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Abstract
Objective To qualitatively and quantitatively evaluate the 2-year magnetic resonance imaging (MRI) outcome after MPFL 
reconstruction at the knee and to assess MRI-based risk factors that predispose for inferior clinical and imaging outcomes.
Materials and methods A total of 31 patients with MPFL reconstruction were included (22 ± 6 years, 10 female). MRI was 
performed preoperatively in 21/31 patients. Two-year follow-up MRI included quantitative cartilage T2 and T1rho relaxation 
time measurements at the ipsilateral and contralateral knee.  T2relative was calculated as  T2patellofemoral/T2femorotibial. Morphologi-
cal evaluation was conducted via WORMS scores. Patellar instability parameters and clinical scores were obtained. Statistical 
analyses included descriptive statistics, t-tests, multivariate regression models, and correlation analyses.
Results Two years after MPFL reconstruction, all patellae were clinically stable. Mean total WORMS scores improved 
significantly from baseline to follow-up (mean difference ± SEM, − 4.0 ± 1.3; P = 0.005). As compared to patients with no 
worsening of WORMS subscores over time (n = 5), patients with worsening of any WORMS subscore (n = 16) had lower 
trochlear depth, lower facetal ratio, higher tibial-tuberosity to trochlear groove (TTTG) distance, and higher postoperative 
lateral patellar tilt (P < 0.05).  T2relative was higher at the ipsilateral knee (P = 0.010).  T2relative was associated with preopera-
tively higher patellar tilt (P = 0.021) and higher TTTG distance (P = 0.034). TTTG distance, global T2 values, and WORMS 
progression correlated with clinical outcomes (P < 0.05).
Conclusion MPFL reconstruction is an optimal treatment strategy to restore patellar stability. Still, progressive knee joint 
degeneration and patellofemoral cartilage matrix degeneration may be observed, with trochlear dysplasia, patellar maltrack-
ing, or patellar tilting representing particular risk factors.

Keywords Magnetic resonance imaging · Ligaments · Knee · Cartilage · Risk factors · Patellofemoral joint · Joint 
instability · Patellar dislocation

Introduction

Single and recurrent lateral patella dislocation is associated 
with gradual cartilage deterioration on MR imaging and 
increases the risk for knee joint osteoarthritis [1–3]. Recon-
struction of the medial patellofemoral ligament (MPFL) is a 
successful treatment for patellar instability with restoration 
of the deficient primary medial patellar soft tissue restraint 

and good functional outcomes [4–6]. Although patella sta-
bilization is reported to result in lower redislocation rates 
than conservative treatment [5–9], a higher rate of patel-
lofemoral osteoarthritis was reported after surgical treatment 
[10]. However, the authors state that these findings should 
be interpreted with great caution due to publication bias, 
methodological quality of the evidence base, and variety 
surgical interventions [10].

MR imaging-based trochlear dysplasia parameters 
are associated with early knee joint osteoarthritis in 
patients without MPFL reconstruction [11, 12]. It remains 
unclear whether MPFL reconstruction contributes to the 
development of osteoarthritis. In a retrospective study, 
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morphological changes on postoperative MR imaging after 
MPFL reconstruction were described [13]. There is no MR 
imaging study that assesses the qualitative or the quantitative 
knee joint degeneration after MPFL reconstruction.

Quantitative T2 and T1rho relaxation time measure-
ments are able to non-invasively assess the biochemical 
composition of cartilage, correlate with cartilage matrix 
degeneration, and predict morphological cartilage loss and 
osteoarthritis [14–17]. Increasing cartilage T2 relaxation 
times primarily correlate with decreasing collagen contents, 
collagen disruption, and increasing water contents while 
increasing T1rho relaxation times correlate with decreas-
ing proteoglycan contents and increasing water contents 
[18]. Early cartilage matrix degeneration may be depicted 
in young individuals without morphological cartilage defects 
who are at risk for early osteoarthritis [11, 14, 15].

The purposes of this study were to qualitatively and 
quantitatively evaluate the 2-year MRI outcome after 
MPFL reconstruction at the knee and to assess MRI-based 
risk factors that predispose for inferior clinical and imaging 
outcomes.

