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significant difference (independent T test, p <0.001).

Background: This work aims at elucidating the role of adding complementary T2 mapping to the routine 1.5 Tesla
MRI protocol in the articular knee cartilage assessment for early detection of osteoarthritis, and also, comparing the
articular cartilage thickness and T2 relaxation times between the case and control groups regarding knee

Results: Both sensitivities and specificities were 73.3% and 100%, respectively, for the standard MR protocol alone
and 96.7% and 90% after adding the T2 mapping to the standard MR protocol that leads to significant sensitivity
improvement. A comparison between patients and controls as regards T2 values showed a highly statistically

Conclusion: A combination of both morphological and T2 mapping MRI, together with clinical evaluation
represents a desirable multimodal approach to the diagnosis of osteoarthritis. In the early detection of osteoarthritis,
adding T2 mapping sequence to the standard MR protocol at 1.5 Tesla improved sensitivity from 73.3 to 96.7%.
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Background

Knee osteoarthritis is characterized by progressive loss
of articular cartilage. It is considered to be the most
common joint disease and the leading cause of long-
term disability, placing tremendous financial burdens at
the individual and societal levels [1].

It is important clinically to diagnose osteoarthritis in
its early stages to prevent its inevitable progression.
With advances in joint preservation strategies that are
intended to alter the course of osteoarthritis and poten-
tially slow the joint degeneration rate of early interven-
tion and development of many promising disease-
modifying osteoarthritis drugs [2], there is a rising de-
mand in developing accurate and reliable quantitative
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MRI techniques that are sensitive to early structural de-
generation in articular cartilage. Altering early osteoarth-
ritis is indeed much promising than altering its
advanced stages. Thus, effective treatment of osteoarth-
ritic patients necessitates the determination of early de-
generation of knee cartilage [3].

Routine MR imaging sequences used in the identifica-
tion of knee osteoarthritis can assess articular cartilage
morphology, but despite its accuracy for identifying deep
hyaline cartilage defects which are considered irrevers-
ible cartilage degeneration with limited treatment op-
tions, it lacks sufficient sensitivity for early cartilage
changes and low-grade chondral lesions which are the
reversible stages for the potential alteration of the osteo-
arthritis progression [4].

To promote earlier and more precise depiction of ar-
ticular  cartilage changes, quantitative imaging

© The Author(s). 2021 Open Access This article is licensed under a Creative Commons Attribution 4.0 International License,
which permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and indicate if

changes were made. The images or other third party material in this article are included in the article's Creative Commons
licence, unless indicated otherwise in a credit line to the material. If material is not included in the article's Creative Commons
licence and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will need to obtain
permission directly from the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.


http://crossmark.crossref.org/dialog/?doi=10.1186/s43055-021-00453-w&domain=pdf
http://orcid.org/0000-0003-2899-9023
http://creativecommons.org/licenses/by/4.0/
mailto:muhalsayyad@gmail.com

Alsayyad et al. Egyptian Journal of Radiology and Nuclear Medicine

techniques of knee cartilage such as T2 mapping se-
quence have been utilized which are considered compos-
itional assessment techniques that can reveal the
collagen network and water changes and the cartilage
three-dimensional ultrastructure [5].

T2 mapping as a biochemically sensitive MRI tech-
nique can add robust biomarkers for disease onset and
progression, and therefore, could be a meaningful assess-
ment tool for the diagnosis and follow-up of cartilage
abnormalities [3].

It has been demonstrated that the T2 mapping se-
quence is sensitive to T2 prolongation which occurs due
to cartilage degeneration in knee osteoarthritis [6]; how-
ever, it has been shown in other studies that T2 values
are not correlated with radiographic late stages of osteo-
arthritis [7]. Thus, this study was accomplished to decide
whether adding the quantitative T2 mapping sequence
to the routine MRI protocol could add a diagnostic value
in early detection of initial degeneration of the knee ar-
ticular cartilage at 1.5 Tesla.

Methods

This is a case-control study, conducted between July
2017 and November 2019, and included fifty (50) sub-
jects, divided into two groups, 30 osteoarthritic patients
(symptomatic group: 23 males and 7 females) ranging
from 20 to 75 years old with clinical evidence of osteo-
arthritis, whose symptom severity was graded using the
Western Ontario and McMaster University (WOMAC)
osteoarthritis index “Likert version,” and 20 normal con-
trol group (asymptomatic group: 13 males and 7 fe-
males) ranging from 19 to 40 years old.

