with
osteoporosis than posteroanterior DXA [S]. In summary, the great advantage of QCT
over other densitometry methods is its ability to measure exclusively the high turnover
trabecular bone. This accounts for the high sensitivity of the technique. Therefore,
several authors have considered QCT as the method of choice in predicting fracture risk
in the spine.”

P. von der Recke et al, The Impact of Degenerative Conditions in the Spine on Bone
Mineral Density and Fracture Risk Prediction. Osteoporosis Int. (1996) 6:43-49

“In conclusion, osteophytes and endplate sclerosis have a considerable influence on
spinal bone mass measurements in elderly postmenopausal women and affect the
diagnostic ability of spinal scans to discriminate osteoporotic women.”

Guglielmi et al, Osteoperosis: Diagnosis with Lateral and Posteroanterior Dual X-
ray Absorptiometry Compared with Quantitative CT', Radiology 1994; 192:845-
850, Vol. 192, No. 3

“Although both L-DXA and PA-DXA correlated well with quantitative CT (» = .73 and
.72, respectively; P <.0001), L-DXA correlated better than PA-DXA with age (r =-.69
and -.50, respectively; P<.0001). Women with osteoporosis showed higher bone loss
with quantitative CT (1.33% per year) and L-DXA (0.3% per year) than with PA-DXA
(0.07% per year). Logistic regression analysis indicated that quantitative CT and L-DXA
but not PA-DXA are significant predictors of osteoporotic fractures.”

Hologic’s commercial brochure

“30% of patients who need therapy are missed [by DXA] without IVA”

Black et al, One year of Alendronate after one year of Parathyroid Hormone (1-84)
for Osteoporosis. The New England Journal of Medicine, Vol. 349, No. 13

“There is a difference particularly evident for bone mineral density in trabecular bone at
the spine on quantitative CT”.

Lang et al, Radiology, 1998 Nov; 209(2):525-30

“Spinal trabecular BMD is strongly associated with both trochanteric and vertebral
factures”.
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Gramp et al, J Bone Mineral Res. 1997 May;12(5):697-711

“Diagnostic agreement among these measurements in classifying women as osteopenic
or osteoporotic was poor, with kappa scores averaging about 0.4 (exceptions were QCT
TRAB/INTG BMD, DXA LAT BMD, and RA PHAL BMD, with kappa scores ranging
from 0.63 to 0.89”.

Rehman et al, Arthritis Rheum. 2002 May; 46(5):1292-7

“QCT was a significant predictor of vertebral fractures. CART analysis showed that a
BMD value < 0.065 g/cc was associated with a 7-fold higher risk of fracture. BMD of
the lumbar spine as measured by QCT, but not DXA, is an independent predictor of
vertebral fractures.”

-

-

Maricic, J Clinical Densitometry, Vol. 1, No. 3, 251-257, Fall 1998

“These studies suggested that lateral DXA is comparable to QCT and more sensitive than
PA for the detection of low bone mass, and is more highly associated with fractures than
PA BMD (3)”.

Conclusions:

CT Bone Densitometry is widely available, is the most sensitive method to detect
and monitor bone density changes and provides the highest diagnostic accuracy for
predicting patients with fractures. It is increasing becoming the method of choice for
highly accurate monitoring of bone density changes in drug studies.

The restriction of monitoring to only DXA devices should be removed. We
respectively request a modification in the writings for the Proposed Rules, which
accurately reflect the widespread and respected use of CT Bone Densitometry.

Sincerely,

Cc: enclosures %

Ben Arnold, Ph.D.
Prestdent
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Review

Noninvasive Assessment of Bone Mineral and Structure:
State of the Art

HARRY K. GENANT, KLAUS ENGELKE, THOMAS FUERST, CLAUS-C. GLUER, STEPHAN GRAMPP,
STEVEN T. HARRIS, MICHAEL JERGAS, THOMAS LANG, YING LU, SHARMILA MAJUMDAR,
ASHWINI MATHUR, and MASA TAKADA

INTRODUCTION

In the past decade, considerable progress has been made
in the development of methods for assessing the skeleton
noninvasively so that osteoporosis can be detected early, its
progression and response to therapy carefully monitored, or
the risk of fracture effectively ascertained. Clinicians can
now cvaluate the peripheral, central, or entire skeleton as
well as the trabecular or cortical bone envelopes with a high
degree of accuracy and precision, and they have the capac-
ity to estimate bone strength and propensity to fracture.
The purposes of this commentary are to assess the current
capabilities of bone densitometry methods as well as recent
technical advances in these methods; to review the statisti-
cal approaches applied in studies of bone deansitometry; to
examine methods of expressing longitudinal sensitivity in
densitometry; to address the issues of fracture risk predic-
tion with bone densitometry using cither single or multisite
measurements; and to delineate the criteria for appropriate
usc of bone densitometry.

PRINCIPAL BONE MEASUREMENT
TECHNIQUES

Tm:u ARE A VAREETY Of techniques for noninvasive as-
scssment of the skeletoa: radiographic absorptiometry
(RA), single-photon and single X-ray absorptiometry (SPA/
SXA), dual-photon and dual X-ray absorptiometry (DPA/
DXA), spinal and peripheral quantitative computed tomog-
raphy (QCT/pQCT), - quantitative ultrasound. (QUS), and
quantitative magnetic resonance (QMR), and magnetic reso-

nance microscopy («MR). These techniques vary in precision,
accuracy, and discrimination and differ substantially in funda-
mental methodology, clinical and research utility, and general
availability (Table I).

Radiographic absorptiometry

Radiographic absorptiometry (RA), also known as photoden-
sitometry, was one of the first quantitative techniques to assess
integral bone (trabecular and cortical) mass." In RA, hand
radiographs are taken with aluminum wedges placed on the
films and analyzed using an optical densitometer. The bone
mineral density (BMD) is calibrated relative to that of the
aluminum wedge and is expressed in arbitrary units.?-*? Typ-
ically, investigators have used the middle phalanges or meta-
carpals for RA measurements. Although RA is an inexpensive
and readily accessible technique, its implementation was ini-
tially characterized by high precision errors of about 9-10%."
Receatly developed computec-assisted methods have reduced
operator errors and improved precision."'® There are sev-
eral RA techniques. One technique uses centralized analysis
of hand radiographs and averages the BMD of the second to
fourth middle phalanges.® Another technique developed in
Japan uses the diaphysis of the second metacarpal to deter-
mine BMD.® A third technique developed in Europe mea-
sures the diaphysis and proximal metaphysis of the second
middle phalanx.©*

Published short-term precision errors for computer-as-
sisted RA range between 0.6 and 1.7% for in vitro mea-
surements and between 03 and 2.4% for in vivo measure-
ments.®~%* The comparison of RA results with ash weights
of cadaveric phalanges gave an accuracy error of 4.8%,®
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which is comparable to that obtained with other densitom-
etry techniques.”'''® Thus, RA appears to be suitable for
the measurements of the BMD of phalanges and metacar-
pals, and is used in about 500 centers worldwide.

RA measurements of age-related bone loss were reported
by Trouerbach et al. who measured the diaphysis of the second
middle phalanx. The annual bone loss was 3.5% for recently
postmenopausal women (age 50-57) and 0.8% for older post-
menopausal women (age 58-73).%*) Matsumoto et al. re-
ported bone loss of 1.6% per year at the diaphysis of the
sccond metacarpals in normal women (age 50-59). They also
showed that BMD of the second metacarpals peaks in normal
women at age 30-39. Afterward, BMD decreases gradually
until the age of 50 and more rapidly thereafter.® A prelimi-
nary study from San Francisco showed that bone loss of the
second to fourth middle phalanges was 0.41% per year for
normal women (age 22-79). This loss was comparable to that
observed by spinal and radial DXA in the same population.¢**

Very few studies have addressed the ability of RA to
discriminate spinal fractures. Analyzing incident fractures
in serial spinal X-ray films, Ross et al. reported an odds
ratio of 1.65 for RA and 1.50 for radial DXA.('4 Prelimi-
nary data from a study in San Francisco also suggested that
phalangeal RA (odds ratio = 1.93, p = 0.08) discriminates
osteoporotic spinal fractures better than radial DXA (odds
ratio = 1.55, p = 0.25) but not as well as spinal DXA (odds
ratio = 2.16, p = 0.02)."¥

Single photon and X-ray absorptiometry

Single photon absorptiometry (SPA) was introduced in
the 19605 and was widely used until recently when it was
superseded by single X-ray absorptiometry (SXA). Both
methods make possible a quantitative assessment of the
bone mineral content (BMC) at peripheral sites of the
skeleton (e.g., distal or ultradistal radius, calcaneus). A
highly collimated photon beam from a radionuclide source
(usually '*I), or a small X-ray tube is used to measure
radiation attenuation at the measurement site. The replace-
ment of the radionuclide source by an X-ray tube using
SXA, a feature of most of the recently developed densito-
meters, has imparted better precision and improved spatial
resolution to these systems and has reduced examination
time.(**'¢1" Because SXA is an area projectional tech-
nique, scparate measurement of trabecular and cortical
bone is not possible. For example, a measurement of the
radial shaft (often referred to as the one-third radius or
proximal radius) includes mainly cortical bone. While the
relatively uniform structure at this site, which is 95% cor-
tical bone, ensures a good range of precision, the metabol-
ically more responsive trabecular bone is barely includ-
¢d.("® Measurements of the ultradistal radius include more
trabecular bone (up to 40%), but difficulty in precisely
targeting the region of interest and inhomogenceity of the
trabecular bone content may result in poorer precision at
this site, particularly if older devices are used.'*2” The
rectilincar scanning devices now in use show improved
precision at this site.®" The value of bone mineral mea-
surements at the calcaneus was initially controversial be-
cause of the uncertain relationship between BMD at this
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TasiLs 1. CoMPARISON OF APPROXIMATE WORLDWIDE
DistriButioN AND OF Precision ERrOR, Accuracy Error,
aND Rapiamion Dose oF TecuniQues For Bone
NUMERAL MEASUREMENT

Effective
dose
Technique Precision Accuracy equivalent*

(world distribution)  error (%) error (%) (uSv)
RA (500)

phalanx/metacarpal 1-2 5 ~5
SXA/DXA (3000)

radius/calcaneus 1-2 4-6 <1
DXA (6000)

PA spine I-1.5 4-10 ~1

Lat spine 23 5-15 ~3

proximal femur 15-3 6 ~1

forearm ~1 5 <1

whole body ~1 3 ~3
QCT (4000)

spine trabecular 24 5-15 ~50

spine integral 24 48 ~50
pQCT (1000)

radius trabecular 1-2 ? ~1

radius total 1-2 2-8 ~1
QUS (2000)

SOS calcaneus/tibia  0.3-1.2 ? 0

BUA calcaneus 1.3-38 ? . 0

*Dos¢ for annual background ~2000 uSv, for abdominal radio-
graph ~500 pSv, and for abdominal CT 4000 uSv.®™

The numbers given for precision errors and accuracy errors are
from various publications. Since these numbers were obtained
using different methods and sometimes distinct statistical ap-
proaches, they have to be perceived as a guideline for clinical
practice.

sitc and body weight or exercise.*") However, excellent
results in recent studies document the value of calcaneus
(as well as radius) measurements in predicting ostcoporotic
fractures.?*=28) SPA/SXA has proven to be a valuable
method in the diagnosis of osteoporosis, providing reason-
able precision and low radiation exposure. Worldwide there
are over 2000 systems in use.

Dual photon and X-ray absorptiometry

Single energy measurements are not possible at sites with
variable soft tissue thickness and composition (ic., the axial
skeleton, hip, or whole body). For these purposes dual-photon
absorptiometry (DPA) techniques were introduced to correct
for unknown path length in the body. This approach uses a
radionuclide source, typically *>Gd at two effective energy
levels.(®

Dual X-ray absorptiometry (DXA), based on the method
of X-ray spectrophotometry that was developed in the
1970s, was introduced commercially as the direct successor
to DPA in 1987.¢3°-3%) While DXA uses the same principles
as DPA, in DXA the radionuclide source is replaced by an
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X-ray tube. Depending on the manufacturer, beams of two
distinct energy levels are either produced by the X-ray
generator or selectively filtered from an X-ray spectrum.
The main advantages of an X-ray system over a DPA
radionuclide system are shortened examination time due to
an increased photon flux of the X-ray tube and greater
accuracy and precision caused by higher resolution and
removal of errors due to source decay correction.**) The
preferred anatomic sites for DXA measurement of bone
mineral include the lumbar spine, the proximal femur, and
the whole body, but peripheral sites can also be scanned.
The digital image resulting from the measurement allows a
gross survey of the region examined. With the initial DXA
devices, the examination procedure took 6-15 minutes,
newly developed devices using enhanced generators or a
fan beam instead of a pencil beam X-ray source have short-
ened the examination time to 2 minutes or less.*> The in
vivo precision of the posteroanterior DXA examination of
the lumbar spine is 0.5-1.5% with an accuracy error of
5-10%.¢%-*D The worldwide distribution of DXA systems
is over 6000. )

Because of the presence of ostecophytes, aortic calcifica-
tions, degenerative facet hypertrophy, and intervertebral disc
space namrowing in degenerative disc disease, the BMD may
be increased artificially in the posteroanterior measurement of
the lumbar spine. This is an important drawback of this
method especially in elderly patients. Furthermore, the area
projectional measurement includes substantial portions of
compact bone, thereby reducing the. ability to discriminate
between osteoporotic and nonosteoporotic subjects.“>*%) A
lateral examination of the lumbar spine makes possible an
evaluation of the vertebral body—with almost exclusive mea-
surement of the trabecular bone. Therefore, the correlation
between lateral DXA and quantitative computed tomography
(QCT), both measures of the vertebral body, has been found
to be stronger than that between posteroanterior DXA and
QCT.“547 This lateral method can reduce the errors intrinisic
in the posteroanterior examination of the lumbar spine. How-
ever, overlap of the iliac crest may substantially increase the
measured bone density primarily at the level L4, and L2 is
overlapped by ribs in almost all patients. Nevertheless, the
inclusion of 12-14 usually yields the best precision and diag-
nostic sensitivity.(**® Beyond that, the reproducibility of the
lateral DXA measurement is poorer because of the greater
thickness and nonuniformity of the soft tissue in the lateral
projection.“%5%~5%) The adverse effect on reproducibility of
measurements of the spine in the lateral decubitus position
has been addressed with newer densitometers which have a
tube-detector system that can be rotated. This “C” arm allows
for lateral spine scanning with the patient in the supine posi-
tion, thereby reducing obliquity and resulting overlap of the
pelvis and b and improving the in vivo reproducibility to
about 2%.¢°*%) Several studies indicate that age-related bone
loss is more pronounced in the lateral measurement of BMD.
Furthermore, because the lateral approach is more strongly
associated with prevalent vertebral fractures than is standard
posteroanterior BMD, it has a potentially superior diagnostic
sensitivity. (49658

DXA is also employed for measurements of the appen-
dicular skeleton. Most standard DXA densitometers allow for
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highly precise measurement of the radius or calcaneus using
regions of interest like those derived from SPA and SXA
measurements and also user-defined subregions.®?-% Re-
cently introduced DXA densitometers specially designed
for the forearm may provide these measurements at a lower
cost.

Low radiation dose, availability, and ease of use have
made DXA the most widely used technique for measuring
bone density in clinical trials and epidemiological stud-
ies.**%% Different DXA densitometers from one manufac-
turer usually yield comparable results. Depending on the
scan mode and region scanned, these results are often
within the precision error of the densitometer.®=7> The
results may display substantial variation, however, if they
are obtained using a variety of densitometers from different
manufacturers. This variation arises from differences in
bone standards, edge detection algorithms, and regions of
interest that are incorporated into the different devices. A
group at San Francisco under the auspices of the Interna-
tional DXA Standardization Committee, which includes all
leading manufacturers of DXA equipment and representa-
tives of several scientific organizations, has proposed a
standardized BMD (sBMD, given in mg/cm?) for measure-
ments of the lumbar spine, based on the excellent correla-
tion of in vivo data for the lumbar spine among all densi-
tometers.”" The standardized BMD provides compatibility
of results obtained at the lumbar spine on different scan-
ners. To provide similar standardization at other sites, such
as the femoral neck, changes of the analysis software may
be required because of substantial differences in the regions
of interest that the different manufacturers have incorpo-
rated into the design of their devices.

Because DXA is a projectional technique, the measured
bone density does not reflect a true volumetric density but
rather an area density, calculated as the quotient of the
BMC and the area. This normalization by the projected
area partially reduces the effect of body size. However, it
does not take the true volume, for example of a vertebra,
into account. For a constant volumetric bone density, a larger
vertebra would typically yield higher areal BMD results than a
smaller one. Several volumetric estimates of bone density
derived from cither posteranterior DXA or both posteroan-
terior and lateral DXA of the lumbar spine have been pro-
posed to enhance vertebral fracture discrimination. 57275
In the context of a large epidemiological study, a volumetric
estimate of femoral neck bone density, the bone mineral
apparent density (BMAD) did not improve the predictive
value of standard BMD measuremeats for future hip frac-
tures."® Further studies are required to confirm these
carly results and to establish the role of volumetric esti-
mates of projectional bone density.

As a result of the high resolution of DXA scanners,
anatomic details of the examined region are depicted
clearly. Using DXA to obtain lateral images of the lumbar
spine offers the advantage that the scanning beam—in con-
trast to conventional cone beam radiography—is generally
parallel to the vertebral endplates. This allows a better
definition of vertebral dimensions for a morphometric anal-
ysis. In reference to the DXA approach, this method has been
called morphometric X-ray absorptiometry, or MXAD
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Overlying structures such as ribs or iliac crest may have an
adverse effect on the morphometric analysis. To enhance the
accuracy of MXA, technical modifications of the X-ray tube
and the detector system may provide images with higher res-
olution and thus enhance the analysis of vertebral deformities.
These techniques are still in the developmental and early
clinical evaluation stages.

Architectural properties derived from conventional pel-
vic radiographs, such as the thickness of the femoral cortex
or the width of the trochanteric region, have been found to
be associated with future hip fractures.”® Researchers
have examined geometric properties of the femur on DXA
scans and found that the hip axis length was significantly
associated with future hip fractures independently of age
and BMD.™ Measurement of the hip axis length has been
automated, allowing for an uncomplicated and reproduc-
ible assessment of an individual’s hip axis length.*” Simi-
larly, geometric variables derived from DXA scans of the
radius predicted the fracture load in vitro.®" These studies
primarily document the importance of architectural bone

properties for the biomechanics of fracture and may poten- -

tially account for differences in thé fracture risk between
ethnic groups.*28%) Further studies in this field are re-
quired, and the assessment gf simple geometric variables
may be an interesting asset to DXA.

Quantitative computed tomography

Quantitative computed tomography (QCT) can deter-
mine in three dimensions the true volumetric density (mg/
cm®) of trabecular or cortical bone at any skeletal site. How-
ever, because of the high responsiveness of spinal trabecular
bone, and its importance for vertebral strength, QCT has been
principally employed to determine trabecular bone deasity in
the vertebral centrum.®* In this application, QCT has been
used for assessment of vertebral fracture risk,®>-5? measure-
ment of age-related bone loss,®7#%5% and follow-up of osteo-
porosis and other metabolic bone discases.®® The validity of
this techaique for measurement of vertebral cancellous bone is

widely accepted, and it is used at over 4000 centers worldwide.-

Generally, spinal QCT is performed on standard dlinical CT
scanaers. It employs an external bone mineral reference phan-
tom to calibrate the CT number measurements to bone-equiv-
alent values as well as special software to place regions of
interest inside the vertebral bodies typically of L1-13.

To improve precision and reduce acquisition and analysis
time, the sagittal location of midvertebral slices and the
axial placement of regions of interest can be highly auto-
mated ©®1°? The software automatically locates the verte-
bral body, maps its outer edges, and employs anatomic
landmarks such as the spinous process and spinal canal to
calculate sizes and locations of the region of interest. The
systems can place trabecular, cortical, or integral regions of
interest. The typical automatic analysis time for a vertebral
body is about 5 s, and the total scanning time is several
minutes. ]

QCT can be performed in single-energy (SEQCT) or
dual-energy (DEQCT) modes, which differ in accuracy,
precision, and radiation.®® The accuracy of SEQCT for
spinal bone mincral determination depends on variable
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marrow fat composition in the vertebrae, the accuracy of
the calibration standard, and beam hardening errors and
scatter, among other factors.®***) The principal source of
marrow is fat, which causes SEQCT measurements to un-
derestimate BMD and overestimate BMD loss. However,
the vertebral marrow-fat content increases with age, and a
simple correction procedure that takes this into account can
reduce the BMD accuracy errors to levels that are small
compared with the biological variation.®® Additionally,
marrow-fat errors can be further reduced by using a kVp
setting that minimizes the fat sensitivity for the given scan-
ner. Although it is possible to improve accuracy by employ-
ing DEQCT, this approach incurs reduced in vivo precision
and higher dose and thus is recommended only for research
studies that require higher accuracy.®”%%

The in vivo precision errors of 2-4% aund the accuracy
errors of 5-15% reported for spinal QCT are generally
higher than those observed for posteroanterior DXA of the
spine and comparable with those of lateral DXA. However,
QCTs ability to selectively assess the metabolically active
and structurally important trabecular bone in the vertebral
centrum®?+%-192) results in the excellent ability to discrim-
inate vertebral fracture and to measure bone loss, generally
with better sensitivity than projectional methods such as
DXA or DPA. Ross et al. employed prospective data to
assess the predictive power of various BMD measurements
for vertebral fracture and found that a spinal QCT mea-
surement two standard deviations (2 SD) below the norma-
tive value was 40% more predictive of future vertebral
fracture than was the corresponding spinal DPA measure-
ment. Interestingly, they also found that both spinal DPA
and QCT had statistically significant associations with frac-
ture even when they were combined in the fracture prediction
model, indicating that these two techniques may provide in-
dependent information about vertcbral fracture risk.¢'%

Other studies have examined BMD decrements between
normal subjects and those with vertebral fractures. These
studies reported that the decrement as measured by spinal
QCT is significantly higher than that observed by pos-
teroanterior DXA and that vertebral fracture discrimina-
tion is generally superior with QCT.(4757-6354.19) Because
the metabolic rate in the vertebral trabecular bone is sub-
stantially greater than that of the surrounding cortical bone,
the ability of QCT to selectively measure trabecular bone
gives it comparitively good sensitivity for measurement of
age-related booe loss following the menopause.® In a
cross-sectional study of 108 postmenopausal women, Gulg-
ielmi et al®™ measured overall bone loss rates of 1.96%/
year with QCT compared with 0.97%/year and 0.45%fyear,
respectively, for lateral DXA and posteroanterior DXA.
Geanerally, it has been found that the cross-sectional bone
loss rate in females is typically 1.2%/year when measured
with QCT and a little over one-half that value when mea-
sured with DXA or DPA.® Block et al. carried out a
comprehensive QCT study of the patterns of age-related
bone loss rate and found that bone loss in women was best
described by a two-phase (lincar-exponential) regression,
with a linear bone loss of 0.45 mg/ccfyear up to the meno-
pause, followed by a 25 mgfoc decrement during the early
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FIG. 1.

(a) Three-dimensional representation of excised lumbar vertebral body. The vestebral body, mounted in

water-filled cylinder, was encompassed with 3-mm contiguous shices, segmentation was obtined by mapping the bone
surface using a contour tracking algorithm. (b) Three-dimensional representation o) provmal femur of patient with
osteopoross secondary 1o paraplegra. Proximal femur was encompuassed with 3mm contiguouns shees, and segmentation
was obtained by mapping the bone surface using a contour-tracking algorithm

mcnopausce and an exponential pattern of bone loss of 1.99
myccvear following the menopause ™

While use of QCT has centered on two-dimensional char-
acterization of vertebral trabecular bone, there is interest in
developing three-dimensional. or volumetric computed to-
mography (vQCT). techmques both 1o improve spinal mea-
surements as well as 10 extend QCT assessments to the
proximal femur (Figs. la and Ib). These three-dimensional
technmiques encompass the enuire object of interest either
with stacked-shice or spiral CT scans and can employ ana-
tomic landmarks to automatically define coordinate systems
for reformatung of the CT data into anatomically relevant
projections

In the spine. three-dimensional methods have been in-
vestigated both 1o improve longitudinal performance and
discniminatory capabibity. Volumetric methods would be
cipected to improve the in vivo precision of QCT, first by
cmiploving 1mage alignment techniques to reproducibly
quantuifv the same volume of tissue in longitudinal stud-
T und second, by assessing the trabecular bone
from 1the entire vertebral centrum, a volume roughly 9-10
tmes larger than the standard elliptical region of interest
However assessment of a larger volume of interest covering
the trabecular bone 1n the centrum does not necessarily
improve the identufication of veriebral fracture over stan-
dard two-dimensional QCT methods Thus volumetric stud-
ies of remional BMD. which examine subregions of the

centrum that may vary an their contrtbution (o vertebral

[REER TN (|U7-ll(l)[hC

srength and studies of the cornical shetl,
condinon of which mav be important for vertebral strength
m ostcoporotic mdividuals ' are of interest for future
tnveshiation

Because of the proximal femur’s complex architecture

and dramanc three-dimensional variation n 1ts density, the

two-dimensional QCT mcthods widely used in the spine
cannot be used o assess the proximal femur. Thus, there s
no chimcally accepted QCT techmque for the lip and vir-
tually all densitometnic assessment of the proximal femur s
performed with DXA, wiich provides an integral measure-
ment of trabecular and cortical bone  Early atiempts (o
apply vQCT methods to the proximal femur measured
purely trabecular bone'''" """ because irabecular bone
shows the earliest loss and will most effectively 1denufy
individuals at nsk for fracture However. the contrnibutions
of trabecular and cortical bone 1o proximal femur strength
vary with the proumal femue site ¢’ Thus, well defined
volumes of nterest selecunely measuring trabecular and
cortical bone, as provided bv QCT, may be important for
the assessment of bone strength at various sites 1n the
proximal femur. Additionaily. the crucial rofe of gcometn
in determiming proximal femur strength has been well doc
umented V8NN OCT wath the inherent abiluy 1o
resample data along any aus of interest, yields geomeltnic
information not obtmnable with projechonal techmques
For example. Lotz et al resampled CT data along an axis
defined by the peaks of the greater and lesser trochaniers
and found that the product of average wtertrochantenc CT
number and intertrochantene arca correlated extremely
well (7 = 0.90) with in vitro tracture load in a configuration
simulating a fall 10 the side '™ In addition 10 the assess:
ment of proximal femur strength, vQCT could play a useful
role in monitoring differennial trabecular or cortical bone
response to pharmacological interventons

There are addinonal rescarch minatves in the areas ot
high resolution and microcomputed tomography (HRC
nCT) While the average BMD measured within a relativels
large region of iierest s a valuable ol for the assessment
of osteoporosis. an mproved assessment of bone strength



712

and fracture risk predicuon may also require microstruc-
tural analysis. Apart from trabecular BMD, two main fac-
tors that affect bone strength are the architecture of the
trabecular nctwork and the thickness of the cortical shell.
While the spatial resolution of clinical CT scanners (typi-
cally > 0.5 mm) s inadequate for highly accuratc cortical
measurements and for an analysis of discrete trabecular
morphological parameters. newer CT developments try to
address these issucs. Two main approaches can be distin-
guished: (1) the development of new image acquisition and
analysis protocols using existing clinical CT scanners; and
(2) the development of new HRCT scanners for in vivo
investigations of peripheral bones or for in vitro two- or
three-dimensional uCT for structural analysis of very small
bone samples (typically < | cm?).

These efforts to develop new imaging and analysts pro-
tocols for existing scanners with limited spatial resolution
have often focused on a regional analysis of BMD. In
studies on the spine, Sandor et al.'”'"” djvided the tra-
becular area into several regions of interest in the form of
a spider net. The BMD was distributed in a W-shaped pattern
with maximum BMD in the lateral and anterior portions of
the vertebral body. Regions with highest BMD showed the
highest loss with age. Hangartner and Gilsanz*'*" and Sum-
ner et al.'"?" addressed techniques to determine the peak
appendicular cortical density and vertebral cortical thick-
ness, respectively. Flynn et al.?2" used CT to determine
regional bone density in 18 small cylindrical regions of
interest in the lower lumbar spine. Pattern classification
methods identified vertebral architectural density patierns
that potentially provide enhanced fracture discrimination.

Instead of the usual trabecular BMD analysis, Braillon
and colleagues' > suggested the standard deviation of the
BMD values as a parameter that partially reflects structural
variations in the cross-sections of the lumbar vertebrae. A
high BMD standard deviation indicates a high degree of
grey-level vanations in the image and thus a highly net-
worked bone architecture. Engelke et al., using a very low-
dose technique. applied this idea to a dataset of 214 wom-
en.'** However, this study did not confirm a significant
potential of the BMD standard deviation as measured in
trabecular spinal QCT to improve the capability of BMD to
separale osteoporotic from nonosteoporotic subjects.t'2¥
However, this technique could possibly be useful at higher
radiation which provides better depiction of the structure.

Another direction is the development of in vivo high
resolution, thin slice computed tomographyv (slice thickness
I-1.5 mm). A high resolution image of a vertebral body that
clearly displays structural information in a higher dose CT
image s shown in Fig. 2. However, the quantitative extrac-
tion of this information s difficult, and the results often
vary substantially according to which image processing tech-
nique is used. Some investigational work using thin shce
tomography has been published recently by Chevalier et
al.“'*® They measured a featurc termed the trabecular
fragmentation ndex (length of the trabecular network di-
vided by the number of discontinuities) to separate osteo-
porotic subjects from normals subjects. However, this index
did not readily separate postmenopausal  ostcoporotic
women with vertebral fractures from normal or osteopenic
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FIG.2. High resolution (300 x 500 um) CT image of a 1.0
mm slice of a vertebral body imaged in vivo. Trabecular
structure is well delineated in gravscale (A) and skeleton-
ized (B) images.

subjects.'**) A similar trabecular testure analvsis approach
was also reported by lto ¢!

Ultra-high resolution CT scanners for peripheral skeletal i
vivo measurements have been developed by Ruegsegger ct
al.!27-130" The images. with a spatial resolution of 100-200
um. show trabecular structure in the radius and the tbia.
These state-of-the-art scanners probubly approach the linuts
of spatial resolution achievable in vivo when administering
acceptable exposure rates. The images can be used for quan-
titative trabecular structural analysis ind also for a separate
assessment of cortical BMD.

Feldkamp et al.!"*""*? constructed a wCT system for in
vitro three-dimensional analvsis of small bone samples The
spatial resolution of 60-100 pm clearly separates mdimdual
trabeculae and thus allows for a three-dimensional analves
of a trabecular network. Based on data sets from thie CT
scanner. Engelke et al.'"" '™ developed « three-dimen:
sional digital model of trabecular bone (Figs 3a and 3b)
that can be used to compare two- and three-dimensional
structural analysis methods and to nvestigate the ctfect of
decreasing spatial resolution and image proces<ing tech-
nique on the extraction of structural parameters Three-
dimensional data seis can be used not only for calcutating

classic histomorphometnic parameters hike trabecular thek-
ness and separation' ' ' but o for determiming topo
togical measurements bike the Luler number which s a
measure of three-dimensiomal connectvity 7 Another i
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FIG.3. Micro CT volumetric image (voxel size, 80 um*) of bovine bone (a) and resuiting three-dimensional digital model

of trabecular bone (b).

vitro CT scanner with a spatial resolution of 20 pum has
recently been developed by Riieggsegger et al.!' 1%

Whereas the CT scanners described above use an X-ray
tube as a radiation source, other investigators''*’~'**) have
explored the potential of high intensity, tight collimation syn-
chrotron radiation, which allows for either faster scanning or
higher spatial resolution for imaging bone specimens.

Peripheral quantitative computed tomography

Special purpose peripheral QCT (pQCT) scanners have
been employed for the measurement of BMC and BMD of
the peripheral skeleton. Initially, a radionuclide source
(usually '#*I) was used; however, state-of-the-art scanners
employ X-ray sources.(!30143-147) 5,QCT allows for a true
volumetric density measurement of appendicular bone
without superimposition of other tissues and provides exact
three-dimensional localization of the target volume. Ease of
use and the ability to assess separately cortical and trabec-
ular bone, and to measure BMD, BMC, and the axial
cross-sectional area, make the method an interesting alter-
native to SPA or SXA.

There are about 1000 pQCT systems in use, mostly in
Europe. The great majority of these systems represent a clin-
ical pQCT scanner, with a smaller number (about 20) repre-
senting ultra-high resolution, high-precision pQCT systems for
research applications. With the commonly used clinical pQCT
scanner, measurements in the distal radius are performed at
only one site with a single axial slice of 2.5 mm thickness
located at the level that represents 4% of the ulnar length
from the distal radial cortical endplate (Figs. 4a and 4b).