Subjects and methods

Subjects

The study was approved by the local Institutional Review 
Board (Ethikkommission Technical University of Munich, 
Germany). All patients gave written informed consent prior 
to participation in the study. Patients were recruited between 
11/2015 and 06/2017. Inclusion criteria were MPFL recon-
struction at the knee 2 years prior of inclusion to this study 
and age ≥ 18 years at the follow-up time-point. Exclusion 
criteria were previous surgery, concomitant surgery, or 
follow-up surgery, as well as MRI contraindications such 
as claustrophobia, MRI-incompatible implants (e.g., pace-
maker), or pregnancy. Further exclusion criteria were insuf-
ficient MR image quality or insufficient or incomplete MRI 
data. A detailed flowchart illustrating the patient selection 
is provided in the supplemental material S1.

Surgery

Isolated MPFL reconstruction was performed by special-
ized orthopedic sports surgeons as previously described 
[19–21]. In brief, an anatomical double-bundle technique 
with an autologous gracilis tendon was applied. At the patel-
lar insertion, two bioresorbable anchors were inserted. At 
the femoral insertion, one bioresorbable interference screw 
was inserted under fluoroscopic guidance [22]. The graft 
was finally fixed at 30° of flexion to ensure an optimal con-
tact pressure. Postoperatively, knee flexion was limited to 

90°. Passive motion and partial weight-bearing with 20 kg 
were required for the initial 2 weeks after surgery. For the 
duration of the hospital stay, continuous passive movement 
was applied for daily knee flexion exercises. After week 
2, weight-bearing loads were continuously increased until 
full weight-bearing was achieved 6 weeks postoperatively. 
After week 6, gradual increases of the range of motion were 
encouraged until full range of motion was aimed.

Clinical outcome

Two years after MPFL reconstruction, all knee joints were 
examined regarding patellofemoral stability. The Kujala 
anterior knee pain scoring system [23] and the Knee Injury 
and Osteoarthritis Outcome Score (KOOS) were used to 
semi-quantitatively assess clinical symptoms and function 
[24, 25]. The Kujala score contains a 13-item questionnaire 
for the patient-reported assessment of anterior knee pain. 
It assesses the ability to perform several activities and the 
presence of symptoms/disabilities. The range of the Kujala 
score is 0 to 100 with 100 representing an optimal score (no 
knee problems) and 0 representing the worst score [25]. The 
KOOS score assesses pain, symptoms, activities of daily liv-
ing, sports and recreation function, and knee-related quality 
of life. The KOOS score is provided as a percentage value 
with 100% representing an optimal score (no knee problems) 
and 0% representing the worst score [24].

Magnetic resonance imaging

MR imaging of the knee joint was performed at a 3-T MR 
scanner (Ingenia, Philips Healthcare, Best, the Netherlands) 
using a dedicated transmit-receive 16-channel knee coil 
(Medical Advances, Milwaukee, WI, USA). Preoperatively, 
morphological MR imaging was performed at the ipsilateral 
knee. Two years after MPFL reconstruction, morphological 
and quantitative MR imaging was performed at the ipsilat-
eral knee and at the contralateral knee for intrapersonal com-
parisons of quantitative relaxation time measurements of the 
articular cartilage. At the ipsilateral knee, morphological 
pulse sequences included two-dimensional (2D) interme-
diate-weighted (IM-w) turbo spin echo (TSE) sequences 
in three planes and sagittal T1-w TSE sequences [26]. At 
the contralateral knee, for morphological evaluation, only 
sagittal IM-w TSE sequences were acquired due to scan-
time restrictions. At both knees, sagittal 2D T2 multi-slice 
multi-echo (MSME) SE sequences included six echoes at 
echo times (TE) = 10, 20, 30, 40, 50, and 60 ms [26]. For 
sagittal three-dimensional (3D) T1rho relaxation time meas-
urements, a rotary echo spin-lock pulse was implemented as 
a preparation module in a three-dimensional spoiler gradient 
echo sequence for acquisition of T1rho-weighted data with 
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a spin-lock frequency of 500 Hz at spin-lock times (SLT) 
of 10, 20, 40, 60, and 80 ms [27]. Detailed MR imaging 
parameters are provided in Table 1.

