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Quantitative evaluation of postoperative e

status after meniscal repair using synthetic
magnetic resonance imaging
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Abstract

Background Surgical treatment is the primary modality for meniscal tears, and assessment of recovery after menis-
cal surgery is important in the development of a patient’s treatment plan. Synthetic MRI (SyMRI) can simultaneously
provide an objective assessment of meniscal changes and contrast-weighted images for subjective evaluation. This
study aimed to assess whether SyMRI, utilizing both qualitative and quantitative mapping, could accurately evaluate
postoperative recovery status, using Lysholm scores as a reference.

Methods From July to November 2022, 49 patients undergoing arthroscopic meniscus tear repair were enrolled.
Each underwent conventional MRI and sagittal SyMRI on a 3.0 T scanner preoperatively, and at 6 and 12 months post-
operatively. All patients completed the Lysholm form before MRI. Twenty-seven patients completed all MRI sessions.
Meniscal T1 and T2 relaxation times, as well as proton density (PD) values, were measured. One-way ANOVA assessed
changes over time, while Pearson and Spearman correlation analyses evaluated associations with Lysholm scores
and Stoller grades, respectively.

Results Only T2 relaxation times demonstrated significant differences across time points (P<0.001). T2 relaxa-

tion times negatively correlated with Lysholm scores (r=—0.772, P<0.001), while T1 relaxation times and PD values
showed no significant correlations. Stoller grade also showed a significant negative correlation with Lysholm scores
(r=-0.409, P<0.001).

Conclusions SyMRI-derived T2 relaxation time may serve as a quantitative biomarker for assessing postoperative
meniscal healing. By enabling the acquisition of multiple MRI parameters in a single, time-efficient scan, SyMRI offers
a noninvasive and practical tool for evaluating postoperative meniscal status and guiding clinical decision-making.
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Introduction

The meniscus consists of the extracellular matrix (ECM),
primarily composed of water and collagen [1]. Its primary
function is to distribute the load across the knee joint by
increasing congruency, thereby diminishing stress on the
articular cartilage [2]. Additionally, the meniscus also
plays secondary roles in shock absorption, stability, lubri-
cation and proprioception of the knee joint [3, 4].

The meniscus injury commonly leads to knee joint
pain, with an annual incidence of 60-70/100,000 [5].
These tears typically result from a combination of axial
and rotational forces, leading to shear loads on the
meniscus [6]. Treatment options for meniscal tears
include total meniscectomy, meniscus repair, and non-
operative approaches. However, total meniscectomy can
expedite the onset of osteoarthritis [7, 8]. Young patients
with meniscus tear often undergo meniscus repair to pre-
vent osteoarthritis and restore mobility more effectively
[9]. Not only does meniscal repair lead to improved clini-
cal outcomes, but it also entails lower economic costs
when compared with total meniscectomy or non-opera-
tive treatment [10, 11].

Second-look arthroscopy serves as the gold standard
for assessing postoperative status following meniscal
repair [12]. However, its invasive nature limits its use
for postoperative follow-up. Magnetic resonance imag-
ing (MRI) is a valuable diagnostic tool for meniscal tears,
with reported diagnostic accuracy ranging from 88 to
92% [13]. While MRI is commonly utilized for analyzing
menisci and articular cartilage non-invasively [13-16], its
sensitivity and specificity in evaluating meniscal degen-
eration and meniscus postoperative status are relatively
lower than magnetic resonance (MR) arthrography [17,
18]. Ciliz et al. [19] investigated 37 patients with prior
meniscal surgery. Direct MR arthrography was found
superior to conventional MRI in diagnosing recurrent
meniscus tears, albeit requiring contrast material injec-
tion into the knee joint cavity [20, 21]. Indirect MR
arthrography demonstrates enhanced accuracy, sensitiv-
ity, and specificity than conventional MRI for diagnos-
ing recurrent meniscal tears [22]. However, it may also
amplify signals from tissues both inside and outside the
joint, potentially leading to false-positive diagnoses.
Quantitative magnetic resonance imaging (qMRI) has
emerged as a valuable tool for assessing tissue integrity
and biochemical changes in musculoskeletal structures,
including the meniscus. Techniques such as T2, T2%
and T1 mapping have been applied to evaluate menis-
cal degeneration, subclinical injury, and healing status.
For instance, T2*-mapping at 7 T has demonstrated
sensitivity in detecting intrasubstance degeneration in
patients with posterior root tears [23], while T2 mapping
has been shown to reflect meniscal healing after repair
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[24]. Additionally, MR relaxation times have correlated
with histopathological findings in degenerated menisci
[25], and ultra-short echo time (UTE)—T2* map-
ping has revealed subclinical meniscal injuries follow-
ing ACL tears [26]. Despite the growing utility of these
conventional gMRI techniques, their clinical application
remains limited by relatively long acquisition times and
the need for multiple pulse sequences.

Synthetic magnetic resonance imaging (SyMRI) tech-
nology utilizes a single scan employing multiple dynamic
multiple echo (MDME), enabling the reconstruction of
images with various contrasts [27]. Although SyMRI has
been increasingly adopted for neuroimaging, its appli-
cations in the musculoskeletal system are still emerg-
ing. Recent studies have demonstrated its feasibility in
evaluating osteoporosis [28], optimization of shoulder
soft-tissue contrast [29], and synovitis [30]. In the context
of meniscal imaging, our previous study demonstrated
the utility of SyMRI for quantitatively evaluating menis-
cal injury at the time of diagnosis [31]. Additionally, Lee
et al. reported the use of SyMRI for identifying meniscal
tears with promising diagnostic performance [32]. How-
ever, no studies to date have explored the use of SyMRI in
monitoring postoperative meniscal healing. Boudabbous
et al. [33] observed a high concordance between SyMRI
and conventional MRI in diagnosing knee joint diseases.
SyMRI can quantify the T1, T2 relaxation time and PD of
the tissue simultaneously, providing an objective assess-
ment of meniscal changes and contrast-weighted images
for subjective evaluation. In contrast, traditional gMRI
methods—such as T2 mapping or UTE imaging—typi-
cally require separate sequences for each quantitative
parameter, often with longer acquisition times and more
complex reconstruction algorithms [26]. Moreover, UTE
is specifically designed to capture tissues with very short
T2 values, such as cortical bone or fibrocartilage, but it
requires specialized hardware and expertise, limiting its
widespread clinical use. In contrast, SyMRI offers a more
standardized and time-efficient approach suitable for
routine postoperative evaluation.