Our study was approved by the Ethical Committee of
Scientific Research in our institute. Inclusion criteria in-
cluded any patient with clinically evident knee osteoarth-
ritis. The control group inclusion criteria were clinically
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normal individuals with no knee symptoms. The exclu-
sion criteria of both osteoarthritic patients and the con-
trol group were trauma, history of previous knee joint
operation, acute arthropathy, and any MRI
contraindication.

To avoid cartilage T2 variations by physical activity,
loading of the knee, temperature, and diurnal alteration,
all individuals had a resting time about 30 min and we
performed all exams between 4 and 6 pm, with the same
room temperature (17 °C).

Instructions to the patients and clinical scoring

We used the self-administered WOMAC osteoarthritis
index which takes around 5 min to complete. We asked
the patients to answer questions regarding the pain, stiff-
ness, and physical function at the time of presentation.
The simple Likert version is used which includes 5 op-
tions ranging from “none” to “extreme.” An option of
“none” is scored as 0, “mild” as 1, “moderate” as 2, “se-
vere” as 3, and “extreme” as 4. Total scores for each
question are gathered and summed to form pain, stiff-
ness, and physical function subscale scores. Then, we
transformed total WOMAC score to a 0-100 scale for
ease of correlation with other values.

MRI technical aspects

We use a 1.5 Tesla MRI scanner (Signa; GE Healthcare,
USA). Routine MRI sequences included sagittal T2-WI
(repetition time/echo time, 3000/81 ms, duration 2 min
58 s), axial T2-weighted images (3000/87 ms, duration 2
min 19 s), sagittal T1-weighted images (435/10 ms, dur-
ation 2 min 55 s), sagittal proton density-WI with fat
saturation (2440/40 ms, duration 2 min 38 s), coronal
proton density-weighted images with fat saturation
(3890/40 ms, duration 2 min 25 s), and axial merge
(750/16ms, duration 2 min 27 s) with a knee coil. Field
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Table 1 Cartilage mean T2 values and differences by variables of tested subjects

Variables of tested subjects T2 value (ms) Test p Sig.

Mean + SD Range value value

Age <25 52.78 +11.88 31-67 2291 0.074 NS
26-35 51.87 £ 14.58 32-74
36-45 4945 + 14.84 33-74
46-55 5262 + 1967 31-75
>55 69.29 + 10.05 54-87

Gender Female 565 + 1448 32-74 0.696 0490 NS
Male 5311+ 158 31-87

Routine MRI Normal by MRI 455+ 1375 31-74 5.688 <0.001 HS
Abnormal by MRI 64.95 + 929 46-87

Compartment Anterior 51.11 £ 19.97 31-87 0.603 0.551 NS
Medial 52.88 £ 13.84 31-74
Lateral 5729 £ 1521 32-75

p value >0.05: non significant (NS); p value <0.05: significant (S); p value< 0.01: highly significant (HS)

of view, 10 x 10 mm; matrix, 320 x 224; slice gap, 4 mm
and slice thickness, 4 mm. Three axial data sets through
the knee were evaluated to get T2 mapping by applying
ESE with a repetition time of 1000 and eight echo times
(8.4 ms, 16.8 ms, 25.2 ms, 33.5 ms, 41.9 ms, 50.3 ms,
58.7 ms, and 67.1 ms). FOV 90-130 mm; matrix, 256 x
256; slice gap, 3.5 mm; slice thickness, 3 mm. The T2
mapping total acquisition time was 4-7 min. A T2
colored-map is created using the default software set-
tings and functions. The default parameters of the T2 in-
tensity are 11-89 ms, with a calculated cut-off point of
50 ms (Fig. 1). The color scale ranges from red to blue
colors in which green or blue color corresponds to high
T2 values on the color-coded scale on at least two con-
secutive slices. The MR images were transferred to a
workstation for the off-line quantification of T2 values
and cartilage thickness in each case. The average T2
value was calculated by manually created elliptical ROI

which is inspected on the sequences. Regions of interest
were created considering a margin of 0.5 to 1 mm from
the bone surface to prevent subchondral bone inclusion.
Standard MRI and a corresponding T2 map were visual-
ized side by side, using a multi-planar localization key
on the PACS.

