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Hospital for Special Surgery

Beguisition & Installation of an MRI in Stamford

Application Checklist

Instructions:

1. Please check each box below, as appropriate; and
2. The completed checklist must be submitted as the first page of the
CON application.

X

Attached is the CON application filing fee in the form of a
certified, cashier or business check made out to the “Treasurer
State of Connecticut” in the amount of $500.

For OHCA Use Only:

Note:

Docket No.: &~ 31 4¥ 0o Check No.: €5g 95¢

.

OHCA Verified by: .f/?' 3 Date: < fl .-B!lf iz
e

Attached is evidence demonstrating that public notice has been
published in a suitable newspaper that relates to the location of
the proposal, 3 days in a row, at least 20 days prior to the
submission of the CON application to OHCA. {(OHCA requesis
that the Applicant fax a courtesy copy to OHCA (860) 428-
7053, at the time of the publication)

Attached is a paginated hard copy of the CON application
including a completed affidavit, signed and notarized by the
appropriate individuals.

Attached are completed Financial Attachments I and II.

Submission includes one (1) original and four (4) hard
copies with each set placed in 3-ring binders.

A CON application may be filed with OHCA electronically
through email, if the total number of pages submitted is 50
pages or less. In this case, the CON Application must be

emailed to chea@ct.gov.

Important: For CON applications(less than 50 pages) filed

X
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electronically through email, the singed affidavit and the check
in the amount of $500 must be delivered to OHCA in hardcopy.

The following have been submitted on a CD

1. A scanned copy of each submission in its entirety, including
all attachments in Adobe (.pdf) format.

2. An electronic copy of the documents in MS Word and MS
Excel as appropriate.



............................................... LR T = L\ T T T S e T e
JPM Ch Bank, N.A. 1-2
R == CHECK NUMBER 858956

CHECK DATE 07/10/12

535 East 70th Street, New York, NY 10021

L_ AMOUNT
FIVE HUNDRED AND 00/7100 ‘F s

|
|
*******500-00 I
1

L

FAY 1D THE TREASURER, STATE OF CT ( L2
ORDER OF: . g ! /
MUTLORIZED SIGN RES

"O0000A858856 1:.0230000ck: BEbkbm B0 cHE81"

THE HOSPITAL FOR SPECIAL SURGERY 535 East 70th Streete New York, New York 10021
INVOICE NO. | INVOICE DATE PO NUMBER INVOICE AMT | DISCOUNT AMT NET AMOUNT

10862 07/03/12 STAMFORD MR! CON APPLICATION FILING FBE 500.00 0.00 500.00
CHECK REQUEST # 10862

VENDOR NO..| VENDOR NAME i | CHECK NO.

999000691 TREASURER, STATE OF CT 8580956
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TOTAL
500.00




HOSPITAL FOR SPECIAL SURGERY
535 EAST 70TH STREET
NEW YORK NY 10021

LEGAL NOTICE

Mew York Soolety for the Relief of tha Ruptured and Grippled, maintain-
ing the Hoespital for Sgecial Surgery is applying for a Certificate of Need
pursuant o seotion 192-638 of the general statutes. The proposal Is for
the acquisition of a 1.5 Tesla Magnetic Resonance Imaging Scanner to
e located at 1 Blachley Road, Stamford, CT 06902 in a limited service
oulpatient radiology satellite center intended 1o sorve patients of the ap-
leglicaslnt‘ffsmg{*‘qrsk:iam,. The total capital expenditure for the project Is
3,200,
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THE ADVOCATE

9 Riverbend Drive South
Building 9A
P.0. Box 4910

Stamford, CT 06907-0910
Telephone; 203-330-6208

Fax: 203-384-1168
l.egal.notices@scni.com

THE ADVOCATE
CERTIEICATE OF PUBLICATION

I,(S%Qwu .} b

Reing duly sworn, depose
say that I am a Representative
in the employ of SOUTHERN
CONNECTICUT NEWSPAPERS, INC.,
Publisher of The Advocate and
Greenwich Time, that a LEGAL
NOTICE as stated below

was published in THE ADVOCATE,

Subscribed and sworn to before
me on this 8.th Day of August,
A D, 2012,

‘Pamela Caluori/Notary Public

My commissien expires on
January 2013

PO Numbsay

Publication
Stamford Advocate
Ad Number
0001 778176-01

Ad Cagtion
LEGAL NOTICE New York Socl

Publication Schedule

6/26/2012, 6/27/2012, 6/28/2012




AFFIDAVIT

Applicant: New York Society for the Relief of the Ruptured and Crippled,
maintaining the Hospital for Special Surgery (“Hospital for Special
Surgery” or “HSS")

Project Title: Acquisition and installation of an MRI in Stamford

I, Louis A. Shapiro, President & CEQ
(Individual's Name) (Position Title — CEO or CFO)

of Hospital for Special Surgery being duly sworn, depose and state that
(Hospital or Facility Name)

Hospital for Special Surgery’s information submitted in this Certificate of
(Hospital or Facility Name)

Need Application is accurate and correct to the best of my knowledge.

Subscribed and sworn to before me on g{ q { ( 2

Notary Public/Commissioner of Superior Court

My commission expires:

FRANCINE GONZALEZ
Notary Public, State of New York
No. 01G0O6060038
Qualified in Dutchess County
Commission Expires June 11, 2018
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’Mnsr,,ur >

State of Connecticut

Office of Health Care Access
Certificate of Need Application

Instructions: Please complete all sections of the Certificate of Need (“CON”)
application. If any section or question is not relevant to your project, a response of “Not
Applicable” may be deemed an acceptable answer. If there is more than one applicant,
identify the name and all contact information for each applicant. OHCA will assign a
Docket Number to the CON application once the application is received by OHCA.

Docket Number:

Applicant:

Contact Person:

Contact Person’s
Title:

Contact Person’s
Address:

Contact Person’s
Phone Number:

Contact Person’s
Fax Number:

Contact Person’s
Email Address:

Project Town:
Project Name:
Statute Reference:

Estimated Total

Capital Expenditure:
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TBD

New York Society for the Relief of the Ruptured
and Crippled, maintaining the Hospital for Special
Surgery

Stacey L. Malakoff

Executive Vice President/CFO

535 East 70" Street
New York, NY 10021

(212) 606-1239

(212) 774-2620

MalakoffS@hss.edu
Stamford
Acquisition and installation of an MRI in Stamford

Section 19a-638, C.G.S.

$3,245,583



1. Project Description: Acquisition of Equipment
a. Please provide a narrative detailing the proposal.

In an effort to better serve its patients, the New York Society for the Relief of the
Ruptured and Crippled, maintaining the Hospital for Special Surgery (“HSS” or
the “Hospital”), located at 535 East 70" Street, New York, New York 10021, is
submitting this Certificate of Need (“CON”) application for approval to purchase a
1.5 Tesla Magnetic Resonance Imaging (“MRI’’) unit, as well as perform related
renovations to accommodate the new machine at 1 Blachley Road, Stamford,

Connecticut.

HSS currently provides physician services, diagnostic x-ray and fluoroscopic
guidance imaging services at 143 Sound Beach Avenue, in Old Greenwich. HSS has
obtained a determination letter from OHCA that no CON is required for the
Hospital to conduct these services. HSS plans to relocate and expand these services
to the above address in Stamford. This will enable more of our current Connecticut

and Westchester patients to see their doctors and receive services closer to home.

HSS is ranked #1 in the nation for Orthopedics and #3 for Rheumatology by
U.S.News and World Report in its 2012 “Best Hospitals” issue marking the 22"
consecutive year that HSS has been among the top ranked Hospitals in these fields.
A Kkey ingredient to the quality of care that HSS patients receive is the
musculoskeletal imaging and magnetic resonance imaging performed at HSS. MRI
is an essential diagnostic tool for HSS’s physicians. HSS has developed proprietary

protocols for MRI scans which then are further customized to meet the needs and
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specifications of each patient and their physician. This allows each physician to
maximize the usefulness of the MRI as a tool for diagnosis and development of a
treatment plan. HSS has also developed proprietary new applications for MRI for
musculoskeletal conditions, and is one of the world’s leading institutions in
musculoskeletal MRI innovations. In order to take advantage of these protocols and

applications, the majority of HSS physicians prefer to have an HSS MRI.

HSS is seeking to locate an MRI in Stamford to provide better access to its
proprietary and customized MRI scans for its many patients in Connecticut and
nearby Westchester who currently travel to HSS’s location in Manhattan to receive
MRIs. Such patients currently receive approximately 3,250 MRI scans annually at
HSS’s locations in Manhattan, where HSS operates ten MRIs at two locations
pursuant to CONs issued by New York State. The proposal will not impact the
volumes of current Connecticut MRI providers because (i) HSS will be using its
Stamford-based MRI to service its own patients who are now being served in
Manhattan, (ii) such patients will almost immediately fill the capacity of the
proposed Stamford MRI, and (iii) HSS’s Stamford based MRI will not be marketed
to non-HSS physicians or their patients. This proposal, if granted, will free up
capacity at HSS’s Manhattan locations and alleviate current issues with MRI
backlog. A similar proposal with similar objectives for an MRI at a satellite facility

in Long Island has been approved by New York State.
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b. Provide letters that have been received in support of the proposal.
Attachment | contains letters of support for the project.

c. Provide the Manufacturer, Model, Number of slices/tesla strength of the proposed
scanner (as appropriate to each piece of equipment).

The proposed MRI unit would be a GE Discovery MR450w 1.5 Tesla 32 channel
model.

d. List each of the Applicant’s sites and the imaging modalities and other services

currently offered by location.

While the Hospital is currently licensed to operate eleven MRIs in New York, it
operates no MRI imaging sites in Connecticut and this proposed MRI acquisition
would be the first outside of the State of New York. The current MRI sites are the
Main Hospital (535 East 70™ Street, New York, NY 10021), a satellite Manhattan
site (429 East 75™ Street, New York, NY 10021) and a Long Island site (333 Earle
Ovington Blvd, Uniondale, NY 11553) approved but not yet operational. Of the
Hospital’s 11 MRI units, three are 3.0 tesla units and the remaining eight are 1.5

tesla units. All HSS MRI units are closed units.

Background on the Hospital

Founded in 1863, HSS is a musculoskeletal specialty hospital predominantly focused
on Orthopedics, Rheumatology, Rehabilitation and Pain Management of related
disorders. HSS is a not-for-profit, acute care, academic medical center located on
the Upper East Side of Manhattan whose mission is to provide the highest quality
patient care, improve mobility, and enhance the quality of life for all and to advance
the science of orthopedic surgery, rheumatology, and their related disciplines

through research and education. Recognized as a leader in Orthopedics and

HSS CON PAGE 8



Rheumatology around the world, HSS has been among the top ranked hospitals for
orthopedics and rheumatology in U.S.News & World Report in its “Best Hospitals”
issue for 22 consecutive years. Most recently for the 2012 rankings, HSS ranked
first in the nation in orthopedics and third in rheumatology. HSS has earned a 3"
Magnet Nursing Designation by the American Nurses Credentialing Center, and
HSS is one of 27 organizations world-wide to receive a Gallup best workplace award
in 2012 in recognition of its extraordinary ability to create an engaged workplace
culture. HSS is the only hospital in New York State with infection rates significantly
lower than the state average for hip replacements for three consecutive years (2008
— 2010; most recently available data) and ranks in the 99" percentile on the Press
Ganey survey in “likelihood to recommend the Hospital to others.” The HSS
Department of Orthopedics serves as the Department of Orthopedics for Weill
Cornell Medical College and all other members of the HSS medical staff serve as
faculty at the Medical College in disciplines such as medicine, anesthesiology,
radiology, neurology, and pathology. Members of HSS’s medical staff serve as team
physicians for major professional sports teams, including the New York Giants,
New York Mets, New York Knicks, New York Liberty, and the New York Red
Bulls, as well as the athletic programs of several local colleges. During 2011, HSS
performed over 25,000 surgeries and had over 300,000 outpatient visits for non-
surgical services such as radiology (diagnostic and interventional), rehabilitation,

neurology, and laboratory.

Many of the patients treated by HSS and its medical staff require diagnostic

imaging services. MRI is an integral component of HSS’s Department of Radiology
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and Imaging, which also provides diagnostic and treatment services in X-Ray,

Computerized Tomography and Ultrasound.

HSS’s Education Division trains over 115 residents and fellows, along with
approximately 200 residents and fellows that rotate to HSS from other institutions
in the U.S. and abroad as well as over 250 medical, physical therapy, nursing and
public health and health care administration students. The active Alumni
Association (consisting of graduates from HSS programs) spans the globe with over

1,100 members located in 47 U.S. states and 33 foreign countries.

HSS’s Research Division occupies an influential position in the world of
musculoskeletal science. Based on a solid foundation built on significant
musculoskeletal patient volume, excellent clinical care, and a strong team of
scientists and clinicians, its major goal is to translate research and discoveries into

new technologies that improve patient care and outcomes.

Patients seek the internationally recognized and specialized care of HSS from a
broad geographic service area. Percentage of volume by region is summarized in
the table below.

Inpatients Ambulatory Surgery

2011 2010 2011 2010
Manhattan 15%  15% 28% 30%
Other NYC Boroughs 18%  19% 17% 17%
Long Island 18%  18% 14% 13%
Fairfield CT/Lower Hudson Valley 15%  16% 16% 15%
Northern NJ 19%  18% 16% 15%
All other (domestic and international) 15%  14% 9% 10%
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HSS Volume Growth

Illustrated below is the five-year growth from 2007 to 2011 for inpatient,
ambulatory surgery and MRI volume, as well as six months year-to-date actual for

2012 compared to the same period in 2011.

First Six Growth- 2007 to

Full Year Months 2011
Increase
2007 2011 | 2011 2012 | Total Annual | 2011 -2012
HSS Totals:
Admissions 10,509 13,311| 6,835 7,162 | 26.7% 6.1% 4.8%
Ambulatory Surgeries 16,594 20,043 ] 10,131 10,897 | 20.8% 4.8% 7.6%
MRI Scans 19,623 28,316 | 14,015 15,901 | 44.3% 9.6% 13.5%

All of Connecticut &
Westchester within 15
miles of Stamford:

Admissions 898 1,235 630 615 | 37.5% 8.3% (2.4%)
Ambulatory Surgery 1,731 2,089 1,052 1,114| 20.7% 4.8% 5.9%
MRI Scans 1,747 2,887 1,409 1,625]| 65.3% 13.4% 15.3%

This volume growth has been achieved throughout HSS’s broad geographic service
area and has been driven by many factors, including:

v' Continued and growing acceptance of joint replacement, spine surgery,
sports medicine, and other Orthopedic procedures due to new technologies
and capabilities, superior devices and implants, high success rates, and quick
recovery periods

v' The general aging of the population is a favorable demographic trend for the

overall growth of Orthopedics and Rheumatology
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v' A growing number of younger individuals are electing to have Orthopedic
procedures in order to maintain their active lifestyles

v" The number of revision surgeries to replace implants that have reached the
end of their useful life is expected to increase significantly due to the
significant growth in primarily joint replacements since 1980, and longer life

expectancies

To accommodate this growth and demand, HSS has expanded its number of beds,
operating rooms, MRIs and other patient care services. Since the end of 2007, the
number of operating rooms has grown from 27 to 35, the number of inpatient beds

has increased from 162 to 205, and the number of MRIs has increased from 7 to 11.

Demand for HSS’s services is expected to continue to increase over the remainder of
the decade (4% - 5% annual growth projected), continuing to create patient care
capacity challenges. A key component to HSS’s strategic plan is developing offsite
locations to enable HSS patients in the applicable communities near the site to see

their doctors and receive services closer to home.
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2. Clear Public Need

a. Explain why there is a clear public need for the proposed equipment. Provide
evidence that demonstrates this need.

It is important to note that this proposal primarily involves a shift of location for
MRI scans currently performed on patients residing in Connecticut and
Westchester at HSS’s main campus in Manhattan. The proposed site provides a
convenient location in closer proximity to the homes of these patients. This
decanting of MRI volume will in turn free up needed capacity in Manhattan. The
proposed MRI unit will be utilized by HSS physicians on their patients from
Connecticut and nearby towns in New York State who would otherwise travel to
New York City to obtain their MRI scans at HSS in Manhattan. These scans are
read by HSS radiologists and the referring physicians would continue to rely on the
HSS Department of Radiology and Imaging’s specialization in orthopedic-focused
scans that limit the use of contrast injections and provide a high level of specialized
sequences, improving both conservative and surgical planning and overall patient
outcomes. Historical information summarized below indicates sufficient need for an
HSS MRI in Connecticut to accommodate HSS patients in Connecticut and
Westchester county currently receiving their MRI scans in New York City. The
new MRI unit is expected to be utilized at full capacity almost immediately based on

this historical volume alone.

The determination of need and projected volume for the proposed MRI service
involved 1) identification of the patient service area, and 2) current MRI utilization

within the service area by the applicable HSS physician population.
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HSS Serving Patients in Connecticut and Westchester County (within
15 miles of Stamford)

For the three-year period from 2009 to 2011, nearly 17,000 residents (9,000 from
Connecticut) had approximately 54,000 encounters at HSS in NYC (29,000 for
Connecticut residents). Each point on the scatter chart below represents one of

these residents.

Crompond
Golden’'s Bridge

Yorktown Heights

From CT and Westchester
withinl5 miles of Stamford
17,000 patients

54,000 visits

f \-‘LJAsha ken .
i o \—'\\

-A‘E;&ﬂﬁ = ‘) Lloyd Harbor

Mount Vernon

In addition, HSS’s offsite location in Old Greenwich had over 7,000 MD visits and
2,600 x-ray exams in 2011. Finally, for fiscal year 2011, HSS surgeons performed
approximately 3,700 surgical procedures on residents of Connecticut and eastern

Westchester County at the main campus in New York City.
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Service Area Determination

As the proposed MRI unit in Connecticut is new to HSS, there is no historical
patient service area. A patient origin analysis was done for 2011 and year-to-date
2012 (for the six months ending June 30, 2012) for MRI volume from HSS patients
who reside in lower Connecticut and the eastern portion of Westchester County
(Attachment I1). From this analysis, a proposed service area was derived. These
towns are in closest proximity to the proposed location of the MRI unit in Stamford.
Ilustrated below are HSS historical MRI volumes from the proposed service area
towns, along with the aggregate patient origin volume for other communities in

Connecticut and New York (within 15 miles of Stamford).

Town 2011 YTD June 2012 Projected 2012

Stamford 144 67 134
Greenwich 454 243 486
Darien 174 68 136
New Canaan 109 70 140
Subtotal- Conn. portion of

proposed service area 881 448 896
Scarsdale 229 114 228
Rye 217 110 220
Mamaroneck 219 144 288
Subtotal- NY portion of

proposed service area 665 368 736
Total proposed service

area 1,546 816 1,632
Other Conn (statewide) 725 465 930
Other NY (within 15 miles) 616 344 688

Total HSS MRI volume-
Conn and eastern
Westchester County 2,887 1,625 3,250

Percent increase- 2011 to
2012 12.6%
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Projected 2012 volume by town represents YTD 6/30/12 actual plus projected
volume for July 2012 to December 2012. As shown in the above table, over 1,600
scans are projected for 2012 to be done at HSS’s Manhattan campus on patients
from the proposed service area and an additional approximately 1,700 scans are
projected to come from the remainder of the State of Connecticut and neighboring
New York towns near the proposed service area (and within a 15 mile driving

distance to the proposed MRI location).

Maximum capacity of the proposed MRI (2,540 scans) would not be able to fully
accommodate the 3,250 scans projected in 2012 for the service area. A portion of
this volume would still be performed in Manhattan for two main reasons:
e Patient preference (e.g., the patient is employed in New York City and it is
more convenient to have the scan performed during work hours); and
e The patient’s physician office visit is at the Hospital’s main campus and an

MRI is ordered and performed during that same visit.

The total population for the above proposed service area is approximately 350,000
as discussed in further detail in 2.c.ii below and shown in detail in Attachment I11.
While this population is expected to have minimal growth through 2015 in total, the
cohorts of ages 45 to 64 are projected to increase nearly 4% while the cohort of ages
65 and older are expected to increase nearly 11%. These cohorts are the more
prevalent demographic for orthopedic care and thus MRI utilization for

musculoskeletal conditions.
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An evaluation was next done on the optimal operating time and overall expected
capacity of the proposed MRI. The Hospital has recently been given CON approval
for its first MRI located outside of Manhattan in Long Island, NY. This site is
expected to open during the first quarter of 2013. Like the proposed unit, this Long
Island-based MRI will be part of an HSS satellite office that will also include HSS-
affiliated physicians, diagnostic x-ray and fluoroscopic guidance imaging services.
The operating model to be adopted for that location is similar to the proposed
Stamford site. It was determined that a 10-hour day, five days a week would be the
most appropriate for this outpatient radiology satellite location, consistent with the
hours when HSS physicians and nursing staff will be present at the site. Based on
historical information and the utilization of HSS’s existing MRIs the assumed
average number of scans performed is one (1) per hour. This reflects an average
scan time that is longer than many MRI scans due to the sophisticated protocols
utilized by HSS which require more time than the average procedure at a typical

general MRI facility.

MRI Machine Capacity

Days per week- Monday to Friday 5
Hours per day- 8am to 6pm 10
Business days per year 254
Hours per year 2,540
Scans per hour 1.0
Scans per year at capacity 2,540

The total business days per year exclude weekends and holidays and represent the

days the MRI will be in operation.
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HSS MRI Service Differentiation

Given the Hospital’s specialization in musculoskeletal conditions, and its leadership
in research and innovation in respect of the diagnosis and treatment of these
conditions, heavy emphasis has been placed by the Hospital in developing
proprietary and innovative protocols for its MRI service. These in turn have been
customized for the needs of each HSS referring physician. Furthermore, HSS’s
radiologists are specialists in musculoskeletal MRI, as HSS focuses solely on
orthopedics and rheumatology and requires that its radiologists have completed a
musculoskeletal imaging fellowship, typically the fellowship offered by HSS. HSS’s
musculoskeletal radiology fellows will have already done substantial research and
achieved top ratings in their residency programs before being accepted into the HSS

fellowship program.

HSS physicians rely upon the HSS MRI protocols and quality to ensure accurate
diagnosis, efficient treatment plans and ultimately superior patient outcomes.

Following are some examples:

= Dedicated cartilage-sensitive imaging is performed on ALL joints in three
planes.

= Dedicated coils are used for specific parts to obtain the best images.

= MR utilizes high matrix imaging/thin slice imaging.

= Scans are normally checked prior to the patient leaving the facility to ensure
diagnostic quality. A musculoskeletal MRI radiologist is available at all
times when scanning is being conducted to review or assist with the scan.

After such review, additional sequences may be performed in order to
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achieve the required imaging results without the necessity of the patient
returning for another visit.

= HSS functions as a GE Luminary site for testing coils and protocols for
optimal musculoskeletal imaging.

= There are no intra-articular injections and limited use of contrast injections
for increased patient safety. This is based on high resolution non-contrast
techniques developed by HSS. This enables reproducible, accurate
assessment of the rotator cuff, capsule and labrum in the shoulder, the
cartilage and labrum in the hip, cartilage and meniscus in the knee (both
native and repaired), and the cartilage in the ankle, wrist and elbow.

= The customized MRI protocols provide each surgeon with sufficient
information to identify all issues to be operated upon prior to surgery, and to
limit the need for diagnostic surgery.

= HSS has developed a series of proprietary and prototype means for early
detection of osteoarthritis, determination of timing of treatment and
assessing surgical cartilage repair. Post operative MRI assessment of
cartilage and meniscal repair is accomplished using MRI rather than follow
up surgery. A comprehensive research agreement with GE enables this
capability at HSS, which is not otherwise available in the tri-state area.

= HSS has developed protocols for MRI assessment of arthroplasty, assessing
bone loss following joint replacement and definition of regional adverse
tissue reactions around implants, such as those seen following metal on metal

hip arthroplasty.
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= HSS is able to perform MRI scans on persons with pre-existing joint
deformity as well as persons with orthopedic hardware. Some MRI sites
decline such patients.

= Hollis G. Potter, MD, the Chief, Division of Magnetic Resonance Imaging for
HSS, has specialized in Musculoskeletal MR Imaging since 1990. She has
published 140 scientific articles and 51 book chapters. Several representative
articles are attached. She has lectured extensively at scientific orthopedic
and radiology meetings throughout the world. She is funded for MR
research in both clinical and basic science projects. She is internationally
recognized for her expertise in developing MR applications for orthopedic
conditions. Dr. Potter’s full CV is attached (Attachment V).

= Other HSS radiologists are also leaders in their fields. Additional CVs are
attached (Attachment V).

= Reflecting HSS’s leadership in development of MR applications for
orthopedic conditions, HSS has received several NIH awards for advanced

imaging development.
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b. Provide the utilization of existing health care facilities and health care services in
the Applicant’s service area.

The Hospital does not currently operate any MRIs in the service area defined above.
As to utilization of MRIs currently located in the service area, see subsection (c)(iv)

below.

Table 1. Existing Equipment Operated by the Applicant — N/A

Provider Name Description of Hours/Days of Utilization
Street Address Service * Operation ** (2011) ***
Town, Zip Code

* Include equipment strength (e.g. slices, tesla strength), whether the unit is open or closed (for MRI)
** Days of the week unit is operational, and start and end time for each day; and
*** Number of scans/exams performed on each unit for the most recent 12-month period (identify period).

c. Provide the following regarding the proposal’s location:
i. The rationale for locating the proposed equipment at the proposed site;
HSS, in conjunction with the HSS physicians currently practicing at the Old
Greenwich offsite location, plans to relocate and expand the services currently
provided at its Old Greenwich office location to the Stamford site. This will enable
more of our current Connecticut and Westchester patients to see their doctors and
receive services closer to home. The Old Greenwich location has inadequate space
for its current operation, and lacks secondary transportation options. The need
exists to relocate to a location with improved accessibility and additional space. In
addition to providing additional space, the Stamford location offers good proximity
to major roads such as Interstate 95 and U.S. Route 1, is nearby to the Stamford

train station with trains operated by Metro North and Amtrak, and is a convenient
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location for HSS patients residing in lower Fairfield County, north of Fairfield
County to the remainder of the State of Connecticut, and nearby New York State in
the eastern part of Westchester County. The proposed location is in a facility that
also houses Chelsea Piers, an entertainment and sports complex. Chelsea Piers
originated on the west side of Manhattan and has branched out to this location in
Connecticut.
ii. The population to be served, including specific evidence such as incidence,
prevalence, or other demographic data that demonstrates need,

The Hospital intends to serve those patients that utilize HSS services in Manhattan
and reside in Connecticut and the eastern part of Westchester County. The
following table illustrates the proposed service area towns and population.

Population Growth

2000 2010
2000 2010 2015 to to
Census Census Projection 2010 2015
Stamford 116,837 122,643 123,710 5.0% 0.9%
Greenwich 61,360 61,171 61,783 -0.3% 1.0%
New Canaan 19,325 19,738 19,920 2.1% 0.9%
Darien 19,620 20,732 21,147 5.7% 2.0%
Subtotal Conn. Service Area 217,142 224,284 226,560 3.3% 1.0%
Scarsdale 38,485 39,129 39,520 1.7% 1.0%
Rye 53,084 54,890 55,988 3.4% 2.0%
Mamaroneck 36,392 36,674 36,975 0.8% 0.8%
Subtotal- NY Portion of Service
Area 127,961 130,693 132,483 2.1% 1.4%
Total Service Area 345,103 354,977 359,043 2.9% 1.1%
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The population of the proposed service area is approximately 350,000 and is
projected to be relatively stable in the near future. While this population is
expected to have minimal growth in the near future, the cohort of ages 45 to 64 is
projected to increase nearly 4% while the cohort of ages 65 and older is expected to
increase nearly 11%. These cohorts are the more prevalent demographic for

orthopedic care and thus MRI utilization for musculoskeletal conditions.

ili. How and where the proposed patient population is currently being served,
The proposed patient population is currently being served by physicians affiliated
with the Hospital and are currently receiving their MRI scans at the Hospital’s

main  campus in  Manhattan (3,250 scans projected for 2012).
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iv. All existing providers (name, address) of the proposed service in the towns
listed above and in nearby towns;

The following table illustrates the existing providers of MRI services in the

Hospital’s proposed service area.

Organization Location ~  Hoursof  Inpatient  Outpatient  Total MRI

Operation MRI Scans MRI Scans Scans
Stamford Hospital

Tully Health Center Stamford Mon-Fri Incl. in
(Stamford Hosp. 8am to 8pm Stamford
Satellite) Sat Hosp.
8am to 4pm
Darien Imaging Darien Mon- Fri Incl. in
Center (Stamford 7am to 4pm Stamford
Hosp affiliate) Hosp
Stamford Hospital Stamford Mon-Fri 2,819 10,951 13,770
(main hospital) 7am to 10 pm
Sat-Sun
8am to 4pm

Greenwich Hospital

Greenwich Hospital ~Stamford Mon-Fri Incl. in
Diagnostic Center 7:30am to 6pm  Greenwich
(Greenwich Hosp. Hospital
Satellite)
Greenwich Hospital Greenwich Mon-Fri 1,240 7,386 8,626
(main hospital) 7:30am to 7pm
Sat-Sun

7:30am to 5pm

Advanced Radiology Stamford Mon-Sat not available not  notavailable
Consultants- 7am to 7pm available
Stamford Tues

7am to 11pm
Orthopedic & Greenwich not available not available not  notavailable
Neurosurgery available
Specialists
Rye Radiology Port not available not available not  notavailable
Associates Chester, available

NY

Source- Most recent available Hospital Annual Filings to OHCA (2011) and CON
filings to OHCA
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v. The effect of the proposal on existing providers; and
This proposal will have minimal impact on existing MRI service providers located in
Connecticut. This proposal is intended to serve HSS patients who reside in
Connecticut and eastern Westchester County currently traveling to HSS’s
Manhattan locations for MRI services. HSS will not market the service to non-HSS
physicians nor will the site have the capacity to accommodate such volume. In
addition, as with our sites in New York, only Orthopedic MRI will be performed.
The information available and shown in the above table suggests there is sufficient
utilization of the current MRIs located in the proposed service area. There is a
small portion of MRI scans ordered by HSS-affiliated physicians that are performed
at Connecticut MRI locations and this is expected to continue or possibly even grow.

vi. If the proposal involves a new site of service, identify the service area towns
and the basis for their selection.

As shown above, the proposed service area is the Connecticut towns of Stamford,
Greenwich, Darien and New Canaan, along with the New York towns of Rye,
Scarsdale, and Mamaroneck. These towns were selected based on the Hospital’s
historical patient origin for MRI services in lower Fairfield County and the eastern
part of Westchester County in New York and their proximity to the proposed site in
Stamford. The site will also serve HSS patients from the remainder of the state of
Connecticut, as well as other New York State towns within 15 miles of the Stamford

site.
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d. Explain why the proposal will not result in an unnecessary duplication of existing
or approved health care services.

The proposed service will not duplicate any MRI services currently provided in
Connecticut but will accommodate HSS’s Connecticut and Westchester patients
who currently travel to Manhattan to receive HSS’s unique and specialized MRI

Services.
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3. Actual and Projected Volume

a. Complete the following tables for the past three fiscal years (“FY™), current fiscal
year (“CFY™), and first three projected FY's of the proposal, for each of the
Applicant’s existing and proposed pieces of equipment (of the type proposed, at
the proposed location only). In Table 2a, report the units of service by piece of
equipment, and in Table 2b, report the units of service by type of exam (e.g. if
specializing in orthopedic, neurosurgery, or if there are scans that can be
performed on the proposed scanner that the Applicant is unable to perform on its
existing scanners).

Table 2a: Historical, Current, and Projected Volume, by Equipment Unit

Actual Volume V(o:llfj\nze Projected Volume
(Last 3 Completed FYs) - (First 3 Full Operational FYs)**

FY %wxx [ Ry swex [ Ry %% | Fy %% [FY 2014 | FY 2015 | FY 2016

Scanner***
MRI n/a n/a n/a n/a 2,175 2,540 2,540
Total 2,175 2,540 2,540

* For periods greater than 6 months, report annualized volume, identifying the number of actual months
covered and the method of annualizing. For periods less than six months, report actual volume and identify
the period covered.

** |f the first year of the proposal is only a partial year, provide the first partial year and then the first three
full Fys. Add columns as necessary.

*** |dentify each scanner separately and add lines as necessary. Also break out inpatient/outpatient/ED .
**** Fill in years. In a footnote, identify the period covered by the Applicant’s FY (e.g. July 1-June 30,
calendar year, etc.).

Table 2b: Historical, Current, and Projected Volume, by Type of Scan/Exam

Actual Volume CFY Projected Volume
(Last 3 Completed FYs) Volume* | (First 3 Full Operational FYs)**
FY ***x | PY xkdk | PY kkkk | BY *kxkk | EY 2014 FY 2015 | FY 2016
Service
type***
Orthopedics 2,175 2,540 2,540
Total 2,175 2,540 2,540

* For periods greater than 6 months, report annualized volume, identifying the number of actual months
covered and the method of annualizing. For periods less than six months, report actual volume and identify
the period covered.

** |f the first year of the proposal is only a partial year, provide the first partial year and then the first three
full FYs. Add columns as necessary.

*** |dentify each type of scan/exam (e.g. orthopedic, neurosurgery or if there are scans/exams that can be
performed on the proposed piece of equipment that the Applicant is unable to perform on its existing
equipment) and add lines as necessary.

**** Fill in years. In a footnote, identify the period covered by the Applicant’s FY (e.g. July 1-June 30,
calendar year, etc.).
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b. Provide a breakdown, by town, of the volumes provided in Table 2a for the most
recently completed full FY.

Not applicable.
c. Describe existing referral patterns in the area to be served by the proposal.

The Hospital currently has seventeen members of the HSS medical staff seeing
patients at the Greenwich office location (16 on a part time basis). These physicians
will be relocating to the proposed Stamford location containing the MRI unit. The
majority of the patients currently seen at the Old Greenwich location are referred to
HSS’s Manhattan location for MRIs (approximately 800 projected for 2012). These
patients are expected to be referred to the Stamford site MRI when operational.
There are a small number of MRI scans that are referred to Connecticut MRI
locations. These referrals are expected to continue or possibly even grow. A
significant portion of the remaining 2,450 scans projected in 2012 for patients
residing in Connecticut or eastern Westchester County are expected to be referred

to the Stamford site.

d. Explain how the existing referral patterns will be affected by the proposal.
The existing referral patterns should not change due to this proposal since this MRI
service will not be marketed to non-HSS physicians or their patients. Members of
the HSS medical staff already refer their patients to HSS for MRIs due to the high
quality of the MRI image, the limited need for contrast, the avoidance of intra-
articular injections, and the multitude of sequences that provide more enhanced
detail than a typical MRI unit. As referrals to the proposed MRI facility would be
the result of shift of current scanning volume from Manhattan to Stamford, there

would be no effect on existing referral patterns resulting from this proposal. HSS
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physicians currently located in Old Greenwich and expected to relocate to Stamford
as well as HSS physicians located in Manhattan seeing patients residing in the
proposed service area are providing their patients the convenience and opportunity
to receive their scans closer to their residences instead of at HSS in NYC. In
addition, HSS physicians have expressed an interest in utilizing office visit time in
Stamford once it opens and provides its full range of radiological services including
MRI. HSS will not be marketing the MRI at this site to non-HSS physicians or their
patients nor would there even be capacity to accommodate such volume as HSS’s

existing MRI volume is expected to fully utilize the unit.

e. Explain any increases and/or decreases in volume seen in the tables above.
The changes in volume seen in the above table represent a shift of MRI scans
currently provided at the Hospital’s main campus that would be performed at the
proposed Connecticut location. This volume represents referrals from HSS
physicians of patients residing in Connecticut and eastern Westchester. These
patients currently come to New York for their MRI but would use the proposed
MRI once operational.

f. Provide a detailed explanation of all assumptions used in the derivation/

calculation of the projected volume by scanner and scan type.

It is assumed that the commencement of operations of the proposed MRI unit is
January 1, 2014 which is the commencement of the Hospital’s fiscal year 2014. By
the second full year of operation, it is expected that the MRI unit will be operating

at full capacity.
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Projected Stamford MRI volumes for 2014 — 2016 are as follows:

2014 2015 2016
Projected 2012 MRI Volume in NYC — Greenwich Office

Patients 800 800 800
Projected 2012 MRI Volume in NYC — Other HSS Patients 2,450 2,450 2,450
Total Projected 2012 3,250 3,250 3,250
Less: Volume Remaining in NYC (a) (1,075) (710) (710)
Projected at Stamford 2,175 2,540 2,540

(a) Represents estimate for patients receiving their MRI on the same day they see their MD in
Manhattan, patients for which it is more convenient to receive MRI in Manhattan (due to
proximity to workplace, etc.) or patients not able to be accommodated at Stamford due to

capacity constraints.

g. Provide a copy of any articles, studies, or reports that support the need to acquire
the proposed scanner, along with a brief explanation regarding the relevance of
the selected articles.

See Attachment 1V for selected articles.
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4. Quality Measures

a. Submit a list of all key professional, administrative, clinical, and direct service
personnel related to the proposal. Attach a copy of their Curriculum Vitae.

i. Louis A. Shapiro — President/CEO

ii. Stacey L. Malakoff — Executive VP/CFO
iii. Lisa A. Goldstein — Executive VP/COO

iv. Ralph Bianco - Vice President, Operations

v. Hollis G. Potter, MD - Chief, Division of Magnetic Resonance Imaging

vi. Jo A. Hannafin, MD, PhD - Attending Orthopedic Surgeon, Orthopedic
Director, Women’s Sports Medicine Center, Professor of Orthopedic
Surgery, Weill Medical College of Cornell University

See Attachment V for CVs/Bio’s for the above listed individuals.

b. Exp_)lain how the proposal contributes to the quality of health care delivery in the
region.
As noted previously, approximately 3,250 MRI scans are projected in 2012 at HSS’s
Manhattan location on patients traveling from the State of Connecticut and nearby
eastern Westchester County. The proposal would bring HSS’s unique and
specialized MRI service to the region and provide better convenience and access for

many of these patients.

The Radiology department at HSS includes 15 Board-certified radiologists
specializing in musculoskeletal imaging, including 5 radiologists dedicated to
musculoskeletal MRI. The MRI department at HSS has worked on several
proprietary and prototype pulse sequences that enable early detection of
osteoarthritis. Using MRI as a non-invasive means by which to assess cartilage

tissue integrity and ultrastructure, HSS MRI radiologists are able to diagnose
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osteoarthritis at a much earlier time compared with traditional imaging techniques.
These techniques have a direct impact on patient management, helping to optimize
timing of surgical procedures such as meniscal transplantation or osteotomy that
are aimed at delaying the progression of osteoarthritis. In the setting of surgical
cartilage repair, these advanced MR techniques provide an objective assessment of
the repaired tissue, obviating the need for invasive, second-look arthroscopy and
surgical biopsy with violation of the repair site. Not only has this had a direct
impact on our local patients but also provides important research standards for the
orthopaedic community. HSS has been the recipient of several NIH awards based
on the background and expertise of its Department of Radiology in advanced

imaging.

HSS’s Radiologists have validated high resolution noncontrast techniques that
obviate the need for intra-articular contrast agents, enabling reproducible, accurate
assessment of the rotator cuff, capsule and labrum in the shoulder, the cartilage and
labrum in the hip, cartilage and meniscus in the knee (both native and repaired),
and the cartilage in the ankle, wrist and elbow. These data are published in the
peer-reviewed orthopaedic literature. Every patient scanned in an HSS MRI facility
receives cartilage-sensitive pulse sequencing in three planes, often enabling critical

clinical decisions that alter management, be it conservative or surgical.

HSS has further established the market for MRI of arthroplasty, having shown

MRI to be the most accurate noninvasive means by which to assess bone loss

following joint replacement as well as definition of regional adverse tissue reactions
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around implants, such as those seen following metal-on-metal hip arthroplasty.
HSS can also assess the rotator cuff following shoulder arthroplasty as well as

synovitis or inflammatory reaction around knee implants.
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5. Organizational and Financial Information
a. ldentify the Applicant’s ownership type(s) (e.g. Corporation, PC, LLC, etc.).
New York State Not-for-Profit Corporation

b. Does the Applicant have non-profit status?
PX] Yes (Provide documentation) [_] No

See Attachment VI for documentation of HSS’s non-profit status.

c. Provide a copy of the State of Connecticut, Department of Public Health
license(s) currently held by the Applicant and indicate any additional licensure
categories being sought in relation to the proposal.

N/A

d. Financial Statements

v. If the Applicant is a Connecticut hospital: Pursuant to Section 19a-644,
C.G.S., each hospital licensed by the Department of Public Health is required
to file with OHCA copies of the hospital’s audited financial statements. If the
hospital has filed its most recently completed fiscal year audited financial
statements, the hospital may reference that filing for this proposal.

N/A

vi. If the Applicant is not a Connecticut hospital (other health care facilities):
Audited financial statements for the most recently completed fiscal year. If
audited financial statements do not exist, in lieu of audited financial
statements, provide other financial documentation (e.g. unaudited balance
sheet, statement of operations, tax return, or other set of books.)

Attachment VII contains the most recent audited financial statements for the

Hospital as of its fiscal year ended 12/31/2011.
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e. Submit a final version of all capital expenditures/costs as follows:

Table 3: Proposed Capital Expenditures/Costs

Medical Equipment Purchase $

Imaging Equipment Purchase — See Attachment V111 for quote 1,800,000
Non-Medical Equipment Purchase
Land/Building Purchase *
Construction/Renovation ** - See Attachment IX for details 1,445,583
Other Non-Construction (Specify)

Total Capital Expenditure (TCE)

Medical Equipment Lease (Fair Market Value) ***
Imaging Equipment Lease (Fair Market Value) ***
Non-Medical Equipment Lease (Fair Market Value) ***
Fair Market Value of Space ***

Total Capital Cost (TCC)

Total Project Cost (TCE + TCC)

Capitalized Financing Costs (Informational Purpose Only)
Total Capital Expenditure with Cap. Fin. Costs $ 3,245,583
* If the proposal involves a land/building purchase, attach a real estate property appraisal including the
amount; the useful life of the building; and a schedule of depreciation.

** |f the proposal involves construction/renovations, attach a description of the proposed building work,
including the gross square feet; existing and proposed floor plans; commencement date for the
construction/ renovation; completion date of the construction/renovation; and commencement of operations
date.