In this study, both SyMRI and conventional MRI were
utilized in patients undergoing meniscus repair pre-
operatively, 6 months and 1 year postoperatively. Using
Lysholm scores as a reference [34] to evaluate postopera-
tive recovery status, our study aimed to explore whether
the SyMRI, including qualitative and quantitative maps,
could accurately evaluate the postoperative condition of
patients.

Materials and methods

Patients

The study, approved by the hospital ethics commit-
tee (KY-2022-45), obtained informed consent from all
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participants. Patients requiring arthroscopic surgery at
the Department of Bone, Joint and Sports Medicine of
the First Affiliated Hospital of Jinan University from July
2022 to November 2022 were consecutively collected.
Inclusion criteria comprised individuals aged 18 to 50
years presenting with recent knee pain or discomfort,
whose meniscal tears were confirmed during subsequent
arthroscopic surgery. The positive indicators of knee
discomfort included positive McMurray’ test, Lachman
test and inverse Lachman test results. Exclusion criteria
included a history of knee surgery (excluding the cur-
rent arthroscopic meniscal repair), inability to cooperate
with MR scans, and comorbidities such as rheumatoid
arthritis, gout, or ankylosing spondylitis, and patients
with other intra-articular injuries. Each patient com-
pleted the Lysholm scale prior to MR scans. Addition-
ally, to establish normative reference values, 20 healthy
subjects without any history of knee pathology or trauma
were recruited, and quantitative SyMRI measurements
(T1, T2 relaxation time and PD value) of the medial and
lateral menisci were obtained. These values were used as
external controls to compare with the patient cohort and
evaluate deviations related to meniscal injury and post-
operative changes. Meniscal repairs were performed by
experienced orthopedic surgeons using either all-inside
or outside-in techniques, selected based on tear loca-
tion and morphology. All-inside repairs were conducted
using FAST-FIX 360 Meniscal Repair System (Smith
& Nephew), while outside-in repairs were secured with
non-absorbable sutures tied over the joint capsule. No
inside-out techniques or hardware-based anchors were
used. All patients followed a standardized rehabilitation
protocol that included partial weight-bearing with brace
support for 4 weeks, followed by progressive range-of-
motion and strength training. Rehabilitation compliance
was monitored through clinical follow-up and physi-
otherapist reports, although no quantitative compliance
metrics were recorded.

MRI protocol

All subjects scanned with a 3.0-T MRI system (Signa Pre-
mier, GE Healthcare, Waukesha, W1I) preoperatively, as
well as at 6 months and 1 year postoperatively. The knee
joint of each subject was centered in a 16-channel sur-
face flexible coil. Each subject was placed in the supine
position with the feet advanced and the lower limbs natu-
rally extended, and the positioning line was placed on the
lower edge of the patella.

Conventional fat-suppressed two-dimensional (2D)
sagittal T1-weighted images (T1WI) were acquired
using the following imaging parameters: TR, 484 ms;
TE, 9.5 ms; FOV, 160 X160 mm; image matrix, 320
X 224; slice thickness, 3.5 mm; and gap, 0.5 mm. The
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image acquisition time was 1 min 52 s. Conventional fat-
suppressed two-dimensional (2D) sagittal PD-weighted
images (PDWI-FS) were acquired using the following
imaging parameters: TR, 2600 ms; TE, 30 ms; FOV, 160
X160 mm; image matrix, 320 X 224; slice thickness, 2.5
mm; and gap, 0.5 mm. The image acquisition time was
2 min 2 s. Conventional fat-suppressed two-dimensional
(2D) sagittal T2-weighted images (T2W1I) were acquired
using the following imaging parameters: TR, 3471 ms;
TE, 68 ms; FOV, 160 x 160 mm; image matrix, 320 X 224;
slice thickness, 3.5 mm; and gap, 0.5 mm. The image
acquisition time was 1 min 44 s. Conventional two-
dimensional (2D) coronal PDWI-FS were acquired using
the following imaging parameters: TR, 2514 ms; TE, 42
ms; FOV, 160 X160 mm; image matrix, 320 X 208; slice
thickness, 2.5 mm; and gap, 0.5 mm. The image acquisi-
tion time was 1 min 46 s. A MDME sequence was per-
formed using the following imaging parameters in a
sagittal orientation for SyMRI: TR, 4000 ms; TE, 15.6 ms;
FOV, 160 x 160 mm; image matrix, 200 X 200; slice thick-
ness, 2.5 mm; and gap, 0.5 mm. The image acquisition
time was 5 min 4s.

MRI analysis

SyMRI underwent post-processing on the main scan-
ning console, automatically generating T1WI, T2WI,
PDWI, T1 mapping, T2 mapping and PD mapping. Sag-
ittal and coronal PDWI-FS images were used to identify
the optimal planes showing meniscal signal abnormali-
ties. The region of interest (ROI) was then confirmed
on the sagittal SyMRI-derived pseudo-color maps cor-
responding to these areas. The ROI was manually delin-
eated on the synthetic T2 mapping, with measurements
of T1, T2 relaxation time, and PD value of the abnormal
meniscal signal. The principles of ROI delineation were
as follows: (1) the ROI area was approximately 3mm?,
corresponding to roughly 20—30 pixels; (2) the ROI was
positioned on areas of high signal intensity on synthetic
T2 mapping within the meniscus, avoiding joint fluid
and interference from the transverse ligament of the
knee. In cases of bucket-handle tears, ROIs were placed
in the displaced but identifiable meniscal fragment, and
matched postoperatively using anatomical landmarks;
(3) ROI was measured 3 times and the average value was
recorded (Fig. 1A). To ensure measurement consistency,
all assessments were performed by the same experienced
radiologist. The ROI location remained consistent pre-
operatively, at 6 months, and at 1 year postoperatively.
To ensure consistency and reproducibility in ROI selec-
tion, all quantitative measurements were performed after
the completion of all three imaging timepoints, allowing
side-by-side comparison to match ROI locations across
scans. To assess inter-rater reliability, two experienced
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Fig. 1 AThe location of ROIs on the patients with meniscus; B the location of ROIs on the normal subjects with meniscus