The short-term in vivo precision of the clinical pQCT has
been measured using groups of heaithy young volunteers.
Butz et al.{'*® found relative precision errors (CV) of 1.7%
for trabecular, 0.8% for total, and 0.9% for cortical BMD
measurements. Lehmann et al."**® (pQCT with an X-ray
source) and Schneider et al.t'*¥ (pQCT with a radionuclide
source) calculated absolute precision errors for trabecular
regions of interest between 2.6 and 3.1 mg/cm®, which
resulted in CVs of under 1%. In a study by Grampp ct

FIG. 4. pQCT cross-sectional image of forcarm showing
delineation of cortical bone (a) and central trabecular bone

(b).
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al, "> of pre- and postmenopausal women, the average
absolute precision errors for the trabecular and total region
were of the same order as in the previous studies (1.8-3.4
and 3.8-8.5 mg/cm’, respectively), but the resulting CVs of
the postmenopausal population were higher (0.9-2.1 and
1.1-2.6%, respectively), because of lower average BMD in
their groups. Long-term in vitro precision with phantom
measurements was calculated by Wapniarz et al. to be
about 0.9%.¢!*1

In vitro, the accuracy of the method was calculated to be
about 2%.(? n a cadaver study in which radii were mea-
sured with pQCT and then ashed, Takada et al. found high
correlations between total pQCT BMC and ash weight (r =
0.90) and between pQCT total BMD and ash weight (r =
0.82).(*32

The relationship between pQCT parameters and aging in
healthy subjects was evaluated in several studics. Using a
high resolution scanner, Riegsegger et al. found that in
contrast to trabecular BMD which declined with age, cor-
tical density (but not cortical BMC or area) remained con-
stant between the ages of 20 and 70 years.('*) Similar
observations with a clinical pQCT scanner were made by
Grampp et al.,***) who found only relatively small annual
BMD changes in healthy volunteers of —0.30% in total,
—0.25% in trabecular, and —0.19% in cortical BMD. In this
study, the highest age-related changes in pQCT parameters
measured at the radius occurred in the cortical thickness
measures with an average annual decrease of —-0.69% in
cortical BMC and —0.52% in cortical area indicating prin-
cipally a thinning of the cortex by endosteal resorption.*>*
Other studies found higher annual changes in BMD but did
not consider BMC or cortical area. Schaeider et al.(*“*
found annual decreases of 0.5% in the trabecular BMD of
healthy women and 1.9% in osteoporotic women, and Butz
et al.,("*® found changes of 0.9% in the trabecular and
1.1% in the total BMD. The differences between the studies
are not catirely clear but may be related to different criteria
in the definition of the study subjects. .

The influence of BMD in trabecular and in cortical bone
on the total BMD measured by pQCT was evaluated in a
study by Rico et al. with healthy young male and female
volunteers.(**? Here, the cortical BMD proved to be more
closely related to the total BMD than was trabecular BMD.
This was indicated by the higher correlation coefficients for
comparisons of pQCT total versus cortical BMD (r = 0.95),
as compared with total versus trabecular (r = 0.62), and of
trabecular versus cortical BMD (r = 0.43).

In some studies, pQCT measurements of BMD at the
radius were found to be successful in distinguishing be-
tween osteoporotic and nonosteoporotic patients and in
monitoring subjects during clinical studies.(3'%) How-
ever, other authors have reported conflicting results, espe-
cially for peripheral- trabecular BMD.(155.156)

The importance of the measurement of cortical bone per
se was suggested by Sparado et al. who found in a biome-
chanical study that the cortical shell contributes substan-
tially to the mechanical strength of the distal radius. 5"
The thinning of the cortical rim at the radius was a potential
mechanism contributing to osteoporotic changes, (13143
and it identified this compartment as a promising location
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for BMC and thickness measurements. These findings were
supported in a study by Grampp et al.*>® that examined
the ability of BMD, BMC, and cross-sectional area to detect
osteoporotic changes. Only the cortical area and BMC
significantly distinguished between women with nontrau-
matic vertebral fractures and healthy postmenopausal wom-
en; these two parameters aiso showed the highest age-
adjusted odds ratio for fracture risk. These data suggest that
pQCT measurement of cortical rather than trabecular bone
at the radius may have greater diagnostic sensitivity in terms
of appendicular measurements.

Modern pQCT scanners also incorporate a multislice
data acquisition capability covering a larger volume of bone
as compared with the commonly used single slice tech-
nique.(**815) The measurement of several slices is poten-
tially more representative of changes in the distal radius
and may therefore reflect the bone status of an individual

‘more accurately. If studies employing this multislice pQCT

technique are successful, they may contribute to more ex-
tensive use of this already promising technique.

Quantitative ultrasound

The use of quantitative ultrasound (QUS) for the as-
sessement of skeletal status has seen continued interest in
recent years. The attractiveness of QUS lies in its low cost,
portability, ease of use, and freedom from ionizing radia-
tion. These benefits combined with preliminary clinical re-
sults showing good diagnostic sensitivity for fracture dis-
crimination have encouraged further basic investigation
and commercial development. Currently there are more
than one half dozen commercially available QUS devices,
although none has been approved for clinical use by the
FDA. For this reason, QUS devices for bone assessment are

- found primarily at research centers in the United States

whereas they have a much wider distribution in Europe and
Asia (there may be up to 2000 systems in use worldwide).

Ultrasound properties can be measured by reflection or
transmission.!?’ Current commercial systems rely on sonic
transmission using two ultrasound transducers (2 transmit-
ter and receiver) positioned on each side of the tissue to be
measured (Fig. 5). These devices measure ultrasound pa-
rameters primarily in trabecular bone at the calcaneus and
patella, cortical bone at the tibia, and integral bone at the
phalanges. The parameters measured include ultrasound
transmission velocity (UTV) and/or the frequency depen-
dency of the attenuation of ultrasound signal, called broad-
band ultrasound attenuation (BUA).

UTV is commonly measured at the calcaneus, tibia, pa-
tella, and phalanges. Ultrasound velocity is determined as
the quotient of transit time and body part width or length
and is quoted in meters per second (m/s). At the calcaneus,
the width is cither the overall heel width (bone and soft
tissue) or the width of bone alone.'®" The first gives a
measure of UTV called the speed of sound (SOS) while the
second is referred to as ultrasound velocity through bone
(UVB). Values of UTV measured at the calcaneus range
from 1400 to 1900 m/s.(*$2-'%%) There is considerable over-
lap of SOS and UVB in this range with UVB generally
being higher than SOS. Moreover, SOS measured on dif-
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FIG.S. A schematic diagram showing the measurement of
ultrasound attenuation (BUA) and velocity (UTV) at the
calcaneus. This is a transmission measurement which uses a
water bath to provide acoustic coupling between the trans-
ducers and the heel.

ferent instruments differs because disparate algorithyms are
employed. Patellar velocity is typically 1600-2200 m/s.(15%)
Velocity measured in the cortical bone at the midtibia is
higher and ranges from 3300-4300 m/s. The accuracy of
these measurements is difficult to assess because the com-
plex structure of bone and its inhomogeneity result in vari-
able conduction paths and transit times and make determi-
nation of true velocity ambiguous. However, estimates of
the accuracy of patellar velocity suggest that the measured
value underestimates true ultrasound velocity by approxi-
mately 100 m/s.'%? The precision error of UTV measure-
meants is about of 0.3-1.5%.(161:163.267-170) Cross.sectional
investigations of age-related changes in calcaneal SOS in
healthy women have shown reductions in velocity at annual
rates of 1.3-4.9 m/s (0.1-0.3%) per year.(162163) Ope study
that included data from young normal women showed a
steady decline in calcancal SOS from 20 to 90 years of
age.(1%? Studies of ultrasound velocity in the tibia have
found similar reductions in velocity of approximately 1.2
m/s per year while in the patella velocity decreases by 3 m/fs
per year.(1¢”

The other QUS parameter commonly measured is atten-
uation. Attenuation of the ultrasound signal occurs as en-
ergy is removed from the wave by absorption and scattering
in the bone, marrow, and soft tissue. The attenuation pa-
rameter BUA, introduced above, was first proposed by
Langton et aL*”? [t is determined at the calcaneus and is
a measure of the frequency dependence of the attenuation
of ultrasound. This dependence is approximately linear
over the range 200-600 kHz. BUA is defined as the slope
of attenuation versus frequency in this range and is re-
ported in units of decibels per megahurtz.

Another attcnuation paramcter that has been investi-
gated is ultrasound attenuation in bone (UAB).C!7%1™) |t is
computed as the mean attenuation of ultrasound signal at a
select number of frequencies between 200 and 600 kHz
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Precision of the BUA measurement (0.9-6.3%) is not as
high as that of UTV.(163:1701741%) The anpual rate of
change in BUA has been reported to range from 0.4~0.8
dB/MHz (0.4-1.0%) per year.(*¢%!63-173) [ arge changes in
BUA have been observed immediately after menopause
(2.5% per year between 0 and 5 years after menopause)
followed by a period of slower change (0.5% per year).(1?*)

Before being used for biomechanical investigations, ul-
trasound was used to assess mechanical properties in engi-
neering and industrial applications. The mechanical prop-
erties of a material or tissue are determined by its material
and structural propertics. Material properties are indepen-
dent of geometry and architecture while structural proper-
ties are determined by these factors. The parameters mea-
sured with ultrasound, BUA and UTYV, are influenced not
only by bone density but also bone structure and composi-
tion. It is generally believed that both BUA and UTV are
detcrmined by bone density and bone microarchitecture
(trabecular number, connectivity, and orientation). Mc-
Carthy et al. have recently investigated the relationship
between velocity and specimen orientation, density, poros-
ity, and temperature.(**? They demonstrated significant
correlations between ultrasound velocity and bone specific
gravity and porosity. In a study with bovine bone cubes,
Glier ct al. examined the relationship between ultrasound
velocity and trabecular bone structure determined by anal-
ysis of pCT images.®*” They found that the velocity was
largely influenced by trabecular separation. In this same
investigation, the attenuation parameters BUA and-UAB
were shown to be influenced by connectivity and trabecular
scparation. Moreover, these associations with boae struc-
turc were independent of the associations between the
QUS parameters and BMD. Other work by Gliier et al. has
shown that BUA is dependent on trabecular orientation,
with BUA being as much as 50% higher along the axis
parallel to the principal orieatation of the trabeculac. 8"
UAB has also been shown to have a negative linear corre-
lation (r = 0.90) with trabecular plate separation as deter-
mined by histomorphometry (**?) Other work has shown
that a combination of BUA and velocity can be used to
estimate Young’s modulus in trabecular bone.®***) The prom-
ise of QUS may lic in this apparent dependence of the ultra-
sound parameters on bone structure. It has been shown that
osteoporosis involves a change in bone architecture as well as
BMD.39 These architectural changes can significantly influ-
ence the mechanical competence of boae. If ultrasound is
shown to reflect structural characteristics of bone, it may
provide important information to augment that obtained by
current X-ray-based measures (DXA and QCT) of bone
density.

Many in vitro and in vivo studies have been undertaken
to clucidate the nature of the information derived from
ultrasound measurement. UTV is directly related to the
clasticity as well as the density of bone. Ultrasound velocity
has been used to study the elastic properties of human and
bovine cortical bone.('841%9) Both investigations showed
high correlations between mechanically and ultrasonically
determined elastic moduli. In other studies with trabecular
bone samples velocity correlated well with ultimate strength
(r = 0.71-0.75).C'84187 These results strongly suggest a
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relationship between QUS and bone structure and strength
beyond that which can be explained by BMD.

In vivo studies investigating the relationship between
QUS parameters and bone density seem to confirm these
findings. Numerous studies have compared BUA at the
calcaneus with bone density measured by various tech-
niques. Correlation coefficients have ranged from 0.33 to
0.83 for lumbar spine BMD and 0.30 to 0.87 for the femoral
neck. (170-176.177.188.189) Gjte.matched comparisons of BUA
and BMD at the calcancus yielded correlations in the range
0.56-0.75.¢174-178) While these correlations are significant,
50% of the variability of BUA remains unexplained by
BMD. Whether this unexplained 50% is related to bone
strength or structure or to some parameter unrelated to
osteoporosis has yet to be determined. Given the significant
correlations between BUA and BMD, the question arises as
to whether BMD can be accurately predicted by ultrasound
measurement. Accurate prediction would allow the use of
low-cost, radiation-free QUS devices for the assessment of
BMD. However, the correlations are at best moderate and
the errors in predicting lumbar spine or femoral neck BMD
are too high to allow QUS to be a used for estimation of
BMD per sc‘(l70.l78.l90.l9l)

- Clinical investigations of the ability of QUS to discrimi-
nate between populations with fractures and those without
have shown promising results. Several studies have demon-
strated that velocity measurements at the patella, tibia, or
phalanges can identify patients with prevalent vertebral frac-
tures with the same effectiveness as conveational bone mass
measurements at the spine, hip, or forearm. (165:167.168.192-154)
A recent report also showed that patellar ultrasound velocity
could predict incident vertebral fracture.(!%) Measurements
of QUS parameters at the calcaneus have also shown strong
association with fracture risk. Several small case-control stud-
ies have established that BUA is significantly lower in patients
who have suffered previous hip fracture compared with age-
matched controls. (*®*'?? Onc report showed that BUA was as
powerful as DXA of the proximal femur in identifying the
fracture group as measured by Z-scores and ROC analy-
sis %D Two cohort studies have shown that BUA at the
calcancus is associated with incident hip fracture (198199
Other investigations have shown the association of calcaneal
QUS with vertebral fracture. These studies have found the
diagnastic sepsitivity of either BUA and SOS to be equal to or
greater than that of spine and hip DXA_(14116199200) {jsing
models that combine DXA and QUS measurements, these
studies have also been able to show BUA and SOS maintain
their ability to identify patients with vertebral fractures even
after adjusting for the effect of BMD. This provides additional
evidence that QUS measures characteristics of bone strength
that are potentially independent of density.

Quantitative magrietic resonance and magnetic
resonance microscopy

Magnetic resonance (MR) is a complex technology that
has evolved rapidly since its introduction to medical science
in the early 1970s. Based upon the application of high
magnetic fields, transmission of radiofrequency (RF) waves
and detection of RF signals from excited hydrogen protons,
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this technique has revolutionized medical imaging in gen-
cral. Recently, the ability of quantitative magnetic reso-
nance (QMR) and magnetic resonance microscopy (uMR)
to assess osteoporosis has been explored.

To date, most MR imaging techniques have been limited
to the study of soft tissue or of .gross skeletal structure
because compact bone does not generate any detectable
MR signal. However, newly developed QMR techniques
have been used to study trabecular bone, specifically. The
presence of the trabecular bone matrix affects the signal
intensity of bone marrow, an effect that is particularly
enhanced in specific imaging sequences. The magnetic
properties of trabecular bone and bone marrow are signif-
icantly different. These differences produce distortions of
the magnetic lines of force, which make the local magnetic
field within the tissue inhomogeneous and alter the relax-
ation properties of tissue, such as the apparent transverse
relaxation time T2*, in gradient-echo images. From theo-
retical considerations, such changes in T2* should directly
relate to the density of the surrounding trabecular network
and its spatial geometry. The resultant shortening of relax-
ation time becomes greater with an increase in the concen-
tration of trabecular bone in the surrounding homogeneous
marrow tissue. Thus, in a normal dense trabecular network,
T2* shortening should be more pronounced thaa in rarefied
osteoporotic trabeculae.

Experimental studies have confirmed the theoretical pre-
dictions, suggesting QMR as a promising tool for studying
trabecular bone architecture and assessing qsteoporosis.
Davis, Genant, and Dunham‘®" have shown a reduction in
the in vitro T3 of both water and cottonseed oil in the
presence of bone powder at a magnetic ficld strength of 5.9
tesla. Rosenthal et al.®? have measured a reduction in the
T of water preseat in the trabecular spaces compared with
extratrabecular water, using specimens of excised human
vertebrae at 0.6 tesla. Majumdar et al,®®® using specimens
of dried human vertebral bodies’ various bone densities,
have examined susceptibility mediated relaxation cffects.
The mean trabecular bone density for each specimen, mea-
sured by QCT, was significantly related to the overall re-
laxation rate (1/T3) of intertrabecular saline. Similar rela-
tions in vivo have also been established in the forearm,
distal femur, and proximal tibia sites at which the trabecular
bone network shows significant variations as a function of
the distance from the joint line, with the bone density and
relaxation rate, 1/T2*, being greatest in the epiphysis and
progressively decreasing toward the metaphysis and diaph-
ysis. 4 In studies on the distal radius, precision errors in
measured T2* times were found to range from 1.3 to 2.9 ms,
corresponding to 3.8-9.5% CV.®® In a similar fashion,
Ford and Wehrli®®® have used a method called MR inter-
ferometry to assess variations in T3 between ostcoporotics
and normal subjects and found reasonable discriminatory
capability.

Theoretically and from computer simulations®?*?" and
phantom studies,®®® the relaxation time T3 of bone mar-
row is affected not only by the density of the trabecular
matrix but also by its spatial architecture. In carly experi-
ments with specimens, Majumdar et al.?®” have shown a
correlation between T3 and the elastic modulus which re-
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High-resolution magnetic resonance images of the distal radius in the axial plane. The image resolution is 156 um

in plane and 700 um in slice thickness. The echo time is minimized to 8.4 ms, and the total scan time is 19 minutes. [n these
images, the marrow is bright and the trabeculae appear as dark striations (a) osteoporotic subject (b) normal subject. Note
the dense network in the normal subject and the sparse trabecular network in the osteoporotic subject.

flects the biomechanical properties of trabecular bone.
Chung et al.?'? found a strong correlation (r = 0.91)
between the Young's modulus of elasticity and 1/T2’ in
trabecular bone specimens from human lumbar spine, while
Jergas et al.?*!) have shown similar relationships using
specimens of tibial bone.

Thus, this measured QMR parameter T3 may enhance
the capability for fracture discrimination and fracture risk
prediction. This technique has the advantage that it can be
performed at medium-to-low resolution, resulting in de-
creased acquisition times, and permitting the use of scan-
ners at fields of 1.5 tesla or less.

MR microscopy (tMR) may prove to be an additional,
valuable MR-based technique for the quantitative study of
trabecular microarchitecture both in vitro and in vivo. In
vitro, using small RF surface coils in high-field scanners,
MR microscopy can be performed at resolutions sufficient
to discriminate individual bone trabeculae.2'%2'3) In vitro
images have been obtained at in-plane resolutions as low as
33 pm, while in vivo images range from resolutions of 78 X
78 X 300 pum through the phalanges®!'®) to images at a
resolution of 156 X 156 X 700 um in the distal radius@'*
and 200 X 234 X 1000 pm in the calcaneus.2'® Typically,
the image is first segmented into bone and marrow phases,
and histomorphometric analysis is then performed on the
resulting binary image. Stereological parameters such as the
trabecular bone area and volume fraction, mean intercept
length, mean trabecular width, and mean trabecular spacing
and trabecular number can thus be calculated. Wehrli et al.
have compared the standard measures with stereological
measures of bone volume fraction derived from MR images
obtained at 9.4 tesla and found good correlations,®'* while
Antich et al. have conducted similar experiments and found
changes in accordance with histomorphometry mea-
sures.?!?) Kapadia et al. have extended the in vitro tech-
niques to obtain images in an overiectomized rat model and
have shown the ability to measure changes in trabecular
structure following overicctomy.(!?

Because of limitations of the signal to noise and total

imaging time, smaller individual trabeculae usually cannot
be resolved with the resolution achievable in vivo at clinical
ficld strengths, but the images show the larger trabeculae
and the texture of the trabecular network. However, using
standard techniques of stereology as well as texture analysis
tools such as fractal analysis, the trabecular structure can
still be quantified. In an carly study establishing the feasi-
bility of using such images to quantify trabecular structure,
MR images of the distal radius have been obtajned using a
modified gradient echo sequence on a 1.5 tesla imager, at a
spatial resolution of 156 mm, and slice thickness of 0.7
mm.@" [t is well known that the amount of trabecular
bone is greatest at distal sites of the radius and decreases
proximally, and this is readily seen in the MR images. [n
Figs. 6a and 6b, a representative axial section from a normal
subject and an osteoporotic subject clearly depict the loss of
the integrity of the trabecular network with the develop-
ment of osteoporosis. Similar images obtained in the calca-
neus of a normal subject are shown in Fig. 7. The orienta-
tion of the trabeculae is significantly different in the subtalar
region as compared, for example, with the posterior region.
The ellipses, representing the mean intercept length, show a
preferred orientation and hence map the anisotropy of trabec-
ular structure. In preliminary in vivo studics in the calcancus,
gray-scale reference vatues from fat, muscle, and tendon were
used to calculate a reproducible threshold value. This ap-
proach gave a midterm in vivo precision of ~3-5% CV for
trabecular width and spacing.®'®!

In MR, the appearance of the image depends on several
factors other than image resolution. The pulse sequence
used to obtain the image, whether it is a spin-echo or
gradient echo, the echo time, and the magnetic field
strength are all important factors that may modify the
trabecular dimensions depicted in an MR image ?'?) Fur-
thermore, when the image resolution is comparable to the
trabecular dimensions a small error is manifested as a large
relative error, and hence the stereological measures from
MR images are likely to be subject to these effects. In the
analysis of such images, the threshold is also shown to have
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POSTERIOR

AEGIONAL VARIATIONS IN TRABECULAR STRUCTURE
MEAN INTERCEPT LENGTH IN THE CALCANEUS

Resolution: 200 pm in-plane, 1000 ym slice

FIG. 7. High-resolution magnetic resonance image through the sagittal plane in the calcancus. The anisofrophy of
trabeculae (dark striations in bright marrow) is clearly seen. The mean intercept length, a measure of the mean trabecular
width as a function of angle is showvm. The major axis of the ellipse defines the preferred trabecular orientation. The
anisotrophy of trabeculac is most pronounced in the subtalar region as is also demonstrated by the elliptical plot of the
mean intercept length. The ellipses are scaled identically, thus it can also be scen that the thickest trabeculae are found

in the subtalar region.

a significant effect on the estimated parameters. %) Tech-
nical challenges brought about by the standardization of
image acquisition and analysis and improved understanding
of those processes underlying image formation could atlow
MR to become a potential tool for assessment of trabecular
bone structure in vivo. As a noninvasive, nonionizing tech-
nique, MR can provide three-dimensional images in arbi-
trary oricatations and can also depict trabecular structure.
Although it is a relatively expensive, time-consuming tech-
nique to use for primary screening for osteoporosis, it pro-
vides a potential platform for identifying particularly high-
risk patients after initial bone densitometry and perhaps for
assigning these patients to more aggressive therapies.

STATISTICAL APPROACHES IN STUDIES
OF BONE DENSITOMETRY

Because of the availability of various denstiometric tech-
niques to measure BMD and the importance of determin-
ing the high-risk patient (in a clinical setting) or a high-risk
group (in an epidemiological setting) for osteoporotic frac-
ture, it is important to assess and compare the ability of
these techniques to accurately discriminate the high-risk
patient or group from a general population at risk. Statis-
tical methods used for this include summary descriptive

statistics for the high-risk group like the Z-score and the
T-score, univariate ¢-test for the comparison of mean BMD
measured by a particular technique in two groups (patient
group and controls), logistic regression for measuring the
risk of osteoporotic fractures through the odds ratio, and
discriminant analysis for developing a discrimination rule
that minimizes the chances of misclassifying a member of
the patient group into normal group and vice versa. Even
though all these statistical models broadly address the issue
of comparison and assessment of the discriminatory ability
of different techniques for two groups, they are based on
different mathematical models and assumptions and thus
should be used carefully depending upon the study design
and the research questions.

The most commonly used descriptive statistics in the field
of bone densitometry have been the Z-score and the T-
score. The Z-score for a patient result measured by a
particular technique is defined as the deviation from the
mean result for the age-matched controls divided by the
standard deviation of these measurements for the age-
matched controls. The T-score is defined similarly but using
young controls as the reference group. In addition, the
Z-scores (T-scores) of two different techniques can be com-
pared with each other directly regardless of the differences
in the units. Since these scores are easy to calculate and
interpret, they are used diagnostically to represent an indi-
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vidual patient's BMD status in comparison with the appro-
priate control group. In order to assess and compare the
discriminative ability of two techniques, the mean Z-score
and mean T-score for that group with respect to the appro-
priate control group can be calculated. The magnitude of
these scores gives some estimate of which technique dis-
criminates the high-risk group from the controls more effi-
ciently (a bigger mean Z-score is an indication of better
discrimination). However, the conclusions based on these
scores are limited because the probability of misclassifica-
tion depends on the characteristics of the BMD measure-
ments other than those used in the composition of these
scores. In fact the statistical tests based on these measurcs
are valid only under certain assumptions regarding the
distribution of the BMD values. These assumptions are
violated by having unequal variances for one or both sets of
BMD measurements in the two groups. The cffects of
unequal variances can be seen through misleading mean
Z-~scores and T-scores. For example, keeping the parame-
ters of the control group the same but changing the popu-
lation variance of the patient group will result in different
probabilities of misclassifications for thc same mecan Z-
score (or T-score). These scores in addition do not use the
sample size information of the control group and are thus
not comparable across studies with small sample sizes in the
control group (at least 50 subjects are needed to nullify the
sample size effect).

As an altemnative to these scores, the £-statistic takes into
account the variances and sample size of the two groups.
This again results in two f-statistics (corresponding to two
mean Z- or T-scores for the two techniques) with a bigger
t-statistic indicating better discrimination. Since the f-test is
designed for detecting mean differences only, conclusions
about assessing and comparing discriminative ability should
not be drawn on the basis of the r-statistic. For a compar-
ison between the means of two groups, on the other hand,
the f-statistic is more appropriate compared with the Z~
score (or T-score). 2022 However, all three methods are
less efficient for assessing and comparing the discriminative
ability of two techniques and should not be used for this
purpose. In addition to the problems stated above, incor-
porating statistical analysis for comparing more than two
techniques is not easy.

In contrast to the Z-score, T-score, and the t-test, which
compare the means of two groups, logistic regression and
discriminant analysis are statistical techniques that model
the probability of osteoporotic fracture as a function of the
covariates such as BMD. The cocfficients from the logistic
regression analysis are then used to measure the risk (odds
ratio) for a specific BMD technique and thus can be used to
decide which of the several techniques is associated with
uncovering a higher risk compared with the controls. These
measures of risk are important in selecting the group whose
members are at a high risk of fracture. As pointed out
above, the model can be adjusted for other covarates in-
cluding BMD measured by different techniques, and other
continuous variables like age, height, and weight or cate-
gorical variables like sex and race. The logistic regression
model, given an individual’s covariate values, can provide an
estimate of the probability of developing fractures. This can
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then be used for classifying that patient into a high-risk or
control group by comparing this predicted probability with a
cutoff poiat, for example 0.5. This method of classification is
called logistic discrimination and can be used in a clinical
setting. ROC curve analysis of thesc predicted probabilities
can be used to compare different techniques, and the areas
under the ROC curve can be tested for differences to assess
the best discriminative technique.*24-229)

Discriminant analysis is a technique designed to create a
classification rule that minimizes the probability of misclas-
sification between two or more groups. The explanatory
variables such as BMD and age are combined in an opti-
mum fashion (similar to the right side of the logistic regres-
sion model), which is called the discriminant function, such
that the difference between the two groups with respect to
this lincar combination is maximized. Discriminant scores
are then obtained for each individual based on the person’s
BMD and age, for example, which are then used to calcu-
late the probability of developing fractures. These proba-
bilities are then used to classify the individual into the high
risk or control group. The coefficients of the discriminant
function measure the relative importance of a particular
explanatory variable in the overall discrimination. Two dif-
ferent discriminant analysis models can be compared sta-
tistically to determine whether one model is better. Thus,
discriminant analysis can be used to compare different
BMD techniques.®372%) The discriminant analysis rule can
also be used in a clinical setting in the same manner as
defined above for logistic regression. '

The logistic regression and discriminant analysis are very
similar. When the explanatory variables are normally dis-
tributed in both the groups with equal variances and equal
between-variable correlations (this also implies that none of
the covariates is discrete), discriminant analysis is more
efficient and has a greater statistical power than logistic
regression. In the presence of discrete covariates and de-
partures from assumptions of normality, logistic regression
is more cfficient ¥~

As a summarizing technique, the ROC curve analysis
should be used. It can be used as a summary of the discrim-
inative ability for any statistical model that results in scores.
Thus, raw measurements, logistic regression, and discrimi-
nant analysis as well as any technique that results in sum-
mary scores for cach individual can be summarized using
the ROC curve. The areas under these curves can be tested
for significance and thus can help in ideatifying not only the
best technique but also the best statistical model. @2

If, instead of fracture, the primary endpoint is, for exam-
ple, time to fracturc since menopause, survival analysis
models need to be used. These models are appropriate for
situations in which some patients are lost to follow-up or do
not sustain a fracture before the end of the study. Logistic
regression and discriminant analysis models treat all frac-
ture cases the same while the survival analysis models take
into account the time until fracture. In addition, logistic
regression and discriminant analysis models ignore controls
who are lost to follow-up while survival analysis incorpo-
rates the information contained in the data for these indi-
viduals. Therefore, for studies with data on the time until
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fracture, survival analysis models are more efficient than
logistic regression models.(2%

Most studies of osteoporosis are either prospective or
case control studies. Prospective studies are expensive to
conduct especially for rare outcomes. In contrast, case-
control studies, which select all the available cases along
with appropriate controls, arc relatively inexpensive and
more manageable to conduct for rare outcomes. All of the
statistical methods discussed above can be applied to both
the prospective and the case-control study designs. Ideally,
a prospective study in which there is a random selection of
patients for the covariate of interest is more desirable than
a case-control study. More often, prospective cohort studies
are conducted, and even though they are not based on a
random sample, they are still valid for studying a causal
relationship between the covariates and the outcome of
interest. By design, these studies incorporate the time effect
into the analysis. Case-control studies on the other hand
can suffer because of selection bias, which can be caused by
the difficulty of obtaining an appropriate control group. In
addition, the BMD values obtained for the patient group
might have changed as a result of fracture and thus might be
inappropriate. These problems are reflected in the meta-
analysis conducted by Ross et al.®% in which they report
more homogeneity of results among prospective studies
compared with other studies. All of these considerations
point toward the need to conduct more prospective studies
along with appropriate statistical analysis.

ASSESSING LONGITUDINAL SENSITIVITY
IN BONE DENSITOMETRY

A comparison of techniques with respect to their ability
to monitor changes in skeletal status (here referred to as
longitudinal sensitivity) is typically based on an assessment
of their precision, i.c., reproducibility. Thus, as a first step,
the precision of a technique has to be calculated in the
correct fashion (i.e., as a root mean square average and not
as arithmetic mean as is commonly done.®P%) However,
longitudinal sensitivity does not depend solely on precision
but rather on the ratio of precision and responsiveness.®%
A technique that shows poorer precision but demonstrates
larger changes over time (c.g., as a result of disease pro-

- gression or treatment response) may be more sensitive than
a competing “high precision” approach.(®*723®) Respon-
siveness depends on many factors, including the measure-
ment site (generally lower tumover at peripheral measure-
ment sites), the type of bone assessed (trabecular bone has
a higher tumover rate compared with cortical bone), and
the skeletal characteristic measured (currently there is still
only limited information about the respective responsive-
ness of e.g., ultrasound versus density parameters).

Another issue complicating the comparison of precision
is the difference in the measurement units of skeletal char-
acteristics (e.g., how to compare dB/MHz with g/cm?). But
even if results are expressed in the same units, precision
errors still may not be comparable. If two techniques are
calibrated differently (i.e., a regression of one versus the
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other yields a slope different from unity) their measured
precision errors are not comparable.

Expressing precision errors on a percentage basis does
not generally solve these problems and in some cases makes
the comparison even more difficult. First of all, the level of
precision depends on the level of the measurement itself.
Linear absolute changes over time appear nonlinear. Parfitt
has addressed these purely mathematical problems as well
as other caveals in greater detail. (2% Second, even absolute
precision errors are not censtant across subject groups but
generally increase in the elderly, osteoporotic population.
However, when expressed on a percentage basis this prob-
lem is amplified further because the standard deviation is
divided by a smaller mean.®*? Specification of the subject
group thus is even more important if precision errors are
expressed on a percentage basis. Finally, techniques that
feature a range of measurement results with a large offsct
from zero (e.g., SOS) typically will have smaller precision
errors if those expressed on a percentage basis.