Semi‑quantitative MR assessment

MR images were reviewed by Picture Archiving Communi-
cation System (PACS) workstations (Easy Vision, Philips, 
Best, Netherlands). Morphological assessment of the clinical 
MR images regarding early osteoarthritic changes was con-
ducted via the Whole-Organ Magnetic Resonance Imaging 
Score of the knee (WORMS) pre- and postoperatively by 
two readers in consensus (P.M.J. and A.S.G., 12 and 8 years 
of experience in musculoskeletal imaging) [28]. For each 
subregion, the structures were assessed as the following 
(supplemental material S2, adjusted from [26]): (i) meniscus 
(score 0–4 in 6 regions), (ii) ligaments (score 0–4 in 6 loca-
tions), (iii) cartilage (score 0–6 in 6 regions), (iv) bone mar-
row (score 0–3 in 6 regions), (v) flattening or depression of 
articular surfaces (score 0–3 in 6 regions), (vi) subarticular 
cysts (score 0–3 in 6 regions), (vii) osteophytes (score 0–3 in 
6 regions), and (v) other abnormalities (effusion (score 0–3), 
intraarticular body (score 0–2), baker cyst (score 0–3)). The 
total WORMS score was calculated as a sum score of all 
subscores similar to previous publications [26, 29], result-
ing in a range of 0 to 164. The higher the score, the more 
pathological changes were present [28].

Patellar instability measurements

Trochlear dysplasia and patellar alignment measurements 
were performed by one investigator (F.A.B.), supervised 
by one specialized musculoskeletal radiologist (P.M.J., 
12  years of experience in musculoskeletal imaging). 
Trochlear dysplasia parameters including the medial-to-
lateral trochlear facetal ratio, the trochlear depth, and the 
sulcus angle were obtained at the axial slice 30 mm proxi-
mal to the knee joint line as previously described [11, 30, 
31]. Patellar alignment parameters included measurements 
for patellar height, patellar tilt, and patellar maltracking. 
Patella height was determined via the Caton-Dechamps 
index [31, 32]. The Caton-Dechamps index was calculated 
by dividing the distance of the lowest point of the patellar 
articular surface and the anterior point of the lateral tibial 
plateau by the patellar articular length as measured on 
sagittal MR images [33, 34]. Lateral patellar tilt was deter-
mined by calculating the angle between a reference line 
through the patella and a line tangential along the femoral 
condyles posteriorly as measured on transverse MR images 
[31]. Patellar maltracking was determined by measuring 
the tibial-tuberosity to trochlear groove (TTTG) distance 
between the center of the tibial tuberosity and the deepest 
point of the trochlear groove on a line parallel to the line 
tangential along the femoral condyles posteriorly [35–37]. 
Presence of a localized, nipple-like anterior trochlear 
prominence at the most anterior and proximal part of the 
femoral trochlea on midsagittal MR images ≥ 7 mm was 
noted [30]. Measurements on MR images are illustrated in 
supplemental material S3.

Table 1  MR imaging pulse sequence parameters

MR, magnetic resonance; FOV, field of view; w, weighted; IM, intermediate; FS, fat-saturated; MESE, multi-slice multi-echo spin-echo; SPGR, 
spoiled gradient recalled. *Per echo.