Statistical analysis

T2 values were assessed by two independent musculo-
skeletal radiologists. All the readings of both the OA pa-
tients and the control group were collected and
compared individually. The unpaired sample ¢ test was
used to find the significant difference between the bivari-
ate samples in the independent groups. To find the sig-
nificance in the categorical data, the chi-square test or
ANOVA test was used according to the number of cat-
egories. T2 values were described in terms of mean *
standard deviation. All statistical analyses were

A

ms; ¢ T2 = 74 ms (>50 ms)]

Fig. 2 a Sagittal fat-suppressed proton density-weighted shows full-thickness defects of articular cartilage of medial tibiofemoral condyle and
exposed subchondral bone (blue arrow). b and ¢ Corresponding T2 map shows elevated cartilage T2 relaxation time (ROI). [b: 0 ms < T2 < 39
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Fig. 3 a Sagittal fat-suppressed proton density-weighted image shows a preserved signal intensity of the articular cartilage of the anterior aspect
of medial femoral condyle with uniform cartilage thickness (blue arrow). b and ¢ The corresponding T2 map shows increased cartilage T2
relaxation time (ROI). b: 0 ms £ T2 £ 39 ms; ¢: T2 = 63 ms)

performed using the SPSS commercial software. P values
< 0.05 were considered significant statistically.

Results

In this study, we included 50 individuals (30 in the
osteoarthritic patients’ group and 20 in the control
group). Osteoarthritic patients included 23 males and
7 females with a mean age of 42.3 + 16.6 years (range
from 20 to 75 years). The control group involved 13
males and 7 females with a mean age of 34.8 + 10.3
years (range from 19 to 55 years) (Table 1). The con-
trol group had lower median T2 values than that of
the osteoarthritis patients: 36 ms [33.25-38.75 ms
IQR] and 64ms [56.75-72 ms IQR]. The osteoarthritic
patients had mean T2 values which tended to be
higher (63.9 + 9.1 ms) (Figs. 2, 3, and 4) than that of
the control group (39.3 + 10 ms) (Fig. 5) with a sig-
nificant p value < 0.05 (Table 2). Both sensitivities
and specificities were 73.3% and 100%, respectively,
for the standard MRI protocol alone and 96.7% and

90% after adding the T2 mapping that leads to sig-
nificant sensitivity improvement (Table 3). The mean
cartilage thickness tended to be lower in patients with
OA (1.6 = 0.5 ms) than in the control group (2 + 0.6
ms) with a significant p value < 0.05.

After comparing mean T2 values between different knee
compartments (medial, lateral, and anterior) in OA pa-
tients, we found no statistically significant difference be-
tween them with a p value > 0.05 (Table 1). Also, we found
a moderate negative correlation (r = —0.43) between T2
values and cartilage thickness (p = 0.001). Regarding age,
our study showed a significant medium positive correlation
(r = 0.32) between age and T2 values (p = 0.02) (Fig. 6).

Regarding WOMAC index, for the 30 studied cases,
pain scores ranged from 2.1 to 7.2, stiffness scores
ranged from 0 to 3.2, physical function ranged from 3.1
to 21.9, and the total score ranged from 5.2 to 32.3, with
mean value = 155+ 7.6 (Table 4). On correlation of
WOMAC score with T2 values, we found a strong posi-
tive correlation (r = 0.9) between them (p = 0.001), while

Fig. 4 a Sagittal fat-suppressed proton density-weighted image shows a preserved signal intensity of the articular cartilage of the posterior
aspect of the medial femoral condyle with uniform cartilage thickness (blue arrow). b and ¢ Corresponding sagittal T2 map shows a region of
increased T2 relaxation time [false positive] (ROI). b: 0 ms < T2 < 39 ms; ¢: T2 = 66 ms)
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T2 <39 ms; ¢ T2 <40 ms)

Fig. 5 a Sagittal fat-suppressed proton density-weighted shows preserved signal intensity of the cartilage covering the medial femoral articular
cartilage with uniform cartilage thickness (blue arrow). b and ¢ Corresponding T2 map shows normal cartilage T2 relaxation time (ROI). b: 0 ms <

cartilage thickness showed moderately negative correl-
ation (r = —-0.4) with WOMAC score (p = 0.04) (Fig. 7).

Discussion
Detection of knee osteoarthritis, which represents
more than 80% of osteoarthritis total burden (8], in
an early stage is a must to treat it effectively [9]. We
can only differentiate early alterations in cartilage
morphology from the normal articular cartilage sur-
face using a spatial resolution of 0.3 mm, which is
considered beyond the sequences used for morpho-
logical cartilage imaging [10]. T2 mapping sequence is
not dependent on a spatial resolution to detect early
alterations in articular cartilage but rather depicts
areas of increased water content and collagen matrix
ultrastructure alteration in degenerative cartilage [11-
15]. So, T2 mapping helps detect early and potentially
reversible cartilage damage before the onset of symp-
toms and morphological alterations, allowing early ac-
tion by disease-modifying agents [16].