*** |f the proposal involves a capital or operating equipment lease and/or purchase, attach a vendor quote
or invoice; schedule of depreciation; useful life of the equipment; and anticipated residual value at the end
of the lease or loan term.

3,245,583

&+ | P

$
$ 3,245,583

f. List all funding or financing sources for the proposal and the dollar amount of
each. Provide applicable details such as interest rate; term; monthly payment;
pledges and funds received to date; letter of interest or approval from a lending
institution.

The proposed project will be funded from Hospital operations.

g. Demonstrate how this proposal will affect the financial strength of the state’s
health care system.

The proposal will enhance the financial strength of the State’s health care system as
it allows better coordination of care in a more appropriate setting closer to the

patient allowing for a more efficient delivery of radiological information.
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6. Patient Population Mix: Current and Projected

a. Provide the current and projected patient population mix (based on the number of
patients, not based on revenue) with the CON proposal for the proposed program.

The projected patient population mix is presented below and is based on HSS’s

overall MRI volume payer mix.

Table 4: Patient Population Mix

Current** Year 1 Year 2 Year 3
FY *** FY 2014 FY 2015 FY 2016
Medicare* 18.1% 18.1% 18.1%
Medicaid* 2.1% 2.1% 2.1%
CHAMPUS & TriCare 0.0% 0.0% 0.0%
Total Government 20.2% 20.2% 20.2%
Commercial Insurers* 14.7% 14.7% 74.7%
Uninsured 1.4% 1.4% 1.4%
Workers Compensation 3.7% 3.7% 3.7%
Total Non-Government 79.8% 79.8% 79.8%
Total Payer Mix app’l\‘if:’;ble 100.0% 100.0% 100.0%

* Includes managed care activity.
** New programs may leave the “current” column blank.

*** Eill in years. Ensure the period covered by this table corresponds to the period covered in the

projections provided.

b. Provide the basis for/assumptions used to project the patient population mix.

The projected payer mix for the proposed MRI unit is based on the overall HSS

MRI payer mix as it is assumed the mix of patients seen at the Stamford location

would approximate the current outpatient mix of patients seen by HSS as a whole.

It is further assumed that no material change in payer mix would occur during the

first three years of operation.
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7. Financial Attachments | & 11
a. Provide a summary of revenue, expense, and volume statistics, without the CON
project, incremental to the CON project, and with the CON project. Complete
Financial Attachment I. (Note that the actual results for the fiscal year reported

in the first column must agree with the Applicant’s audited financial statements.)
The projections must include the first three full fiscal years of the project.

See Attachment X
b. Provide a three year projection of incremental revenue, expense, and volume
statistics attributable to the proposal by payer. Complete Financial Attachment
I1. The projections must include the first three full fiscal years of the project.
See Attachment X
c. Provide the assumptions utilized in developing both Financial Attachments I
and 11 (e.g., full-time equivalents, volume statistics, other expenses, revenue and
expense % increases, project commencement of operation date, etc.).
See Attachment X
d. Provide documentation or the basis to support the proposed rates for each of the
FY's as reported in Financial Attachment I1. Provide a copy of the rate schedule
for the proposed service(s).

See Attachment X

e. Provide the minimum number of units required to show an incremental gain from
operations for each fiscal year.

A minimum of approximately 900 MRI scans are required in each year for the
program to show an incremental gain.
f. Explain any projected incremental losses from operations contained in the
financial projections that result from the implementation and operation of the

CON proposal.

N/A
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g. Describe how this proposal is cost effective.
This proposal is cost effective since it will allow residents of Connecticut and eastern
Westchester County to access healthcare services closer to home thereby eliminating
the expense and inconvenience of traveling to NYC for their care. In addition, since
space cost is significantly lower in Stamford than it is in Manhattan, costs per scan

will be lower at the Stamford location than in Manhattan.
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Hospital for Special Surgery
Acquisition and Installation of an MRI in Stamford

Attachments

Attachment I- Letters of Support

Attachment 11- HSS Patient Origin (MRI scans), State of Connecticut and 15-mile
Radius from Stamford- 2009 to 2011; Year-to-Date 6/30/2012

Attachment I11- Proposed Service Area Analysis
Attachment IV — Related Articles/Publications
Attachment V- CVs/Bios

Louis A. Shapiro, President & CEO

Stacey L. Malakoff, Executive VP/CFO

Lisa A. Goldstein, Executive VP/COO

Ralph Bianco, Vice President, Operations

Hollis G. Potter, MD - Chief, Division of Magnetic Resonance Imaging
Jo A. Hannifin — MD, PhD - Attending Orthopedic Surgeon, Orthopedic
Director — Women’s Sports Medicine, Professor of Orthopedic Surgery,
Weill Medical College of Cornell University

Richard J. Herzog, M.D., F.A.C.R.

Theodore T. Miller, M.D., F.A.C.R.

AN NN NN

AN

Attachment VI — IRS Tax Exemption Letter

Attachment VI1I- Audited Financial Statements - December 31, 2011
Attachment VIII - MRI Quote

Attachment IX — Construction/Renovation Details

Attachment X — Financial Attachments | & 11
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O

TUDOR

INVESIMENT CORPORNITTON

Ms, Lisa A. Davis

Deputy Commissioner
Connecticut Dept. of Public Health
Oftice of Health Care Access

410 Capitol Avenue

Hartford. CT 06134

Dear Comnussioner Davis:

I am writing in support of Hospital for Special Surgery’s application to expand
the services it currently provides to the residents of Connecticut. HSS has a site
in Greenwich with physician offices and X-ray and is looking to transition this
site to the new Chelsea Piers complex in Stamford. At this time patients in need
of magnetic resonance imaging services (MRIs) must travel into Manhattan,

Each vear, HSS performs over 3,300 MRIs at its main campus facility in New
York City for Connecticut patients and residents living within 15 miles of
Stamford. Having an MR1 at the Chelsea Piers site is an essential service for HSS
physicians who seek to provide the most convenient, efficient. and innovative
care to their patients,

I strongly urge the Office of Health Care Access to approve HSS’s proposal to
install an MRI in Stamford and enable patients to receive the best possible care
closer to home. Thank you very much for your consideration.

cc: Louis A, Shapiro
President & CEO. Hospital for Special Surgery
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PrTER L. MALKIN

40 WEsT ELM STREET
ApT. 5J-1Li
GrEENWICH, CT 06830

July 30, 2012

Lisa A. Davis

Deputy Commissioner
Connecticut Dept. of Public Health
Office of Health Care Access

410 Capitol Avenue

Hartford, CT 06134

Dear Commissioner Davis,

I am writing in support of Hospital for Special Surgery’s application to expand
the services it currently provides to the residents of Connecticut. HSS has a site
in Greenwich with physician offices and X-ray and is looking to transition this
site to the new Chelsea Piers complex in Stamford. At this time patients in need
of magnetic resonance imaging services (MRIs) must travel into Manhattan.

Each year, HSS performs over 3,300 MRIs at its main campus facility in New
York City for Connecticut patients and residents living within 15 miles of
Stamford. Having an MRI at the Chelsea Piers site is an essential service for
HSS physicians who seek to provide the most convenient, efficient, and
innovative care to their patients.

I strongly urge the Office of Health Care Access to approve HSS’s proposal to
install an MRI in Stamford and enable patients to receive the best possible care
closer to home. Thank you very much for your consideration.

Sincerely,

) T [
Peter L. Malkin
Chairman

Malkin Properties of Connecticut, Inc.

ce: Louis A. Shapiro
President & CEO, Hospital for Special Surgery

Dr. Leon Root
Hospital for Special Surgery
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Hospital For Special Surgery
Attachment |1

Patient Origin-MRI Volume- 2011 and 2012

State of Conn and 15 Mile Radius of Stamford (Excluding Long Island)

Zip Code City State Actual 2011 YTD June 2012 Projected Actual 2012

10804 New Rochelle NY 52 36 72
10607 White Plains NY 10 6 12
10606 White Plains NY 8 8 16
10605 White Plains NY 67 28 56
10604 West Harrison NY 8 4 8
10603 White Plains NY 11 14 28
10601 White Plains NY 19 7 14
10595 Valhalla NY 3 6 12
10594 Thornwood NY 10 4 8
10590 South Salem NY 19 9 18
10583 Scarsdale NY 229 114 228
10580 Rye NY 174 84 168
10577 Purchase NY 35 16 32
10576 Pound Ridge NY 24 22 44
10573 Port Chester NY 43 26 52
10570 Pleasantville NY 30 21 42
10549 Mount Kisco NY 51 22 44
10543 Mamaroneck NY 56 33 66
10538 Larchmont NY 163 111 222
10532 Hawthorne NY 9 5 10
10530 Hartsdale NY 20 15 30
10528 Harrison NY 52 31 62
10523 Elmsford NY 5 2 4
10514 Chappaqua NY 75 44 88
10507 Bedford Hills NY 6 5 10
10506 Bedford NY 47 21 42
10504 Armonk NY 55 18 36
06907 Stamford CT 11 5 10
06906 Stamford CT 2 3 6
06905 Stamford CT 33 11 22
06903 Stamford CT 32 23 46
06902 Stamford CT 54 24 48
06901 Stamford CT 12 1 2
06897 Wilton CT 51 35 70
06896 Redding CT 7 9 18
06890 SOUTHPORT CT 12 9 18
06883 Weston CT 54 26 52
06881 Westport CT 2 0
06880 Westport CT 120 80 160
06878 Riverside CT 64 44 88
06877 Ridgefield CT 32 35 70
06876 Redding Ridge CT 0
06875 Redding Center CT 1 0
06870 Old Greenwich CT 43 20 40
06855 Norwalk CT 11 4 8
06854 Norwalk CT 4 1 2
06853 Norwalk CT 10 6 12
06851 Norwalk CT 16 13 26
06850 Norwalk CT 18 7 14
06842 New Canaan CT 0
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Hospital For Special Surgery
Attachment |1

Patient Origin-MRI Volume- 2011 and 2012

State of Conn and 15 Mile Radius of Stamford (Excluding Long Island)

Zip Code City State Actual 2011 YTD June 2012 Projected Actual 2012

06840 New Canaan CT 109 70 140
06838 GREENS FARMS CT 1 2
06836 Greenwich CT 1 2
06831 Greenwich CT 143 69 138
06830 Greenwich CT 181 100 200
06825 FAIRFIELC CT 10 7 14
06824 FAIRFIELC CT 48 41 82
06820 Darien CT 174 68 136
06812 New Fairfield CT 14 6 12
06811 Danbury CT 8 5 10
06810 Danbury CT 9 5 10
06807 Cos Cob CT 23 9 18
06804 Brookfield CT 7 11 22
06801 Bethel CT 5 4 8
06798 Woodbury CT 5 8 16
06796 West Cornwall CT 0
06795 Watertown CT 2 0
06794 Washington Depot CT 2 4 8
06793 Washington CT 1 1 2
06790 Torrington CT 1 0
06787 Thomaston CT 0
06785 South Kent CT 1 2 4
06784 Sherman CT 2 5 10
06783 Roxbury CT 2 4
06777 New Preston Marble Dale CT 4 0
06776 New Milford CT 4 1 2
06770 Naugatuck CT 0
06762 Middlebury CT 3 0
06759 Litchfield CT 4 2 4
06757 Kent CT 0
06756 Goshen CT 1 2
06754 Cornwall Bridge CT 0
06753 Cornwall CT 0
06752 Bridgewater CT 1 1 2
06751 Bethlehem CT 1 2
06716 Wolcott CT 4 2 4
06712 Prospect CT 2 0
06708 Waterbury CT 1 2 4
06706 Waterbury CT 0
06705 Waterbury CT 1 0
06704 Waterbury CT 1 0
06615 Stratford CT 6 1 2
06614 Stratford CT 4 1 2
06612 Easton CT 3 1 2
06611 Trumbull CT 16 13 26
06610 Bridgeport CT 1 0
06606 Bridgeport CT 4 0
06605 Bridgeport CT 2 0
06604 Bridgeport CT 2 1 2
06530 New Haven CT 1 0
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Hospital For Special Surgery
Attachment |1

Patient Origin-MRI Volume- 2011 and 2012

State of Conn and 15 Mile Radius of Stamford (Excluding Long Island)

Zip Code City State Actual 2011 YTD June 2012 Projected Actual 2012

06525 Woodbridge CT 7 4 8
06524 Bethany CT 1 2
06518 Hamden CT 1 0
06517 Hamden CT 2 4
06516 West Haven CT 3 4 8
06515 New Haven CT 1 2 4
06514 Hamden CT 0
06513 New Haven CT 0
06512 East Haven CT 4 0
06511 New Haven CT 3 1 2
06510 New Haven CT 1 2
06498 Westbrook CT 1 0
06492 Wallingford CT 3 1 2
06490 SOUTHPORT CT 2 0
06489 Southington CT 0
06488 Southbury CT 4 3 6
06484 Shelton CT 15 8 16
06483 Seymour CT 4 8
06482 Sandy Hook CT 8 2 4
06480 Portland CT 0
06478 Oxford CT 9 0
06477 Orange CT 2 0
06475 Old Saybrook CT 2 2 4
06473 North Haven CT 0
06470 Newtown CT 11 5 10
06469 Moodus CT 0
06468 Monroe CT 9 5 10
06460 Milford CT 8 6 12
06457 Middletown CT 4 1 2
06450 Meriden CT 0
06447 Marlborough CT 1 0
06443 Madison CT 7 3 6
06442 Ivoryton CT 1 1 2
06441 Higganum CT 0
06439 Hadlyme CT 1 2 4
06438 Haddam CT 1 0
06437 Guilford CT 4 2 4
06430 FAIRFIELC CT 5 0
06426 Essex CT 1 0
06423 East Haddam CT 0
06422 Durham CT 1 0
06420 Salem CT 1 0
06419 Killingworth CT 0
06418 Derby CT 3 1 2
06417 Deep River CT 1 0
06415 Colchester CT 1 2
06413 Clinton CT 2 4
06410 Cheshire CT 3 2 4
06405 Branford CT 6 5 10
06404 Botsford CT 1 2
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Hospital For Special Surgery

Attachment |1

Patient Origin-MRI Volume- 2011 and 2012

State of Conn and 15 Mile Radius of Stamford (Excluding Long Island)

Zip Code City State Actual 2011 YTD June 2012 Projected Actual 2012

06403 Beacon Falls CT 1 2
06401 Ansonia CT 1 1 2
06385 Waterford CT 4 2 4
06378 Stonington CT 2 0
06371 Old Lyme CT 3 6 12
06360 Norwich CT 1 2
06357 Niantic CT 0
06355 Mystic CT 3 1 2
06351 Jewett City CT 1 1 2
06340 Groton CT 4 2 4
06339 Ledyard CT 3 6
06335 Gales Ferry CT 1 0
06320 New London CT 2 0
06281 Woodstock CT 1 0
06268 Storrs Mansfield CT 1 2
06255 North Grosvenordale CT 1 2
06250 Mansfield Center CT 2 4
06249 Lebanon CT 0
06237 Columbia CT 1 0
06119 West Hartford CT 0
06118 East Hartford CT 0
06117 West Hartford CT 3 0
06114 Hartford CT 1 0
06111 Newington CT 1 2
06109 Wethersfield CT 1 0
06108 East Hartford CT 0
06107 West Hartford CT 1 0
06103 Hartford CT 1 2 4
06098 Winsted CT 1 2
06096 Windsor Locks CT 1 2
06092 West Simsbury CT 1 0
06085 Unionville CT 2 0
06084 Tolland CT 1 2
06076 Stafford Springs CT 1 0
06074 South Windsor CT 1 1 2
06071 Somers CT 0
06070 Simsbury CT 3 1 2
06069 Sharon CT 5 2 4
06068 Salisbury CT 2 0
06067 Rocky Hill CT 1 0
06066 Vernon Rockville CT 1 0
06063 Barkhamsted CT 0
06062 Plainville CT 1 2
06058 Norfolk CT 0
06057 New Hartford CT 0
06052 New Britain CT 1 0
06045 Manchester CT 3 0
06039 Lakeville CT 5 0
06037 Berlin CT 1 2
06035 Granby CT 2 2 4
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Attachment |1

Patient Origin-MRI Volume- 2011 and 2012

State of Conn and 15 Mile Radius of Stamford (Excluding Long Island)

Zip Code City State Actual 2011 YTD June 2012 Projected Actual 2012
06033 Glastonbury CT 2 0
06032 Farmington CT 2 0
06030 Farmington CT 0
06029 Ellington CT 1 1 2
06023 East Berlin CT 0
06021 Colebrook CT 0
06019 Canton CT 2 0
06016 Broad Brook CT 1 2
06013 Burlington CT 0
06010 Bristol CT 2 0
06002 Bloomfield CT 1 0
06001 Avon CT 7 1 2
Grand Total 2,887 1,625 3,250
Town Actual 2011 YTD June 2012 Projected Actual 2012
Stamford 144 67 134
Greenwich 454 243 486
Darien 174 68 136
New Canaan 109 70 140
Subtotal- Conn portion of
proposed service area 881 448 896
Scarsdale 229 114 228
Rye 217 110 220
Mamaroneck 219 144 288
Subtotal- NY portion of
proposed service area 665 368 736
Total proposed service area 1,546 816 1,632
Other Conn (statewide) 725 465 930
Other NY (within 15 miles) 616 344 688
Total HSS volume- Conn
and eastern Westchester
County 2,887 1,625 3,250
percent increase- 2011 to 2012 12.6%
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Population Summary

Stamford

Greenwich

New Canaan

Darien

Subtotal Conn Service Area
Scarsdale

Rye

Marmaroneck

Subtotal- NY Portion of Service
Area

Total Service Area

Aged 45-64
Aged 65 and over

Source- Caritas
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Population Growth

2000 2010 2015 2000 to 2010 to
Census Census Projection 2010 2015
116,837 122,643 123,710 5.0% 0.9%

61,360 61,171 61,783 -0.3% 1.0%

19,325 19,738 19,920 2.1% 0.9%

19,620 20,732 21,147 5.7% 2.0%
217,142 224,284 226,560 3.3% 1.0%

38,485 39,129 39,520 1.7% 1.0%

53,084 54,890 55,988 3.4% 2.0%

36,392 36,674 36,975 0.8% 0.8%
127,961 130,693 132,483 2.1% 1.4%
345,103 354,977 359,043 2.9% 1.1%

81,657 100,382 104,372 22.9% 4.0%
49,342 50,191 55,672 1.7% 10.9%
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Cartilage Injury After Acute, Isolated
Anterior Cruciate Ligament Tear

Immediate and Longitudinal Effect
With Clinical/MRI Follow-up

Hollis G. Potter,*" MD, Sapna K. Jain,” MD, Yan Ma,* PhD,
Brandon R. Black,” MD, Sebastian Fung,’ MD, and Stephen Lyman,* PhD
Investigation performed at the Hospital for Special Surgery, New York, New York

Background: Anterior cruciate ligament (ACL) tears have been implicated in the development of osteoarthritis. Limited data exist
on longitudinal follow-up of isolated ACL injury.

Hypotheses: All isolated ACL tears are associated with some degree of cartilage injury that will deteriorate over time. There is
a threshold of magnetic resonance imaging (MRI)-detectable cartilage injury that will correlate with adverse change in subjective
patient-reported outcome measures.

Study Design: Cohort study, Level of evidence, 2.

Methods: The authors conducted a prospective, observational analysis of 42 knees in 40 patients with acute, isolated ACL injury
(14 treated nonoperatively, 28 by reconstruction) with imaging at the time of injury and yearly follow-up for a maximum of 11 years.
Morphologic MRI and quantitative T2 mapping was performed with validated outcome measures.

Results: All patients sustained chondral damage at initial injury. The adjusted risk of cartilage loss doubled from year 1 for the
lateral compartment and medial femoral condyle (MFC) and tripled for the patella. By years 7 to 11, the risk for the lateral femoral
condyle was 50 times baseline, 30 times for the patella, and 19 times for the MFC. There was increased risk of cartilage degen-
eration over the medial tibial plateau (MTP) (P = .047; odds ratio = 6.23; 95% confidence interval [Cl], 1.03-37.90) and patella (P =
.032; odds ratio = 4.88; 95% CI, 1.14-20.80) in nonsurgical patients compared with surgically treated patients. Size of the bone-
marrow edema pattern was associated with cartilage degeneration from baseline to year 3 (P = .001 to .039). Each increase in the
MFC Outerbridge score resulted in a 13-point decrease in the International Knee Documentation Committee subjective knee
score (P = .0002). Each increase in the MTP resulted in a 2.4-point decrease in the activity rating scale (P = .002).

Conclusion: All patients with acute, traumatic ACL disruption sustained a chondral injury at the time of initial impact with sub-
sequent longitudinal chondral degradation in compartments unaffected by the initial “‘bone bruise,”” a process that is accelerated
at 5 to 7 years’ follow-up.

Keywords: anterior cruciate ligament; magnetic resonance imaging; cartilage; T2 mapping

The anterior cruciate ligament (ACL) is recognized as an in the development of osteoarthritis (OA), with a natural his-
important stabilizer of the knee that is commonly injured, tory involving progressive loss of the articular cartilage in the
with an estimated yearly incidence as high as 0.8 per face of recurrent instability.!*® The potential mechanisms
1000.! Anterior cruciate ligament tears have been implicated and/or risk factors for OA in the ACL-deficient knee are mul-

tifactorial and include changes in gait mechanism, age at
time of injury, the presence of meniscal or cartilage injury,

*Address correspondence to Hollis G. Potter, MD, Department of

MRI, Hospital for Special Surgery, 535 East 70th St, New York, NY instability, return to a high level of physical activity, and bio-

10021 (e-mail: potterh@hss.edu). logic factors such as activation of cytokine and protease cas-

y I:Department of MRI, Hospital for Special Surgery, New York, New cades in the joint itself that increase the catabolism of
ork.

chondrocytes."®19:36:39 Prior studies have reported variable

*Department of Epidemiology and Biostatistics, Hospital for Special
P P 9 P P occurrences of OA (40%-90%) 5-15 years after ACL

Surgery, New York, New York.

.. 2,8,18,34 . . . .

One or more of the authors has declared the following potential con- mjury. This variability in reported occurrence of post-
flict of interest or source of funding: Funding for MRI examinations was traumatic OA is likely related to study design, with differing
provided by the Hospital for Special Surgery MRI research fund. lengths of follow-up obtained and scoring systems used for
The American Journal of Sports Medicine, Vol. 40, No. 2 ?alegT aphic diagn OSIS, of OA. The type Of. treat.m ent 3450
DOI: 10.1177/0363546511423380 influences the progression or delay of OA, with prior studies
© 2012 The Author(s) demonstrating osteoarthritic changes at 10 to 15 years’
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follow-up after injury. No study to date has conclusively
shown that ACL reconstruction protects the knee from the
development of QA %1217.25:29.32,35

While previous studies have assessed the biologic and
clinical relevance of cartilage injuries sustained during
ACL disruption, these data are often intermixed with con-
comitant meniscal and multiple ligament injuries.»*! The
incidence of medial meniscal tears at the time of ACL rup-
ture varies from 25% to 45%; and for the lateral meniscus,
from 31% to 65%.'0:18:223746 Menigcal tears as well as pos-
terolateral corner injuries sustained at the time of injury
have an increased risk of developing OA, thereby con-
founding the evaluation of isolated ACL injury and postre-
construction effects.?”

Magnetic resonance imaging is an accurate, noninva-
sive means by which to assess the magnitude of cartilage
injury, provided that pulse sequences used have been pre-
viously validated via a suitable standard.>® The advent of
more recent quantitative magnetic resonance pulse
sequences has provided a means by which to assess matrix
depletion in the traumatically injured knee. T2 mapping
has been shown to correlate to collagen orientation using
polarized light microscopy as the standard and may be per-
formed at the time of morphologic assessment of the knee
to evaluate associated cartilage matrix changes.?**7

The purposes of this longitudinal, observational study
are 3-fold: to stratify the magnitude of cartilage injury
sustained during an acute, isolated, ACL tear; to prospec-
tively and longitudinally follow patients who underwent
ACL reconstruction versus those treated nonoperatively
over time; and, finally, to correlate the MRI findings
with standardized clinical outcome measurements. Our
hypotheses were that all isolated ACL tears are associ-
ated with some degree of articular cartilage injury
that is detectable on MRI with appropriate pulse sequenc-
ing, and that the integrity of articular cartilage will dete-
riorate over time after the initial injury. We further
hypothesized that there would be a threshold of MRI-
detectable cartilage injury that would correlate with
adverse change in subjective functional patient-reported
outcome measures.

MATERIALS AND METHODS
Study Participants

This study was designed as a prospective, longitudinal,
pragmatic cohort MRI study and was conducted after study
protocols and procedures were approved by our Institu-
tional Review Board. All 40 participants provided informed
consent. The enrollment period ran from February 1994 to
March 2005 and patients were recruited at the time of ini-
tial MRI evaluation for acute ACL tear. The study was con-
ceived as a pragmatic prospective cohort study, with the
plan being to invite patients to return for yearly MRI but
with the understanding that these likely young, healthy,
mobile patients would not realistically be expected to
return every single year. Patients were followed yearly
with a maximum 1l-year follow-up. The Appendix
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(available online at http:/ajs.sagepub.com/supplemental/)
graphically displays the follow-up patterns of the cohort.
All 42 knees (40 patients) enrolled had at least 1 follow-
up visit, while 22 contributed multiple follow-up visits
and 7 patients contributed at least 3 follow-up visits (see
online Appendix).

Inclusion criteria included acute full-thickness ACL dis-
ruption by MRI and clinical examination, a time between
initial injury and MRI of 8 weeks or less, and age at the ini-
tial injury less than or equal to 55 years. Exclusion criteria
included grade 2 or higher clinical assessment of a concom-
itant medial collateral ligament or posterior cruciate liga-
ment tear, any posterolateral corner injury requiring
treatment, preexisting modified Outerbridge grade 3 or
higher femorotibial or patellofemoral cartilage loss, and
intrasubstance meniscal tear, including horizontal, verti-
cal, or complex tears.?® Isolated fascicle disruption of the
lateral meniscus was not a criterion for exclusion, provided
it did not require primary meniscal repair. Patients were
censored from additional follow-up if they experienced an
additional injury to the study knee requiring orthopaedic
consultation; as of the last follow-up, no patients encoun-
tered this issue. The decision to treat the patients with sur-
gical reconstruction or nonoperative management was
based on the patient’s individual activity profile but not
upon age, degree of instability, or MRI results, given the
lack of associated meniscal tears or preexisting OA.

Clinical Assessment

At the time of baseline imaging and all follow-up visits, all
patients completed validated patient-reported outcome
measures. The subjective questionnaires included the
Medical Outcomes Study Short Form-36 (SF-36), the sub-
jective knee score from the International Knee Documenta-
tion Committee (IKDC), and the Activity of Daily Living
(ADL) and Activity Rating Scale (ARS) scores.20:21:33:44
While the SF-36 scale is designed for broad use in a variety
of medical conditions, the IKDC, ADL, and ARS scales are
joint-specific instruments.

Magnetic Resonance Image Acquisition

Each participant underwent MRI of the signal knee (as
defined above) at baseline and, when possible, at yearly
intervals. Time from initial injury to MRI was less than
or equal to 8 weeks.

The MRI evaluation was performed utilizing a standard
clinical 1.5-T MRI unit (Signa LX or HDX 1.5 T, GE
Healthcare, Waukesha, Wisconsin). All images were per-
formed with a standardized quadrature or 8-channel
knee coil (Invivo Inc, Gainesville, Florida). The MRI pulse
sequences at the time of initial evaluation included a stan-
dardized cartilage-sensitive protocol using a moderate echo
time (TE), fast spin-echo (FSE) technique, with repetition
time (TR) 3500 to 6500 milliseconds; TE, 28 to 36 millisec-
onds (effective); and matrix 512 X 384 (sagittal), 512 X 256
to 288 (coronal), and 512 X 256 to 288 (axial) at 2 excita-
tions. Standardized FSE cartilage imaging provided an
in-plane resolution of 253-312 X 338-416 microns.
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Additional sagittal frequency selective fat-suppression
pulse sequence was performed with a TR of 4000 to 6000
milliseconds; TE, 40 to 50 milliseconds (effective); and
matrix 256 X 224, at 2 excitations. Slice thickness for the
sagittal non—fat suppression was 3.5 mm with no gap
and for the fat suppression was 4.0 mm with no gap; coro-
nal images were obtained with a 3.5-mm slice thickness
without gap, as were the axials.

Follow-up MRI examination also included the above pulse
sequences as well as quantitative T2 mapping in the sagittal
plane using a multislice, multiecho modified CPMG (Carr,
Purcell, Meiboom, Gill) pulse sequence that utilizes inter-
leaved slices and tailored refocusing pulses to minimize con-
tribution from stimulated echoes.®' Quantitative MRI
sequences were performed in the sagittal plane with a TR
of 1000 milliseconds, 8 echo samples ranging between 8 and
64 milliseconds, with a matrix of 256 X 256, slice thickness
of 2 mm/0 gap, and a receiver bandwidth of 31.25 kHz. The
T2 mapping sequence was limited to the lateral compartment
in the sagittal plane, at the site of the initial bone bruise,
given the constraints of the software available at the time
of initial patient entry and the efforts to keep the MRI exam-
ination within clinically acceptable time constraints.

After image acquisition, data sets were analyzed on
a pixel-by-pixel basis with a 2-parameter weighted least-
squares fit (Functool 3.1, GE Healthcare), assuming
a monoexponential decay. Quantitative T2 values were cal-
culated by taking the natural logarithm of the signal decay
curve in a selected region of interest (ROI). Standardized
size and anatomic location ROIs obtained for quantitative
T2 mapping included deep and superficial halves of the lat-
eral tibial plateau, lateral femoral condyle, and patella.
Care was taken to not include the subchondral plate or
synovial fluid, and caution was also exercised to avoid sam-
pling at the magic angle.

Magnetic Resonance Image Interpretation

All magnetic resonance images were evaluated by a senior,
board-certified musculoskeletal radiologist with over 15
years’ experience in MRI interpretation; quantitative T2
maps were assessed by the senior MRI radiologist and
a board-certified musculoskeletal MRI radiology fellow
with at least 4 years of experience. The radiologists were
blinded to the time of the interval follow-up but were aware
that it was a follow-up examination after ACL tear. The
magnetic resonance images were scrutinized for modified
Outerbridge assessment of the lateral tibial plateau, lateral
femoral condyle, medial femoral condyle, medial tibial pla-
teau, trochlea, and patella. The modified Outerbridge score
was denoted as follows: 0, intact cartilage with normal sig-
nal; 1, increased signal intensity with no loss of cartilage
thickness; 2, loss of cartilage thickness affecting less than
50% of the cartilage thickness; 3, loss of greater than 50%
of the cartilage thickness without exposed bone; and 4,
full-thickness cartilage loss with exposed bone.>® Bone-
marrow edema pattern was assessed and quantified as
absent, mild (<1 cm?), or severe (>1 c¢cm?), over both the
femoral condyles and the tibial plateaus. The subchondral
plate was also evaluated as normal, depressed, or proud,
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as were the plateaus and the condyles. Osteophytes were
assessed over the condyles and plateaus as absent, small
(<2 mm), or large (>2 mm). Sclerosis was scored as absent,
mild (<1 em?), or severe (>1 cm?).

Statistical Analysis

Descriptive statistics were calculated as follows: continuous
variables are presented as mean =* standard deviation
(SD) and categorical variables are described as frequencies
and percentages. Comparisons between groups were made
by applying nonparametric Mann-Whitney U or Kruskal-
Wallis tests as appropriate or parametric independent-
samples ¢ tests or 1-way analysis of variance according to
the distribution of the data. Multinomial logistic regression
analysis with inference based on the generalized estimating
equations method was conducted to identify the changes in
ordinal outcomes over time while adjusting for age, sex,
and type of surgery. In the regression analysis for each indi-
vidual predictor, odds ratios, 95% confidence intervals (Cls),
and P values were calculated. The method allows for time
variant outcomes and provides simultaneous estimates of
the effect of time and other predictors on the outcome. A
sensitivity analysis was also performed (not presented),
removing the 7 patients who had only baseline and 1-year
follow-up time points, but this analysis did not appreciably
alter the results. All statistical analyses were performed
using SAS version 9.2 (SAS Institute, Cary, North Carolina).

RESULTS

Forty patients were enrolled (24 women, 16 men), with
a mean age of 37.2 years at the time of injury (range, 15-
53 years) (Table 1). Two patients had both knees included,
which were injured at 3-year time intervals. Mechanism of
injury was low velocity, noncontact in 35 knees; high veloc-
ity, contact in 6 knees; and high velocity, noncontact in 1
knee. Fourteen knees were treated nonsurgically and 28
underwent ACL reconstruction (using autologous patellar
tendon [n = 20], autologous hamstring tendon [n = 5],
and allograft Achilles tendon [n = 3]). The mean age of
the surgical group was 35.1 years (SD, 8.2 years), and
the mean age of the nonsurgical group was 41.5 years
(SD, 9.7 years). All surgically treated patients underwent
the standard postoperative rehabilitation protocol, and
the nonoperatively treated patients underwent a standard-
ized rehabilitation regimen.

No meniscal repair or partial meniscectomy was per-
formed in the surgical group. At baseline, there were addi-
tional low-grade injuries noted on MRI: for the medial
collateral ligament, 17 were intact, 17 knees had low-grade
partial tears, and 8 had moderate partial tears that did not
require surgical intervention; for the lateral collateral lig-
ament, 35 were intact and 7 had low-grade partial tears;
for the popliteus tendon, 40 were intact and 2 had low-
grade partial tears. For the lateral meniscal fascicles, there
were 16 torn, 13 partial tears, and 13 intact. Only 3 menis-
cocapsular separations of the medial meniscus were noted.
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TABLE 1
Characteristics of ACL-Injured Patients at Baseline®
All Knees (N = 42) Surgery (n = 28) No Surgery (n = 14) P Value
Demographics
Age (y) at injury, mean *= SD 372 +9.1 35.1 + 8.2 41.5 £ 9.7 .030
Weeks to initial MRI, mean + SD 24+ 1.9 2.7 + 2.1 1.9 +1.3 .209
Female, no. (%) 24 (60.0) 14 (51.9) 10 (76.9) .092
Noncontact, no. (%) 35 (83.3) 24 (85.7) 11 (78.6) 596
High velocity, no. (%) 7 (16.7) 4(14.3) 3(21.4) .668
Surgery type, n (%)
Achilles tendon allograft 3(10.7)
Bone-patellar tendon—bone 20 (71.4)
Hamstring tendon 5(17.9)
MRI findings, no. (%)
Outerbridge LFC Cartilage Loss® 28 (66.7) 18 (64.3) 10 (71.4) .738
Outerbridge LTP Cartilage Loss 37 (88.1) 24 (85.7) 13 (92.9) .650
Outerbridge MFC Cartilage Loss 4 (10.0) 1(3.6) 3(21.4) .100
Outerbridge MTP Cartilage Loss 1(2.4) 0(0.0) 1(7.1) .333
Outerbridge Patella Cartilage Loss 11 (2.62) 4 (14.3) 7 (50.0) .024
Outerbridge Trochlea Cartilage Loss 4 (10.0) 1(3.6) 3(21.4) .333
Bone-marrow edema in LFC 30 (71.4) 18 (64.3) 12 (85.7) 277
Bone-marrow edema in LTP 36 (85.7) 24 (85.7) 12 (85.7) 1999
Patient-reported outcomes measures, mean * SD
IKDC score 36.8 = 13.9 39.1 + 22.8 34.5 = 6.5 .809
Knee outcome survey ADL score 57.5 + 21.8 68.8 = 30.1 46.3 = 3.5 .403
SF-36 physical component score 44.0 = 8.6 50.4 + 2.6 375 7.1 .139
SF-36 mental component score 51.2 + 11.2 56.3 + 1.4 46.1 = 16.5 476
Marx activity score 11.3 = 3.6 8.5 = 0.7 14.0 = 2.8 .116

“ACL, anterior cruciate ligament; SD, standard deviation; LFC, lateral femoral condyle; LTP, lateral tibial plateau; MFC, medial femoral con-
dyle; MTP, medial tibial plateau; IKDC, International Knee Documentation Committee; ADL, Activity of Daily Living; SF-36, Short Form-36.
For the purposes of this table, Outerbridge score of >2 was considered positive for baseline cartilage loss; 0-1 was considered negative for

baseline cartilage loss.

Bone-Marrow Edema

In the lateral tibial plateau, the size of the bone-marrow
edema pattern at baseline was significantly associated
with increased cartilage loss at year 1 (P = .001), year 2
(P =.008), and year 3 (P = .039). In the lateral femoral con-
dyle, the size of the bone-marrow edema pattern at base-
line was significantly associated with increased cartilage
loss at year 1 (P = .030) and year 2 (P = .025). No associa-
tion between cartilage loss and baseline bone-marrow
edema pattern was found at time points after 3 years.
There was no statistically significant difference in the
bone-marrow edema as a result of high- versus low-velocity
injury, either on the femur (P = .678) or the tibia (P = .841).

Unrelated to mechanism of injury, bone-marrow edema
pattern was more severe in the surgical group over the
tibia (60.7% severe) compared with 14.2% in the nonsurgi-
cal group, but over time there was a mean rise in Outer-
bridge scores for all compartments. A notable increase
occurred at the 5-year follow-up, particularly in the lateral
femoral condyle, patella, and trochlea.

Cartilage Injury/Loss

At the time of initial injury, 42 patients (100%) sustained
an MRI-detectable cartilage injury, most severely over

the lateral tibial plateau (Figure 1 and Figure 2A). The ini-
tial mean Outerbridge score of the nonsurgical group of the
lateral tibial plateau was 3.0 (SD, 0.9), and 3.0 (SD, 1.1) for
the lateral tibial plateau in the surgical group. The second
most common acute chondral injury was over the lateral
femoral condyle, with a mean Outerbridge score of 1.8 in
the nonsurgical group and 1.8 in the surgical group. To
assess any baseline differences in the cartilage status
between the nonoperatively treated cohort and the recon-
structed cohort, we compared the baseline medial femoroti-
bial and patellofemoral compartments that were
unaffected by the initial bone bruise over the lateral com-
partment. Only the patellofemoral joint showed a greater
baseline (but still mild) degree of cartilage loss (P = .024)
in the nonoperatively treated group compared with the
reconstructed group.

Adjusting for age, sex, and type of surgery, in a general-
ized estimating equations model, the risk of cartilage lost
doubled from year 1 for the lateral femoral condyle, lateral
tibial plateau, and medial femoral condyle, and tripled for
the patella (Figure 3). Regardless of surgical intervention,
by years 7 to 11 after injury, the risk of cartilage loss for
lateral femoral condyle was 50 times that of baseline
(95% CI, 10.3-242), 30 times that for the patella (95% CI,
7.8-115), and 19 times for the medial femoral condyle
(95% CI, 4.6-79.9) (Figure 3).
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Figure 1. Sagittal fat-suppressed T2-weighted (A) and sagit-
tal non—fat suppressed intermediate echo time fast spin echo
(B) MRI sequences demonstrate a bone-marrow edema pat-
tern 2 days after anterior cruciate ligament tear (A), with
depression of the far posterior margin of the lateral tibial pla-
teau as well as focal violation of the cartilage (arrow on B).

Adjusting for time, age, and sex and when comparing the
nonsurgical patients with the surgical patients, the risk of
cartilage loss over the medial tibial plateau was significant
(P = .003). The nonsurgical group had statistically signifi-
cant, higher odds ratio effect (5.9; 95% CI, 1.2-27.9) for car-
tilage loss over the medial tibial plateau, compared with the

The American Journal of Sports Medicine
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Figure 2. (A) Outerbridge scores over time (all patients); (B)
Outerbridge scores over time (surgical cohort); (C) Outer-
bridge scores over time (nonsurgical cohort). LFC, lateral
femoral condyle; LTP, lateral tibial plateau; MFC, medial fem-
oral condyle; MTP, medial tibial plateau.

surgical group. The regression analysis adjusted for time
also showed an increased risk of cartilage loss over the
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Figure 3. Odds ratios compared with baseline measurements (scales vary by table).

patella (P = .02; odds ratio, 4.9; 95% CI, 1.2-19.9), but when
adjusted additionally for age and sex, this did not prove sta-
tistically significant (P = .15; odds ratio, 2.9; 95% CI, 0.7-
12.4), although the odds ratio still suggested a nearly 3-
fold increased likelihood of cartilage loss.

Progressive prolongation of T2 values compared with
the values at year 1 were seen for both the lateral femoral
condyle (P = .039) and the patella (superficial, P = .004;
deep, P = .037) (Figures 4 and 5).

Clinical Scales

At 1-year follow-up, the mean ARS score was 8.5 = 5.7
for the surgical group and 1.3 *+ 1.5 for the nonsurgical

group. The difference, however, was not significantly
different between the groups (P = .056). In year 2, the
mean ARS score was similar between the 2 groups
(8.5 = 6.1 nonsurgical vs 8.2 = 5.6 for surgical). At
year 3, a higher ARS score was found in the nonsurgical
group (10.0 = 4.9) versus the surgical group (5.6 = 3.9),
but this difference was not significant (P = .088). Each
increase in the medial femoral condyle Outerbridge score
resulted in a 13-point decrease in the IKDC (P = .0002).
Each increase in the medial tibial plateau Outerbridge
score resulted in a 2.4-point decrease in the ARS (P =
.002). No significant differences were found for the
knee outcomes survey ADL scores or for the SF-36
scores.
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Figures 4. The same patient as in Figure 1, at 22 months after injury. (A) The fat-suppressed T2-weighted image demonstrates
resolution of bone-marrow edema pattern. (B) The cartilage-sensitive sequence shows depression of the far posterolateral tibial
plateau with cartilage loss. Focal proud bone formation is seen over the site of prior transchondral impaction (arrow). (C) Sagittal
quantitative T2 relaxation time map of the lateral femorotibial joint cartilage, color-coded to reflect T2 values ranging from 10 milli-
seconds (orange) to 90 milliseconds (blue), shows prolongation of T2 relaxation times over the far posterolateral tibial plateau
(solid arrow) as well as over the central lateral tibial plateau (dashed arrow), an area that was not involved by the initial “‘bone

bruise.”