Sequence T1-w TSE IM-w TSE IM-w TSE IM-w TSE MESE T2 SPGR T1rho

Additional features 2D 2D, blade, FS 2D, blade, FS 2D, blade, FS 2D 3D, FS
Plane Sagittal Sagittal Coronal Transverse Sagittal Sagittal
Echo time (TE; ms) 13 44 44 40 10, 20, 30, 40, 50, 60 -
Spin lock duration (TSL; ms) - - - - - 10, 20, 40, 60, 80
Repetition time (TR; ms) 785 4202 3363 5456 2200 9.6
Field of view (FOV; mm) 140 140 140 150 140 140
In-plane resolution  (mm2) 0.4 × 0.4 0.4 × 0.4 0.4 × 0.4 0.4 × 0.4 0.4 × 0.4 0.5 × 0.5
Slice thickness (mm) 3 3 3 3 2.5 2.0
Number of slices 28 30 24 36 30* 45*
Slice distance (mm) 3.6 3.6 3.6 3.3 2.5 2
Flip angle (°) 90 90 90 90 90 10
Bandwidth per pixel (Hz) 143 187 187 201 251 217
Phase encoding direction Column Column Column Row Column Row
Number of averages 1 2 2 2 1 1
Acquisition time (min) 3:06 4:50 4:50 5:42 5:33 11:00
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Quantitative MR image assessment

For the postprocessing of T1rho images, an in-house devel-
oped algorithm programmed in Matlab (Mathworks, Natick, 
MA, USA) by one MR physicist specialized in musculo-
skeletal imaging (D.W., 3 years of experience), supervised 
by a senior MR physicist specialized in musculoskeletal 
imaging (D.C.K., 12 years of experience), was used. T2 
and T1rho maps were reconstructed by fitting the images 
pixel by pixel using a Levenberg–Marquardt mono-expo-
nential non-negative least squares fit algorithm [38]. The 
first echo (TE = 10 ms) was excluded from the fitting algo-
rithm to minimize the effects from stimulated echo signals 
on the calculated relaxation times. One investigator (J.S.) 
performed manual segmentation of cartilage in 6 differ-
ent compartments (patella, trochlea, medial femoral con-
dyle (MFC), lateral femoral condyle (LFC), medial tibia 
plateau (MT), lateral tibia plateau (LT)) on all knee MR 
images as described previously [39] and was supervised 
by one experienced musculoskeletal radiologist (P.M.J., 
12 years of experience). Relative values were calculated as 
 T2relative = [(T2patella +  T2trochlea)/2] / [(T2MFC +  T2LFC +  T2MT 
+  T2LT)/4] and  T1rhorelative = [(T1rhopatella +  T1rhotrochlea)/2] 
/ [(T1rhoMFC +  T1rhoLFC +  T1rhoMT +  T1rhoLT)/4], 
respectively.

Reproducibility

Good intra- and interreader reproducibility was shown pre-
viously in our research group [26]. Intra-class correlation 
coefficients (ICCs) for WORMS subscores ranged between 
0.81 and 0.88. Intra- and interreader agreement for carti-
lage relaxation time measurements was high. The root mean 
square error coefficient of variation for T2 was between 0.98 
and 1.72% for intrareader agreement and between 1.12 and 
2.51% for interreader agreement.

Statistical analysis

Statistical analysis was performed using SPSS v26 (IBM, 
Armonk, NY, USA; P.G. and P.M.J.). As level of signifi-
cance 0.05 was assumed for all tests. Using Kolmogo-
rov–Smirnov’s tests, normal distribution was confirmed for 
the main outcome parameters. For paired analyses within the 
same subjects, paired t-tests were applied. For comparisons 
of cases with worsening of any WORMS subscore during 
follow-up versus cases with no worsening of any WORMS 
subscore during follow-up, unpaired t-tests were applied. 
Multivariate linear regression models adjusting for the 
main risk factors for osteoarthritis, including age, gender, 
and body mass index (BMI), were additionally used to con-
firm the independence of the results from these risk factors. 
Means ± standard deviation (SD), mean differences between 

groups ± standard error of the mean (SEM), and lower and 
upper 95% confidence intervals (95% CI) were calculated. 
Unilateral Spearman’s rank correlations adjusting for age, 
gender, and BMI were obtained for correlation analyses. 
Finally, multivariate linear regression models with forward 
progression were applied for identification of the most rel-
evant patellar instability parameters.