musculoskeletal radiologists independently performed
ROI delineation on 20 randomly selected knees. T1, T2
relaxation time and PD values obtained by the two raters
were compared. Each measurement was repeated three
times by the same observer, and the mean value was
used. In addition, ROIs were randomly placed on the four
menisci of healthy subjects and averaged (Fig. 1B). At the
same time, we performed Stoller grade of the meniscus
on conventional MRI of all patients, and all evaluations
were performed by the same experienced radiologist.

Statistics analysis

Statistical analysis was performed using SPSS 14.0 (Chi-
cago, IL). The intraclass correlation coefficient (ICC)
was calculated to assess the inter-rater reliability of the
repeated measurements. The normality of quantitative
data was assessed using the Shapiro—Wilk test. As all
variables met the assumption of normality, results are
presented as mean tstandard deviation and analyzed
using one-way analysis of variance (ANOVA). For multi-
ple comparisons of T1, T2 relaxation time and PD values,
Bonferroni correction was applied to adjust the signifi-
cance level. Pearson correlation analysis was conducted
to evaluate the relationship between each measurement
and Lysholm score. Spearman correlation analysis was
conducted to evaluate the relationship between Stol-
ler grade and Lysholm score. Statistical differences were
considered significant at P < 0.05.

Table 1 TheT1,T2 relaxation time and PD value of normal subjects

Results

The ICCs for T1, T2 relaxation time and PD values were
0.894 (95% CI 0.792-0.945), 0.918 (95% CI 0.834-0.961),
and 0.903 (95% CI 0.802-0.943), respectively. Based on
standard criteria, these indicate good agreement for T1
and excellent agreement for T2 and PD.

In this study, we assessed the T1, T2 relaxation time
and PD values of the anterior and posterior horns of the
medial and lateral menisci in 20 normal subjects. The
results revealed no statistically significant differences
in these parameters among the four regions (P> 0.05)
(Table 1). The mean + standard deviation value for T1, T2
relaxation time and PD values were 905.59 +282.54 (ms),
32.81 +£2.51 (ms) and 36.04 +6.99 (pu).

This study included 49 patients with meniscus inju-
ries and 20 healthy volunteers. Among them, 27 patients
completed three MR examinations each, while the
remaining 22 patients did not complete all follow-up
examinations due to various reasons. The patient cohort
consisted of 20 males and 7 females, with a mean age of
30.78 years (range, 18—45 years). Arthroscopic assess-
ment revealed 12 cases of medial meniscus tears and 15
cases of lateral meniscus tears.

Regarding tear types among patients who underwent
arthroscopic surgery, there were 14 cases of longitudi-
nal tears, 8 cases of horizontal tears, 3 cases of com-
plex tears, and 2 cases of bucket-handle tears. The T1
relaxation time and PD values measured by SyMRI at

Parameters AH of MM PH of MM AH of LM PH of LM F P

T1 910.53 +286.90 924.07 +231.80 855.20 +308.54 932,57 +311.21 0.295 0.829
T2 33.67+194 32.18+2.39 32.13+£2.66 33.25+2.79 1.946 0.129
PD 3710+9.17 3748 +4.39 33.86 +6.56 3571 +6.96 1.101 0.354

MM medial meniscus, LM lateral meniscus, AH anterior horn, PH posterior horn, T1 (ms), T2 (ms), PD (pu), F the ratio of between-group mean square to within-group

mean square
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6 months and 1-year post-operation did not exhibit
statistically significant differences compared to pre-
operation values. However, the T2 relaxation time
measured by SyMRI at 6 months and 1-year post-oper-
ation showed significant differences compared to pre-
operative values (P< 0.001) (Table 2 and Fig. 2).

The injured menisci underwent suturing by orthope-
dic surgeons, with patients scheduled for reexamina-
tion at 6 months and 1-year post-operation. Lysholm
scores demonstrated a gradual increase over time, with
statistically significant differences observed (P< 0.01),
Specifically, scores were 57.30 +9.58, 81.63 +11.61,
and 90.85 +7.23 at the three time points, respectively.
The was no significant correlation between T1 relaxa-
tion time or PD value and Lysholm scores (Fig. 3A, C).
However, a statistically significant strong positive cor-
relation was observed between T2 relaxation time of
the menisci and Lysholm scores (Fig. 3B). There was
also a statistically significant moderate negative corre-
lation between Stoller grade of meniscus and Lysholm
scores (Fig. 3D).

Table 2 The T1,T2 relaxation time and PD value of 3 groups
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Imaging analysis

The pseudo-color map is a representation formed by
employing multiple echo spin images and coding, result-
ing in a halftone image depicting measured values. Upon
comparing with PDWI-FS and pseudo-color maps, we
observed that synthetic T1 mapping and T2 mapping
displayed a color spectrum ranging from green to red,
indicating meniscal degeneration or tear (Fig. 4). Over
time, the abnormal signal range in the T2 map gradu-
ally decreased, accompanied by a gradual reduction in
signal intensity, suggesting potential meniscal recovery.
Synthetic T1 mapping and synthetic T2 mapping of the
normal meniscus exhibited a relatively uniform dark blue
color.

