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To determine whether the addition of a T2 mapping
sequence to a routine magnetic resonance (MR) imaging
protocol could improve diagnostic performance in the de-
tection of surgically confirmed cartilage lesions within the
knee joint at 3.0 T.

This prospective study was approved by the institutional
review board, and the requirement to obtain informed
consent was waived. The study group consisted of 150 pa-
tients (76 male and 74 female patients with an average age
of 41.2 and 41.3 years, respectively) who underwent MR
imaging and arthroscopy of the knee joint. MR imaging
was performed at 3.0 T by using a routine protocol with
the addition of a sagittal T2 mapping sequence. Images
from all MR examinations were reviewed in consensus by
two radiologists before surgery to determine the presence
or absence of cartilage lesions on each articular surface,
first by using the routine MR protocol alone and then by
using the routine MR protocol with T2 maps. Each artic-
ular surface was then evaluated at arthroscopy. General-
ized estimating equation models were used to compare
the sensitivity and specificity of the routine MR imaging
protocol with and without T2 maps in the detection of
surgically confirmed cartilage lesions.

The sensitivity and specificity in the detection of 351
cartilage lesions were 74.6% and 97.8%, respectively, for
the routine MR protocol alone and 88.9% and 93.1% for
the routine MR protocol with T2 maps. Differences in
sensitivity and specificity were statistically significant (P <
.001). The addition of T2 maps to the routine MR imaging
protocol significantly improved the sensitivity in the detec-
tion of 24 areas of cartilage softening (from 4.2% to 62%,
P < .001), 41 areas of cartilage fibrillation (from 20%
to 66%, P < .001), and 96 superficial partial-thickness
cartilage defects (from 71% to 88%, P = .004).

The addition of a T2 mapping sequence to a routine MR
protocol at 3.0 T improved sensitivity in the detection
of cartilage lesions within the knee joint from 74.6% to
88.9%, with only a small reduction in specificity. The great-
est improvement in sensitivity with use of the T2 maps
was in the identification of early cartilage degeneration.
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e identification of early cartilage
degeneration in symptomatic pa-
tients undergoing routine magnetic

resonance (MR) imaging of the knee joint
is clinically important (1-6). Intervention
strategies, including weight loss, aerobic
activity, and range of motion and strength-
ening exercises, may alleviate symptoms
in patients with osteoarthritis and poten-
tially slow the rate of joint degeneration
(1). There has also been much recent
effort in developing disease-modifying
osteoarthritis drugs, with many promis-
ing new pharmacologic agents currently
being investigated in clinical trials (2-6).
The prospects for slowing or even stop-
ping early osteoarthritis are generally
thought to be much stronger than those
for slowing more advanced forms of the
disease (4,7). Thus, successful treatment
of patients with osteoarthritis requires
early identification of cartilage degener-
ation within the knee joint.

Evaluation of articular cartilage in
symptomatic patients undergoing rou-
tine MR imaging of the knee joint is typ-
ically performed by using sequences that

Advances in Knowledge

® A routine MR imaging protocol
with T2 maps has significantly
higher sensitivity (P < .001) in
the detection of cartilage lesions
within the knee joint at 3.0 T
compared with a routine MR
protocol alone, with the greatest
improvement occurring in the
identification of early cartilage
degeneration.

B A routine MR imaging protocol
with T2 maps has significantly
lower specificity (P < .001) in
the detection of cartilage lesions
within the knee joint at 3.0 T
compared with a routine MR im-
aging protocol alone and cannot
depict all areas of cartilage
degeneration.

B A routine MR imaging protocol
with T2 maps has similar inter-
observer agreement as a routine
MR imaging protocol alone for
determining the presence or
absence of cartilage lesions
within the knee joint at 3.0 T.

assess cartilage morphology (8-18). The
main limitation of morphologic cartilage
imaging sequences is their relatively
low sensitivity in the detection of early
cartilage degeneration (8-18). Quantita-
tive cartilage imaging techniques such as
T2 mapping sequences have also been
used to evaluate the articular cartilage
of the knee joint (19-25). T2 mapping
sequences are now commercially avail-
able on many MR vendor platforms and
can help detect changes in the water and
collagen content and the three-dimen-
sional ultrastructure of cartilage (26-
30). These sequences have been used
extensively in osteoarthritis research
studies to detect disease- and treatment-
related changes in articular cartilage
(19-25). However, few previous studies
have investigated the ability of T2 map-
ping sequences to depict early cartilage
degeneration in symptomatic patients
(31,32). Thus, this study was performed
to determine whether the addition of a
T2 mapping sequence to a routine MR
imaging protocol could improve diagnos-
tic performance in the detection of sur-
gically confirmed cartilage lesions within
the knee joint at 3.0 T.