Figure 5. The same patient as in Figures 1 and 4, 4 years after injury. (A) Morphologic sequence demonstrates depression of the
far posterolateral tibial plateau. (B) Sagittal quantitative T2 relaxation time map of the lateral femorotibial joint cartilage, color-
coded to reflect T2 values ranging from 10 milliseconds (orange) to 90 milliseconds (blue), shows progressive prolongation of
T2 relaxation times over the central lateral tibial plateau (red arrow) compared with the study at 22 months after injury.

DISCUSSION

The rationale for reconstructing the ACL is to restore the
kinematics of the knee, treat symptomatic joint instability,
and presumably to prevent the development of posttrau-
matic knee OA.*3* The prevention or delay of knee OA
has, however, been debated, with several studies reporting
malfunction and/or variable degrees of OA as sequelae of
reconstruction.”725323% T ouboutin et al®’ found that at
20-year follow-up, the reported risk of developing OA was

lower after ACL reconstruction (14%-26% with a normal
medial meniscus, 37% with meniscectomy) compared
with nonoperatively treated ACL insufficiency (60%-
100%). Frobell et al'® conducted a randomized, controlled
trial of young (mean age, approximately 26 years) athletes
with acute ACL injury who were treated with rehabilita-
tion and early ACL reconstruction versus rehabilitation
with the option of delayed reconstruction, and noted no sig-
nificant differences between the 2 groups with regard to
mean Knee Injury and Osteoarthritis Outcome Score or
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secondary outcome measures. Our data in an older cohort
(mean age, approximately 37 years) suggest that there
may be a chondroprotective effect for ACL reconstruction.

Proposed mechanisms for OA after reconstruction
include alterations in gait mechanics, type of autograft,
age at intervention, period between injury and surgery,
activity level, residual instability, presence of irreparable
meniscal tears or history of meniscectomy, and chondral
lesions.® Among these, articular cartilage and meniscus
status, a key secondary stabilizer of the knee, at the time
of surgery are considered particularly important.*® Ferre-
tti et al*! found that in knees with ACL injuries without
meniscal tear or meniscal repair, reconstruction preserved
the joint but not in cases where irreparable meniscal tears
or meniscectomy occurred. No study has yet conclusively
indicated that ACL reconstruction protects the knee from
OA.'! The current data suggest that the risk of OA pro-
gression was higher for nonoperatively treated patients,
particularly over the medial tibial plateau and patella.

Our data demonstrated an initially higher (but not sta-
tistically significant) ARS in the reconstructed group, sug-
gesting that these individuals placed greater demands on
the knee; however, by year 3, the ARS was higher in the
nonoperatively managed group (again, not significant).
The wider SDs likely reflect the diversity of our patient
population in both groups, which is not isolated to elite ath-
letes but all patients presenting with acute ACL tears in
the absence of preexisting OA. With regard to the IKDC
scales (Figure 6), there appeared to be a delayed return
to function in the nonoperatively treated group, but by 2
years their course appeared similar to the surgically trea-
ted group. This may reflect the expected greater motiva-
tion to higher function in those patients electing surgical
management of ligament injuries.

Much of the controversy of the risk of OA after ACL tear
has arisen because of limited documentation of the preva-
lence of cartilage lesions sustained during ACL tear. Lim-
itations of radiography in the evaluation of early OA
include 2-dimensionality, high precision error of measure-
ment, and typical 1- to 2-year requirement to assess
changes of degenerative joint disease resulting in imper-
fect correlation of radiographic findings with clinical symp-
toms.?>151628 We chose to prospectively follow patients
with acute ACL injury with a standardized, cartilage-
sensitive MRI evaluation, using a pulse sequence that
has a reported accuracy of 92% based on arthroscopy as
a standard in over 600 surfaces, with a high reproducibil-
ity, yielding a weighted kappa of 0.93.2® Quantitative T2
techniques were also applied to measure collagen orienta-
tion changes within the cartilage.?**” The advent of
improved MRI technology has resulted in the detection of
a higher incidence of traumatic chondral injuries.

The current study establishes that patients with acute
traumatic ACL disruption, in the absence of meniscal
tear or preexisting moderate to severe cartilage loss, sus-
tain a chondral injury that is detectable at the time of
injury using appropriate MRI sequencing, and further,

SReferences 1, 3, 6, 8, 11, 25, 26, 36, 40, 43.
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Figure 6. International Knee Documentation Committee
(IKDC) scores over time.

that there is a longitudinal degradation over time that is
accelerated at 5 to 7 years’ follow-up. The most severe ini-
tial chondral injuries were noted over the lateral compart-
ment, where the pivot shift and transchondral impaction
occurs, yet the rate of progression was high for the medial
compartment as well as the patellofemoral joint, suggest-
ing an accelerated progression in the “natural” rate of
chondral loss after ACL injury. Additional studies will
hopefully elucidate the interactions between the damaged
cartilage and the potential for progressive stiffening in
the impacted subchondral bone, as the study of traumati-
cally induced OA should ideally assess global joint integ-
rity. This study has additionally demonstrated some
statistically significant associations between the progres-
sion of cartilage loss and an adverse effect on subjective
clinical outcome instruments of patient function. These
data indicate that the cartilage injury at the time of ACL
tear and resultant joint degeneration is a clinically rele-
vant phenomenon. The degradation in compartments unaf-
fected by the initial bone bruise also supports the notion
that chondral injury sustained at the time of the trans-
chondral fracture and pivot shift affects overall cartilage
homeostasis, resulting in a global degradation in joint
integrity. This is further supported by the prolongation of
T2 relaxation times in areas that were not initially covered
by the bone-marrow edema pattern (Figure 5).

Prior studies have shown significantly elevated quanti-
tative T1p values, a marker of proteoglycan loss, of the pos-
terolateral tibial cartilage in ACL-injured knees at
baseline compared with normal controls that did not fully
recover at 1-year follow-up.?” Li et al?’ further demon-
strated prolongation of T1lp in the superficial layers in
the medial compartments as well as T2 prolongation in
the superficial margin of the medial femoral condyle but
not in the deep layer of the compartments, indicating
a preferential effect in the superficial portions of the artic-
ular surface. Tiderius et al*?> demonstrated depletion of
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proteoglycan, as measured by delayed gadolinium-
enhanced MRI (dGEMRIC) index, over the bone-marrow
lesions of the lateral femoral condyle in 15 of 24 patients
after acute ACL injury. The investigators noted a similar
effect in the medial femoral condyle that was unaffected
by the initial transchondral fracture, further suggesting
more globally altered cartilage homeostasis as a result of
the injury.*?

The finding of cartilage lesion(s) after all ACL tears differs
from prior studies that reported a lower prevalence of articu-
lar cartilage injuries noted at arthroscopy.*’ This is likely
attributable to the fact that many of the initial traumatic car-
tilage injuries were localized over the eccentric posterior
margin of the lateral tibial plateau, an area that is not easily
evaluated at arthroscopic inspection. Spindler et al*! evalu-
ated 54 patients with ACL tears at the time of surgery and
noted that 25 of 54 (46%) had an articular cartilage lesion
at arthroscopy, most commonly over the lateral femoral con-
dyle, an area more easily evaluated at surgery compared
with the far posterior margin of the plateau. Johnson
et al?® further evaluated a small cohort of 10 patients with
acute ACL tear and subsequent biopsy of the lateral femoral
condyle during ligament reconstruction and reported chon-
drocyte degeneration, depletion of extracellular matrix, oste-
ocyte necrosis, and empty lacunae, indicative of depletion of
matrix from both cartilage and bone. It is clear from both
the data generated in this current study as well as previous
studies that the bone “bruise” sustained during an acute ACL
tear is a transchondral fracture of varying severity, and
results in cartilage degradation over time.

A limitation of the current study is a lack of a representa-
tive control group of ACL-intact patients. This was intended
as an observational, longitudinal analysis of patients with
relatively intact cartilage and injury isolated to the ACL
without concomitant meniscal tear requiring surgical inter-
vention. It is conceivable that the rate of OA observed in this
cohort may also be seen in the setting of cartilage degrada-
tion in the absence of ACL tears; however, the marked pro-
gression in arthritis at the 5-year interval would be unusual
for an ACL-intact cohort, in the absence of any confounding
variables that affect disease progression, such as meniscal
tear. The lack of a control group reflects the challenges asso-
ciated with long-term, longitudinal analysis of asymptom-
atic individuals. Additional limitations include the lack of
ability to obtain quantitative data throughout the entire
knee, limiting the longitudinal quantitative T2 analysis to
the lateral compartment at the site of the bone bruise.
This is because of restrictions of the software and time lim-
itations at the initiation of this study.

Despite these limitations, the study clearly demonstrates
that all ACL tears are associated with transchondral frac-
tures of varying severity, resulting in a chondral injury
that is detectable by standardized morphologic MRI assess-
ment, with progression in cartilage degradation over time.
This may have implications for potential chondroprotective
intervention and/or alteration in rehabilitation regimens at
the time of injury. These data help to improve the under-
standing of the pathogenesis of OA following ACL tear and
provide imaging information that can guide the development
of potential preventive and disease-modifying treatments.

The American Journal of Sports Medicine
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Noncontrast Magnetic Resonance Imaging
of Superior Labral Lesions

102 Cases Confirmed at Arthroscopic Surgery
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ABSTRACT

Previous studies report that noncontrast magnetic res-
onance imaging is limited in the evaluation of the su-
perior glenoid labrum. From our magnetic resonance
imaging database of 2552 patients, we prospectively
identified 104 patients with superior labral lesions who
subsequently went on to arthroscopic surgery. Mag-
netic resonance images were assessed to identify fray-
ing, flap tears, bucket-handle tears, or displaced flap of
fibrocartilage. The biceps tendon was also evaluated.
Patients were categorized according to Snyder’s clas-
sification, and the findings on the magnetic resonance
images were correlated with surgical findings. One
hundred of the 104 tears suspected on the images
were confirmed at surgery. There were four false-pos-
itives and two false-negatives, the former reflecting
one normal labrum, two meniscoid-type labra, and one
sublabral foramen. With arthroscopic surgery as the
standard, magnetic resonance imaging had a sensitiv-
ity of 98.0% (100 of 102), a specificity of 89.5% (34 of
38), and an accuracy of 95.7% (134 of 140) for detec-
tion of superior labral lesions. We concluded that high-
resolution noncontrast magnetic resonance imaging
can accurately diagnose superior labral lesions and aid
in surgical management.

In 1990, Snyder et al.2° identified an injury to the superior
labrum that began posteriorly and extended anteriorly,
stopping before or at the midglenoid notch and including
the anchor of the biceps tendon to the labrum. They called

T Address correspondence and reprint requests to Hollis G. Potter, MD,
Chief, MRI Section, Department of Radiology, Hospital for Special Surgery,
535 E. 70th Street, New York, NY 10021.

No author or related institution has received any financial benefit from
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this the SLAP (superior labrum anterior and posterior)
lesion. The Snyder classification of SLAP lesions includes
fraying (type I), tearing with detachment of the biceps
anchor (type II), bucket-handle displacement with an in-
tact biceps anchor (type III), and a bucket-handle frag-
ment with the tear extending into the biceps tendon (type
IV). Some SLAP lesions do not neatly fit into the original
definition, and other classifications have been proposed.'*

The originally proposed mechanism of SLAP injury was
either a compressive force to the shoulder, usually due to
falling on an outstretched palm with the shoulder in ad-
duction and flexion on impact, or sudden contraction of the
biceps tendon.?® A subsequent study has shown that re-
petitive traction to the biceps tendon, as seen in throwing
athletes, can also cause this labral injury.? Clinical symp-
toms include catching and pain, which are exacerbated by
overhead activity.

Magnetic resonance imaging has been shown to be an
accurate method for accurately evaluating the glenoid la-
brum. However, using either conventional or arthro-
graphic MRI, imaging of the superior labrum has been
fraught with error. Continuing advances in surface coil
design, computer software, and image processing have
resulted in the rapid acquisition of superior quality MR
images of the shoulder, yielding increased diagnostic
accuracy.

The purpose of this study was to show that noncontrast
MRI can reliably diagnose SLAP lesions using sequences
that are routinely employed for evaluation of the shoulder.

MATERIALS AND METHODS

Patient Population

From January 1994 through September 1997, 2552 pa-
tients with clinical suspicion of labral injury, rotator cuff
lesions, impingement, or pain of unknown origin were
referred by an orthopaedic surgeon for an MR examina-
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tion. A total of 104 patients with MR evidence of superior
labral lesions were studied until and through the time of
surgery. An additional 36 patients were assessed as hav-
ing normal superior labra, but rotator cuff lesions. These
36 patients were also studied through the time of surgery
to provide a comparative control population. The total
study cohort was 140 patients.

The study population consisted of 103 men and 37
women with ages ranging from 15 to 72 years (mean,
35.4). There were 86 right shoulders and 54 left shoulders
studied.

The majority (110 of 140) of patients provided a history
of athletic participation, particularly baseball (31 pa-
tients), tennis (23 patients), and football (19 patients).
There were 11 professional athletes included in the study.
The interval between MRI and arthroscopic surgery of the
shoulders was 1 to 219 days (mean, 43).

MRI Technique

The patients were examined with a 1.5-T superconducting
magnet (Signa, GE Medical Systems, Milwaukee, Wiscon-
sin). All patients were supine with the humerus in a
neutral position. Either an anterior loop receive-only sur-
face coil (Linear Shoulder Coil, Medical Advances, Mil-
waukee, Wisconsin) or phased array surface coil (Shoulder
Array, Med Rad, Indianola, Pennsylvania) was placed an-
teriorly over the joint. With the aid of an axial localizing
image, the following sequences were obtained:

e An oblique coronal fast spin echo, proton density
weighted sequence; repetition time (TR)/echo time
(TE), 3500—4000/32 msec (effective) along the axis of
the supraspinatus muscle; 512 X 256 pixel or 512 X
384 pixel matrix; two signals acquired; 16-cm field of
view; and 4-mm slice thickness with 0.5-mm inter-
slice gap.

e Oblique coronal fast spin echo T2-weighted sequence;
TR/TE, 3500/108 msec (effective); 256 X 224 pixel
matrix; two signals acquired; 16-cm field of view;
4-mm slice thickness with a 0.5-mm interslice gap;
and frequency-selective fat suppression (Chem Sat,
GE Medical Systems).

e Axial multiplanar gradient echo T2-weighted se-
quence; TR/TE, 400/20 msec with a 20° flip angle;
256 X 256 pixel matrix; two signals acquired; 16-cm
field of view; and 4-mm section thickness without an
interslice gap.

e Axial fast spin echo proton density weighted; TR/TE,
4000/17-34 msec (effective); 512 X 256 pixel or 512 X
384 pixel matrix; two signals acquired; 15-cm field of
view; and 3.5- to 4-mm slice thickness and no inter-
slice gap.

The echo train length on all fast spin echo sequences
was 8 to 12. Scan times varied according to the number of
slices required to cover the region of interest, but ranged
from 25 to 30 minutes.

The normal glenoid labrum is triangular in cross-sec-
tion and has homogeneously low-intensity signal on all
pulse sequences. It is attached to the glenoid rim at its
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base. To localize labral tears, the clock face was used as a
reference point, and the superior labrum included the 11
o’clock through the 1 o’clock positions. For a tear to be
considered a SLAP lesion, the abnormality needed to ex-
tend across the biceps anchor.

All examinations were interpreted by a senior musculo-
skeletal radiologist (HGP) after consensus review with
two musculoskeletal fellows experienced in musculoskel-
etal MRI. The findings on physical examination were not
available at the time of review. The labrum and the long
head of the biceps tendon were evaluated with respect to
signal intensity and morphologic characteristics. Labral
lesions were characterized as either frayed, a flap tear, a
bucket-handle tear, or a displaced flap of fibrocartilage.
The long head of the biceps was followed to its origin from
the supraglenoid tubercle, with attention paid to the fibers
that blend with the superior labrum.'! All superior labral
lesions were confirmed in both the axial and oblique coro-
nal planes. Superior labral tears were classified according
to the classification by Snyder et al.2°

A type I SLAP lesion was believed to be present on MRI
if the superior labrum was hyperintense and had an ir-
regular shape and if the biceps anchor was stable. The
high-intensity signal in the labrum likely corresponds to
mucoid eosinophilic degeneration.'®

A type II SLAP lesion was believed to be present on MRI
when a line of high-intensity signal was seen coursing
across the base of the hyperintense labrum to the periph-
ery. The long head of the biceps tendon had normal signal
and shape and was attached to the avulsed labrum in
these cases.

Type IIT SLAP lesions were characterized by a line of
high-intensity signal coursing across the base of the hy-
perintense labrum but extending beyond the equator. This
was thought to represent an undisplaced bucket-handle
tear. If a discrete piece of fibrocartilage was identified
within the joint capsule, this was thought to represent a
displaced labral flap. The superior labrum was deficient
and the biceps tendon could be followed to the supragle-
noid tubercle.

A type IV SLAP lesion was thought to be present when
a line of high-intensity signal was seen coursing across the
base of the normally hypointense labrum to the periphery
and extending beyond the equator with a deficient supe-
rior labrum. In addition, there was hyperintensity and
splitting of the fibers of the biceps tendon.

All surgery was performed arthroscopically by one of
seven surgeons. Review of labral lesions was undertaken
by the attending surgeon using a combination of operative
notes, arthroscopic pictures, and video recordings. The
MR interpretation was available at the time of surgery.

RESULTS

At surgery, superior labral lesions were found in 102 of
140 patients. There were 33 type I SLAP lesions, 51 type
II SLAP lesions, 7 type III SLAP lesions, and 5 type IV
SLAP lesions. Six superior labral lesions did not specifi-
cally fit into any one category. This has been recognized
before; Maffet et al.'* found that 38% (32 of 84) of the
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patients in their study had significant findings that could
not be classified.

There were 38 patients with normal glenoid labra at
surgery. Included in this group were two meniscoid-type
labra, one sublabral foramen, and one Buford complex.
These were confirmed with direct visualization and prob-
ing at the time of surgery. The Buford complex was cor-
rectly interpreted on the MRI.

One hundred of the 102 superior labral tears seen at
surgery were prospectively identified on the MRI scans.
The two false-negative cases demonstrated a frayed supe-
rior labrum type I SLAP lesion and detachment of the
posterosuperior labrum type II SLAP lesion at surgery. In
addition, tears in four superior labra thought to be seen on
the MRI scans were not confirmed at surgery. One patient
was shown to have an intact superior labrum, two had
meniscoid-type labra, and one had a sublabral foramen.

With arthroscopy as the standard, MRI had a sensitiv-
ity 0f 98.0% (100 of 102), specificity of 89.5% (34 of 38), and
accuracy of 95.7% (134 of 140) for detection of a tear of the
superior glenoid labrum.

Thirty-three type I SLAP lesions were confirmed at
surgery with 30 cases identified on MRI. Two cases were
prospectively read on MRI as having torn type II SLAP
lesions, and one was read as having no lesion. There were
also four cases interpreted on MRI as type I SLAP lesions
that were regarded as type II SLAP lesions at surgery.
There were five paralabral cysts decompressing into the

Figure 1. A type | SLAP lesion in an 18-year-old tennis
player who had sudden onset of pain and clicking after an
audible pop during a match. He had since complained of
intermittent recurrent pain, particularly in the overhead posi-
tion. Coronal images demonstrate a frayed, hyperintense
superior labrum (short arrow) with decompression into a
large paralabral cyst (curved arrow).
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adjacent soft tissues detected on MRI (Fig. 1). Four of the
five cysts were seen in association with type I SLAP le-
sions, as confirmed at arthroscopic surgery.

Fifty-one type II SLAP lesions were identified at sur-
gery, and MRI correctly identified a labral tear in 46 of the
51 cases (Figs. 2 and 3). Of the five cases not identified on
MRI, four were misrepresented as fraying (type I), and one
was misrepresented as normal.

Figure 2. A, atype Il SLAP lesion in a 33-year-old man who
had a long history of right shoulder pain that was exacer-
bated by a recent skiing injury. The MR images demonstrate
a tear of the anterosuperior labrum (straight arrow) at the
insertion of the middle glenochumeral ligament (curved ar-
row). Note the frayed superior capsule (small arrows). B,
arthroscopy confirmed a massive superior labral detachment
(straight arrow) extending from the 8-o’clock position to the
4-o’clock position with the biceps tendon completely de-
tached from the superior glenoid. Four bioabsorbable tacks
were required to stabilize the lesion. The asterisk lies on the
humeral head.
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Figure 3. A type Il SLAP lesion in a 46-year-old man high-
level recreational tennis player who had shoulder pain. The
coronal image demonstrates avulsion of the superior labrum
from the glenoid (straight arrow). Note the retracted biceps
tendon (curved arrow) attached to the avulsed labrum.

Figure 4. A type lll SLAP lesion in a 24-year-old male pa-
tient who sustained a fall while skiing. He had since experi-
enced pain during overhead activities. An axial image
through the labrum demonstrates a detached labral fragment
(straight arrow), as well as a frayed superior glenohumeral
ligament (curved arrow).

Magnetic resonance imaging prospectively demon-
strated four of seven type III lesions, three of which were
displaced (Fig. 4). Three of the seven arthroscopically con-
firmed type III lesions were described on MRI as type II
lesions.

Biceps hyperintensity and splitting of fibers, when seen
in association with a tear coursing through the base of the
superior labrum, was indicative of a type IV SLAP lesion
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Figure 5. A type IV SLAP lesion in a 20-year-old baseball
pitcher who had pain and discomfort related to throwing in
the early acceleration phase. Far anterior coronal image
demonstrates the displaced superior labral flap (straight ar-
row) with tearing and fraying of the biceps tendon (curved
arrow).

(Fig. 5), and this was noted on MRI for all five type IV
cases subsequent to arthroscopic confirmation.

DISCUSSION

Superior and inferior labral morphology are distinctly dif-
ferent. The superior labrum tends to be loosely attached,
more mobile and meniscal in appearance than the inferior
labrum, which is firmly continuous with the articular
cartilage. It has been suggested that the superior labrum
may act as a mobile extension at the glenoid surface
rather than as a stabilizing bumper restricting transla-
tion.* Hence, a mobile and loosely attached superior la-
brum should not be considered abnormal unless there is
definitive tearing or detachment. Furthermore, the supe-
rior and anterosuperior labrum have diminished vascular-
ity relative to the inferior labrum.* This poor blood supply
may account for superior labral degeneration with in-
creasing age and explain its vulnerability for disruption.

Histologic examination of the glenoid labrum shows
that it is composed of poorly vascularized, moderately
dense bundles of fibrocartilage.® Eosinophilic degenera-
tion is a common finding, and intralabral ossification has
been described.'® There is a thin zone of transitional fi-
brocartilage sitting between the labrum and articular car-
tilage, as first described by Moseley and Overgaard.'”
This transitional zone is continuous with the adjacent
hyaline articular cartilage and may only be a few cells in
width.® This transitional zone is accentuated on gradient
echo MRI'*® and has been misinterpreted in the past as
either a sublabral tear or a sublabral foramen. Further-
more, gradient-echo techniques are limited by their sen-
sitivity to field inhomogeneities, including orthopaedic
hardware, arthroscopic metallic debris, and paramagnetic
agents such as hemoglobin-degradation products. This ar-
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Figure 6. A, sublabral foramen in a 53-year-old patient who
presented with anterior shoulder pain. Axial images demon-
strate a line of high-intensity signal at the base of the antero-
superior labrum (arrow), which was prospectively interpreted
as a superior labral tear. B, arthroscopic examination dem-
onstrates a sublabral foramen (straight arrow) with smooth
edges and no synovial injection. The anterosuperior labrum
(asterisk) was freely lifted from the labral base, creating a
foramen. This was one of the false-positives interpreted in
our study cohort.

tifact limits the use of gradient echo techniques in the
postoperative setting.

Early studies suggested that unenhanced MRI is lim-
ited in its ability to depict tears of the superior la-
brum,® %' with sensitivity for detecting tears ranging
from 75% to 88%, and these sensitivities were relatively
poor compared with studies of anterior labral tears (95%
to 100%),719-12:16 glthough the sample sizes were small.
In response, several investigators have advocated MR ar-
thrography using both saline and gadolinium as contrast
agents to improve accuracy by distending the joint and
allowing fluid to undermine tears.? '®22 However, intra-
articular injection of contrast is time consuming, expen-
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sive, has yet to meet with US Food and Drug Administra-
tion approval, and removes the noninvasive advantage of
MRI. Furthermore, the distension of the joint with intra-
articular contrast distorts the native anatomic relation-
ships of the labral-capsular complex and is not part of
routine imaging of the shoulder joint.

This study involves, to our knowledge, the largest re-
ported series of superior labral tears prospectively identi-
fied on MRI with subsequent arthroscopic correlation.
This is also the first reported series using a phased array
surface coil and 512 X 256 or 384 pixel imaging matrix,
and attention should be drawn to these technical aspects.
The use of a phased array surface coil design increases the
signal-to-noise ratio by virtue of several receiver coils
working in concert to receive signal and promote field
homogeneity. The matrix of 512 X 256 or 384 pixels yields
a smaller pixel size, which translates into superior spatial
resolution, enhancing the conspicuity of subtle labral fray-
ing and detachment. The fast spin echo imaging technique
decreases imaging time and is invaluable in the postoper-
ative setting because of the reduction in metallic artifact.

We have specifically chosen TR and TE values to take
advantage of the magnetization-transfer effect that will
optimize soft tissue contrast and provide good contrast
between native joint fluid and fibrocartilage. Native fluid
undermines a torn labrum and is seen as a line of high-
intensity signal between the glenoid and torn fibrocarti-
lage. Using our technique, sensitivity is high (98.0%) but
specificity comparatively low (89.0%), mostly because of
labral variations. The overall accuracy in identifying
SLAP lesions was 134 of 140 (95.7%). Magnetic resonance
imaging was less successful in classifying SLAP lesions
into the four subcategories, particularly in its ability to
discriminate between type II and type III lesions. Identi-
fication of SLAP subcategories will augment surgical
planning, as type I and III SLAP lesions are commonly
debrided, while type II and IV lesions require stabilization
of the biceps anchor/labral complex."® As MRI resolution
and technique continue to improve, accuracy should im-
prove with respect to these subcategories.

Labral variants pose a problem to accurate labral inter-
pretation. The meniscoid-type superior labrum may be
misinterpreted as a type II SLAP lesion, and this was the
source of two false-positives in our study. The meniscoid
variant maintains a firm, focal attachment and has a
normal biceps insertion. Wide separation of the superior
labrum from the glenoid rim, frayed labrum with in-
creased signal intensity, and the presence of adjacent
capsular injury aid in the discrimination between the
meniscoid variant and type II SLAP lesions.

Likewise, an anatomically thickened or band-like mid-
dle glenohumeral ligament in association with a deficient
anterosuperior labrum, that is, a Buford complex, can
simulate a detached anterior labrum.?! However, the mid-
dle glenohumeral ligament is normally seen as a distinct
structure adjacent to the anterior labrum and can be fol-
lowed from its insertion site on the labrum to where it
blends with the anterior capsule and attaches onto the
humerus.

Another potential source of interpretive error is the
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sublabral foramen (Fig. 6). This entity is found within the
anterosuperior labrum, but tends to be located more an-
teriorly as opposed to the more superior position of the
SLAP lesion. In addition, the shape and signal of the
separated fibrocartilage are preserved in the setting of
anatomic variation without injury. The normal sublabral
foramen does not usually extend below the level of the
coracoid process. The orientation and extent of the in-
creased signal, whether it crosses the biceps anchor, and
whether there is concomitant injury to the capsule help to
discriminate a tear from a sublabral foramen.

In a retrospective review of more than 700 shoulder
arthroscopies by Snyder et al.,?° 3.9% of patients were
found to have SLAP lesions, suggesting that this is a
relatively uncommon lesion. The lesion seemed to be con-
fined to the athletic population. We identified 102 surgi-
cally confirmed SLAP lesions from our MRI database (102
of 2552, or 4.0%). The purpose of the current study was not
to report the prevalence of SLAP lesions in our patient
population but rather to assess the accuracy of our MRI
technique in detecting these lesions. The high incidence of
labral abnormality seen in predominantly young athletic
patients selected out by clinical assessment and then in-
cluded in our study introduces an inherent referral bias.
All the referring surgeons in our study are sports medicine
specialists who treat a large number of athletes who are
prone to injury of the superior labrum, such as those who
play baseball, tennis, and football. The prevalence of
SLAP lesions seen at our institution is probably greater
than in the normal population.

Advances in surface coil and software design have al-
lowed for high-resolution imaging with improved soft tis-
sue contrast that aids in labral visualization. By taking
advantage of this technology, noncontrast MRI can accu-
rately detect superior labral tears and readily identify
those patients who may benefit from surgery.
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Meniscal Allograft Transplantation
in the Sheep Knee

Evaluation of Chondroprotective Effects
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Background: Early protection of articular cartilage, before degenerative changes appear on radiographs, should result in better
long-term results, but scientific evidence regarding the effectiveness of meniscal transplantation is lacking.

Purpose: To assess the chondroprotective effects of a new meniscal allograft transplantation animal model and evaluate a mag-
netic resonance imaging parameter, T2 mapping, in articular cartilage after meniscectomy and meniscal transplantation.

Study Design: Controlled laboratory study.

Methods: Forty-five skeletally mature sheep were placed into 3 surgical groups: lateral meniscectomy (n = 24), meniscal allograft
transplant (n = 17), and sham (n = 4). Animals were sacrificed at 2, 4, or 12 months. Cartilage was assessed by gross inspection,
magnetic resonance imaging, T2 mapping, biomechanical testing, and semiquantitative histologic analysis.

Results: There were no differences between the sham operation and nonoperated control limbs. Compared with control limbs,
meniscectomy resulted in significant increases in cartilage degeneration by all objective criteria (P < .01). Compared with menis-
cectomy, meniscal allograft transplantation resulted in significant decreases in cartilage degeneration (P < .02). There were sig-
nificant correlations between T2-mapping data and all other traditional outcomes measures (P < .05, /* = 0.37-0.67). Compared
with the nonoperated control limbs, allograft transplants demonstrated no significant differences at 2 months in any category,
except magnetic resonance imaging data. By 4 months, nonoperated control limbs demonstrated significantly less wear com-
pared to allograft limbs in all categories except modified Mankin scores.

Conclusion: This model demonstrated significant chondroprotection compared with meniscectomy but demonstrated more
cartilage wear at 4 months compared to control limbs. A high degree of allograft cell viability and vascular ingrowth was seen in
allograft explants. T2 mapping may provide an accurate noninvasive measure of early cartilage degeneration after meniscectomy,
as well as cartilage protection after meniscal allograft transplantation.

Clinical Relevance: This study establishes a reliable animal model for meniscal allograft transplantation and provides evidence
for the utility of T2 mapping at clinically relevant magnetic resonance imaging field strengths for evaluation of early cartilage
degeneration.

Keywords: meniscus; allograft; transplantation; T2 mapping; cartilage

Meniscal transplantation has become a viable surgical meniscectomy can be decreased if the joint is protected by
option for patients with symptomatic meniscal deficiency. a meniscal substitute. Unfortunately, scientific evidence
It is thought that the predictable long-term development of regarding the effectiveness of this surgical intervention
osteoarthritic degeneration in patients subjected to total is lacking. There has been limited long-term clinical inves-
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tigation on the success of meniscal allografts.” >

Furthermore, animal studies have demonstrated varying
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until advanced changes on radiographs are present.?® The
ability to better identify early signs of articular degenera-
tion in a noninvasive manner would improve our ability to
recommend reconstructive procedures in a timely fashion.

Our primary hypothesis was that a more anatomically
based meniscal allograft transplantation procedure would
be effective in reducing the degree of joint degeneration
compared with meniscectomy as demonstrated by MRI, T2
mapping, biomechanical testing, and histologic analysis.
Our secondary hypothesis was that measurements of T2
relaxation time could be used as a noninvasive measure of
early cartilage degeneration in the postmeniscectomy
model and that it could be used to monitor cartilage protec-
tion in the meniscal allograft transplantation model. Thus,
the purposes of this study were (1) to assess the chon-
droprotective effects of meniscal allograft transplantation
in the sheep postmeniscectomy model and (2) to evaluate
the utility of T2 relaxation time mapping as a noninvasive
measure of early articular cartilage degeneration.

MATERIALS AND METHODS

After Institutional Animal Care and Use Committee
approval was obtained, 45 skeletally mature Columbian X
Rambouillet ewes weighing approximately 70 to 80 kg were
allocated for use. On arrival at the Colorado State University
Veterinary Teaching Hospital, the sheep were placed in the
large-animal research barn. They were dewormed and ear
tagged for identification. Physical examination was per-
formed, and only healthy animals with no clinically evident
medical or orthopaedic problems were selected for the study.

Thirty nonstudy animals were allocated for meniscal allo-
graft donation. These animals had been involved in unre-
lated research involving the spine or cranium and were
scheduled for sacrifice on the day before meniscal allograft
transplantation. During the harvest procedure, the entire
lateral meniscus, including the full length of the anterior
and posterior meniscal ligaments with a small amount of
associated bone, was aseptically removed from the donor
knees and stored in an antibiotic/nutrient medium accord-
ing to the guidelines of the American Association of Tissue
Banks." All donor knee menisci were size matched by the
weight of the sheep as well as precise intraoperative meas-
urements of length, width, and height of the meniscus. The
allografts were stored in the antibiotic/nutrient medium for
a maximum of 48 hours before transplantation. The animals
had a high degree of genetic similarity, thus decreasing the
risk for rejection of the tissue transplant.

STUDY GROUPS

The animals were randomly assigned to 1 of 3 groups. Four
animals underwent a sham operation involving exposure of
the lateral joint with a release and repair of the lateral col-
lateral ligament and popliteus insertion. Twenty-four ani-
mals underwent a lateral meniscectomy after exposure of
the lateral compartment. Seventeen animals underwent
lateral meniscal allograft transplantation immediately
after meniscectomy with size-matched donor menisci. For
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the sham and the meniscectomy groups, half of the animals
were sacrificed at 2 months, and the other half were sacri-
ficed at 4 months. For the meniscal allograft transplanta-
tion group, 8 were sacrificed at 2 months, 8 were sacrificed
at 4 months, and the final animal was sacrificed at 1 year.

SURGICAL INTERVENTIONS

Meniscectomy

Before surgery, 10 sheep cadaveric knees were dissected to
better define the surgical anatomy (Figure 1)." A lateral
incision was made over the lateral collateral ligament of the
knee joint. The femoral attachment of the lateral collateral
ligament and popliteus insertion site was elevated using an
osteotome along with a small wedge of bone. The lateral col-
lateral ligament and popliteus were then reflected distally
to expose the entire lateral meniscus. Varus stress was
applied to the knee joint to fully expose the meniscus. The
peripheral rim of the meniscus was dissected sharply from
the capsule, dividing the coronary ligament. The anterior
and posterior horn attachments of the meniscus were then
detached, and the meniscus was removed from the knee.
Special care was taken to avoid any articular cartilage
damage during the lateral meniscectomy. With detachment
of the anterior meniscotibial ligament attachment, special
care was taken to preserve the tibial insertion of the ACL,
which lies in close proximity. With detachment of the poste-
rior meniscofemoral ligament, the popliteal artery was
carefully retracted to avoid vascular injury. The osseous
femoral attachment of the lateral collateral ligament and
popliteus was then reattached to the femur using a 4.0-mm
cancellous bone screw. After thorough irrigation of the joint
with saline solution, the joint capsule, overlying fascia of
the tensor fascia lata, subcutaneous tissues, and skin were
closed in layers.

Allograft Transplantation

Before the transplant procedure was performed in live ani-
mals, 10 sheep cadaveric knees were dissected. A surgical
procedure was developed using anatomical placement of the
anterior meniscotibial and posterior meniscofemoral attach-
ment sites (Figure 1) with fixation through bone tunnels. At
the start of the transplant procedure, lateral meniscectomies
were performed using the technique described above. The
previously harvested menisci for transplantation were then
washed thoroughly with normal saline solution before trans-
plantation. Accurate size matching was performed using 5
measurements: length from anterior horn to the posterior
horn; width at the anterior horn, posterior horn, and central
meniscus; and central height. The allograft meniscus was
then prepared for transplantation by placing No. 2 Fiberwire
(Arthrex, Naples, Fla) Krackow stitches through the anterior
and posterior meniscal ligaments. The anterior meniscotibial
attachment site was then exposed, and a drill tunnel was
made entering at the anatomical insertion site and exiting
the tibia on the medial side of the knee. The posterior menis-
cofemoral attachment site was then palpated, and a second
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Figure 1. Normal anterior tibial (A) and posterior femoral (B)
meniscal attachment sites.

drill tunnel was made entering the anatomical insertion site
on the posterior aspect of the medial femoral condyle and
exiting the femur on the medial side of the knee. The ante-
rior and posterior meniscal allograft ligaments were then
anchored to the anterior and posterior meniscal insertion
sites by passing the Fiberwire sutures through the bone tun-
nels. The sutures were then fixed over buttons on the medial
side of the knee. Tracking and appropriate sizing of the
meniscus were confirmed after fixation. The outer rim of the
meniscus was then reattached to the lateral capsule using
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2 or 3 interrupted absorbable sutures. At the conclusion of
the transplant fixation, the osseous femoral attachment of
the lateral collateral ligament was reattached to the femur
using a 4.0-mm cancellous bone screw, and the wound was
closed in layers, as described above.

Sham Operation

The sham operation was performed using the same
approach to the lateral compartment required for the
meniscectomy procedure and transplant procedure. In this
group, no further surgery was performed after exposure of
the joint.

POSTOPERATIVE CARE

After surgery, postoperative activity was restricted for the
first 2 weeks by housing the animals in closed confinement.
The limbs were not immobilized. At 2 months, 2 animals
from the sham group, 12 animals from the meniscectomy
group, and 8 animals from the allograft group were sacri-
ficed. Both the operated and nonoperated limbs were har-
vested for analysis. At 4 months, the remaining animals
in the sham and meniscectomy groups and all but 1 of the
remaining transplant animals were sacrificed, and both
limbs were sent for analysis (2 sham, 12 meniscectomy,
8 allograft). The final allograft animal was sacrificed at 1 year.

POSTSACRIFICE ANALYSIS

After sacrifice, both the operative and nonoperative knees
were detached at the level of the midfemur and midtibia.
All but 7 of the limbs were immediately frozen and stored
for analysis. The remaining 7 limbs were kept fresh for cell
viability analysis of the allograft menisci using a paravital
staining technique. The time between euthanasia and
analysis of the frozen limbs was between 5 and 7 days. The
fresh limbs were evaluated within 24 hours after sacrifice.
The frozen knees were thawed before analysis and then
assessed sequentially with cartilage-sensitive MRI, MRI
with T2 mapping, gross inspection with india ink staining,
biomechanical testing of cartilage stiffness, and semiquan-
titative histology. Analysis of the vascularity of the trans-
planted menisci was performed using the Spélteholz
technique on 3 of the specimens from the 4-month trans-
plant group. Complete analysis of each limb was performed
within a 24-hour period to avoid any potential degenera-
tive effects from exposure to air. The specimens were kept
refrigerated between tests during that 24-hour period, and
all tests were performed in a temperature-controlled labo-
ratory set at 65° F. None of the tests resulted in heating of
the tissue. All limbs were treated with the same protocol,
eliminating the potential for any significant differences due
to prolonged exposure. Seven of the limbs (5 at 2 months
and 2 at 4 months) were delivered fresh and analyzed
within 24 hours of sacrifice. In addition to the routine analy-
ses described above, the fresh menisci from these animals
were evaluated for cell viability using paravital staining
techniques.
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MAGNETIC RESONANCE IMAGING

All animals were imaged in a clinical 1.5-T superconducting
magnet (Signa Horizon LX, General Electric Medical
Systems, Milwaukee, Wis) with a 5-inch, curved, receive-only
linear shoulder coil (IGC-Medical Advances, Milwaukee,
Wis). Animals were imaged using a fast spin echo sequence
in the coronal and sagittal planes with a repetition time of
4200 to 5000 milliseconds, effective echo time of 17 millisec-
onds, 31.2-kHz receiver bandwidth, and field of view of 8 x 6
cm with a matrix of 512 x 384, yielding an in-plane resolu-
tion of 156 pum x 156 um x 1 mm slice resolution. Images
were obtained with 3 excitations. Tailored radiofrequency
(GE Health Care, Milwaukee, Wis) was used to reduce
interecho spacing, with echo train lengths ranging between
8 and 12.

Subsequent spin echo T2 relaxation maps were obtained
using repetition time of 500 to 650 milliseconds; echo times
of 11, 40, and 80 milliseconds; at one excitation. Field of
view was 8 X 6 cm with a matrix of 256 x 160, yielding an
in-plane resolution of 312 um x 375 um with 2-mm slices.
Receiver bandwidth was 15.6 kHz (over the entire fre-
quency range). T2 relaxation maps were then recon-
structed using a monoexponential fit model to calculate T2
relaxation pixel by pixel (Functool 3.1.10, Advantage
Windows work station, GE Health Care).

The fast spin echo images were analyzed to assess mor-
phologic changes in cartilage, bone, and bone marrow
edema, as well as the presence or absence of osteophytes.
Maximum cartilage thickness in the nonosteoarthritic
sheep model was 0.8 mm based on MRI measurements. An
MRI score was calculated based on the observed changes in
cartilage, subchondral bone, and bone marrow edema, as
well as the presence or absence of osteophytes. A similar
system for cartilage degeneration has been previously vali-
dated in a clinical knee study using arthroscopy as the
standard.”’ Cartilage was scored at the anterior, central,
posterior, and peripheral margin over the lateral condyle
and lateral plateau using a 1 to 4 grading system: 1,
increased signal intensity; 2, <50% cartilage loss; 3, >50%
cartilage loss; 4, exposed subchondral bone. The scoring was
performed by a single attending MRI radiologist who was
blinded to the surgical procedure. A sample of the images
were scored a second time to confirm intraobserver relia-
bility; no significant differences were found between scoring
sessions. The subchondral bone was also assessed in each of
these locations for the presence of sclerosis, scoring 1 (none
apparent), 2 (mild), 3 (moderate), and 4 (severe). Bone mar-
row edema and osteophyte formation were both scored as
absent (0) or present (1). A total MRI score for the lateral
compartment was calculated by summing the mean values
for each of the 4 categories. With this system, the minimum
value of 2 corresponded to normal joint characteristics with
no evidence of degeneration, whereas the maximum score of
10 corresponded to advanced degenerative changes.