Recognizing these difficulties, several investigators have
expressed the need for standardizing precision measure-
ments in a different way. Standardization could for example
be performed by dividing precision errors by one of the
following factors: (1) the difference between healthy and
osteoporotic individuals, (2) rates of changes due to disease
or treatment, (3) the natural variability of healthy individ-
uals, and (4) normal annual rates of skeletal changes. Other
more sophisticated approaches for expressing diagnostic
sensitivity have been suggested. Miller based his approach
to standardized precision errors on the ratio of percent
precision and percent range of results (Sth to 95th percen-
tile).¢*) Davis et al. have proposed the use of the time
interval it takes for two-point measurements to determine
the rate of change within +1% accuracy.®*? Gliier pro-
posed the concept of the “Characteristic Follow-up Time.”
It is based on the normal annual rates of skeletal changes
and represents the follow-up time between two exams re-
quired to measure bone loss in an individual at statistically
reasonable significance levels@*® quaatified by the time it
takes to observe statistically significant changes in fracture
risk.@¥ Finally, Blumsoh ¢t al. proposed an “index of
individuality” based on the ratio of the intra- versus inter-
subject variability of response.®*) Many other researchers
have expressed a need to standardize precision, and other
concepts may well be found in the literature.

There is a consensus that the methods of assessing lon-
gitudinal sensitivity require standardization, but there is
disagreement about the preferred approach. However,
some general requirements for acoeptable concepts can be
put forward. The standardization should not substantially
depend on the degree of osteoporosis. Otherwisc results
may be difficult to compare across different studies using
different populations and different criteria for osteoporosis,
and results obtained at different institutions would hardly
be regarded as truly comparable. Also, the new measure
should be casily interpretable and have practical clin.ical
relevance. Probably, if amplified within the same subject
group, most approaches will in practice yield similar .rank-
ing of the longitudinal sensitivity of competing techniques.
Comparibility across subject groups is more difficult to
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achieve. As long as no consensus on the standard method,
employing one of the simpler approaches for standardiza-
tion may be indicated: dividing the precision error by the
age-related change typical for that subject group. If this
statistic is not available one could obtain a crude estimate
by dividing the precision error by the standard deviation of
the subjects of the study. The smaller the resulting ratios
the better the longitudinal seasitivity.

PREDICTING FRACTURE RISK WITH BONE
DENSITOMETRY

Many cross-sectional and prospective studies have docu-
mented that low bone density at different anatomic sites is
significantly associated with the risk of osteoporotic frac-
tures, including fractures of hip and spine.**3-%*% These
studies also suggested that the risk of fracture is not only
significantly associated with the bone mass and density at
the anatomical site of the fractures but also other remote
body sites. For example, the risk of spine or hip fracture
increases as bone density decreases at the lumbar spine, hip,
forearm, calcancus, and hand. Since osteoporosis is a gen-
eralized, if not homogeneous process, and since BMD
shows at least modest correlations across sites, it is under-
standable that BMD at one site is predictive of fracture at
another site in a population but not necessarily in the
individual patient. This raises questions about the relation-
ship among bone densities at various sites and the effec-
tiveness of using BMD from one anatomical site or com-
bining the information from several sites to assess the risks
of fractures.

Many studies have reported significant correlations be-
tween measurements made at one site and those made at
another.*!2%) [ a study of 7659 postmenopausal women
aged 65 years and older, Steiger and colleagues®® reported
correlations ranging from 0.5 to 0.8 for values measured at
the spine, femoral neck, Ward’s triangle, trochanteric, in-
tertrochanteric region, distal radius, proximal radius, and
calcancus. Because the rates of bone loss differ at different
sites as the bone loss progresses, the correlations between
bone density decrease with increasing age; for example, the
correlation between BMD of the femoral neck and spine
was (.65 for 65 to 69 year olds but only 0.49 for those age 85
or older.* Therefore, the correlations, though statistically
significant, are not strong enough to permit the prediction
of BMD values for one site from measurements of anoth-
er. 1235 This is evident by the fact that such predictions
always have large root mean squared (RMS) errors despite
strong statistical significance of the regression cocfficients.

In a recent prospective study, Pouilles and colleagues®®
cxamined 85 healthy Caucasian women aged 45-60 years
and followed them for 6 months to 3 years. BMD of the
lumbar spine (L2-14), right hip (femoral neck, Ward's
triangle, and greater trochanter) were measured both at
bascline and the follow-up visit. The correlation coefficients
between vertebral and hip BMD at baseline ranged from
0.46 to 052, and the correlation cocfficients among hip
measurements ranged from 0.44 to 0.61. Defining a patient
at risk if her BMD Z-score was less than —1, Pouilles found
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that 39-48% of women at risk according to spine BMD
were normal according to theic hip BMD measurements.
However, among 25 women classified as at risk according to
femoral neck BMD, 32% were normal by spine BMD.
Twenty-six percent of women had a different risk status
according to the femoral neck versus spine BMD. The
annual percentage of bone loss was also only modestly
correlated, ranging from 0.34 to 0.69 between vertebral and
hip BMD and from 0.44 to 0.61 among hip measurements.
Similarly, discordance was also found in classifying individ-
uals as fast or slow bone losers according to the annual
percentage bone loss at the different sites.

In a report of 744 women from the Hawaii Osteoporosis
Study, Davis and colleagues®3453) poticed a similar discor-
dance of bone mass measured at the spine, calcancus, distal
radius, and proximal radius after adjusting for age. Only
13.6% of women were consistently in the lower tertiles of all
four sites. The 42.7% of women who had at least one of the
bone mass measures in the lower tertile were in the middle
or higher tertile groups according to other measured sites.
About 15% of women had bone mass in both lower and
higher tertile groups. Less than one third (31.3%) of the
women were consistently in the same tertile group for all
four sites.

If clinical management of osteoporosis were based on
bone mass or density from only one site, a substantial
number of patients could potentially be misdiagnosed or
mistreated. Therefore, both studies support the concept
that measurements of bone density at several different sites
may be helpful at least for assigning risks related to os-
teopenia in a clinical setting. Although many studies have
measured BMD at multiple anatomic sites and evaluated
their individual association with risk of fracture, only a few
of them have assessed the independent contributions of
these bone mass measurements.

The largest prospective study of osteoporotic fracture is
the Study of Osteoporotic Fracture, which has nearly 10,000
non-black women 65 or more years of age from four ceaters.
Cummings and colleagues®® compared the cffectiveness of
DXA measured BMD at the proximal femur (including
total, neck, intertrochanteric region, trochanteric, Ward’s
triangle), lumbar spine, distal radius, midradius, and calca-
neus in predicting hip fractures in 8314 women with an
average follow-up time of 1.8 years. After adjusting for the
effect of age, the relative risk of hip fracture with a 1 SD
decrease in proximal femur measurements was about 70%
greater than the relative risk using BMD of the spine or
forearm, while the relative risk related to decreasing calca-
ncus BMD was between that of the hip and spine. The
authors concluded that low hip bone density is a stronger
predictor of hip fracture than bone density at other sites,
which is consistent with other studies.®"*® In a more
recent analysis of data from the same study, Black and
colleaguest®® examined the effectiveness of combining hip
and spine BMD to identify a high-risk group for hip frac-
ture. They found that after adjusting for age and femoral
neck BMD, the spine BMD was no longer significantly
associated with the risk of hip fractures. Individuals with a
femoral neck BMD less than a given cutoff value had a
higher chance of getting a hip fracture than those individ-
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uals with either a femur or spine BMD lower than the same
cutoff value. Therefore, they concluded that using a com-
bination of femoral neck and spine BMD to identify elderly
women at high risk of hip fracture is no better than using
the femoral neck BMD alone, and an additional scan of
lumbar spine may not be justified. Nevertheless, other stud-
ies suggest that additional measurements may reduce mis-
classification for individual patients.

In the Hawaii Osteoporosis Study of American women
whose average age at entry into the study was 63.3 years,
Wasnich, Davis, and colleagues®*®* compared the associa-
tion of BMC at the calcancus, distal radius, proximal radius,
and lumbar spine with incident vertebral fractures. The rela-
tive risk of incident vertebral fracture associated with a 1 SD
decrease in BMC was lowest for the lumbar spine and highest
for the calcaneus. Multivariate analysis suggested that BMC
values at the calcaneus and distal radius were independently
associated with the probability of spine fracture. When —2 SD
was used as a cutoff point for the two sites, the probability of
vertebral fracture by combining the two tests was 25% com-
pared with 20% using only one test. When these women were
classified according to their tertiles of age-adjusted Z-scores of
bone mass at the above-mentioned four sites, Davis and col-
leagues found that the number of low bone mass sites pre-
dicted the risk of new spine fractures with an odds ratio of 13
per increase in one low bone mass site after adjusting for age
and the number of spine and nonspine prevalent fractures.
Other reported results from this study®!“'%? consistently sug-
gest that measurement of BMD at multiple anatomic sites and
a combination of the information might be helpful in predict-
ing the risk of spine fractures for the individual patient. ®34%%

Hip and spine. fractures are important clinical outcomes
for ostcoporosis. However, there are nearly 750,000 nonhip,
nonspine fractures cach year in the United States alone,
suggesting that predicting fractures of all types has clinical
importance. 45249 In a prospective study of 304 Rochester
women with 8.3 years of median follow-up time, Melton and
colleagues®™ found that after adjusting for age, 1 SD de-
creases in BMD of the lumbar spine, trochanteric region, and
femoral neck were significantly related to the incidence rate of
all fractures (relative hazards of 1.4, 12, and 1.3, respectively)
and that BMD values at the hip and spine were better indi-
vidual predictors for risk of fractures of all types in comparison
to BMD at the forcarm. A preliminary obscrvation of data
from a large prospective cohort study further suggests that
combining BMD at the calcaneus, femoral neck, and spine
may improve the prediction of all fractures @51

The effectiveness of combining BMD at various sites,
however, has still not been conclusively demonstrated. The
results in the above-mentioned studies-depend on the vari-
ables used in the statistical analyses and can change when
other risk variables (prevalent fractures, vertebral dimea-
sions, etc.) and measurements using other modalities (ul-
trasound and QCT, etc.) are included.("***? The sample
size also affects the conclusion of the study.%*) In addition,
different statistical methods such as logistic regression, dis-
criminant analysis, Cox proportional hazard model, and
classification and regression tree (CART) analysis@*) may
-produce different classification algorithms. Furthermore,
studies of vertebral fractures frequently use different defi-
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nitions of fracture, and therefore are not directly compara-
ble. Beside these technical limitations, the clinical benefit of
combining multiple site measurements of BMD has not
been carefully studied. While clinicians are concerned with
the best diagnostic and treatment strategies for an individ-
ual, epidemiological studies help to select preventive strat-
egies for the entire population, such as how to do mass
screening to determine the prevalence of particular dis-
cases. The additional cost of scanning both the hip and the
spine for an individual patient, after scanning one of the
sites, may be small compared with the cost of therapeutic
decisions derived from these measuremeats. However, the
cost can be substantial in screening large groups of post-
menopausal women. More studics, especially cost effective-
ness studies to compare diagnostic and treatment strategies
based on information of bone denisty from a single or multiple
sites should be carried out.

APPROPRIATE APPLICATIONS OF BONE
DENSITOMETRY

The greater efficiency provided by the recent innovations
in bone densitometry, aside from improving technical per-
formance, has allowed reductions in the cost of examina-
tions. Given the current impetus to disseminate information
about ostcoporosis, to make new instrumentation more
readily available, and to limit its costs, these methods of
bone densitometry are becoming widely used in routine
medical practice. A consensus is forming about the clinical
indications for the appropriate use of densitometry, and
four indications have emerged.(3526%)

Evaluation of perimenopausal womnen for initiation
of estrogen therapy ‘

Decisions about the initiation of estrogen therapy may be
contingent on a number of factors, including the current
level of bone density, the severity of menopausal symptoms,
patient or physician preferences, laboratory evidence of
rapid bone loss, and the long-term risk of cardiovascular
disease.*? The absolute level of bone density at the meno-
pause and the magnitude of subscquent bone loss are im-
portant considerations in assessing the risk for fracture. The
decision to begin prophylaxis against ostcoporosis, there-
fore, can be facilitated by knowledge of a woman's bone
density. Furthermore, compliance with estrogen therapy
may be enhanced by quantitative information concerning
fracture risk and efficacy of treatment.

Detection of osteoporosis and assessment
of its severity

Quantitative evaluation of the skeleton may be indicated
in individuals in whom osteoporosis is suspected or in whom
atraumatic fracture is suspected based on radiographic find-
ings. Recent evidence, as reviewed here, supports the con-
cept that the absolute level of bone density is predictive of
fracture risk, e.g., most of the variance in bone strength can
be attributed to bone density, and a gradient of increasing
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fracture risk is associated with declining levels of bone
density.**¢%67.28) Thyus, bone density per se provides the
primary standard of osteoporosis risk and provides an im-
portant basis for therapeutic decisions.

Evaluation of patients with metabolic diseases that
affect the skeleton

Many metabolic disorders, such as hyperparathyroidism,
Cushing's syndrome, and chronic corticosteroid therapy
have profound influences on calcium metabolism and may
adversely affect the skeleton. Additional relatively common
disorders known to influence bone include testerone defi-
ciency, amenorrhea, eating disorders, treatment with su-
pressive doses of thyroid hormone, alcoholism, disuse,
treatment with multiple anticonvulgants, treatment with
heparin, and renal osteodystrophy. In these secondary
forms of osteoporosis, bone density measurements may be
important because they carry prognostic as well as thera-
peutic implications.

Monitoring of treatment and evaluation
of disease course

The importance of bone density measurements would be
diminished were there no clinically useful treatments capa-
ble of affecting bone mass and the comsequent risk of
fracture. There is an extensive literature surrounding the
cffect of various treatments upon bone mass but a much
smaller literature surrounding fracture risk. Prospective,
randomized, controlled trials have demonstrated both a
beneficial effect upon bone density and a decrease in spinal
fracture rate for ctidronate,(%*2™ alendronate, "V and
transdermal estrogen treatment.272)

In the past, bone density measurements were associated
with large precision errors relative to estimated rates of
change and could not reliably monitor changes in bone
density in individual patients. Given the recent improve-
ments in measurement precision and speed of performance
and the large skeletal effects observed in certain metabolic
_disorders and with certain medical regimens, monitoring of
individual patients may be considered when importaat ther-
apeutic decisions are to be made. In general, such serial
measurements arc usually obtained at the spine using DXA
or QCT because of their favorable longitudinal sensitivity.
However, specific guidelines regarding the appropriate
techniques, site, and frequency of measurement are yet to
be established.
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ABSTRACT

BACKGROUND

Parathyroid hormone increases bone strength primarily by stimulating bone formation,
whereas antiresorptive drugs reduce bone resorption. We conducted a randomized, dou-
ble-blind clinical study of parathyroid hormone and alendronate to test the hypothesis
that the concurrent administration of the two agents would increase bone density more
than the use of either one alone.

METHODS

A total of 238 postmenopausal women {who were not using bisphosphonates) with
low bone mineral density at the hip or spine {(a T score of less than -2.5, ora T score of
less than —2.0 with an additional risk factor for osteoporosis) were randomly assigned
to daily treatment with parathyroid hormone (1-84) (100 pg; 119 women), alendronate
{10 mg; 60 women), or both {59 women) and were followed for 12 months. Bone min-
eral density at the spine and hip was assessed by dual-energy x-ray absorptiometry and
quantitative computed tomography. Markers of bone turnover were measured in fasting
blood samples.

RESULTS

The bone mineral density at the spine increased in all the treatment groups, and there
was no significant difference in the increase between the parathyroid hormone group
and the combination-therapy group. The volumetric density of the trabecular bone at
the spine increased substantially in all groups, but the increase in the parathyroid hor-
mone group was about twice that found in either of the other groups. Bone formation
increased markedly in the parathyroid hormone group but not in the combination-
therapy group. Bone resorption decreased in the combination-therapy group and the
alendronate group.

CONCLUSIONS

There was no evidence of synergy between parathyroid hormone and alendronate.
Changes in the volumetric density of trabecular bone, the cortical volume at the hip, and
levels of markers of bone turnover suggest that the concurrent use of alendronate may
reduce the anabolic effects of parathyroid hormone. Longer-term studies of fractures are
needed to determine whether and how antiresorptive drugs can be optimally used in
conjunction with parathyroid hormone therapy.
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HE PREVENTION OF OSTEOPOROTIC

E fractures with the use of antiresorptive

drugs represents an established therapeu-
tic approach for patients with osteoporosis.1-3 The
results of double-blind, randomized, placebo-con-
trolled trials have indicated that nitrogen-contain-
ing bisphosphonates such as alendronate and rised-
ronate, which work principally by suppressing bone
resorption, reduce the risk of fracture and increase
bone mineral density.4-8

Unlike bisphosphonates, parathyroid hormone
is anabolic when it is administered intermittently for
osteoporosis. Both parathyroid hormone (1-34) and
parathyroid hormone (1-84) increase bone density
by stimulating bone formation rather than by reduc-
ing bone resorption.9-12 Recently, the 34-amino-acid
fragment, parathyroid hormone (1-34), was shown
to reduce the risk of fracture® and is now available
for the treatment of persons with established os-
teoporosis and a high risk of fracture.

Whether the use of a bisphosphonate and para-
thyroid hormone together would provide a thera-
peutic advantage by combining different mecha-
nisms for the reduction of the risk of fracture is
unknown. Parathyroid hormone (1-34) has been
studied as an addition to ongoing therapy with es-
trogen (an antiresorptive agent), 13,14 but no similar
trials have been conducted using bisphosphonates.
Furthermore, no antiresorptive agent (including es-
trogen or a bisphosphonate) has been studied to-
gether with parathyroid hormone from the start
of therapy in previously untreated patients. We con-
ducted a multicenter, randomized, double-blind
trial comparing monotherapy with parathyroid hor-
mone (1-84) or alendronate with combination ther-
apy consisting of both agents in postmenopausal
women with osteoporosis. Here we report the re-
sults at 12 months.

METHODS

STUDY PARTICIPANTS
We recruited postmenopausal women 55 to 85 years
of age from four clinical centers in the United States
{Bangor, Me.; Minneapolis; New York; and Pitts-
burgh). Women were enrolled if they had a T score
of less than —2.5 for bone mineral density atthe fem-
oral neck, total hip, or spine, or if they had a T score
of less than —2.0 at one of these sites and at least
one of the following risk factors: an age of 65 years
or more, a history of postmenopausal fracture (ver-
tebral or nonvertebral), and a maternal history of

hip fracture. We excluded women who had been
treated with bisphosphonates for a total of more
than 12 months or for more than 4 weeks during
the previous 12 months or who had diseases or took
medications that are known to affect bone metab-
olism. The institutional review board at each clinical
center approved the study protocol, and all women
provided written informed consent before en-
rollment.

TREATMENTS
The study treatments were full-length parathyroid
hormone (1-84) (100 pg daily [NPS Pharmaceuti-
cals]), alendronate (10 mg daily [Fosamax, Merck]),
calcium carbonate (500 mg of elemental calcium
[Tums, SmithKlineBeecham]), and a multivitamin
containing 400 IU of vitamin D (Rugby Laborato-
ries). The women injected parathyroid hormone
(1-84) or matching placebo in the morning using
acartridge-loaded pen. Cartridges were changed ev-
ery two weeks. Alendronate or matching placebo
was taken each morning with a full glass of water
after an overnight fast.

STUDY DESIGN
After a two-week run-in phase, 238 women were
randomly assigned to one of three treatment regi-
mens to be followed for one year. A total of 119
women were assigned to take parathyroid hormone
plus placebo that matched the alendronate, 59 wom-
enwere assigned to take parathyroid hormone plus
alendronate, and 60 women were assigned to take
alendronate plus placebo that matched the para-
thyroid hormone. All patticipants received daily
doses of calcium and vitamin D. In the second year
of the study, which is ongoing, women in the orig-
inal parathyroid hormone group were randomly as-
signed to receive either alendronate or matching pla-
cebo, and women in the other two original groups
received alendronate. Because the original parathy-
roid hormone group was to be split into two groups
during the second year of the study, it was twice as
large as each of the other original groups. This re-
port covers the first 12 months of the study, the only
period during which parathyroid hormone was ad-
ministered. Participants, clinicians, and investiga-
tors remained unaware of the treatment-group as-
signments, except for a clinician at the coordinating
center who was responsible for reports to the data
and safety monitoring board. Although support for
drug products and quantitative computed tomog-
raphy (CT) was provided by various pharmaceuti-
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cal companies, they had no role in the design or in-
terpretation of the study.

EFFICACY OUTCOME VARIABLES
Areal bone mineral density (in grams per square
centimeter) was assessed with the use of dual-energy
x-ray absorptiometry (Hologic QDR-4500A or Del-
phidensitometers). Bone mineral density was meas-
ured at the hip (femoral neck and total hip regions),
the posteroanterior lumbar spine (L1 to L4), and the
radius (the distal one third of the radial shaft) at
base line and at 12 months. The coefficient of varia-
tion for the areal density is 1 to 2 percent.15

Volumetric bone mineral density (in grams per
cubic centimeter) and the bone geometry in trabec-
ular and cortical compartments were assessed with
the use of quantitative CT at the spine (L1 and L2)
and the hip (femoral neck and total hip regions).
Findings on quantitative CT, performed at three
clinical centers at base line and at 12 months, were
evaluated by a central imaging facility (University of
California, San Francisco) according to methods
that have been described previously.*6:17 The coeffi-
cient of variation is 2 to 4 percent for volumetric
density*s and 5 to 6 percent for cortical volume.

Serum drawn after an overnight fast was stored
(at—70°C) until it was assayed in a central laboratory
(Synarc, Lyons, France). Serum C-terminal telopep-
tide of type I collagen (a marker of bone resorption)
and N-propeptide of type [ collagen (a marker of
bone formation) were measured with two-site im-
munoassays on an automatic analyzer (Eleccys,
Roche Diagnostics). Intraassay and interassay co-
efficients of variation for serum N-propeptide and
serum C-terminal telopeptide are approximately
4 percent and 6 percent, respectively. Bone-specific
alkaline phosphatase was measured with the use
of the Ostase assay (Beckman).

ADHERENCE, SAFETY ASSESSMENT,
AND ADVERSE EVENTS

Adherence to treatment was assessed by means of
the return of unused cartridges (parathyroid hor-
mone) and tablets (alendronate). Full adherence
to treatment was defined as the use of at least 80
percent of the injections or tablets for at least 11
months,

Fasting serum calcium concentrations were
measured at base line and at 1, 3, and 12 months.
Participants were instructed not to take the injec-
tion the day of these clinic visits. Twenty-four-hour
urinary excretion of calcium and creatinine was

measured at base line and at three months. Specif-
ic ordered algorithms for use in women in whom
the serum or urinary calcium level became elevated
(repeated assessment, discontinuation of calcium
supplementation, reduction of the dose of parathy-
roid hormone, and then discontinuation of para-
thyroid hormone treatment) were followed if the
serum calcium concentration was more than 10.5
mg per deciliter (2.62 mmol per liter), if the uri-
nary calcium excretion was more than 400 mg per
24 hours (9.98 mmol per day), or if the ratio of the
urinary calcium concentration to the urinary creati-
nine concentration was more than 0.4.

Patients were questioned at each visit about ad-
verse events, which were coded with the use of pre-
ferred terms from the Medical Dictionary for Reg-
ulatory Activities (MedDRA)*8 and classified by a
clinician at the University of California, San Fran-
cisco, who was unaware of the treatment-group as-
signments. The preferred terms were categorized
according to anticipated types of adverse events
whose rates had been increased in previous trials
of parathyroid hormone? and alendronate,*5 as
well as according to organ systems; the treatment
groups were then compared in terms of the rates of
adverse events in previous trials as well as those
affecting each organ system.

STATISTICAL ANALYSIS
We attempted to follow all the women who under-
went randomization for all study visits and proce-
dures, regardless of their level of adherence to the
assigned treatment regimen. Analyses were per-
formed according to the intention-to-treat princi-
ple unless otherwise indicated. Group means and
95 percent confidence intervals are given for the per-
cent changes from base line in variables measured
by dual-energy x-ray absorptiometry and quantita-
tive CT; these values were used to assess the sig-
nificance of changes within each group. Medians
and interquartile ranges are reported for changes
in the levels of markers of bone turnover; t-tests
were used to compare the combination-therapy
group with each of the other two groups in terms of
the mean percent change, and Wilcoxon tests were
used to compare the groups in terms of markers of
bone turnover. No adjustiments were made for mul-
tiple comparisons. The statistical significance of
differences among the treatment groups in the fre-
quency of base-line risk factors and the rates of ad-
verse events was assessed with the use of one-way
analysis of variance for continuous variables and
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two-by-three chi-square tests for dichotomous var-
iables. Given the standard deviations in this trial,
with a power of 90 percent, we could detect a differ-
ence in the areal bone mineral density of about 2.8
percent for the spine and 2.2 percent for the hip.

RESULTS

CHARACTERISTICS OF THE WOMEN
AND ADHERENCE TO TREATMENT

Table 1 summarizes the base-line characteristics
of the women. The mean (+SD) T score for the bone
mineral density of the femoral neck was -2.240.7.
A total of 165 women (69 percent) had at least one
T score below—2.5, and 112 (47 percent) reported
a fracture after menopause. There were no signif-
icant differences among the treatment groups in
base-line characteristics, except for the areal bone
mineral density of the spine (which was about 6 per-
cent higher in the combination-therapy group than
in either of the other groups; P=0.03 for the three-
way comparison). No similar trend was evident with
regard to the volumetric density of the spine.

A total of 227 women (95 percent) completed
the 12-month visit. For the first 12 months of the
study, 75 percent of the women had full adherence
to treatment involving injections, and 81 percent
had full adherence to treatment involving tablets.
There were no differences in adherence according
to treatment group.

AREAL AND VOLUMETRIC BONE MINERAL DENSITY
The areal bone mineral density of the lumbar spine
(as measured by dual-energy x-ray absorptiometry)
increased significantly within each treatment group
(Fig. 1). Changes were similar in the parathyroid
hormone group and the combination-therapy group
(increases of 6.3 percentand 6.1 percent, respective-
ly) and were somewhat smaller in the alendronate
group (4.6 percent; difference between the combi-
nation-therapy group and the alendronate group,
1.5 percentage points; 95 percent confidence inter-
val, 0.5 to 3.6). At the total hip and the femoral
neck, the bone mineral density remained essential-
ly unchanged in the parathyroid hormone group but
increased in the combination-therapy group and

Table 1. Base-Line Characteristics of the Women.*
Parathyroid
Hormone Combination- Alendronate
Group Therapy Group Group

Characteristic {N=119) {N=59) (N=60) P Value
Age ~yr 69.41£7.3 70.2+6.8 70.746.8 0.47
Age at menopause — yr 46.7£6.5 47.247.2 48.3£5.2 0.27
Race — no. (%) 0.50

White 111 (93.3) 57 (96.6) 58 (96.7)

Other 8(6.7) 2(3.4) 2(3.3)
Height loss since 25 yr of age — mm 40.3£27.8 40.8+27.2 34.5+25.3 0.35
Body-mass index 25.614.6 27.145.6 25.144.5 0.07
Clinical fracture since 45 yr of age — no. (%) 57 (47.9) 30 (50.8) 25 (41.7) 0.64
Any previous alendronate use — no. (%) 13 (10.9) 4 (6.8) 10 (16.7) 0.23
Areal bone mineral density on dual-energy x-ray

absorptiometry — g/cm?

Lumbar spine 0.771+0.104 0.819+0.120 0.778+0.125 0.03

Total hip 0.710£0.098 0.738+0.077 0.712£0.092 013

Fermoral neck 0.599+0.084 0.612+0.067 0.596+0.072 0.50

Distal one third of radius 0.556+0.076 0.566+0.071 0.551+0.073 0.49
Volumetric density on quantitative CT — g/cm?3y

Integral spine 0.17410.023 0.178+0.026 0.178+0.028 0.56

Trabecular spine 0.083+0.022 0.087+0.025 0.085+0.024 0.68

integral total hip 0.211+0.028 0.220£0.031 0.217+0.025 0.14

Trabecular total hip 0.07310.022 0.074+0.025 0.076+0.019 0.71

* Plus—minus values are means +SD. The body-mass index is the weight in kilograms divided by the square of the height

in meters.

T Data on quantitative CT measurements were available for 178 women.
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the alendronate group. The increase at the total hip
in the combination-therapy group was significant-
ly greater than that in the parathyroid hormone
group (1.9 percent vs. 0.3 percent; difference, 1.6
percentage points; 95 percent confidence interval,
0.3 to 2.9). The bone mineral density at the distal
radius decreased significantly in the parathyroid hor-
mone group (a 3.4 percent reduction), but the re-
duction appeared to be mitigated by the presence
of alendronate in the combination-therapy group
(a 1.1 percent reduction; difference, 2.3 percentage
points; 95 percent confidence interval, 1.2 to 3.5).
The loss in the alendronate group was similar to
that in the combination-therapy group.
Quantitative CT was used to measure volumet-
ric bone mineral density of trabecular bone at the
spine and the hip (Fig. 2) and volumetric bone min-
eral density and geometric variables in cortical bone
atthe hip (Fig. 3). The integral volumetric density
(cortical plus trabecular bone) at the spine showed
a pattern similar to that seen in the areal density
of the spine, The volumetric density of the trabec-
ular bone at the spine increased markedly in all
groups. However, the increase in the parathyroid
hormone group was approximately twice as great
as that found in the combination-therapy group
(25.5 percentvs. 12.9 percent; difference, 12.6 per-
centage points; 95 percent confidence interval, 2.8
to 22.4). The change in the alendronate group (10.5
percent) was similar to that in the combination-
therapy group. The volumetric density of the tra-
becular bone at the hip increased in all treatment
groups. Although the pattern of differences among
the groups was similar to that observed in the volu-
metric density of trabecular bone at the spine, these
differences did not reach statistical significance.
The pattern of changes in cortical-bone varia-
bles (Fig. 3) was different from that observed with
trabecular bone. The volumetric density of corti-
cal bone at the total hip decreased significantly in
the parathyroid hormone group, whereas there was
no significant change in the combination-therapy
group (a reduction of 1.7 percentvs. an increase of
0.1 percent; difference, 1.8 percentage points; 95
percent confidence interval, 0.7 to 3.0), and there
was an increase in the alendronate group (1.2 per-
cent; alendronate group minus combination-ther-
apy group, 1.1 percentage points; 95 percent confi-
dence interval, —0.3 to 2.4). Patterns were similar
for the volumetric density of cortical bone at the
femoral neck. In the parathyroid hormone group,
the cortical bone volume increased significantly at

N ENGL | MED 349,13

the total hip (3.5 percent) and femoral neck (3.4
percent), but there were no significant increases in
the other treatment groups. There was a significant
difference between the parathyroid hormone group
and the combination-therapy group in the change
in cortical volume at the femoral neck (a 3.4 percent
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increase vs. a 0.6 percent decrease; difference, 4.0
percentage points; 95 percent confidence interval,
0.1t07.9), but not in the change in cortical volume
at the total hip (increases of 3.5 percent vs. 0.4 per-
cent; difference, 3.1 percentage points; 95 percent
confidence interval, —0.8 to 7.1). The cortical bone
mineral content did not change in any of the treat-
ment groups.

BIOCHEMICAL MARKERS OF BONE TURNOVER

The parathyroid hormone group had a rapid, large
increase in the level of N-propeptide of type I col-
lagen, a marker of bone formation; the increase was
sustained over the 12-month period (an increase of
150 percent at 12 months) (Fig. 4). Treatment with
parathyroid hormone was associated with an in-
crease in the concentration of serum C-terminal tel-
opeptide of type I collagen, a marker of bone resorp-
tion, although this increase was somewhat delayed
in comparison with the change in the N-propeptide
concentration. The combination-therapy group had
an increase in the concentration of N-propeptide
at 1 month, but the concentration had decreased to
slightly below the base-line value by 3 months (and
was 15.7 percent below base line at 12 months). In
the combination-therapy group, the C-terminal tel-
opeptide concentration had decreased by 50 percent
atone month and remained at that level. In the alen-
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dronate group, there was a rapid decrease in the
C-terminal telopeptide level (a 58 percent decrease
at one month), followed by a similar decrease (59
percent at three months) in the N-propeptide level.
Changes in the concentrations of bone-specific al-
kaline phosphatase were similar to the changes in
the N-propeptide concentrations (data notshown).

FRACTURES
Eight clinical fractures occurred during the trial.
The incidence was similar in all three treatment
groups (approximately 3 percent).

SAFETY AND ADVERSE EVENTS

There was a small but significant increase in the
mean serum calcium concentration in the parathy-
roid hormone group at 1and 3 months, but the con-
centration had returned to the base-line value by
12 months (9.5 mg per deciliter {2.38 mmol per li-
ter] at base line; 9.7 mg per deciliter [2.42 mmol per
liter] at 1 month; 9.8 mg per deciliter [2.45 mmol
per liter] at 3 months; and 9.5 mg per deciliter at
12 months). The combination-therapy group had
a small increase at one month, but the concentra-
tion had returned to the base-line value by three
months (P=0.004 for the comparison with the para-
thyroid hormone group atthree months). As expect-
ed, there was a decrease in the serum calcium con-
centration among the women in the alendronate
group.