Materials and Methods

Study Group

The study was performed in compli-
ance with Health Insurance Portability
and Accountability Act regulations and
with the approval of our institutional
review board. The requirement to ob-
tain informed consent was waived. The
study group consisted of 10 patients
evaluated retrospectively and 150 pa-
tients evaluated prospectively at our

Implication for Patient Care

B The addition of a T2 mapping
sequence to a routine MR im-
aging protocol at 3.0 T can
improve the detection of cartilage
lesions within the knee joint and
may be especially useful in cer-
tain patient populations where
the identification of early
cartilage degeneration is clini-
cally important.

institution by using MR imaging and
arthroscopy of the knee joint.
Between April 1, 2010, and Decem-
ber 1, 2010, 136 symptomatic patients
(70 male patients aged 16-74 years [av-
erage age, 44.1 years| and 66 female
patients aged 15-76 years [average age,
44.7 years|) who underwent routine
MR imaging of the knee at our insti-
tution were included in a retrospective
study to qualitatively investigate the
normal distribution of cartilage T2 re-
laxation time on each articular surface
of the knee joint. All 136 patients un-
derwent imaging with our routine knee
MR imaging protocol and a T2 mapping
sequence. Forty-nine patients (25 male
patients aged 17-64 years [average age,
40.6 years| and 24 female patients aged
16-65 years [average age, 41.1 years])
underwent subsequent arthroscopic
knee surgery and were identified retro-
spectively by means of a review of the
orthopedic surgery schedule. The med-
ical records and MR images from these
49 patients were reviewed to identify 10
patients who met the following inclu-
sion criteria: (a) age less than 23 years;
(b) body mass index of less than 30;
(c) no history of previous knee surgery;
(d) no history of inflammatory, crystal-
line, or infectious arthritis; (e) normal
articular cartilage identified at arthros-
copy; (f) no ligament tear identified at
MR imaging or arthroscopy; and (g) no
bone marrow edema identified at MR
imaging. The retrospective study group
consisted of these 10 patients (five male
patients aged 17-25 years [average age,
23.1 years| and five female patients
aged 18-25 years [average age, 23.5
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years|) with arthroscopically normal
articular cartilage.

Between December 15, 2010, and
February 1, 2012, 290 symptomatic pa-
tients (148 male patients aged 15-71 years
|average age, 43.9 years| and 142 female
patients aged 16-75 years |average age,
44.8 years|) undergoing routine MR im-
aging of the knee at our institution were
included in a prospective study investigat-
ing the ability of a T2 mapping sequence
to evaluate the articular cartilage of the
knee joint. All 290 patients underwent
imaging with our routine knee MR pro-
tocol and a T2 mapping sequence. One
hundred fifty of these 290 patients un-
derwent subsequent arthroscopic knee
surgery and were identified prospectively
by means of a review of the orthopedic
surgery schedule. The prospective study
group consisted of these 150 consecutive
patients (76 male patients aged 17-63
years |average age, 41.2 years| and 74
female patients aged 18-64 years [aver-
age age, 41.5 years]) who were evalu-
ated with MR imaging and arthroscopy.
No patient was excluded from the study
on the basis of any factor including age,
weight, severity of knee injury, history of
previous knee surgery, or quality of the
MR images.

MR Examination

The 10 patients in the retrospective study
group and the 150 patients in the pro-
spective study group underwent imaging
with the same 3.0-T MR unit (Sigma

Excite HDx; GE Healthcare, Waukesha,
Wis) by using an eight-channel phased-
array extremity coil (Precision Eight TX/
TR High Resolution Knee Array; Invivo,
Orlando, Fla). All MR examinations
consisted of an axial frequency-selective
fat-suppressed T2-weighted fast spin-
echo sequence, a coronal intermediate-
weighted fast spin-echo sequence, a co-
ronal frequency-selective fat-suppressed
intermediate-weighted fast spin-echo
sequence, a sagittal intermediate-weight-
ed fast spin-echo sequence, a sagittal
frequency-selective fat-suppressed T2-
weighted fast spin-echo sequence, and
a sagittal T2 mapping sequence (Carti-
gram, GE Healthcare). The imaging pa-
rameters of all sequences are summa-
rized in Table 1. T2 maps of the articular
cartilage of the knee joint, with a color
scale ranging between 25 and 75 msec,
were created from the T2 mapping
source data. The T2 maps were created
in less than 5 minutes by a technologist
immediately following the MR examina-
tion with use of postprocessing software
(AW MR Func Tool, GE Healthcare) on
the imager workstation.

Image Evaluation

Retrospective study group.—The T2
maps from the 10 patients in the ret-
rospective study group were reviewed
in consensus by two fellowship-trained
musculoskeletal radiologists with 10
and 13 years of clinical experience
with use of a picture archiving and

communication system workstation (Ho-
rizon Medical Imaging; McKesson, San
Francisco, Calif). The radiologists quali-
tatively assessed the normal distribution
of cartilage T2 relaxation time on each
articular surface of the knee joint. The
articular cartilage was divided into su-
perficial and deep layers, and the range
of T2 relaxation times within each layer
on each articular surface was deter-
mined by using the color scales. Patterns
of regional variations in T2 relaxation
time were also assessed by measuring
the percentage thickness of the deep
layer of cartilage in various regions on
each articular surface by using elec-
tronic calipers on the picture archiving
and communication system workstation.