Spin echo T2 maps of the lateral tibial plateau were
created in this study to reduce the potential error introduced
by stimulated echo formation generated in most multiecho
fast spin echo techniques, yielding additive T1 contrast.”
Quantitative T2 values were then obtained from the anterior,
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central, and posterior regions of the central weightbearing
zone of the lateral tibial plateau using a standardized region
of interest analysis. These areas of interest corresponded to
the areas in which maximal cartilage degeneration was seen
in all animals due to the loading characteristics of the post-
meniscectomy ovine knee. They also corresponded to the
3 areas of interest identified for mechanical testing using
indentation probe testing. Subsequent color maps were gener-
ated using the same Functool program in which T2 value
stratification was depicted as prolonged values in green to blue
and shorter values in orange to red, using an expanded color
scale stratified from a minimum echo time of 0 milliseconds to
a maximum echo time of 150 milliseconds.

GROSS INSPECTION

After MRI, all limbs were dissected, and the tibial plateaus
were cleared of all surrounding soft tissue. The cartilage sur-
faces were stained with a dilute (1%) india ink solution
(Higgins waterproof black india ink), and all specimens were
photographed for determination of gross evidence of cartilage
degeneration as demonstrated by uptake of india ink stain.
Average stain areas overlying the tibial plateaus were meas-
ured using a Metamorph computer analysis (square mil-
limeters; Universal Imaging Corporation, Downington, Pa).

BIOMECHANICAL TESTING

Cartilage stiffness was measured over the central weight-
bearing zone of the lateral tibial plateau. The area tested
represented the area of greatest wear in the postmeniscec-
tomy knees. Three measurements were collected from 3 dif-
ferent locations along the central contact area of the tibia:
anterior, central, and posterior. The location of these data
points was the same in all specimens and was verified by
dividing the central weightbearing zone into thirds and
finding the center point of each section. The location of
these data points also corresponded to the areas sampled
for the T2 analysis. The 3 data points from each location
were averaged. Stiffness was measured using a cartilage
indentation probe specifically designed for thin cartilage
(Artscan Inc, Helsinki, Finland). The probe consisted of a
measurement rod with a 100-um-diameter indenter located
in the center of a reference plate at the end of the probe.
The value of the indenter force (newtons) reflects the force
that the cartilage exerts against the indenter and can reli-
ably be used as an index of cartilage stiffness. Several stud-
ies have demonstrated the association between cartilage
degeneration and decreased cartilage stiffness.2%!H1719:26:30

HISTOLOGIC ANALYSIS

Histologic sections were subsequently prepared and scored
by an attending pathologist blinded to the procedure per-
formed. The specimens were sectioned in the coronal plane at
the midpoint of the weightbearing zone of the tibial plateau.
The osteochondral specimens were then fixed in 10% neutral
buffered formalin (Sigma Diagnostics, St Louis, Mo) and then
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decalcified in 5% nitric acid (50 mL concentrated nitric acid
to 950 mL dH,0). The tissues were checked daily; as soon as
the decalcification was complete, the tissues were removed,
so as to avoid overdecalcification. Tissue processing and
paraffin embedding were then performed using the Tissue
Tek VIP1000 tissue processor. Five-micrometer-thick sec-
tions were cut and then stained with H&E and safranin O.
The histologic sections were taken from the middle third of
the tibia and were directed from the lateral edge (peripheral
zone) to the intercondylar notch (central zone). The central
zone corresponded to the area of greatest wear that was eval-
uated with the biomechanical testing.

The histologic sections were graded using the modified
Mankin grading scale for hyaline cartilage degenera-
tion.”"*? This semiquantitative analysis assessed cartilage
structure (0-6), cellular abnormalities (0-3), matrix staining
(0-4), and tidemark integrity (0-1). A minimum score of
0 denotes no cartilage degeneration, and a maximum score
of 14 indicates severe cartilage destruction. Regional differ-
ences between the central zone and peripheral zone were
evaluated.

Polarized light microscopy was performed to further
assess collagen organization within 4 layers of the matrix:
superficial layer, transitional zone, radial zone, and calci-
fied zone. The collagen was scored as organized (0) or dis-
organized (1) in each of these 4 zones, resulting in a score
range between 0 and 4.

Paravital staining to assess cell viability of the trans-
planted menisci was performed on 7 fresh specimens (5 from
the 2-month allograft transplant group and 2 from the
4-month allograft transplant group).?* A full detail of the
technique for cell viability paravital staining has been pre-
viously reported.18 The paravital technique was made up of
a combination of 2 indicators. Propidium iodide is a cell
impermeable dye that labels nucleic acids only in dead cells
with a bright red indicator. Fluorescein diacetate is a cell
permeable dye that labels cytoplasmic activity of live cells
with a green indicator. The staining technique results in a
clear contrast between viable (green indicator) and nonvi-
able (red indicator) cells.

Vascularity of the transplanted menisci was assessed in
3 of the 4-month allograft transplant animals using stan-
dard Spélteholz technique.® After MRI was completed in
these specimens and before gross dissection, the limbs
were injected with india ink solution (Higgins waterproof
black india ink) via the femoral artery under maximal
manual pressure to perfuse the entire knee joint. The ves-
sels distal to the knee were occluded by ligation and
tourniquet application. A minimum of 600 mL of india ink
was injected into each specimen. Capillary perfusion with
india ink was demonstrated by visible black mottling of
the skin. The specimens were then frozen, and 3-mm sagit-
tal and coronal sections were cut using a band saw. The
sections were then cleared by a modified Spélteholz tech-
nique®* involving (1) fixing the sections in 10% buffered
formalin for 3 days, (2) decalcification using 5% nitric acid
for 3 days (changing the solution daily), (3) dehydration in
ethyl alcohol for 6 days, and (4) defatting in chloroform for
2 days. The tissue was then cleared by changing its refrac-
tive index with the Spalteholz solution. This solution is
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made up of 3 parts benzyl benzoate and 5 parts methyl
salicylate. The specimens were then visualized under direct
magnification and photographed using high-resolution film
for further review.

STATISTICAL METHODS

Means and standard deviations were calculated for all
measurements. A paired Wilcoxon nonparametric test was
used to make direct comparisons between sham operation
animals and nonoperated control animals, between the cen-
tral tibial plateaus and peripheral tibial plateaus of the
allograft transplant animals, between the 2-month menis-
cectomy and 4-month meniscectomy groups, and between
the 2-month allograft transplant and the 4-month allograft
transplant groups. Significant differences (P < .05) between
allograft animals, meniscectomy animals, and nonoperated
control animals were calculated with a 1-way analysis of
variance followed by ¢ tests with a Bonferroni correction or
a Kruskal-Wallis test followed by Mann-Whitney tests.
Correlations between T2 data and all other variables were
calculated with Spearman rank correlation (+* values) tests
for nonparametric data. The collected data were analyzed
and interpreted by each of the investigators to ensure accu-
racy, and all data were analyzed in a blinded fashion.

RESULTS

Operative Observations

At the time of the initial surgery, there was no evidence of
gross cartilage degeneration within the lateral compart-
ment of the joint. Complete visualization of the lateral tib-
ial plateau was feasible in all operative specimens using
the approach described.

Sham Operation

No statistical differences were found between any of the
sham operation animals and the nonoperated control
limbs with regard to MRI, T2 mapping, gross inspection
with india ink, biomechanical testing, and histologic
analysis. Thus, the nonoperated limbs were subsequently
used as the control group in all comparisons between the
meniscectomy and allograft groups.

STUDY GROUPS

Postmeniscectomy Animals

There were statistically significant differences (P < .05)
between the nonoperative control limbs and the meniscec-
tomy limbs in all outcome measures at both 2 months and
4 months after meniscectomy (MRI, T2 mapping, gross
inspection with india ink, biomechanical testing, and his-
tologic analysis) (Tables 1 and 2).

Magnetic Resonance Imaging. The MRI appearance of the
nonoperated control limbs demonstrated good preservation
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TABLE 1
Evaluation of Tibial Plateaus in Postmeniscectomy Animals and Nonoperated Controls at 2 Months After Surgery”
Meniscectomy Control
Variable n Mean SD n Mean SD P
MRI score 12 7.1 0.6 12 2.0 0.0 <.0001
T2 map, ms 6 57.2 11.1 6 41.6 7.0 .01
India ink, mm? 12 36.1 7.9 12 3.0 6.2 <.0001
Biomechanics, N 12 0.37 0.13 12 0.63 0.08 .0001
Mankin 12 7.3 1.5 12 0.25 0.45 <.0001
Polarized 12 2.2 0.8 12 0.0 0.0 <.0001

“Modified Mankin scores are between 0 and 14; polarized light scores are between 0 and 4; MRI scores are between 2 and 10. Highly
significant differences were seen in all outcome measures (P < .05).

TABLE 2
Evaluation of Tibial Plateaus in Postmeniscectomy Animals and Nonoperated Controls at 4 Months After Surgery”
Meniscectomy Control

Variable n Mean SD n Mean SD P
MRI score 12 8.4 0.7 12 2.0 0.0 <.0001
T2 map, ms 6 55.1 13.0 6 35.7 13.0 .004
India ink, mm? 12 46.7 13.0 12 2.8 7.0 <.0001
Biomechanics, N 12 0.25 0.08 12 0.63 0.08 <.0001
Mankin 12 11.3 1.6 12 0.67 0.89 <.0001
Polarized 12 3.5 0.8 12 0.0 0.0 <.0001

“Modified Mankin scores are between 0 and 14; polarized light scores are between 0 and 4; MRI scores are between 2 and 10. Highly

significant differences were seen in all outcome measures (P < .05).

of the lateral compartment joint space, no cartilage wear
(mean cartilage thickness was approximately 0.8 mm), no
subchondral sclerosis or edema, and no peripheral osteo-
phyte formation (mean score, 2.0) (Figure 2A). By
2 months after meniscectomy, MRI demonstrated moderate
cartilage degeneration, with significant focal cartilage wear
over the central weightbearing zone of the tibial plateau,
mild to moderate subchondral sclerosis, and the presence
of osteophytes and subchondral edema in the majority
of the specimens (mean score, 7.1 + 0.6). By 4 months,
advanced degeneration was clearly seen with large areas of
full-thickness cartilage wear, significant sclerosis, and the
presence of osteophytes and edema in all specimens (mean
score, 8.4 £ 0.7) (Figure 2B).

T2 Mapping. T2 maps demonstrated significant prolonga-
tion (P > .05) of T2 relaxation times in the lateral tibial
plateau after meniscectomy compared with nonoperated
controls at both 2 months (Figure 3) and 4 months (Figure 4;
Tables 1 and 2). The mean T2 relaxation time for the non-
operated controls was 38.7 = 10.0 milliseconds. There was no
significant difference between T2 relaxation times in the
control animals at 2 months (41.6 + 7.0) compared with
4 months (35.7 + 13.0). At 2 months after meniscectomy, the
mean T2 relaxation time had increased to 57.2 + 11.1 milli-
seconds, and by 4 months after meniscectomy, it was also
elevated at 55.1 + 13.0 milliseconds. This finding confirmed
the osteoarthritis noted on traditional MRI, with increased
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signal intensity seen at both 2 months and 4 months com-
pared with control limbs. There was no significant difference
between the increased T2 relaxation time seen at 2 months
and 4 months, suggesting that a threshold of cartilage
degeneration was reached by 2 months that was beyond the
limits of resolution of the T2 mapping to detect further car-
tilage deterioration. Little to no stratification of T2 relax-
ation times was noted over the plateau, likely because of the
advanced degree of degeneration and the limitations of
the in-plane resolution of the T2 mapping sequence, given
the time requirements for obtaining 3 echo samples.

In an attempt to identify correlations between the T2
mapping and the other outcome measures, Spearman rank
correlations were calculated and subjected to post hoc
analysis. There was no assumption of a linear relationship
between variables at 2 months and 4 months (Table 3).
Significant correlations were identified between prolonga-
tion of T2 relaxation times and all other outcome measures
at 4 months (P < .05). At 2 months, significant correlations
were identified between prolongation of T2 relaxation times
and all other outcome measurements except the morpho-
logic MRI score and the india ink staining area (P < .05).

Gross Inspection. Representative gross specimens at
4 months stained with 1% dilute india ink are seen in
Figures 5 A and B. The nonoperated control limbs (Figure
5A) demonstrated minimal staining over the lateral
plateau at 4 months (mean stain area, 3.0 + 6.2 mm?). This
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Figure 2. A, magnetic resonance imaging of the nonoperated
control limbs demonstrated no evidence of cartilage wear or
subchondral bony changes. B, by 4 months after meniscec-
tomy, advanced changes were seen in all specimens, includ-
ing subchondral depression, edema pattern, and marked
thinning of the cartilage.
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Figure 3. Quantitative T2 relaxation time maps comparing the
nonoperated control (A) and the 2-month postmeniscectomy
(B) tibial plateau. The color maps are coded to capture T, val-
ues ranging from 0 to 150 milliseconds, with green and blue
reflecting longer T, values, yellow intermediate values, and
orange/red the shorter values. The apparent prolongation in
T2 values to the posterior margin (green regions) is owing to
the magic angle effect, yielding the expected prolongation of
T2 when the collagen is oriented close to 55° relative to the
magnetic field. Note diffuse prolongation of T2 values over the
anterior margin (arrow; blue region in B) after meniscectomy
(B) compared with the nonoperated control (A).

finding was consistent across all animals, with virtually no
evidence of baseline cartilage degeneration in the lateral
plateau. At 2 months after meniscectomy, there was a sig-
nificantly increased stain consistent with moderate carti-
lage degeneration (mean stain area, 36.1 + 7.9 mm?). By 4
months, advanced cartilage wear was evident by gross
inspection (mean stain area, 46.7 + 13.0 mm?) (Figure 5B).

Biomechanical Testing. The central weightbearing zone
of the tibial plateau represented the area of most rapid
degeneration and was the area that was focused on for bio-
mechanical and histologic testing. The biomechanical test-
ing was performed in the anterior, central, and posterior
regions of the weightbearing zone depicted by the areas of
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Figure 4. Quantitative T2 relaxation time maps of the lateral tibial plateaus comparing the nonoperated control (A), the
4-month postmeniscectomy (B), and the 2-month (C) and 4-month (D) postmeniscal allograft transplantation animals. The color
maps are coded to capture T, values ranging from 0 to 150 milliseconds, with green and blue reflecting longer T, values, yellow
intermediate values, and orange/red the shorter values. Note diffuse prolongation of T2 values after meniscectomy (B) compared
with the nonoperated control (A), particularly over the anterior margin (arrow). There is comparatively diffuse prolongation of T2
relaxation times (arrows) 4 months after meniscal allograft transplantation (D) compared with the 2-month allograft specimen

(C), which cannot be attributed to the magic angle phenomenon.

TABLE 3
Correlation of T2 With Other Variables
at 2 Months and 4 Months”

2 Months 4 Months
Variable r P r P
MRI 0.37 07° 0.63 <.05
India ink 0.43 .06° 0.55 <.05
Biomechanics -0.58 <.05 -0.67 <.05
Mankin 0.69 <.05 0.51 <.05
Polarized 0.64 <.05 0.55 <.05

“Spearman rank correlation was used, nonlinear.
b . .
Not significant.

highest stain uptake (Figure 5B). There was a significant
decrease in cartilage stiffness at both 2 months (0.37 £ 0.13 N)
and 4 months (0.25 £ 0.08 N) compared with controls
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(0.64 £ 9 N). Significant differences between the 2- and
4-month animals were also detected (P < .05). Biomechanical
testing of 4-month meniscectomy knees demonstrated sig-
nificantly decreased articular cartilage stiffness over the
entire lateral tibial plateau (anterior, central, and posterior
data points) compared with controls (P = .006), whereas at
2 months, stiffness was significantly decreased over the
anterior lateral tibial plateau only (P = .01).

Histologic Analysis: H&E. Histology specimens were cut
in the coronal plane and extended from the periphery of
the tibial plateau to the central (intercondylar notch)
region at the midpoint of the tibial plateau. Normal artic-
ular cartilage was seen in all nonoperated controls and
sham animals and was consistent with the absence of any
baseline cartilage wear over the lateral plateau (mean
modified Mankin score was 0.46 = 0.67). At 2 months,
histologic evidence of moderate cartilage degeneration
was seen (modified Mankin score was 7.3 £ 1.5), and by
4 months, advanced cartilage degeneration was confirmed
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Figure 5. Gross inspection with 1% dilute india ink compar-
ing the nonoperated control tibial plateau (A), the 4-month
postmeniscectomy tibial plateau (B), and the 4-month menis-
cal allograft transplant tibial plateau (C).
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in all specimens (mean modified Mankin score was
11.2 £ 1.6). Characteristic histologic findings included dis-
organization of cartilage structure with fissure formation,
hypocellularity, reduced matrix staining, and loss of tide-
mark integrity.

Histologic Analysis: Polarized Light Microscopy.
Polarized light microscopy was used to further evaluate
the collagen organization. The control animals demon-
strated normal cartilage with polarized light analysis,
which was reflected by maintenance of collagen organiza-
tion within the 4 layers of the matrix: superficial layer,
transitional zone, radial zone, and calcified zone (polarized
light score of 0). Significant loss of collagen organization
was seen at both 2 months (polarized light score of 2.2 +
0.8) and 4 months after meniscectomy (polarized light
score of 3.5 + 0.8). Polarized light scores demonstrated sig-
nificantly decreased collagen organization at 4 months
compared with 2 months (P = .002). Collagen disorganiza-
tion was evident in the superficial and transitional zones
by 2 months, with extension into the deeper layers (radial
zone and calcified zone) at 4 months.

Allograft

There were statistically significant differences between the
allograft limbs and the meniscectomy limbs in all objective
categories at 2 months (MRI, T2 mapping, gross inspection
with india ink, biomechanical testing, and histologic analy-
sis). At 4 months, allograft limbs demonstrated significant
differences in all objective categories except the T2
mapping (Table 4). In comparing the allograft limbs to the
nonoperated control limbs, no significant differences were
seen at 2 months in any of the categories except the MRI
data. At 4 months, the nonoperated control limbs demon-
strated significantly less wear compared to the allograft
limbs in all categories except the modified Mankin scores
(Table 5). One animal was sacrificed at 12 months after sur-
gery. The scores in all categories for this animal remained
better than the mean scores at 2 months in the postmenis-
cectomy animals.

Magnetic Resonance Imaging. The MRI appearance of the
allograft limbs demonstrated significant improvements in
all morphologic criteria compared with the meniscectomy
limbs at both 2 and 4 months, although there was a statis-
tically significant increase in the MRI score between 2 and
4 months (2.7-4.2, P < .05). Compared with the nonoperated
control limbs, however, MRI scores were significantly worse
at both 2 and 4 months after allograft transplantation
(Table 5). Magnetic resonance imaging further evaluated
the transplanted meniscus with regard to intrameniscal
signal, extrusion in the sagittal and coronal planes, and
meniscal morphologic characteristics. At 2, 4, and 12 months,
the transplanted allografts demonstrated minimal intra-
meniscal signal, minimal extrusion in either plane, and
preservation of normal meniscal shape. The allografts were
healed at the capsular attachment site. Several specimens
demonstrated evidence of fibrous tissue ingrowth into the
anterior and posterior meniscal-ligament attachment sites.
No meniscal tears were seen on MRI.
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TABLE 4
Allograft Transplant and Postmeniscectomy Outcome Measures Evaluating
the Tibial Plateaus at 2 and 4 Months After Surgery”
2 Months 4 Months
Meniscectomy Allograft Meniscectomy Allograft

Variable n Mean SD n Mean SD P n Mean SD n Mean SD P
MRI 12 7.1 0.6 7 2.7 1.0 <.001 12 8.4 0.7 5 4.2 0.9 <.001
T2 map, ms 12 57.2 11.1 5 46 2 .02 11 55.1 13.0 5 50 5 .08
India ink, mm? 12 36.1 7.9 8 6 7 <.001 12 46.7 13.0 8 18 6 <.001
Biomechanics, N 12 0.37 0.13 8 0.6 0.1 <.001 12 0.25 0.08 8 0.4 0.06 .001
Mankin 12 7.3 1.5 8 0.3 1.0 <.001 12 11.3 1.6 8 0.7 1.0 <.001
Polarized 12 2.2 0.8 8 0 0 <.001 12 3.5 0.8 8 0.9 0.7 <.001

“Modified Mankin scores are between 0 and 14; polarized light scores are between 0 and 4; MRI scores are between 2 and 10. All outcome
measures demonstrated significant differences between the 2 groups except the T2 mapping at 4 months (P < .05).

TABLE 5
Allograft Transplant and Nonoperated Control Outcome Measures Evaluating the Central
Weightbearing Zone of the Tibial Plateaus at 2 and 4 Months After Surgery”

2 Months 4 Months
Control Allograft Control Allograft

Variable n Mean SD n Mean SD P n Mean SD n Mean SD P
MRI 12 2.0 0.0 7 2.7 1.0 .045 12 2 0 5 4.2 0.9 .01
T2 map, ms 6 41.6 7.0 5 46 2 3 6 29 3 5 50 5 .005
India ink, mm? 12 3.0 6.2 8 6 7 4 12 3 7 8 18 6 .01
Biomechanics, N 12 0.63 0.08 8 0.6 0.1 9 12 0.6 0.09 8 0.4 0.06 .01
Mankin 12 0.25 0.45 8 0.3 1.0 N 12 0.67 0.89 8 0.7 1.0 .9
Polarized 12 0.0 0.0 8 0 0 9 12 0 0 8 0.9 0.7 .01

“Modified Mankin scores are between 0 and 14; polarized light scores are between 0 and 4; MRI scores are between 2 and 10. At 2 months,
the MRI score was the only outcome measure that was statistically different from the control animals. At 4 months, all values except the
modified Mankin scores were significantly worse compared with the control animals (P < .05).

T2 Mapping. T2 maps demonstrated improved mainte-
nance of T2 relaxation times at 2 months and 4 months
compared with meniscectomy (Table 4 and Figure 4). This
improvement was statistically significant at 2 months but
not at 4 months. This finding suggests improved preserva-
tion of collagen organization resulting from the meniscus
transplant and is correlated with the findings observed
under polarized light microscopy. There were no significant
differences in the T2 maps between the nonoperated con-
trol limbs and the allograft limbs at 2 months. However, by
4 months, the allograft limbs demonstrated a significant
prolongation in T2 relaxation times compared with the
nonoperated controls (Table 5).

Gross Inspection. A representative gross specimen
4 months after allograft transplantation is depicted in
Figure 5C. Compared with the meniscectomy limbs, there
were significantly decreased india ink stain areas over the lat-
eral plateau at both 2 and 4 months. However, there was a
significant increase in stain area between 2 and 4 months
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(6-18 mm?, P < .05). The wear pattern, as evidenced by the india
ink staining, demonstrated additional wear along the periph-
ery of the tibial plateau in some specimens. This wear pattern
differed from the meniscectomy animals, in which the wear was
isolated to the central weightbearing zone. At 2 months, there
was no difference in the gross appearance between the allograft
animals and control animals (Table 5). By 4 months, however,
the allograft animals demonstrated significantly increased
stain area compared with the control animals.
Biomechanical Testing. Biomechanical testing was per-
formed in the same locations along the central weight-
bearing zone of the lateral plateau as was done for the
meniscectomy animals. There was significantly improved
maintenance of cartilage stiffness at both 2 and 4 months
compared with the meniscectomy animals (Table 4); how-
ever, stiffness values were significantly lower at 4 months
compared with 2 months (0.4 N vs 0.6 N, P < .05). Similar
to the other outcome measures, 2-month allograft limbs
demonstrated no differences compared with control limbs,
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TABLE 6
Comparison of the Regional Histology (Modified Mankin Scores and Polarized Light Scores) of the
Central Zone and Peripheral Zone After Meniscal Allograft Transplantation at 2 and 4 Months”

Central Zone

Peripheral Zone

Variable n Mean SD n Mean SD P
2 mo
Mankin 9 0.3 1.0 9 3.78 1.79 .007
Polarized 9 0 0 9 1.33 0.5 .006
4 mo
Mankin 7 0.7 1.0 7 3.86 1.52 .02
Polarized 7 0.9 0.7 7 1.29 0.49 .08

“Modified Mankin scores are between 0 and 14; polarized light scores are between 0 and 4. Significantly greater wear was noted at the
periphery compared with the central zone by modified Mankin scores at both time points. The polarized light scores were significantly worse

at the periphery for the 2-month animals only (P < .05).

but by 4 months, the allografts were significantly worse
compared with controls (Table 5).

Histologic Analysis: H&E. Compared with the menis-
cectomy animals, there were statistically significant
improvements in the modified Mankin scores over the cen-
tral weightbearing zone at both 2 months and 4 months.
Excellent preservation of the cartilage structure, cellular-
ity, matrix staining, and tidemark integrity was observed
in this central zone. However, there was significantly more
cartilage wear in the peripheral zone beneath the allograft
meniscus compared with the central weightbearing zone of
the tibial plateau (Table 6). This finding was true for the
modified Mankin scores at both 2 and 4 months (P = .007
and P = .02, respectively). Scores along the periphery of the
tibial plateau for the allograft animals were still lower than
were the Mankin scores for the meniscectomy animals in
the central weightbearing zone. No significant differences
were noted between the Mankin scores at 2 months and 4
months in the allograft animals. In comparing the central
zone histologic findings of the meniscal allograft animals
and the nonoperated control animals, no significant differ-
ences were noted at 2 or 4 months (Table 5).

Histologic Analysis: Polarized Light. Polarized light
microscopy demonstrated maintenance of collagen organiza-
tion after allograft transplantation at both 2 and 4 months
compared with the meniscectomy animals (Table 4); how-
ever, there was loss of collagen organization at 4 months com-
pared with 2 months (P < .05), thus correlating with the
prolonged T2 relaxation times noted in the 4-month allograft
group. Compared with the control limbs, polarized light
scores were not significantly different at 2 months, but by
4 months, allograft limbs demonstrated significantly
decreased collagen organization. In comparing the periph-
eral zone to the central weightbearing zone of the tibial
plateau, the polarized light scores were significantly differ-
ent at 2 months only (P =.006) (Table 6).

Allograft Explant Analysis

All allograft explants were evaluated by gross examination
(Figure 6). There was tissue ingrowth into the allograft at
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Figure 6. Gross examination of the allograft transplants
demonstrated good fixation at the anterior and posterior lig-
ament insertion sites, as well as along the capsular periphery.
Good preservation of the central weightbearing cartilage on
the tibial plateau was also seen by gross examination.

the anterior and posterior attachment sites, as well as
along the capsular periphery. The allografts appeared to be
firmly fixed within the joint, with no evidence of lateral
extrusion or any evidence of rupture of the attachment
sites. No meniscal tears were seen at any location along
the length of the allograft at any of the sacrifice time
points (2, 4, and 12 months).

Routine histologic examination of the meniscus was per-
formed on 3 of the specimens and demonstrated normal-
appearing fibrocartilage that was indistinguishable from
the native medial meniscus. Histologic evaluation of the
anterior and posterior attachment sites demonstrated
fibrous tissue loosely integrated into the recipient bone.
Cell viability of the allograft menisci was evaluated using
paravital staining techniques in 7 allograft specimens (5 at
2 months and 2 at 4 months). These specimens were



Vol. 34, No. 9, 2006

Figure 7. Vascularity of the normal control meniscus (A) com-
pared with the 4-month allograft transplant meniscus (B).

evaluated fresh and not subjected to a freeze-thaw cycle as
were the other specimens. At both 2 and 4 months, there
was greater than 90% cell viability in all allograft menisci
examined. Again, the allograft tissue was indistinguish-
able from the native medial meniscus. Evaluation of the
vascularity of the allograft meniscus was assessed using
the Spélteholz technique in 3 of the 4-month specimens.
The nonoperated limbs of 2 animals were also assessed
with the vascular injection study to determine the vascu-
larity of the native lateral meniscus. Extensive vascular
ingrowth was observed at both the anterior and posterior
attachment sites as well as along the periphery. The allo-
grafts were hypervascular compared with the native
meniscus (Figure 7).

DISCUSSION

Currently, there is no consistently reproducible animal
model for meniscal allograft transplantation in the litera-
ture. Previous animal models have demonstrated variable
results; however, these earlier studies have not empha-
sized anatomical reconstruction of the native meniscal
insertion sites, nor have they used bone tunnel fixation as
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is typically performed in humans. Arnoczky et al’ and
Mikic et al®® reported some degree of protection of the car-
tilage after meniscal allograft transplantation in dogs;
however, these findings were not compared with meniscec-
tomy. Edwards et al'® found no radiographic differences
between meniscal transplants and those of meniscectomy
at 21 months and concluded that meniscal autogenous
grafts and allografts did not protect cartilage. Cummins
et al® found that meniscal allografts offered some histologic
evidence of articular cartilage protection in a rabbit model.
Szomor et al®’ reported perhaps the best published large-
animal model for the protective effects of autograft and
allograft meniscal transplantation. They demonstrated a
50% decrease in cartilage wear as determined by macro-
scopic grading of the cartilage; however, they found no dif-
ferences between the meniscectomy and transplant groups
when histologic criteria were examined. No further out-
come measures were used in any of these studies.

The surgical technique used in this study attempted to
restore the anatomical anterior tibial and posterior femoral
meniscal attachments. In our dissections and cadaveric
transplant trials, re-creation of the normal, anatomical
anterior and posterior lateral meniscal attachments
grossly reproduced normal meniscal kinematics. Adhering
to these anatomical considerations resulted in significantly
decreased cartilage wear compared with meniscectomy and
may provide a more accurate evaluation of the chondropro-
tective effect of a meniscus transplant. We used a wide
array of outcome measures to provide a comprehensive
evaluation of the chondroprotective effects of this surgical
procedure. We were able to demonstrate the protective
effects of allograft transplantation by gross inspection, histo-
logic analysis, biomechanical testing, MRI, and T2 mapping
of the tibial plateau to 4 months. A single animal was sacri-
ficed at 1 year with promising results; however, further stud-
ies with larger numbers of long-term survival animals are
necessary. Each of these outcome measures provides useful
information regarding the status of the underlying cartilage
and subchondral bone. Although this model demonstrated
significant improvements compared with meniscectomy,
progressive cartilage degeneration still occurred. As early
as 4 months after allograft transplantation, we noted sig-
nificantly more cartilage degeneration compared with con-
trol animals in all outcomes except the modified Mankin
scores, even in this “best-case scenario” of transplantation
immediately after meniscectomy.

Our outcome analyses focused on the central tibial
plateau. This was the area of greatest cartilage degeneration
noted after meniscectomy. In the absence of the meniscus,
the lateral femoral condyle focally loaded the central tibial
plateau, resulting in rapid cartilage destruction. The
anatomical allograft transplantation resulted in a redistrib-
ution of the load away from the central tibia, so that the focal
wear was eliminated. Histologic analysis of the central tibia
as well as biomechanical testing of the central cartilage stiff-
ness demonstrated significant “chondroprotection” after
transplantation of the meniscus. However, we did observe
increased wear along the periphery, where the allograft
meniscus had direct contact with the peripheral tibial
plateau. We believe that this increased peripheral wear was
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in part a result of the surgical approach (release of the
lateral collateral ligament and popliteus with open exposure
to the joint); however, it may have also been a result of allo-
graft size mismatch and subsequent increased cartilage load-
ing along the periphery. Despite the increased wear along the
periphery, this area of cartilage wear in the allograft animals
was still less than the cartilage wear seen in the central
weightbearing zone of the meniscectomy animals.

The second main purpose of this study was to evaluate
the utility of T2 relaxation time mapping as a noninvasive
measure of early articular cartilage degeneration and to
determine if it could be used to monitor cartilage protection
in the meniscal allograft transplantation model using clini-
cally relevant MRI field strengths of 1.5 T. Although
cartilage-sensitive techniques are helpful in assessing mor-
phologic changes,” a study of healthy bovine and degenera-
tive human cartilage samples indicated that routine clinical
images do not reveal early degenerative changes, thus
emphasizing the need for more sensitive MRI techniques.”
T2 mapping techniques have been shown in very high-field
magnetic resonance microscopy systems to reflect the struc-
ture and orientation of the collagen component of the extra-
cellular matrix, exploiting the depth-sensitive internuclear
dipolar interaction of the hydrogen nuclei.***

Clinically, T2 relaxation time is a quantifiable MRI
parameter that at high-field strengths of 3 T has demon-
strated a relationship between the water content of hyaline
cartilage, as well as the relative restricted mobility of water
in the cartilage within an anisotropic solid matrix.” Further
work at 3 T has demonstrated that aging is associated with
an asymptomatic increase in T2 relaxation times in the
transitional zone of articular cartilage, compatible with a
relative increase in water mobility.23 In this study, we were
able to demonstrate maintenance of T2 mapping times 2
months after allograft transplantation compared with 2
months after meniscectomy. This difference was no longer
significant after 4 months (Table 5), whereas all other out-
come measures were significantly different between the
transplant and meniscectomy groups. This finding suggests
that T2 mapping may be able to detect more minor changes
in collagen organization that are not detectable with the
other traditional outcome modalities and, therefore, has
important clinical applications. We are currently using T2
mapping in select patients in an attempt to identify early
cartilage degeneration that is not appreciated with tradi-
tional MRI techniques.

We found significant correlations between T2 mapping
values and our other more traditional outcome measures
(routine MRI, gross inspection, biomechanical testing, and
histology). Perhaps the most important correlation seen in
this study was between the T2 mapping and the polarized
light scores. Polarized light microscopy evaluates collagen
organization and provides a histologic corollary to the
structure and orientation of the collagen component of the
extracellular matrix reflected by the T2 mapping.

Of interest, there was a significant 30% increase in sur-
face area of cartilage degeneration from 2 to 4 months
detected by india ink staining that was not detected by T2
relaxation times. This finding suggests that a threshold of
detectable degeneration reflected in the T2 relaxation times

HSS CON PAGE 78

The American Journal of Sports Medicine

was met and exceeded by 2 months after meniscectomy.
This threshold is likely owing to the limits of the resolution
of T2 mapping in the context of the moderate to severe
degree of cartilage degeneration seen in these animals at
the sacrifice time points analyzed. Further cartilage degen-
eration beyond the 2-month time point was not reflected in
additional changes in the T2 mapping score. This is a fair
limitation of this technique for looking at differences
between moderate to severe cartilage degeneration as seen
in the postmeniscectomy animals but does not reflect an
inability of T2 mapping to detect more subtle changes in
early cartilage degeneration.

In summary, this meniscal allograft transplantation
model demonstrated significantly decreased cartilage
degeneration compared with meniscectomy, as well as a
high degree of allograft cell viability and vascular ingrowth.
We developed a more anatomical surgical technique that
accurately reproduces normal meniscus anatomy and more
securely fixes the transplanted meniscus compared with
previously described techniques. We used a wide array of
outcome measures to more fully and accurately characterize
the cartilage surfaces after meniscal transplantation, as
well as the allograft tissue after transplantation, and have
provided a comprehensive baseline against which future
animal studies investigating this procedure may be com-
pared. We recognize the importance of early detection of car-
tilage wear to optimize the results of meniscal allograft
transplantation, and our findings help to validate, by stan-
dard MRI, histology, and biomechanical testing, the use of
T2 mapping of cartilage to assess collagen in a noninvasive
manner. In this study, MRI with T2 mapping proved to be
very sensitive for the early detection of hyaline cartilage
matrix changes and promises to be a valuable clinical tool
for the early detection of degenerative joint disease. By
increasing the sensitivity and sophistication of our testing
parameters through noninvasive imaging of early cartilage
breakdown, and integrating these tools with surgical plan-
ning and timing, the outcome of these surgical interventions
should be improved. Future studies will be aimed at evalu-
ating the efficacy of delayed allograft transplantation as
well as the use of novel biomaterials to provide cartilage
protection after meniscectomy.
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Magnetic Resonance Imaging of the Hip: Detection of Labral
and Chondral Abnormalities Using Noncontrast Imaging

Douglas N. Mintz, M.D., Timothy Hooper, M.B.B.S., David Connell, M.B.B.S,,
Robert Buly, M.D., Douglas E. Padgett, M.D., and Hollis G. Potter, M.D.

Purpose: Traditional imaging techniques have limited ability to detect subtle chondral and labrd injuries
of the hip. We performed a retrospective review of patients who underwent magnetic resonance imaging
(MRI) of the hip and subsequent hip arthroscopy in order to evauate the ability of optimized, noncontrast
MRI to identify tears of the acetabular labrum and defects in articular cartilage. Type of Study:
Retrospective review of a consecutive sample. Methods: Between January 1997 and July 2000, 92
patients had MRI of the hip, followed by arthroscopic surgery of that hip by 1 of 2 surgeons(R.B., D.E.P.).
Two musculoskeletal MR radiologists blinded to the initidl MRI and surgica findings, independently
interpreted the studies, looking for the location and degree of articular cartilage and acetabular labra
pathology. Results: Of the 92 patients studied, each of 2 radiologists correctly identified 83 (94%) and 84
(95%) of the 88 labral tears present at surgery, respectively. There was 92% interobserver agreement on
the MRI studies. For articular cartilage defects on the femoral head and acetabulum, there was good
agreement (92% and 86% within 1 grade) between MRI and surgical grading and between the 2 MR
readers (kappa of 0.8 for femora head cartilage and 0.7 for acetabular cartilage). Conclusions: This study
shows that noncontrast MRI of the hip, using an optimized protocol, can noninvasively identify labral and
chondral pathology. Such information may facilitate deciding which patients warrant surgical intervention,
thus preserving hip arthroscopy as a therapeutic tool. Level of Evidence: Leve 1l, Development of
Diagnogtic Criteria Study. Key Words: Acetabular labrum—Aurticular cartilage—Cartilage—Hip—

Labrum—Magnetic resonance imaging.

he radiographic assessment of the patient presenting
with hip pain hastraditionally been performed using
plain radiography. Radiographs, however, are typicaly
normal if hip pain and/or impaired function are caused
by labral tears, focal chondra defects, synovitis, or un-
ossfied intra-articular loose bodies.
Other methods of diagnostic evaluation, such as con-
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ventiond contrast arthrography and magnetic resonance
arthrography, have been proposed, but they are invasive
procedures that carry potentia risks such as iatrogenic
injury to adjacent neurovascular structures.:4 Hip arthro-
scopy is becoming popular & many ingtitutions and has
been proposed as the diagnostic standard for disclosing
intra-articular pathology.> However, it is invasive, tech-
nically challenging, and not without potential morbidity.

The hypothesis of this study was to show that non-
contrast magnetic resonance imaging (MRI) of the hip is
a senditive, noninvasive method of detecting labral tears
and chondra injuries of the hip compared with arthros-
copy as the standard.

METHODS
Patient Selection

To find patients in whom we could directly compare
MRI with arthroscopic results, we reviewed the
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records of patients who had MRI and subsequent
arthroscopy of the hip at our institution from January
1997 to July 2000. These patients were found by
cross-referencing an MRI database and the hospital’s
radiology report system with the records of 2 surgeons
who perform hip arthroscopy at our institution. We
excluded patients for whom a comprehensive surgical
record, including arthroscopic pictures of the acetab-
ular labrum and articular cartilage of the femoral head,
was not available.

Arthroscopic Technique

Arthroscopic examination of the hip joint was per-
formed under epidural block or general anesthesia.
The patient was placed in the lateral or supine position
on a standard fracture table. The foot was placed into
a traction boot and hip distraction was confirmed
using an image intensifier. Seventeen-gauge spind
needles, 6 inches in length, were introduced into the
hip joint under fluoroscopic guidance. Peritrochanteric
and anterior portals were commonly used. The peri-
trochanteric portals were made just above the greater
trochanter on the lateral aspect of the hip, with one
being more posterior and the other being slightly more
anterior. The anterior portal was made near the inter-
section of a line dropped vertically from the anterior
superior iliac spine and a horizontal line drawn from
the tip of the greater trochanter.

Once the correct position of the spinal needle was
confirmed under fluoroscopy, the stylet was replaced
with athinwire. Blunt cannulated obturators (Smith &
Nephew Dyonics, Andover, MA) were then inserted
over the thin wires and passed into the distracted hip
joint. A 4.5-mm arthroscope was used with both 30°
and 70° lenses. Additional instruments (3-mm probe,
4.5-mm motorized full-radius resectors, extra length,
straight and curved, and Holmium-Y AG laser [Versa-
Pulse Select; Coherent, Santa Clara, CA]) were in-
serted, as needed, through the working portal. Trac-
tion was maintained for the duration of the procedure.
The hip joint was then injected with a mixture of
morphine and anesthetic agent, with corticosteroids
added if synovitis was present.

Each surgeon determined operative results by re-
viewing operative reports and arthroscopic pictures.
These results were tabulated on standardized score
sheets. The diagnosis of injuries to the acetabular
labrum was based on arthroscopic visualization of a
defect and probing of the affected area.
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MRI

All MRI scans were performed with the same
technique using a 1.5-T superconducting magnet
(Signa; GE Medical Systems, Milwaukee, WI). Pa-
tients were positioned supine with the leg in neutral
position. Two sequences were performed using the
body coil. Three additional sequences used a
phased-array surface coil (shoulder array; Med Rad,
Indianola, PA).

Body coil images included an axial fast spin-echo
sequence and a coronal fast inversion recovery se-
guence using the following parameters. The axial
fast spin-echo sequence was obtained with a TR(m-
sec)/TE(msec) of 4,000/28-34 (effective [Ef.]), ma-
trix of 512 X 256, slice thickness of 5 mm, no
interslice gap, echo train length (ETL) of 7-8, 2
excitations (NEX), and field of view (FOV) of 30 to
36 cm. The fast inversion recovery used TR/TE of
3,500-4,500/17-24 [Ef.], inversion time (TI) of 150
msec, matrix of 256 X 192, dlice thickness of 5 mm,
no interslice gap, ETL of 8-10, 2 NEX, and FOV of
32 to 38 cm to include both of the hips and the
pelvis.

Surface coil sequences were performed in sagit-
tal, axial, and corona planes. Each sequence con-
sisted of a fast spin-echo acquisition with a TR/ITE
of 3,500-4,500/28-34 [Ef.], a matrix of 512 X 384
for the coronal and sagittal images and 512 X 256
for the axial images, 3-mm dglices for the sagittal
and 4-mm for the coronal and axial planes, no
interslice gap, ETL of 8-12, 3 NEX, and FOV 15 to
17 cm. Bandwidth was 31 kHz, except for the axial
surface coil sequence, for which it was 20 kHz. The
total examination time was approximately 35 to 40
minutes.