Discussion

The study aimed to explore whether SYMRI can non-inva-
sively and accurately assess postoperative status following
meniscal repair. Our findings suggested that improve-
ments in postoperative outcomes among patients under-
going meniscal repair were associated with a reduction
in abnormal signal intensity at the site of meniscal injury
and a gradual decrease in T2 relaxation time measured

Parameters Pre-operation 6 months 12 months F P
After operation After operation

T 1134.89 +485.67 1054.26 +365.43 1191.33 +£510.56 0.610 0.546

T2 56.56+2.99 47.00 +£2.69 39.30+3.69 203.329 <0.001

PD 42.02 £16.76 35.85+14.23 38.07 £14.98 1.118 0332

T1(ms), T2 (ms), PD (pu), F the ratio of between-group mean square to within-group mean square

A T1relaxation time of the meniscus B T2 relaxation time of the meniscus C PD values of the meniscus
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Fig. 2 TheT1, T2 relaxation time and PD values among the preoperative group, 6 months postoperative group and 12 months postoperative group
were analyzed. A There was no significant difference in T1 relaxation time measured by SyMRI among the 3 groups (P= 0.546). B The difference in T2
relaxation time was statistically significant (P < 0.001). C There was no significant difference in PD values measured by SyMRI among the 3 groups

(P=10332)
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between T1 relaxation time of meniscus and Lysholm scores (P=0.739). B The correlation between T2 relaxation time of meniscus and Lysholm
scores was statistically significant strong positive (r=—0.772, P< 0.001). C There is no correlation between PD values of meniscus and Lysholm
scores (P=0.522). D The correlation between Stoller grade of meniscus and Lysholm scores was statistically significant moderate negative (r=

—-0.409, P< 0.001)

by SyMRI. These results indicated that T2 relaxation time
of SyMRI could accurately reflect meniscal changes and
correlated well with clinical manifestations.

The assessment of postoperative meniscal condition,
whether through resection or repair, is a prominent area
of research. Current methods for analyzing postopera-
tive meniscal status include clinical evaluation, MRI, MR
arthrography and second-look arthroscopy [12]. Clinical
evaluation typically involves medical history and physical
examination, often utilizing scoring systems such as the
Lysholm score, IKDC score, KOSS score, Tegner score,
among others [34]. However, these methods are relatively
subjective. While second-look arthroscopy is considered
the gold standard for postoperative meniscal assessment
[12], it is invasive and carries the risk of patient injury.
SyMRI has the potential to be integrated into stand-
ard knee imaging protocols, primarily due to its abil-
ity to generate multiple quantitative maps and synthetic
contrast-weighted images from a single acquisition. This

capability can significantly streamline the imaging work-
flow by reducing the number of sequences required.
The total acquisition time for SyMRI is approximately
5-6 min, which is shorter or comparable to conven-
tional protocols that require multiple separate scans for
quantitative assessment. Moreover, the automated post-
processing of SyMRI is relatively efficient, which may fur-
ther improve clinical workflow. From a cost perspective,
although initial implementation may require investment
in software and training, the reduction in scan time and
increased data yield per session could offset these costs
over time. Thus, SyMRI offers a promising alternative for
quantitative assessment of postoperative knees, espe-
cially in settings prioritizing efficiency and comprehen-
sive tissue evaluation.

Patients who underwent meniscus repair were fol-
lowed up at 6 months and 1 year, with a total of 27
patients returning to our hospital for follow-up.
The clinicians observed significant improvement in
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conventional MRI synthetic MRI
Sagittal Coronal Sagittal Sagittal Sagittal Sagittal
PDWI-FS PDWI-FS PDWI T1 mapping T2 mapping PD mapping

pre-operation

Fig.4 A 30-year-old male subject with posterior horn of the medial meniscus of left knee joint. Lysholm scores at the three time points,
respectively, were 47, 65 and 94. The highest signal intensity of the meniscus was slightly reduced but not significantly different on conventional
MRI, which did not correspond to changes in Lysholm scores. The T2 relaxation time of the meniscus, respectively, at the three time points were 57,
50 and 39 (ms) and they shortened significantly, indicating the meniscus was gradually recovering, which was consistent with changes in Lysholm

100 ms]

== il
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after operation

12 months
after operation

| aaaa—
0 100 [ms] 200

scores. An oval T2WI high-signal cyst is seen posterior to the posterior horn of the medial meniscus

postoperative clinical symptoms compared to pre-
surgery. In our study, Lysholm scores showed a grad-
ual increase at the three time points, with statistically
significant differences, indicating that Lysholm scores
accurately reflected the postoperative condition of the
patients.

MRI plays a crucial role in diagnosing meniscal inju-
ries. It could also document surgical complications,
reinjury, and other sources of symptoms, as well as
evaluate recurrent or residual symptoms post-opera-
tion [35-37]. Various MRI findings, such as linear fluid
intensity signals extending to the articular surface on
PDWTI or abnormal meniscus morphology inconsistent
with the postoperative state, may indicate poor heal-
ing or re-tear of the meniscus [18]. However, studies
have shown that post-meniscus repair, increased signal
intensity at the contact articular surface, may be due
to fibrovascular or granulation tissue [38, 39]. Conse-
quently, high signal intensity at the meniscus repair
site in conventional MRI may not accurately distin-
guish between meniscal healing and re-tear. Quanti-
tative MRI can objectively quantify tissue relaxation
time, offering insights into water content, composition,
and collagen fiber anisotropy [40-43]. For instance, T2
relaxation time derived from T2 mapping could quan-
tify changes in water content and collagen fiber compo-
sition [40]. T1p and T2 values can non-invasively assess
the extracellular matrix of articular cartilage, with T1p
value being more sensitive to proteoglycan content
and T2 value reflecting collagen orientation and water

content [41]. dGEMRIC effectively quantifies GAG dis-
tribution, enabling early detection of cartilage degen-
eration in osteoarthritis [43].