Prospective  study group.—The
MR images from all 150 patients in
the prospective study group were
reviewed in consensus by the same
two fellowship-trained musculoskele-
tal radiologists with use of a picture
archiving and communication system
workstation (Horizon Medical Imag-
ing) before arthroscopic knee sur-
gery. All sequences in the routine MR
imaging protocol were first used to-
gether to grade the articular cartilage
on the patella, trochlea, medial fem-
oral condyle, lateral femoral condyle,
medial tibial plateau, and lateral tibial
plateau according to a modified Noy-
es classification system, as follows:
grade 0 = normal cartilage, grade 1
= increased T2 signal intensity within

Table 1

Summary of MR Imaging Parameters

Axial Fat-saturated Coronal Intermediate-

Coronal Fat-saturated

Sagittal Intermediate- Sagittal Fat-saturated

Parameter T2-weighted FSE  weighted FSE Intermediate-weighted FSE  weighted FSE T2-weighted FSE Sagittal T2 Mapping
Repetition time (msec) 4300 1800 2000 2000 5300 1500
Echo time (msec) 77 20 20 20 80 9,18, 27, 36, 44, 53, 62, 71
Flip angle (degrees) 90 90 90 90 90 90
Matrix size 448 X 224 384 X 224 384 X 224 384 X 224 384 X 224 320 X 192
Field of view (cm) 18 14 14 14 14 16
Section thickness (mm) 3 2 2 2 3 3
Bandwidth (kHz) 41.7 31.2 31.2 31.2 41.7 31.3
Echo train length 21 4 4 4 20 N/A
No. of signals acquired 4 2 2 2 3 1
Imaging time 3 min 30 sec 3 min 25 sec 3 min 26 sec 3 min 26 sec 3 min16 sec 5 min

Note.—FSE = fast spin echo.
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morphologically normal cartilage,
grade 2A = superficial partial-thick-
ness cartilage lesion less than 50%
of the total thickness of the articu-
lar surface, grade 2B = deep partial-
thickness cartilage lesion greater
than 50% of the total thickness of the
articular surface, and grade 3 = full-
thickness cartilage lesion (18,33,34).
The T2 maps were then used to detect
areas of increased T2 relaxation time
on articular surfaces that appeared
normal with the routine MR imaging
protocol (19,31,32,35,36). Articular
cartilage that appeared normal with
the routine MR imaging protocol but
showed increased T2 relaxation time
on the T2 maps was classified as a
grade 1A cartilage lesion. The loca-
tion and grade of all cartilage lesions
were documented on a knee map pro-
vided in the International Knee Doc-
ument Committee Knee Evaluation
Form (37).

When a grade 2A or 2B cartilage
lesion was identified with the routine
MR imaging protocol, the T2 maps
were used to determine whether the
partial-thickness cartilage lesion had
a normal, increased, or decreased
T2 relaxation time. When a grade 1A
cartilage lesion was identified on the T2
maps, the presence or absence of four
features of the area of increased T2 re-
laxation time was determined. These
features included whether the area of
increased T2 relaxation time (a) was
two or more color scales higher than
normal, (b) was more than 1 cm in
maximal diameter, (c) was present on
at least two consecutive images, and
(d) involved the entire thickness of the
deep cartilage layer.

The MR images from 40 randomly
chosen patients from the prospective
study group were reviewed a second time
independently by the same two fellow-
ship-trained musculoskeletal radiologists,
who were blinded to the arthroscopic
findings. To prevent recall bias, the sec-
ond review was performed a minimum
of 4 months after the initial review. The
second review of the MR images was per-
formed in the same manner as the initial
review and was used to assess interob-
server agreement for determining the

presence and absence of cartilage lesions
within the knee joint.

Arthroscopic Knee Surgery

Arthroscopic knee surgery was per-
formed within 3 months of the MR ex-
amination in all 10 patients in the ret-
rospective study group (average interval
between MR imaging and surgery, 34.3
days; range, 10-79 days) and all 150 pa-
tients in the prospective study group (av-
erage interval between MR imaging and
surgery, 36.3 days; range, 3-89 days).
All arthroscopic knee surgeries were
performed by one of two orthopedic sur-
geons at our institution who specialized
in sports medicine (G.S.B. and B.K.G.,
with 10 and 25 years of clinical experi-
ence, respectively). All articular surfaces
of the knee joint were carefully inspected
both visually and with a surgical probe
at arthroscopy and graded by using a
modified Noyes classification system, as
follows: grade 0 = normal, grade 1A =
cartilage softening, grade 1B = cartilage
fibrillation, grade 2A = superficial partial-
thickness cartilage defect less than 50%
of the total thickness of the articular sur-
face, grade 2B = deep partial-thickness
cartilage defect greater than 50% of the
total thickness of the articular surface,
and grade 3 = full-thickness cartilage de-
fect (38). The orthopedic surgeons were
aware of the MR findings of all patients
at the time of arthroscopy. For patients
in the prospective study group, the or-
thopedic surgeons also had a copy of the
knee map showing the location and grade
of cartilage lesions on each articular sur-
face, which was based on the findings
on both the routine MR images and the
T2 maps.