The MRIs were analyzed by 2 experienced mus-
culoskeletal MRI radiologists who were blinded to
each other’s readings, the original reading, and the
surgical results. Two independent readers were used
to establish interobserver variability and to see if,
and to what degree, accuracy was dependent on a
specific MRI reader. Both the acetabular and fem-
oral articular surfaces were assessed. The articular
cartilage was graded on the MRI and at arthroscopy
with a modification of the classification system of
Outerbridge.6 Grade 0 indicated intact articular car-
tilage; grade 1, chondral softening (high signal);
grade 2, superficial ulceration, fissuring, or fibrilla-
tion involving less than 50% of the depth of the
articular surface; grade 3, ulceration, fissuring, or
fibrillation involving more than 50% of the depth of
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Ficure 1. Labral tear at arthroscopy: Intraoperative photograph
showing a complex tear of the anterior portion of the acetabular
labrum. The probe goes through the tear (* indicates the smooth
femoral head cartilage). Both portas were established laterally
above the greater trochanter. The probe comes in over the antero-
superior edge of the labrum.

the articular cartilage; and grade 4, full-thickness
chondral wear with exposure of subchondral bone.”
All chondral lesions on MRI were confirmed in at
least 2 separate planes. Results were recorded on a
score sheet by each reviewer for each patient.

The MRIs were studied for abnormalities of the
acetabular labrum, including tears and their loca-
tions, and the presence of intracapsular or extracap-
sular paralabral cysts. The acetabular labrum was
considered normal if images revealed a triangular,
homogenous low signal intensity labrum in all
planes with the base sitting flush with the acetabu-
lum. The MRI criterion for a labral tear was a line
of high signal coursing from the articular side
through the base or into the substance of the labrum,
with or without distraction of the labrum. This
criterion has been successfully applied in the gle-
noid labrum.8 Focal increased signal confined to the
labrum was felt to represent intrasubstance degen-
eration and not a tear. Results were recorded on a
score sheet by each reviewer for each patient.

To directly compare the pathology seen on MRI
with that seen at arthroscopic evaluation, the stan-
dardized score sheets from the MRI readings were
compared with the identical score sheets of the
arthroscopic findings. Sensitivity, specificity, accu-
racy, and positive and negative predictive values
were calculated for each reader. For labral tears,
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interobserver agreement of labral tears was calcu-
lated. A kappa analysis of interobserver agreement
for cartilage defects was performed. Because of the
retrospective nature of the study, the presence or
absence of statistical significance was used to con-
firm that an adequate number of patients were en-
rolled in the study. The study was approved by our
hospital’s Institutional Review Board.

RESULTS

The study group comprised 92 patients with 58
women (63%) and 34 men (37%). The mean patient
age was 38.5 years (range, 15 to 74 years). There were
56 (61%) right hips and 36 (39%) left hips. The
average interval between MRI and arthroscopy was 93
days (range, 1 to 562 days).

Ficure 2. Anterior labral tear: Sagittal MRI shows high signal
extending through the normal through the low-signal triangular
acetabular labrum, defining a tear (long white arrow). The acetab-
ular articular cartilage exhibits mild high signal (short arrow) but
no defect.
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Ficure 3. Normal anterior labrum: Sagittal MRI of the hip shows
the anterior labrum (arrow) is a normal triangular focus of low
signa. The normal articular cartilage (small arrows) is the gray
signal overlying the low signal cortical bone.

Labral Evaluation

At arthroscopy, 89 patients had a torn acetabular
labrum (Fig 1). Reader A correctly identified 86 of the
88 labral tears (98%) (Fig 2). Of the 4 cases reported
by reader A as negative at MRI, 1 was normal at

arthroscopy (true negative) (Fig 3). The other 3 labra
were torn (false negative). The 2 other normal labra at
arthroscopy, reader A called torn. Reader B correctly
identified 85 of the 89 labral tears (96%). Of the 5
labra reported negative by reader B, also only 1 was
normal at arthroscopy. Reader B thought the other 2
normal labra at arthroscopy were torn on MRI. Both
readers thought that 1 of these was superior and 1 was
posterior. Sensitivity, specificity, positive-predictive
value, negative-predictive value, and accuracy of de-
tecting labral tears for readers A and B are listed in
Table 1.

Eighty-four of 89 (94%) of the labral tears were
anterior at surgery. Three (3%) were anterosuperior,
and the last was superior. Reader A diagnosed 78
(88%) anterior, 3 (3%) superior, and 5 (6%) antero-
superior labral tears (Fig 4). The 2 remaining tears
were felt to involve both the anterior and posterior
labra. Reader B saw 62 (70%) anterior, 16 (18%)
anterosuperior, 6 (7%) superior, and 1 (1%) poste-
rior labral tear. The remaining 2 suspected tears
were felt to involve the anterior and posterior labra.
Tears were most often at the base of labrum.

Articular Cartilage

Agreement of MRI with arthroscopy within 1
grade for femoral articular cartilage was 92% (85 of
92) for reader A and 86% (79 of 92) for reader B.
Collapsing the cartilage grades into disease-positive
(grades 2, 3, and 4) and disease-negative (grades O
and 1) states, the statistics in Table 1 compare MRI
with the standard of arthroscopy (Figs 5 and 6).

For acetabular cartilage, reader A was within 1
grade in 88% (81 of 92) of patients and reader B
was within 1 grade in 85% (78 of 92) of patients.
Comparison of MRI with arthroscopic cartilage
evaluation, again collapsing cartilage injury grades
into disease-positive (grades 2, 3, and 4) and dis-

TasLE 1. MRI Results With Arthroscopy as the Standard

Labral Tears Femoral Cartilage Acetabular Cartilage
Reader A Reader B Reader A Reader B Reader A Reader B
Sensitivity 97 (86/89) 96 (85/89) 86 (36/42) 93 (39/42) 91 (40/44) 93 (41/44)
Specificity 33(1/3) 33(W3) 88 (44/50) 72 (36/50) 85 (41/48) 75 (36/48)
PPV 98 (86/88) 98 (85/87) 86 (36/42) 74 (39/53) 85 (40/47) 77 (41/53)
NPV 25 (1/4) 20 (U5) 88 (44/50) 92 (36/39) 91 (41/45) 92 (36/39)
Accuracy 95 (87/92) 93 (86/92) 87 (80/92) 82 (75/92) 88 (81/92) 84 (77/92)

Abbreviations: PPV, positive-predictive value; NPV, negative-predictive value.
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Ficure 4. Degenerative labral tear and articular cartilage loss: (A) Coronal MRI of the right hip shows focal near full-thickness cartilage
loss on the acetabular and femoral sides (arrows). A degenerated torn superior labrum (long arrow) displacesthe lateral capsule and reflected
head of the biceps femoris muscle. (B) Sagittal MRI of the same patient confirms the cartilage loss (arrow) and shows the extension of the

superior labral tear to the anterior labrum (long arrow).

ease-negative (grades 0 and 1) states, is provided in
Table 1.

Interobserver Variation

Collapsed into disease-positive (grades 2-4) and
disease-negative (grades 0 and 1) states, the inter-
observer agreement of MRI evaluation yields a
kappa of 0.8 (P < .001) for the femoral and 0.7 (P
< .001) for the acetabular cartilage. Interobserver
agreement was 92% for presence or absence of
labral tears.

Paralabral Cysts

Reader A saw paralabral cysts on 35 of 92 MRIs
(38%). Reader B saw cysts on 32 of 92 MRIs (35%).
The 3 cysts that reader A saw retrospectively but not
by reader B were noted by reader B on re-examination
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of the MRIs. Because paralabral cysts are often not
seen at arthroscopic evaluation, the surgeons did not
consistently comment on their presence or absence,
limiting the ability of direct comparison and confir-
mation of the MRI findings (Fig 7).

DISCUSSION

The acetabular labrum is afibrocartilaginous ring
that surrounds the bony acetabulum and blends in-
feriorly with the transverse acetabular ligament. It
increases the joint surface area by adding depth to
the acetabulum, and thereby reduces mechanical
stress on the articular cartilage.®°

The labrum consists of densely packed collagen
bundles that are more loosely organized when com-
pared with the meniscus of the knee.l! Electron
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Ficure 5. Cartilage defect at arthroscopy: Intraoperative photo-
graph showing the shaver at the edge of a full-thickness articular
cartilage defect of the anterior acetabular wall. The defect is
adjacent to the anterior labrum (toward the top of the image). Both
portals were established laterally above the greater trochanter.

microscopy divides the labrum into 3 distinct lay-
ers, of which the basal layer has fibrous bundles
running parallel to the acetabular margin.’2 The
composition of the labrum allows it to dissipate
load stresses across the hip joint, but makes the
basal layer vulnerable to shear forces. This likely
accounts for the high prevalence of labral tears
occurring at the base, as noted in our study, rather
than within the midsubstance.

Lecovet et al.13 evaluated anatomic variations in
200 asymptomatic hips with specific attention to
morphology and signal characteristics. Younger in-
dividuals have triangular labra with sharply defined
margins and homogeneous low signal that undergo
a progressive change in morphology, becoming
rounded or blunted, increasing in signal intensity
with age. Although there is anatomic variation, it
may be argued that the majority of changes seenin
labral morphology are due to the dynamics and
translational stresses placed on the hip labrum.
Changes in signal intensity reflect degeneration and
injury, simulating the changes seen in the meniscal
fibrocartilage of the knee. A potential pitfall is the
transitional zone between hyaline cartilage and the
labral fibrocartilage, where small focal areas of
intermediate signal intensity are believed to repre-
sent undifferentiated connective tissue.’4 The par-
allel orientation of the articular cartilage to the
labrum helps to differentiate this normal finding
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from a flap tear, which tends to be more obliquely
oriented relative to the articular surface. Further,
the water-sensitive pulse sequence used on the
higher resolution surface coil images allows for
differential contrast between the high signal inten-
sity of synovial fluid extending into alabral flap tear
versus the more intermediate signal intensity of
intrasubstance degeneration.

As with the meniscus of the knee, there is an
increase with age in the incidence of asymptomatic
tears of the labrum diagnosed with MRI.13.15 Accu-
rate, noninvasive diagnosis of symptomatic tears,
when combined with a comprehensive physical ex-
amination, reserves more invasive procedures, such
as arthroscopy, for treatment rather than primary
diagnosis. Also true regarding articular cartilage, it
can provide prognostic information preoperatively,
allowing the surgeon to anticipate and prepare for
what he will find, and alert the surgeon to look in
areas that might otherwise be neglected.

The labrum is subject to continuous weight-bear-
ing stresses, undergoing morphologic change and
degeneration with age.3 Abnormal hip stress re-
sults in labral injury, which usually manifests as a
tear, sometimes with displacement or detachment of
alabral flap.16 Patients usually present with anterior
groin pain and/or catching or clicking of the hip,
and may respond well to arthroscopic debridement
of the torn margin.17-19

Paralabral cyst formation is commonly seen in
association with acetabular dysplasia and degener-
ative torn labra.2° Cysts commonly decompress in
an extracapsular fashion, often adjacent to the ili-
opsoas muscle-tendon junction, and may also de-
compress into bone, thereby accounting for the
prominent intraosseous cysts noted on MRI and the
lucencies seen on plain radiographs. Identification
of cysts should intensify evaluation of the labrum to
exclude a tear.

Traditionally, radiologists have used conven-
tional contrast arthrography to detect labral tears;
more recently, MR arthrography has been used.1-4.21
Using anoncontrast MRI technique, we have shown
the ability to identify labral tears with accuracy
similar to MR arthrography and with better accu-
racy than previously reported.1* We believe that the
improved accuracy is the result of imaging with a
small pixel size (in-plane resolution of 330 to 442
wm in the sagittal plane), allowing detailed evalu-
ation of morphology, and a fast spin-echo sequence
that provides differential contrast between normal
and degenerative fibrocartilage, hyaline cartilage,
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Ficure 6. Degenerative labra tear and articular cartilage loss: (A) Coronal MRI of the right hip shows full-thickness cartilage loss over
the acetabulum and femoral head laterally (arrow). The cartilage in the suprafoveal region is intact (short arrow). A joint effusion with
synovitis is present (asterisk). There is a tear of the superior labrum and lateral osteophyte (curved arrow). (B) Sagittal image in the same
patient showing the full-thickness cartilage loss (arrows) and degenerative anterior labral tear (broad arrow).

and synovial fluid. The sagittal images were found
to be the most useful for showing anterior and
anterosuperior labral injuries. The second most use-
ful images were from the coronal sequence, which
depicted the direct superior labrum to better advan-
tage. The axial images were the least useful in this
series, but are useful for evaluation of the posterior
labrum, which can be injured as the result of pos-
terior subluxation.

The use of MRI for evauating labral tears and
cartilage defects should improve with better coils,
yielding better signa and higher in-plane resolution.
Currently it may be difficult to discern subtle tears and
distinguish between articular cartilage at the base of
the labrum, and the labrum itself and small foci of
synovia thickening.

The current study indicates that noncontrast MRI
can effectively evaluate the articular cartilage and
labrum of the hip in a reproducible and noninvasive
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manner. Compared with MR arthrography, this tech-
nique has similar accuracy in detection of labral tears
and cartilage defects.14 Its accuracy exceeds that of
noncontrast MRI previously reported.2

Chondral and labral injuries may present with sim-
ilar symptoms, and focal full-thickness chondral de-
fects may exist despite preservation of the joint space
shown by conventional radiographs. There is a sub-
stantial amount of research that is currently being
directed toward the treatment of focal chondra le-
sions.22 While many of the resurfacing techniques
used in the knee have yet to be applied extensively to
the hip joint, their future application will necessitate a
reproducible, accurate and, idedly, noninvasive
method to evaluate hip cartilage.

Weaknesses of this study include its retrospective
approach and the fact that the surgeons were not
blinded to the MRI results at the time of surgery.
Since the MRI studies were performed as diagnostic
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Ficure 7. Anterior labral tear with small cyst: Sagittal MRI of
the hip shows a tear at the base of the anterior labrum with fluid
imbibition, creating a small paralabral cyst (long arrow).

procedures, blinding would not have been feasible.
Because the surgeons rely on the MRI study as an
accurate diagnostic tool, there is an inherent selection
bias in the patients who underwent arthroscopy. Our
study population had a high incidence of labral and
chondral pathology. Our study cohort was carefully
screened through a combination of history taking and
physical examination by an orthopaedic surgeon. The
surgeons at our ingtitution are extremely reluctant to
subject patients to hip arthroscopy without a strong
clinical suspicion and correlative MRI evidence of
labral or chondral pathology. It was thus difficult to
provide a suitable control group of patients with sur-
gicaly normal labraand intact articular cartilage. This
fact is reflected in the relatively low specificity and
negative-predictive value of MRI for detection of la-
bral tears. Although the MRI results reported here are
fewer than 10% of the MRIs performed at our insti-
tution, they are the only ones with surgical confirma-
tion of the results. We have shown the ability of a
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noncontrast MRI technique to identify labral tears and
cartilage lesions with accuracy similar to MR arthrog-
raphy_1,3,4,23

CONCLUSION

In conclusion, MRI offers a noninvasive method to
screen patients with symptoms referable to the hip by
revealing the presence of focal chondral lesions and
labral tears. This preserves hip arthroscopy as a ther-
apeutic, rather than diagnostic, tool.
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Magnetic Resonance Imaging
of Articular Cartilage

Trauma, Degeneration, and Repair

Hollis G. Potter,* MD, and Li F. Foo, FRCR
From the Hospital for Special Surgery, New York, New York

The assessment of articular cartilage using magnetic resonance imaging has seen considerable advances in recent years.
Cartilage morphologic characteristics can now be evaluated with a high degree of accuracy and reproducibility using dedicated
pulse sequences, which are becoming standard at many institutions. These techniques detect clinically unsuspected traumatic
cartilage lesions, allowing the physician to study their natural history with longitudinal evaluation and also to assess disease
status in degenerative osteoarthritis. Magnetic resonance imaging also provides a more objective assessment of cartilage repair
to augment the information obtained from more subjective clinical outcome instruments. Newly developed methods that provide
detail at an ultrastructural level offer an important addition to cartilage evaluation, particularly in the detection of early alterations
in the extracellular matrix. These methods have created an undeniably important role for magnetic resonance imaging in the
reproducible, noninvasive, and objective evaluation and monitoring of cartilage. An overview of the advances, current tech-
niques, and impact of magnetic resonance imaging in the setting of trauma, degenerative arthritides, and surgical treatment for

cartilage injury is presented.

Keywords: magnetic resonance imaging (MRI); cartilage; cartilage repair; T2 mapping

Magnetic resonance imaging (MRI) is arguably the most
important addition to diagnostic imaging in orthopaedic and
sports medicine during the past 2 decades. Accurate assess-
ment of ligament and meniscal injuries is now possible. More
recently, the advent of cartilage-sensitive pulse sequences
have been developed to provide a reproducible, noninvasive
means by which to detect traumatic cartilage injury, monitor
disease progression in both degenerative and inflammatory
arthritides, and provide an important objective assessment
in the evaluation of surgically manipulated cartilage.
Although these techniques have proven essential to the
daily management of many orthopaedic conditions, they
have not obviated the need for appropriately performed con-
ventional radiographs in the initial assessment of these
patients. Recommended radiographic assessment for the
knee, for example, includes an anteroposterior standing
view, which more closely approximates true joint-loading
conditions compared with supine views; a standardized
lateral view; and an axial view of the patellofemoral joint.
The posteroanterior semiflexed view is also quite helpful in
detecting the posterior margin of the joint space. Full-length
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hip-to-ankle anteroposterior views are essential when
evaluating the mechanical axis of the limb, which can be
crucial in planning for potential surgical cartilage repair
techniques. Failure to address abnormalities in knee align-
ment may account for premature failure of otherwise well-
performed cartilage repair procedures.

Although radiographs are helpful as a cost-effective means
by which to evaluate joint space, they do not directly depict
the radiolucent articular cartilage of the knee. Indeed, the
assessment of joint space alone has also been noted to be an
inaccurate indicator of the structural integrity of articular
cartilage.?” Because MRI uses no ionizing radiation and has
direct multiplanar capabilities, the latter of which is impor-
tant in obtaining reproducible, tomographic depiction of a
curved joint surface, it is superior to both plain radiographs
and computerized tomography. Furthermore, MRI has supe-
rior soft tissue contrast, which is helpful in discerning the
articular cartilage as having a different appearance and con-
trast from fibrocartilage and fluid. With appropriate pulse
sequencing, MRI can disclose discrete full-thickness cartilage
defects in the presence of complete preservation of joint
space, as well as subtle subchondral bony abnormalities that
precede the appearance of subchondral sclerosis on plain
radiographs.

BASICS OF MAGNETIC RESONANCE IMAGING

To better understand the current pulse sequences used in
MRI to study cartilage, it is important to consider how an
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TABLE 1
Comparison of Commonly Used Pulse Sequences in Joint Imaging”

T1-Weighted T2-Weighted Non-Fat-Suppressed Fat-Suppressed T1-Weighted
SE or FSE SE or FSE Moderate TE FSE Gradient Echo

Signal intensity characteristics of

Joint fluid Low/intermediate High High Low

Cartilage Intermediate Low Intermediate High

Fat in subchondral bone marrow High Intermediate High Very low
Ability to see meniscus and ligament Fair to poor Good Good Poor
Scan time ++ + + +++
Signal to noise’ Good Fair Good Fair
Image quality in presence Good Fair Good Poor

of instrumentation

“SE, spin echo; FSE, fast spin echo; TE, echo time.

These are general observations only. Actual measurements of signal to noise will depend on specific parameters, including slice thickness

and spatial resolution.

MRI signal and, hence, images are generated. Nuclei with
an odd number of protons or neutrons have magnetic prop-
erties, behaving like small bar magnets, with a dipole
moment, yielding amplitude and direction. Although many
elements have an isotope suitable for MRI, hydrogen is
typically exploited in clinical MRI because of its copious
concentration in soft tissue and, in this particular setting,
in hyaline cartilage. In the absence of an external mag-
netic field, these charged, spinning nuclei are randomly
oriented. When placed in a strong magnetic MRI unit,
these nuclei align along the direction of the external mag-
netic field (denoted as B) as they precess, a resonance phe-
nomenon that describes the wobbling of the axis of these
magnetic moments around the axis of B, This process
defines the plane of longitudinal magnetization. To obtain
an MRI signal from these spinning nuclei, their energy
state must be increased, which is achieved by imparting
radiofrequency (RF) pulses into the tissue. The application
of an RF pulse causes a vector quantity of the hydrogen
nuclei to flip from the lower energy state of longitudinal
magnetization into a higher energy state, the plane of
transverse magnetization. When this excitational pulse is
turned off, the energy emitted by the excited nuclei as they
recover to their lower energy state generates a current in
the receiver imaging coil placed around the joint, which is
then converted to the MRI signal.

The recovery of longitudinal magnetization is an expo-
nential regrowth after the RF pulse and reflects a transfer
of energy stored in the excited hydrogen spins to the kinetic
energy of surrounding nuclei. The rate at which this longi-
tudinal magnetization is recovered reflects T1 relaxation
time. Nuclei that transfer energy efficiently, such as fat
nuclei, have a shorter T1 relaxation time and thus demon-
strate increased signal intensity on a T1-weighted sequence
(Table 1). Nuclei with a longer rate of T1 recovery demon-
strate lower signal intensity on T1-weighted sequences
(joint fluid).

Once the nuclei flip down into the transverse plane, there
is another simultaneous effect that describes the interactions
between these excited nuclei. This effect is an exponential
decay function, reflecting loss of signal that occurs very

rapidly as a function of time, much more rapidly than the
time required for the recovery of longitudinal magnetization.
T2 relaxation time reflects the time for initial transverse
magnetization (which is maximal immediately after the dis-
turbing RF pulse is applied) to decay to approximately 37% of
its original value. Tissues that maintain internuclear coher-
ence (and therefore decay more slowly) demonstrate higher
signal intensity on a T2-weighted sequence (such as water).

It is important to remember that in clinical MRI, the signal
characteristics reflect not only the amount of hydrogen but
also the relative mobility of hydrogen in water. For example,
cortical bone has little to no mobile water (hydrogen) and is
therefore perceived as a signal void. The limited mobility of
water in the subchondral plate and tide mark is perceived
as low signal intensity. Similarly, the low signal intensity
found in the type I collagen of ligament and tendon reflects
the restriction of water motion. In degenerative tendons,
however, when the collagen ultrastructure is disrupted, the
hydrogen nuclei that are normally restricted from motion
by the clinical MRI unit become perceptible as areas of
increased signal intensity or tendinosis.

By alternating the time between successive RF pulses
(repetition time [TR]) and the time between the excitational
RF pulse and the time of obtaining signal information (echo
time [TE]), one can create pulse sequences of different tissue
contrast. Generally speaking, a T1-weighted pulse sequence
has a short TR and short TE (on the order of 400-600
milliseconds and 10-30 milliseconds, respectively). Because
fluid is of lower signal intensity on a T1-weighted sequence,
there is little tissue contrast between the fluid in the joint
and the intermediate signal intensity articular cartilage.
There is, however, good contrast between the high signal
intensity (short T1) of the fatty marrow and the adjacent
joint surface (Table 1).

Conversely, T2-weighted sequences demonstrate good
contrast between the high signal intensity of fluid and the
adjacent articular surface. Very heavily T2-weighted
sequences, however, are not suitable for evaluation of car-
tilage because of the shorter T2 values of the more highly
ordered basilar components of cartilage (to be discussed
further in the “T'2 Mapping” section).
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In the past decade, many different pulse sequences have
become available. Many clinical sites have abandoned tra-
ditional spin echo images for fast spin echo, which is a more
efficient pulse sequence that allows for a more rapid acqui-
sition of imaging data. Gradient echo techniques were one
of the first MRI sequences used, requiring less imaging
time than standardized spin echo images. These sequences
tend to have short TR and TE values and are amenable to
3D volumetric techniques, whereby an entire slab of tissue
(as opposed to a single slice) is excited, which can then be
divided into slices of varying dimension.

Fat suppression is often used to alter tissue contrast on
MRI. Fat in the bone marrow and subcutaneous tissues
yields a large amount of signal on MRI, obscuring the more
subtle signal intensity differences between cartilage, water,
and synovium. The “removal” from the picture rescales the
contrast range, allowing those previously subtle differences
between cartilage, fluid, and synovium to be more readily
discerned. It is important to remember that only a portion
of fat is suppressed on standardized fat-suppression tech-
niques. Different methods of fat suppression are clinically
available. Frequency-selective fat suppression can be applied
to any type of pulse sequence including spin echo, fast spin
echo, or gradient echo. In the setting of orthopaedic instru-
mentation or in curved joints, where the focal magnetic field
becomes more inhomogeneous, however, the ability to sepa-
rate the frequency fat and water nuclei becomes hampered.
In that setting, inversion recovery (STIR) techniques provide
for more robust fat suppression.

IMAGING OF CARTILAGE: PULSE SEQUENCES

Although many pulse sequences are now currently available,
conventional pulse sequences are ineffective in visualizing
articular cartilage, have been proven inaccurate in correla-
tive studies compared with arthroscopy, or correlate poorly
with clinical evaluation.**®*®® The traditional combination
of T1-weighted and heavily T2-weighted MR images is not
suitable for detecting articular cartilage.® The first MRI
pulse sequence to be judged with acceptable accuracy using
arthroscopy as the standard was a T1-weighted gradient
echo sequence with fat suppression.® In this pulse sequence,
the low signal intensity of suppressed fat in subchondral
bone marrow contrasts to the higher signal intensity of artic-
ular cartilage, whereas fluid is depicted as lower signal
intensity. Disler et al'® studied a series of 43 patients using
this pulse sequence, performing arthroscopy in a subset,
and reported a sensitivity of 93% and a specificity of 94%.
The high contrast between the cartilage and subchondral
bone seen with the gradient echo sequences renders them
more amenable to semiautomated segmentation algorithms,
which can provide reproducible assessment of cartilage thick-
ness measurements and volume.'®" These volumetric ren-
dering techniques have been validated in both clinical and
nonclinical models, providing accurate measurements that
enable longitudinal assessment of a patient over time.

It is crucial to remember that cartilage volume is a func-
tion of both thickness and surface area, and the separation of
the volume into these components must be performed in the
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Figure 1. A coronal fast spin echo magnetic resonance image
of the knee in a 40-year-old man with prior anterior cruciate
ligament reconstruction, medial collateral ligament augmen-
tation, high tibial osteotomy, and medial meniscectomy
demonstrates excellent depiction of cartilage (arrows) in the
lateral tibiofemoral compartment, despite the presence of
stainless steel instrumentation.

analysis of morphologic characteristics. These techniques
require a rigorous statistical analysis to ensure precision and
reproducibility for quantitative measurements.'*® Cicuttini
et al'® compared tibial cartilage volume and radiographic
evidence of osteoarthritis (joint space narrowing and osteo-
phytes) in a group of 252 subjects, demonstrating a strong
negative linear association between tibial cartilage volume
and increasing grade of joint space narrowing. The relation-
ship between changes in cartilage volume and clinical func-
tion, however, remains unclear. A smaller study cohort of
32 patients with symptomatic knee osteoarthritis disclosed no
statistical correlation between loss of cartilage volume and
changes in clinical variables, such as the Western Ontario and
McMaster Osteoarthritis Index score and the short form
36 health survey.”® Further clinical study is necessary in the
longitudinal application of these MRI techniques to patients
with osteoarthritis.

Although gradient echo imaging techniques present cer-
tain advantages, they may be limited in the clinical setting
because of rapid degradation of the signal in the presence
of orthopaedic instrumentation or metallic debris from
prior arthroscopy. Effective cartilage imaging should not
be limited by the presence of instrumentation (Figure 1).
In addition, gradient echo techniques require increased
scan time to obtain a 3D volume set and are limited to
cartilage imaging only, with poor evaluation of adjacent
structures.” In contrast, fast spin echo images provide dif-
ferential contrast between fluid, subchondral bone, and
meniscus, allowing for evaluation not only of the articular
cartilage but also of associated meniscal lesions and liga-
ment tears. Fast spin echo images are cartilage sensitive
because of a phenomenon known as magnetization transfer
contrast. Because of its highly organized structure, water
within hyaline cartilage exists in both a free pool and a pool
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Figure 2. A fat-suppressed fast spin echo magnetic reso-
nance image of the knee in a 27-year-old man demonstrates
good contrast between the low signal intensity bone marrow,
intermediate signal intensity cartilage, and high signal inten-
sity of joint fluid. Note the geographic bone marrow edema
pattern affecting the medial femoral condyle, adjacent to a
full-thickness cartilage shearing injury (arrowheads).

structurally bound to extracellular matrix elements. In
a fast spin echo pulse sequence using multiple slices to
cover the regional anatomy, there is an exchange of off-
resonance magnetization, the effect of which is to saturate
the bound pool of hydrogen nuclei, resulting in a decrease
in signal intensity from the free pool of water (and conse-
quently from the cartilage). Thus, with only a moderate TE
(30-35 milliseconds), one can achieve differential contrast
between articular cartilage of intermediate signal intensity,
fibrocartilage of low signal intensity (because of its even
more highly ordered structure and restriction of water),
and the high signal intensity of the freely mobile water in
synovial fluid.

Reproducibility in assessing the accuracy of cartilage
imaging is essential for its use as an objective outcome
standard in the evaluation of cartilage repair techniques
or disease-modifying pharmaceuticals. Potter et al® evalu-
ated more than 600 articular surfaces in 88 patients using
arthroscopy as the standard and 2 independent MRI
observers. This study disclosed a sensitivity of 87%, a
specificity of 94%, and an accuracy of 92%, with minimal
interobserver variability, as indicated by weighted kappa
statistic of 0.93 (almost perfect agreement). The use of
higher in-plane resolution (250-350 microns in the frequency
direction) in the latter study enabled superior detection of
partial-thickness lesions.”

Bredella et al® studied cartilage imaging using fat-
suppressed fast spin echo sequences. Fat-suppression tech-
niques rescale the contrast range, depicting subchondral
marrow as low signal intensity, cartilage as intermediate
signal intensity, and fluid as a hyperintense signal (Figure 2).
In the latter study, overall accuracy was 98%, although
images were only reviewed by a single, experienced mus-
culoskeletal radiologist.’® Yoshioka et al” compared fat-
suppressed gradient echo with fat-suppressed fast spin echo
imaging, concluding that interobserver variability was
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Figure 3. A sagittal (A) cartilage-sensitive fast spin echo
magnetic resonance image of the knee demonstrates a focal
high-grade partial-thickness cartilage defect overlying the
medial femoral condyle (arrowheads). This fast spin echo
sequence was obtained in half the time required for a sagittal
fat-suppressed T1-weighted gradient echo sequence (B) in
which the lesion is not as well appreciated.

minimized using the fat-suppressed fast spin echo imaging.
Although both gradient echo and fast spin echo techniques
have their individual utility in the assessment of articular
cartilage, from a clinical standpoint, it is the authors’ expe-
rience that gradient echo techniques are less sensitive to
partial-thickness cartilage lesions (Figure 3).

The use of contrast agents has occasionally been
employed to improve contrast between the synovial fluid
and cartilage, either in a direct fashion via MR arthrogra-
phy or in an indirect fashion via intravenous injection.”
Both of these techniques, however, convert MRI into a more
invasive (and sometimes expensive) procedure.

Despite the acceptable accuracy and reproducibility of
these pulse sequences, additional cartilage-sensitive
sequences have been developed, including water-selective
balanced steady-state free precession,’™® driven equilib-
rium Fourier transform,’ and ultrashort TE sequencing.® In
a comparative study of pulse sequences, Hargreaves et al™
noted that the fat-suppressed, steady-state free precession
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Figure 4. A sagittal cartilage-sensitive magnetic resonance
image of the knee in a 25-year-old man demonstrates the
vertically oriented low signal intensity lines in the deeper com-
ponent of tibial cartilage (arrow), corresponding to the highly
ordered collagen components.

pulse sequence provided the highest cartilage signal-to-noise
efficiency, providing superior cartilage-fluid contrast and less
blurring on the images. Further validation of these newer
pulse sequences, with a measure of reproducibility, will be
necessary to promote their more ubiquitous acceptance in
current clinical imaging.

Challenges in imaging articular cartilage include appropri-
ate contrast resolution between articular cartilage, fibrocarti-
lage, and fluid; adequate in-plane resolution to perceive subtle
surface fibrillation and alterations in the subchondral trabec-
ular pattern; and minimizing imaging artifacts such as chem-
ical shift misregistration. On high field (1.5-T) MRI systems,
the difference in precessional frequency between fat and
water protons is approximately 220 Hz. The close apposition
of fluid and fat within an imaging voxel (such as seen between
the fat in subchondral bone and the water of articular carti-
lage) causes misregistration of the positional interface
between these 2 layers, creating artifacts that may factitiously
lose the ability to define the subchondral plate and overall
cartilage integrity. The use of a wider receiver bandwidth is
therefore essential in minimizing this frequency shift in
cartilage imaging that does not use fat suppression.

A laminar appearance of articular cartilage may be evi-
dent on clinical cartilage images, largely because of the
highly ordered structure of collagen in the deeper compo-
nents, at times allowing for perception of vertically oriented
low signal intensity lines (Figure 4). Some investigators
have suggested that the laminar appearance of cartilage
observed on gradient echo techniques is caused by truncation,
which is an artifact created during image reconstruction at
high contrast interfaces.”® Although truncation artifact may
account for some of the multilaminar appearance on tradi-
tional fat-suppressed T1-weighted gradient echo sequencing
obtained at low spatial resolution, it does not account for the
stratification of laminar appearance of cartilage observed
by multiple additional investigators with higher resolution
protocols.”™
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Figure 5. A coronal oblique cartilage-sensitive magnetic res-
onance image of the shoulder in a 65-year-old man with clin-
ical symptoms of impingement demonstrates a full-thickness
cartilage defect at the posterosuperior aspect of the humeral
head with exposed subchondral bone (arrow). Cartilaginous
debris is noted in the axillary pouch (arrowhead).

Figure 6. A sagittal cartilage-sensitive magnetic resonance
image of the elbow in a 13-year-old boy after mosaicplasty
(arrowheads) for osteochondritis dissecans of the capitellum
demonstrates slightly proud offset of the subchondral bone.

A further challenge in clinical cartilage imaging is the
detection of lesions in smaller joints, which requires not only
a validated cartilage pulse sequence but also a superior sur-
face coil design to obtain signal from the thinner cartilage
over the wrist, elbow, and shoulder joints. Although the clin-
ical significance of cartilage injuries in the shoulder remains
unclear, additional study of these lesions may provide
insight to their significance and account for symptoms of
pain and stiffness in patients with recalcitrant response to
nonoperative management for impingement syndrome
(Figure 5). Cartilage imaging should be applicable to assess-
ing cartilage repair procedures in smaller joints, as well as
in the knee joint (Figure 6).

Although many cartilage-sensitive pulse sequences
are available, a suggested protocol for 1.5-T systems that
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TABLE 2
Recommended Protocol for Magnetic Resonance Imaging of the Knee”

Coil Phased array extremity knee coil

Position Feet first supine

Landmark Patellar apex

Series [ Coronal fast spin echo (cartilage sensitive): TR 4000-4500/TE 34 ms (effective); VBW 32 kHz; ETL 8-12; FOV 11-13 cm;
SL 3.0 mm with no gap; matrix 512 x 256-320; NEX 2; phase correct; NPW

Series 11 Sagittal fast spin echo with fat suppression: TR 3500-4000/TE 40 ms (effective); VBW 20.8 kHz; ETL 8-12; FOV 16 cm;
SL 3.5-4 mm with no gap; matrix 256 x 224; NEX 2; phase correct; NPW

Series 111 Sagittal fast spin echo (cartilage sensitive): TR 4000-4500/TE 34 ms (effective); VBW 32 kHz; ETL 8-12; FOV 16 cm;
SL 3.5 mm with no gap; matrix 512 x 384; NEX 2; phase correct; NPW

Series IV Axial fast spin echo (below patellar apex to base; cartilage sensitive): TR 4500/TE 34-40 ms (effective); VBW 32 kHz;
ETL 10; FOV 14 cm; SL 3.5 mm with no gap; matrix 512 x 256-384; NEX 2; phase correct; NPW

Series V

Sagittal fast spin echo (meniscal windows): TR 2300/TE 13 ms (effective); VBW 20.8; ETL 4-5; matrix 256 x 224; NEX 2

“TR, repetition time; TE, echo time; VBW, variable bandwidth (reported over the entire frequency range); ETL, echo train length; FOV,
field of view; SL, slice thickness; NEX, number of excitations; NPW, no phase wrap.

Figure 7. A sagittal cartilage-sensitive magnetic resonance
image obtained in a 0.7-T open unit of the knee in a 33-year-
old man with prior posterior cruciate ligament reconstruction
demonstrates flap formation extending down to the sub-
chondral bone over the medial femoral condyle (arrowhead).

has been proven accurate and reproducible in the knee is
provided in Table 2.

IMAGING WITH DIFFERENT FIELD STRENGTHS

Cartilage imaging should be reproducible among high field
systems, and lesions should be perceptible to an observer with
only a moderate amount of MRI interpretive experience. Most
of the validation studies for MRI of cartilage have been per-
formed at clinically relevant field strengths of 1.5 T. Woertler
et al” compared images from a conventional high field (1.5-T)
system and a dedicated low field (0.18-T) extremity unit using
a variety of pulse sequences. The authors noted that the
higher field system demonstrated significantly better diag-
nostic detection of partial-thickness and full-thickness
lesions.” With the development of higher field strength
MR systems, cartilage imaging has proven feasible using open
units in clinical practice, but to our knowledge, no formal
validation study has yet been reported (Figure 7).

Figure 8. A coronal cartilage-sensitive magnetic resonance
image obtained in a 3-T unit of the knee in a 31-year-old man
with a clinically suspected meniscal tear demonstrates a focal
chondral flap (arrowhead) over the medial femoral condyle.

Increasingly higher field systems of 3 T or above are
being used for clinical imaging. These systems recruit
more protons and therefore provide more signal to noise,
allow for higher in-plane resolution, and can depict subtle
surface lesions in cartilage (Figure 8). However, increasing
field strength does come with its challenges, with
increased chemical shift misregistration due to the higher
frequency difference between fat and water at higher field
strengths, thus requiring the use of even wider receiver
bandwidths for effective cartilage imaging in the absence
of fat suppression.23

CLINICAL UTILITY OF CARTILAGE IMAGING:
TRAUMA AND DEGENERATION

Like any imaging tool, MRI of cartilage is best correlated to
a comprehensive clinical examination and patient history.
However, MRI is frequently able to determine a clinically
unsuspected cause of joint symptoms and provide relevant
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Figure 9. Cartilage-sensitive magnetic resonance images of the hip in a 17-year-old girl after a posterior hip dislocation. The coro-
nal image (A) demonstrates a focal loss of the low signal intensity subchondral plate (black arrow), indicating an osteochondral
fracture of the femoral head. The loose osteochondral fragment is demonstrated laterally (white arrowheads) and is also seen in
the axial plane (B) in which a posterior labral tear is depicted (black arrowhead). At 21 weeks after open reduction and internal
fixation, the coronal image (C) demonstrates bioabsorbable pins through the osteochondral fragment, with some fibrillation of the

overlying cartilage (white arrow).

information that will guide either nonoperative or operative
management. Preoperative MRI detection of an unsuspected
cartilage flap extending down to the subchondral bone in the
same compartment as a clinically suspected meniscal tear
can guide the clinician in preparing the patient toward the
expectations of the additional rehabilitation time necessary
for a cartilage resurfacing technique, compared with simple
arthroscopic meniscectomy (Figure 8).

In an acute traumatic injury, detection of a full-thickness
cartilage shear is important; even more crucial is the
recognition of an osteochondral injury amenable to bioab-
sorbable pinning (Figure 9). A clue to the recognition of an
osteochondral shearing injury is focal loss of the low signal
intensity line (representing the subchondral plate and
zone of calcification), which separates the high signal of
the fatty marrow from the intermediate signal intensity
articular cartilage.

The bone bruise associated with anterior cruciate ligament
(ACL) disruption has been a topic of recent interest.”® In a
prospective study correlating bone bruises detected on MRI
with arthroscopy, Spindler et al* noted a cartilage lesion at
arthroscopy in 46% of cases, most commonly occurring over
the lateral femoral condyle. Johnson et al®* performed
arthroscopic biopsy in 10 patients with ACL disruption with
preoperative MRI evidence of bone bruise, disclosing areas of
chondrocyte degeneration, loss of proteoglycan, and osteocyte
necrosis. The clinical significance of these lesions, however,
remains controversial. Shelbourne et al®® noted no signifi-
cant correlation between articular cartilage defect size and
postoperative subjective clinical scores in a series of patients
undergoing ACL reconstruction. However, the authors did
note that patients with an Outerbridge grade 3 or 4 articular
cartilage lesion seen at the time of ACL reconstruction had
significantly lower subjective scores than did a control group
without a similar cartilage lesion.*® Preliminary data from a
prospective MRI evaluation of isolated ACL tears without a
concomitant meniscal lesion from Potter et al (unpublished
data, 2002) demonstrated that all patients had sustained

cartilage injury at the time of tibial translation, suggesting
that the bone bruise is, in fact, a transchondral fracture of
varying severity (Figure 10). The disparity between objective
MRI assessment of cartilage lesions and arthroscopic inspec-
tion at the time of the ACL reconstruction may be attributed
to the fact that these lesions are eccentrically located over
the posterior tibia and may be arthroscopically occult. These
preliminary data suggest that all patients sustain some
degree of cartilage injury after an ACL tear, the clinical sig-
nificance of which still remains uncertain because of a lack of
prospective, longitudinal studies.

The detection of a bone marrow edema pattern on MRI
in the setting of degenerative osteoarthritis does not nec-
essarily indicate an acute traumatic cartilage injury but,
rather, may be seen over both sides of a load-bearing joint
as a result of subchondral bony remodeling (Figure 11).
A histologic study of explants obtained from patients
referred for total knee arthroplasty who demonstrated
a bone marrow edema pattern on preoperative MRI dis-
closed that bone marrow edema per se was not a major
contributor to the signal abnormality but, rather, that
subchondral marrow necrosis, remodeled trabeculae, and
fibrosis were implicated.” The presence of an intense bone
marrow edema pattern that is disproportionate to one side
of a degenerative joint, however, should raise high clinical
suspicion of the presence of a subchondral insufficiency
fracture, which has been implicated as a cause of sponta-
neous osteonecrosis.” Careful scrutiny of focal, asymmet-
ric subchondral edema is important, so as not to miss the
presence of such fractures, potentially leading to the insti-
tution of clinically ineffective therapy (Figure 12).