Twenty-two women (12 percent in the parathy-
roid hormone group, 14 percent in the combina-
tion-therapy group, and none in the alendronate
group) met the criteria for an elevated serum calcium
concentration on at least one occasion, but only five
had values above 11.2 mg per deciliter (2.80 mmol
per liter). Fifteen women (8 percent in the parathy-
roid hormone group, 10 percent in the combina-
tion-therapy group, and none in the alendronate
group) met the criteria for elevated urinary calcium
excretion. Both serum and urinary levels returned
to normal in almost all women either after a con-
firmatory measurement (step 1 in the algorithm) or
after the discontinuation of calcium supplementa-
tion (step 2). Only two women required a reduction
in the dose of parathyroid hormone because of in-
creased calcium levels. One additional woman who
was receiving parathyroid hormone had a normal
serum calcium concentration at all study visits but
had transient hypercalcemia associated with an in-
tercurrentillness; the hypercalcemia resolved with-
in 24 hours with intravenous hydration.
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The differences between the combination-therapy group and the parathyroid hormone group at 12 months and between
the combination-therapy group and the alendronate group at 12 months were significant (P<0.001). [ bars represent the

Atotal of 226 women reported atleast one ad-
verse event, and 20 reported at least one serious
adverse event. The proportions did notdiffer accord-
ing to treatment group, nor did the rates of adverse
events that were previously found to be associated
with parathyroid hormone treatment (injection-
site complications, nausea, fatigue, headache, dizzi-
ness, or limb pain).

Two deaths occurred during the trial, both due
to rapidly progressing dementia and both in wom-
en in the parathyroid hormone group. One of these
women had taken only one dose of parathyroid hor-
mone. The data and safety monitoring board judged
that the two deaths were unrelated to the study med-
ication.

There was a significant increase in the mean se-
rum uric acid concentration in both the parathyroid
hormone group (1.03 mg per deciliter [61 ymol per
liter]) and the combination-therapy group (0.85 mg
per deciliter [51 pmol per liter]; P<0.001 for both
increases), whereas there was no change in the alen-
dronate group. Three women had gout— one in the
parathyroid hormone group and two in the com-
bination-therapy group.

DISCUSSION

Our randomized clinical trial was designed to as-
sess whether combination therapy with parathy-

roid hormone and a bisphosphonate is superior
to monotherapy with parathyroid hormone or a bis-
phosphonate. Daily injections of parathyroid hor-
mone (1-34) and parathyroid hormone (1-84) have
been shown to increase bone mineral density,912:13
and parathyroid hormone (1-34) has been shown
to reduce the risk of vertebral and nonvertebral frac-
tures.? Although parathyroid hormone therapy in-
creases both bone formation and bone resorption,
bone formation is increased preferentially over re-
sorption, at least initially. The bisphosphonate alen-
dronate has also been shown to increase bone min-
eral density and reduce the risk of fracture, but its

-mechanism of action differs from that of parathy-

roid hormone; it preferentially suppresses bone re-
sorption over bone formation.+5

By stimulating bone formation and inhibiting
bone resorption simultaneously, combination ther-
apy might be more effective than therapy with para-
thyroid hormone or alendronate alone. We hypothe-
sized that, as compared with parathyroid hormone
therapy alone, combination therapy with parathy-
roid hormone and alendronate would induce larg-
er increases in bone mineral density, preserve the
increase in bone formation, and minimize increas-
es in bone resorption. However, taken together, the
changes in areal and volumetric bone mineral den-
sity, cortical volume, and the levels of biochemical
markers of bone turnover found in our study pro-
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vide little evidence that this combination is better
than either drug alone.

The use of quantitative CT allowed us to evalu-
ate trabecular bone separately from cortical bone.
The volumetric density of trabecular bone at the
spine increased more with parathyroid hormone
alone than with combination therapy or alendro-
nate alone. In the parathyroid hormone group, the
cortical volume at the hip increased, the volumetric
density decreased, and the bone mineral content was
unchanged — observations that are consistent with
the findings of other studies9-21 and with the pre-
viously demonstrated actions of parathyroid hor-
mone, including the induction of new bone that is
not fully mineralized, as well as the increasing cor-
tical porosity.19,22.23 [n studies in nonhuman pri-
mates,9 these changes were not associated with
decreases in bone strength. However, in humans,
it is not known whether the changes we observed
in cortical bone with parathyroid hormone therapy
have a positive, negative, or neutral effect on bone
strength and the risk of fracture, Overall, the chang-
es that were induced by parathyroid hormone thera-
py in cortical and trabecular bone were not seen with
combination therapy or with alendronate mono-
therapy, which suggests that combination therapy
alters the distinct effects of parathyroid hormone
on bone. Ultimately, further study is needed to de-
termine the effect of parathyroid hormone-based
combination therapy on the risk of fracture.

The parathyroid hormone group had a clear and
early increase in the levels of the marker of bone
formation, with a somewhat delayed but substan-
tial increase in the levels of the marker of resorp-
tion. These observations are consistent with the
findings of previous studies.10-13 The expectation
that combination therapy would maintain the in-
creased bone formation seen with parathyroid hor-
mone alone while dampening increases in resorp-
tion was not substantiated by the data. Although
the levels of the marker of bone resorption did de-
crease substantially with combination therapy and
the levels of the marker of bone formation remained
relatively constant over the 12-month period, the
expected large and sustained increases in bone for-
mation were negated after 1 month. If increases in
bone formation are indicative of the effects of para-
thyroid hormone on bone, these results suggest that
the anabolic actions of parathyroid hormone might
notbe optimally realized with combination therapy.

We examined the concurrent administration of

antiresorptive therapy and parathyroid hormone
therapy only in women who were not already taking
medication for osteoporosis; therefore, we cannot
address questions regarding antiresorptive therapy
initiated before or after the initiation of parathyroid
hormone therapy. Little is known about the use of
parathyroid hormone therapy after antiresorptive
therapy. However, the addition of parathyroid hor-
mone to ongoing estrogen therapy apparently did
not reduce the ability of parathyroid hormone to
increase bone turnover.13,14 [ncreases in bone min-
eral density achieved with combined estrogen and
parathyroid hormone were similar to those observed
with parathyroid hormone monotherapy. A recent
study of combination alendronate and parathyroid
hormone (1-34) (40 yg) therapy in men, initiated af-
ter 6 months of alendronate monotherapy, showed
that the increases in bone mineral density over 24
months of combination therapy were less than those
observed over 24 months of parathyroid hormone
monotherapy.2¢ However, there have been no stud-
ies of parathyroid hormone monotherapy initiat-
ed after the discontinuation of any type of antire-
sorptive therapy. Our report cannot provide insight
about whether antiresorptive therapy administered
after a course of parathyroid hormone therapy is of
clinical benefit. Although one small, nonrandom-
ized study of alendronate therapy given after ther-
apy with parathyroid hormone (1-84) showed an
additional increase in bone mineral density,12 it is
unclear whether antiresorptive drugs should be used
after parathyroid hormone therapy.

We used the full-length 84-amino-acid parathy-
roid hormone molecule. The effects of parathy-
roid hormone (1-84) on the bone mineral density
at the spine and the hip in our study are similar
to those that have been found with 20 pg (the ap-
proved dose) of parathyroid hormone (1-34) in
other 1-year studies12.11 and are somewhat small-
er than those found in one longer (21-month)
study.? However, the generalizability of our results
with the concurrent initiation of parathyroid hor-
mone (1-84) and alendronate combination thera-
py to therapy with parathyroid hormone (1-34) is
uncertain. Whether our results with the concurrent
initiation of alendronate therapy and parathyroid
hormone therapy apply to other bisphosphonates
or other antiresorptive drugs is unknown. Taken to-
gether, these results do not support the concurrent
initiation of alendronate with parathyroid hormone
treatment.
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APPENDIX

(parathyroid hormone and matching placebo), Merck (alendronate
and matching placebo), and SmithKlineBeecham (calcium). Supple-
mentary funds for quantitative CT were provided by Merck.

The following persons partieipated in the PaTH Study: Columbia University — J.D. Bilezikian (principal investigator), K. Lee, ). Sliney (study
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Joseph’s Hospital — C.J. Rosen (principal investigator), L. Fowler, D. Storm (study coordinators); University of California, $gn Francisco — D.M.
Blaek (principal investigator), T. Hue (project direetor), L. Palermo (statistician), D. Sellmeyer and D.C. Bauer (study physicians); Data and
Safety Monitoring Board — L. Raisz {chair), S. Hui, R. Recker, D. Kiel, D. Hanley.
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Patient-Specific DXA Bone Mineral Density Inaccuracies: Quantitative
Effects of Nonuniform Extraosseous Fat Distributions

HH BOLOTIN,' H SIEVANEN,? and JL GRASHUIS*

ABSTRACT

Nonuniform extraosseous fat is shown to raisc the magnitude of inaccuracies in DXA in vivo BMD measure-
ments into the range of 20-50% in clinically relevant cases. Hence, DXA-based bone fragility diagnoses/
prognoses and evaluations of bonc responsiveness to treatment can be unreliable.

Patient-specific DXA in vivo bone mineral areal density (BMD) mcasurements have been demonstrated to be
inherently inaccurate even when extraosseous fat (F) and lean muscle tissue (L) are uniformly distributed
throughout the scan region of interest (ROI). The present work extends these investigations to quantitative
cvaluation of the extent to which clinically realistic soft tissue inhomogencitics external to the bone within the
DXA scan ROI affect patient-specific in vivo BMD mcasurement inaccuracies. The results are particularly
relevant to patient-specificfumbar vertebral and proximal femoral sites. Norland, Hologic, and Lunar DXA
scans and corresponding DXA simulation studies of the same set of 225 different phantom arrays were carried
out. The phantoms were specially fabricated absorptiometric replications of bone niinera! material (8), red
marrow (RAM), and yellow marrow (YAM) mixtures, and extraosseous F and L combinations spanning the
anthropometric ranges encountered clinically. The three different DXA scanners yiclded BMD results that
cffectively coincided, were in excellent agreement with the findings of the present corresponding DXA-
simulation studlies in each case, and confirmed the validity of the DXA BMD inaccuracy analysis formalism.
It was found that only relatively small extraosscous soft tissue inhomogeneitics within the ROl of DXA BMD
scans can increase substantially the already sizable BMD inaccuracies shown carlier to pertain for uniformly
distributed extraosseous soft tissues. The extent of these in vivo BMD inaccuracies (%) are shown to depend
on the mean extraosseous F-to-L areal density ratio and its degree of nonuniformity within the local bone scan
RO, the marrow thickness and specific composition, and the actual BMD in any given case. It was (ound that
patient-specific DXA-measured in vivo BMD inaccuracies can, in many clinically encountered cases, be as
large as 20-50%, particularly so for osteopenic, osteoporotic, and elderly patients. It is concluded that,
because these DXA in vivo BMD inaccuracies are unavoidable and clinically unpredictable, diagnoses/
prognoses of bone fragility and evaluations of bone responsiveness to treatment of individual patients based
mainly on DXA in vivo BMD measurements can be unceliable. (J Bone Miner Res 2003:18:1020-1027)

Key words: DXA, bone mineral density inaccuracies, nonuniform extraosseous fat distributions, marrow,
anthropometrics

INTRODUCTION the condition and for the cvaluation of the paticnt-specific

therapeutic efficacy of its treatments. For more than a de-

T”E INCREASING INCIDENCE of osteoporosis in the vulner-  cade (he appraisal of skeletal bone mincral status in clinical
able population groups ‘'~*' has intensificd the need for practice and research has been based mainly on noninvasive
cffective and reliable means of diagnosis and assessment of planar DXA measurements of in vivo bone mincral areal
density (BMD. g/cm?).*’ However. notwithstanding the
widespread clinical use of. and cxtensive reliance on. DXA

The authors have no conflict of interest

‘School of Medica!l Sciences. RMIT University. Bundoora. Victoria. Austratia.

*The Bone Research Group. UKK Institute. Tampere, Finland.

‘Research Deparument. Tampere University Hospital. Tampere. Finland.

*Depurtment of Medical Informatics and Radiology. Erasmus University Rotterdam, Rotterdam. The Netherlands.

. .

1020



PATIENT-SPECIFIC DXA BMD INACCURACIES

for clinical rescarch, diagnostics of osteoporosis, and prog-
nostics of the risk of ostcoporotic fractures.*~'" it is par-
ticularly disquieting that there is mounting cvidence and
serious concern that these measurements arc subject to
sizable inherent patient-specific inaccuracies.

These inaccuracies derive from the known inapplicability
of planar DXA methodology to bone sites comprised of
more than two absortiometrically distinguishable compo-
nents within the scan region of interest (ROI)—the nvo-
component DXA limitation."*=2 The extent of these inac-
curacies is sufficient to call into question a number of
aspects of ostcopenic and osteoporotic  diagnoses/
prognoses, bone fragility, remedial bone therapy effective-
ness, and other related systematic features gleaned primarily
from DXA in vivo BMD mcasuremenis. Faulkner!'™ has
reviewed the relevant evidence and explored the prospect
that measured in vivo. BMD, in and of itself, may not be
homologous with bone strength. Marshall et al.**** concluded
that in vivo DXA measurement of BMD is not sufficiently
definitive to be relied on to identify those specific individuals
who will develop a future bone fracture. The likelihood that
these inhereat DXA in vivo BMD inaccuracies and unsettling
clinical observations''®3131%24-unre [inked0-23N_the
former effectively manifest in thetlatter—looms as a funda-
mental issue relevant 1o the intrinsic viability and reliability of
patient-specific planar DXA in vivo bone densitometry and
bone fragility studies in clinical practice and research.

The principal objective of the present work was to extend
the scope of these previous quantitative: studies of inherent
DXA in vivo BMD measurement inaccuracies by system-
atic investigation of the extent to which nonuniform distri-
butions of extraosseous fat within the scan ROI fucther
contribute to and affect these BMD measurement inaccura-
cies. It is noted that such a systematic and comprehensive
study would not be feasible or practical using actual patients
or in situ cadavers, because in neither could the true BMD
and/or the requisite details of soft tissue composition and
distribution within the scan ROI be ascertained?® [the
“true” vaiue of BMD, (BMD),,,.. being that BMD value that
would be obtained from a DXA in vivo measurement free of
attendant inaccuracies). Furthermore, in neither case could
the investigator detennine or preselect for interrogation any
of these pectinent anthropometric and X-ray absorptiometric
particulars to an extent sufficient 1o elucidate the underlying
causative relatonships fully. Thus, the use of realistic phantom
arrays that closely replicate these soft tissue anthropometrics
bccomes essential in any thorough quantitative endeavor 1o
establish and understand the fundamental causes of these in-
accuracies and the extent to which they can affect patient-
specific DXA in vivo BMD measurements. The present work
differs from earlier, ostensibly similar, efforts (&' -!%2%-2631-10
in that it develops dicectly from the underlying source of these
inaccuracies and does so across the entire practical clinical
range of BMD and soft tissuc anthropometrics.

MATERIALS AND METHODS
Phantom and DXA scans

Phaniom materials formulated'®*! as X-ray absorptiomet-

ric equivalents of bone matenal (B). red and yellow mar-
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FIG. . Schematic representation typical of the 225 different phan-
tom assemblics used in the present work, indicating the bone position.
marrow composition, direction of incident DXA scan X-rays (simulated
and acwual), and scan raster. Each extraosseous phantom block was 2 4-cm
cube: the overall A/P thickness of the represcnted “torso™ was 20 ¢cm. The
F-to-L areal density qtio, ¢, designates the composition of the exiraosse-
ous soft tissue lateral to the “bone.” Q. that in the scan region in which
bonc material intercepts the X-ray flux, and y and x denote lincar dimea-
sional measures along X-ray paths in these regions. respectively. Bone
material, yellow marrow (YM) and red marrow (RM) were 4 X 4-cm slabs
of requisite thicknesses.

rows (RM and YM. respectively), lean muscie tissue (L), and
fat (F) were assembled into 225 different “anthropometric™
arrays, as schematically represented in Fig. |. These arrays
spanned the full range of soft tissue anthropometnics en-
countered clinically, and as well, a broad range of nonuni-
form distributions of extraosseous fat and lean muscle us-
sue. The fabrication of these phantom tissues was based on
the esscntials of the loaded-epoxy resin method of White et
al.®*" All phantom materials were identical in composition
and overall dimensions (o thosc used in our earlier publi-
cation.?"

In each such phantom assembly, the extraosseous “soft
tissue™ material latcral 1o the “bone™ was the absorpliomet-
ric equivalent of a specific preselecied homogeneous £-10-L
areal density ratio ¢ = (peye/p v, ): ¥ ts the linear anterior-
postcrior (A/P) dimension (cm) of the given extraosscous
“tissue” along X-ray paths lateral to bone. and ¢ is the
lateral extraosseous soft tissue descriptor relevant lo the
extraction of BMD from DXA scans.®***" Along X-ray
paths traversing “bone material” in the phantom array. the
linear extent of the extraosseous soft tissue and its F-to-L
areal density ratio are denoted by v and Q- respectively. so
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that @ = (p;xpx, ). However, in this study. q and Q were
generally not the same, and v was not equal to x.*" The
various separate values of ¢ and @ used (0.0, 0.1, 0.3, 0.6,
and 1.0) spanned the full range encountered clinically,**!
ranging from 0% to 50% F by weight in the scan ROI.

The thicknesses of phantom bone material inserted into
the “bone site™ of cach phantom array were selected 1o be
(BMD),,,. values of 0.6, 0.8. and 1.4 g/cm’, ranging'®-*®’
from that typical of the osteoporotic, through ostcopenic, to
high BMD values. respectively. The remaining bone-site
space was completely hilled with various combinations of
RM and YM phantom slabs. The fraction of the marrow
volume that was yellow in cach case. g = (YM(YM +
RM) = 0.6. 0.8, and 1.0 (40% RM. 20% RM. and wholly
YM, respectively), spanned the marrow constitutions typical
of mature and elderly patients.7*®! [n this way. phantom
arrays replicating 225 different combinations of BMD and
intra-/extraosseous soft tissue anthropometrics and absorp-
tometrics were assembled and DXA scanned.

As in our earlier work."”" Norland XR-26 (Norland, Fort
Atkinson, WI, USA). Hologic QDR-1000 (Hologic,
Waltham. MA. USA). aftd Lunar DPX-a (Lunar. Madison,
WI, USA) densitometers were used. All particulars of these
DXA scans were as detailed carlier.” "

DXA simulation studies of phantom arrays

As dual poly-energetic DXA simutated BMD values (af-
ler beam-hardening corrections were made) were 1n excel-
tent quantitative agreement (< ~0.2%) with actual DXA
poly-energetic BMD measurement results and with dual
mono-energetic DXA BMD simulation findings (intrinsical-
ly free of beam-hardening) for similar 20-cm-thick phantom
arrays.*" dual mono-energetic DXA BMD simulations of
each of the phantom arrays were carried out?*~*!

The BMD values of all simulated scans. (BMD) ... were
evaluated (as are the BMD values obtained in standard
clinical DXA scans) using the analytic DXA equation.?”’

BMD [ty Mot tyy) = 1atdslasMall /o))
( ez = [Aglnld ) = Asgdnld /o))

(n

where in(/,//,,) and In(//1,,) represent the natural loga-
rithms of the fraction of incident low-energy X-ray photon
spectral region transmitted through the specimen lateral 10
and through the “bone.” respectively. and In(/./J,,) and
In(/,/1,,.) are the corresponding values for the high-energy
X-ray region. with A, and A,, being. respectively. the low-
and high-energy X-ray mass auenuation coelficients
(cm’/g) of bone material at the two energics.

However. the DXA cquauon (Eq. 1) will yield the true
valuc of BMD if. and only if. proper account can be taken
of the presence of marrow (and s composition) and any
differences that pertain between the makeup of the ex-
traosscous fat/lean tissue in the X-ray “shadow™ of the bone
and lateral 10 1t (¢.Q differences)™ As DXA cannot.
(BMD),,,.... may differ markedly from (BMD),,,.., with DXA
methodology unable 10 estimate the extent of these BMD
inaccuracies. However. these 1naccuracies can be quantita-
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tively asscssed in the present study. because in both the
actual DXA scans and the corresponding simulation studics
of each phantom array. all anthropometric and X-ray ab-
sorptiometric particulars. no matter how disparate. are
known a priofi.

BMD calibration

Fifteen additional similar phantom arrays were also as-
sembled with the same standard intra- and extraosseous
dimensions. each constituted with ¢ = @, and all marrow
slabs replaced by material identical in composition to that of
the extraosseous phantom ussue. ¢. ol the same array.
Because these assemblies were comprised of only two ab-
sortiometrically distinct materials (bone material plus a sin-
gle intra-fextraosscous soft tissuc equivalent), the (wo-
component DXA limitation was sauisfied fully, allowing
DXA-measured BMD to be determined correctly (i.c.. with-
out inaccuracy). These 5 phantom asscmblies were DXA
scannced using all five ¢ = Q values lor each of the threc
selected phantom BMD values. Scans of these ¢ = @ = ¢
arrays established (calibrated) the three true (actual) BMD
values, (BMD),,.. of phantom bone material used in the
other 225 phantom arrays. In this way. the corresponding
overall percentage inaccuracies in both DXA-measured and
normalized DX A-simulated BMD {(BMD),,.... and (BMD)_..
respectively] were obtained for each of the 225 phantom arrity
cases:

(%BMD InaccuraCy ), o

[(BMD),.. — (BMD) s ol
e T TN S 100% (2)
(BMD),q,. (

Estimates of q.Q differences it DXA i vivo veriebral
and proximal femaoral scans

To obtain reasonable estimates of the extent o which the
extraosseous soft tissue arcal density ratios along X-ray
paths passing lateral 1o (¢) and those intersecting bone (0)]
in planar DXA in vivo BMD scans actually differ within the
scan ROI of lumbar venebral and proximal femoral bone
sites for most patients encountered cliaically. a number of
anatomical atlases were consulted. These depicied actual
cross-sectional anatomical cadaveric shees.™" computer-
ized tomographic.*'~*"" and magnetic resonance imag-
ing"*"" sections in which extraosseous adipose lissues (both
subcutaneous and intraperitoneal) are distinguishable from
lean muscle tissue and nternal organs.

Carelul measurements were made of the separate overall
extraosseous Mt and lcan tssue dimensions along a large
number of individual notonal A/P X-ray paths passing
fateral to and through the bone i cach depicied contiguous
transverse anatomical section image through the lumbar
spinal and proximal femoral bone sites. as exemplified n
Norland. Hologic. and Lunar DXA manuals and vanous
texts."*** In addition. the sclected soft tissue ROT boundaries
laterally adjacent to the bone were vaned in breadth. and the
new solt tissue ;mlhropomcmf‘_\ encompassed were agad
evatuated - In cach case.- e 'gépur;nc average {at and lean
ussuc A/P dimensions were :\xugmcd by their respectne
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volumetric densitics."** p,- and p.. 10 obtain the mean
F-to-L areal density ratios. ¢ and Q. and the (g - Q)
difference (positive and/or negative). In doing so, all nonfat
tssues (internal organs, muscle tissue, etc.) present in the
scan ROI were assigned the same volumelric density and
linear X-ray attenuation cocfhicients of lean muscle tis-
sue." In this way. the difference between the average
extraosseous F-to-L areal density ratio lateral 1o the bone
and that along each notional X-ray path intersecting bone
mineral material in the R@I (¢ — @) was obtained.

Because no transverse scctions of particularly obese or
exceedingly slender persons were depicted in the above
noted anatomical atlases. the overall A/P torso and hip
thicknesses of the full range of patients presenting for DXA
BMD scans were not represented. To obtain the (¢ — Q)
value for any given g value that might reasonably be antic-
ipated clinically. various A/P uniform fat layers were no-
tionally added or removed from the depicted “pormal”
cross-sectional anatomical atlas slices. and new overall re-
sultant g. Q. and (¢ — Q) valucs were simply derived from
them in each case. Because adult weight gain (loss) largely
results from the accretion (loss) of subcutaneous (and/or
visceral) fat. the thickness of the fat added (lost) seems to be
spread relatively uniformly across the local scan ROl when
viewed in A/P projection DXA BMD measurements of
supine patients. On this basis, extrapolations from the “nor-
mal™ 20-cm-thick cross-sectional atlas slices were trans-
formed into reasonably realistic representations of A/P torso
thicknesses ranging from 16 to 2§ cm, effectively covering
the full range of F-1o0-L areal density ratios and A/P torso
thicknesses encountered clinically. These estimates of inho-
mogcneous fat distributions in the lateral and bone-shadow
segments of DXA scans of these bone sites were found to be
contained within the limits —0.10 < (¢ — Q) < +0.03 in
most cases. for all ¢ values pertaining to A/P lumbar spinal
and proximal femoral DXA scan regions of most patients
presenting for BMD measurement.

RESULTS

The percentage inaccuracies found in the present DXA-
measured BMD scans using Norland XR-26, Hologic QDR-
1000. and Lunar DPX-a densitometers were effectively

fractional BMD inaccuracies (%) inherent in DXA mcasured in vivo
BMD arc plotied as a function ol (). the cxiraosseous F-to-L arcal
density ratio within that section of the scan ROI section in which bone
material ix present. These are shown lor representative €xIraosseous
F-to-L areal density rato values lateral o the bone. (A) ¢ = 0.(Byg =
0.1.(C)g =0.3.(D) ¢ = 0.6. and (L) q = 1.0, with the actual measured
DXA scan BMD inaccuracies designated by open squarcs. sohid
squarcs. open diamond shapes. solul dianmond shapes. and open trian-
gles. respectively. Demurcations of the fimits ~0.10 = @ = +0.03
found in the present work 10 represent the effecuve range of extraosse-
ous sofl tissue arcal density ratio differences (¢ = Q) encountcred 1n
most A/P DXA lambar spine and provumal femoral BMD scans of
typical patients are delincated by the upper and lower dotied curves,
while the central dashed curve denotes the DXA BMD inaceuracics
pentaming for the case of uniformly composed €x1raosscous hissuc (g —
@) = 0 within the scan ROL. Posinive % inaccuracics overcsimale the
rue BMD: negatve BMD % inaccuracics are underestimates
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indistinguishable for each of thc “anthropometrically” dif-
ferent 225 phantom arrays, as was also the case in our
carlier phantom studies.®™ The results of the preseat inves-
tigation need therefore be displayed for any single densi-
tometer (arbitrarily sclected here for our Norland data only).
Because the full span of the (¢ — Q) differences DXA
scanned and simulated in the present study may not be
encountered clinically, the percentage BMD inaccuracies
(Eq. 2) displayed in Figs. 2—4 are largely restricted to those
data and results corresponding to anthropometric factors [g.
Q. (g — Q). g. and (BMD),,,..] anticipated to be clinically
relevant for adult patients (some results outside these ranges
are also included to clucidate the trends and extent of
inherent DXA BMD percentage inaccuracies that could
result from whatever inhomogeneitics in extraosseous soft
tissue values, (¢ -- @), might pertain, or be introduced, in
some research or clintcal studies). These data also make
clear the sensitivity of the percentage BMD inaccuracies (o
inhomogeneous anthropometric and X-ray absorptiometric
aspecls of the various intra- and extraosseous soft tissues.

Also displayed in Figs. 2-4 are those demarcations of the
limits [~0.10 = (¢ — Q) < +0.03] found in the present
investigation (o reasonably represent the range of extraosse-
ous soft tissue areal density ratio differences (@ — Q)
encountered in actual A/P DXA lumbar spine and proximal
femoral BMD scans of typical patients. For example, in the

particular case of an osteopenic individual {(BMD),,, = 0.8
g/cm?) with a marrow composition 80% yellow (g = 0.8)
and a lateral F-to-L areal density ratio ¢ = 0.3, a DXA-

measured BMD valye may well underestimate the true
BMD by between ~14% {(BMD),_,, ~ 0.69 g/em?} and
~23% [(BMD),..,. = 0.62 g/cm’]. leading to possible mis-
diagnosis of this patient as osteoporotic. For an osteoporotic
individual, (BMD),,,. = 0.6 glem’. with the same sof( tissue
compositions (Fig. 2). the underestimates of the true BMD
value range between ~19% [(BMD) ~ 0.49 g/cm’) and
~31% [(BMD),., ~ 0.41 glem?).

ftis also seen (Ifigs. 2-4) that the red/yellow marrow
compositional effect (g-dependence) on DXA-measured
BMD tnaccuracies still pertains. no matter the value of g, Q.
(g — @), or (BMD),,...-

mCax

DISCUSSION

The extent of these tnaccuracies have been quantitatively
delineated on a foundation of anatomically realistic phan-
tom representation of in vivo soft tissue and bone anthro-
pometrics and X-ray absorptiometrics relevant to the broad
range of patients presenting for clinical DXA BMD scan
procedures. Of particular importance. the present study has

extended the earlier quantitative expositions'™ **' of DXA
wn vivo BMD inaccuracies (o those more anatomically re-
alistic cases in which the extraosseous fat and lean soft
tissue mix is not uniform throughout the scan ROL. In
particular, it has beecn shown here that the values of the
extraosseous fat-to-lcan soft tissue areal density ratios lat-
eral o and in the bone-shadow recions. and their differ-
ences, (¢ — Q). in the local bone site DXA scan ROl are
anthropometric parameters directly relevant 10 and affeciing
the extent of BMD inuccuracies manifest in DXA-denived in
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FIG. 3. DXA BMD nuccuracy results (%) obtaned for a setof 73
differeat phantom arrays similur 10 thowe of Fig. 2. but foc the case of
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vivo measurements. This is of some clinical imporance.
because it is clear that fat and lcan tissues are not distributed
uniformly throughout the body. and that the general distri-
bution of soft tissues and accretion/loss of exiraosseous fa
is signihicantly different for children and adulls men and
women. and pre and pOSllnLllupdma] women.""" Further-
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more, the specific local bone-site F-1o-L areal density ratio
in the scan ROl may vary. sometimes considerably. as a
function of age. physical condition. bone site. and other
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external {actors such as the specific boundaries selected for
the scan RO If the lateral segments of the ROI defining the
extraosseous soft lissuc areal density, g, can be varied by the
DXA operator (or are DXA instrument dependent), some-
wha different values for ¢ and (¢ — () could pertain for
scans of a given bone site, thereby altering the effective
BMD inaccuracy and the measured value of BMD. As such.
measures of patient whole body fat-massftotal body-mass/
body mass index, although indicative. may not necessarily
be reliable or dependable descriptors of particular local
bone site F-lo-L areal density ratios within the scan ROI.
Just as q is bone-site dependent. so too can be the quantity
{g — Q). In addition to other scan particulars, the relevant ¢
and (¢ — Q) values can also difter in A/P, lateral. and other
DXA scan projections of the same bone site, leading 10
different BMD inaccuracies and. therefore. different mea-
sured BMD valucs. (It is noted here that the present study.
by design, was unaffected by bone-edge detection concerns
or uncertainties related to bone alignment relative to inci-
dent X-ray paths.)

[t is also seen that within reasonable limits of extraosse-
ous soft tissue disparity and composition (Figs. 2-4), the
inherent (BMD),.,, inaccuracies in patient-specific DXA in
vivo measurements can readily be expected to exceed 20%
in clinically realistic cases. Particularly for osteoporotic
patients (low true BMD), for postmenopausal and elderly
individuals (marrow tending to higher yellow content in the
lumbar vertebrae and proximat femoral regions).""”**" and
for nonobese and lean paticats {moderate and low relative
fat content within and surrounding the lean tissues within
the DXA scan ROI), the inaccuracies in DXA-derived BMD
measurements can be quite large (30-50%). As a result.
patient-specific DXA-measured in vivo BMD values can be
seriously in etror. more often than not considerably under-
estimating the true BMD of the very patieats whose BMD it
is most important for DXA to assess accurately. Given the
reported 2-fold increase in population-based fracture risk
per each SD decrement in BMD,"** these sizable inaccura-
cies can be seen to insinuate confounding aspects into the
clinical assessments of patient-specific fracture risk and
diagnoses of osteoporosis based on the simple T-score cri-
terion (T-score < —2.5).