Statistical Analysis

Statistical analysis was performed by
using the R programming environment
(version 2.3.1; R Foundation of Statis-
tical Tmaging, Vienna, Austria; http://
www.R-project.org). For all tests, P <
.05 was indicative of a statistically sig-
nificant difference.

With use of arthroscopy as the stan-
dard of reference, the sensitivity and
specificity of the routine MR protocol
alone and with T2 maps in the detec-
tion of each arthroscopic grade and all

arthroscopic grades combined were cal-
culated for each surface and all surfaces
combined. When calculating sensitivity
and specificity for the routine MR pro-
tocol alone, the cartilage grades assigned
at MR imaging were classified as either
negative for disease (ie, MR grade 0 and
1A) or positive for disease (ie, MR grades
1, 2A, 2B, and 3). When calculating sen-
sitivity and specificity for the routine MR
protocol with T2 maps, the cartilage
grades assigned at MR imaging were clas-
sified as either negative for disease (ie,
MR grade 0) or positive for disease (ie,
MR grades 1, 1A, 2A, 2B, and 3). A gen-
eralized estimating equation model was
used to compare differences between the
sensitivity and specificity of the routine
MR protocol alone and the routine MR
protocol with T2 maps. The model used
a binomial family with logit link and inde-
pendence working correlation structure.
Standard errors were calculated by using
robust sandwich covariance estimates.

Nonweighted Cohen « statistics
were used to measure interobserver
agreement for determining the presence
or absence of cartilage lesions within
the knee joint by using the routine MR
protocol alone and with T2 maps. Stan-
dard errors were calculated by using a
bootstrapping method for patients. The
null hypothesis that the k values of the
routine MR protocol alone and the rou-
tine MR protocol with T2 maps were
equal would be rejected at the P < .05
level if the 95% confidence interval for
the difference between k values did not
contain zero.

Posthoc multivariable analysis with
use of a generalized estimating equa-
tion model was performed to determine
whether certain features of the area
of increased T2 relaxation time of MR
grade 1A cartilage lesions could help dif-
ferentiate between true-positive lesions
(ie, lesions that corresponded to abnor-
mal articular cartilage at arthroscopy)
and false-positive lesions (ie, lesions
that corresponded to normal articular
cartilage at arthroscopy). The variables
in the model included whether the area
of increased T2 relaxation time (a) was
two or more color scales higher than
normal, (b) was more than 1 cm in
maximal diameter, (c) was present on
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two or more consecutive images, and
(d) involved the entire thickness of the
deep cartilage layer. The model used a
binomial family with logit link and inde-
pendence working correlation structure.
Standard errors were calculated by using
robust sandwich covariance estimates.

T2 Relaxation Time of Normal Articular
Cartilage

The T2 maps from the 10 patients in the
retrospective study group had a similar
appearance (Fig 1). Arthroscopically nor-
mal articular cartilage had a striated ap-
pearance, with a lower T2 relaxation time
in the deep layer, a higher T2 relaxation
time in the superficial layer, and a smooth
transition between the two layers. The T2
relaxation time and thickness of the deep
and superficial layers varied from one ar-
ticular surface to another and in different
regions on the same articular surface.

The deep layer of cartilage on the
medial and lateral femoral condyles and
the medial and lateral tibial plateaus had
a T2 relaxation time between 20 and 30
msec, whereas the superficial layer had
a T2 relaxation time between 40 and 50
msec. The deep layer comprised 75% of
the thickness of the anterior and central
weight-bearing surfaces and less than
20% of the thickness of the posterior
weight-bearing surface of the femoral
condyles. The deep layer comprised
50%-75% of the thickness of the cen-
tral weight-bearing surface of the tibial
plateau and less than 10% of the thick-
ness in the peripheral regions beneath
the body and horns of the menisci.