For MRI to serve as an instrument in epidemiologic
studies and clinical trials of osteoarthritis, several meth-
ods have been suggested. In addition to the aforemen-
tioned volumetric quantification of cartilage, other scoring
systems for osteoarthritis have been devised based on car-
tilage signal intensity and morphologic characteristics, as
well as the appearance and signal of the subchondral bone
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Figure 10. Prospective magnetic resonance evaluation of the bone bruise in the knee of a 28-year-old man with a complete ante-
rior cruciate ligament tear. Sagittal fat-suppressed (A) and fast spin echo (B) magnetic resonance images obtained at the time of
injury demonstrate a characteristic pattern of bone marrow edema with compression of cartilage over the lateral femoral condyle
(white arrow). A sagittal magnetic resonance image obtained 19 months later (C) demonstrates proud subchondral bone with
focal cartilage loss over the condyle (black arrow) as well as a flap over the tibial plateau (arrowhead).

Figure 11. Sagittal fat-suppressed magnetic resonance image
(A) of the ankle in a 64-year-old man demonstrates bone
marrow edema pattern over both sides of the tibiotalar joint.
The corresponding cartilage-sensitive magnetic resonance
image (B) demonstrates severe osteoarthritis and subchondral
sclerosis. The presence of bone marrow edema over both
sides of a joint in the setting of osteoarthritis does not indicate
superimposed fracture or osteonecrosis.

Figure 12. Sagittal fat-suppressed (A) and cartilage-sensitive
(B) magnetic resonance images of the knee in a 46-year-old
man demonstrate a subchondral insufficiency fracture of the
lateral femoral condyle, yielding disproportionate bone marrow
edema pattern over the condyle. There is no delamination of
the overlying cartilage.
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(cysts, flattening) and the presence of osteophytes.”’ Such
scoring systems are preliminary and have been validated
in relatively small cohorts (19 patients with 2 independent
observers®); further validation of these techniques in
larger cohorts will be necessary to confirm reproducibility
across sites. A consensus of European investigators has
recently suggested that although MRI may be used as an
outcome in phase II studies of pharmaceutical intervention
for disease-modifying agents in osteoarthritis, further data
are needed before accepting MRI as a primary end point
in phase III clinical trials.!

CARTILAGE REPAIR

The advent of numerous cartilage repair techniques has
prompted interest in the longitudinal evaluation of these
patients."** Although clinical evaluation of cartilage
repair techniques is essential, the addition of histologic
evaluation from biopsy adds an objective means by which to
assess the biology of repair.’® Eventually, MRI may serve as
a noninvasive surrogate for biopsy. An MRI assessment sys-
tem applied to autologous chondrocyte implantation (ACI)
and microfracture suggested by Brown et al' studied sev-
eral variables, including (1) the relative signal intensity
from the repaired area compared with the native cartilage
using a region of interest analysis on a standardized
MRI workstation, (2) the morphology of the repair (flush,
depressed, or proud) with respect to the native cartilage,
(3) the presence or absence of delamination, (4) the nature
of the interface (presence, absence, and/or size of fissures)
with the adjacent surface, and (5) the percentage of fill of a
lesion using both coronal and sagittal images. Furthermore,
the authors recommended the assessment of the adjacent
and opposite cartilage surfaces, particularly in the setting
of hypertrophy of cartilage repair.'"> One hundred eighty
MRI examinations were performed on 112 patients who
had undergone either microfracture or ACI. Compared with
microfracture, ACI demonstrated consistently better fill at
all times but was complicated by graft hypertrophy in 19 of
30 (63%) surgeries, most commonly seen within a 6-month
follow-up period.” This complication was more frequently
noted in patients in whom the ACI had been performed for
osteochondritis dissecans. The lack of containment at the
intercondylar notch may be implicated in periosteal hyper-
trophy (Figure 13). Initially, the periosteal cover is dis-
cerned as a linear, hypointense focus that incorporates over
time, eventually appearing indistinct from the repair carti-
lage (Figure 14). Other authors have noted that the pres-
ence of fluid signal intensity between the cartilage repair
and the subchondral bone is indicative of partial or com-
plete delamination, most commonly occurring in the first
6 months after ACL? In a review article, Verstraete et al®”’
described a hyperintense “primitive” repair tissue with
signal intensity close to water in the early period after ACI
(0-8 weeks), followed by a transitional phase (3-6 months)
with lower and often inhomogeneous signal intensity. The
authors noted progressive edge integration with the native
cartilage during the transitional phase. T2-weighted
images were useful in differentiating persistent defects,
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Figure 13. Coronal fast spin echo magnetic resonance image
of the knee in a 15-year-old boy performed 3 months after
autologous chondrocyte implantation for an osteochondral
lesion over the medial femoral condyle demonstrates repair
cartilage that is proud and hyperintense relative to native car-
tilage, consistent with hypertrophy of the graft (arrowheads).
Reprinted by permission of Lippincott Williams and Wilkins,
from Clin Orthop Rel Res. 2004;422:214-223.

which were filled with hyperintense joint fluid, from matur-
ing cartilage signal, which was of lower signal intensity.*’
In the final, so-called remodeling phase (6-18 months), the
authors noted more complete edge integration that could
take up to 2 years and manifest as the lack of fluid inten-
sity between the native and transplanted cartilages.67

Similar to those after ACI, the signal properties of the
repair cartilage after microfracture vary with the interval
between surgery and the time of MRI. In general, the signal
characteristics of the reparative fibrocartilage forming over
microfracture are largely hyperintense to native cartilage,
consistent with a less organized matrix and increased
mobility of water®'>* (Figure 15). Alparslan et al* noted
that the repair tissue may appear thin and indistinct, with
a marrow edema pattern in the subchondral bone. In a
prospective study of patients treated with microfracture
evaluated by validated clinical outcome instruments and
cartilage-sensitive MRI, bony overgrowth was noted in 25%
of patients; however, the presence of overgrowth did not
have a negative effect on clinical outcome scores.** However,
adverse functional scores after 24 months correlated with
poor percentage of fill by repair cartilage.** Brown et al™
noted overgrowth of the subchondral bone in 42 of 86
microfractures studied with MRI, resulting in the thinning
of the overlying reparative fibrocartilage.

In addition to signal characteristics and peripheral
integration, MRI is able to assess 2 additional features
unique to osteochondral allograft or autograft transplanta-
tion (mosaicplasty), specifically, incorporation of the bony
plug and restoration of the radius of curvature of the joint
surface. Both clinical and nonclinical models of osteochon-
dral transplantation have used MRI. In a canine model of
osteochondral transfer, no statistically significant difference
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Figure 14. Coronal cartilage-sensitive magnetic resonance
images of the knee in a 31-year-old man obtained after autol-
ogous chondrocyte implantation. At 6 weeks after surgery (A),
the graft is hyperintense with an intact, hypointense overlying
periosteal cover (arrow). At 20 months after surgery (B), there
is incorporation of periosteum to now isointense reparative
cartilage such that the periosteal cover is no longer distinct
(arrow). Reprinted by permission of Lippincott Williams and
Wilkins, from Clin Orthop Rel Res. 2004;422:214-222.

in the imaging, biomechanical, and histologic appearance
of fresh osteochondral autograft versus allograft plugs was
noted, and MRI demonstrated excellent bony incorporation
of both graft types, with no significant difference in the
appearance of the articular cartilage.?® Despite good incor-
poration of graft plug to native bone, 90% of the knees,
including allograft and autograft specimens, demonstrated
a cleft between the graft and host articular surfaces, and
32 of 36 plugs (89%) were noted to have discernible fissures
on MRIL.*

In the clinical setting, restoration of the geometry of the
subchondral bone and radius of joint curvature can be
challenging in the setting of a prior osteochondritis disse-
cans or avascular necrosis (Figure 16). A well-incorporated
graft is disclosed as uniform, fatty signal intensity on MRI.

The American Journal of Sports Medicine

Figure 15. Sagittal cartilage-sensitive magnetic resonance
image of the knee in a 30-year-old woman at 5 months after
microfracture demonstrates hyperintense repair cartilage
over trochlea (arrow). Note the linear signal alteration in the
subchondral bone.

Figure 16. Sagittal cartilage-sensitive magnetic resonance
image of the knee in a 21-year-old man treated with mosaic-
plasty for a large osteochondral defect of the lateral femoral
condyle. There is restoration of the radius of curvature using
multiple plugs. Note the thinning of cartilage over the more
posterior plugs and the fibrillation of cartilage over the tibial
plateau (arrowhead).

It should be noted that the press-fit techniques will often
demonstrate a linear focus of diminished signal intensity
along the long axis of the plug, which is a function of scle-
rosis of adjacent trabeculae rather than a lack of incorpo-
ration. The presence of increased (fluid) signal intensity at
the interface between the graft and the host bone suggests
the presence of incomplete graft incorporation and poten-
tial instability.* In a prospective, longitudinal study of
cartilage defects treated with hypothermically stored fresh
osteochondral allografts using validated clinical outcome
instruments and cartilage-sensitive MRI, allografts remained
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Figure 17. Sagittal cartilage-sensitive magnetic resonance image of the knee (A) in a 17-year-old boy 7 months after mosaicplasty
for osteochondritis dissecans using a fresh osteochondral allograft. There is intact cartilage over a graft that is slightly proud.
A corresponding fat-suppressed magnetic resonance image (B) demonstrates intense bone marrow edema pattern in the graft.
A sagittal magnetic resonance image obtained 6 months later (C) demonstrates interval collapse and fragmentation of the allograft,

with debris in the posterior recess of the joint.

intact without displacement, with fissures noted at the graft/
host interface in 16 of 19 (84%) grafts; a smooth graft/host
interface was observed in only 3 of 19 (16%) grafts (Williams
et al, unpublished data, 2005). Poor incorporation was noted
in 6 of 19 (32%) grafts, 3 of which demonstrated an intense
bone marrow edema pattern and the remainder of which
demonstrated frank subchondral marrow fibrosis (low sig-
nal on all pulse sequences) (Figure 17). Collapse of the sub-
chondral bone in the graft has been noted to correlate with
a lack of bony integration based on signal characteristics.®’

IMAGING BEYOND MORPHOLOGY:
INSIGHT INTO STRUCTURE

Although the imaging of traumatic cartilage injury, degener-
ative change, and cartilage repair based on morphologic
characteristics is helpful, additional imaging techniques
have been developed that provide noninvasive insight into
the ultrastructure of cartilage, detecting early degenerative
changes before discernible loss of thickness on conventional
cartilage-sensitive MRI. Indeed, the standardized in-plane
resolution of 400 to 600 microns of most conventional MRI
demonstrates only gross cartilage thinning and signal alter-
ations.® Although higher resolution techniques permit visu-
alization of more subtle surface changes, the ability to detect
changes in structure would be helpful in not only assessing
surgically manipulated cartilage but also in revealing early
degenerative changes in joints. The signal properties of artic-
ular cartilage are dependent on many variables, including
the pulse sequence used; the structural composition of
collagen, proteoglycans, and water; and indeed the orien-
tation of the collagen in the different laminae.

Articular cartilage contains chondrocytes embedded in an
organized extracellular matrix composed primarily of water,
collagen, and proteoglycan. Water is the most abundant com-
ponent of cartilage, the majority of which is contained within
interstitial space created by the collagen and proteoglycan

solid matrix. Metabolic homeostasis of cartilage is maintained
by chondrocytes, which are responsible for sustaining a
stable extracellular matrix. Cartilage may be divided struc-
turally and functionally into 4 zones. The superficial zone
comprises approximately 10% to 20% of the articular carti-
lage thickness and contains the highest collagen content, and
the collagen fibers have a highly ordered alignment that is
parallel to the articular surface.”® The middle zone comprises
40% to 60% of articular cartilage volume and has a higher
compressive modulus than the superficial zone and a more
random arrangement of the collagen fibers.”® In the deep or
radial zone (comprising 30% of the cartilage thickness), the
collagen fibers are once again highly ordered, being perpen-
dicular to the subchondral plate. The deep or radial zone con-
tains the highest proteoglycan content and thus the highest
compressive modulus and the lowest water concentration.

The signal characteristics of cartilage reflect this ultra-
structure. Although the majority of signal emitted from the
cartilage is attributed to free water, there are 2 important
pools of bound water protons that contribute to its MRI
and functional properties. Proteoglycans provide compres-
sive strength to the cartilage, generating pressure because of
their hydrophilic properties, and collagen provides the tensile
strength. With appropriate MRI techniques, each of these
components of the matrix may be studied.

Osteoarthritis is associated with loss of proteoglycan con-
tent and with an increased hydraulic permeability of the
matrix.®* These proteoglycan changes may be tracked via
alterations in the fixed charged density of the tissue, which
is afforded by the negatively charged glycosaminoglycan
(GAG) chains within the proteoglycan. As early osteoarthri-
tis is associated with loss of negatively charged GAG, the
fixed charge density would be correspondingly altered.
Methods by which to track this change include positively
charged sodium (**Na) MRI, T1p MRI, and the use of nega-
tively charged gadolinium salts. Sodium MRI is a sensitive
and specific measure for assessing these alterations in fixed
charged density on high field strength (4-T) units.>* Sodium
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Figure 18. Sagittal T1,, images of the knee demonstrate
global and focal ranges of glycosaminoglycan distribution
(T1gg) index. The lateral compartment in a 26-year-old female
professional dancer (A) shows high-range (blue-green) T,
values for tibial plateau and weightbearing zones of femoral
condyle compartments. Medial compartment of a 78-year-old
woman with moderately severe osteoarthritis (B) demonstrates
T1g4 values in low range (red). Reprinted by permission of
American Roentgen Ray Society, from Am J Roentgenol.
2004;182:167-172.

MRI, however, is unlikely to become ubiquitous in clinical
practice, as it is technically challenging because of low
signal-to-noise ratio created by the relatively lower concen-
tration of *Na in human cartilage, as well as its require-
ment for special imaging coils and long scan times.**

More recently, T1p MRI (spin-lattice relaxation in the
rotating frame) has been correlated to fixed charged den-
sity, thus reflective of proteoglycan content, showing
strong correlation in both enzymatically degraded bovine
and clinical osteoarthritis samples.68 More recent data also
suggest that changes in collagen concentration may
account for variation of T1p seen in human tissue.* These
methods have been shown to be clinically feasible on 1.5-T
scanners evaluating a small cohort of healthy and sympto-
matic volunteers.”®® Clinical application of these tech-
niques and further study will be necessary to assess the
utility of T1p MRI in detecting changes of osteoarthritis.

The American Journal of Sports Medicine

The use of negatively charged gadolinium salts has also
been used to assess fixed charged density. This procedure
was initially performed using small explants soaked in
gadolinium salt (diethylenetriaminepentaacetic acid
[Gd-DTPA™)), followed by the subsequent use in clinical
cohorts™®® (Figure 18). The clinical use of the delayed
gadolinium-enhanced MRI (dGEMRIC) technique entails
the intravenous injection of double dose Gd-DTPA?, fol-
lowed by joint exercise and a delay of 90 minutes, during
which time the contrast material is thought to diffuse into
the cartilage as a function of fixed charged density.
Subsequent inversion recovery acquisitions are performed
to calculate a T1-weighted map, which reflects the relative
GAG content. Additional study has disclosed that the MRI
relaxivity of the gadolinium contrast agents depends on the
macromolecular content of the regional tissue, suggesting
that quantitative MRI analyses using these techniques
require independent measurement of the gadolinium relax-
ivity in the tissue to be studied.®

The dGEMRIC techniques have been used in a clinical
setting to assess relative GAG loss in the setting of
osteoarthritis® and in a preliminary study of patients with
early osteoarthritis secondary to hip dysplasia.”” In addi-
tion, dGEMRIC techniques were performed in patients
who had sustained a recent ACL tear and compared with
healthy volunteers. The authors noted a decreased relative
GAG content in the lateral femoral condyle adjacent to the
site of the bone bruise.®® They further noted decreased
relative GAG content in the medial femoral condyle, where
bone bruises were relatively uncommon, suggesting that
traumatic injury may lead to a generalized alteration in
cartilage biology, with more diffuse proteoglycan deple-
tion.*® Synovial fluid GAG concentration in those patients
also showed a positive correlation with the T1 relax-
ation times using dGEMRIC technique.®® As the dGEMRIC
index depends on the equilibrating bath concentration of
Gd-DTPA™®, additional validation studies are necessary to
assess the influence of regional synovitis on the clinical
application of the index. Despite these challenges, this tech-
nique holds promise in assessing the relative proteoglycan
component of cartilage.

T2 MAPPING

T2 relaxation time mapping has been used to assess the
collagen component of the extracellular matrix. T2 relax-
ation time is a reproducible MRI parameter that reflects the
internuclear reaction (dephasing) that occurs as a result of
transverse relaxation of the excited hydrogen dipoles. The
stratification of T2 reflects the arrangement of the type II
collagen fibers within the matrix. In the radial zone, where
the collagen is highly ordered, being perpendicular to the
articular surface and subchondral plate, the T2 relaxation
values are relatively short, compared with the transitional
zone, where the collagen fibers have a more random orien-
tation, allowing for greater mobility of water. In the rela-
tively thin superficial zone, where the collagen is again
highly ordered, T2 values are again shortened; however,
this zone is generally beyond the resolution of clinical field
strengths at the current time. This stratification of T2 has
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Figure 19. A sagittal fast spin echo magnetic resonance
image of the knee in a 26-year-old man demonstrates the
magic angle effect (arrowheads) with focal loss of gray scale
stratification at 55° relative to the external field (B), indicating
highly ordered components in the cartilage matrix. Note the
normal gray scale stratification of the remaining medial
femoral condyle and tibial plateau.

Figure 20. A, the lateral tibial plateau of a 35-year-old woman.
B, = main magnetic field. On midcoronal spin echo image,
variations in signal intensity produce a characteristic 3-layer
appearance. In the central region of the plateau, prominent
radial striations extend across a thick deep layer, and minor fib-
rillation is seen at low signal intensity surface. In submeniscal
and tibial eminence regions (arrowheads), the transitional layer
is much thicker. B, on the corresponding T2 map, changes in
T2 parallel changes in signal intensity. Peak T2 values are
located in the middle of the transitional layer (arrow). Reprinted
by permission of American Roentgen Ray Society, from Am
J Roentgenol. 2004;182:311-318.

been extensively studied in MRI microscopy systems, and
the T2 characteristics of cartilage have been shown to be
statistically equivalent to the histologic zones based on col-
lagen fiber orientation using polarized light microscopy as
the standard.”™
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Figure 21. A, an axial T2 relaxation time map from an asymp-
tomatic 32-year-old man demonstrates normal stratification
of T2 values. The color map is coded to capture T2 values
ranging from 25 to 75 milliseconds, with green reflecting
longer T2 values; yellow, intermediate values; and orange/red,
shorter values. Stratification of T2 values with shorter values
is seen in the radial zone, where water is most restricted.
B, an axial T2 relaxation time map from a 56-year-old man
with chronic patellofemoral overload. Note the stratification
of T2 values with shorter values in the radial zone but with
foci of prolonged T2 values over the apex and lateral facet
because of breakdown in the matrix.

Further investigation has shown that proteoglycan
depletion has little effect on the T2 of cartilage.” Mlynarik
et al*® found no significant difference in quantitative T2
between normal regions and those depleted of proteogly-
can, as studied on explants obtained from patients who
underwent joint arthroplasty.

T2 relaxation time is further influenced by the structural
anisotropy of the collagen. Xia™ has related this anisotropy
to the magic angle phenomenon, which describes the well-
defined relationship between spinning hydrogen dipoles
within the collagen and the long axis of the magnetic field,
which in a traditional closed MR unit, runs parallel to the
long axis of the patient. When the angle between the exter-
nal field and the spinning hydrogen nuclei reaches approxi-
mately 55°, there is prolongation of T2 relaxation time.
Recognition of this phenomenon is clinically relevant, as this
phenomenon may be noted in the apparent gray scale strat-
ification on clinical cartilage pulse sequences (Figure 19).
Loss of the tissue anisotropy may be a sensitive marker to
early changes associated with osteoarthritis. The clinical
application of these techniques, however, can be challenging.
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Figure 22. A, a coronal fast spin echo magnetic resonance
image of the knee of a 15-year-old girl with a previous partial
meniscectomy demonstrates mild fibrillation of the cartilage
overlying the lateral tibial plateau. B, a corresponding T2 relax-
ation time map of the femorotibial articular cartilage in the
same coronal plane demonstrates prolongation of T2 values
over the plateau but with additional prolongation over the lat-
eral femoral condyle, which appeared normal on the traditional
cartilage imaging.

A recent evaluation of quantitative T2 maps in a clinical
cohort at 3 T has raised some question as to which zone con-
tains the greatest orientational effect, observing less than
the expected angular dependence in the radial zone com-
pared with ex vivo studies.”” The authors attribute these
differences to regional variations in cartilage compression,
yielding a preferential loss of water from the superficial
cartilage and attenuating the magic angle effect in the
intact jointf”’59

Goodwin et al*’ have suggested that the more complex
3D joint geometry and regional alterations in the arrange-
ment of the fibrous architecture of cartilage, rather than the
individual fiber orientation, affect these parameters and
account for alterations in the appearance noted on clinical
images, as well as on T2 maps. Studying tibial explants at
7 T, Goodwin et al® noted anisotropy in the transitional
layer of the submeniscal region, which correlated to the
architecture of the matrix in the plane of fracture (Figure 20).
Caution should be used when evaluating clinical T2 relax-
ation maps obtained in the submeniscal zone, so as not to
misinterpret prolongation of T2 (increased signal intensity),
which normally exists as a function of cartilage structure, as
prolonged T2 due to osteoarthritis or cartilage damage. In
addition, errors in the pulse sequences designed to acquire

The American Journal of Sports Medicine

Figure 23. Coronal T2 relaxation time maps of the femorotib-
ial articular cartilage of a 13-year-old girl with osteochondritis
dissecans. The color maps are coded to capture T2 values
ranging from 5 to 100 milliseconds, with green and blue
reflecting longer T2 values; yellow, intermediate values; and
orange, shorter values. The preoperative image (A) demon-
strates a normal lateral compartment, with the expected
stratification of T2 values. Note the prolongation of T2 relax-
ation times at the margins of the osteochondral lesion (arrows).
Three months after mosaicplasty (B), there is prolongation of
T2 values at the donor site (arrowhead), reflecting the repar-
ative fibrocartilage and less organized matrix. Also note the
persistent prolongation of T2 values at the margins of the
plugs (arrows). There is an intact appearance (albeit with
reduced thickness) in the cartilage over the central, slightly
proud plug.

the T2 values may result in substantial inaccuracies in
quantitative measurement.>**?

In osteoarthritis, breakdown in the collagen component
of the matrix is associated with swelling of proteoglycan
and an increase in cartilage permeability.‘m’41 As the dis-
ruption of the collagen framework occurs, water becomes
more mobile, and T2 values would be expected to increase
with loss of stratification (Figure 21). Using a spin echo
sequence to study cartilage bone plugs harvested from
cadaveric knees and specimens obtained at the time of
arthroplasty, David-Vaudey et al'* determined that
increased T2 relaxation time correlated to histologic
degeneration of cartilage, providing an efficient means by
which to differentiate severely degenerated cartilage from
intermediate and normal cartilage. T2 mapping has also
been applied to animal models of osteoarthritis, observing
a prolongation of T2 values. Working at 7 T, Alhadlaq et al®
noted a shift in the depth of maximal T2, with a decrease
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in superficial zone thickness and an increase in total
cartilage thickness in the submeniscal region obtained
from an ACL transaction canine model. Kelly et al (unpub-
lished data, 2004), in a sheep meniscectomy model at clin-
ical field strengths of 1.5 T, showed that prolongation of
T2 occurred early after meniscectomy, correlating to observ-
able biomechanical changes using arthroscopic indentation
probes.

In a clinical cohort, Dunn et al” noted increasing
T2 in the medial compartment when comparing cartilage
in patients characterized radiographically as having nor-
mal, mild, or severe osteoarthritis. Mosher et al*® examined
asymptomatic volunteers as well as a cohort of patients with
symptomatic patella pain at 3 T, noting a continuous increase
in T2 from the radial zone to the articular surface in the
asymptomatic volunteers, with prolongation of T2 in senes-
cent cartilage. These techniques may prove helpful in the
longitudinal evaluation of those patients who are deemed
candidates for surgical procedures aimed at delaying the
progression of osteoarthritis, such as meniscal transplanta-
tion. As substantial arthrosis at the time of transplantation
is predictive of transplant failure, longitudinal T2 mapping
performed in these patients may help to determine the
optimal time of surgery™ (Figure 22).

These techniques will also provide insight into the ultra-
structure of surgically manipulated cartilage, not only over
the repair site, but also (and perhaps most important) at
the site of peripheral integration (Figure 23).

Noninvasive assessment of cartilage matrix using MRI
is still under development and requires further validation
and application to longitudinal clinical studies. Despite
these technical challenges, T2 mapping in combination
with some measure of proteoglycan assessment will prove
to be powerful noninvasive techniques in detecting early
ultrastructure changes in cartilage.

116

SUMMARY

Magnetic resonance imaging provides an effective non-
invasive means by which to detect articular cartilage
injury and monitor disease progression in osteoarthri-
tis. Validated pulse sequences are now available for
imaging of all joints, and it should be the expectation
of orthopaedic surgeons to obtain accurate, reproducible
imaging of cartilage in patients referred for MRI. The
detection of clinically unsuspected cartilage lesions may
affect patient management and provide appropriate
preoperative patient education as to the expected postop-
erative rehabilitation regimen. After surgical manipula-
tion of cartilage, MRI provides an important objective
outcome assessment for cartilage repair techniques, to
augment the equally important but more subjective
clinical and functional assessment from validated out-
come instruments. Future development includes the
ability of cartilage MRI to noninvasively detect early
changes in the matrix before morphologic alteration, thus
aiding in the decision regarding the optimal timing of
surgical procedures designed to delay the progression of
osteoarthritis.
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MAGNETIC RESONANCE
IMAGING AFTER ToTAL Hip
ARTHROPLASTY: EVALUATION OF
PERIPROSTHETIC SOFT TISSUE

BY HOLLIS G. POTTER, MD, BRYAN J. NESTOR, MD,
CAROLYN M. SOFKA, MD, STEPHANIE T. HO, MD, LANCE E. PETERS, MD, AND EDUARDO A. SALVATI, MD

Investigation performed at the Division of Magnetic Resonance Imaging and the Department of Orthopaedic Surgery,
Hospital for Special Surgery, New York, NY

Background: The evaluation of periprosthetic osteolysis in patients who have had a total hip arthroplasty is challeng-
ing, and traditional imaging techniques, including magnetic resonance imaging and computerized tomography, are
limited by metallic artifact. The purpose of the present study was to investigate the use of modified magnetic reso-
nance imaging techniques involving commercially available software to visualize periprosthetic soft tissues, to define
the bone-implant interface, and to detect the location and extent of osteolysis.

Methods: Twenty-eight hips in twenty-seven patients were examined to assess the extent of osteolysis (nineteen
hips), enigmatic pain (five), heterotopic ossification (two), suspected tumor (one), or femoral nerve palsy (one). The re-
sults were correlated with conventional radiographic findings as well as with intraoperative findings (when available).

Results: Magnetic resonance imaging demonstrated the bone-implant interface and the surrounding soft-tissue en-
velope in all hips. Radiographs consistently underestimated the extent and location of acetabular osteolysis when
compared with magnetic resonance imaging. Magnetic resonance imaging also disclosed radiographically occult ex-
traosseous soft-tissue deposits that were similar in signal intensity to areas of osteolysis, demonstrated the rela-
tionship of these deposits to adjacent neurovascular structures, and allowed further visualization of hypertrophic
synovial deposits that accompanied the bone resorption in twenty-five of the twenty-eight hips.

Conclusions: Magnetic resonance imaging is effective for the assessment of the periprosthetic soft tissues in pa-
tients who have had a total hip arthroplasty. While not indicated for every patient who has pain at the site of an ar-
throplasty, these techniques can be effective for the evaluation of the surrounding soft-tissue envelope as well as
intracapsular synovial deposits and are more effective than radiographs for the detection and evaluation of osteoly-
sis, thus aiding in clinical management.

Level of Evidence: Diagnostic study, Level lll-1 (study of nonconsecutive patients [no consistently applied reference
“gold” standard]). See Instructions to Authors for a complete description of levels of evidence.

debris frequently leads to implant loosening and has be-

come the leading problem associated with total hip
replacement'. Despite severe bone loss, many patients remain
asymptomatic’. The recognition and assessment of osteolysis
has relied on the use of routine serial radiographs that are
made as part of the follow-up evaluation. It is generally rec-
ognized, however, that radiographs either fail to detect lesions
or grossly underestimate the extent of bone loss that is ob-
served intraoperatively’”. The use of additional oblique ra-
diographs has been reported to increase the recognition of
osteolysis'. Conventional radiographs, however, only provide

Periprosthetic osteolysis resulting from wear-generated
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a two-dimensional analysis of a three-dimensional process".

More recently, computerized tomography involving the
use of software designed to reduce beam-hardening artifact
has been shown to more accurately measure periprosthetic os-
teolysis in a three-dimensional manner”. While more precise
quantification of osteolysis is possible with computerized to-
mography, one disadvantage of that technique is the exposure
of the patient to ionizing radiation. In addition, computerized
tomography is primarily used to evaluate bone and is of lim-
ited value for the visualization of surrounding soft tissues and
neurovascular structures.

Although magnetic resonance imaging has proved to be
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useful for the evaluation of the native hip, it has not been widely
used following total hip arthroplasty, largely because of signal
loss adjacent to the metallic components. Preliminary studies
have addressed the use of magnetic resonance imaging to evalu-
ate various complications following total hip arthroplasty"".
White et al."* evaluated twelve patients (fourteen total hip re-
placements) with use of magnetic resonance imaging before
and after the administration of intravenous gadolinium con-
trast medium and noted periprosthetic abnormalities (includ-
ing loosening, granulomatosis, and infection) in eleven hips.
Tissue depiction around the femoral component was deemed to
be of diagnostic quality in all eleven patients, but tissue depic-
tion around the acetabular component was determined to be of
diagnostic quality in only five. Similarly, previous authors have
used modified commercially available pulse-sequence parame-
ters to assess various complications of hip arthroplasty, includ-
ing deep venous thrombosis and the integrity of the soft-tissue
envelope in cases of instability and loosening™'.

The purpose of the present study was to investigate the
use of modified magnetic resonance imaging techniques in-
volving commercially available software to visualize peripros-
thetic soft tissues, to define the bone-implant interface, and to
detect the location and extent of osteolysis. Our hypothesis
was that magnetic resonance imaging would be superior to
conventional radiographs for the detection of both acetabular
and proximal femoral osteolysis.

Fig. 1

MAGNETIC RESONANCE IMAGING AFTER TOTAL Hip
ARTHROPLASTY: EVALUATION OF PERIPROSTHETIC SOFT TISSUE

Materials and Methods
Clinical Data

wenty-eight hips in twenty-seven patients were examined;

one patient with bilateral replacement had imaging of
both hips. The inclusion criteria were the presence of a pri-
mary total hip replacement and evidence of osteolysis on mag-
netic resonance images. The study group included nine men
and eighteen women who had a mean age of sixty-two years
(range, thirty-five to eighty-four years) at the time of imaging.
The mean interval between the index arthroplasty and the ini-
tial magnetic resonance imaging examination was 12.9 years
(range, three to thirty-one years). The indications for hip ar-
throplasty included osteoarthritis (seventeen hips), osteone-
crosis (six), fracture (three), inflammatory arthritis (one), and
tumor resection (one).

The components that had been used for the twenty-
eight arthroplasties included an uncemented titanium acetab-
ular component with a cemented cobalt-chromium femoral
stem and a modular cobalt-chromium head in fifteen hips,
an uncemented titanium acetabular component with an
uncemented titanium femoral stem and a modular cobalt-
chromium head in five, a cemented polyethylene acetabular
component and a cemented nonmodular cobalt-chromium
stem in three, an uncemented titanium acetabular compo-
nent with a cemented nonmodular stainless steel stem in
two, an uncemented titanium acetabular component with an

Axial fast-spin-echo magnetic resonance image of the hip of a seventy-one-year-old woman, obtained fourteen years after total hip arthroplasty,

showing well-defined foci of marrow replacement in the medial wall (thick arrow), and in the anterior column (thin arrow). For orientation pur-

poses, the greater trochanter is shown on the right (asterisk). Note the sharp contrast between the intermediate signal intensity of the osteolysis

(similar to that of skeletal muscle) and the adjacent higher signal intensity of the fatty marrow. The pseudocapsule is distended anteriorly by ma-

terial with the same signal characteristics.
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uncemented cobalt-chromium stem and a modular cobalt-
chromium head in two, and a cemented titanium acetabular
component with an uncemented titanium femoral stem and
a modular cobalt-chromium head in one.

All patients who had been referred for magnetic reso-
nance imaging were evaluated with conventional anteropos-
terior and frog-leg lateral radiographs and a comprehensive
physical examination. In eighteen patients (nineteen hips),
magnetic resonance imaging was performed specifically for
the evaluation of osteolysis. In the remaining nine patients
(nine hips), osteolysis had been noted on radiographs and
magnetic resonance imaging was performed for other rea-
sons. Specifically, five patients had been referred for the eval-
uation of severe, enigmatic pain that was not thought to be
related to the osteolysis seen on radiographs; two, for the
preoperative assessment of heterotopic ossification; one, for
the evaluation of a suspected tumor; and one, for the evalua-
tion of a femoral nerve palsy.

Plain Radiographic Assessment

Anteroposterior and frog-leg lateral radiographs were made
for all patients, and any areas of periprosthetic radiolucency
were noted. All radiographic measurements were made by
means of a consensus review by two experienced attending
orthopaedic surgeons (L.E.P. and E.A.S.) who were blinded
to the magnetic resonance imaging findings. When osteolysis
was seen on plain radiographs before magnetic resonance

Fig. 2

MAGNETIC RESONANCE IMAGING AFTER TOTAL Hip
ARTHROPLASTY: EVALUATION OF PERIPROSTHETIC SOFT TISSUE

images were obtained, an assessment of the areas of femoral
and acetabular osteolysis was performed.

Osteolysis on the acetabular side was measured on the
anteroposterior radiograph of the pelvis with use of the ruler
(magnification, 120%) on a standard transparent template.
Measurements were made to the nearest millimeter. The di-
mensions of a radiolucent lesion were determined by measuring
the greatest diameter of the lesion and then measuring a second
diameter perpendicular to the first, similar to the technique de-
scribed by Maloney et al.”. The total area of a lesion was calcu-
lated (in square millimeters) by multiplying the two diameters
(length x width)". The location of the acetabular lesions was
classified as zone I, II, or III, according to the system described
by DeLee and Charnley®. If a lesion spanned two zones, it was
classified as a combined zone (e.g., zone I/II or zone II/III).

On the femoral side, radiolucent lesions were measured
and their area was calculated in a similar manner on both an-
teroposterior and frog-leg lateral radiographs. With use of a
technique similar to that described by Huddleston", the loca-
tion of the femoral lesions was classified on both anteroposte-
rior radiographs (zones 1 through 7) and lateral radiographs
(zones 8 through 14) according to the system described by
Gruen et al.. Once again, if a lesion spanned two zones, then
a hybrid zone (e.g., zone 2/3 or zone 8/9) was created. The to-
tal osteolysis load for each patient was calculated (in square
millimeters) by adding the areas of all lesions on the acetabu-
lar and femoral sides.

Axial fast-spin-echo magnetic resonance image of the hip of a sixty-nine-year-old woman, showing a soft-tissue mass of intermediate signal intensity

(thin arrow). The signal intensity of this soft-tissue mass is the same as that of the osteolysis replacing the posterior margin of the ischium (thick

arrow). For orientation purposes, the greater trochanter is shown on the right (asterisk). Note the low-signal-intensity rim outlining the focus of mar-

row replacement.
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Fig. 3-A

MAGNETIC RESONANCE IMAGING AFTER TOTAL Hip
ARTHROPLASTY: EVALUATION OF PERIPROSTHETIC SOFT TISSUE

Fig. 3-B

Fig. 3-A Plain radiograph of the hip of a seventy-two-year-old man, obtained 10.5 years after total joint arthroplasty, showing evidence of

osteolysis. The prominent erosion of the medial portion of the femoral neck (arrow) raised the clinical concern of a superimposed tumor.

Fig. 3-B Subsequent coronal magnetic resonance image of the same hip shown in Figure 3-A, demonstrating massive osteolysis (thick ar-

row) replacing the normal high signal intensity of the marrow. For orientation purposes, the greater trochanter is shown on the left (asterisk).

Note the additional involvement at the acetabular dome and the extension into the iliacus bursa (thin arrow). Also note that the osteolysis is

well defined and is of intermediate signal intensity with a low-signal-intensity rim, indicating an indolent pattern of bone destruction that is

atypical of tumors. The extent of osteolysis seen on radiographs did not reflect the severe degree of osteolysis seen on magnetic resonance

imaging, which aided in the planning for revision arthroplasty and removed any concern regarding the presence of a neoplasm.

Magnetic Resonance Imaging

Technique and Evaluation

All procedures were performed on a 1.5-T clinical supercon-
ducting magnet (Signa Horizon LX; General Electric Medical
Systems, Milwaukee, Wisconsin) with use of a shoulder phased
array (Med Rad, Indianola, Pennsylvania) centered over the
proximal aspect of the femoral component. Initial images were
obtained with a body coil utilizing an initial coronal fast inver-
sion recovery sequence with a field of view of 35 c¢m, a repeti-
tion time of 4500 to 5000 msec, an effective-echo time of 17
msec, an inversion time of 150 msec, a receiver bandwidth of
31.2 to 62.5 kHz (over the entire frequency range), and a slice
thickness of 5 mm with no interslice gap. Additional coronal,
sagittal, and axial fast-spin-echo sequences (Fast Spin Echo XL;
General Electric Medical Systems) were obtained with use of the
surface shoulder coil with a repetition time of 3000 to 5000
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msec, an echo time of 30 to 36 msec, and a wider receiver band-
width of 62.5 to 83.5 kHz. The field of view ranged from 17 to
20 cm, the slice thickness ranged from 3 to 4 mm with no gap,
and the matrix was 512 by 320 to 384 at six excitations, yielding
a maximum in-plane resolution of 332 pum. Tailored radiofre-
quency (Tailored RF; General Electric Medical Systems) was
performed to further reduce interecho spacing. The total imag-
ing time ranged from twenty-five to forty minutes, depending
on the size of the patient and the need for repetition of pulse se-
quences due to involuntary motion.

The bone-cement or metal-bone interface was evaluated,
without knowledge of the plain radiographic findings, for the
presence of intermediate signal intensity (reflecting osteolysis)
replacing the normally hyperintense fatty marrow; all findings
were confirmed on at least two planes of imaging. The location
of lesions in the femur was classified according to the zones of
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Fig. 4

Coronal fast-spin-echo magnetic resonance image of the hip of a
sixty-seven-year-old woman who presented with pain twenty-four
years after primary arthroplasty, demonstrating a large fluid collec-
tion (arrow) lined by metallic debris in the greater trochanteric bursa
lateral to the site of the arthroplasty. For orientation purposes, the
lesser trochanter is shown on the lower right (asterisk).

Gruen et al.”. Because of the extension of osteolysis between re-
gions without a discernible interface, the location of lesions in
the acetabulum was classified according to anatomic regions
rather than according to the zones of DeLee and Charnley*. To
determine osteolysis volume, image files were transferred onto a
standard personal computer and a manual outline of the af-
fected areas was made. Subsequent conversion of pixels to cubic
millimeters was performed with use of a software conversion
program developed on Mat Lab 6.2 software according to the
formula Volume = X (Ar X ST), where Ar is the area of
osteolysis in the slice and ST is the slice thickness (Applied
Science Laboratory, General Electric Medical Systems). No
additional correction for field disturbance was made during
post-processing. The osteolysis volume (in cubic millimeters)
that was determined on magnetic resonance images was com-
pared with the total osteolysis load (in square millimeters) that
was measured on radiographs. The results of the magnetic reso-
nance imaging evaluation were then correlated with the find-
ings on preoperative conventional radiographs as well as with
the subjective findings noted at the time of subsequent surgery
(when performed).
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Results
Delineation of Osteolysis
I n all twenty-eight hips, magnetic resonance imaging consis-
tently allowed visualization of the bone-implant interface
and the surrounding soft tissues. The areas of periprosthetic os-
teolysis in all hips were characterized by intermediate to slightly
increased intraosseous signal intensity (similar to that of skele-
tal muscle) with an additional line of low signal intensity sur-
rounding the focal marrow replacement (Fig. 1). In three hips,
extraosseous deposits of material sharing the same signal char-
acteristics were noted (Fig. 2). The signal characteristics of os-
teolysis were distinctly different from those of infection or
tumor (Fig. 3-B) in that the signal intensity was intermediate
(closer to that of skeletal muscle) and the lesion was well de-
fined, whereas the signal intensity at the site of infection typi-
cally is hyperintense (closer to that of fluid) and poorly defined
because of the more aggressive pattern of bone destruction.
Conversely, extravasated cement is markedly hypointense, with
a signal intensity that is closer to that of cortical bone (Table I).

The mean area of acetabular osteolysis on conventional
radiographs was 740.58 mm® (range, 126 to 1380 mm”*), and the
mean volume on magnetic resonance images was 43,976.30
mm’ (range, 738 to 436,688 mm’). The mean area of femoral
osteolysis on conventional radiographs was 426.68 mm’ (range,
60 to 2035 mm?*), and the mean volume on magnetic resonance
images was 7569.95 mm’ (range, 180 to 33,733 mm’).

In general, there was good association between the
presence and location of osteolytic lesions as observed on
conventional radiographs and magnetic resonance images.
Discrepancies in the location of acetabular osteolysis were
noted in three hips. In two of these hips, plain radiographs
failed to detect anterior column lesions, one of which had an
extraosseous extension. In the third hip, magnetic resonance
imaging was degraded because of motion, which limited the
diagnostic ability.