As a consequence of the inability of planar DXA meth-
odology to assess the absorptiometrics of both the ex-
traosseous F-to-L areal density ratio in the bone-shadow
region, (. and the bone marrow, g, (one of the most labile
of body tissues)' ' *****" (he inaccuracies in DXA-
measured in vivo BMD valucs may be both large and
unpredictable in any given patient case. This is as expected.
becausc the presence of marrow. irrespective of its specific
red/yellow mix. g. effectively modifies the overall sofl
tissue areal density ratio (combined intra- and extraosseous
tissues) along all X-ray paths traversing marrow within any
given scanned bone. The marrow composition {largely af-
fected through hematopoietic activily) can vary with patient
age, disease. drug therapy. immobilization. physical activity
regimen. bed confinement, infection, ctc. This is the case
particularly in the vertebrae and proximal extremities of
appendicular bones where hematopoietic aclivity can be
quite variablc.' 1AM Gimilarly. the-extraosseous fat-

- . b
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to-lean muscle tissue areal density ratio in the ROl of DXA
BMD scans of patients can scparately alter as a result of
dictary regimens, hormonal changes, drug therapy, exercise
programs, illness. etc. Consequently, changes in the soft
tissue parameters, with or without accompanying true
changes in bone mincral material, can be reflected in
changes in DXA-measured BMD that may mislead inter-
pretations of prospective BMD measurements of individual
patients. Indecd, all DXA-measured in vivo BMD values
will reflect this variability to some unknown extent, and as
a result, may lead to interpretations and evaluations of
diagnostic, prognostic, longitudinal, or cross-sectional
BMD measurements that are seriously Rawed.

In this context, it is important to stress that it is not the
overall thickness or the difference in the linear thicknesses
of fat alone or of lean tissues alone (or the linear extent of
the body section alone) in either or both segments of the
scan ROI (lateral to the bone and in the bone-shadow) that
are relevant to the magnitude of inherent inaccuracies in
DXA in vivo BMD measurcments, Rather, it is the overall
F-to-L areal density ratio, g, and the effective difference
between the F-to-1. areal density uatios (g and Q) along
X-ray paths through the scan ROI that is of conscquence.
Thus, the local bone-site ratio of the F-10-L masses along
the X-ray paths, and not the overall patient fat mass or lean
mass or body mass singly, is the relevant soft tissue anthro-
pometric parameter affecting DXA-measured in vivo BMD
values. It is on these grounds that previous conflicting
reports™*® =Y specifying patient fat mass rather than body
lean mass (and vice versa) to be. the soft tissue parameter
correlated strongly with DXA-measured BMD may be re-
solved, because neither one of these anthropometric quan-
tities alone underpins the inherent DXA in vivo BMD
inaccuracies from which these ostensible BMD corvelations
anse.

[t is clear that when 1rue BMD decreases. the bore must
be more fragile to some extent {cffectively the definition of
“osteoporosis™). However, the present results have shown
equally clearly that because of the sizable inherent, patient-
specific DXA in vivo BMD measurement inaccuracies dem-
onstrated here and in caclier works."! 2% 2 decrease
(increase) in measured BMD may not necessarily signal any
change in the bone fragility for a given individual. As a
consequence of demonstrated large tnherent systematic
patient-specific DXA in vivo BMD tnaccuracies. it is of
utmost importance that it be recognized that DXA-
measured BMD and frue BMD are not necessarily synon-
ymous. [tis also difficult not to conclude from this and past
investigations that inirospective review and critical assess-
ment of those aspects of present consensual knowledge of in
vivo bone fragility and bone responsiveness (0 (reaiment
based primarily on DXA BMD measurcments are very
much warranted.
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Quantitative computed tomography

at the axial and peripheral skeleton
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Introduction

Quantitative computed tomography (QCT) is an estab-
lished technique for measuring BMD in the axial spine
and appendicular (forearm, tibia) skeleton [1-3]. Be-
cause it provides cross-sectional images, QCT is unique
amongst methods of measurement in providing separate
estimates of trabecular and cortical bone BMD as a true
volumetric mineral density in g/cm®. In this application,
QCT has been used for assessment of vertebral fracture
risk [4, 5], measurement of age-related bone loss [6-8],
and follow-up of osteoporosis and other metabolic
bone diseases [9]. The goals of this commentary are to
assess the current capabilities of QCT at different skele-
tal sites as well as the recent technical developments in-
cluding fast three-dimensional data acquisition and
high resolution image acquisition and processing tech-
niques, which may novel information about bone
strength through analysis of trabecular microarchitec-
ture.

Spinal QCT

The greatest advantages of spinal QCT for noninvasive
bone mineral measurement lie in the high responsive-
ness and biomechanical importance of vertebral trabec-
ular bone as well as in the large worldwide distribution
of CT scanners (estimated 40, 000 worldwide). The
method is usually applied to the spine to measure trabe-
cular bone in consecutive vertebrae (usually 2 to 4 ver-
tebrae out of T12 to L4) using commercial CT scanners
and a bone mineral reference standard to calibrate
each scan. Based on an initial lateral localized image,
single 8-10 mm thick sections are obtained through the
midplane of each of these vertebrae using a low-dose
technique and the gantry angled parallel to the vertebral
endplates. A region of interest (ROI) is manually posi-
tioned in the anterior portion of trabecular bone of the
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vertebral body for analysis [4, 10-12] (Fig.1). In some
approaches, this region of interest may be positioned au-
tomatically [13, 14). For optimal reproducibility, the se-
lection of scan plane and ROIs should be performed us-
ing computer-assisted localization to provide separate
BMD measurements of trabecular bone, the cortical
rim of the vertebral body, and integral bone [13, 14].
Care must be taken to exclude the basivertebral vein
and sclerotic foci. The CT density of the selected area
of interest within a slice through a vertebral body is
measured in Houndsfield units (HU) (also known as
CT number) where water = 0 HU and air = -1000 HU.
Conversion to g/cm? is made by comparing the CT num-
ber of the trabecular bone to that of the compartments
of the calibration standard. The calculated densities for
the vertebrae are averaged and compared to those of a
normal population {7, 10, 15]. Liquid calibration refer-
ence phantoms (e.g., the Cann-Genant standard) were
initially used containing varying concentrations of dipo-
tassium hydrogen phosphate (K,HPO,) [4]. Use of this
type of phantom has a drawback of limited long-term
stability of the solutions. Thus solid hydroxyapatite cali-
bration phantoms have also come into widespread use.

Simultaneous calibration corrects to some extent for
scanner instabilities, as well as for variable beam hard-
ening depending on patient size and shape. Non-simul-
taneous calibration, in which an anthropomorphic tissue
equivalent phantom is scanned after the patient, has
also been-investigated [16].

Recently some studies reported promising results on
a new QCT technique in which paraspinal muscle and
subcutaneous fat served for internal calibration [17,
18], however, only limited studies have been carried
out to date.

The results from different types of calibration phan-
toms may not yield the same results and in longitudinal
studies it is essential that the same reference phantom
is used [19]. [t is possible to change from a liquid to a so-
lid calibration standard only if normative data are ad-
justed by a cross-calibration analysis [20-22]. Follow up
measurements for a given individual subject should al-
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Fig.1. a Quantitative Computed Tomography (QCT) of the lum-
bar spine. A lateral scout view is used to localize vertebrae. b An
elliptical region of interest (ROI) including only trabecular bone,
is used to determine vertebral bone mineral density (BMD). A
mineral reference phantom based on calcium carbonate (CaCQ,),
is part of the normal procedure to determine BMD

ways be carried out using the same phantom. If this can-
not be done, duplicate measurement on the old and new
standard need to be carried out on the same day to de-
termine the offset.

The examination takes approximately 10-15 min and
the effective dose is 60 pSv including 30 pSv for the lo-
cation image.

QCT can be performed in single-energy (SEQCT) or
dual-energy (DEQCT) modes, which differ in accuracy,
precision, and radiation [23, 24). The presence of mar-
row fat within trabecular bone may cause the standard
SEQCT technique to underestimate BMD by 10 %-
15 % [25]. Provided that QCT scan are acquired at low
effective energies (i. e. 80-90 kVp) the clinical relevance
of the fat error is usually small however, given the use of
age matched databases [26]. DEQCT techniques have
been devised using either pre or postprocessing meth-
ods [27, 28]. Such techniques may improve accuracy,
but with the penalty of poorer precision and practice
[29, 30].

The in vivo precision and accuracy errors of QCTare
approximately 2-4 % and 4-15 %, respectively [9, 24]
and are generally higher than those observed for poster-
oanterior DXA of the spine and comparable with those
of lateral DXA. However, QCT’s ability to selectively
assess the metabolically active and structurally impor-
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tant trabecular bone in the vertebral centrum results in
the excellent ability to discriminate vertebral fracture
and to measure bone loss, generally with better sensitiv-
ity than projectional methods such as DXA or DPA [6,
31-34).

Comparison of QCT and DXA

QCT has been shown to discriminate better between
healthy women and those with osteoporosis than poster-
oanterior DXA [5]. To increase the sensitivity of DXA
it has been suggested that BMD be measured with the
patient in the lateral decubitus position [35]. There are
several reasons for measuring bone mineral from a lat-
eral projection in the vertebral body. Firstly, calcium de-
position in the abdominal aorta, as well as degenerative
and hypertrophic changes around the facet joints of the
posterior compact bone elements of the vertebra (which
are included in the standard PA spine scan), are pro-
jected outside the region of interest. Moreover, degen-
erative changes along the end plates, such as Schmorl’s
and Junghans’s nodes and osteophytes, can often be ex-
cluded. Secondly, bone composition is not uniform
throughout the vertebra. The vertebral body is the site
of osteoporotic fractures, and its composition is pre-
dominantly trabecular bone. On the other hand, the
posterior elements of the vertebrae mainly contain cor-
tical bone and it is well known that the posterior portion
of the vertebra does not play an important role in os-
teoporotic vertebral fractures. Lastly, bone loss with
age and disease differs in trabecular and cortical bone.
In fact, in oophorectomized women, the rate of bone
loss in trabecular bone of the anterior vertebral body

-- measured with QCT was twice that in the total vertebra.

For all the reasons mentioned, previous studies have
measured BMD with lateral DXA (L-DXA) [36-38].
Other studies have compared BMD decrements mea-
sured by PA-DXA, L-DXA and QCT in normai subjects
and those with vertebral fractures [S, 6, 32, 39]. In a
cross-sectional study of 108 postmenopausal women,
Guglielmi et al. measured overall bone loss rates of
1.96 %/year with QCT compared with 0.97 %/year and
0.45 %l/year, respectively, for L-DXA and PA-DXA [6].

In summary, the great advantage of QCT over other
densitometry methods is its ability to measure exclu-
sively the high turnover trabecular bone. This accounts
for the high sensitivity of the technique. Therefore, sev-
eral authors have considered QCT as the method of
choice in predicting fracture risk in the spine.

Measurement of BMD using volumetric CT images
of the spine and hip

Spinal QCT is based on two-dimensional analysis of the
trabecular bone compartment in 5 or H0-mm thick axial
slices through the lumbar mid vertebral bodies. Al-
though the single-slice approach is useful for spinal
BMD quantification, three-dimensional approaches are
optimal for analysis of highly complex structures, such
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Fig.2. Three-dimensional isosurface reconstruction of a femoral
specimen, showing an intertrochanteric volume of interest overlaid
on the data

o

Fig.3. Three dimensional isosurface reconstruction of a L1 verte-
bral body of a postmenopausal female volunteer. A region of inter-
est encompassing most of the integral bone in the vertebral body
(excluding endplates) is overlaid on the data

as the proximal femur. These volumetric techniques en-
compass the entire object of interest either with
stacked-slice or spiral CT scans and can employ ana-
tomic landmarks to automatically define coordinate sys-
tems for reformatting of the CT data into anatomically
relevant projections.

Currently, quantitative analysis of the proximal fe-
mur is based on DXA technology, which provides an in-
tegral bone mass measurement which is normalized by
the projected area, resulting in a size-dependent areal
BMD [40, 41]. Extension of QCT to the proximal femur
is desireable for both diagnostic and serial studies in
that this technique can sample the highly-responsive tra-
becular bone compartment as well as provide a true vol-
umetric density measurement.
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Development of hip QCT techniques have been hin-
dered by the acquisition time required to encompass
the hip with a large number of slices, and by the need
for specialized workstations capable of handling the
large volume of image data. However, with the advent
of helical CT systems equipped with inexpensive and
powerful workstations, these obstacles have been great-
ly reduced, and femoral volumetric QCT should be clin-
ically feasible, given the existence of appropriate image
processing techniques to reproducibly delineate vol-
umes of interest in the proximal femur. Several re-
searchers have examined automated algorithms to ac-
complish this. Heitz et al. [42] has developed an femo-
ral-neck-fixed coordinate system operated in conjunc-
tion with a second-derivative-based edge detection
technique to determine VOIs (volumes of interest),
while Sartoris et al. [43] and Bhasin et al. [44] have em-
ployed threshold-driven edge detection methods to iso-
late the entire compartment of trabecular bone in the
proximal femur. Recently, Lang et al. [45] have pre-
sented an approach to semi-automatically define inte-
gral and trabecular VOIs in the femoral neck and inter-
trochanteric sub-regions (Fig.2), as well as to measure
geometric quantities such as the femoral neck cross-sec-
tional area and cross-sectional moment of inertia. For
trabecular BMD measurements, the in vivo precision of
this method was found to range from 0.6 % to 1.1 % de-
pending on the volume of interest assessed.

While there have relatively few efforts to develop
proximal femur QCT for clinical use, a larger number
of investigators have focused on establishing the rela-
tion between QCT measurements and biomechanical
strength assessed in vitro. Several investigators have ex-
amined the relation between QCT density measures and
femoral strength assessed in a loading configuration
simulating a single-legged stance, and producing mostly
fractures of the femoral neck [46-48]. In general, signif-
icant but relatively modest relationships (2 = 0.4-0.7)
between BMD and femoral strength have been found
[46-48]. Reasoning that most fractures are due to falls,
Lotz and Hayes [49] developed a loading configuration
which simulated a fall to the side, with impact on the
posterolateral aspect of the greater trochanter. In this
mode, which produced mostly intertrochanteric frac-
tures, they measured a very high correlation of trabecu-
lar trochanteric BMD (r? = 0.87) with femoral strength.
Lang et al. applied their analysis technique to scans of
proximal femurs which were later fractured in both sin-
gle-legged stance and fall-to-the-side modes [45]. These
results confirmed those of Lotz and Hayes for trabecu-
lar BMD in the fall mode and found moderate correla-
tions between BMD and single-legged stance fracture
load, as did previous observers. However, when the
stance-mode strength data were corrected for femoral-
neck cross-sectional area and axis length, the BMD
measurements (integral or trabecular) could ex-
plain = 90 % of the residual variance in the data.

" Thus, based on good precision and strong correspon-
dence of the BMD and geometry measurements (0
biomechnical strength measures, hip QCT shows poten-
tial for both diagnostic and serial assessments. The ad-
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measures were adjusted for BMD, the difference was no
longer statistically significant.

In summary, while the measures of trabecular struc-
ture described above may discriminate between frac-
tured and non-fractured subjects, there is currently no
evidence that these measures improve assessment of
vertebral strength compared to BMD alone. This situa-
tion may change depending on technical improvements.
In addition to diagnostic measurements, it is also of in-
terest to explore the performance of these measures for
longitudinal studies. It is possible that the representa-
tion of trabecular structure afforded by standard CT
systems may be useful for clarifying the action of drug
therapies.

Peripheral quantitative computed tomography
Technical aspects of pQCT

The two commercially distributed pQCT scanner types
(XCT 900 and XCT 960, Stratec Electronic GmbH,
Germany, and Densiscan, Scanco Medical, Switzer-
land), are second generation systems, using translate-ro-
tate technique with a multi detector head for different
acquisition angles. Only one (non-commercial) pQCT
scanner prototype is known to use fan-beam rotation
technique. Peripheral QCT scanners are generally lim-
ited to translate-rotate scanning technique due to the
type of X-ray tubes that are desirable to be used. The
tubes are operated in constant current mode without ex-
tensive cooling other than by an oil reservoir. The lim-
ited gantry space therefore also limits the size of the
tubes [62]. The whole setup also has to meet stringent
criteria considering the cost of the components [3, 62].
I-125 based systems became practically unimportant be-
cause of their limitations to objects of small diameters.
Energy selection of the X-ray spectrum has to be adap-
ted to the special requirements of quantitative bone
scanning. Ideally, in a single energy mode it is found be-
low 60 keV for best discrimination between fat/water
and bone mineral. It has to be fairly above 30 keV be-
cause of the high absorption in thick tissue layers. Dif-
ferent filtering techniques are applied to achieve a small
half band width of the spectrum (Fig.4), such as a com-
bination of Al, Cu and Ce [63-67]. Two-energy tech-
niques in pQCT are practically not existing.

The calibration of pQCT systems is arbitralily. Sev-
eral aspects may be considered. Bone consists of a cer-
tain amount of water and fat equivalent tissue and min-
eral compound. One may appropriately choose a ratio
of fat/water simulating the relations in bone marrow.
This usually leads to some type of resin for use as cali-
bration material with different concentrations of hy-
droxyapatite added (Fig.5). The resin may also be se-
lected to simulate the density of water. In this case,
true conditions may appear with negative mineral con-
tent, if bone marrow contains material less dense com-
pared to water and the mineral content is very low. The
calibration may also be based on dry bone. The Stratec
machine uses the European Forearm Phantom (EFP)
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Fig.S. Linearity of the XCT 900 pQCT system, calibrated with hy-
droxyapatite/resin phantoms

for calibration, which was developed for a multicenter
trial [68, 69]. As this phantom uses water equivalent
soft tissue simulating material, a calibration offset for
the amount of fat found in vivo has to be added. In clin-
ical use, accuracy does not play a significant role. How-
ever, for intercomparability, all systems must be equally
calibrated or otherwise the exact offset must be known.
Much different from planar absorptiometry systems,
pQCT exhibited very high linearity within the range
covered by the European Forearm Phantom and highly
linear correction equations between the two pQCT sys-
tems of different manufacturers in the test [68, 69]. It
should be noted that the difference between the XCT
900 device distributed in Europe and the XCT 960 sys-
tem for the international distribution is only a 40 mg/
ccm calibration offset. The XCT 960 is the only pQCT
with an FDA approval. An increasingly important fac-
tor is the radiation exposure. Peripheral QCT has the
lowest effective dose of all densitometric techniques
(except SPA) exposing the forearm to 0.03 uSv, com-
pared to 25 pSv of the abdomen scanned with axial
QCT.
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vent of helical CT systems and powerful but inexpensive
computer workstations, in conjunction with the in-
creased availability of CT scan time, should make this
approach increasingly clinically attractive.

In the spine, the use of volumetric QCT measure-
ments should impact precision more than discrimina-
tory capability. Their potential to improve the precision
of spinal measurements relates to the use of three-di-
mensional anatomic landmarks to guide the placement
of volumes of interest and to the use of image alignment
techniques to ensure that the volumes of interest are ac-
curately repositioned in serial scans. Currently, single-
slice QCT techniques are highly operator dependent,
requiring careful slice positioning and angulation as
well as careful ROI placement. In a volumetric ap-
proach, on the other hand, an image of the entire verte-
bral body is acquired, and the volumes of interest may
be determined and repositioned in software. With a vol-
umetric acquisition, it is possible to employ landmarks
such as the vertebral endplates to determine the three-
dimensional orientation of the vertebral body, thus re-
moving the need for careful slice positioning by the op-
erator, and improving the accuracy of the measurement
in cases of pronounced lordotic or scoliotic curvature.
It is also possible to define new trabecular and integral
VOIs which contain most of the bone in the vertebral
centrum, as shown in Fig.3. Although measuring a lar-
ger volume of tissue may enhance precision, these new
regions are highly correlated with the mid-vertebral
sub-regions assessed with standard QCT techniques
[50] and may not contain significant new information
about vertebral strength. Consequently, volumetric
studies of regional BMD, which examine specific sub-re-
gions of the centrum [51] that may vary in their contri-
bution to vertebral strength, and studies of the cortical
shell [52], the condition of which may be important for
vertebral strength in osteoporotic individuals, are of in-
terest for future investigation.

High resolution imaging of trabecular micro-architecture
using CT

The goal of high resolution CT techniques is to assess
the arrangement of the trabeculae rather than the bone
mass or density. Although the mean BMD assessed in a
volume of interest is an important determinant of bone
strength, there is evidence that the architecture of the
trabeculae and the thickness of the cortical shell are de-
terminants as well. Research approaches to assess the
trabecular network involve both adaptation of existing
clinical CT systems (spatial resolution = 500-700 i) to
this task as well as development of ultra-high-resolu-
tion uCT systems (20-200 p) for scanning of bone speci-
mens or of the peripheral skeleton, particularly at the
distal radius and phalanges. This section will focus on
the adaptation of existing body CT scanners for high-
resolution measurements. _
Several investigators have hypothesized that the sta-
tus of the vertebral microarchitecture should be re-
flected in measurements of regional BMD. Sandor
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et al. presented a technique [53, 54] in which the trabec-
ular bone in the mid-vertebral centrum was subdivided
into small regions arranged in a radial pattern similar
to a spider’s web. BMD showed a characteristic regional
distribution with maxima situated at the lateral and an-
terior portions of the vertebral body. These maxima
showed the highest age-related BMD loss. Cody and
Flynn developed a technique which assessed regional
BMD (51, 55] in volumetric images of the vertebral
body by distributing 18 cylindrical regions of interest
through the vertebral centrum. These sub-volumes had
high inter-correlations, and there was no specific regions
which was more sensitive than the others in vertebral
fracture prediction. However, in a later analysis, Flynn
found that pattern classification methods [56] identified
vertebral architectural density patterns that potentially
provide enhanced fracture discrimination.

Reasoning that a high variation of the grey-scale val-
ues inside the QCT ROI was indicative of a robust tra-
becular architecture, Braillon et al. [S7] suggested using
the standard deviation of the BMD values as a parame-
ter reflective of the trabecular structure in the lumbar
vertebral bodies. Engelke et al. [S8] applied this ap-
proach to 218 women, including both normal and verte-
brally-fractured subjects. However, the results did not
support the contention that the standard deviation
could be used to improve vertebral fracture assessment
over BMD alone. However, if higher radiation doeses
and higher magnifications are employed to improve de-
piction of the trabecular structure than this technique
may show more promise.

High-resolution thin-slice tomography performed
with standard body CT scanners may be employed to
better resolve the trabecular network. Such images typi-
cally have pixel sizes of 0.18-0.3 mm and slice thickness-
es of 1-1.5 mm. The depiction of the trabeculae is lim-
ited by the spatial resolution of these systems, typically
around 600 and the low radiation doses involved.
While this imaging approach does not accurately repre-
sent the trabecular structure (trabecular thick-
ness = 100-150 p and spacing = 500-700 ), it may be
possible to extract some measures of trabecular texture.
However, the results may vary substantially according
to which image processing technique is used. Some in-
vestigational work using thin slice tomography has
been published recently by Chevalier et al. [59]. They
measured a feature termed the trabecular fragmenta-
tion index (length of the trabecular network divided by
the number of discontinuities) to separate osteoporotic
subjects from normal subjects. However, this index did
not readily separate post menopausal osteoporotic wo-
men with vertebral fractures from normal or osteopenic
subjects. A similar trabecular texture analysis approach
was also reported by Ito et al. [60]. Wang et al. [61] ap-
plied a textural analysis (BV/TV, L'Th, N.Br) to a group
of osteopenic women (Tpxa spine or hip < ~2-3), containing
a subset of vertebrally-fractured subjects. They found
that these textural measures were moderately corre-
lated to trabecular BMD (r? = 0.55-0.75), and also dis-
criminated fractured and non-fractured subjects
(p < 0.03), as did BMD. However. when the textural
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Table 1. Reported in vivo and in vitro precision of pQCT devices
for trabecular bone density in human bones, measured in mg/cm?

Authors Precision CV % Device Method
Schneider [63] 1.7 SCT900 in vivo
Reiners [87] 08-15 SCT900 invivo
Hosie [67] 126 SCT900 invivo
Grampp [88] 09-2.1 XCT960 invivo
Hangartner [89) 0.57 Prototyp in vivo
Hosie [67] 05 OSCAR invivo
Wapniarz [90] 0.9 XCT900 in vitro
Guglielmi [91] 023 XCT900/ in vitro
XCT960

Precision of pQCT

According to the different purposes of pQCT scanners,
the precision meets different levels. If time consuming
multi-slice examinations are performed, a stack of con-
secutively spaced CT slices allows precise detection of
the bone volume scanned at a previous session, pro-
vided that no modelling drift has changed the bone vol-
ume. This technique is based on a comparison of the
cross sectional area, which is assumed to remain the
same at the same cross section in relation to the bone
axis. An interpolation algorithm allows fine-adjustment
of the density result and changes therefore. This tech-
nique is used in the Densiscan machine and few re-
search prototypes. Principly, the Stratec machine is ca-
pable to perform multislice analysis with interpolative
calculation of the results, based on the same method.
This technique is mainly used in animal studies and re-
search studies in humans. In regular clinical application
only single slice evaluation is used, due to the shorter
scanning time. Despite justified criticism due to inade-
quate use of the single slice mode which may result in
reduced precision, comprehensive means were provided
to control precise location of a single CT slice in repeat
measurements. This process has recently been fully op-
erator independantly automated. The precision that
can be achieved manually by trained operators is suffi-
cient for follow-up measurements in normal clinical use
and comparable with all other densitometry techniques
(Table 1). In rapidly progressing diseases, modelling
drift is likely to change the investigated bone volume
considerably over time. Then, more or less sophisticated
approaches to relocate the measurement site will not
represent the expected changes. Undoubtfully, the
Densiscan machine provides the best published in vivo
precision figures in the hand of few experts. It remains
open, if that would hold true under the conditions of a
wide spread use, comparable to that of the Stratec scan-
ner systems. A new development which is currently un-
der clinical evaluation, the XCT 3000 system, offers sev-
eral improvements over it’s predecessors XCT 900 and

XCT 960, eliminating substantial differences compared

to the Densiscan.
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Clinical evaluation of the pQCT technology

First clinical results have been reported in a small num-
ber of patients [3]. The instrumentation allowed moni-
toring of very small changes in density of the appendicu-
lar trabecular bone. Consecutive work proved the use-
fulness of the method to monitor very small changes of
bone mineral mass in short periods of time either phar-
macologically induced [70] or due to disease [71]. Only
few investigations documented the significance of
pQCT in comparison to other densitometry methods
[63, 64]. It should also be mentioned that the clinical re-
sults obtained with the Densiscan have never been veri-
fied by other investigators. This is particularly true for
the hypothesis stating a bimodal frequency of bone loss
in a relatively small number of women in early meno-
pause [71]. One would expect here a normal distribution
at a larger number of cases.

In epidemiological use there are further require-
ments to make the pQCT method: (2) valuable for the
diagnosis of osteoporosis, (b) to have comparable re-
sults among different sites and (c) comparable between
different brands of machines.

This has been well noticed by the end of the 80s,
when also other densitometry techniques appeared to
be less comparable between different manufacturers.
For the pQCT there were only few investigations known
to show age distribution of trabecular density values at
the radius or at the tibia in arbitrarily defined popula-
tions. Even at the same bone, namely the distal radius,
the measurement sites were not exactly comparable be-
cause of the large variation of the radius along the axis
and the slightly different site the investigators had cho-
sen to measure the CT-slices. Therefore, in context with
a large multicenter trial (COMAC-B.M.E), the stan-
dardisation committee first had to agree on a standard-
ized measurement site before the study could be at-
tempted. The COMAC-B.M.E. study included 7 Stratec
XCT 900 scanners, 1 Stratec SCT 900 scammer amd 2
Densiscan units. To achieve intercomparability of the
different scanners, first a phantom had to be designed
[69]. The EFP spanned most of the bone density values
occuring in the radiuses of human subjects, including os-
teoporosis. The outcome of the study showed several
important aspects for peripheral densitometers. It ap-
peared that the older SPA technology performed less
well than pQCT with regard to linearity and stability
[68]. By means of the EFP, multi center data could be
cross-calibrated to achieve a larger normal data base
for healthy individuals, resulting in the first multi center
data base for pQCT [72]. Along with German multi cen-
ter data of normals [73], reliable data bases became
available for comparison in clinical use as well as for
comparison with regional differences in bone mineral
content. Within the COMAC-B.M.E. study sensitivity
and specificity analysis was attempted between the nor-
mative data-and selected groups of osteoporotic dis-
eases. The non significant differences among ROC-anal-
yses showed that pQCT performed equally well in dis-
crimation of fracture cases (hip and spine) as did all
other densitometry techniques. Peripheral QCT there-
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fore may be the method of choice when evaluating gen-
eralized bone loss [74]. The ROC curves for the pQCT
are very similar to the recent results of Takagi et al.
[75]. Peripheral QCT has also impacted in the pediatric
field and opened up a new clinical perspective in assess-
ing bone mass and its development in children with dif-
ferent diseases [76, 77]. With new developments, such
as the XCT 3000, investigations of further aspects of
bone mineral and architectural changes at different sites
using the same method (Fig.6) are in progress.

Animal models assessed by pQCT

The specially built versions of the Stratec pQCT had a
large impact on drug studies using animals. Predomi-
nantly pharmaceutical companies appreciated the ad-
vantages of the method [78, 79]. It was recognized that
pQCT in small animals is an important addition to drug
evaluation because it was found to be more sensitive
than DXA and allows for shorter duration of experi-
ments. This non-invasive method can reliably measure
changes in cancellous and cortical bone mass in small
animals over time. It should be viewed as a complimen-
tary technique to static and dynamic histomorphometry,
which does not replace either of these methods. A study
of Sato et al. [80] showed a change of mineral density in
arat tibia to be 10 times larger as the precision of pQCT,
whereas DXA failed due to edge detection problems. In
the rat vertebra on the other hand, pQCT was unable to
achieve acceptable precision in vivo due to positioning
problems. In a study carried out by Jerome et al. [81] it
was also reported that pQCT was potentially more sen-
sitive than DXA, because it could seperate cancellous
bone from cortical bone. Due to these results, pQCT po-
tentially could allow the number of animals investigated
and/or sacrificed to be reduced.
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Noninvasive estimation of bone architecture

Different from all other methods, pQCT as a method ca-
pable of 3-dimensional imaging inherently bears the ca-
pability of providing information related to the architec-
ture of bone. In addition, it allows to determine the ma-
terial property by estimation of the bone mass per vol-
ume unit. It may hence be applied to noninvasive esti-
mation of bone mechanical properties at organ level,
beyond the possibilities of standard densitometry [82,
83]. Clinical application is currently evaluated by our
group. Moreover, some sophisticated research machines
even allow structural estimation at an almost micro-
scopic level [84], simulating a noninvasive bone biopsy.
Again, the wide spread use of the Stratec pQCT systems
has opened part of these capabilities to a larger commu-
nity of researchers. Excellent results have been ob-
tained, correlating pQCT-assessed mechanical parame-
ters, such as the second moment of inertia and it’s deriv-
atives (Fig.7), with ultimate failure load [85). Interest-
ing in vivo correlations of noninvasively measured
bone strength to clinically relevant fractures are to be
expected. The most exciting advances are shown in
pharmaceutical trials, demonstrating in vivo assessed
changes of bone bending strength due to pharmacologi-
cal interactions [86]. This approach is considered the
most relevant with regard to desired improvement of
the fracture threshold in individuals as the benefit of a
drug application.

Conclusions

The introduction of pQCT has been the effort and the
benefit of a small scientific community over the past
25 years. Successful commercialization has been
achieved by researchers of Wiirzburg in cooperation
with Stratec company. The measure for the high end at
the technical side is still set by the Swiss group with
Riiegsegger and coworkers, who also successfully com-
mercialized their system. All groups together have seta
new measure in densitometry, to overcome the re-
stricted information provided by conventional tech-
niques. The method is being widely used in health care
systems in Europe and the Pacific Rim. It remains to
be seen, based on the promising results in pharmaceuti-
cal research, whether it may also successfully take part
in clinical trials and in the halth care system of North
America, where DXA is still dominating.