Results

Subjects

Finally, 31 patients with isolated unilateral MPFL recon-
struction were included in this study. In the analyzed cohort 
(14 male, 17 female), the mean ± SD age at surgery was 
22 ± 6 years (range 14–37 years). The mean follow-up time 
was 27 ± 5 months (2.3 ± 0.4 years). There were 17 right 
knees and 14 left knees treated with MPFL reconstruction. 
The mean BMI was 23.5 ± 4.1 kg/m2. In 22 patients, chronic 
patellar instability was diagnosed. Eight patients had trau-
matic patellar dislocations.

Morphological MR imaging

At follow-up, the mean ipsilateral total WORMS score was 
6.2 ± 6.2 (n = 31) and the mean contralateral total WORMS 
score was 1.7 ± 0.5 (P < 0.001). Mean cartilage sum scores, 
patellar cartilage subscores, BME sum scores, patellar BME 
subscores, and baker cyst scores at ipsilateral knees were sig-
nificantly higher than those at contralateral knees (P < 0.05). 
All other subscores were not significantly different.

Change of morphological scores

In n = 21 cases, preoperative MR images were available that 
were performed at a maximum of 6 weeks before surgery. 
Mean total WORMS scores improved significantly from 
baseline to follow-up (total WORMS at baseline, 10.3 ± 8.2; 
mean difference ± SEM, − 4.0 ± 1.3, P = 0.005; n = 21). In 
5/21 cases, no worsening was observed for any subscore. 
Worsening of any WORMS subscore was observed in 16/21 
patients; some of these patients showed improvements in 
other scores, finally resulting in no increase of total WORMS 
scores. Worsening of WORMS scores was mainly due to 
worsening of patellar cartilage subscores (7/21; P = 0.766) 
and patellar osteophyte subscores (6/21; P = 0.010). Signifi-
cant improvements were observed for BME subscores: All 
BME at the lateral femoral condyle improved from baseline 
to follow-up (n = 12 cases, P < 0.001); BME was reduced, 
but still present at follow-up in 2/12 of these cases. BME 
at the patella newly occurred in n = 3 cases, increased in 
1/10 cases with BME at baseline while decreasing in 9/10 
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cases (P = 0.010). BME at the trochlea was reduced or disap-
peared in all 3/21 cases with BME at the trochlea at base-
line (P = 0.110). Significant improvement was also found 
for joint effusion (P = 0.004). For the other subscores, the 
differences were not significant (P > 0.05).

Quantitative MR imaging

Two years after MPFL surgery, absolute cartilage T2 and 
T1rho values at the global knee were similar at the ipsilateral 
knee and at the contralateral knee (global T2, mean ± SEM: 
31.1 ± 0.6 ms versus 31.7 ± 0.6 ms, P = 0.179; global T1rho: 
39.5 ± 0.4 ms versus 39.5 ± 0.5 ms, P = 0.886, Table 2). Also 
at the patella, absolute T2 and T1rho values showed no sig-
nificant difference between the ipsilateral knee and the con-
tralateral knee (P > 0.05).  T2relative at the ipsilateral knee was 
significantly higher than  T2relative at the contralateral knee 
(1.10 ± 0.12 versus 1.05 ± 0.12; P = 0.010). For  T1rhorelative, 
the difference was not significant (1.30 ± 0.02 versus 
1.26 ± 0.02, P = 0.075). In Spearman’s rank correlations, 
higher postoperative patellar cartilage scores correlated 
significantly with higher  T2relative (R = 0.416, P = 0.028) but 
not with  T1rhorelative (R = 0.183, P = 0.353).

Clinical outcome

Two years after MPFL reconstruction, patellar stability 
was restored in all individuals. No patient suffered from 
redislocation during the observation time. The mean ± SD 
postoperative KOOS score was 86.4 ± 11.3 (range 53.6 to 
100.0). The mean ± SD Kujala score was 82.8 ± 13.3 (range 
56.0 to 100.0). In Spearman’s rank correlations, more severe 
total WORMS progression over time correlated significantly 
with worse clinical outcomes (n = 21; KOOS: R =  − 0.509, 

P = 0.016; Kujala: R =  − 0.335, P = 0.087; Fig. 1). Higher 
global cartilage T2 values correlated significantly with 
worse clinical outcomes (lower KOOS score: R =  − 0.527, 
P = 0.004; Kujala: R =  − 0.626, P < 0.001). Clinical scores 
did not correlate significantly with T1rho values (P > 0.05). 
When implementing total WORMS at follow-up, total 
WORMS progression, global T2 values, and global T1rho 
values in a multivariate linear regression model, the out-
come parameters total WORMS progression (B =  − 0.51, 
P = 0.014) and global T2 values (B =  − 0.39, P = 0.049) were 
most predictive for clinical outcomes (KOOS).