The deep layer of cartilage on the pa-
tella had a T2 relaxation time between
20 and 30 msec, whereas the superficial
layer had a T2 relaxation time between
40 and 50 msec. The deep layer com-
prised 50% of the thickness of the middle
and inferior portions of the patella and
less than 10% of the thickness of the su-
perior portion of the patella. The deep
layer of cartilage on the trochlea had a
T2 relaxation time between 20 and 40
msec, whereas the superficial layer had
a T2 relaxation time between 50 and 60
msec. The deep layer comprised 50% of

Figure 1

C. d.

Figure 1:  Images in 21-year-old man with arthroscopically normal articular cartilage within knee joint. (a,
b) Sagittal T2 maps through (@) central portion of medial femoral condyle and tibial plateau and (b) central
portion of lateral femoral condyle and tibial plateau show deep layer (black and/or red) and superficial layer
(vellow and/or green) of cartilage. The deep cartilage layer is much thicker on anterior and central weight-
bearing surfaces (thick white arrows) than on posterior weight-bearing surface (large black arrow) of femoral
condyles and much thicker on central weight-bearing surface (small black arrow) of tibial plateau than on
peripheral surface (thin white arrows) beneath horns of the menisci. (c) Sagittal T2 map through far medial
portion of medial femoral condyle and tibial plateau shows thin deep cartilage layer on peripheral surface
(arrows) of tibial plateau beneath body of meniscus. (d) Sagittal T2 map through patella and trochlea shows
deep layer (black and/or red on patella and black and/or red and/or yellow on trochlea) and superficial layer
(vellow and/or green on patella and green on trochlea) of cartilage. The deep cartilage layer is thicker in middle
and inferior portions (thick white arrows) than in superior portion (large black arrow) of patella and is thicker in
superior and inferior portions (thin white arrows) than in middle portion (small black arrow) of trochlea.

the thickness of the superior and inferior
portions of the trochlea and less than
10% of the thickness of the middle por-
tion of the trochlea.

Diagnostic Performance with and without
T2 Maps

There were 351 surgically confirmed
cartilage lesions within the knee joint

in the 150 patients in the prospective
study group. The sensitivity and speci-
ficity in the detection of all arthroscopic
grades of cartilage lesions were 74.6%
(262 of 351 lesions) and 97.8% (537 of
549 lesions), respectively, for the rou-
tine MR imaging protocol alone and
88.9% (312 of 351 lesions) and 93.1%
(511 of 549 lesions) for the routine MR
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Table 2

Sensitivity and Specificity of the Routine MR Imaging Protocol Alone and with T2 Maps according to Arthroscopic Grade

Arthroscopic Sensitivity (%) Specificity (%)
Grade Routine MR Protocol Routine MR Protocol with T2 Maps Routine MR Protocol Routine MR Protocol with T2 Maps
0 Not applicable Not applicable 97.8 (537/549) [96.2, 98.8] {<.001}  93.1 (511/549) [90.6, 94.9] {<.001}
1A 4.2 (1/24) [0.0, 20.1] {<.001} 62 (15/24) [42.7,78.8] {<.001} Not applicable Not applicable
1B 20 (8/41) [10.2, 34.0] {<.001} 66 (27/41) [50.6, 78.4] {<.001} Not applicable Not applicable
2A 77 (74/96) [67.7, 77.1] {.004} 88 (84/96) [79.4, 92.7] {.004} Not applicable Not applicable
2B 93.0 (146/157) [87.9, 96.0] {.023} 97.5 (153/157) [93.6, 99.0] {.023} Not applicable Not applicable
3 100 (33/33) [89.6, 100.0] {.999} 100 (33/33) [89.6, 100.0] {.999} Not applicable Not applicable
All grades  74.6 (262/351) [69.8, 78.9] {<.001}  88.9 (312/351) [85.2, 91.8] {<.001} 97.8 (537/549) [96.2, 98.8] {<.001} 93.1 (511/549) [90.6, 94.9] {<.001}

Note.—Numbers in parentheses are numbers of lesions, numbers in brackets are 95% confidence intervals, and numbers in braces are Pvalues. Where “not applicable,” sensitivity or specificity could

not be calculated.

Figure 2

imaging protocol with T2 maps (Table 2).
The addition of the T2 maps to the
routine MR imaging protocol improved

the sensitivity in the detection of

Figure 2: Images in 35-year-old woman with
surgically confirmed grade 2B cartilage lesion on
medial femoral condyle (classified as MR grade 2B
cartilage lesion) and surgically confirmed grade 1B
cartilage lesion on medial tibial plateau (classified
as MR grade 1A cartilage lesion). (a) Sagittal
intermediate-weighted fast spin-echo image

and (b) sagittal fat-suppressed T2-weighted fast
spin-echo image show partial-thickness cartilage
lesion on medial femoral condyle (small arrow) but
normal-appearing articular cartilage on medial tib-
ial plateau (large arrow). (c) Corresponding sagittal
T2 map shows areas of increased T2 relaxation
time on medial femoral condyle (small arrow) and
medial tibial plateau (large arrow).