The use of pQCT is very sensitive to immobilization
and repositioning of the scanned object on one hand.
On the other hand, it provides a look into separate
bone compartments, offering more detailed variables
as compared to any other densitometric method. At
least in animal models, the first anticipations have been
confirmed, that the look into metabolically more active
bone compartments does provide earlier information
about the onset of disease or therapy. There is no reason
to believe that in humans different findings are to be ex-
pected.
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Abstract. We examined the impact of degenerative
conditions in the spine (osteophytosis and endplate
sclerosis) and aortic calcification in the lumbar region on
bone mineral content/density (BMC/BMD) measured
in the spine and for¢arm by absorptiometry and on
fracture risk prediction. The radiographs of 387 healthy
postmenopausal women, aged 68-72 years, were
assessed in masked fashion for the presence of osteo-
phytosis, endplate sclerosis and aortic calcification in
the region from L2 to LA4. Vertebral deformities/
fractures were assessed by different definitions.

ne mass (p<0.001). Endplate sclerosis had a similar
effect (p<0.001). In suE_j;ﬁts with both degenerative
condition§ the BMC/BMD in the spine and forearm
were sigmificantly higher than in unaffected women
(19% in the spine, 10% in the forearm; p<0.001). The
spinal BMD values were significantly lower in fractured
women if both degenerative conditions were absent
(p<0.001), whereas fractured and unfractured women
had similar values if degenerative conditions were
present. Degenerative conditions did not alter the
ability of forearm BMC to discriminate vertebral or
peripheral fractures. Receiver operating characteristic
(ROC) curves (true positive fraction versus false
positive fraction) were generated for BMD of the
lumbar spine and BMC of the forearm with regard to
the discrimination between women with vertebral and
peripheral fractures and healthy premenopausal
women. The ROC curves for women without degenera-
tive conditins were consistently above the curves for
women affected by osteophytosis and endplate sclerosis
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in the lumbar spine (p<0.001). In conclusion, osteo-
phytes and endplate sclerosis have a_considerable
nfluence on spinal bone mass measurements in elderly_
postmenopausa women and affect the diagnostic ability
of Spinal scans t¢ discriminate osteoporotic women. Qur
data suggest that in elderly women, unless the spine is
radiologically clear of depgenerative conditions, a peri-
‘pheral measurement procedure should be considered an
“alternative for assessment of bone mineral content/
density. -
). |

Keywords: Bone densitometry; Degenerative con-
ditions; Fracture risk; Osteophytosis; Osteoporosis -

Introduction

Osteoporosis is 2 major age-related disease affecting
millions of women throughout the world. It is character-
ized by a decreased amount of bone and increased
susceptibility to fracture. Bone mineral measurements
in different skeletal areas are widely used to examine
the future risk of osteoporotic fractures in postmeno-
pausal women.

It has been intensely debated in which part of the
skeleton the bone mass should be determined. The
spinal bone mass seems to be more affected in several
metabolic bone diseases than are areas with predomi-
nantly cortical bone [1,2] and osteoporotic paticnts
often present with spinal crush fractures {2,3]. Measure-
ments of the spinal bone mineral density (BMD), are,
however, complicated because the vertebrac have an
irregular shape and are surrounded by a thick layer of
soft tissue. There is wide variability in body composition
from one individual to another, and within the same

v _ A AoanirEe (B



44

individual over time. Theoretically, degenerative con-
ditions and aortic calcification in the area of interest may
be other factors influencing the accuracy of spinal bone
mass measurements.

A few studies have evaluated the influence of osteo-
phytosis on spinal BMD with contradictory findings [4-
8]. Two of these found in men that spinal osteophytosis
gave falsely high values of BMD and thus camouflaged
the extent of underlying osteoporosis [4,5]. In women,
one study indicated no impact of osteophytosis on
measurements of spinal BMD {6}, whereas others have

demonstrated the opposite [7.8]. The studies on aortic*

calcification, however. revealed consistently that this
factor seems to have only minimal impact on BMD
(4.9.10].

In the present study we reviewed previously pub-
lished data [11] to investigate the influence of degenera-
tive conditions in the region of the lumbar spine on
spinal and forearm bone mineral content/density (BMC/
BMD) in a large homogeneous group of elderly. other-
wise healthy postmenopausal women. Furthermore. we
examined the impact of these conditions on the discrimi-
natory ability of bonc mass measurcments for osteopor-
otic fractures.

Materials and Methods
Subjects

We reviewed published data on a large study population
of healthy postmenopausal women aged 68-72 years,
applying an evaluation of degenerative conditions with-
in the area of the lumbar spine. The women were
recruited by questionnaires sent to all women in that age
group residing in six municipalities near Glostrup Hos-
pital. A total of 2009 questionnaires were sent out and
1522 were returned. In all. 788 fulfilled the primary
selection criteria. which were: mobile; never suffering
from corongry infarction. stroke. or malignancy: and
not taking sex hormones or other drugs known to
influence calcium metabolism. A total of 512 women
attended a screening examination and of these a random
sample of 387 women had a radiographic examination of
the thoracolumbar spine [11].

A reference sample of 142 premenopausal women
was included in the analysis. These women were healthy
volunteers with no evidence of bone disease and no drug
intake known to interfere with calcium metabolism.
They were recruited during the same period as the
target population.

Assessment of the Radiographs and Fractures

The participants were radiographed in the lumbar spine
at the initial visit and 1 and 2 years. The lateral
radiography was carried out under standardized con-
ditions with a fixed film—focus distance of 1 m. All
radiographs were assessed in masked fashion by the
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Fig. 1. Bonc mincral density in the Jumbar spine (BMDspine) and
bone mineral conteat of the distd forcarm (BMCuarm) according to
number (N) and size (<X mm or 23 mum) of osteophytes (mean +
SEM). *p<LOS. **p<0.01, **p<l by snalvsis of covasiance
correcting for cndplate sclerasis.

same cxpericnced radiologist. The radiographs were
cvaluated independently for the presence of osteophy-
tosis. endplate sclerosis and aortic calcification in the
region from L2 to L4. Endplatc sclerosis was registered
as present or not ynd aortic calcification. if present. was
registered as pundtatc or densc. The osteophytes were
graded according to size (more or less than 3 mm) and
numbers (from | to 6).

Figure 1 shows the spinal and forcarm bone mass
values according to numbers of ostcophyies and size.
Bone mass was generally unaffected by ostcophytes
smaller than 3 mm, whereas osteophytes above that size
and in numbers of 3 or more resulted in a significantly
higher bone mass both bane compartments (p<(.(X} ).
Only osteophytes of that size and quantity were there-
fore considered clinically significant.

Two quantitative methods — that of Kleerekoper et al.
[12] and that of Melton ct al. [I13] — were u$éd for
assessment of the radiographs for vertebral deformitics.
and for both methods thc anterior. midvertebral and
posterior heights of the vertebrae were measured to the
nearest millimetre by a transparent ruler. The intra-
observer variation was 2.5% (range 1.5%-3.8%). In the
method of Kleerekoper et al. [12] wedge deformities
were basically defined as a reduction of at least 25% in
anterior height as compared with posterior height:
compression deformities had to have a reduction of at
least 25% in posterior height as compared with that of
adjacent vertebrae. In the method of Melton et al. [13]
wedge and compression deformities were basically
defined according to the same criteria as in the method
of Kleerekoper et al. except that the reduction had to be
at least 20%. Before these criteria were applied the
height of each measurement was corrected by an adjust-
ment factor that took into account the normal variation
in vertebral shape and size throughout the spine
between (1) the anterior and posterior heights and (2)
the posterior heights and those of adjacent vertebrae.
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The adjustments were based on data from 31 healthy
early postmenopausal women who had no radiological
evidence of vertebral deformities. Finally the radio-
graphs were evaluated qualitatively by a traditional
clinical assessment of atraumatic wedge or compression
fractures. Peripheral fractures were ascertained through
a medical history. All reported fractures were checked
with-medical records and the radiograph.

Measurement of Bane Mass

The BMD of the lumbar spine was measured by dual-
energy X-ray absorptiometry (Hologic, model QDR-
1000) [14]. This system uses a highly collimated dichro-
matic X-ray source (70 kVp and 140 HkV). The BMC is
calculated in L2 to LA, including the intervertebral
discs. BMC is expressed in grams after internal calib-
ration, and BMD is calculated as BMC divided by the
area of interest (g/cm?). In our department the long-
term precision in vivo is 1.5% [14]. The BMC of the
distal forearm (BMCarm) was measured by single-
photon absorptiometry with an %I source (3.7 GBq)
with photopeak at 27 keV. In our department the long-
term precision in vivo is 1% [15].

Statistical Analysis

Statistical analysis was performed using the statistical
analysis system (SAS) program. The influence of end-
plate sclerosis, osteophytosis and aortic calcification on
bone mass values was adjusted for body weight by
analysis of covariance. The study population was
divided into subgroups according to the presence of
endplate sclerosis and/or osteophytes (presence of 3 or
more osteophytes > 3 mm). Differences between sub-
groups in bone mass measurements were tested by one-
way analysis of variance, and Student’s ¢-test for paired
and unpaired data was used when appropriate. All tests
were two-failed and p<0.05 was considered significant.

To compare the impact of degenerative changes on
the discriminatory ability of different scanners, the
individual BMC/BMD measurements were expressed in
T-scores (i.e. differences between measurements
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expressed in standard deviations) relative to premeno-
pausal women. In order to examine the impact of
degenerative changes on discriminatory ability, receiver
operating characteristic (ROC) curves [16,17] were
generated for affected and unaffected women for both
spinal and peripheral fractures. The ROC curve plots
the true positive fraction (sensitivity) against the false
positive fraction (1 — specificity) changing the cut-off
level successively. The greater the area under the curve,
the higher discriminatory ability between fractured and
unfractured patients. The area under the ROC curves,
standard errors and significance of differences of the
area under the curves were calculated according to
Hanley and McNeil [18,19].

Results

The gross morphology and values of bone mass mea-
surements are given in Table 1 according to the presence
of osteophytes, endplate sclerosis and aortic calcifi-
cation. The groups were well matched with respect to
morphology. The differences in spinal BMD between
the women with and without osteophytosis and women
with and without endplate sclerosis were 12%
(p<0.001). The corresponding differences in forearm
BMC constituted 8% for both the degenerative con-

ditions (p<0.001). One hundred and fifty-eight women

had aortic calcification alone, which did not affect bone
mass at’cither of the two measuring sites. Body weight
was lower in women with any of the three conditions
than in women without (p<0.01). The data were there-
fore adjusted for weight, which did not significantly
alter the results. _

Figure 2 illustrates the relation of the spinal BMD and
forearm BMC to the presence of osteophytosis and
endplate sclerosis. Most womebh had both conditions
(n=137), while 94 had endplate sclerosis alone-and 32
women had osteophytes alone. In women with neither
of the two degenerative conditions (n=124) the BMD
values in the spine were 19% lower than in women with
both conditions and 10% lower in the forearm
(p<0.001), while women with either osteophytosis or
endplate sclerosis had intermediate values. The 19%

Table 1. Gross morphology and bascline measurements of bone mass (mean£SD) according to degenerative conditions in the lumbar spine and

aortic calcification

Osteophytosis Endplate sclerosis Aortic calcification

Pt:cscnt Absent Present Absent Present Absent
No. of patients . 169 218 231 156 234 153
Height (cm) 160 £6 159 =6 160 £6 159 £6 159 =6 160 6
Weight (kg) 68 11°** 64 +11 67 x11° 64 Il 65 +11°° 68 11
BMCarm (units) 336 * 6.4°°° 309 £ 59 332 + 6.4°°° 04 £ 57 316 + 6.2 327 £ 63
BMDspine (g/cm?) 0.95% 0.17°*° 0.82+ 0.14 0.92+ 0.18°"** 0.81+ 0.13 0.87+ 0.17 0.89% 0.17

BMCarm, bone mincral content of the distal forcarm; BMDspine, bone mineral deasity of the lumbar spine.

*p<0.05, **p<0.01, ***p<0.001; Student’s {-test for unpaired data.
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Fig. 2. Bone mineral density in the lumbar spine (BMDspinc) and
bone mincral content of the distal forearm (BMCarm) according to
the existence of at least three ostecophytes (=3 mm in size) and/or
endplate sclerosis (mean + SEM). *p<0.05, **p<0.01, ***p<0.001
by analysis of covariance.

difference in the spine was significantly higher than the
10% difference in the forearm BMC (p<0.001).
Forty-two women had sustained a forearm fracture, 5
‘women a hip fracture and 9 women a humerus fracture.
Defined by the method Melton et al. [13], the preva-
lence of spinal fractures was 16%; by the method of
Kleerekoper et al. [12] 12%; and by clinical assessment
35%. Table 2 gives the spinal and forearm BMC/BMD
values according to spinal fractures alone or in combi-
nation with peripheral fractures, and the presence of
osteophytosis plus endplate sclerosis. The spinal BMD
values were significantly lower in the group of women
with fractures and without degenerative conditions
(p=0.001), whereas fractured and unfractured women
with the combination of osteophytosis and endplate
sclerosis had similar values (NS). This was the case if the
two quantitative methods (that of Kleerekoper et al.
and that of Melton et al.) were used for the definition of
spinal fractures, and both for spinal fractures alone and
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in combination with peripheral fractures. The presence
of degenerative conditions did not affect the relation

;between BMC of the forearm and spinal fractures

alone, whereas the forearm BMC was significantly
lower in women with spinal plus peripheral fractures if
degenerative conditions were not present (p<0.01-
0.001). For clinically evaluated spinal fractures alone,
the same pattern was seen for BMD of the spine,
whereas the forearm BMC was significantly lower in
fractured compared with non-fractured women regard-
less of degenerative conditions (p<0.05-0.001).

Figure 3 shows the ROC curves (true positive fraction
versus false fraction) for BMD of the lumbar spine and
BMC of the forearm with regard to the discrimination
between women with spinal fractures (defined by the
methods of Kleerekoper et al. and Melton et al.) or with
peripheral fractures and healthy premenopausal
women. For BMD of the lumbar spine, the curves for
women without degenerative conditions were consist-
ently above the curves for women affected by osteophy-
tosis and endplate sclerosis in the area, for the discrimi-
nation of both spinal and peripheral fractures (p<0.01-

©0.001). For BMC of the distal forearm there was,

however, no significant difference between women with
and without degenerative conditions for the discrimi-
nation of fractures in general.

Discussion

In clinical research measurements of BMC/BMD are
extensively used as a diagnostic tool and an index of
skeletal response. Extraskeletal calcification has, how-
ever, been suggested to influence the measurement of
BMC/BMD in the/ lumbar spine [4,5,7,8,20,21], but
little has been published on its impact on the discrimina-
tory ability of bone mass measurements for fractures.
Studies in men have demonstrated that spinal osteophy-
tosis gives falsely high values of spinal BMD and thus
camouflages the extent of underlying osteoporosis [4.5].

Table 2. Relation between vertebeal fractures (VF) (left) and VF plus peripheral fractures (PF) (right) and the presence of degenerative
conditions (DC) in the lumbar spine, and spinal BMD and forcarm BMC (mean + SEM)

BMDspine (g/fcm?) BMCarm (units)

DC VF »an  BMDspinc (¢cm®) BMCarm (units) VF+PF «
Method of Kleerckoper
etal. [12] - = 224 0.83%0.01 31.1+0.4 - 190 0.84+0.01 31.710.4
-+ 26 0.78+0.03 30.8+1.1 + 60 0.78+0.02** 29.31+0.7°*
+ - 116 0.98+0.01 34.1%0.5 - 107 0.98%0.01 34240.5
. + o+ 21 0.91x0.03* 31.8+1.2 + 30 0.95+0.03 32.1+1.0
Mecthod of Melton et al. [13] ~ - 213 0.84+0.01 31.3+0.4 - 182 0.84+0.01 31.940.4
-+ 37 0.77%0.02°* 30.2+0.9 + 68 0.78+0.02°* 29.240.7°*°
+ - 112 0.9740.01 34.1%0.5 - 102 0.97+0.01 34.2+0.6
+ 0+ 25 0.96+0.03 32.7%1.1 + 35 0.99+0.03 32.6+1.0
Clinical assessment - - 164 0.84+0.01 31.7£0.4 - 140 0.85+0.01 32240.5
-+ 8 0.80+0.02° 30.1+£0.6° + 110 0.80+0.01°* 29.8+0.5°°°
+ - 89 0.98+0.02 34.910.6 - 81 0.97+0.02 35.0+0.6
+ o+ 48 0.95+0.02 31.7+0.8°* + 56 0.97+0.02 31.940.8°°

BMCarm, bone mineral content of the distal forcarm; BMDspine, bone mineral deasity of the lumbar spine.
*p<0.05, **p<0.01, ***p<0.001; Student’s i-test for unpaired data between fractured and unfractured women.
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Fig. 3. ROC curves for discrimination
between healthy premenopausal women
and postmenopausal women with vertebeal
fractures (fop, the method of Kleerckoper
ct al. [12]; middle, the method of Melton et
al. [13]) and peripheral fractures (bottorm)
with (doded line) or without (dashed line)
degenerative conditions in the tumbar spine
by mecasurements of BMDspine (left) and
BMCam (right). The histograms represent
the relative magnitude of the arcas (£SE)
under the ROC curves. Dark shading,
women unaffected by degeacrative con-
ditions; light skading, women affected by
degencrative  conditions.  **p<0.0t;
***p<0.001; NS, not significant [18,19].

In women, the findings have been conflicting [6-8].
Confounding factors such as a wide age range including
both pre- and postmenopausal women and different

True Positive Fraction True Positive Fraction

True Positive Fraction
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recruitment procedures may explain the discrepancy in
results. Thus, men were recruited through hospital
admission or as ambulatory patients [4,5], and women
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through advertisement [6] or as osteoporotic patients
. with vertebral fractures [7]. The present study design
climinated several of these confounding factors. The
selection procedure ensured a representative sample of
healthy postmenopausal women, none of whom had
diseases or took medication known to interfere with
calcium metabolism, and the prevalence of fracturesin a
healthy population was given. The lumbar spine is an
area with a high prevalence of degenerative conditions,

i.e. spondylosis, disc disease which in addition to disc,
space narrowing and osteophytes results in reactive

sclerosis of the vertebral body endplates {20]. It is well
known that degeneration is maximal at the base of
mobile segments of the spine immediately above a
relatively rigid section, as is the case in the lower regions
of the lumbar spine.

Previous studies in both men {4,5] and women [7,8]}
have focused primarily on the presence of osteophytes,
but in the present study we also included endplate
sclerosis. We found both osteophytic calcification and
endplate sclerosis to have a considerable influence on
the spinal BMD measures.

The presence of both types of degenerative change
significantly influenced the ability of spinal measure-
ments to discriminate between fractured and non-
fractured women. This was the case both for peripheral
fracturts and for all three radiological methods of
defining vertebral ‘fractures. <The discrepancy -in
prevalence of vertebral fractures between the applied
methods illustrates the difficulty in defining vertebral
deformities/fractures. The crucial problem is that no
“gold standard™ exists, which inevitably impedes a
perfect approach to the accuracy of the diagnostic
method. Thus, intergroup as well as individual compari-
sons can be obscured by degenerative changes in the
lumbar spine and introduce errors into the evaluation of
risk of osteopaorosis. As low bone mass becomes more
and more used as the most reliable predictor of the
future risk Bf osteoporotic fractures [11], potential
confounding factors should be realized. A large overlap
in bone mass has been observed between fractured and
unfractured women {11,22,23]. This overlap may in part
be caused by the presence of degenerative conditions,
tesulting in falsely high spinal bone mass.

The present results indicate that the degenerative
condition of osteoarthritis is a generalized phenome-
non, affecting bone mass in both the axial and peri-
pheral skeleton. This is in accordance with previous
reports [6,7] which revealed a positive relation between
femoral BMD and osteophytosis score. As in our study
the peripheral bone mass (forearm) was affected to a
lesser degree than the spinal BMD. This trend, how-
ever, implies that subjects who are prone to degenera-
tive changes in the spine may also tend to have higher
BMD throughout the skeleton. Earlier reports on
patients with osteoarthritis have found increased BMD
at sites remote from affected joints {24,25]. Further-
more, the incidence of osteoarthritis is significantly
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reduced in patients with proximal femur fractures [26).
The reason for these differences is not established, but
subjects with osteoarthritis are heavier and stronger
than controls and have supranormal fasting growth
hormone levels [27]. Thus, the abnormalities underlying
degenerative joint disease may have a systemic impact
rather than being purely articular. In the same way, the
higher spinal BMD ifi women with degenerative
changes may to some extent be explained by this
generalized phenomenon rather than by a local impact
alone. Aortic calcification has no detectable effect on
lumbar BMD [4,9,10]. This has been explained by the
relatively low mineral density of vascular deposits {21].
One recent study [28] demonstrated that women with
aortic calcification had lower BMD in the lumbar spine
when measured with quantitative computed tomogra-
phy (QCT) and in the femoral neck measured by dual-
photon absorptiometry (DPA) when compared with
women without degenerative changes and aortic calcifi-
cation. However, they found no difference in the spine
when measured by DPA in the anterior-posterior pro-
jection. Degenerative conditions of the lumbar spine
affected the diagnostic ability of the spinal bone mass
measurements for fractures, which was not the case for
the forearm. Thus, the forearm measurement allowed
discrimination betyveen women with and without verte-
bral and peripheral fractures whether or not degenera-
tive conditions were present.

We meisured spinal BMC/BMD by DXA, but similar
effects are found with systems using DPA {4,5] and with
DXA systems with lateral scanning procedures [29]. To
solve the problem it has been suggested that involved
vertebra(e) should be eliminated from the spinal density
analysis in cases of localized osteophytosis or disc
disease. This, however, increases the methodological
measurement error and is ienvitably impossible in prac-
tice in women with diffuse osteophytosis or degenera-
tive disc disease at several levels. In the present Study
population of 70-year-old women the prevalence of
significant degenerative changes in the area of interest
was 35%. As a consequence, the diagnostic procedures
would require every lumbar spine scan to be associated
with a radiographic examination, increasing the costs
and irradiation dose unnecessarily. Alternatively, the
spinal measurement procedure could be replaced by a
peripheral one (e.g. forearm or femur). In our study the
bone mass was influenced twice as much in the spine as
in the forearm, resulting in a larger diagnostic potential
for the forearm measurement procedure.

In conclusion, osteophytic calcification and endplate
sclerosis have a considerable influence on spinal bone
mass measurements in elderly postmenopausal women
and affect the diagnostic ability of spinal scans to
discriminate osteoporotic women. Our data suggest that
in elderly women, unless the spine is radiologically clear
of degenerative conditions, a peripheral measurement
procedure should be an alterative for assessment of
bone mineral content/density.
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Osteoporosis: Diagnosis with Lateral and
Posteroanterior Dual X-ray Absorptiometry
Compared with Quantitative CT'

PURPOSE: To compare the diagnos-
tic sensitivity of posteroanterior and
lateral dual x-ray absorptiometry (PA-
DXA, L-DXA, respectively) and quanti-
tative computed tomography (CT).

MATERIALS AND METHODS:
Among 108 women undergoing lum-
bar spine bone mineral density as-
sessment, 66 were healthy (mean age,
52.9 years * 1.2 [standard error of
mean]) and 42 had osteoporosis
{mean age, 66.9 years + 1.2).

RESULTS: Although both L-DXA
and PA-DXA correlated well with
quantitative CT (r = .73 and .72, re-
spectively; P < .0001), L-DXA corre-
lated better than PA-DXA with age
(r = —.69 and —.50, respectively;

P < .0001). Women with osteoporosis
showed higher bone loss with quan-
titative CT (1.33% per year) and
L-DXA (0.3% per year) than with
PA-DXA (0.07% per year). Logistic
regression analysis indicated that
quantitative CT and L-DXA but not
PA-DXA are significant predictors of
osteoporotic fractures. Receiver-oper-
ating-characteristic curve analyses
showed L-DXA to have a sensitivity
and specificity closer to those of
quantitative CT than did PA-DXA.

CONCLUSION: Performance of L-
DXA helped discriminate better than
PA-DXA between healthy subjects
and those with osteoporosis.

Index terms: Bones, absorptiometry, 3212171 -
Computed tomography (CT), quantitative,
33.12119, 33.56 = Osteoporosis, 33.12171, 33.56
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OSTEOPOROSIS is a common cause of
vertebral and hip fractures. Al-
though fracture occurrence depends
on a variety of factors (eg, tendency
to fall and bone quality [1,2]), bone
mineral density (BMD) is an estab-
lished, important predictor of risk of
osteoporotic fracture (3-6). Several
techniques have been developed for
noninvasive measurement of axial
BMD. Quantitative computed tomog-
raphy (CT), dual-photon absorptiom-
etry, and posteroanterior dual x-ray
absorptiometry (PA-DXA) have been
widely applied to diagnostic assess-
ment of BMD and monitoring of
changes in BMD due to treatment
or progression of disease (7-11).

Quantitative CT has the ability to
measure selectively the trabecular
compartment of the vertebrae and has
therefore been recognized as a sensi-
tive method with which to assess
BMD in patients with osteoporosis
(12-15). Recently however, PA-DXA
has gained widespread acceptance as
a tool for assessing BMD on the basis
of results from comparative studies
that show PA-DXA to be more precise
than either quantitative CT or dual-
photon absorptiometry (16-18). More
importantly however, acquisition of a
PA-DXA scan involves a radiation ex-
posure of only 2-3 mrem (19) com-
pared with the 250-300-mrem expo-
sure associated with quantitative CT
(20,21) and allows for measurement of
BMD at different skeletal sites (22-24).
Although PA-DXA is a highly precise
technique, with a 1% variation in -
short-term reproducibility studies
(16,25,26), quantitative CT has been
shown to help discriminate between
healthy women and those with osteo-
porosis better than PA-DXA (27).

The better diagnostic sensitivity
of quantitative CT compared with
PA-DXA may be a result of the fact
that PA-DXA quantifies not only the
trabecular compartment of the verte-
bral body but also the posterior com-
pact bone elements of the vertebra. In

addition, any hypertrophic and de-
generative change and/or vascular
calcification, which commonly occur
in women over the age of 60 years,
are also included in the final result
from PA-DXA (28).

To maximize the amount of tra-
becular bone and to minimize the
amount of cortical bone and extraver-
tebral calcification present in the area
of interest, previous studies have
measured BMD with lateral DXA
(L-DXA) (29-33). In these studies,
BMD was measured while the patient
was in the lateral decubitus position.
The lateral projection thus derived
was shown to be more sensitive for
detection of age-related bone loss
than the projection derived from
PA-DXA but resulted in poorer pre-
cision, possibly as a result of the posi-
tioning of the patients. Because of
these results, an L-DXA scanner with
a rotating C-arm has been developed
that allows the patient to adopt the
same supine position for both PA-
DXA and L-DXA.

Results from preliminary studies
suggest that a L-DXA scan obtained
with the patient in the supine posi-
tion provides significant improve-
ment in precision (33,34) and accu-
racy. The present study was designed
to assess the sensitivity of PA-DXA
and L-DXA in the diagnosis of osteo-
porosis, with quantitative CT as the
criterion measure. The role of L-DXA
in detection of spinal bone loss was
also studied.

MATERIALS AND METHODS
Subjects

Quantitative and DXA measurements
were obtained in 108 white women who
were seen at our center for osteoporosis

Abbreviations: BMD = bone mineral density,
DXA = dual x-ray absorptiometry, L-DXA =
lateral DXA, PA-DXA = posteroanterior DXA.

845



screening. Women with known or sus-
pected malignant disease or with second-
ary causes of osteoporosis were excluded.
Only baseline spinal BMD studies were
performed. A group of 66 healthy women
(age, 26-73 years [mean, 52.9 years + 1.4
[standard error of the mean|]) was estab-
lished on the basis of results of medical
history. In this study, menopause was de-
fined as absence of menses for at least 6
months in women over the age of 35
years. The women had no history of frac-
tures, low back pain, or height loss. None
of them had any disease known to affect
BMD or calcium metabolism. Their radio-
graphs showed no evidence of vertebral
fractures, spinal demineralization, arthri-
tis, or scoliosis.

A second group of 42 subjects (age
49-83 years [mean, 66.9 years + 1.2]) was
classified as osteoporotic. All members of
this group had experienced at least one
but not more than four wedge or crush
deformities of the vertebral bodies T-4
through L-5 and/or evidence of significant
spinal demineralization identified on tho-
racolumbar spinal radiographs. A wedge
deformity was considered to be present if
the anterior vertebral cortex measured
85% or less of the posterior cortex on Jat-
eral spinal radiographs. A crush fracture
consisted of an observable loss of both an-
terior and posterior height of at least 25%
compared with intact adjacent vertebrae.

BMD Measurements

Single-energy quantitative CT of the
L-1-L-3 segment of the lumbar spine was
performed with a model 9800 CT scanner
{(GE Medical Systems, Milwaukee, Wis)
according to the method of Cann and
Genant (12), as previously described (35).
Briefly, a phantom (Perspex; QCT Bone
Mineral Analysis System, San Francisco,
Calif) containing potassium phosphate
standard was placed under the patient.
Cursors were placed on the vertebral im-
age to define 10-mm-thick transverse sec-
tions through the center of T-12, L-1, L-2,
L-3, and L-4. Cross-sectional images of
each uncompressed vertebra were ob-
tained and used to position elliptical cur-
sors in the trabecular area of each verte-
bral body. CT counts were then obtained
for the selected vertebrae and for the stan-
dards. Spinal measurements were refer-
enced to a calibration curve obtained from
the standard and were expressed in milli-
grams per cubic centimeter. The short-
term precision of this method, as assessed
with multiple scans of human lumbar
spine specimens obtained from cadavers,
was 4.5%.

BMD measurements at L-DXA (L-2-L-4)
with the patient in the supine decubitus
position and at PA-DXA (L-1-L-4) were
made with a model QDR-2000 densitom-
eter (Hologic, Waltham, Mass), with use
of standard procedures supplied by the
manufacturer for scanning and analysis
that were similar to those described previ-
ously (27,29,36-38). The densitometer is a
32-detector fan-beam DXA device that
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Table 1
T Test Comparisons between Healthy Subjects and Those with Osteoporosis
Group
Variable Healthy (n = 66) Osteoporotic (n = 42)
Age (y) 529+ 14 669 x12°
Height (cm) 1637 £ 08 1619 =13
Weight (kg) 62616 58417
Years since menopause 85= 1.1 186 = 1.4*
Quantitative CT (mg/cm?) 98.1 = 3.8* 46.1-x 3.2
PA-DXA (g/cm?) 0.888 = 0.015* 0.739 = 0.020
L-DXA (g/cm?) 0.617 = 0.015* 0.452 = 0.011
Volumetric L-DXA (g/cm?) 0.181 = 0.004* 0.135 = 0.004
Middle L-DXA (g/cm?) 0.548 = 0.019* 0.373 = 0.016
L-3 L-DXA (g/cm?) 0.612 = 0.015* 0.461 = 0.014
Note.—;Numbe:s are mean * standard error of mean.
*P< 0L
Table 2
Correlation Coefficients for Entire Subject Population
Quantitative Volumetric  Middle
Factor (W) PA-DXA L-DXA L-3L-DXA L-DXA L-DXA
Quantitative CT ... 72 73 68 71 71
Age () -76 - 50 -.69 - 65 -.69 - 67

All correlations were significant at P < .001.

uses pulsed x-ray sources and employs an
internal calibration system previously de-
scribed by Stein et al (39) and multiple de-
tector arrays that offer increased scanning
speed and improved spatial resolution
along the y axis (40). We used the manu-
facturer’s recommended settings of ““array
spine” for the posteroanterior projection
for L-1-L-4 and “array supine lateral fast”
for the lateral projection for L-2-L-4. All
measurements were taken on the same
day for each subject.

All fractured vertebral bodies (n = 68)
identified on lateral thoracolumbar spine
radiographs were excluded from data
analysis. Since superimposition of pelvic
bone to L-4 occurred in 14% of our pa-
tients (15 of 108) and superimposition of
ribs toL-2 occurred in 100% of cases re-
ported by others (41,42) (167 and 55 pa-
tients, respectively), we also analyzed
L-DXA measurements restricted to L-3
(L-3 L-DXA). The middle central area of
vertebral bodies L-2-L-4 (middle L-DXA),
as proposed by the manufacturers, was
also included in the measurement data file
for each subject. The results of L-DXA, L-3
L-DXA, and middle L-DXA measurements
were expressed in grams per square centi-
meter. A volumetric BMD (volumetric
L-DXA) (calculated by dividing the lateral
BMD by the average width of that verte-
bra measured from the posteroanterior
projection) was also determined and re-
sults expressed in grams per cubic centi-
meter. Total L-DXA scanning time was
approximately 2 minutes. The long-term
precision (coefficient of variation) of
PA-DXA and L-DXA, as evaluated by
calculating the coefficient of variation of
daily scanning of the spine phantom for

a period of 270 days, was 0.40% and
0.50%, respectively.

Statistical Analysis

Group mean values were compared
with a two-tailed Student ¢ test. Linear
regression was performed to determine
relationships between quantitative CT,
PA-DXA, L-DXA, volumetric L-DXA,
middle L-DXA, L-3 L-DXA, and age.
Analysis of covariance was performed to
correct for any effect of age on each of the
BMD measurements and to compare the
slopes of the regressions of BMD with age.
Predicted quantitative CT and PA-DXA
and L-DXA values for age were calculated
by regression of quantitative CT, PA-DXA,
and L-DXA with age from our results in
healthy subjects. Forward stepwise regres-
sion analysis was performed to determine
the most important predictor(s) of BMD.
Standard z scores were determined to ad-
just for differences in age and unit of mea-
surement and to convert the raw score
deviation from predicted normal units
into standard deviation units.