In our study, adding a T2 mapping sequence to a
standard MRI protocol significantly improves the sensi-
tivity for cartilage lesion detection, especially the early

ones, within the knee joint from 73.3 to 96.7% (p=0.001).
This agrees with Liebl et al. [4] who suggested, in a case-
control study using 130 subjects that knees with incident
tibiofemoral osteoarthritis had significantly higher mean
T2 values in each compartment compared with controls
similar to Dunn et al. [17] case/control study of 55 sub-
jects that showed significantly (p <0.05) increases in T2
relaxation times between diseased (34.4-41.0 ms) and
healthy (32.1-35.0 ms) knees. Also, Kijowski et al. [18],
prospectively studied 150 subjects, found that increased
T2 values in cartilages corresponded to cartilage lesions
arthroscopically, and stated that increased articular car-
tilage T2 value could be used as an indicator of cartilage
degeneration in OA.

The relative lower sensitivity of the standard MRI
protocol of knee cartilage for identifying early cartilage
degeneration is close to the previous studies’ findings,
which have reported sensitivities for detecting cartilage
abnormalities and defects ranging from 9-62% at both
1.5 T and 3.0 Tesla [19-24].

On the other hand, our study reported that the T2
mapping sequence showed a decrease in specificity for
detecting knee cartilage lesions from 100% by routine

Table 2 Routine MRI findings and T2 values among case and control groups

Control group Patient group Test p Sig.
No. = 20 No. = 30 value value
Routine MRI Normal by MRI 20 (100.0%) 8 (26.7%) 26.190° 0.001 HS
Abnormal by MRI 0 (0.0%) 22 (73.3%)
T2 value (ms) Mean+SD 39.30 + 10.00 6390 +9.14 -8984° 0.001 HS
Range 31-66 46-87
T2 value (ms) Normal by T2 map 18 (90.0%) 1 (3.3%) 38.257° 0.001 HS
Abnormal by T2 map 2 (10.0%) 29 (96.7%)

p value >0.05: non significant (NS); p value <0.05: significant (S); p value< 0.01: highly significant (HS)

2Chi-square test
PIndependent t test
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Table 3 Comparison between diagnostic indices of routine MRI and T2 mapping

Parameter TP TN FP FN Accuracy(®) Sensitivity Specificity PPV(®) NPV(®)
Routine MRI 22 20 0 8 94.7 73.3% 100% 100% 63.1%
T2 value (ms) 29 18 2 1 91.3 96.7% 90.0% 70.7% 99.1%

*This value is dependent on disease prevalence (20%)

MRI to 90% by adding T2 mapping. This decrease may
be from the magic angle effect leading to a false increase
in T2 relaxation time or early asymptomatic cartilage
degeneration.

While all these studies, including our study, showed
an association between increased T2 values and cartilage
degeneration, Hirose et al. study [25] reported no signifi-
cant change in T2 values with cartilage degeneration
relative to normal cartilage does exist in the literature.

Our study results show that, as reported by Crema
et al. [5] and Dautry et al. [26], T2 mapping imaging
may add a robust value to MR imaging ability to identify
focal knee chondral lesions when T2 mapping abnormal-
ities and pain location are correlated. We found a cor-
respondence between pain location and cartilage with
T2 prolongation time in our study. T2 mapping focal ab-
normalities in the symptomatic compartments of 29 out
of 30 patients (5 out of 5 symptomatic anterior compart-
ments, 11 out of 11 symptomatic medial compartments,
and 3 out of 4 symptomatic lateral compartments) are
found.

Concerning T2 values in different knee joint compart-
ments, our study results—similar to the Dautry et al
[26] study—showed no significant difference (p = 0.55)
between the mean T2 values of medial, lateral femoroti-
bial cartilage, and anterior patellofemoral cartilage of
OA patients. Contrariwise, another study by Mosher
et al. [27], involving persons with and without radio-
graphic knee OA, showed a positive correlation with

higher T2 values in the medial compartment cartilage
and a higher degree of knee pain.