The proximal-medial margin of the femoral bone-
prosthesis interface was slightly more difficult to discern on
magnetic resonance images, likely because of the relative pau-
city of high-signal-intensity fatty marrow. In addition, the fact
that the shoulder surface coil that was utilized did not extend
to the tip of the femoral stem precluded the ability to visualize
Gruen zones 3, 4, 5, 10, 11, and 12 on magnetic resonance im-
ages. This latter limitation was noted in three hips, in which
plain radiographs demonstrated lesions at the tip of the stem
that were not seen on magnetic resonance images. In five hips,
osteolytic lesions that were noted in Gruen zone 7 on radio-
graphs were not seen on prospective interpretation of mag-
netic resonance images. In two of these hips, osteolysis was
noted in an adjacent zone (zone 8), suggesting some variabil-
ity in the determination of discrete zones between the tomo-
graphic magnetic resonance images and the two-dimensional
radiographs. In the remaining three hips, involvement of
Gruen zone 7 was not seen on magnetic resonance images,
even at the time of a retrospective review. In one hip there was
severe degradation of image quality due to motion, and in the
other two hips the marrow appeared normal.
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TABLE | Spectrum of Magnetic Resonance Imaging Findings at the Site of Total Hip Arthroplasty

Pathologic Condition Soft Tissue

Surrounding Bone

Extruded cement

Heterotopic ossification
when mature

Osteolysis Discrete intermediate signal intensity deposits,
close to skeletal muscle
Infection High signal intensity, close to fluid

Low signal intensity, close to cortical bone

Discrete high signal intensity, fatty marrow deposits

Typically hypointense rim, well demarcated from
surrounding fatty marrow

Hyperintense surrounding marrow edema replacing
normal fat

No reaction: normal fatty signal of marrow

No reaction: normal fatty signal of marrow when
mature

Twenty-five of the twenty-eight hips had distention of
the normally thin, hypointense pseudocapsule by particulate
synovitis. The intracapsular debris typically had signal charac-
teristics that were similar to those of the material replacing the
bone; the only exception was noted in one hip, in which me-
tallic debris was seen. The implant in that hip had a titanium
stem and a titanium acetabular component that articulated
with a cobalt-chromium head (Fig. 4).

Intraoperative Correlation

and Implant Loosening

Fifteen of the twenty-eight hips underwent subsequent revi-
sion arthroplasty. In this subset, all cases of osteolysis that had
been noted on magnetic resonance images were confirmed in-
traoperatively by gross inspection and histopathological anal-
ysis. Histopathological analysis demonstrated granulomatous
reactions, metal and polyethylene debris, and an absence of
inflammatory infiltrates or positive cultures that were indica-

Fig. 5

tive of infection. Nine of the fifteen revisions were performed
for the treatment of loosening, including loosening of the ace-
tabular component (seven hips), the femoral component
(one), or both components (one), and the remaining six revi-
sions were performed for the treatment of osteolysis without
overt evidence of loosening. The subjective assessment of the
location and extent of osteolysis correlated with the findings
on magnetic resonance images in all nine hips that were re-
vised because of loosening. In the six hips without loosening,
the limitations of operative exposure precluded a direct corre-
lation between the actual size and extent of the pelvic os-
teolytic lesions as seen on magnetic resonance images and
those observed intraoperatively.

Additional Magnetic Resonance

Imaging Findings

Two patients had been referred for the preoperative evaluation
of the location and extent of heterotopic ossification relative

Axial fast-spin-echo magnetic resonance image of the hip of a forty-five-year-old man who presented, one year after total hip arthroplasty, with pos-

terior dislocation despite acceptable component alignment on plain radiographs. For orientation purposes, the greater trochanter is shown on the
left (asterisk). The image demonstrates marked distention of the pseudocapsule, which is filled with diminished-signal-intensity debris (arrows),
that was attributed to particle reaction, without concomitant osteolysis. These findings were confirmed at the time of revision arthroplasty.
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to the neurovascular bundles and joint. Foci of mature hetero-
topic ossification are denoted as foci of discrete fatty marrow
signal intensity in the adjacent soft tissues, often with no dis-
cernible tissue plane adjacent to the implant®. Two patients
demonstrated an insufficiency fracture of the hemisacrum
and pubic ramus (one patient) or the sacral ala (one patient).
Two hips demonstrated moderate greater trochanteric bursi-
tis as evidenced by the presence of a discrete, characteristic
fluid collection at that site”. One examination demonstrated
osteolysis and diminished signal intensity throughout the sy-
novial lining and adjacent bursae, indicating an extensive de-
bris load (Fig. 4).

Discussion
C onventional radiography has been the standard method of
imaging for the detection of periprosthetic osteolysis™.
However, the quantification of related bone loss is underesti-
mated by two-dimensional plain radiography, particularly when
standardized views are used™"'. Additionally, Engh et al.” re-
ported poor interobserver reproducibility in a study on the
assessment of osteolysis with use of plain radiographs. Saleh et
al.”* proposed a new classification system, based on an antero-
posterior radiograph of the pelvis and frog-leg lateral radio-
graphs of the hip, that demonstrated improved interobserver
reliability for the assessment of the degree of bone loss and im-
proved correlation with the intraoperative findings. However,
intraoperative observation of bone loss, which frequently ex-
ceeds that observed on plain radiographs, typically confirms the
limitation of radiographs in the assessment of osteolysis™.
While a more accurate assessment of osteolysis may facilitate
better preoperative planning for revision arthroplasty, im-
proved quantification of osteolysis also is needed for the serial
evaluation of nonoperative treatment modalities, such as the
use of oral bisphosphonates, which are currently being evalu-
ated in clinical trials.

Robertson et al.”, in a study of nineteen patients with
a failed total hip arthroplasty, compared three-dimensional
physical models based on computerized tomographic data
with radiographic findings and noted that plain radiographs
underestimated bone loss by at least 20% and resulted in se-
lection of the correct type of prosthesis in only half of the pa-
tients who underwent revision. Such studies provide further
support for the need to quantify osteolysis volume. While
computerized tomography is more effective than conventional
radiographs, it is still somewhat limited by the beam-hardening
artifact at the metal-bone interface, particularly in cases of
bilateral arthroplasty, and by exposure of the patient to the ra-
diation required for serial studies. Moreover, computerized
tomographic techniques that reduce the artifact typically re-
quire an increase in the energy dose and thus increase the ex-
posure of the patient.

Magnetic resonance imaging does not expose the pa-
tient to ionizing radiation. Osteolysis is more conspicuous on
magnetic resonance imaging, likely because of the superior
soft-tissue contrast associated with this method, with seg-
ments of osteolysis having an intermediate signal intensity
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that contrasts with the high signal intensity of the medullary
fat. This superior contrast allows for improved depiction of
extraosseous soft-tissue deposits that may encroach on neu-
rovascular structures and also allows for the detection of syno-
vitis within the pseudocapsule, which may be present before
there is evidence of osteoclastic bone resorption on radio-
graphs or magnetic resonance images (Fig. 5). Finally, mag-
netic resonance imaging can disclose unsuspected findings
that may contribute to morbidity, such as occult pelvic frac-
tures, which were noted in three patients in this study.

The assessment of volume on the magnetic resonance
images was based on a program that is available on many com-
mercial workstations, and it does not provide any additional
geometric calibration for the adjacent field distortion beyond
that provided by the parameter modification. A direct correla-
tion between the radiographic and magnetic resonance imaging
findings regarding osteolysis was not possible in the present
study because of the comparison of a two-dimensional, non-
digitized radiographic technique with the volumetric (three-
dimensional) digital magnetic resonance imaging technique.
The present study also was limited by the lack of a gross quanti-
tative standard with which to judge the accuracy of magnetic
resonance imaging in assessing the degree of osteolysis, as the
limitations of standardized operative exposure may not allow for
an accurate measurement of osteolysis volume. This is particu-
larly true in cases of acetabular osteolysis in which the metallic
shell is well fixed and bone loss can only be assessed through the
holes of the cup. Additional in vitro studies are warranted to cor-
relate the extent of bone loss observed at the time of surgery with
that predicted preoperatively on magnetic resonance images.
Nonetheless, we believe that magnetic resonance imaging is su-
perior to conventional radiographs for detecting areas of bone
resorption and for evaluating the periprosthetic soft tissues.

Compared with the surrounding soft tissue, metallic
components at the site of an arthroplasty have a different mag-
netic susceptibility (i.e., ability to become magnetized) that dis-
torts the regional magnetic field, creating large areas of signal
void that obscure and distort the anatomic boundaries of the
surrounding soft tissue, including neurovascular bundles and
the pseudocapsule”. The intensity of the artifact is a function of
several factors, including the orientation of the components rel-
ative to the external magnetic field, the relative ferromagnetism,
and the shape of the implant. Titanium is less ferromagnetic
than cobalt-chromium alloy, and therefore it causes less arti-
fact™*. In the present study, the majority of the implants were
composed of cobalt-chromium heads and stems. This fact did
not preclude diagnostic imaging with our protocol, thus dem-
onstrating that imaging of nontitanium components is possible.

In the current study, the use of modified magnetic reso-
nance imaging parameters, which may be duplicated on any
closed, high-field unit, provided a useful adjunct to conven-
tional radiographs for the evaluation of patients who had
periprosthetic osteolysis. It is not our intention to suggest
that such imaging is indicated or cost-effective for the evalua-
tion of all patients who have had an arthroplasty, but rather
that it may be appropriate for the evaluation of patients in
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whom the precise location and extent of osteolysis cannot be
discerned. Magnetic resonance imaging is justified if it can
provide clinically important information that will affect pa-
tient management or if it is used as a research tool. Magnetic
resonance imaging of total hip arthroplasty is an evolving
technique, and further pulse-sequence refinement and clini-
cal correlation will further elucidate the optimal applications
of this technique. m
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The Utility of High-Resolution Magnetic
Resonance Imaging in the Evaluation of the
Triangular Fibrocartilage Complex of the Wrist”
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ABSTRACT: We performed a prospective study in
order to assess the utility of high-resolution magnetic
resonance imaging in the detection and specific local-
ization of tears of the triangular fibrocartilage complex.
Seventy-seven patients who had pain in the wrist were
studied with use of a dedicated surface coil and three-
dimensional gradient-recalled techniques with a field of
view of eight centimeters and a slice thickness of one
millimeter. The patients had pain on the ulnar side of
the wrist, ligamentous instability, occult ganglia, or a
combination of these. Magnetic resonance images were
assessed for radial or ulnar avulsion, or both; central
defects; degenerative intrasubstance changes; and com-
plex tears of the triangular fibrocartilage complex. Par-
tial tears were differentiated from complete tears. The
findings on the magnetic resonance images were then
compared with the arthroscopic findings. Fifty-seven of
the fifty-nine tears that were suspected on magnetic
resonance images were confirmed with arthroscopy; the
two suspected tears that were not confirmed had been
interpreted as small partial tears on the magnetic reso-
nance images. With use of arthroscopy as the standard,
magnetic resonance imaging had a sensitivity of 100
per cent (fifty-seven of fifty-seven), a specificity of 90
per cent (cighteen of twenty), and an accuracy of 97 per
cent (seventy-five of seventy-seven) for the detection
of a tear (KX = 0.93, p < 0.00001). Fifty-three of the
fifty-seven tears were localized correctly with use of
magnetic resonance imaging. With regard to the loca-
tion of the tear, magnetic resonance imaging had a
sensitivity of 100 per cent (fifty-three of fifty-three), a
specificity of 75 per cent (eighteen of twenty-four), and
an accuracy of 92 per cent (seventy-one of seventy-
seven) (K = 0.9, p < 0.0001).

*No benefits in any form have been received or will be received
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of this article. No funds were received in support of this study.
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We concluded that high-resolution magnetic reso-
nance imaging permits accurate depiction and local-
ization of tears of the triangular fibrocartilage complex.
When the appropriate pulse sequence is used, magnetic
resonance imaging is an accurate and effective method
for the non-invasive evaluation of pain in the wrist.

Disorders of the triangular fibrocartilage complex
are a common source of pain on the ulnar side of the
wrist*'*, However, a tear or degeneration of the tri-
angular fibrocartilage complex may not be readily ap-
parent on physical examination because a variety of
lesions, including occult fractures, chondral tears, ex-
tensor carpi ulnaris tendinitis, osteoarthrosis of the
pisiform-triquetral joint, and instability of the distal
radio-ulnar joint may produce pain on the ulnar side,
making a correct diagnosis difficult.

Historically, arthrography of the wrist, particularly
the three-compartment injection method, has been
shown to be efficacious in the detection of tears or
perforations of the triangular fibrocartilage complex,
which allow contrast medium to communicate between
the radiocarpal and distal radio-ulnar joints*”. How-
ever, the arthrogram often does not permit exact local-
ization of the tear or supply information about the
adjacent soft-tissue structures, including articular carti-
lage and ligaments.

Because of its superior soft-tissue contrast and its
tomographic nature, magnetic resonance imaging can
detect ligamentous injuries of the wrist**###2%® The
purposes of the present prospective study were to assess
the utility of high-resolution magnetic resonance imag-
ing in the detection and specific localization of tears of
the triangular fibrocartilage complex in patients who
had pain in the wrist and to compare these findings with
those of direct arthroscopic inspection.

Materials and Methods

Seventy-seven patients who had pain in the wrist
were evaluated prospectively, from January 1993 to
April 1996, with a standardized magnetic resonance im-
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aging technique before being examined arthroscop-
ically. The patients ranged in age from thirteen to sev-
enty years (mean and standard deviation, 35.7 &+ 13.5
years). Fifty-two patients were male and twenty-five
were female. Fifty-eight patients had had a previous
traumatic injury of the wrist that had been caused by
hyperextension (thirty-nine patients), twisting (fourteen
patients), or lifting (five patients); the remaining nine-
teen had no history of trauma. The study was reviewed
and approved by the Institutional Review Board.

All of the magnetic resonance images were made
with use of a 1.5-tesla superconducting magnet (Signa;
General Electric, Milwaukee, Wisconsin) and either
a five-inch (12.7-centimeter) curved receive-only sur-
face coil or a quadrature design phased-array wrist coil
(both from Medical Advances, Milwaukee, Wisconsin),
the latter of which became available in November 1994.
The patient was placed in the supine position with the
affected hand at the side and the forearm in full pro-
nation. Coronal images were made with use of a volu-
metric gradient-recalled acquisition technique, with a
repetition time of forty to fifty-six milliseconds, an echo
time of twenty milliseconds, a flip angle of 20 degrees,
and a field of view of eight centimeters. Images were
made from the palmar extrinsic ligaments to the dorsal
extrinsic ligaments. The coronal volumetric acquisition
was centered over the proximal aspect of the lunate, just
distal to the radiocarpal joint space. The slice thickness
was one millimeter with no interslice gap. The images
were made with either a 256-by-192 matrix (fifty pa-
tients) or a 256-by-256 matrix (twenty-seven patients)
at two excitations. (The matrix was increased at the time
of acquisition of the quadrature coil.) The field of view
was centered over the ulnar side of the proximal aspect
of the lunate.

Axial images were made with a long repetition time
(3000 to 4000 milliseconds) and a long effective-echo
time (eighty-eight to 102 milliseconds). Fast-spin-echo
images were made with an eight echo train and a 256-
by-192 matrix at two excitations. The field of view was
eight to nine centimeters, and the slice thickness was
four millimeters with no interslice gap. No contrast me-
dium was used in any patient.

The magnetic resonance images were studied for
abnormalities of the triangular fibrocartilage complex,
including radial or ulnar avulsion or detachment; com-
plete or partial perforation of the mid-substance of
the articular disc; degenerative intrasubstance changes,
as manifested by increased signal intensity and loss of
the normal contour of the articular disc; and joint fluid
coursing through a defect in the articular disc.

Complete tears were defined as full-thickness foci
of discontinuity that extended from the radiocarpal
side of the articular disc to the distal radio-ulnar side.
Partial tears were defined as foci of abnormal mor-
phology and increased signal intensity that did not ex-
tend all the way from one side of the articular disc to
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the other. If a partial tear was detected, a note was made
as to whether it was on the radiocarpal side or the
distal radio-ulnar side. A tear needed to be identified
on only one magnetic resonance image in order to be
considered present, but the criteria regarding abnormal
morphology and increased signal intensity had to be
met. To simplify the statistical analysis, the location of
the tears was classified as ulnar, radial, central, or com-
plex (two or more components).

An articular disc was considered to be normal if im-
ages revealed uniformly low signal intensity at both the
radial and the ulnar attachment (Fig. 1), no central de-
fect, and no foci of thinning or increased signal intensity.

In addition, the images were studied for concomi-
tant tears of the scapholunate and lunotriquetral liga-
ments, defects of the articular cartilage, tears of the
dorsal and volar distal radio-ulnar ligaments, and oc-
cult ganglia of the wrist.

The images were evaluated by one radiologist, who
did not have access to the clinical findings or the plain
radiographs.

Arthroscopic Procedure

The arthroscopic examination was performed on an
outpatient basis with use of axillary block anesthesia;
the wrist was distracted with seven to ten pounds (3.1
to 4.5 kilograms) of traction applied with use of fin-
ger traps and an overhead bar. The joint was distended
with injection of approximately five milliliters of normal
saline solution, and an outflow portal was established at
the 6U location' (just ulnar to the extensor carpi ulnaris
tendon) with a 16-gauge angiocatheter. After the cre-
ation of a pathway with a blunt cannula, a 2.9-millimeter
arthroscope (model 4130; Smith and Nephew Dyonics,
Andover, Massachusetts) was inserted between the ex-
tensor pollicis longus and the extensor digitorum com-
munis at the 3/4 portal, and the radiocarpal joint was
inspected from radial to ulnar. The findings were re-
corded on VHS videotape or as still images. Additional
instruments (a two-millimeter probe and a 2.9 or 2.0-
millimeter motorized full-radius resector) were inserted
into the radiocarpal joint between the extensor digi-
torum communis and the extensor digiti quinti at the 4/5
portal or just radial to the extensor carpi ulnaris at the
6R portal'. Inflamed synovial tissue and tears of the
central portion of the triangular fibrocartilage complex
were debrided arthroscopically with a motorized resec-
tor. Peripheral detachments of the triangular fibrocarti-
lage complex from the base of the ulnar styloid process
were reattached with an open operative technique or
with an arthroscopically guided suture repair, depend-
ing on the preference of the surgeon.

Patients who had evidence of a partial-thickness
tear of the triangular fibrocartilage complex on the
magnetic resonance images but who did not have ar-
throscopic examination of both the radiocarpal and the
distal radio-ulnar joint were not included in the study.
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Fic. 1

Coronal gradient-echo image of a thirty-one-year-old woman who had an occult ganglion of the wrist and no history of trauma. The image,
made through the middle portion of the articular disc, demonstrates intact radial and ulnar attachments (straight arrows) and an intact
lunotriquetral ligament (curved arrow). The triangular fibrocartilage complex was found to be intact on arthroscopic examination.

In patients who had a normal-appearing triangular
fibrocartilage complex on the preoperative magnetic
resonance images but who were examined arthroscopic-
ally because of evidence of another injury or condition
(such as a chondral injury, an injury of the scapholunate
or lunotriquetral ligament, a soft-tissue ganglion, or a
combination of these) on the images or at the clinical
examination, the triangular fibrocartilage complex was

carefully inspected and probed for subtle abnormalities
such as attenuation and partial tears.

The findings on the preoperative magnetic reso-
nance images were compared with the arthroscopic
findings with regard to the presence and location of a
tear of the triangular fibrocartilage complex or a liga-
mentous injury, or both. The time from the magnetic
resonance imaging to the arthroscopic examination

FiG. 2

Coronal gradient-echo image of a thirty-two-year-old man who had sustained a traumatic injury of the wrist one day previously. The image
demonstrates ulnar detachment of the palmar aspect of the articular disc (arrow). The tear extended to involve the volar radio-ulnar ligament.
Both findings were confirmed with arthroscopy, and a primary reattachment was performed.
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FiG. 3

Coronal gradient-echo image of a twenty-five-year-old man who had a recurrent, painful ganglion. There is a small defect close to the radial
attachment of the articular disc (arrow). The defect was interpreted prospectively as a partial tear. A partial tear on the distal radio-ulnar side
of the disc was confirmed with arthroscopy. The ganglion was noted on a more dorsal image.

ranged from one day to forty-one weeks (mean, 6.5 £
7.6 weeks).

Statistical Analysis

The statistical analyses were done with SPSS (SPSS,
Chicago, linois) and STATA (Stata, College Station,
Texas) software. Sensitivity, specificity, accuracy, and
kappa statistics were calculated to evaluate the capac-
ity of magnetic resonance imaging to establish the cor-
rect diagnosis and location of tears of the articular disc,
with use of arthroscopy of the wrist as the standard.
Ninety-five per cent confidence intervals were calcu-
lated. Basic demographic data, the age of the patient,
and the time from the magnetic resonance imaging
to the arthroscopic examination were compared with
regard to gender with use of a two-tailed t test and
the Mann-Whitney U test. A two-tailed t test and one-
way analysis of variance also were used to determine
whether age had an effect on the location of the tear
(peripheral [radial and ulnar], central, or complex). The
extent of the tear was compared with use of the Wil-
coxon test. All values were expressed as the mean and
the standard deviation. P values were not corrected for
multiple comparisons. A conservative correction would
place alpha at 0.005.

Results

A tear of the triangular fibrocartilage complex was
identified prospectively on the magnetic resonance im-
ages of fifty-nine of the seventy-seven patients (Fig. 2).
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Fifty-seven of the fifty-nine suspected tears were con-
firmed at the arthroscopic examination; the two tears
that were not confirmed arthroscopically had been
interpreted as small partial tears on the magnetic reso-
nance images. Twenty articular discs were found to be
intact on direct visual examination and probing at the
time of arthroscopy. With use of arthroscopy as the
standard, magnetic resonance imaging had a sensi-
tivity of 100 per cent (fifty-seven of fifty-seven) (95 per
cent confidence interval, 92 to 100 per cent), a speci-
ficity of 90 per cent (eighteen of twenty) (95 per cent
confidence interval, 83 to 97 per cent), and an accuracy
of 97 per cent (seventy-five of seventy-seven) (95 per
cent confidence interval, 93 to 100 per cent) for the
detection of a tear of the triangular fibrocartilage com-
plex (x = 0.93; p < 0.00001).

Twenty-one partial tears were identified with mag-
netic resonance imaging, and fourteen of these were
confirmed as partial tears on arthroscopic examination
(Fig. 3). Thirty-eight complete tears were identified with
magnetic resonance imaging, and thirty-seven of these
were confirmed as complete tears on arthroscopic ex-
amination. (Two articular discs that were thought to
have a partial tear on magnetic resonance images were
found to be intact at the time of arthroscopy, as men-
tioned previously.) Thus, the extent of fifty-one of the
fifty-seven confirmed tears had been correctly interpre-
ted on magnetic resonance images. The extent of the
remaining six confirmed tears had been misinterpreted:
five tears that had been interpreted as partial on the
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FiG. 4

Coronal gradient-echo image of a thirty-two-year-old man who had had a previous hyperextension injury, demonstrating abnormal
morphology at the undersurface and middle portion of the articular disc (long arrow). The tear was interpreted as partial on the magnetic
resonance image, but it was found to be complete on arthroscopic examination. The scapholunate and lunotriquetral ligaments were intact

(short arrows).

magnetic resonance images were found to be complete
on arthroscopic examination (Fig. 4), and one tear that
had been interpreted as complete on the magnetic res-
onance images was found to be partial at the time of
arthroscopic examination. When misinterpretation of
the extent of the tear was considered a false-positive
result, magnetic resonance imaging had a sensitivity

/GR/10

of 100 per cent (fifty-one of fifty-one) (95 per cent con-
fidence interval, 91 to 100 per cent), a specificity of
69 per cent (eighteen of twenty-six) (95 per cent con-
fidence interval, 59 to 79 per cent), and an accuracy
of 90 per cent (sixty-nine of seventy-seven) (95 per
cent confidence interval, 83 to 97 per cent) (x = 0.7;
p = 0.0001).

FiG. 5

Coronal gradient-echo image of a forty-six-year-old man who had had a previous twisting injury, demonstrating a radial detachment of the
articular disc (arrow). The detachment was confirmed at the time of arthroscopy.
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Twenty-nine tears were ulnar, eight were radial
(Figs. S and 6), nine were central, and eleven were
complex (Figs. 7-A and 7-B) as determined on arthro-
scopic examination compared with thirty, eight, nine,
and twelve, respectively, as determined on the preop-
erative magnetic resonance images. Fifty-three of the
fifty-seven confirmed tears had been localized cor-
rectly on the magnetic resonance images. Statistical
analysis for location was performed with use of a strict
criterion as the findings on the magnetic resonance
images had to agree absolutely with the findings of
the arthroscopic examination in order to yield a so-
called true-positive result. According to this criterion,
magnetic resonance imaging had a sensitivity of 100
per cent (fifty-three of fifty-three) (95 per cent confi-
dence interval, 91 to 100 per cent), a specificity of 75 per
cent (eighteen of twenty-four) (95 per cent confidence
interval, 65 to 85 per cent), and an accuracy of 92 per
cent (seventy-one of seventy-seven) (95 per cent confi-
dence interval, 86 to 98 per cent) (x = 0.9; p < 0.0001).

To determine if age had a predictive role in the
determination of the site of the tear, the locations were
recategorized from ulnar, radial, central, and complex to
the broader groups of peripheral (ulnar and radial),
central, and complex. The mean age was 35.5 + 14.4
years (range, thirteen to sixty-six years) for the thirty-
seven patients who had a peripheral tear, 40.7 £ 14.4
years (range, twenty-one to seventy years) for the nine
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patients who had a central tear, and 39.3 + 12.3 years
(range, sixteen to fifty-seven years) for the eleven pa-
tients who had a complex tear. In our relatively young
study group (mean age, 35.7 years), the two-tailed t test
and one-way analysis of variance showed that there was
no significant age difference among the patients in these
categories.

A two-tailed t test and one-way analysis of vari-
ance were used to compare the age of the patients and
the time from the magnetic resonance imaging to the
arthroscopic examination with regard to gender. The
mean age was 36.2 + 15.1 years (range, thirteen to sev-
enty years) for the male patients and 34.8 + 9.4 years
(range, twenty-one to fifty-six years) for the female pa-
tients (p = 0.7). The mean time from the magnetic res-
onance imaging to the arthroscopic examination was
7.0 = 8.2 weeks (range, one day to forty-one weeks) for
the male patients and 5.4 + 6.1 weeks (range, one to
twenty-four weeks) for the female patients (p = 0.5).

In addition to the triangular fibrocartilage complex,
the scapholunate and lunotriquetral ligaments were
consistently identified and surveyed for abnormalities
on the magnetic resonance images. Arthroscopic in-
spection, however, was not conducted for every patient;
fifty-three of the seventy-seven patients had arthro-
scopic examination of the scapholunate ligament, and
thirty-six had arthroscopic examination of the luno-
triquetral ligament. Fifteen patients had a tear of the

Fi1G. 6

Coronal gradient-echo image of a sixty-six-year-old man who had no history of traumatic injury. There is diffusely increased signal intensity
within the articular disc (asterisk), indicating severe intrasubstance degeneration. A complete radial tear (arrow) was suspected prospectively
and was confirmed with arthroscopy. Subsequent arthroscopic débridement was performed, with additional removal of a loose body (not

shown).
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scapholunate ligament on both magnetic resonance im-
aging and arthroscopic examination, thirty-six patients
had an intact scapholunate ligament on both magnetic
resonance imaging and arthroscopic examination, and
two patients were thought to have an intact scapho-
lunate ligament on magnetic resonance imaging but

Fic. 7-A
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were found to have a tear on arthroscopic examination.
Two patients had a tear of the lunotriquetral ligament
on both magnetic resonance imaging and arthroscopic
examination, and thirty patients had an intact luno-
triquetral ligament on both magnetic resonance imag-
ing and arthroscopic examination. In the remaining

%

Figs. 7-A and 7-B: Coronal gradient-echo images of a fifty-seven-year-old man who had no history of traumatic injury.
Fig. 7-A: Image made through the middle portion of the articular disc, demonstrating a central defect (arrow) extending to the radial
attachment. Superimposed thinning and intrasubstance degeneration are evident. An intraosseous cyst is seen in the lunate.

FiG. 7-B

More dorsal image demonstrating a second tear, in an ulnar location (arrow).
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four patients, the status of the ligament was misinter-
preted on the magnetic resonance images; there were
one false-positive and three false-negative findings. Ad-
ditional incidental ligamentous injuries that were noted
on both magnetic resonance imaging and arthroscopic
examination included four tears of the palmar distal
radio-ulnar ligament and two tears of the radioscapho-
capitate ligament.

Discussion

In the past, the diagnosis of a tear of the trian-
gular fibrocartilage complex was made by either di-
rect operative visualization or arthrographic evaluation.
Arthrographic detection of such tears requires the
communication of contrast medium between the radio-
carpal and distal radio-ulnar joints. Previous reports
have described the use of a multiple-compartment in-
jection technique for arthrographic evaluation of the
wrist. Levinsohn et al. noted that only sixteen (67 per
cent) of twenty-four complete tears of the triangular
fibrocartilage complex that were identified at the time
of an operation had been seen with preoperative triple-
compartment arthrography. Metz et al. found no asso-
ciation between the localization of symptoms and the
specific site of an arthrographic abnormality. More
recently, Chung et al. reported that the results of triple-
injection arthrography agreed with those of arthro-
scopic examination for only sixty-three (42 per cent) of
150 patients. '

We believe that proper magnetic resonance imaging
technique is crucial for the detection of subtle mor-
phological changes in the triangular fibrocartilage com-
plex. Previous reports have suggested that magnetic
resonance imaging is inferior to arthrography®, but
those studies were limited by low-contrast, thick-section
(three-millimeter) image acquisition resulting from the
limitations of previous versions of software. Pederzini
et al. stated that magnetic resonance imaging was un-
able to localize the precise site of injury of an articular
disc. Cerofolini et al. reached a similar conclusion with
use of a relatively large field of view and conventional
spin-echo low-contrast pulse sequencing. Sugimoto et
al. reported abnormally high signal intensity within
the substance of the triangular fibrocartilage complex
on the magnetic resonance images of thirty-five (50 per
cent) of seventy asymptomatic volunteers. That study,
however, was limited by a relatively large field of view
(fifteen centimeters), which yielded poor spatial resolu-
tion. Previous studies on the use of magnetic resonance
imaging for the detection of tears of the triangular fi-
brocartilage complex have relied largely on a so-called
arthrogram effect, which occurs when fluid (charac-
terized by high signal intensity) courses through the
triangular fibrocartilage complex (characterized by low
signal intensity)’*?. Because magnetic resonance images
are digitized, spatial resolution is limited by the size of
the picture element, or pixel. A smaller field of view and
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a higher matrix yield small pixels and impart superior
spatial resolution. In addition, thin (one-millimeter)
slices promote less signal average. Thus, magnetic reso-
nance images made with thin slices, a small field of view,
and a high matrix may obviate the diagnostic reliance
on the communication of high-signal-intensity fluid be-
tween the radiocarpal and distal radio-ulnar joints. The
use of such thin-section, high-resolution techniques may
allow acceptable diagnostic accuracy to be achieved
without the use of intra-articular injections of contrast
media such as gadolinium, thereby preserving the non-
invasive advantage of magnetic resonance imaging,.

It should be recognized that gradient-echo tech-
niques are limited by increased sensitivity to inhomo-
geneities in the magnetic field, including paramagnetic
agents (such as hemoglobin degradation products) and
ferromagnetic instrumentation (such as suture anchors).
These techniques, therefore, may be of limited use in
the postoperative sctting, when thin-section fast-spin-
echo techniques may prove superior to gradient-echo
sequences. It is established that fast-spin-echo tech-
niques are more effective for the evaluation of soft tis-
sues surrounding metallic implants'#'. In addition, short
echo-time sequences, such as gradient-echo techniques,
are subject to an artefact known as the so-called magic
angle phenomenon®. This artefact is an increase in sig-
nal intensity within the substance of type-I collagen
constructs due to a decay in T2 relaxation time, which
occurs when the long axis of fibrocartilage, tendon, or
ligament is oriented at 55 degrees relative to the long
axis of the magnetic field. However, with regard to the
triangular fibrocartilage complex, the magic angle phe-
nomenon can only account for abnormal signal inten-
sity within the articular disc, and thus it should not
be confused with morphological abnormalities such as
retraction, fraying, and detachment. An awareness of
this artefact is important for proper positioning of the
wrist relative to the long axis of the magnetic field.
Inappropriate positioning may result in artefactually in-
creased signal intensity, possibly leading to misdiagnosis
of intrasubstance degeneration.

Arthroscopy is an effective diagnostic tool for the
detection and localization of lesions of the triangular
fibrocartilage complex; however, at our institution it is
considerably more expensive than magnetic resonance
imaging. Therefore, while arthroscopy may confirm an
intact articular disc, it may not be cost-effective unless
therapeutic operative intervention is indicated.

In the present series, the level of agreement between
magnetic resonance imaging and arthroscopy with re-
gard to the localization of tears of the articular disc
was high, as indicated by an accuracy of 92 per cent
(seventy-one of seventy-seven). The ability of mag-
netic resonance imaging to distinguish between partial
and complete tears, however, was not quite as good,
as indicated by an accuracy of 90 per cent (sixty-nine
of seventy-seven). Full-thickness disruptions that were
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misinterpreted as partial disruptions on the magnetic
resonance images may have reflected fragments of fi-
brocartilage that were disrupted but closely apposed,
creating the illusion of partial continuity (Fig. 4).

Despite this limitation, the superior soft-tissue con-
trast of magnetic resonance imaging made it possible to
visualize the morphology of the triangular fibrocartilage
complex and enabled distinction between degenerative
intrasubstance tears, which demonstrate increased sig-
nal intensity within the articular disc (Fig. 6), and trau-
matic, more discrete peripheral detachments (Fig. 2).
Most degenerative tears occur in older patients as a
result of age-related attritional changes within the rela-
tively avascular portion of the disc, as previously shown
in anatomical studies*. Age alone, however, does not
necessarily impart predictive value with regard to the
localization of tears, as older patients may also sus-
tain a traumatic peripheral avulsion. Several patients
in the present series sustained a complex tear with trau-
matic avulsion superimposed on a central attritional
defect (Figs. 7-A and 7-B). We could not detect a signif-
icant difference in age when the tears were divided ac-
cording to location (peripheral, central, or complex).
Thus, in our group of relatively young patients (mean
age, 35.7 years), the site of the tear of the triangular
fibrocartilage complex could not be predicted on the
basis of age alone. The high prevalence of peripheral
tears (thirty-seven of fifty-seven tears) is most likely
a function of the relatively young age of our patients
as well as the frequency of an antecedent traumatic in-
jury involving hyperextension of the wrist with forced
rotation of the forearm. An interesting finding in the
present study was that traumatic injuries were more
commonly localized to the ulnar aspect of the disc than
to the radial aspect. This is in contrast with the find-
ings of previous reports in which a high rate of radial
tears was noted".

Our results are similar to those reported by Totter-
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man et al.”, who used a similar volumetric gradient-
recalled sequence. In that series, in which thirty-one
patients were evaluated with magnetic resonance imag-
ing and subsequent arthroscopy of the wrist, eleven of
twelve full-thickness tears of the triangular fibrocarti-
lage complex were described accurately. The findings of
the present series confirm the conclusion of Totterman
et al. that high-resolution magnetic resonance imaging
is a reliable technique for the detection of tears of the
triangular fibrocartilage complex.

A valid criticism of our study is that the rate of
false-negative findings could not be determined accu-
rately because hand surgeons at our institution are
hesitant to perform an arthroscopic examination for
patients who have normal findings on preoperative
high-resolution magnetic resonance images. We believe,
however, that the high prevalence of tears of the trian-
gular fibrocartilage complex in asymptomatic patients,
as noted by Kirschenbaum et al. and Cantor et al. with
arthrography and by Sugimoto et al. with magnetic res-
onance imaging, does not invalidate the utility of such
imaging in the evaluation of symptomatic patients. This
position was emphasized in a recent editorial comment
by Miller and Totterman, and it is not inconsistent with
the findings of previous magnetic resonance imaging
studies of the spine in asymptomatic patients**.

We concluded that high-resolution magnetic reso-
nance imaging is an effective tool for the assessment
of patients who have pain on the ulnar side of the wrist
in whom an abnormality of the triangular fibrocarti-
lage complex is suspected. In addition, we conclude that
our imaging technique is accurate for the detection and
specific localization of tears of the triangular fibrocarti-
lage complex and that it can be used to direct appropri-
ate operative intervention or non-operative treatment
as needed.

Noriz: The authors thank Lewis Lane, M.D., and Michclic Gerwin, M.D., for providing
additional patients.
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Magnetic Resonance Imaging
of Articular Cartilage in the Knee

AN EVALUATION WITH USE OF FAST-SPIN-ECHO IMAGING*

BY HOLLIS G. POTTER, MD.4, JAMES M. LINKLATER, M.D.{, ANSWORTH A. ALLEN, MD,
JO A. HANNAFIN, M.D., PH.D.f, AND STEVEN B. HAAS, M.D., M.P.H.f, NEW YORK, N.Y.

Investigation performed at the Departments of Radiology and Orthopaedics,
The Hospital for Special Surgery, New York City

ABSTRACT: The purpose of this study was to dem-
onstrate that specialized magnetic resonance imaging
provides an accurate assessment of lesions of the artic-
ular cartilage of the knee. Arthroscopy was used as the
comparative standard.

Eighty-eight patients who had an average age of
thirty-eight years were evaluated with magnetic reso-
nance imaging and subsequent arthroscopy because of
a suspected meniscal or ligamentous injury. The mag-
netic resonance imaging was performed with a special-
ized sequence in the sagittal, coronal, and axial planes.
Seven articular surfaces (the patellar facets, the troch-
lea, the femoral condyles, and the tibial plateaus) were
graded prospectively on the magnetic resonance im-
ages by two independent readers with use of the 5-point
classification system of Quterbridge, which was also
used at arthroscopy.

Six hundred and sixteen articular surfaces were
assessed, and 248 lesions were identified at arthroscopy.
Eighty-two surfaces had chondral softening; seventy-
five, mild ulceration; fifty-three, deep ulceration, fibril-
lation, or a flap without exposure of subchondral bone;
and thirty-eight, full-thickness wear. To simplify the
statistical analysis, grades 0 and 1 were regarded as
disease-negative status and grades 2, 3, and 4 were
regarded as disease-positive status. When the grades
that had been assigned by reader 1 were used for
the analysis, magnetic resonance imaging had a sensi-
tivity of 87 per cent (144 of 166), a specificity of 94
per cent (424 of 450), an accuracy of 92 per cent (568
of 616), a positive predictive value of 85 per cent (144
of 170), and a negative predictive value of 95 per cent
(424 of 446) for the detection of a chondral lesion.
Interobserver variability was minimum, as indicated
by a weighted kappa statistic of 0.93 (almost perfect
agreement).

*No benefits in any form have been received or will be received
from a commercial party related directly or indirectly to the subject
of this article. No funds were received in support of this study.

tDepartments of Radiology (H. G. P. and J. M. L.) and Ortho-
paedics (A. A. A, J. A. H, and S. B. H.), The Hospital for Special
Surgery, 535 East 70th Street, New York, N.Y. 10021.
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With use of this readily available modified mag-
netic resonance imaging sequence, it is possible to as-
sess all articular surfaces of the knee accurately and
thereby identify lesions that are amenable to arthro-
scopic treatment.

The articular or hyaline cartilage of the knee covers
the articulating surfaces of the patella, femur, and tibia.
The thickness of the cartilage is variable. The articular
cartilage transmits and distributes load, thereby mini-
mizing stress on the underlying subchondral bone, and
provides a smooth articulating surface as well as lubri-
cation, thereby reducing friction in the joint. Most chon-
dral injuries are secondary to trauma or degeneration
of the joint. Although chondral injuries usually occur
in association with other intra-articular abnormalities,
such as ligamentous and meniscal injuries, isolated
chondral lesions can occur, with a reported preva-
lence of approximately 4 per cent (twelve of 312)*. Pa-
tients are often seen with non-specific pain in the knee,
low-grade effusion, and symptoms that mimic those of
a meniscal tear, such as pain along the joint line and
locking"®.

Traditional techniques for the operative treatment
of acute and chronic chondral lesions include débride-
ment of the chondral flap; perforation of the subchon-
dral bone by drilling”, abrasion***, or microfracture'#;
and insertion of a perichondral graft’**, More re-
cently, the implantation of autologous cartilage? as well
as mosaicplasty’ have stimulated new interest in the
treatment of chondral injuries. This interest has resulted
in an increasing demand for an accurate, reproducible,
and, ideally, non-invasive method for the assessment
of lesions of articular cartilage, both for the initial diag-
nosis and for subsequent monitoring after operative
treatment. ‘

Magnetic resonance imaging, by virtue of its superior
soft-tissue contrast, lack of ionizing radiation, and mul-
tiplanar capabilities, is superior to more conventional
techniques for the evaluation of articular cartilage"*.
The particular magnetic resonance imaging sequence
most suited for the detection of chondral abnormalities
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is controversial. There has been some consensus in the
radiological literature that a fat-suppressed volumetric
(three-dimensional) gradient-echo sequence may be the
best technique’. However, this sequence is limited by a
long acquisition time** and typically relies on subsequent
reconstruction of images derived from a single plane. The
imaging time is prolonged further by the need for addi-
tional sequences, as the fat-suppressed gradient-echo
sequence is not optimum for the assessment of liga-
ments, menisci, or subchondral bone. Previous authors
have suggested that multiplanar reconstructions de-
rived from the initial sagittal volumetric sequence do
not offer images of sufficient quality to allow for the
accurate diagnosis of chondral lesions in areas best as-
sessed in the axial or coronal plane®.

Our hypothesis was that a specialized proton-density-
weighted, high-resolution, fast-spin-echo sequence, which
was previously shown to provide an accurate assessment
of other structures in the knee”, would provide a suitable
assessment of articular cartilage in the knee without
substantially prolonging the total imaging time. The pur-
pose of the present investigation was to assess the accu-
racy of magnetic resonance imaging in the detection,
grading, and localization of chondral lesions in the knee
and to compare the findings with those of direct arthro-
scopic inspection.

Materials and Methods

Patient Selection

All patients who had had magnetic resonance imag-
ing and subsequent arthroscopy of the knee at our insti-
tution from January 1996 to August 1997 and for whom
the operating surgeon had completed a chondral injury
data sheet were eligible for the present study. A total
of ninety patients were enrolled. Two patients were ex-
cluded from the study because of severe degradation of
the images, caused by motion of the patient, that pre-
cluded confirmation of chondral lesions in two planes.
Another two patients were included despite the pres-
ence of metallic hardware in the knee in association
with reconstruction of the anterior cruciate ligament
and the placement of an interference screw. The average
age of the eighty-eight patients who met the criteria for
inclusion was thirty-eight years (range, twenty-three to
eighty-two years). There were forty-eight men and forty
women.