One-way ANOVA was employed to analyze the T1,
T2 relaxation time and PD value of the same meniscal
injury site at three time points. Significant differences
were observed in T2 relaxation time (P< 0.001), indi-
cating postoperative meniscal shortening, suggestive of
reduced water content, increased proteoglycan concen-
tration, and restoration of collagen content and network
integrity, thus indicating a gradual attenuation of the
inflammatory response [44—46]. As depicted in Fig. 4,
preoperative conventional MRI revealed a linear high
signal intensity on PDWI-FS extending to the articular
surface in the posterior horn of the lateral meniscus, indi-
cating a meniscus tear. After surgical suture, high signal
intensity on PDWI persisted at the injury site, potentially
leading to radiologist interpretation of recurrent tear or
nonunion. Persistence of meniscal abnormal signals on
synthetic PDW1I was also observed. Synthetic T2 map-
ping demonstrated a wider range of high signal intensity
at 6 months post-operation, but the T2 relaxation time
was lower compared to pre-surgery. Subsequent to 12
months post-surgery, the high signal intensity on syn-
thetic T2 mapping significantly diminished, with further
reduction in T2 relaxation time. Additionally, changes
in T2 relaxation time were consistent with Lysholm
scores, suggesting that T2 relaxation time accurately
reflected meniscal repair in patients recovering postop-
eratively. Several previous studies have explored the use
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of quantitative MRI for evaluating meniscal injury and
repair, particularly using T2 mapping and T1 mapping.
Yamasaki et al. [24] reported T2 relaxation times of 31.7
+3.4 ms in healed menisci, 32.8 +3.8 ms in incompletely
or unhealed menisci, and 26.9 +2.2 ms in healthy con-
trols following meniscal repair. In our study, the T2 val-
ues observed in injured menisci were slightly higher than
those reported by Yamasaki, which may be due to differ-
ences in MR field strength, imaging protocols, postop-
erative time points, and sample characteristics. Similarly,
studies such as those by Kajabi et al. [23] and Einarsson
et al. [25] have demonstrated that quantitative T2* and
T1 mapping techniques are also capable of detecting sub-
clinical or early degenerative changes in the meniscus.
Although T1 relaxation time can reflect interstitial water
content [47] and is sometimes used in conjunction with
other techniques like dGEMRIC and T2 mapping, it is
not yet established as a primary biomarker for early carti-
lage degeneration [42, 48]. In Li et al. [49] study, the lack
of significant T1 differences between groups may high-
light its limited sensitivity for detecting subtle cartilage
changes. Similarly, PD values, which represent free water
content [50], may have limited utility in this context, but
it always seems to be meaningless in terms of the muscu-
loskeletal system.

The presence of high signal intensity on conventional
T2WT helps in diagnosing meniscal changes; however,
increased signal intensity on postoperative T2W1I lacks
specificity in diagnosing recurrent meniscal tears. This
is attributed to potential meniscus scarring within 1 year
postoperatively, leading to false-positive diagnoses [51].
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In addition, short TE signal extending to the articular
surface of the meniscus after surgery could also be con-
sidered as normal findings. Nevertheless, as meniscus
recovery progresses, abnormal signal intensity gradually
diminishes in depth, length, and scope, with some young
patients even returning to a normal state [52]. Because
of only a 1-year follow-up period, T2 relaxation times in
some postoperative patients with partial meniscus repair
did not revert to normal levels. This finding is consist-
ent with previous studies, which have reported that even
clinically healed menisci can exhibit persistently elevated
T2 values at 1 year, suggesting incomplete biochemi-
cal recovery (Fig. 5). For example, Yamasaki et al. found
higher T2 values in repaired menisci compared to normal
controls at 1-year follow-up despite arthroscopic healing
[24], and Schwach et al. similarly observed MRI signal
abnormalities in some patients at 1-year post-repair [53].
However, in patients exhibiting good meniscal recov-
ery, T2 relaxation time returned to normal levels, con-
sistent with our findings. Although the abnormal signal
intensity range may widen, a corresponding reduction
in T2 relaxation time on synthetic T2 mapping dia-
grams indicated ongoing meniscal recovery. Although
Stoller grading correlated with Lysholm scores, the cor-
relation was weak (r= —0.409) and lower than the cor-
relation between T2 relaxation time and Lysholm (r=
—0.772). This suggests that the assessment efficiency of
SyMRI in postoperative meniscal states may surpass that
of conventional MRI Interestingly, although changes in
SyMRI-derived T2 values were observed postoperatively,
corresponding improvements in Lysholm scores were not

conventional MRI synthetic MRI
Sagittal Coronal Sagittal Sagittal Sagittal Sagittal
PDWI-FS PDWI-FS PDWI T1 mapping T2 mapping PD mapping

pre-operation

6 months
after operation
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after operation

- T W

o
1100 [pu] 1700

o
110.0 [pu]  170.0}

-
0 1000 [ms] 2000 CIN - l%[msi £..200 KX

Fig.5 A 32-year-old male subject with posterior horn of the medial meniscus of right knee joint. Lysholm scores at the three time points,
respectively, were 52, 76 and 63. The highest signal intensity of the meniscus was not significant change on conventional MRI, which did

not correspond to changes in Lysholm scores. The T2 relaxation time of the meniscus, respectively, at the three time points were 51,47 and 54 (ms),
indicating the meniscus was poor healing, which was consistent with changes in Lysholm scores
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always statistically significant. This may indicate a poten-
tial temporal lag between biological or structural healing
detectable by quantitative MRI and symptom resolution
perceived by the patient. Previous imaging studies have
similarly suggested that tissue-level recovery may out-
pace functional or symptomatic recovery in musculo-
skeletal injuries [54]. This underscores the potential of
SyMRI as a sensitive tool for detecting subclinical healing
and monitoring tissue changes before symptom improve-
ment becomes evident. Further prospective research is
needed to validate the timing and clinical implications of
such imaging changes. Additionally, we acknowledge that
meniscal healing outcomes may be influenced by vari-
ability in surgical technique and postoperative rehabili-
tation adherence. Although we employed standardized
repair methods and rehabilitation protocols, individual
differences in technique application and patient compli-
ance could have impacted both clinical (Lysholm scores)
and imaging outcomes.