Logistic regression analysis was per-
formed to compare the ability of each
technique to help discriminate between
healthy women and those with osteoporo-
sis. A forward stepwise selection approach
was used with the likelihood ratio as the
criterion statistic. As a further test of pre-
dictive power, receiver-operating-charac-
teristic curves of each technique were gen-
erated (LABROC]1 software; Metz C,
Department of Radiology, University of
Chicago, Ill) (43). The areas under the
curves were compared as previously de-
scribed (44 45).
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(1) Linear regression of BMD measured with quantitative CT (QCT) with age for healthy subjects (1 = 66). (2) Linear regression

of BMD measured with L-DXA with age for healthy subjects {n = 66). (3) Linear regression of BMD measured with PA-DXA with age for

healthy subjects (n = 66).
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(4) Linear regression of BMD measured with quantitative CT (QCT) with age for subjects with osteoporosis (n = 42). (5) Linear

regression of BMD measured with L-DXA with age for subjects with osteoporosis (n = 42). (6) Linear regression of BMD measured with PA-
DXA with age for subjects with osteoporosis (n = 42).

RESULTS

Women with osteoporosis were
significantly older and longer past
menopause than healthy women
(Table 1). Analysis of covariance with
age and years since menopause did
not affect the significant differences
noted in BMD. )

In the total study population, find-
ings at both L-DXA (r = 0.73, P < .001)
and PA-DXA (r = .72, P < .001) corre-
lated well with findings at quantita-
tive CT. Moreover, findings at quan-
titative CT (r = —.76) and L-DXA
(r = .69) correlated better with age
than findings at PA-DXA (r = .50)
(Table 2). The best-fitting curve was
linear, and the correlation was inde-
pendent of years since menopause. In
the healthy women, a more signifi-
cant linear decrease in BMD with age
was found when measured with both

Volume 192 *« Number 3

quantitative CT and L-DXA than with
PA-DXA (Figs 1-3).

The rate of bone loss, calculated
from each regression curve, was
1.96% per year (P < .001) with quan-
titative CT, 0.97% per year (P < .001)
with L-DXA, and 0.45% per year
(P < .01) with PA-DXA. The women
with osteoporosis had significant
bone loss with quantitative CT (2.89%
per year) and with L-DXA (0.66% per
year) but not with PA-DXA (0.10%
per year) (Figs 4-6).

Forward stepwise regression analy-
ses indicated age to be the single most
important predictor of BMD in both
healthy subjects and those with osteo-
porosis. However, BMD measured
with PA-DXA was not significantly
associated with age in subjects with
osteoporosis (Table 3).

To investigate further the ability of

quantitative CT, L-DXA, and PA-DXA
to help discriminate between healthy
subjects and those with osteoporosis,
the BMD of patients with osteoporo-
sis was expressed as a deviation from
the predicted value for that age (z
score). The subjects with osteoporosis
had a larger (P < .05) z score with
quantitative CT (—1.69 = 0.67) and
L-DXA (-1.35 % 0.60) than with
PA-DXA (—1.21 * 1.06).

Attempts to increase the sensitivity
of L-DXA by correcting for vertebral
height (measured with PA-DXA) to
provide an estimate of true volumet-
ric density (volumetric L-DXA) and by
restricting analysis to the middle cen-
tral area of the vertebral body (middle
L-DXA) were not successful in in-
creasing diagnostic sensitivity (Table 2).
In addition, restriction of the analysis
to the third lumbar vertebra exclu-
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sively to overcome any error associ-
ated with overlapping of rib and/or
pelvis on L-2 and L4, respectively,
did not improve the diagnostic sensi-
tivity of L-DXA.

Results of logistic regression analy-
sis indicated both quantitative CT and
L-DXA but not PA-DXA to be signifi-
cant predictors of osteoporotic frac-
ture (P < .01). In contrast, volumet-
ric L-DXA, middle L-DXA, and L-3
L-DXA were not significant predictors
of osteoporotic fracture. A similar
finding was derived from analysis of
receiver-operating-characteristic
curves (Fig 7). The curves for frac-
ture prediction (areas under curve:
quantitative CT = 0.9518 + 0.0228,
L-DXA = 0.8741 * 0.0332, PA-DXA =
0.7931 = 0.0446) showed L-DXA to
have a sensitivity and specificity
higher than those of PA-DXA
(P < .05) but lower than those of
quantitative CT (P < .05).

DISCUSSION

DXA provides a convenient, nonin-
vasive method of measuring skeletal
BMD and is now widely used for as-
sessment of patients thought to be at
risk for osteoporosis and for quantifi-
cation of results due to treatment or
progression of disease. To assess the
sensitivity of DXA, a number of stud-
ies have been conducted to compare
measurements at DXA with a gener-
ally accepted criterion measure of
BMD, quantitative CT (9,16-18). In
general, results indicated that scans
obtained with PA-DXA do not help
discriminate between healthy subjects
and those with osteoporosis as well as
quantitative CT does.

The major reason for the reduced
discriminatory power of PA-DXA is
the fact that it is not possible to mea-
sure the trabecular bone of the verte-
bral body selectively (27). To over-
come this limitation, attempts were
made to measure BMD by obtaining a
lateral projection, which was accom-
plished by placing patients in a lateral
decubitus position. The major limita-
tion associated with this method was
the difficulty in patient repositioning,.
The precision error of L-DXA per-
formed with the patient in the lateral
decubitus position has been assessed
in several previous studies and found
to range between 2.8% and 5.9%
(29,34). These factors limit the perfor-
mance of L-DXA with the patient in
the lateral decubitus position in longi-
tudinal studies, in which reliable pa-
tient positioning is critical. The devel-
opment of a new L-DXA scanner with
a rotating C-arm allows paired pos-
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Table 3

Regression Equations for Each Measurement Technique on Age for Healthy and

Osteoporotic Groups

Group Equation r P
Healthy (1 = 66) QCT = 201.13 - 1.93 x age -.69 <.001
Osteoporotic (1 = 42) QCT =135.39 — 1.334 x age -.52 <.001
Healthy (n = 66) PA-DXA = 1.084 ~ 0.004 x age -.34 <.01
Osteoporotic (n = 42) PA-DXA = 0.787 - 0.0007 x age ~.04 ns
Healthy (n = 66) L-DXA = 0.938 — 0.006 x age -.56 <.001
Osteoporotic (n = 42) L-DXA = 0.644 — 0.003 x age =31 <.05
Note.—ns = not significant, QCT = quantitative CT.
teroanterior and lateral spine scan- !
ning to be performed without reposi- 0s |
tioning the patient. However, limited v
information is available concerning '
the ability of L-DXA performed with 07
the patient in the supine position to > o5 |
. ) — g
help discriminate between healthy S
subjects and those with osteoporosis S %]
(46). & o
In the present study, the BMD of @ o oct
the lumbar vertebrae was measured %
with quantitative CT, PA-DXA, and 02 - Lo
L-DXA in a population of healthy o1 o PADXA
women and women with clinically
diagnosed osteoporosis. We have G 01 02 03 04 05 06 07 08 09 1
found that normal BMD values and FALSE POSITIVE FRACTION
rate of bone loss with age were similar Figure 7. Receiver-operating-characteristic

to those reported previously by Paci-
fici et al (35) and others (40,46,47). The
BMD values of the osteoporotic group
were also representative of the BMD
values for a general osteoporotic
population (Table 1).

BMD measured at PA-DXA and
L-DXA correlated significantly with
BMD measured at quantitative CT in
the mixed population of healthy sub-
jects and those with osteoporosis.
However, when patients were di-
vided into separate groups, findings
at PA-DXA could not significantly
help predict the variability in BMD
with age in subjects with osteoporosis
(Table 3). In contrast, the relationship
between BMD as measured with
L-DXA and age was significant for
both healthy subjects and those with
osteoporosis. These results were simi-
lar to those reported previously on
the basis of direct comparison of re-
sults with L-DXA and PA-DXA (29).

In a previous study, Rupich et al
demonstrated that supine positioning
allowed inclusion of L-3 and L-4 but
exclusion of L-2 in a lateral lumbar
scan (42). These recommendations
were based on analysis of the fre-
quency of overlap of the pelvic bone
and rib on the vertebrae. In the pre-
sent study, restriction of the area of
interest to L-3 (L-3 L-DXA) or the
middle highly trabecular region of the
vertebrae (middle L-DXA) or use of

curves for quantitative CT (QCT), PA-DXA,
and L-DXA.

the width of the vertebrae to estimate
true volumetric density (volumetric
L-DXA) did not significantly improve
the sensitivity of L-DXA. These find-
ings are in agreement with those re-
cently reported by others (46,48). This
suggests that the superimposition of
pelvic bone to L-4, which occurred in
14% of our cases, and superimposi-
tion of the ribs to L-2, which is known
to occur in all patients (42), does not
significantly affect BMD measure-
ments with DXA. Presumably, this is a
result of the fact that the error gener-
ated by superimposition of bone is of
the same magnitude as that generated
by reduction in the size of the area of
interest.

Rate of bone loss per year, esti-
mated from generated regression
equations, was higher with quantita-
tive CT than with L-DXA and much
higher with L-DXA than with
PA-DXA (Table 3). This result corre-
sponds to results of previous studies,
which showed age-related bone loss
to be greater when estimated with
L-DXA than with PA-DXA (30,38,46).
In the present study, we extended
these observations by using findings
at quantitative CT as a criterion
against which findings at PA-DXA
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and L-DXA were compared. This al-
lowed for evaluation of sensitivity in
the measurement of BMD.

The choice of treatment modalities
for osteoporosis often depends on the
diagnostic sensitivity of screening
procedures. In the present study, re-
ceiver-operating-characteristic curves
were generated for each BMD mea-
surement technique and were com-
pared in terms of diagnostic sensitiv-
ity. With this procedure, L-DXA was
shown to be superior to PA-DXA but
inferior to quantitative CT in terms of
accurate differentiation between frac-
ture and nonfracture. These results
are in agreement with those of Ott et
al (49), who found quantitative CT to
be superior to dual-photon absorpti-
ometry, and those of Finkelstein et al
{46), who reported that L-DXA is su-
perior to PA-DXA. Surprisingly, the
results of the current study also
showed better performance for both
quantitative CT and PA-DXA than
was previously reported in a similar
study from our group (35). However,
the difference in diagnostic sensitivity
between the two techniques was simi-
lar in this and the previous study.

To test further the ability of each
technique to help differentiate be-
tween osteoporotic and normal bone,
a logistic regression approach was
used. Logistic regression analysis is
appropriate under conditions in
which either a positive or negative
diagnosis is possible. In logistic re-
gression, a direct estimate is made of
the probability of an event (or diagno-
sis). In the present study, subjects
were classified as either having osteo-
porosis or being healthy. With use of
forward stepwise logistic regression,
only BMD measurements obtained
with quantitative CT and L-DXA were
significant predictors of osteoporosis.
The close association between find-
ings at L-DXA and at quantitative CT
probably relates to similarities in the
specific bone regions measured with
the two techniques.

In conclusion, findings in this study
demonstrate that the diagnostic sensi-
tivity of L-DXA is between that of
PA-DXA and quantitative CT. More-
over L-DXA is potentially more sensi-
tive than quantitative CT to errors due
to anatomic abnormalities or degen-
erative processes of the spine. How-
ever, the decreased radiation expo-
sure and cost of L-DXA compared
with quantitative CT suggest that L-
DXA is a valid alternative to quantita-
tive CT in the clinical setting. =
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Effect of degenerative spinal and aortic calcification on
bone density measurements in post-menopausal women:
links between osteoporosis and cardiovascular disease?
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Abstract. The effect of spinal degenerative changes
and aortic calcification on bone mineral density
measurements was studied in 115 healthy early post-
menopausal women. Lateral lumbar spine radio-
graphs and quantitative computer tomography
images were used to determine the presence and
severity of aortic calcification and degenerative
changes in the [umbar spine. Women with spinal
degenerative calcification had higher spine bone den-
sity when measured by dual photon absorptiometry
compared to those without calcification (P < 0-01),
but this was not reflected by the quantitative computer
tomography or the proximal femur bone densities,
suggesting that spinal calcification artefactually
increases spinal bone density when measured by dual
photon techniques. Women with aortic calcification
had significantly lower quantitative computer tomo-
graphy and proximal femur bone density compared to
those without calcification (both P < 0-05). These
women may be at increased risk for both osteoporosis
and cardiovascular disease, suggesting a common
aetiological factor such as oestrogen deficiency.

Keywords. Aortic calcification, bone density, cardio-
vascular disease, osteophytes, osteoporosis.

Introduction

Dual photon techniques are now widely used in the
measurement of bone density (BMD) in the lumbar
spine and the proximal femur [1-3]. A number of
centres [4—8] have assessed the apparent increase in
anteroposterior (AP) spinal BMD measurements
caused by degenerative osteoarthritic changes and
aortic calcification when using dual photon absorp-
tiometry (DPA) and dual energy X-ray absorptiome-
try (DXA) techniques. This apparent increase is due
to the fact that these techniques measure an integral of
cortical and trabecular bone and thus may include any
extra-osseous calicification. None of these studies have

Correspondence: Linda M. Banks, Department of Diagnostic
Radiology, Royal Postgraduate Medical School, Hammersmith
Hospital, Du Cane Road, London W12 ONN, UK.

compared BMD measurements by QCT with those by
DPA or DXA. With QCT, a cross-sectional image is
taken at the mid-vertebrali level and localization of a
region of interest (ROI) within the vertebral body
permits a measurement of solely trabecular BMD [9].
Since this method of measuring BMD is not subject to
the influence of extraneous calcification and degen-
erative changes, QCT could theoretically be regarded
as the ‘gold standard’. The development of lateral
DXA scanning of the lumbar vertebral bodies has
been suggested as a technique for circumventing some
of these problems by avoiding any extraneous calcifi-
cation that might influence the BMD values [10]. The
aim of this study was to assess the influence of
degenerative change and extra osseous calcification,
as demonstrated on radiographs and QCT, on DPA
BMD measurements in a group of healthy early post-
menopausal women.

Patients and methods

The study group comprised of 115 normal, healthy,
Caucasian, post-menopausal women recruited for
participation in a placebo-controlled, double-blind
therapeutic study of the prevention of post-meno-
pausal bone loss. The age range of the group was
49-64 years with a mean age (+SD) of 56 £ 4-1 years.
The women were all within 12 years of their meno-
pause with a mean time since menopause (£SD) of
5+ 2-8 years.

Menopausal status was supported in each case by
elevated gonadotrophin levels. None of the women
were taking, or had taken in the previous 6 months,
any form of medication that might affect bone mineral
metabolism.

DPA measurements of the lumbar spine (AP) and
proximal femur (femoral neck and Ward’s triangle)
were made using a Lunar DP3 (Lunar Corporation,
Madison, WI, USA). QCT measurements of the
lumbar spine were made using a Siemens Somatom
2 CT scanner (Siemens, Erlangen, Germany). L2-L4
was scanned by both techniques. All of the volunteers
had lateral lumbar spine radiographs on the same day
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as the BM D measurements. The precision of the DPA
measurements was 1-3% for the lumbar spine, 1-9%
for the femoral neck and 2-3% for the Ward’s triangle
region [11]. The DPA measurements were acquired
and analysed by the same operator (BL). The QCT
precision was 2:2% [9] and scans were performed and
analysed by the same operator (LB). The QCT images
were assessed lor the presence of aortic calcification
by a single observer (LB). A region of interest (ROI)
was drawn around the aorta and those with an
average Hounsfield Unit (HU) at one or more QCT
levels (I12mm per vertebrae) of 40-75 HU were
classified mild, 76- 120 HU moderate and > 120 HU
severe. From the lateral lumbar spine radiographs. the
presence of osteophytes. aortic calcification, apophy-
seal joint changes and other extraneous calcifications
was assessed by an experienced radiologist (JMcS).
The severity of these changes were classified subjec-
tively as mild. moderate or severe. These assessments
were made without the knowledge of the BMD values.

From the radiographic and QCT findings. the
women were initially classified into two groups.
those with or without (group 1) any form of degen-
erative calcification. Those women with calcification
present were further subdivided into one of three
groups: group 2—only spinal degenerative calcifica-
lon present {(e.g. osteophvtes, apophvseal jomt
changes. end-plate sclerosis) (Fig. [TA): group 3—
only aortic calcification present (Fig. 1B): group 4—
both spinal degenerative and aortic calethcation pre-
sent (Fig. 1C). This further subdivision allowed the
eflect of different tvpes of caicification on BMD
measurements to be examined

Stratistical analyses

Analvsis of vartance with linear contrasts was used to
cxamine differences between group means in patient
charactenistics. Analvsis of covariance was used 1o
exanmine differences in mean bone density measure-
ments using age. time since menopause. height and
weight as covariates.

Results

From the radiographic and QCT images. 68 women
were found to have some tvpe of calaification present
and 47 women had no visible caleificauon (group 1),
The demograplic data ol these two groups are shown
m Table 1. DPA spime BMD measurements were
sigmficantly greater in the group with caleification
compared to the women with no calcificaton (group
f)yeven after adjusting for age. ume since menopause.
height and weight (Table 1).

Of the 68 women with caleihcation present either on
the radiographs or the QCT images. 23 were found to
have spinal degenerative caleification only (group 2).
23 had aoruc calcificatton only (group 3) and 21 had
both spmal degenerative and aoruc calctheation
{group 4). One woman with calcification observed

-

Figure 1. (A) Exampic of group 2 Latera! fumbar spine radrograph:
showing a moderate osteophyle on L3 and mild osteophyic on L4
tarrowed) (By Example of group 3 Lateral lumbar spine radio-
graph showmg aortue calaficauon at fevel of L1-L4 of moderite
severity (moderate - 80 120 HU) (O Example of group 2 Lateral
lumbar spiic radiograph showing both severe spinal degenerative

changes and moderate aorte calctication

on her QCT image could not be assigned to a group
as radiographs were not avatlable. The demographic
data for these three groups are also shown i Table !

The BMD measurements for the women with no
calcification were compared with each group with
calcification (Table 1). Afer adjusting the data for
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Table 1. Patient demographic and BMD data (mean+SD)

Group | Calcification group Group 2 Group 3 Group 4
n 47 681 23 23 21
Age (years) 54-6 (3-6) 571 (4-1)** 574 (4-1)** 564 (4-1) 577 (4-0)**
Time since menopause (years) 4-3(24) 59 (2-8)** 60 (3-1)* 5-4 (2:6) 6.4 (2:8)**
Height (cm) 161-3 (6-6) 161-7 (5:1) 161-5 (4-7) 1616 (47) 1617 (5-4)
ggght (kg) 62-3 (7-1) 626 (7-9) 63-8 (8-4) 61-7 (9-0) 621 (57)
(mg/cm?) 107 (24) 99 (22) 103 (19) 9I(21)* 101 (23)
DPA-spine
(g/cm) 1-086 (0-129) 1-129 (0-140)* 1-152 (0-117)** 1-045 (0-094) 1-183 (0-158)**
DPA-femoral neck (g/cm) 0-842 (0-104) 0-825 (0-084) 0-843 (0-095) 0-784 (0-076)* 0-847 (0-067)
DPA-Ward’s triangle (g/cm) 0-726 (0-124) 0-710 (0-105) 0-726 (0-113) 0-672 (0-099) 0-728 (0-092)

Group 1, women with no calcification; calcification group =

all women with calcification (jtotal n = 68 but X-rays unavailable in one

patient); Group 2, women with spmal calcification only; Group 3, women with aortic calcification only; Group 4, women with spinal and aortic
calcification. Analysis of covariance between group | and groups with calcification with age, time since menopause, height and weight as

covariates; *P < 0-05, **P < 0-01.

age, time since menopause, height and weight, the
mean QCT BMD was significantly lower in group 3
compared to group | (P < 0-05) and BMD was also
significantly reduced in the femoral neck (P < 0-05).
The mean DPA spine BMD was significantly increased
in group 2 and group 4 (both P < 0-01), but this was not
observed in the QCT BMD measurement or the DPA
femoral neck and Ward’s triangle measurement.

The radiographs showed the presence of apophy-
seal joint changes in 13 (11%) of the women and
osteophytes were seen in 38 (33%). Other extraneous
calcifications such as sclerosis of the end-plates were
seen on the radiographs of four women (4%). On the
radiographs, aortic calcification was observed in 19
(17%) of the women compared to 45 (39%) noted on
the QCT images. The distribution of the severity of
each type of calcification is summarized in Fig. 2. Mild
and moderate calcification was more common than
the severe type of calcification.

50 - severe
] moderate
B2 mid
40
] AYAVAN
g A
‘g 30 4 LN \ LN
°
:
£ 20
3
z
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7
.
6 % A

4
Apophyseal Osteophytes Aortic on X-ray Aortic on CT

Type of calcification

Figure 2. Distribution of the severity of calcification seen on QCT
scans and radiographs.

Discussion

In agreement with the findings of others [4-7] we
found that degenerative changes in the spine have a
more significant effect than aortic calcification on AP
DPA spine measurements. However, a number of new
observations arise from our study. We have shown
that even in a healthy population of early post-
menopausal women entering a clinical trial, over
half the women (59%) had some type of spinal
degenerative change. We found that the women with
calcification were older in terms of both chronological
and menopausal age compared to the women with no
calcification confirming other studiées [5,12]. However,
as far as we are aware, no other study has examined
the effects of time since menopause on degenerative
change in relation to BMD.

The women with aortic calcification alone had a
significantly lower QCT BMD compared with women
with no calcification and this was also reflected in the
DPA proximal femur BMD measurements. Reid et al.
(5] found no effect of aortic calcification on spine
BMD in normal women. Others [4,6,7,12] have
found significant increases in spine BMD but these
were most pronounced when severe calcification was
present. One explanation for our finding of reduced
BMD in women with aortic calcification is that the
other studies measured spine BMD by dual photon
techniques only, whereas we measured BMD by QCT
which does not include extraneous calcification in its
measurement. In the other studies, a reduction in
BMD in the proximal femur was not observed, but
this may be due to differences in the age and gender of
the populations studied. Knight et al. [13] have
suggested that where osteoarthritis of the hip is
present proximal femur BMD may be increased
compared with projected control values. A higher
incidence of early aortic calcification was found
on QCT images (39%) compared with that found
on radiographs (17%). The incidence of aortic
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calcification found on the radiographs was similar to
that reported by Elkeles [14] who found an incidence
of 13% on radiographs of women aged between 50
and 60 years. The improvement in detection of aortic
calcification using QCT images instead of radiographs
was due to the superior spatial resolution of computed
tomography images.

We found that women with aortic calcification also
have a high incidence of osteopenia, as reported
previously [15-17]. In these early studies, low bone
mass was determined using radiographs of the spine
and hand, and the presence of aortic calcification was
noted on radiographs of the spine. Using more
accurate techniques our study confirms these early
observations. Frye et al. [12] demonstrated a signifi-
cant negative correlation between the number of
calcified aortic plaques and spine BMD by DPA in
an age-adjusted random sample of 200 women. Some
workers have suggested that the high incidence of
aortic calcification with low bone mass occurs purely
by chance as both conditions worsen with age [16].
However, Browner et al. showed that women with
lower BMD have a higher mortality from cardiovas-
cular disease (CVD), especially strokes [18]. Witteman
et al. [19] found that, aftér adjustment for age and
other indicators of CVD risk, women with a natural
menopause had a 3-4 times higher risk of athero-
sclerosis (determined by radiographic detection of
calcified deposits in the aorta)-than premenopausal
women. Similarly, after adjustment for age, the risk of
osteoporotic fracture (determined by BMD measure-
ments) is also increased after the menopause [20]. It is
possible that these women are more at risk for both
osteoporosis and CVD, suggesting a common aetio-
logical factor such as oestrogen deficiency. We were
surprised that we did not find a reduced bone density
in the group with both aortic and spinal calcification
as we did in the group with aortic calcification only.
One explanation for this might be that where degen-
erative changes in the spine are present there are
reactive sclerotic changes of the bone causing an
increase in bone density in cortical and trabecular
bone [21].

As a group, the women with degenerative calcifica-
tion had higher DPA spine BMD measurements
although this was not reflected by the QCT or DPA
proximal femur BMD measurements, suggesting that
this was not a true increase in BMD but that spinal
degenerative calcification was artefactually affecting
the measurement. This confirms other studies [4-8],
although the extent to which BMD is affected varies
according to the age and gender of the population
studied. The degenerative changes found in this
population were mostly of the mild to moderate
category. Accordingly, when studying an older popu-
lation these changes may become more severe
(12,19,22]. These influences on BMD are important
to consider when measuring BMD using DPA or by
the more recent DXA technology, especially in long-
itudinal studies where such degenerative changes may

progress and mask ‘true’ changes in BMD. The use of
QCT for measuring BMD will certainly circumvent
these problems but this technique is not as widely
available as DPA and DXA. It has been suggested
that lateral DXA scanning may also avoid problems
caused by degenerative change. However, the precis-
ion of lateral measurements is generally poorer than
that of AP [23] but Slosman et al. [24] showed that
precision may be increased by altering the technique
from decubitus to supine lateral scanning.

In conclusion, we found that the majority of
healthy post-menospausal women entering a clinical
trial had some type of spinal degeneration or aortic
calcification. Spinal degenerative calcification artefac-
tually increased DPA spinal BMD measurements.
The presence of aortic calcification was associated
with reduced BMD, suggesting increased atheroma-
tous disease risk in patients at risk from osteoporosis.
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Perspective

Inaccuracies Inherent in Dual-Energy X-Ray
Absorptiometry In Vivo Bone Mineral Density Can
Seriously Mislead Diagnostic/Prognostic Interpretations of

Patient-Specific

H.H. BOLOTIN'?

-

INTRODUCTION

INCE ITS advent, noninvasive dual-energy X-ray absorp-
Sliometric (DXA) in vivo measurement of bone mineral
density (BMD) has been accepted almost universally as the
methodology of choice in the field of clinical bone fragility.
More specifically, DXA generally is considered to be the
prime, reliable assessor of the osteopenic/osteoporotic
condition''~® of bone fracture propensity.'®~" of correla-
tions of measured BMD with fracture failure load of
bones.'"™'" and of the efficacy of remedial bone
therapies."'* 2" DXA also is held to be the standard against
which newer, emerging alternative methods of bone quality
assessment are evaluated.”*”?®

However, despite the near ubiquitous clinical use of DXA-
measured in vivo BMD und the widespread reliance on it,
recently attention has been drawn to the prospect that BMD,
per se, may not be the primary determinant of bone fracture
risk. Reports of large reductions in vertebral fracture rates
attributed to antiresorptive therapy, but without commensurate
accompanying increases in BMD, 0222293 have prompted
suggestions”-'"” that BMD may not be homologous with bone
strength and that other nondensity particulars may be as, or
more, important in this respect.

Notwithstanding the importance of the foregoing, cer-
tainly one of the most fundamental issues relevant to all
aspects of bone densitometry and fragility studies and re-
sultant in vivo diagnostic/prognostic interpretations relates
to the growing number of investigations that have shown

Bone Fragility

and H. SIEVANEN"

DXA-derived in vivo BMD to be subject to sizable inherent
systematic inaccuracies that may adversely influence mea-
surement outcomes.>**’ Clearly, the extent of such in vivo
BMD inaccuracies and the dependence of them on soft-
tissue anthropometric particulars are of salient import for
patient-specific clinical DXA measurements."**?" Such
BMD inaccuracies could seriously compromise the integrity
of measurements undertaken to diagnose, monitor, and eval-
uate the osteopenic/osteoporotic condition and predictive
bone fragility of any individual patient. Were this the case,
reliance on DXA-derived BMD measurement values could
lead to misinterpretations and erroneous assessments of the
efficacy and/or quantitative effectiveness of drug and other
therapeutic regimens intended to ameliorate the osteopo-
rotic condition.”*>~*"" Moreover, should large in vivo BMD
inaccuracies pertain, clinical DXA investigations under-
taken to delineate specific anthropometric, dietary. and/or
therapeutic factors which may prove biologically causal or
remedially effective in altering BMD and bone fracture
propensity, could yield tenuous and/or misleading
conclusions. ™ ~*"

These concerns are underscored by the findings of a
considerable number of investigations: in situ/in vitro ca-
daveric DXA studies,”'"""-'"4*" absorptiometricatly realistic
phantom DXA studies."”™” simulation studies of replicated
clinical in vivo bone-site particulars,**~*'" and fundamental
quantitative analyses of DXA methodology.™**" Collec-
tively, these observations and results may be seen to con-

'Depariment of Medical Radiations Science, RMIT University. Bundoora, Vicioria, Austraia. .

3School of Physics. University of Melbourne. Victoria, Australia.
“The Bone Rescarch Group, UKK Institute, Tampere. Finland.
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stitute a formidable case for reevaluation of the reliability
and accuracy of DXA-measured in vivo BMD.

For these reasons, it is important to highlight and evaluate
the evidence substantiating the presence of inherent clinical
inaccuracies in DXA-measured in vivo BMD, assess the
demonstrated extent of these inaccuracies, and draw atten-
tion to some of the consequential effects of these inaccura-
cies on bone densitometry in the clinical context.

EVIDENCE OF SIZABLE INHERENT DXA IN
VIVO BMD INACCURACIES

Origin of inherent systematic DXA in vivo BMD
inaccuracies

Inherent systematic inaccuracies in DXA BMD derive [rom
the known inapplicability ol planar DXA methodology to bone
sites comprised of more than two absorptiometrically distin-
guishable components in the entire scan region of interest
(ROI); the “two-component DXA limitation.”™** 71 yey,
all in vivo bone sites are comprised of bone material, intraosse-
ous soft tissue of some unspecttied red/yellow mamow com-
positional mix, and some combination of lean muscle tissue
and fat external to the bone that together constitute at least four
absorptiometrically disparate components in the DXA scan
ROI. Therefore, it is clear that in vivo bone-site reality does not
and cannot strictly conform to or satisfy the two-component
DXA restriction.** This shortcoming is further exacerbated in
any patient-specific case by the inability of DXA to assess the
necessary particulars of the bone marrow composition. Further,
in vivo DXA can neither determine the fat component (and its
degree of inhomogeneity) within the lean extraosseous tissue
along any X-ray path traversing bone material nor determine
the quantitative extent (0 which the two-component DXA
limitation fails to be satisfied in any given in vivo bone-site
scan.

A most serious consequence of the violation of this in-
trinsic two-component DXA limitation is the under- or
overestimation of BMD. This is so because DXA method-
ology erroneously and unavoidably attributes to bone ma-
terial any difference between the X-ray absorptiometric
characteristics of the specific bone marrow composition and
the particular extraosseous soft-tissue composition within
the particular bone-scan ROl of a given patient."”"*~*" This
1s the case even when these soft tissues are homogeneously
constituted throughout their separate, respective, intra- and
extraosseous domains (e.g., even when fat is distributed
uniformly throughout the lean muscle tissue in the ROI
external to the bone). For this reason, the DXA in vivo
BMD measurement must be inherently inaccurate to some
indeterminate extent for any given patient. and. in general.

the DX A scan will necessarily result in a measured value of

BMD that differs from the true value."™' (In the present

context, the true value of BMD denotes that which would
have been measured were there no DXA BMD measure-
ment inaccuracies.)

BOLOTIN AND SIEVANEN

Results of anatomically realistic simulation studies of
vertebral and femoral in vivo DXA scans

Based on the comprehensively developed analytic under-
pinnings of DXA.“™ an extensive series of quantitative
simulation studies ol typical DXA in vivo lumbar vertebral
and proximal femoral sites have been reported™ *" in
which the full ranges of anatomically realistic BMD and
soft-tissue anthropometrics encountered clinically within
the scan ROI were represented. These studies showed that,
cven for cases in which the extraosseous tissues in the
bone-scan ROI[ are homogeneously constituted and uni-
formly distributed. patient-specific in vivo BMD inaccura-
cies readily exceeding *20% (i.e., some two SDs of age-
moderated. population-based, normative BMD data) can be
anticipated. This is particularly so for postmenopausal
women, the elderly, and the osteopenic/osteoporotic—the
very groups for which it is most important that in vivo DXA
gauge BMD accurately. In addition, these studies showed.
both quantitatively and qualitatively. that the well-
documented correlations between percent body lat mass/
body mass/body mass index (BMI) and DXA-measured in
vivo BMD***%2 geem unlikely to be of bone-biological
origin, but. instead. appear fully consistent with being man-
ifestations ol inherent DXA in viva BMD inaccuracies
unaccompanied by any true BMD changes.™ At the same
time, und again based on DXA in vivo inaccuracies induced
by changes in soft-tissue habitus, these simulation studies
also provide a realistically credible explanation for the
apparent lack of expected BMD increases with remedial
antiresorptive therapy regimens.”""