The average interval between magnetic resonance
imaging and arthroscopy was twenty-seven days (range,
four to 377 days). Seventy-five patients (85 per cent) had
arthroscopy within two months after magnetic reso-
nance imaging; a review of the charts revealed that no
injuries had been documented during this interval. The
study was approved by our Institutional Review Board.

Magnetic Resonance Imaging

Magnetic resonance imaging of the knee was per-
formed with a 1.5-tesla magnet (Signa, Horizon; Gen-

VOL. 80-A, NO. 9, SEPTEMBER 1998

HSS CON PAGE 127

1277

o s+ e st il

FiGc. 1-A

Figs. 1-A and 1-B: A thirty-year-old man who had grade-0 (intact)
articular cartilage.

Fig. 1-A: Axial fast-spin-echo magnetic resonance image demon-
strating uniform thickness of the articular cartilage over the patellar
facets. The sharp interface between the articular surface and the joint
fluid (arrow) indicates an absence of fibrillation of the surface.

Fic. 1-B
Coronal fast-spin-echo magnetic resonance image demonstrating
uniform thickness of the cartilage and a homogeneous appearance
over the condyles and plateaus.

eral Electric Medical Systems, Milwaukee, Wisconsin)
and a conventional send-receive extremity coil. Three
sequences were used to assess the articular cartilage in
the sagittal, axial, and coronal planes. Each sequence
consisted of fast-spin-echo images that were performed
with a long repetition time (3500 to 5000 milliseconds),
a short effective-echo time (thirty to thirty-four milli-
seconds),an echo train length of eight to ten,a bandwidth
of 20.8 to 31.3 kilohertz, two excitations, and a slice
thickness of 3.5 to 4.0 millimeters with no interslice
gap. Sagittal images were performed with a 512-by-256
matrix and a field of view of fifteen to sixteen centimeters
(scan time, 4.5 minutes), axial images were performed
with a 512-by-256 matrix and a field of view of fourteen
to fifteen centimeters (scan time, 4.0 minutes), and coro-
nal images were performed with a 256-by-256 matrix
and a field of view of twelve to thirteen centimeters
(scan time, 4.0 minutes). As part of our routine assess-
ment of the knee, we performed an additional sagittal
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fast-spin-echo sequence (repetition time, 4000 milli-
seconds; effective-echo time, thirty-four milliseconds)
with frequency-selective fat suppression (Chemsat; Gen-
eral Electric Medical Systems) and an individual scan
time of 3.5 minutes. The total scanning time was approx-
imately twenty minutes.

The magnetic resonance images were prospectively
analyzed by two blinded, independent readers. One of
the readers (H. G. P.) was a musculoskeletal magnetic
resonance imaging radiologist, and the other (J. M. L.)
was a musculoskeletal magnetic resonance imaging fel-
low. Seven articular surfaces were assessed: the medial
and lateral patellar facets, the trochlea, the medial and
lateral femoral condyles, and the medial and lateral tibial
plateaus. The articular cartilage was graded on the mag-
netic resonance images and at arthroscopy with a mod-
ification of the classification system of Outerbridge®.
Grade 0 indicated intact cartilage; grade 1, chondral
softening or blistering with an intact surface; grade 2,
shallow superficial ulceration, fibrillation, or fissuring
involving less than 50 per cent of the depth of the artic-
ular surface; grade 3, deep ulceration, fibrillation, fis-
suring, or a chondral flap involving 50 per cent or more
of the depth of the articular cartilage without exposure
of subchondral bone; and grade 4, full-thickness chon-
dral wear with exposure of subchondral bone. All chon-
dral lesions were confirmed in at least two separate
planes. On magnetic resonance images, the intermedi-
ate signal intensity of the articular cartilage contrasted
with the lower signal intensity of the subchondral plate
and the higher signal intensity of the joint fluid. The
cartilage was considered to be intact if the band of inter-
mediate signal intensity had a uniform thickness (Figs.
1-A and 1-B).

Arthroscopic Technique

Arthroscopy was performed by one of three sur-
geons (S. B. H,, A. A. A, or J. A. H.). The indications
for arthroscopy included a meniscal tear, disruption of
the anterior cruciate ligament, and chondral injury. Ar-
throscopy was performed with use of standard antero-
lateral and anteromedial portals. A superolateral or
superomedial portal was used for inflow. The typical
examination included a thorough inspection of the un-
dersurface of the patella from both the anterolateral
and the anteromedial portal. The surface of the cartilage
was probed from the contralateral portal. The femoral
trochlea was viewed from the anterolateral portal. The
knee was flexed and extended to assess tracking of the
patella and to document the presence of so-called kiss-
ing lesions involving the femoral trochlea and the pa-
tella. The medial femoral condyle and the medial tibial
plateau were viewed through the anterolateral portal.
The posterior aspect of the medial femoral condyle
was viewed through the intercondylar notch. The lateral
compartment was viewed with the lower limb in the
figure-four position, and the anteromedial portal was
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TABLE 1

ARTHROSCOPIC GRADING OF THE SiXx HUNDRED
AND SIXTEEN ARTICULAR SURFACES*

Surface Grade0 Gradel Grade2 Grade3 Graded

Medial 47 10 18 9 4
patellar
facet

Lateral 49 14 13 8 4
patellar
facet

Trochlea 50 14 7 10 7

Medial 34 8 13 19 14
femoral
condyle

Lateral 71 9 4 2 2
femoral
condyle

Medial 56 12 13 2 5
tibial
plateau

Lateral 61 15 7 3 2
tibial
plateau

Total

368 82 75 S3 38

*The values are given as the number of surfaces.

used as necessary to visualize the posterior aspect of
the lateral femoral condyle. The articular surfaces were
probed, and arthroscopic photographs of the involved
joint surfaces were made. The arthroscopic assessment
of the articular cartilage was recorded at the time of
arthroscopy by the operating surgeon on a standardized
data-entry form. The magnetic resonance images and
related reports were available to the surgeon at the time
of arthroscopy. However, the reports did not include
the comprehensive grading sheet that had been used to
evaluate the individual articular surfaces, and the im-
ages primarily were used to assess the ligaments and
menisci of the knee.

FI1G. 2

Axial fast-spin-echo magnetic resonance image through the knee
of a thirty-year-old woman who had an arthroscopically confirmed
grade-2 lesion of the lateral patellar facet. There is a focal blister in
the articular surface as well as a lack of a sharp interface between the
articular surface and the joint fluid (arrow). Hyperintensity of the
signal in the superficial layers of cartilage suggested intrasubstance
softening, or a grade-1 lesion.
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FiG. 3-A

Figs. 3-A, 3-B, and 3-C: A thirty-four-year-old man who had symp-
toms suggestive of a meniscal tear, including intermittent locking of
the knee.

Fig. 3-A: Sagittal fast-spin-echo magnetic resonance image demon-
strating a discrete full-thickness chondral defect (white arrow) over
the posterior margin of the lateral femoral condyle, with an adjacent
chondral flap (black arrow).

FiG. 3-B

Axial fast-spin-echo magnetic resonance image demonstrating a
loose body in the medial aspect of the suprapatellar pouch (curved
arrow). There is severe fibrillation (straight arrow) of the surface
over the lateral patellar facet, which was interpreted as grade 3 and
focal grade 4. There is also a relatively intact rind of cartilage over the
trochlea, with mild intrasubstance softening over the medial patellar
facet. The findings on the magnetic resonance images were confirmed
at arthroscopy.

Statistical Analysis

Weighted kappa statistics were calculated to assess
the degree of interobserver agreement as well as the de-
gree of agreement between the findings on magnetic
resonance imaging and those on arthroscopy. The weight-
ings were calculated with the formula 1 — (i - jl/[k — 1]),
where i and j index the rows and columns of the rat-
ings assigned by the two readers and k is the maximum
number of possible ratings (Release 4, Statistical Anal-
ysis Package; Stata, College Station, Texas). If the grades
agreed exactly, the weighting was 1.00; if they differed
by one, the weighting was 0.75; if they differed by two,
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the weighting was 0.50; if they differed by three, the
weighting was 0.25; and if they differed by four, the
weighting was 0.00. A weighted kappa value of less than
0.00 indicates poor agreement, a value of 0.00 to 0.20
indicates slight agreement, a value of 0.21 to 0.40 indi-
cates fair agreement, a value of 0.41 to 0.60 indicates
moderate agreement, a value of 0.61 to 0.80 indicates
substantial agreement, a value of 0.81 to less than 1.00
indicates almost perfect agreement, and a value of
1.00 indicates perfect agreement™.

To facilitate comparison with previous reports, the
sensitivity, specificity, positive predictive value, nega-
tive predictive value, and accuracy of magnetic reso-
nance imaging were calculated for each reader and each
articular surface by collapsing all grades into disease-
positive status (grades 2, 3, and 4) and disease-negative
status (grades 0 and 1)°. Grade 1 was considered disease-
negative status because of its relatively limited clinical
importance and a suspected higher subjectivity of estab-
lishing its presence at arthroscopy.

Results

A total of eighty-eight patients met the criteria for
inclusion in the study, and a total of 616 articular surfaces
were assessed (Table I). At arthroscopy, 368 articular
surfaces were classified as normal (grade 0); eighty-two,
as grade 1; seventy-five, as grade 2 (Fig. 2); fifty-three,
as grade 3 (Figs. 3-A, 3-B, and 3-C); and thirty-eight, as
grade 4. Grade-4 lesions were most commonly seen over
the medial femoral condyle (Figs. 4-A,4-B, and 4-C) and
the trochlea but were uncommon in the lateral femoro-
tibial compartment. Grade-3 lesions were also most
commonly seen over the medial femoral condyle and
the trochlea.

When the classifications that were assigned at ar-
throscopy were compared with those that had been
assigned by each independent reader on the basis of
magnetic resonance imaging, there was exact agreement

FiG. 3-C

Arthroscopic image of a chondral flap (arrow) over the lateral
femoral condyle. (Reprinted, with permission, from: Linklater, J., and
Potter, H. G.: Imaging of chondral defects. Op. Tech. Orthop., 7: 281,
1997.)
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FiG. 4-A
Figs. 4-A, 4-B, and 4-C: A thirty-three-year-old man who had an
arthroscopically confirmed grade-4 lesion over the medial femoral
condyle.
Fig. 4-A: Sagittal fast-spin-echo magnetic resonance image demon-
strating the discrete chondral defect (arrow).

FiG. 4-B

Coronal fast-spin-echo magnetic resonance image confirming the
_full-thickness defect (arrow).

for 444 articular surfaces (72 per cent) as assessed by
reader 1 and for 453 articular surfaces (74 per cent) as
assessed by reader 2, a difference of one grade for 155
surfaces (25 per cent) as assessed by reader 1 and for
147 surfaces (24 per cent) as assessed by reader 2, a
difference of two grades for sixteen surfaces (3 per cent)
as assessed by reader 1 and for fourteen surfaces (2
per cent) as assessed by reader 2, and a difference of
three grades for one surface (0.2 per cent) as assessed
by reader 1 and for two surfaces (0.3 per cent) as as-
sessed by reader 2 (Table 1I). When discrepancies be-
tween grade 1 (disease-negative status) and grade 2
(disease-positive status) were analyzed, with use of the
arthroscopic classification as the standard, it was found
that reader 1 had classified nineteen grade-1 surfaces as
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grade 2 and thirteen grade-2 surfaces as grade 1. Simi-
larly, reader 2 had classified fifteen grade-1 surfaces as
grade 2 and thirteen grade-2 surfaces as grade 1. When
the seven different articular surfaces were analyzed sep-
arately, the rate of exact agreement between arthros-
copy and magnetic resonance imaging ranged from 66
to 80 per cent for reader 1 and from 65 to 79 per cent
for reader 2 (Table II).

The weighted kappa statistic for interobserver agree-
ment between readers 1 and 2 was 0.93, indicating almost
perfect agreement”. The weighted kappa statistic for
agreement between magnetic resonance imaging and
arthroscopy was 0.88 for reader 1 and 0.89 for reader
2, also indicating almost perfect agreement (Table I11).

The sensitivity, specificity, positive predictive value,
negative predictive value, and accuracy of magnetic res-
onance imaging were calculated for each reader by col- -
lapsing all grades into disease-positive status (grades
2, 3, and 4) and disease-negative status (grades 0 and 1).
A review of the grades that had been assigned by reader
1 revealed 144 true-positive findings, 424 true-negative
findings, twenty-six false-positive findings, and twenty-
two false-negative findings; these data yielded a sen-
sitivity of 87 per cent (144 of 166), a specificity of 94 per
cent (424 of 450), a positive predictive value of 85 per
cent (144 of 170), a negative predictive value of 95
per cent (424 of 446), and an accuracy of 92 per cent
(568 of 616). When the grades that had been assigned
by reader 2 were used for the analysis, the sensitivity
was 87 per cent (144 of 166), the specificity was 95 per
cent (429 of 450), and the accuracy was 93 per cent (573
of 616).

The relative sensitivity, specificity, and accuracy of
magnetic resonance imaging also were calculated for
each articular surface (Table IV). Once again, grades
0 and 1 were considered disease-negative status and

FiG. 4-C

Arthroscopic photograph confirming a full-thickness chondral de-
fect over the posterior aspect of the medial femoral condyle. The
defect measured eight by twenty millimeters.
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TABLE 11

AGREEMENT BETWEEN THE FINDINGS OF THE INDEPENDENT READERS OF THE
MAGNETIC RESONANCE IMAGES AND THE FINDINGS AT ARTHROSCOPY

Exact Agreement

Difference of Difference of

(per cent) One Grade (per cent) Two Grades (per cent)
Surface Reader 1 Reader 2 Reader 1 Reader 2 Reader 1 Reader 2
Medial patellar facet 66 70 30 29 4 1
Lateral patellar facet 71 76 27 20 2 3
Trochlea* 75 74 25 25 0 2
Medial femoral condyle 67 65 28 32 5 2
Lateral femoral condyle 80 78 19 21 1 1
Medial tibial plateaut 70 79 29 20 1 1
Lateral tibial plateau 77 74 18 22 5 4
All articular surfaces 72 73 25 24 3 2

*The arthroscopic assessment differed by three grades from the magnetic resonance assessment by reader 2 for one surface.
1The arthroscopic assessment differed by three grades from the magnetic resonance assessment by reader 1 and reader 2 for one surface

each.

grades 2, 3, and 4 were considered disease-positive sta-
tus. The lateral tibial plateau was associated with the
poorest sensitivity, with proportionately more false-
negative readings. In contrast, the patellar facets (Fig.
1-A) and the trochlea were associated with relatively
high sensitivity and specificity, possibly because of the
relative thickness of the cartilage in this region.

FiG. §

Sagittal fast-spin-echo magnetic resonance image through the
knee of a fifty-two-year-old man, demonstrating a smoothly margin-
ated but full-thickness chondral defect over the posterior margin of
the lateral tibial plateau (arrow) beneath the posterior horn of the
lateral meniscus. This lesion was not confirmed at arthroscopy.

False-positive results (observed when a surface that
had been prospectively classified as grade 2, 3, or 4 on
the basis of magnetic resonance images was classified
as grade 0 or 1 at arthroscopy) typically were associated
with smoothly marginated ulcerations without fibril-
lation of the adjacent surface (Fig. 5) and with very
posterior condylar lesions (Fig. 6). Reader 1 had pro-
spectively classified five grade-0 surfaces (as deter-
mined arthroscopically) as grade 2, one grade-0 surface
as grade 3, nineteen grade-1 surfaces as grade 2, and one
grade-1 surface as grade 3, for a total of twenty-six false-
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positive results. Reader 2 had prospectively classified
fifteen grade-1 surfaces as grade 2, one grade-1 surface
as grade 3, four grade-O surfaces as grade 2, and one
grade-0 surface as grade 3, for a total of twenty-one
false-positive results. None of the surfaces that were
classified as grade 0 or 1 at arthroscopy had been pro-
spectively classified as grade 4 by either reader.

Discussion

The results of our study suggest that the use of a
specialized fast-spin-echo magnetic resonance imaging
sequence with a high-resolution matrix allows for an
accurate assessment of articular cartilage in the knee
with little interobserver variability. Our data compare
well with those in the study by Disler et al.?, in which a
fat-suppressed three-dimensional T1-weighted gradient-
echo technique was used to assess chondral defectsin the
knee and exact agreement was found for forty-three (63
per cent) of sixty-eight true-positive interpretations.

Fi1G. 6

Sagittal fast-spin-echo magnetic resonance image through the
knee of a sixty-one-year-old woman, demonstrating a discrete osteo-
chondral injury over the lateral femoral condyle (arrow) with a
full-thickness chondral defect. This was not seen at arthroscopy,
possibly because of its eccentric location.
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TABLE III
WEIGHTED KAPPA STATISTICS
Weighted
Comparison Kappa Statistic
Reader 1 and arthroscopy 0.88
Reader 2 and arthroscopy 0.89
Reader 1 and reader 2 0.93

Recht et al.” reported a sensitivity of 81 per cent
(thirty of thirty-seven), a specificity of 97 per cent (283
of 291), and an accuracy of 95 per cent (313 of 328) in a
study in which a similar gradient-echo technique was
used to grade 328 articular surfaces in forty-one patients.
Arthroscopy was used as the comparative standard. In
that study, evaluation was limited to the patellofemoral
joint, arthroscopic grading was performed retrospec-
tively by viewing a videotape, and the magnetic reso-
nance images were graded by consensus review.

The pulse sequence described in the present study
offers a slight advantage in that it allows adjacent me-
nisci, ligaments, and subchondral bone to be evaluated.
In addition, after arthroscopic treatment, metallic in-
strumentation (such as suture anchors and compression
screws) and residual metallic debris from the arthro-
scope may cause local disturbance in the magnetic field.
Fast-spin-echo sequences are superior to gradient-echo
techniques in diminishing the susceptibility artifact
caused by metallic instrumentation, which may obscure
the overlying articular cartilage®.

Previous authors have reported that magnetic reso-
nance imaging has a lower sensitivity with regard to
the detection of partial-thickness chondral lesions. Ochi
et al, in a study of sixty-three patients, reported that
magnetic resonance imaging had a sensitivity of 38 per
cent (nine of twenty-four) for the detection of chon-
dral injuries on prospective evaluation and a sensitivity
of 75 per cent (eighteen of twenty-four) on retrospec-
tive evaluation. However, the pulse sequence that was
used to evaluate the cartilage, a conventional spin-
echo multiecho acquisition with a relatively thick (five-
millimeter) slice and a 256-by-256 matrix, was different
from ours and yielded poorer spatial resolution. Simi-
larly, Blackburn et al. reported that arthroscopy was
more sensitive than both plain radiography and mag-
netic resonance imaging for the evaluation of chondral
abnormalities in patients who had osteoarthrosis of
the knee. Those authors conducted a consensus review
of the magnetic resonance images that had been per-
formed for sixteen of their thirty-three patients. The
images in that study were performed with T1-weighted
fat-suppressed spin-echo sequences as well as gradient-
recalled sequences; however, the maximum matrix was
256 by 256, which limited the spatial resolution. Finally,
Spiers et al., in a prospective study of fifty-eight patients,
reported that three-dimensional gradient-echo mag-
netic resonance images that were performed with a 256-
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by-256 matrix had a high specificity (100 per cent) but
a low sensitivity (18 per cent) for the detection of lesions
in the articular cartilage of the knee.

We believe that proper technique is crucial to the
ability to detect subtle chondral injuries with the use of
magnetic resonance imaging. Higher resolution allows
for the detection of early morphological changes in the
articular surface, such as fibrillation, and places less di-
agnostic reliance on changes in signal intensity, which
may be subject to imaging artifacts™. Even in the ab-
sence of substantial intra-articular joint fluid, the pulse
sequence that we used permitted differentiation among
articular cartilage, subchondral bone, and meniscus (Fig.
7). This obviates the need for an intra-articular contrast
agent and preserves the advantage of magnetic reso-
nance imaging as a non-invasive tool. Poor contrast be-
tween joint fluid and the superficial layers of cartilage
has been implicated as a cause of relatively poor sensi-
tivity when magnetic resonance imaging has been used
prospectively for the detection of chondral injuries®.

In the present study, confirmation of chondral inju-
ries in two planes helped to avoid partial volume effects,
particularly in the region where the condyles curve to-
ward the intercondylar notch. Because of the obliquity
of the patellar facets, axial images were deemed supe-
rior for the visualization of the articular cartilage of
the patella.

Magnetic resonance imaging demonstrated rela-
tively poor sensitivity (seven of twelve) with regard to
the detection of severe (grade-2, 3, or 4) chondral le-
sions of the lateral tibial plateau; this finding is in part
reflective of the relatively small number of chondral
lesions that were noted in this region at arthroscopy. It
should be noted, however, that the lateral tibial plateau
also was described by Disler et al.® as a difficult region
in which to detect chondral lesions. In part, this difficulty

Fic. 7

Coronal fast-spin-echo magnetic resonance image through the
knee of a thirty-seven-year-old man, demonstrating a small full-
thickness chondral defect over the medial femoral condyle (arrow).
The lesion was confirmed at arthroscopy. With use of appropriate
pulse sequences, the lack of effusion in the joint does not limit
prospective evaluation of important chondral lesions.
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TABLE 1V

RELATIVE SENSITIVITY, SPECIFICITY, AND ACCURACY FOR EACH ARTICULAR SURFACE
FOR THE FINDINGS OF READER 1 COMPARED WITH THOSE AT ARTHROSCOPY*

Findings on Magnetic Resonance Imaging Disease-
True- True- False- False- Positive Status

Surface Positivet Negativet Positivet Negativet at Arthroscopy? Sensitivity Specificity

(per cent) (per cent)
Medial patellar facet 30 51 6 1 31 97 89
Lateral patellar facet 23 59 4 2 25 9 94
Trochlea 22 61 3 2 24 92 95
Medial femoral condyle 38 40 2 8 46 83 95
Lateral femoral condyle 8 77 3 0 8 100 96
Medial tibial plateau 16 65 3 4 20 80 96
Lateral tibial plateau 7 71 5 5 12 58 93
Total 144 424 26 22 166 87 94

*Grades 0 and 1 were considered disease-negative status, and grades 2, 3, and 4 were considered disease-positive status.
1The values indicate the number of surfaces associated with each finding.

may be a function of the convex surface of the plateau,
which, when subjected to sectioning into tomographic
coronal and sagittal images, may impart more partial
volume effects and imaging artifacts. In contrast, mag-
netic resonance imaging demonstrated superior sensi-
tivity (92 and 96 per cent) with regard to the detection
of defects involving the patellar facets, which are rela-
tively thick and straight; this finding also is consistent
with those of other studies™.

When the results of magnetic resonance imaging
and arthroscopy were compared, there appeared to be
a tendency for the readers of the magnetic resonance
images to overdiagnose chondral softening, or grade-1
lesions. It is unclear if this finding suggests that magnetic
resonance imaging has superior sensitivity with regard
to the detection of edema in the cartilage, which may
not be apparent as palpable softening at arthroscopy, or
if it represents an imaging artifact. The reported trunca-
tion artifact’ that could account for a factitious laminar
appearance on magnetic resonance pulse sequences is
minimized with our technique by virtue of the relatively
small pixel size and the high-resolution matrix. In addi-
tion, chemical shift misregistration, which may account
for misregistration of the interfaces between the fat con-
tained in the subchondral marrow and the fluid con-
tained in the cartilage, is minimized with the additional
fat-suppression technique. Because of its reliance on
morphological changes rather than changes in signal
intensity, our magnetic resonance pulse sequence can
be used in conjunction with most standardized arthro-
scopic classification systems, which are designed to as-
sess morphological changes in the chondral surface. Of
note, given the superior visualization of subtle chondral

lesions with the use of a smaller pixel size, we sub-
sequently modified our imaging parameters to include
a matrix of 512 by 384 in the sagittal plane and a matrix
of 512 by 256 in the coronal plane.

The present study had a number of limitations. First,
there was a selection bias because of the high prevalence
of chondral injuries observed at our tertiary-care center.
Second, the orthopaedic surgeons had access to the mag-
netic resonance images and reports at the time of ar-
throscopy. However, the magnetic resonance images
primarily were used to assess menisci and ligaments and
the surgeons did not have access to the grading sheets.
Finally, although our patients ranged in age from twenty-
three to eighty-two years, the average age of thirty-eight
yearsisrelatively young,indicating that a greater number
of chondral lesions were due to trauma as opposed to
osteoarthrosis. Additional studies of older patients are
necessary to determine the value of this pulse sequence
in the detection of lesions due to osteoarthrosis.

Despite these limitations, we believe that this mag-
netic resonance pulse sequence provides a non-invasive,
accurate, and reproducible method with which to diag-
nose traumatic chondral lesions of the knee. This is the
largest study to date, of which we are aware, in which all
of the articular surfaces of the knee were assessed by
independent readers with the use of magnetic resonance
imaging. With the use of readily available software on
all high-field-strength magnetic resonance units, this se-
quence should provide a reasonable method with which
to study patients after operative intervention for lesions
in the cartilage.

Note: The authors acknowledge the contributions of George A. Paletta, M.D., Riley
Williams, M.D., and Margaret Peterson, Ph.D.
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culture and performance and ensures that every employee is aligned with the Hospital's
mission and vision of providing every patient with an unsurpassed experience that result
in excellent medical outcomes.

Mr. Shapiro has more than 30 years of healthcare experience in a variety of settings.
Prior to his arrival at HSS, he served as Executive Vice President and Chief Operating
Officer at Geisinger Health System in Pennsylvania. Prior to Geisinger, Mr. Shapiro was
a leader in the healthcare practice at McKinsey & Company and began his career at
Allegheny General Hospital, where he served in a number of capacities in the
Pittsburgh-based system.

Mr. Shapiro is a Fellow of the American College of Healthcare Executives and received
its Award of Distinction in 2009. He is also a member of the Regional Policy Board for
the American Hospital Association and the Young Presidents Organization. He was
elected Vice Chair of the Greater New York Hospital Association Board of Governors for
the 2012-13 term. He serves on the Board of the non profit organization Crutches for
Kids. Mr. Shapiro earned his B.S. and M.H.A degrees from the University of Pittsburgh.
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Stacey L. Malakoff - Executive Vice President and Chief Financial Officer, joined the
Hospital in November 1990 as Director of Reimbursement. Effective August 1992, she
was named Controller and effective September 1996, Vice President of Finance. She
was appointed to her current position as Executive Vice President and Chief Financial
Officer in August 1998. She received her Bachelor of Science Degree in Business
Administration from Washington University in Saint Louis, MO in 1985 and was licensed
as a Certified Public Accountant in 1987.

Prior to joining the Hospital, Ms. Malakoff served as manager in the audit division of
Ernst & Young LLP. She is a member of the New York State Society of CPAs, the
American Institute of CPAs, the Greater New York Hospital Association Fiscal Policy
Committee, and is an advanced member of the Healthcare Financial Management
Association. She is also the Treasurer and member of the Board of Directors of MIAC.
In 2001, she was honored by Crain’s Magazine in their “40 under 40" issue listing of top
executives in the New York City area.

Lisa A. Goldstein - Executive Vice President and Chief Operating Officer, joined the
Hospital in March 1997. She received her Bachelor of Science Degree in Industrial and
Labor Relations from Cornell University in 1977 and her Master of Professional Studies
Degree in Health Services Administration from the Business School at Cornell University
in 1979.

Prior to joining the Hospital, Ms. Goldstein served as Vice President and Chief Operating
Officer at Wayne General Hospital in Wayne, New Jersey from 1986-1996. Ms.
Goldstein is a Fellow of the American College of Healthcare Executives.

Ralph J. Bianco - Vice President, Operations, joined the Hospital in October of 1976.
As Vice President, Operations he is responsible for oversight of multiple departments
including the Department of Radiology & Imaging and the Division of Magnetic
Resonance Imaging. Mr. Bianco received his Bachelor of Science degree from Arizona
State University and graduated from the New York Hospital School of Radiology prior to
joining Hospital for Special Surgery as a Radiologic Technologist in 1976. In 1983 Mr.
Bianco received a Masters Degree in Healthcare Administration from Long Island
University.
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A. GENERAL INFORMATION

Hospital Address:

Home Address:

Citizenship:

CURRICULUM VITAE

HOLLIS G. POTTER, MD

2012

Department of Radiology & Imaging, Division of MRI

Hospital for Special Surgery
535 East 70th Street

New York, NY 10021

Tel: 212-606-1023

Fax: 212-774-2786

E-mail: potterh@hss.edu

52 Dingletown Road
Greenwich, CT 06830

USA

B. EDUCATIONAL BACKGROUND

A.B. 1976 - 1980
1978 - 1979
M.D. 1981 - 1985

Smith College -- Magna cum Laude
Northampton, MA

Dartmouth College -- Junior Year Exchange
Hanover, NH

New York Medical College

New York, NY

C. PROFESSIONAL POSITIONS & EMPLOYMENT

Post-Doctoral Training
Intern
Internal Medicine

Resident
Diagnostic Radiology

Chief Resident
Diagnostic Radiology

Fellow
Musculoskeletal Radiology
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Danbury Hospital
Danbury, CT

North Shore University Hospital
Manhasset, NY

North Shore University Hospital
Manhasset, NY

Hospital for Special Surgery
New York, NY

1985 - 1986

1986 - 1990

1989 - 1990

1990 - 1991
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C. PROFESSIONAL POSITIONS & EMPLOYMENT {Cont’d}

Post-Doctoral Training
Fellow
Skeletal Radiology

Academic Positions
Assistant Professor of Radiology

Senior Scientist/Senior
Clinical Investigator,
Research Division

Associate Professor of Radiology

Professor of Radiology

Hospital Positions
Junior Attending Radiologist

Assistant Attending Radiologist

Associate Attending Radiologist

Chief, Division of Magnetic
Resonance Imaging

Director of Research
Member, Laboratory for
Soft Tissue Research

Attending Radiologist
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New York Hospital
Cornell University Medical College
New York, NY

Cornell University Medical College
New York, NY

Hospital for Special Surgery
New York, NY

Weill Medical College of Cornell University
New York, NY

Weill Medical College of Cornell University
New York, NY

Hospital for Special Surgery
New York, NY

Hospital for Special Surgery &
New York Hospital
New York, NY

Hospital for Special Surgery &
New York Hospital
New York, NY

Hospital for Special Surgery
New York, NY

Hospital for Special Surgery
New York, NY

Hospital for Special Surgery
New York, NY

Hospital for Special Surgery
New York, NY

2

1990 - 1991

1991 - 1998

1995-present

1998 - 2002

2002-present

1990 - 1991

1991 - 1998

1998 - 2002

1994-present

2000-present

2001-present

2002-present
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D. LICENSURE, BOARD CERTIFICATION, MALPRACTICE

Licensure:
DEA:

Board Certification:

Malpractice Insurance:

NPI:

1986 State of New York (Lic #168228)
BP2699633

1985 National Board of Medical Examiners
1990 American Board of Radiology

Yes -- Premium paid by Hospital for Special Surgery

1629085188

E. PROFESSIONAL MEMBERSHIPS

Scientific Societies:

Hospital Committees:
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Radiological Society of North America

New York Roentgen Society

American College of Radiology

American Roentgen Ray Society

American Academy of Orthopaedic Surgeons

International Society for Magnetic Resonance in Medicine

Society of Skeletal Radiology

International Cartilage Repair Society

American Orthopaedic Society for Sports Medicine
ACL Study Group

Elected to Research Committee, AOSSM
Orthopaedic Research Society

American Shoulder and Elbow Surgeons

The Knee Society

The Hip Society

Elected to Program Committee, ISMRM

ISMRM MSK Program Committee Chair 2010-2011

Director of Research, Department of Radiology
Chairperson, Clinical Research Committee
Research Faculty Council

HSS Research Council

By-Laws Committee

Educational Curriculum Committee
Authorship Committee

Orthopaedic Clinical Research Panel
Chairperson, Radiology Clinical Pre-review Panel
Board of Trustees

Development Committee

Research Leadership Committee

Institutional Registry Committee

3

1986
1990
1990
1993
1996
1996
1997
1998
2001
2001
2003
2003
2003
2006
2007
2008
2010

1998-present
2000-02
2000-02
2004-present
2003-2008
2003-present
2003-present
2003-present
2003-present
2004-2007
2004-present
2011-present
2011-present
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F. ADVISORY BOARDS and NIH/NIAMS STUDY SECTIONS

2005  Member: Scientific Advisory Board — Osteoarthritis Policy Model
Division of Rheumatology, Immunology and Allergy
Brigham & Women’s Hospital

2008-12 Consultant, Orthopaedic and Rehabilitation Devices Panel, Medical Devices Advisory
Committee and Center for Devices and Radiological Health, Food and Drug Administration,
Department of Health and Human Services, Rockville MD

2009  Consultant, Cellular, Tissue and Gene Therapies Advisory Committee, Food and Drug
Administration, Rockville/Gaithersburg, MD

2010  Member: International Scientific Advisory Board
Austrian Science Fund
Technical University of Vienna and the Medical University of Vienna

Study Sections

The National Institute of Health (NIH); Skeletal Biology Development and Disease Study Section
2007--2009

NIH (NIAMS); NIAMS Musculoskeletal Disease Research Core Centers Study Section, 2008
NIH (NIAMS BAA), Ancillary and Complementary Research to the Osteoarthritis Initiative, 2009
NIH (NIAMS), Special Emphasis Panel, BRDG-SPAN and Catalyst ARRA, 2009

NIH, Biomedical Imaging Technology, 2010-11

NIH (NIAMS): NIAMS Post Traumatic Osteoarthritis Study Section, 2010

NIH (NIAMS): P50 Center of Research Translation, Special Emphasis Panel Member, 2010

NIH (NIAMS): Ancillary Studies Review Panel (SRO), 2011

The Merit Review Panel for Cellular and Molecular Medicine (CAMM 1), 2011

NIH Medical Imaging Study Section (MEDI) 2012

Working Groups

OARSI FDA Biomarker and Imaging Working Groups, 2008, 2009

OARSI FDA OA Initiative: Assessment of Structural Change Working Group, 2009, 2010
Associate Editor for Imaging, Sports Health (AOSSM)

Editorial Board, Osteoarthritis and Cartilage

Editorial Board, Cartilage (The International Cartilage Repair Society journal)

G. CURRENT CONSULTING RELATIONSHIPS
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Consultant Kensey Nash Corporation

Biomet
BioMimetic Therapeutic, Inc. (completed 2011)
Smith & Nephew (cartilage repair; completed 2011)

Medical Education Consultant Depuy Orthopaedics, Inc. (completed 2010)

Advisory Board Kensey Nash Corporation (cartilage repair)

H. HONORS & AWARDS

1980

1985

1994

1994

1995

1997

2000

2005

2005

Phi Beta Kappa
Alpha Omega Alpha
The American Orthopaedic Association Research Award. Montgomery KD, Potter HG,

Helfet DL. The use of magnetic resonance imaging to evaluate the deep venous system of the
pelvis in patients with acetabular fractures.

Gary G. Winzelberg Memorial Research Award. Surgery of the Pelvis and Acetabulum: The
Second International Consensus. Montgomery KD, Potter HG, Helfet DL. Detection and
management of proximal deep venous thrombosis in patients with acute acetabular fractures.

Philip D. Wilson Award for Excellence in Orthopaedic Surgery. Montgomery KD, Potter
HG, Helfet DL. The use of magnetic resonance imaging to evaluate the deep venous system
of the pelvis in patients with acetabular fractures.

Philip D. Wilson Award for Excellence in Orthopaedic Surgery. Simonian PT, Sussmann PS,
Wickiewicz TL, Potter HG, van Trommel M, Weiland-Holland S, Warren RF.
Popliteomeniscal fasciculi and the unstable lateral meniscus.

Philip D. Wilson Award for Excellence in Orthopaedic Surgery. Ryan MG, Westrich GH,
Potter HG, Maun LM, Sculco, TP, Salvati EA. Effect of mechanical compression on the
incidence of proximal deep venous thrombosis as assessed by magnetic resonance
venography.

Cabaud Award for Excellence in Basic Science. The American Orthopaedic Society for
Sports Medicine. McCarty EC, Glenn E, Juliao SJ, Ho ST, Gordon J, Spindler KP, Potter
HG. Fresh osteochondral allograft versus autograft: Twelve month results in isolated canine
knee defects.

Charles L. Christian Award for Musculoskeletal Research. Campbell SE, Foo LF, Camacho
NP, Tamaroff ER, Potter HG. Quantitative T, mapping and FT-IRIS of intact and
enzymatically degraded cartilage: Alterations in structural anisotropy.
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2005

2006

2006

2006

2007

2008

2009

2010

2011

2011

2011
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Keynote Speaker: 22" Annual Interim Meeting — Knee Society. MRI of Osteoarthritis:
Early Disease Detection to Imaging of Joint Arthroplasty.

Charles L. Christian Award for Musculoskeletal Research. Fung S, Rodeo SA, Williams RJ,
Marx R, Potter HG. Stratification of cartilage injury following isolated ACL injury.

Distinguished Speaker: Annual Faculty Lecture of the 1% Musculoskeletal and Quantitative
Imaging Research Awards. MRI of Cartilage: Injury, degeneration and repair. San
Francisco, CA. August 29, 2006

RSNA Certificate of Merit: Choi YS, Potter HG, Chun TJ. MR imaging of cartilage repair
in the knee and ankle. 92" Scientific Assembly & Annual Meeting of the Radiologic Society
of North America. November 26 — December 1, 2006.

ABJS Nicholas Andry Award: Salvati EA, Sharrock NE, Westrich G, Potter HG, Gonzalez
Della Valle A, Sculco TP. Three decades of clinical, basic and applied research on
thromboembolic disease after total hip arthroplasty. The rationale and clinical results of a
multimodal prophylaxis protocol.

Keynote Speaker: Forum 2008. Sandy Kirkley Memorial Lecture. MRI of cartilage.
Paradise Island, Bahamas. January 19, 2008

The 2009 Littlejohn Lecturer in Comparative Orthopaedics. The University of Missouri
Comparative Orthopaedic Laboratory and Department of Orthopaedic Surgery. Magnetic
resonance imaging of articular cartilage: trauma, degeneration, and repair. Columbia,
Missouri. April 10, 20009.

EFORT Jacques Duparc Award: Kepler C, Green D, Bogner E, Potter HG, Hammoud S.
MRI Evaluation of Medial Patellofemoral Ligament Injury after Primary Patellar Dislocation
in Children.

Fellow, International Society for Magnetic Resonance in Medicine

Keynote Speaker: ASTM International. What imaging modalities are available for
characterizing adverse local tissue reactions in MOM. Anaheim, CA. May 17, 2011

Outstanding Teacher Award. International Society of Magnetic Resonance in Medicine
Annual Meeting.

2003-12 New York Magazine’s Best Doctors

2011

Charles L. Christian Award for Musculoskeletal Research. Hayter CL, Koff MF, Koch KM,
Shah P, Su EP, Potter HG. Magnetic Resonance Imaging of Metal on Metal Hip Resurfacing
Implants.
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2011  Keynote Speaker: The Royal Australian and New Zealand College of Radiologists 62 Annual
Scientific Meeting. Melbourne, Victoria, Australia. October 6-9, 2011.

2012 8™ Annual Lodwick Award for Excellence in Musculoskeletal Research. Hayter CL, Koff
MF, Shah P, Koch KM, Miller TT, Potter HG. MRI After Arthroplasty: Comparison of
MAVRIC and conventional Fast Spin Echo Techniques. AJR 2011;197(3):W405-11

I. INSTITUTIONAL AFFILIATION

Primary Hospital: Hospital for Special Surgery
Other Hospital: New York Presbyterian Hospital
Weill Medical College of Cornell University

J. CURRENT INSTITUTIONAL RESPONSIBILITIES & PERCENT EFFORT

Teaching Experience

Third Year Cornell University 1989 - present
Medical Student - Radiology

Clerkship - Bone & Joint

Teaching Experience

First - Fourth Year Radiology Residents 1989 - 1990
North Shore University Hospital

Cornell University

First - Fourth Year Radiology Residents 1990 - present
New York Presbyterian Hospital
Weill Medical College of Cornell University

First - Fourth Year Orthopaedic Residents 1991 - present
Hospital for Special Surgery
Weill Medical College of Cornell University

Musculoskeletal MRI Fellows 1995 - present
Hospital for Special Surgery
Weill Medical College of Cornell University

Orthopaedic Fellows 1994 - present

Sports Medicine Shoulder Service

Hospital for Special Surgery

Weill Medical College of Cornell University

Clinical Care

Chief, MRI Division: Responsible for daily interpretation of cases, protocol changes and case review
with clinicians, residents and fellows.

Administrative Duties
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Chief, MRI Division: Coordinate the daily function of MR units: scheduling of cases; technologists
supervision; hiring of new technologists and support staff; initiation, update and standardization of
MRI protocols. Direct the future development of MRI at HSS, including software, coil and hardware
acquisition, research and engineering support negotiations with vendors, review of architectural design
and engineering requirements for the expanded MRI Center for the Diagnosis of Musculoskeletal
Conditions.

Research

Director of Research, Department of Radiology & Imaging: Entails mentoring of fellows and residents
in MRI projects. Direct and coordinate all research projects using MR facilities in both clinical and
non-clinical models.

Research Coordinator for Imaging, Sports Medicine and Shoulder Service: Guide the utilization of
imaging services in study designs, as well as the collection and interpretation of data for all projects
using MRI.

Member, Research Council: Multidisciplinary executive council for the Research Division, elected by
research professional staff. Acts to review current research policy (both clinical and basic science) at
HSS, and make modifications necessary in existing research policy, including issues of space
allocation, appointment and promotion, laboratory organization, and authorship.

Percent Effort
Teaching 20% Administration 20%
Clinical Care 30% Research 30%

K. RESEARCH SUPPORT

Active
1. NIH/NIBIB Training Grant (1T35EB006732)
= Clinical Summer Immersion for Biomedical Engineering PhD Students
The objective of this training project is to provide substantial clinical exposure for biomedical
engineering students through a short-term intensive summer immersion program
Role: Co-investigator; Principle investigator: Yi Wang, PhD

2. NIH/NIAMS (1R01AR057343-01A2)
$2,092,486.00
4/1/2010-4/1/2014
= Designing a Meniscal Substitute Through An 