arthroscopic grade 1A cartilage lesions
from 4.2% (one of 24 lesions) to 62%
(15 of 24 lesions), improved the sensi-
tivity in the detection of arthroscopic

grade 1B cartilage lesions from 20%
(eight of 41 lesions) to 66% (27 of 41
lesions), and improved the sensitivity
in the detection of arthroscopic grade
2A lesions from 77% (74 of 96 lesions)
to 88% (84 of 96 lesions) (Figs 2-6).
Of the 76 MR grade 1A cartilage le-
sions identified on the T2 maps but not
on the routine MR images, 26 corre-
sponded to normal articular cartilage,
14 were grade 1A cartilage lesions,
19 were grade 1B cartilage lesions, 10
were grade 2A cartilage lesions, and
seven were grade 2B cartilage lesions
at arthroscopy. The routine MR im-
aging protocol with T2 maps had sig-
nificantly higher sensitivity for detect-
ing arthroscopic grade 1A (P < .001),
arthroscopic grade 1B (P < .001),
arthroscopic grade 2A (P = .004), ar-
throscopic grade 2B (P = .023), and
all arthroscopic grades of cartilage le-
sions (P < .001) and significantly lower
specificity for detecting all arthroscopic
grades of cartilage lesions (P < .001)
compared with the routine MR imaging
protocol alone (Table 2). The routine
MR imaging protocol with T2 maps
had significantly higher sensitivity for
detecting all arthroscopic grades of
cartilage lesions on the patella (P <
.001), trochlea (P < .001), medial tibial
plateau (P = .013), and lateral tibial pla-
teau (P = .004) and significantly lower
specificity for detecting all arthroscopic
grades of cartilage lesions on the pa-
tella (P =.004) and lateral tibial plateau
(P = .002) compared with the routine
MR imaging protocol alone (Table 3).
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Figure 3

Figure 3: Images in 46-year-old woman with
surgically confirmed grade 2B cartilage lesion on
patella (classified as MR grade 2B cartilage lesion)
and surgically confirmed grade 1A cartilage lesion
on trochlea (classified as MR grade 1A cartilage
lesion). (a) Sagittal fat-suppressed T2-weighted fast
spin-echo image shows partial-thickness cartilage
lesion on patella (large arrow) but normal-appearing
articular cartilage on trochlea (small arrow). (b)
Corresponding sagittal T2 map shows areas of
increased T2 relaxation time on patella (large arrow)
and trochlea (small arrow).

Of the 228 partial-thickness
cartilage lesions identified with the
routine MR imaging protocol and con-
firmed at arthroscopy, 204 (89.5%)
showed an increased T2 relaxation
time, 21 (9.2%) showed a normal T2
relaxation time, and three (1.3%)
showed a decreased T2 relaxation
time on the T2 maps.

The

k value for interobserver
agreement for determining the pres-
ence and absence of cartilage lesions
within the knee joint was 0.843 (95%
confidence interval: 0.767, 0.908) for
the routine MR imaging protocol alone
and 0.827 (95% confidence interval:
0.756, 0.890) for the routine MR imag-
ing protocol with T2 maps. There was
no significant difference in k values (dif-
ference of 0.016; 95% confidence inter-
val of difference: —0.051, 0.014).
Increased T2 relaxation time two or
more color scales higher than normal
(estimate of 2.74 with standard error of
1.02, P = .007) and increased T2 relaxa-
tion time that involved the entire thick-
ness of the deep cartilage layer (estimate
of 1.86 with standard error of 0.52, P
< .001) were features that could signif-
icantly help differentiate true-positive

Figure 4: Images in 36-year-old man with surgi-
cally confirmed grade 1B cartilage lesion on lateral
femoral condyle (classified as MR grade

1A cartilage lesion). (a) Sagittal intermediate-
weighted fast spin-echo image and (b) sagittal
fat-suppressed T2-weighted fast spin-echo image
show normal-appearing articular cartilage on
lateral femoral condyle (arrow). (¢) Corresponding
sagittal T2 map shows area of increased T2 relax-
ation time on lateral femoral condyle (arrow).

from false-positive MR grade 1A cartilage
lesions. Increased T2 relaxation time
more than 1 c¢cm in maximal diameter
(estimate of —0.18 with standard error
of 0.48, P = .716) and increased T2 re-
laxation time present on two or more
consecutive images (estimate of —0.94
with standard error of 0.33, P = .074)
were features that could not significantly
help differentiate true-positive from false-
positive MR grade 1A cartilage lesions.

In our study, the addition of a T2 map-
ping sequence to a routine MR imag-
ing protocol significantly increased
the sensitivity for detecting cartilage
lesions within the knee joint, with the
greatest improvement occurring in the
identification of early cartilage degen-
eration. Our low sensitivity for detect-
ing early cartilage degeneration by us-
ing the morphologic cartilage imaging
sequences in the routine MR protocol
is similar to the findings of previous
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studies, which have reported sensitiv-
ity values for detecting cartilage fibril-
lation and superficial partial-thickness
cartilage defects ranging from 9% to
62% at both 1.5 T and 3.0 T (8-16)
Superficial changes in cartilage mor-
phology can only be differentiated
from the smooth surface of normal ar-
ticular cartilage when using an in-plane
spatial resolution of 0.3 mm, which is
beyond the spatial resolution of most
morphologic cartilage imaging se-
quences used in clinical practice (39).
T2 mapping sequences do not rely on
spatial resolution to identify superfi-
cial changes in cartilage morphology
but instead depict areas of increased
water content and altered collagen
matrix ultrastructure in degenerative
cartilage (26-30). As shown in our
study, T2 mapping sequences can also
depict areas of cartilage softening with
moderate sensitivity and thus can help
detect changes in the composition and
three-dimensional ultrastructure of de-
generative cartilage even before chang-
es in cartilage morphology occur.