This study had several limitations. Firstly, although
this study recorded the types of meniscal tears and the
duration of symptoms prior to surgery, subgroup analy-
sis based on tear morphology or chronicity was not
performed due to the limited sample size. However, vari-
ations in tear type or chronicity may influence quantita-
tive MRI parameters. Future studies with larger cohorts
are warranted to explore these potential associations and
better understand the relationship between tear char-
acteristics and tissue composition on SyMRI. Although
the use of healthy subjects provided standardized refer-
ence values, internal controls such as the contralateral or
unaffected meniscal regions could potentially offer more
individualized baselines. However, in our cohort, some
patients exhibited bilateral or diffuse meniscal degenera-
tion, limiting the reliability of such comparisons. This is
a recognized limitation, and future studies with more
selective patient inclusion criteria may allow for internal
control analysis. Secondly, it was a single-center study,
lacking data from other medical centers. Additionally,
postoperative meniscal states and Lysholm scores may
vary among patients with different conditions. Moreo-
ver, injuries to other tissues such as ligaments and car-
tilage may influence Lysholm scores. Variations in
surgical techniques could also impact postoperative
meniscal signal intensity. Furthermore, the study had a
short follow-up period, potentially obscuring postopera-
tive meniscal changes in some patients. Another limita-
tion is that although all patients underwent standardized
postoperative care, including routine physical therapy,
detailed data on individualized rehabilitation plans or
additional interventions during the follow-up period
were not collected. Additionally, our correlation analy-
sis between preoperative and postoperative meniscal
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T2 relaxation time and Lysholm scores lacked valida-
tion through second-look arthroscopy. This study uti-
lized small, localized ROIs focused on regions of high
signal intensity to minimize the influence of adjacent
anatomical structures and partial volume effects. How-
ever, assessing the meniscus more globally—including
regions without overt tearing—may provide insights
into more subtle, diffuse tissue changes. Future studies
may consider applying whole-meniscus segmentation or
volumetric analysis to explore these broader alterations.
In addition, SyMRI itself had limitations. Firstly, SyMRI
is only scanned once, so it has high requirements for
scan quality. Being a single-scan technique, it demands
high-quality scans and is susceptible to motion artifacts,
especially in elderly patients. This highlights the need for
future studies to assess motion correction techniques or
the development of faster acquisition strategies to miti-
gate these limitations. Secondly, synthetic STIR diagrams
in SyMRI knee scans may exhibit local low signal-to-
noise ratio and blood vessel pulsation artifacts, poten-
tially affecting observations. Although Stoller grading
in this study was performed using conventional MRI
sequences, future studies could explore the diagnostic
consistency between conventional and SyMRI-derived
morphological images. Such analysis may help deter-
mine whether SyMRI-calculated sequences are inter-
changeable with conventional images in grading meniscal
pathology, and whether any discrepancies influence the
correlation with clinical outcomes.

Conclusion

In summary, this study suggests that SyMRI-derived T2
relaxation time may serve as a quantitative biomarker for
evaluating postoperative meniscal healing. SyMRI ena-
bles the acquisition of multiple MRI in a single, time-effi-
cient scan, offering a noninvasive tool for postoperative
assessment. Such insights may provide valuable informa-
tion and guidance for clinicians in identifying patients
with postoperative meniscal conditions.

Abbreviations

ECM Extracellular matrix

MRI Magnetic resonance imaging

MR Magnetic resonance

SyMRI Synthetic magnetic resonance imaging
MDME Multiple dynamic multiple echo

TIWI T1-weighted image

PDWI-FS  Fat-suppressed sagittal PD-weighted image
TR Repetition time

TE Echo time

FOV Field of view

T2WI T2-weighted image

ROI Region of interest

Acknowledgements
Not applicable.



Zhang et al. European Journal of Medical Research (2025) 30:521

Author contributions

Lingtao Zhang: data curation, formal analysis, investigation, project admin-
istration, software, visualization, writing—original draft, writing—review &
editing. Yun Su: data curation, investigation, software, writing—review &
editing. Wenfeng Mai: investigation, project administration, writing—review
& editing. Xukai Mo: investigation, writing—review & editing. Xiubao Song:
data curation, funding acquisition, writing—review & editing. Changzheng
Shi: conceptualization, funding acquisition, methodology, writing—review &
editing. All authors reviewed the manuscript.

Funding

This project was supported by the Science and Technology Projects in Guang-
zhou (No. 2023A03J0609), the Fundamental Research Funds for the Central
Universities (No. 21624114, No. 11620101), and Guangdong Basic and Applied
Basic Research Foundation (No. 202201020014).

Availability of data and materials
No datasets were generated or analysed during the current study.

Declarations

Ethics approval and consent to participate

The trial was conducted in accordance with the Declaration of Helsinki (as
revised in 2013). The study was approved by the ethics committee of the First
Affiliated Hospital of Jinan University (KY-2022-45) and informed consent was
taken from all individual participants.

Consent for publication
All authors approved the manuscript for publication.

Competing interests
The authors declare no competing interests.

Received: 10 February 2025 Accepted: 4 June 2025
Published online: 24 June 2025

References

1. Ghadially FN, Lalonde JM, Wedge JH. Ultrastructure of normal and torn
menisci of the human knee joint. J Anat. 1983;136(Pt 4):773-91.

2. Chevrier A, Nelea M, Hurtig MB, Hoemann CD, Buschmann MD. Meniscus
structure in human, sheep, and rabbit for animal models of meniscus
repair. J Orthop Res. 2009;27(9):1197-203.

3. Englund M, Guermazi A, Lohmander LS. The meniscus in knee osteoar-
thritis. Rheum Dis Clin North Am. 2009;35(3):579-90.

4. McDermott ID, Masouros SD, Amis AA. Biomechanics of the menisci of
the knee. Curr Orthop. 2008;22(3):193-201.

5. Clayton RAE, Court-Brown CM. The epidemiology of musculoskeletal
tendinous and ligamentous injuries. Injury. 2008;39(12):1338-44.

6. Court-Brown CM. Skeletal trauma: basic science, management and
reconstruction. 3rd edition. In: Browner BD, Jupiter JB, Levine AM,
Trafton PG. Pp 2816. Philadelphia, USA: Saunders, 2003. ISBN: 0-7216-
9175-7. £ 440.00. The Journal of Bone and Joint Surgery British volume.
2003;85-B(7):1089-1089.