DXA scans of absorptiometrically realistic phantoms
replicating bone material, marrow, fat, and lean
muscle tissue compositions

Norland XR-26 (Norland Corp.. Fort Atkinson, WI.
USA). Lunar DPX-¢ (Lunar Corp.. Madison, W1, USA).
and Hologic QDR-1000 (Hologic. Waltham, MA, USA)
DXA instruments were each used to carry out the same
extensive set of BMD scans of 150 different phantom ar-
rays. The phantom assemblies were comprised of materials
specially formulated and fubricated to span the anthropo-
metric ranges of BMD and intra- and extraosseous sofl-
tissue compositions encountered clinically.“* Additionally.
the X-ray attenuation coefficients of all relevant in vivo
tissues were matched virtually exactly by their respective
phantom representations across the full DXA X-ray energy
range. To establish conditions most favorable for DXA
BMD measurements, all phantom arrays had identical over-
all dimensions. all intra- and extraosseous phantom materi-
als were separately absorptiometrically homogeneous
throughout their respective domains in the scan RO, and
the geometry of the phantom wrays were effectively ideal
for bone-edge detection algorithms incorporated in each of
the DXA instruments used.*” The results of these studies—
effectively identical for all three of these widely used DXA
instruments—corroborated in every respect the inherent
systematic DXA BMD inaccuracies found in the extensive
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quantitative simulation studies described previously "’

and those carried out for each of these phantom arrays.

These foregoing findings can be summarized fairly as
lollows. DXA-measured in vivo BMD inaccuracies are very
much patient specific, because the magnitude of the BMD
value extracted from a given DXA measurement depends
on: (1) the exact specifications of the bone marrow compo-
sition, (i) the detailed composition ol the extraosseous solt
tissue, and (ii1) the true (not measured) value of BMD (i.e..
proportional to the average thickness ol bone material along
all X-ray paths traversing the given bone-site) actually
pertaining within the specific scan ROl ol each given pa-
tient.”" It is the case that (a) for any given extraosscous
solt-tissue composition in the scan ROI. the more yellow the
bone marrow the morc DXA underestimates true BMD; (b)
for any given bone marrow composition, the smaller the
proportion of latin the extraosseous lean tissue the more the
DXA-measured BMD underestimates the true value: and (¢)
for any given marrow and extraosseous soft-tissue compo-
sitions, the smaller the true BMD at any particular bone site,
the greater is the DXA over- or underestimate of it. Thus,
for any individual with low true BMD. more yellowish bone
marrow and leaner solt-tissue habitug (postmenopausal, os-
teopenic, osteoporotic. and clderly persons). these inherent
inaccuracies in DXA could lead to measured BMD values
that are sizable over- or underestimates ol the true BMD
value, the extent of which depends most particularly on the
patient-specific soft-tissuc anthropometrics in the scan RO!
of the given bone sites(s) that were interrogated.

This being the case. it must be noted that bone marrow is
one of the most labile of soft tissues™ ™ and that the
extraosseous soft-tissue composition within the DXA scan
ROI varies considerably from bone site to bone site and lor
any selected bone site may vary over time in any given
patient and from patient 1o patient. For these reasons, it can
be expected that the inaccuracics inherent in DXA in vivo
methodology may result in secemingly arbitrary (il not ca-
pricious) BMD values being extracted from the measure-
ments. Thus, for postmenopausal. osteopenic. osteoporotic,
and elderly individuals (generally lower true BMD, more
yellowish marrow, and often leaner than the normal popu-
lation). these inaccuracies may readily give rise 1o underes-
timates of true BMD as large as 20-30%.% 3

(4

Results of in sit/in vitro cadaveric studies

A number of curefully detailed cadaveric stud-
ies 117364 1y ve provided incisive evidence ol large
inaccuracies in specimen-specific (patient-specific) DXA
BMD measurements. Of these. the in vitro investigation ol
Kuiper et al.'"* showed quite conclusively that the BMD
vilues obtained from DXA measurements of excised human
cadaveric femoral neck specimens. immersed in a water
bath after removal of all external solt tissues (“denuded™).
were consistently smaller when the given bone specimen
was scanned with the intraosseous marrow intact than when
measured again after the marrow was removed and replaced
by water. The latter arrangement constitutes a reasonably
close approximation to a two-component DXA scan ROL.
Further, the differences in these paired. carefully standard-
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ized DXA-measured BMD values tended to be greater the
higher the percent of fat in the original bone marrow (de-
termined by chemical analysis of the extracted marrow).
These obscrvations arc in excellent agreement with the
findings of the analytic simulation and phantom studies
described previously™ *'% they display (and confirm) the
established”"" trend and extent of inherent DXA BMD
inaccuracies induced by the dilTerent absorptiometric prop-
erties of the various pertaining bone marrow compositions.

Comparison of the findings of the cadaveric bone fragility
studies of Lochmiiller et al."'"™ and Bouxsein et al."' "’ serves
to exemplify and illustrate sizable DXA-measured BMD
inaccuracies directly attributable to variations in specimen-
specilic solt-tissue composition particulars within the scan
ROI of their respective studies. The former workers scanned
vertiebrae L2-L4 only in situ, the latter obtained BMD
values of the femoral trochanteric region only ex situ
(DXA-scanned in a water bath with marrow intact). In both
studies, the fracture failure load of the corresponding ex-
cised and denuded cadaveric bone (marrow intact) was
determined after the DXA measurement. The overall BMD
versus fracture failure load correlation coelficient found in
the in situ study"™ was small (7 = 0.23), which was
somewhat lower than reported by others.™™*”' but margin-
ally higher than that reported by Bjurnason et al.!'” This is
to be compared with the femoral in vitro work of Bouxsein
et al."" in which the much higher value of ~ = 0.90
pertained. A number of other similar studies' 219 of frac-
ture failure load versus DXA in vitro BMD measurements
of denuded cadaveric lumbar vertebral and proximal femo-
ral bone specimens also yielded generally higher correlation
coeflicients (+* values) than did the in situ works of Loch-
miiller et al.¥" and Bjarnason et al.'"”" In the context of the
analytical underpinnings of DXA.™ the generally smaller
~* values found in the in situ studies can be seen as due
principally to the more sizable and varied DXA BMD
inaccuracies expected in these cases. This is anticipated as
generally broader absorptiometric disparities between the
compositibns of the extraosseous fat/lean muscle tissue and
the intraosseous red/yellow marrow combinations would
pertain in situ (and in vivo) than would be the case between
the various bone marrow compositions within the excised.
denuded specimens and the standardized water bath in the in
vitro scans.'*' Thus. because the DXA in vitro BMD mea-
surements ol denuded cadaveric bone specimens in the
works of Bouxsein et al'*" and others''? "7 tend 10
approach two-component scan ROIs to a greater extent than
do DXA in situ (in vivo) BMD situations. the in vitro BMD
values are tacitly taken in these studies as the better approx-
imations to true BMD values.

The illuminating study by Svendsen et a
impact of soft-tissue composition on in vivo accuracy of
DXA-measured BMD is of particular importance in this
regard. These investigators compared the DXA-measured
BMD values of in situ and in vitro lumbar vertebral speci-
mens (L2-L3 and L2-L4 in lateral and anteroposterior [AP]
projections. respectively), forearm. and live proximal fem-
oral regions of 14 cadavers. Exactly the same vertebral bone
specimens were DXA-measured in a standardized orienta-
tion in both the in si and the invitro facets of their

-
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investigation. the in vitro scans being ol excised. denuded
specimens immersed in a 71.4% wt/wt water/ethanol bath.
The linear regression analysis of their corresponding in situ
versus in vitro BMD values yielded overall accuracy in the
standard estimate of errors (SEE%) for the L2-L4 vertebrae
of 5.3% and 9.7% for the AP and lateral scans. respectively.
The analogous SEE% found for the various femoral sites
ranged Irom about 3% 1o about |1%. Nevertheless. it is
important in the present context o note that their data
displayed several individual. specimen-specilic inaccuracics
exceeding 20% in these 14 cadaveric cases. some ol the
largest ol which pertained to vertebral specimens displaying
DXA in vitro BMD values in the lower ranges. The trend
and extent of these specimen-specitic BMD inaccuracics are
fully consistent with and complementary to other observa-
tions and findings already summarized above.

Cadaveric studies by Bjarnason et al.''”" in which bio-
mechanical measurements were made of 32 individual ver-
tebrae from the same 14 cadavers used in the carlier work of
Svendsen et al."**' clearly display large specimen-specific
inaccuracies in DXA-derived BMD. These later workers''™
compared the measured fracture failure load ol each of the
32 individual vertebrae with BMD values obtained from
separate AP and lateral DXA _scans of the siume vertebra
both in situ and in vitro. Although their analyses and dis-
cussion focused on overall linear regression-derived depen-
dencies of DXA-measured BMD and bone fragility. the
format of their published data provides a one-to-one corre-
spondence between the in situ and in vitro (denuded spec-
imens in a 71.4% water/ethanol. wi/wt, bath) BMD values
ol each of these vertebral specimens (see in vilro vs. in situ
data in Fig. 2 of Bjarnason et al.'"'”"). The present Fig. |
displays these in situ/in vitro comparisons extracted from
their lateral and AP scan results."'” respectively. Despite
the limited number of different combinations of body soft
tissue and bone marrow compositions. which only 14 in situ
cadavers unavoidably represent. Fig. lA. nevertheless.
clearly shows that the DXA-measured BMD values ob-
tamed from lateral scans of these vertebrac exhibited mea-
surable, sizable differences between the in situ and in vitro
measurements of the same vertebra in 30 of these 32 cases.
More than hall of these BMD disparities {inaccuracies)
exceeded 10%. 5 of the 30 reflected inaccuracies greater
than 20%: and one displayed a measured in situ versus in
vitro BMD difference of ~53%. It is of particular interest
that in their lateral scan cases (Fig. {A). 11 of the inaccu-
racies constituted overestimates of BMD and 19 were un-
derestimations, whereas in their AP scans ol the same
vertebrae (Fig. 1B). almost the reverse pertained for these
same vertebrae, with 20 overestimates and 11 underesti-
mates of BMD. The results ol the analytic. simulation. and
phantom studies'***~?"" strongly suggest that the observed
reversal in the in situ versus in vitro over- and underesti-
mates in the lateral and AP DXA-measured BMD of thesé
same 32 vertebrae arose from in situ differences in: (i) the
ratio of the areal densities of extraosseous fat and lean
muscle tissue (the particular body soft-tissue composition
external to the bone) and (ii) any inhomogeneities in the
distribution of tat through the lean muscle tissue within the
ROI of each of these two alternative scans.
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FIG. 1. Percentage dilterences between DXA measured in situ and in
vitro BMD values lor (A) Lterad scans and (B) AP scans for cach of the
32 verlebrae excised from 14 cadavers. as extracted from the results
reported by Bjarnason et al.!'”* Displayed in groupings of 5% BMD
differences are the number of cases out of 32 that the in situ DXA BMD
values separately overestimate (positive inaccuracy) and underestimate
(negative inaccuracy) the BMD values meted tn vitro in the two

alternitive scans.

DISCUSSION

First. it should be noted that the term “true BMD™ is used
here to designate that value of BMD that would have been
extracted from a standardized DXA scan were no BMD
inuccuracy associated with the measurement. while “mea-
sured BMD™ is that value cxtracted from an actual standard-
ized DXA scan ol the sume bone site.

The extensive evidence ol sizable inherent systematic
inaccuruacies in DXA-measured in vivo BMD displayed in
the results of a considerable number of relevant and perti-
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nent investigations makes it clear that DX A-measured BMD
is not necessarily synonymous with true BMD. As such, it
would appear necessary and prudent that the distinction
between measured and true BMD values be circumspec-
tively considered before definitive conclusions are educed
from any DXA-based assessments of BMD, bone fragility.
the osteopenic/osteoporotic condition, and/or the effective-
ness of antiresorptive drugs or other remedial therapies in
any given patient case. These cautionary qualifications are
wholly consistent with but extend considerably beyond the
conclusion of Marshall et al.™ that the DXA measurement
ol BMD should not be relied on (o identify those individuals
who will develop a future {racture.

This stricture should not be ignored in any given study in
which regression analysis is relied on (o interrogate trends,
relationships, and/or correlations between DXA-derived
BMD values and any other given measured parameter (e.g..
bone fracture propensity, BMI, body fut mass, bady lean
tissue mass, therapeutic regimen effectiveness, etc.). The
same wariness may be attached justiliably to those DXA-
bused findings relating BMD to fracture failure load, which
have indicated the causative dependence of measured BMD
on bone fragility to be less positive than expected from
particular antiresorptive drug therapies. Such circumspec-
tion appears warranted in light of the realistic prospect that
outcomes may, in fact, be distorted artifactually because ol
measured rather than true BMD being the associated factor
in each of these studies. For example, the lack of observed
BMD changes expected from antiresorptive therapy may
not necessarily imply that BMD is not a good measure of
bone fragility or strength, but only that measured BMD., due
to the inherent and sizable DXA in vivo inaccuracies. may
not be.*!" Similarly, the relationship between BMI. body
soft-tissue composition, etc., and DXA in vivo BMD
measurements =% ¢an be attributed more 1o these an-
thropometric features affecting the measured BMD values
than to some related biologically causal mechanism affect-
ing true BMD M0

From the evidence presented. it is clear that patient-
specific DXA-measured in vivo BMD inaccuracies can
readily exceed *20% or more in individual cases without
any avaifable clinical means to identily these cases. From
this perspective, it is therefore reasonable to question the
reliability of DXA-measured changes in vertebral BMD to
gauge the effectiveness of therapeutic drugs for any given
person. Conversely. but not without similar underpinnings,
such treatment regimens as hormone replacement thevapy.
antiresorptive drugs. etc. may. if evaluated primarily on
DXA in vivo BMD measurements, be judged erroneously to
be cither of exaggerated efficacy or of unexpected inade-
quacy. This follows from the very real prospect that one or
another of these therapies might induce relatively modest
changes in (i) bone marrow composition'*'**** und/or (it)
the particular distribution and proportions of fat within the
fean extraosseous tissue in the local bone-site vicinity sul-
ficient to cause patient-specific DXA-measured BMD to
either over- or underestimate true BMD. Changes in both
bone marrow and exiraosseous body composition accompir-
nying aging*** also can lead 10 analogous uncertainties
and ambiguities.

-—
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Indeed, even some of instances of weaker than ex-
pected correlation coefficients velating fracture failure
foads! ' 2101738 with DX A-measured in vitro BMD of
cleansed. excised cadaveric vertebrae might very well have
a related origin. From the present perspective, these DXA
measurements may be seen as having been influenced as
much or more by the absorptiometric disparity between the
in vitro bath (in which each specimen was scanned) and that
of the particular intact or residual bone marrow within the
given vertebra than to a weak relationship between true
BMD and [racture failure load. Going yet a step further, one
also might guestion the extent to which “biological™ vari-
ability (£ ~20% about the mean) in the population-based.
age-matched normative DXA BMD data is due to natural
variations in truc BMD values among individuals and to
what degree it may be duc more (o person-to-person varia-
tions in the soft-tissue anthropometrics ol the normal pop-
ulation. If traced to the later, it might fargely help explain
the number of lalse-negative osteoporotic diagnoses ol
those persons known by other means to be osteoporotic. but
whose measured BMD values falf within the £2 SD band of
the DXA-based in vivo BMD normative data. Thus. 1l true
BMD were a reasonably good gauge ol bone lragility (as it
might well be), evidence i support of it might actually be
obscured by the very DXA methodology now used to mete
it.

The ramilications of inherent systematic DXA in vivo
BMD inaccuracies are clearly wide-ranging and potentially
serious. For this reason, it would not be unwarranted (o view
patient-specific bone {ragility interpretations based on this
methodology with considerable circumspection and/or (o
advocate reassessment ol much ol the existing “conven-
tional wisdom.™ which now rests on DXA in vivo bone
densitometry.
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DXA in obese patients: are normal values really normal?
Jean M. Weigert, MD and Christopher E. Cann, PhD, Imaging Center of
West Hartford, CT and University of California, San Francisco, CA.

Measurements of areal bone density (gm/cm2) in obese patients are
reported increased in the spine and proximal femur compared to age-
matched controls when DXA is used. This has been attributed to the
increased mechanical forces placed on the weightbearing skeleton in
obese patients or the possibility of increased circulating estrogen from
aromatization in the body fat. Variability in overlying tissue composition is
known to affect the results of studies using DXA but is not included in
reports. One reason may be that even though the possible inaccuracies
have been determined in studies in vitro or in phantoms, little in_vivo data
exist comparing bone densitometry by DXA with bone density measured
using techniques that are not affected by the composition of overlying

tissue.

We measured BMD of the spine and proximal femur of 6 obese women
and 18 matched control women using DXA and 3DQCT. The 3D QCT
analysis included a compensation for body size to normalize QCT results
to the UCSF normal database. T-scores based on age 30 were used to
compare the clinical results. In obese vs. control, T-scores were DXA SP
0.3+-1.9 vs. -2.6+-.9, DXA FN -0.5+-0.8 vs. -3.1+-0.6, QCT SP -2.8+-1.1
vs. -3.0+-0.8. In obese women, T-score QCT=0.7 T-score DXA -2.9
(r=0.96). 2/6 obese women had thoracic vertebral compressions.

JThese results of this study suggest that DXA of both the spine and hip
overestimate BMD in obese women and the results should be interpreted
with caution. In addition, altemate BMD modalities not affected by the
overlying soft tissue should be considered as primary modalities for the
diagnosis of osteoporosis in these patients.
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One Year of Alendronate after One Year pf

Parathyroid Hormone (1-84) for Osteoporosis
Dennis M. Black, Ph.D., John P. Bilezikian, M.D., k
E. Ensrud, M.D., M.P H., Susan L. Greenspan, M.D.,
Palermo, M.A., Trisha Hue, M.A., Thomas F. Lang, Ph.D.,
Joan A. McGowan, Ph.D., Clifford J. Rosen, M.D., for the

PaTH Study Investigators

ABSTRACT

Backgrouand Since the use of parathyroid hormone as a treatment fo
osteoporosis is limited to two years or less, the question of whether
antiresorptive therapy should follow parathyroid hormone therapy i
important. We previously reported results after the first year of this
randomized trial comparing the use of full-length parathyroid hormgne
(1-84) alone, alendronate alone, or both combined. In the continuation 9f
this trial, we asked whether antiresorptive therapy is required to mai th
gains in bone mineral density after one year of therapy with parathyrpid

hormone (1-84).

Methods In the data reported here, women who had received parathy
hormone (1-84) monotherapy (100 ug daily) in year 1 were randoml
reassigned to one additional year with either placebo (60 subjects) o
alendronate (59 subjects). Subjects who had received combination th
year 1 received alendronate in year 2; those who had received alendronate
monotherapy in year 1 continued with alendronate in year 2. Bonc mine
density at the spine and hip was assessed with the use of dual-encrgy |x-ray
absorptiometry and quantitative computed tomography (CT). ’




on quantitative CT (an increase of 31 percent in the parathyroid
hormone-alendronate group as compared with 14 percent in the p
hormone-placebo group). During year 2, subjects receiving place
substantial bone mineral density.

Conclusions After one year of parathyroid hormone (1-84), densi mqftric
gains appear to be maintained or increased with alendronate but lost if
parathyroid hormone is not followed by an antiresorptive agent.
results have clinical implications for therapeutic choices after the
discontinuation of parathyroid hormone.

Source Information

From the Departments-of Epidemiology and Biostatistics (D.M.B., L.P., T.H.) and
Radiology (T.F.L.), University of California, San Francisco; the Department

College of Physicians and Surgeons, Columbia University, New York (J.P.B.)
Departments of Medigine and Epidemiology, Minncapolis Vetcrans Affairs
Center and University of Minncsota, Minneapolis (K.E.E.); the University of Pi
Medical Center, Pittsburgh (S.L.G.); the National Institute of Arthritis and

Musculoskeletal and Skin Diseases, National Institutes of Health, Bethesda,
(1.A.M.); and the Maine Center for Osteoporosis Research, St. Joscph Hospi

(CJR). .
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Francisco Coordinating Center, 74 New Montgomery St., Suite 600, San Francisco, CA
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Quantitative computed tomography of the lumbar spine, not
dual x-ray absorptiometry, is an independent predictor of
prevalent vertebral fractures in postmenopausal women with
osteopenia receiving long-term glucocorticoid and hormone-
replacement therapy.

Rehman Q, Lang T, ModinG, Lane NE.
University of California, San Francisco, CA 94143, USA.

OBJECTIVE: To determine which measurement of bone
mineral density (BMD) predicts vertebral fractures in a cohort
of postmenopausal women with glucocorticoid-induced
osteoporosis. METHODS: We recruited 114 subjects into the
study. All had osteopenia of the lumbar spine or hip, as
demonstrated by dual x-ray absorptiometry (DXA), and were
receiving long-term glucocorticoids and hormone replacement
therapy (HRT). Measurements of BMD by DXA of the lumbar
spine, hip (and subregions), and forearm (and subregions),
quantitative computed tomography (QCT) of the spine and hip
(n = 59), and radiographs of the thoracolumbar spine were
performed on all subjects to assess prevalent vertebral
fractures. Vertebral fracture prevalence, as determined by
morphometry, required a >0r=20% (or >or=4-mm) loss of
vertebral body height. Demographic information was obtained
by questionnaire. Multiple regression and classification and
regression trees (CART) analyses were used to assess
predictors of vertebral fracture. RESULTS: Twenty-six percent
of the study subjects had prevalent fractures. BMD of the
lumbar spine, total hip and hip subregions, as measured by
QCT, but only the lumbar spine and total hip, as measured by
DXA, were significantly associated with prevalent vertebral
fractures. However, only lumbar spine BMD as measured by
QCT was a significant predictor of vertebral fractures. CART
analysis showed that a BMD value <0.065 gm/cm(3) was
associated with a 7-fold higher risk of fracture than a BMD
value >or=0.065 gm/cm(3).CONCLUSION: In
postmenopausal women with osteoporosis induced by long-
term glucocorticoid treatment who are also receiving HRT,
BMD of the lumbar spine as measured by QCT, but not DXA,
is an independent predictor of vertebral fractures.

PMID: 12115236 [PubMed - indexed for MEDLINE]
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Bone Density

Imaging use grows as osteoporosis treatment
becomes common

Radiologists move from plain film to DXA scanners and QCT to assess early
signs of fracture risk

By Virginia J. Griswold, M.D.

Osteoporosis is no longer regarded as a disease only of postmenopausal women, and it is no
longer an accepted consequence of aging. While the National Institutes of Health consensus
development panel on osteoporosis prevention, diagnosis, and therapy reported that the
condition is a major health threat, it added that it is no longer considered age- or sex-
dependent and described it as largely preventable.!

Developments that have contributed to this new approach include the introduction of
nonhormonal therapy, low-dose image-based bone mineral density (BMD) methods, and the use
of fracture-risk comparison-based BMD calculations based on a young healthy adult peak peer
group rather than an aged-matched peer group. Other influences include international research
and consensus based on relative fracture risk estimates and treatment outcome. In addition, the
Bone Mass Measurement Act (BMMA) of 1998 stabilized reimbursement, making BMD exams a
covered benefit by Medicare carriers for four specified groups of patients:

e estrogen-deficient women deciding about hormone replacement therapy;

e patients with vertebral abnormalities or radiographic osteopenia needing diagnosis of
spinal osteoporosis for possible therapy;

e patients receiving long-term glucocorticoid therapy in order to adjust therapy dosage; and

+ patients with primary hyperparathyroidism who might be candidates for surgery.

Osteoporosis is a critical disease facing the aging population, and is one of the most important
disorders encountered in clinical practice. More than 28 million people in the U.S. suffer from
osteoporosis, but in the past, the diagnosis was often not made until a fracture had occurred.

The lifetime risk of hip fracture in women is greater than the sum of the lifetime risk of
developing breast, endometrial, and ovarian cancer, Of patients who have fractured a hip, 50%
are subsequently unable to walk unassisted and 15% to 20% will die within a year. The cost of
hip fractures alone is expected to reach $62 billion by 2020.

htto://www.dlagnosticimagine.com/db area/archives/2001/0111.bone.di.shtml 10/2/2006
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loss of early menopause as well as to the response to therapy, which is frequently first seen in
trabecular bone.

In the U.S., 1.8 million fractures are attributed to osteoporosis annually: roughly 700,000
vertebral fractures, 300,000 hip fractures, 250,000 distal forearm fractures, and 300,000
fractures of other limbs.® 1% Worldwide, fractures from osteoporosis occurring each year are
projected to increase to 6.3 million in 2050 from 1.7 million in 1990.11:12

Men At Risk

Each year men suffer one-third of all the hip fractures that occur, and the lifetime risk of hip
fracture in men is greater than that of prostate cancer. Age-adjusted mortality for men with hip
fractures is about twice that of women: as high as 30% in the first three months and 50%

within a year.13

In addition to hip fracture, men also experience painful and debilitating fractures of the spine,
wrist, and other bones due to osteoporosis.!* Two million men in the U.S. have osteoporosis,
and another three million or more are at risk. Yet despite the large number of men affected,
osteoporosis in men remains underdiagnosed, underreported, and inadequately researched. By
ignoring evidence of osteopenia on plain films in males, providers are doing a disservice to
patients who will subsequently have serious consequences. Research interest in male bone loss
is growing, however, ¢

Densitometry Techniques

When viewed by the unaided eye, plain skeletal radiographs have never been useful for
quantifying bone density. Approximately 40% loss of bone mineral must be present to be readily
apparent, but no true quantification can be made. The two most commonly used methods for
bone densitometry are DXA and QCT.

DXA uses two different photon energies simuitaneously to separate the influence of soft tissues
and bone and accurately measure bone density. The source of the photon energy is an x-ray
tube. The x-ray beam must be narrowed by using k-edge filters or alternating energies to
produce the two distinct photoelectric peaks necessary.

Originally, DXA scanners used rectilinear pencil-beam technology. These gave way to fan-array
scanners, and scan times have been reduced from a few minutes to as short as 30 seconds.
Radiation exposure is extremely low. Expressed in skin entry doses, radiation exposures for an
AP spine or femur study are 2 to 5 mrem. The biologically important effective dose or whole-
body equivalent dose is 0.1 mrem.!1° At 1 meter from the finely collimated fanbeam source, the
radiation scatter is the same as background, which allows the scanners to be placed in rooms
without lead shielding in the walls. The operator requires no protection other than distance from
the x-ray beam.

The most important advance with DXA has been marked improvement in precision.
Reproducibility resulting in short-term precision has been reported as low as 0.9% for the AP
lumbar spine and 1.4% for the femoral neck. Newer machines can also perform supine AP and
lateral images of the thoracolumbar spine (T4 to L4) with fine detail using a single-source beam
in seconds to either look for compression fractures or perform morphometric measurements of
each vertebra for signs of subtle loss of vertebral body height.

Because DXA has been found in prospective studies to predict fracture risk, it has become the

htto://www diagnosticimaging.com/db area/archives/2001/0111.bone.di.shtml 10/2/2006
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gold standard in densitometry exams.

QCT studies use a phantom reference standard containing Ca,HPO,, which is placed underneath

the patient during the study. A scout view is taken for localization, then an 8 to 10-mm-thick
slice is taken through the midbody of two or more vertebral bodies. A region of interest within
the anterior portion of the vertebral body is analyzed for bone density and compared with the

phantom. It is reported out as mg/cm?3 Ca2HPO4 equivalents, a volumetric value.

QCT measures the trabecular bone of vertebral bodies and avoids problems inherent in the AP
spine DXA exams: inclusion of cortical-rich bone from the posterior processes, bone spurs,
sclerosis from degenerative disk disease, and incorporation of aortic vascular calcifications. The
result is a three-dimensional trabecular density unlike the two-dimensional cortical and
trabecular densities reported with DXA.

QCT requires 20 minutes and the skin dose is generally 100 to 300 mrem, although only a small
portion of marrow is irradiated during a study of the spine. The effective dose or whole-body
equivalent dose from this highly collimated exam is generally in the range of 30 mrem. The
localizer scan that precedes the actual QCT study will add 3 mrem to the effective dose. These
values are acceptable in the context of natural background radiation of approximately 20 mrem
per month or 27 mrem for one-view chest x-ray. Doses are higher (70 mrem) when using newer
spiral CT scanners.

The accuracy of QCT is affected by the presence of marrow fat. Because marrow fat increases
with age, error in the accuracy of spine QCT measurements increases as the patient ages.

As has been shown in prevalence studies of osteoporotic fractures, QCT can distinguish normal
from osteoporotic individuals as well as or better than DXA. Fractures are rare above 110
mg/cm? and extremely common below 60 mg/cm3. Because QCT measures only trabecular
bone, which is known to be more metabolically active than cortical bone, rates of change using
QCT tend to be greater than those observed with AP spine studies performed with DXA.

Peripheral DXA units can measure bone density of the distal radius and ulna and the calcaneus,
and dedicated peripheral QCT scanners are available to evaluate the forearm.

Ultrasound densitometry units for screening of the calcaneus are known as quantitative
ultrasound (QUS). Although these units may be acceptable for screening populations, applying
T-score criteria to them is probably ill-advised. T-score is the number of standard deviations
above or below the peak BMD for young adult females or males. Any detectable bone loss would
probably warrant a central site examination.

Diagnostic Guidelines

Osteoporosis can be diagnosed before fractures by measuring bone density, according to the
World Health Organization’s 1994 definitions. The WHO study defined osteopenia and
osteoporosis in a multinational group of postmenopausal white females using DXA. A panel of 16
international experts in the field of osteoporosis noted that a cutoff value of bone density more
than 2.5 SDs below the average value for healthy young women would label 30% of their study
group as having osteoporosis at some skeletal site (see table). Fifty percent or more of these
women had sustained a fracture of the spine, femur, forearm, humerus, or pelvis.® Aithough
these guidelines were not originally intended to be applied to women of other racial background
or to men, this concept and grading system has been applied in clinical practice in the absence
of any other diagnostic guidelines for these groups as well.

http://www.diagnosticimaging.com/db area/archives/2001/0111.bone.di.shtml 10/2/2006
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Radiologists are uniquely positioned to recognize many of the patients who need screening or
quantification of bone mass loss based on increased appreciation of osteopenia/osteoporosis on
the plain films they review. Many of these patients may otherwise go undetected until a severe
fracture occurs. A large proportion of female patients receiving other imaging from radiology
departments, such as mammography or ultrasound, also should be screened for osteopenia.
Screening peripheral densitometry units are already used in some mobile mammography units.

CT bone densitometry has a role in densitometry, especially in patients who fail to get
reasonable results in the spine with DXA. In addition, DXA scanners are now using larger
numbers of detectors to become more imaging-based. Many states require the technologist
operating the DXA scanner to be a qualified radiology technologist. In some states, Medicare
carriers and other insurance carriers require that the scans be interpreted by radiologists.

Dr. Griswold is an assistant clinical professor of radiology at the University of California, San
Francisco.
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ORIGINAL ARTICLE ACTA RADIOLOGICA

Effect of Spinal Degenerative Changes on Volumetric Bone Mineral
Density of the Central Skeleton as Measured by Quantitative Computed
Tomography

G. GuaGLIELMI, 1. FLoRIANI, V. Torrl, J. LI, C. vaN Kuik, H. K. GENANT & T. F. LANG

D'eparlmenl of Radiology, Scientific Institute Hospital “Casa Sollievo della Sofferenza”, San Giovanni Rotondo, Italy;
Blometry and Data Management Unit, Scientific Institute “Mario Negri”’, Milan, Italy; Department of Radiology,
Academic Medical Center, University of Amsterdam, The Netherlands, Osteoporosis and Arthritis Research Group,
University of California San Francisco, Calif., USA )

Guglielmi G, Floriani I, Torri V, Li J, van Kuijk C, Genant HK, Lang TF. Effect of
spinal degenerative changes on volumetric bone mineral density of the central skeleton as
measured by quantitative computed tomography. Acta Radiol 2005;46:000-000

Purpose: To evaluate the impact of degenerative changes due to osteoarthritis (OA) at the
spine on volumetric bone mineral density (BMD) as measured by volumetric quantitative
computed tomography (vQCT).

Material and Methods: Eighty-four elderly women (mean age 73 + 6 years), comprising 33
witle vertebral fractures assessed by radiographs and 51 without vertebral fractures, were
studfed. Trabecular, cortical, and integral BMD were examined at the spine and hip using
a helical CT scanner and were compared to dual X-ray absorptiometry (DXA)
measurements at the same sites. OA changes visible on the radiographs were categorized
into two grades according to severity. Differences in BMD measures obtained in the two
groups of patients defined by OA grade using the described radiologic methods were
compared using analysis of variance. Standardized difference (effect sizes) was also
compared between radiologic methods.

Results: Spinal trabecular BMD did not differ significantly between OA grade 0 and OA
grade 1. Spina) cortical and integral BMD measures showed statisti