In our study, the addition of a T2
mapping sequence to a routine MR pro-
tocol resulted in a small but significant
decrease in specificity for detecting
cartilage lesions within the knee joint.
The decrease in specificity may be due
to spurious increases in cartilage T2
relaxation time secondary to the magic
angle effect or regional variations in
the collagen matrix ultrastructure or
to early cartilage degeneration, which
was unable to be detected with use of
arthroscopy. The size of the area of
increased T2 relaxation time was not
a useful feature for differentiating be-
tween abnormalities on the T2 maps
that corresponded to cartilage lesions
at arthroscopy and those that corre-
sponded to normal articular cartilage.
However, increased T2 relaxation time
two or more color scales higher than
normal and increased T2 relaxation
time that involved the entire thickness
of the deep cartilage layer were fea-
tures that could significantly help dif-
ferentiate between true-positive and
false-positive abnormalities. Identifi-
cation of these features on T2 maps
could provide greater confidence that

Figure 5

b.

Figure 5: Images in 40-year-old man with
arthroscopically normal articular cartilage on lateral
femoral condyle (classified as MR grade 1A cartilage
lesion). (a) Sagittal fat-suppressed T2-weighted fast
spin-echo image shows normal-appearing articular
cartilage on lateral femoral condyle (arrow). (b) Cor-
responding sagittal T2 map shows area of increased
T2 relaxation time on lateral femoral condyle (arrow).

an area of increased T2 relaxation
time corresponds to an arthroscopi-
cally detectable cartilage lesion.

Our general impression from the
literature is that cartilage degenera-
tion increases T2 relaxation time ow-
ing to increased water content and
disruption of the collagen matrix ul-
trastructure  (19,31,32,35,36). The
increased T2 relaxation time can oc-
casionally be identified as areas of
increased signal intensity within ar-
ticular cartilage on T2-weighted fast
spin-echo images, but these areas

Figure 6
Vv

h.

Figure 6: Images in 37-year-old man with ar-
throscopically normal articular cartilage on patella
(classified as MR grade 1A cartilage lesion).

(a) Sagittal fat-suppressed T2-weighted fast
spin-echo image shows normal-appearing articular
cartilage on patella (arrow). (b) Corresponding sag-
ittal T2 map shows area of increased T2 relaxation
time on patella (arrow).

are much more difficult to detect
when compared with use of quantita-
tive T2 mapping techniques (40,41).
However, previous studies have also
reported unchanged or decreased T2
relaxation time with in vitro cartilage
degeneration (42,43) and decreased
signal intensity within surgically con-
firmed cartilage lesions on T2-weighted
fast spin-echo images (44,45). It has
been hypothesized that the decrease in
T2 relaxation time is caused by collage-
nase-induced collagen cleavage, which
creates additional sites of interaction
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Table 3

Sensitivity and Specificity of the Routine MR Imaging Protocol Alone and with T2 Maps according to Articular Surface

Sensitivity (%)

Specificity (%)

Articular Surface* Routine MR Protocol Routine MR Protocol with T2 Maps Routine MR Protocol Routine MR Protocol with T2 Maps
Patella 83 (75/90) [74.3, 89.6] {.001} 98 (88/90) [92.3, 99.4] {.001} 98 (59/60) [91.1, 99.7] {.004} 82 (49/60) [70.0, 89.4] {.004}
Trochlea 71 (47/66) [59.4, 80.7] {.001} 91 (60/66) [81.6, 95.8] {.001} 98 (82/84) [91.2, 99.3] {.0248} 94 (79/84) [86.8, 97.4] {.0248}
MFC 81 (61/75) [71.1,88.5] {.074} 88 (66/75) [78.7,93.6] {.074} 100 (75/75) [95.1, 100.1] {.999} 100 (75/75) [95.1, 100.1] {.999}
LFC 81 (26/32) [64.7,91.1] {999} 84 (27/32) [68.3, 93.1] {.999} 95.8 (113/118) [90.5, 98.2] {.999} 95.8 (113/118) [90.5, 98.2] {.999}
MTP 63 (26/41) [48.1,76.4] {.013} 83 (34/41) [68.7,91.5] {.013} 100 (109/109) [96.6, 100.0] {.999} 99.1 (108/109) [95.0, 99.9] {.999}
LTP 57 (27/47) [43.3, 70.5] {.004} 79 (37/47) [65.1, 88.0] {.004} 96.1 (99/103) [90.4, 98.5] {.002} 94.2 (97/103) [76.3, 90.2] {.002}