7. BaeJY, Park KS, Seon JK, Kwak DS, Jeon |, Song EK. Biomechanical analysis
of the effects of medial meniscectomy on degenerative osteoarthritis.
Med Biol Eng Comput. 2012;50(1):53-60.

8. Xu(C, Zhao J. A meta-analysis comparing meniscal repair with meniscec-
tomy in the treatment of meniscal tears: the more meniscus, the better
outcome? Knee Surg Sports Traumatol Arthrosc. 2015;23(1):164-70.

9. Tengrootenhuysen M, Meermans G, Pittoors K, van Riet R, Victor J. Long-

term outcome after meniscal repair. Knee Surg Sports Traumatol Arthrosc.

2011;19(2):236-41.

10. Faucett SC, Geisler B, Chahla J, Krych AJ, Kurzweil PR, Garner AM, et al.
Meniscus root repair vs meniscectomy or nonoperative management to
prevent knee osteoarthritis after medial meniscus root tears: clinical and
economic effectiveness. Am J Sports Med. 2019;47(3):762-9.

20.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Page 10 of 11

. Lester JD, Gorbaty JD, Odum SM, Rogers ME, Fleischli JE. The cost-

effectiveness of meniscal repair versus partial meniscectomy in the
setting of anterior cruciate ligament reconstruction. Arthroscopy.
2018;34(9):2614-20.

. Miao Y, Yu JK, Ao YF, Zheng ZZ, Gong X, Leung KKM. Diagnostic values

of 3 methods for evaluating meniscal healing status after menis-
cal repair: comparison among second-look arthroscopy, clinical
assessment, and magnetic resonance imaging. Am J Sports Med.
2011;39(4):735-42.

. Sharifah MIA, Lee CL, Suraya A, Johan A, Syed AFSK, Tan SP. Accuracy

of MRI'in the diagnosis of meniscal tears in patients with chronic ACL
tears. Knee Surg Sports Traumatol Arthrosc. 2015;23(3):826-30.

. Kijowski R, Rosas HG, Lee KS, Cheung A, Munoz del Rio A, Graf BK. MRI

characteristics of healed and unhealed peripheral vertical meniscal
tears. AJR Am J Roentgenol. 2014;202(3):585-92.

. Lee DW, Jang HW, Lee SR, Park JH, Ha JK, Kim JG. Clinical, radiological,

and morphological evaluations of posterior horn tears of the lateral
meniscus left in situ during anterior cruciate ligament reconstruction.
Am J Sports Med. 2014;42(2):327-35.

. Lee DH, Lee BS, Chung JW, Kim JM, Yang KS, Cha EJ, et al. Changes in

magnetic resonance imaging signal intensity of transplanted meniscus
allografts are not associated with clinical outcomes. Arthroscopy.
2011;27(9):1211-8.

. McCauley TR. MR imaging evaluation of the postoperative knee. Radi-

ology. 2005;234(1):53-61.

. White LM, Schweitzer ME, Weishaupt D, Kramer J, Davis A, Marks

PH. Diagnosis of recurrent meniscal tears: prospective evaluation of
conventional MR imaging, indirect MR arthrography, and direct MR
arthrography. Radiology. 2002;222(2):421-9.

. Ciliz D, Ciliz A, Elverici E, Sakman B, Yuksel E, Akbulut O. Evaluation of

postoperative menisci with MR arthrography and routine conventional
MRI. Clin Imaging. 2008;32(3):212-9.

Popescu D, Sastre S, Garcia Al, Tomas X, Reategui D, Caballero M. MR-
arthrography assessment after repair of chronic meniscal tears. Knee
Surg Sports Traumatol Arthrosc. 2015;23(1):171-7.

. Pujol N, Panarella L, Selmi TAS, Neyret P, Fithian D, Beaufils P. Meniscal

healing after meniscal repair: a CT arthrography assessment. Am J
Sports Med. 2008;36(8):1489-95.

Tapasvi S, Shekhar A, Chandorkar A, Patil A, Patil S. Indirect magnetic
resonance arthrography may help avoid second look arthroscopy for
assessment of healing after bucket handle medial meniscus repairs: a
prospective clinico-radiological observational study. Indian J Orthop.
2021,55(2):416-24.

Kajabi AW, Zbyi S, Smith JS, et al. Seven tesla knee MRI T2*-mapping
detects intrasubstance meniscus degeneration in patients with poste-
rior root tears. Radiol Adv. 2024;1(1):umae005.

Yamasaki S, Hashimoto Y, Nishida Y, et al. Assessment of meniscal heal-
ing status by magnetic resonance imaging T2 mapping after meniscal
repair. Am J Sports Med. 2020;48(4):853-86000.

Einarsson E, Svensson J, Folkesson E, et al. Relating MR relaxation times
of ex vivo meniscus to tissue degeneration through comparison with
histopathology. Osteoarthr Cartil Open. 2020;2(2): 100061 (Published
2020 Apr 3).

Williams A, Qian'Y, Golla S, et al. UTE-T2% mapping detects sub-clinical
meniscus injury after anterior cruciate ligament tear. Osteoarthr Cartil.
2012;20(6):486-94.

Gongalves FG, Serai SD, Zuccoli G. Synthetic brain MRI: review of
current concepts and future directions. Top Magn Reson Imaging.
2018;27(6):387-93.

ChenY, Mei X, Liang X, Cao'Y, Peng C, Fu Y, Zhang Y, Liu C, Liu Y.
Application of magnetic resonance image compilation (MAGIC) in the
diagnosis of middle-aged and elderly women with osteoporosis. BMC
Med Imaging. 2023;23(1):63.

Lee SH, Lee YH, Hahn S, Yang J, Song HT, Suh JS. Optimization of
T2-weighted imaging for shoulder magnetic resonance arthrog-
raphy by synthetic magnetic resonance imaging. Acta Radiol.
2018;59(8):959-65.

YiJ, Lee YH, Song HT, et al. Double-inversion recovery with synthetic
magnetic resonance: a pilot study for assessing synovitis of the knee
joint compared to contrast-enhanced magnetic resonance imaging. Eur
Radiol. 2019,29:2573-80.