In agreement with the cross-sectional CT arthrography
retrospective study by Omoumi et al. [28] carried on 535
consecutive knees showing that cartilage of the posterior
aspect of the medial condyle was statistically thicker in
osteoarthritic knees compared to non-osteoarthritic ones
(p<0.001), our study results showed that there was a sig-
nificant difference between cartilage thickness in OA pa-
tients and controls (p = 0.03). On the contrary, Mittal
et al. [29] reported a lack of difference in average articu-
lar cartilage thickness between OA patients and controls
(p>0.05). Also, Li et al. [30] reported that there was no
significant difference in the average cartilage thickness
in OA patients and control subjects (p = 0.37). They
suggested that there is no significant correlation found
between 72 values and cartilage thickness (p > 0.05), dif-
ferent from our study results that observed a significant
moderate negative correlation (r = —0.43) between T2
values and cartilage thickness (p = 0.001).

Few studies in literature inspect the effect of physical
activity on T2 mapping values. For example; one study
by Mosher et al. [31], tested the effect of running/train-
ing on T2 mapping values eliciting the so-called func-
tional cartilage MRI T2 mapping. Our study, however,
has eliminated the effect of physical activity by necessi-
tating an average of 30-45 min of rest for all patients
prior to the examination. The aim of that was to cancel
the effect of knee loading in an attempt to study the
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Table 4 WOMAC index subclasses

WOMAC index (Likert scale) Range Mean + SD
Pain 2.1-7.2 4+2
Stiffness 0-3.2 1.5+0.7
Physical function 3.1-21.9 10+4.9
Total score 5.2-32.3 155+£7.6

degenerative effect solely without the interference of
other factors.

Regarding correlation with the gold standard tech-
niques, one study in literature by Bazaldua et al. [32]
correlated T2 mapping values with arthroscopic re-
sults and found that the T2 mapping sequence could
identify 88 (92.6%) of the total number of lesions
found with arthroscopy, while the conventional se-
quence protocol (conventional T2 sequence), evalu-
ated by certified radiologists, was able to find 83
lesions (87.3%).

However, in our study, patients were referred for ini-
tial MR assessment in the context of a conservative
treatment plan rather than arthroscopy (the gold stand-
ard) which was not a near plan. Accordingly, we resorted
to correlation with clinical severity scoring of pain, stiff-
ness, and physical disability as a reference and a good al-
ternative to the non-applicable gold standard in addition
to using a case-control study pattern. Based on that, we
were able to find a credible correlation between the T2
values and WOMAC scores.

According to the results of our study, there was a
highly significant positive correlation between total
WOMAC score and T2 values of osteoarthritic patients
(p>0.001), supporting the reliability of T2 mapping (i.e.,
the higher the T2 value; the higher the WOMAC score).
While cartilage thickness of osteoarthritic patients
showed a moderately negative correlation with WOMAC
score (p = 0.04) (i.e., the smaller the cartilage thickness,
the higher the WOMAC score).
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Regarding age, our study showed a significant medium
positive correlation (r = 0.32) between age and T2 values
(p = 0.02) that agrees with CAGLAR et al. study [33],
which demonstrated that T2 values elevation correlated
with age in all compartments measured in the subgroups
of both patient and control groups.

Regarding gender, our study showed that there is no
significant difference between T2 values of males and fe-
males (p = 0.5) that agrees with Mosher et al. study 19
[34], which comparing differences in T2 values between
healthy men and women found no differences between
genders. Also, CAGLAR et al. study [33] found no statis-
tically significant difference between the male and fe-
male cartilage T2 relaxation times in the subgroups with
no knee joint pathology and the total group in all three
compartments.

Regarding the literature [5-7], the “T2 mapping” se-
quence is a sensitive technique for hyaline cartilage le-
sions. However, it has several limitations. T2 value of
the cartilage is dependent on field strength [35], moder-
ately dependent on temperature [36], and more remark-
ably on physical activity, loading of the knee [37], and
age [38]. Therefore, in our study, MR imaging was done
on the same MRI field strength, at the same
temperature, and after 30 min resting time.

Our study had several limitations; the most important
was the lack of confirmatory arthroscopic procedure, as
it would be inadequate for arthroscopy to assess for early
or subtle intrinsic cartilage abnormalities shown on T2
maps. The second limitation was that T2 mapping is
susceptible to the magic angle effect; therefore, we avoid
the measurement of cartilage oriented at 55° to the main
magnetic field. The third limitation was the non-recording
of the body mass index of the patients and controls.

Conclusion
Our study has demonstrated that adding up T2 map-
ping, as a biochemically sensitive MRI sequence, to the
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routine MRI protocol of the knee improves sensitivity to
detect early structural degeneration with both qualitative
(color-map) and quantitative (average T2 values) diag-
nostic information in the knee articular cartilage helping
for early therapeutic planning, to reduce or prevent the
morbidity of knee osteoarthritis and its sequential
burden.
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