Note.—Numbers in parentheses are numbers of lesions, numbers in brackets are 95% confidence intervals, and numbers in braces are P values.
* LFC = lateral femoral condyle, LTP = lateral tibial plateau, MFC = medial femoral condyle, MTP = medial tibial plateau.

between water and the collagen mol-
ecule (43). In our study, normal or
decreased T2 relaxation time within
degenerative cartilage was relatively
uncommon. However, the fact that
some surgically confirmed cartilage le-
sions did not show increased T2 relax-
ation time suggests that T2 mapping
sequences should not be used alone
to evaluate articular cartilage in clini-
cal practice or osteoarthritis research
studies.

Our study has shown that a T2
mapping sequence can be used to de-
tect surgically confirmed cartilage le-
sions within the knee joint. Previous
studies have also demonstrated the
feasibility of using T2 mapping se-
quences to evaluate articular cartilage
in symptomatic patients. Hannila et al
(31) compared a T2 mapping sequence
with a routine MR imaging protocol
for evaluating patellar cartilage in 20
patients at 3.0 T and found that eight
areas of increased T2 relaxation time
corresponded to normal-appearing
cartilage identified by using the routine
MR protocol. Apprich et al (32) evalu-
ated the articular cartilage of the me-
dial femoral condyle in 43 patients at
3.0 T by using a T2 mapping sequence
and a routine MR imaging protocol
and found a significant association be-
tween the T2 relaxation time and the
morphologic grade of the cartilage le-
sion. However, neither study included
patients with surgical correlation and
thus did not assess the diagnostic per-
formance of T2 mapping sequences in

the evaluation of articular cartilage by
using the established reference stan-
dard of arthroscopy.

Our study has several limitations.
One limitation was that a qualitative
analysis was performed in the 10 pa-
tients in the retrospective study group
to investigate the normal distribution
of cartilage T2 relaxation time on each
articular surface of the knee joint.
However, the main objective of this
retrospective analysis was to allow the
musculoskeletal radiologists to gain a
better understanding of the appearance
of arthroscopically normal articular
cartilage on the T2 maps before be-
ginning the prospective portion of the
study. A more quantitative assessment
of the normal distribution of cartilage
T2 relaxation time was beyond the
scope of this investigation and has been
described in detail in previous studies
(22,46). Additional limitations of our
study include the sequential use of the
routine MR imaging protocol and T2
maps to evaluate articular cartilage,
the use of the T2 maps only to eval-
uate articular surfaces that were clas-
sified as normal with the routine MR
imaging protocol, and the consensus
interpretation of the MR images by the
two fellowship-trained musculoskeletal
radiologists. In addition, the orthopedic
surgeons were aware of the MR find-
ings of all patients at the time of arthro-
scopic knee surgery, which may have
biased their evaluation of the articular
cartilage. Our study also did not include
an assessment of reader confidence for

determining the presence or absence of
cartilage lesions when using the routine
MR imaging protocol with and without
the T2 maps. In addition, no attempt
was made to standardize the degree of
joint loading in patients in the retro-
spective and prospective study groups.
The degree of joint loading before MR
examination may have varied from in-
dividual to individual, which may have
influenced the T2 relaxation time of
articular cartilage and the detection
of cartilage lesions on the T2 maps
(32,47). A final limitation of our study
was that arthroscopy, and not histologic
examination, was used as the standard
of reference for evaluating articular
cartilage. Although arthroscopy is the
best available minimally invasive refer-
ence standard, its ability to depict early
cartilage degeneration, especially in the
deep layers of articular cartilage, has
been questioned (48).

In conclusion, our study has dem-
onstrated the feasibility of using a
commercially available T2 wmapping
sequence with a relatively short im-
aging time to evaluate the articular
cartilage of the knee joint at 3.0 T. The
addition of a T2 mapping sequence to a
routine MR imaging protocol increased
the sensitivity for detecting surgically
confirmed cartilage lesions, with the
greatest improvement occurring in the
identification of early cartilage degen-
eration. However, limitations of using
the T2 mapping sequence included
the lower specificity for evaluating ar-
ticular cartilage, the need to purchase
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dedicated imager and postprocessing
software, the increase in MR examina-
tion time, and the learning curve needed
to interpret the T2 maps. Nevertheless,
the addition of a T2 mapping sequence
to a routine MR imaging protocol can
improve the detection of early cartilage
degeneration within the knee joint in
symptomatic patients. A T2 mapping
sequence may be especially useful for
evaluating articular cartilage in certain
patient populations where the identifi-
cation of early cartilage degeneration
is clinically important (eg, individuals
with knee pain and no meniscal tear or
cartilage lesions detected with the rou-
tine MR imaging protocol or individuals
with persistent knee pain after menis-
cal resection or anterior cruciate liga-
ment reconstruction surgery).
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