Zhang et al. European Journal of Medical Research (2025) 30:521

31.

32.

33.

34

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

Zhang L, Mai W, Mo X, et al. Quantitative evaluation of meniscus injury
using synthetic magnetic resonance imaging. BMC Musculoskelet Disord.
2024,;25(1):292 (Published 2024 Apr 15).

YiJ, Lee YH, Song HT, Suh JS. Clinical feasibility of synthetic magnetic
resonance imaging in the diagnosis of internal derangements of the
knee. Korean J Radiol. 2018;19(2):311-9.

Boudabbous S, Neroladaki A, Bagetakos |, Hamard M, Delattre BM, Vargas
MI. Feasibility of synthetic MRl in knee imaging in routine practice. Acta
Radiol Open. 2018;7(5):2058460118769686.

Sihvonen R, Paavola M, Malmivaara A, Itéla A, Joukainen A, Nurmi H, et al.
Arthroscopic partial meniscectomy versus sham surgery for a degenera-
tive meniscal tear. N Engl J Med. 2013;369(26):2515-24.

Jansson KA, Karjalainen PT, Harilainen A, Sandelin J, Soila K, Tallroth K,

et al. MRI of anterior cruciate ligament repair with patellar and hamstring
tendon autografts. Skeletal Radiol. 2001,30(1):8-14.

Vande Berg BC, Lecouvet FE, Poilvache P, Maldague B, Malghem J. Spiral
CT arthrography of the postoperative knee. Semin Musculoskelet Radiol.
2002;6(1):47-55.

White LM, Kramer J, Recht MP. MR imaging evaluation of the postopera-
tive knee: ligaments, menisci, and articular cartilage. Skeletal Radiol.
2005;34(8):431-52.

Fox MG. MR imaging of the meniscus: review, current trends, and clinical
implications. Radiol Clin North Am. 2007;45(6):1033-53, vii.

Muellner T, Egkher A, Nikolic A, Funovics M, Metz V. Open meniscal repair:
clinical and magnetic resonance imaging findings after twelve years. Am
J Sports Med. 1999;27(1):16-20.

Baum T, Joseph GB, Karampinos DC, Jungmann PM, Link TM, Bauer JS.
Cartilage and meniscal T2 relaxation time as non-invasive biomarker for
knee osteoarthritis and cartilage repair procedures. Osteoarthr Cartil.
2013;21(10):1474-84.

Nishioka H, Hirose J, Nakamura E, Oniki Y, Takada K, Yamashita Y, et al.
T1p and T2 mapping reveal the in vivo extracellular matrix of articular
cartilage. J Magn Reson Imaging. 2012;35(1):147-55.

Regatte RR, Akella SVS, Borthakur A, Reddy R. Proton spin-lock ratio imag-
ing for quantitation of glycosaminoglycans in articular cartilage. J Magn
Reson Imaging. 2003;17(1):114-21.

Tiderius CJ, Olsson LE, Leander P, Ekberg O, Dahlberg L. Delayed gado-
linium-enhanced MRI of cartilage (AGEMRIC) in early knee osteoarthritis.
Magn Reson Med. 2003;49(3):488-92.

Koff MF, Amrami KK, Kaufman KR. Clinical evaluation of T2 values of
patellar cartilage in patients with osteoarthritis. Osteoarthritis Cartilage.
2007;15(2):198-204.

Van Breuseghem |, Bosmans HTC, Elst LV, Maes F, Pans SD, Brys PPMA,

et al. T2 mapping of human femorotibial cartilage with turbo mixed MR
imaging at 1.5 T: feasibility. Radiology. 2004,233(2):609-14.
Watrin-Pinzano A, Ruaud JP, Olivier P, Grossin L, Gonord P, Blum A, et al.
Effect of proteoglycan depletion on T2 mapping in rat patellar cartilage.
Radiology. 2005;234(1):162-70.

Berberat JE, Nissi MJ, Jurvelin JS, Nieminen MT. Assessment of interstitial
water content of articular cartilage with T1 relaxation. Magn Reson Imag-
ing. 2009,27(5):727-32.

Nieminen MT, Rieppo J, Téyrds J, et al. T2 relaxation reveals spatial colla-
gen architecture in articular cartilage: a comparative quantitative MRl and
polarized light microscopic study. Magn Reson Med. 2001;46(3):487-93.
Li M, Xia Z, Li X, et al. Difference in quantitative MRl measurements of car-
tilage between Wiberg type Il patella and stable patella based on a 3.0-T
synthetic MRI sequence. Eur J Radiol Open. 2023;11: 100526 (Published
2023 Oct 25).

Atkinson HF, Birmingham TB, Moyer RF, et al. MRI T2 and T1p relaxation

in patients at risk for knee osteoarthritis: a systematic review and meta-
analysis. BMC Musculoskelet Disord. 2019;20(1):182 (Published 2019
May 1).

Heuck A, Woertler K. Posttreatment imaging of the knee: cruciate liga-
ments and menisci. Semin Musculoskelet Radiol. 2022;26(3):230-41.
Zhao M, ZhouY, Chang J, Hu J, Liu H,Wang S, et al. The accuracy of MRI
in the diagnosis of anterior cruciate ligament injury. Ann Transl Med.
2020;8(24):1657.

Schwach M, Grange S, Klasan A, Putnis S, Philippot R, Neri T. MRI criteria
for healing at 1 year after repair of a traumatic meniscal tear. Am J Sports
Med. 2023;51(14):3693-700.

Page 11 of 11

54. Pefa E, Calvo B, Martinez MA, Palanca D, Doblaré M. Why lateral menis-
cectomy is more dangerous than medial meniscectomy. A finite element
study. J Orthop Res. 2006;24(5):1001-10.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.



	Quantitative evaluation of postoperative status after meniscal repair using synthetic magnetic resonance imaging
	Abstract 
	Background 
	Methods 
	Results 
	Conclusions 

	Introduction
	Materials and methods
	Patients
	MRI protocol
	MRI analysis
	Statistics analysis

	Results
	Imaging analysis

	Discussion
	Conclusion
	Acknowledgements
	References