Patellar instability parameters

Means ± SD for patellar instability measurements are pro-
vided in Table 3. Comparisons between ipsilateral and con-
tralateral patellar instability measurements are provided in 
the supplemental material S4. The contralateral knee showed 
significantly deeper trochleae and lower TTTG distances 
(P < 0.05). The other parameters were not significantly dif-
ferent. None of the patients had a nipple-like prominence 
on knee MRI.

As compared to patients with no worsening of WORMS 
subscores over time (n = 5), patients with worsening of 
any WORMS subscore (n = 16) had more pathological 
patellar instability values (Figs. 2 and 3): Patients with 
worsening of WORMS subscores showed a lower trochlear 
depth (mean ± SEM; 4.4 ± 0.4 mm versus 6.2 ± 0.2 mm, 
P = 0.020), a lower medial-to-lateral trochlear facetal 
ratio (0.44 ± 0.13 versus 0.59 ± 0.10, P = 0.023), a higher 
TTTG distance (14.5 ± 0.8 mm versus 10.3 ± 2.3 mm, 
P = 0.040), and a higher postoperative lateral patellar tilt 
(13.9 ± 1.1° versus 5.7 ± 2.7°; P = 0.003). The difference 
for sulcus angle showed a statistical trend (147 ± 2° versus 

Table 2  Means ± SEM for the ipsilateral and contralateral cartilage 
T2 and T1rho relaxation times of the global knee and of the different 
knee compartments. For the differences between ipsilateral and con-
tralateral values, confidence intervals (lower 95% confidence inter-

val (CI), upper 95% CI) and P-values are provided. Relative values 
were calculated as patellofemoral mean value divided by femorotibial 
mean value.  T2relative was significantly higher at the ipsilateral knee

*P < 0.05.

Compartment T2 (ms) ipsilateral T2 (ms) contralat-
eral

95% CI P T1rho (ms) ipsi-
lateral

T1rho (ms) 
contralateral

95% CI P

Global knee 31.1 ± 0.6 31.7 ± 0.6 (− 1.4, 0.3) 0.179 39.5 ± 0.4 39.5 ± 0.5 (− 0.7, 0.8) 0.886
Relative value 1.10 ± 0.16 1.05 ± 0.12 (0.01, 0.09) 0.010* 1.30 ± 0.02 1.26 ± 0.02 (− 0.00, 1.85) 0.075
Patella 33.5 ± 0.6 33.5 ± 0.7 (− 1.3, 1.4) 0.939 46.6 ± 0.8 45.8 ± 0.9 (− 0.8, 2.3) 0.316
Trochlea 32.5 ± 0.7 31.9 ± 0.7 (− 0.8, 2.1) 0.363 46.7 ± 1.2 45.6 ± 1.0 (− 1.2, 3.3) 0.348
Medial femoral 

condyle
34.1 ± 0.7 34.0 ± 0.8 (− 2.4, 0.5) 0.205 41.8 ± 0.8 40.8 ± 0.9 (− 0.7, 2.5) 0.238

Lateral femoral 
condyle

34.5 ± 0.8 35.6 ± 0.8 (− 2.4, 0.2) 0.089 42.1 ± 0.6 41.5 ± 0.9 (− 1.2, 2.4) 0.503

Medial tibia plateau 26.5 ± 0.6 27.7 ± 0.8 (− 2.2, − 0.1) 0.030 30.3 ± 1.0 32.0 ± 0.8 (− 4.1, 0.7) 0.156
Lateral tibia plateau 25.6 ± 0.6 26.6 ± 0.7 (− 1.7, − 0.2) 0.020 29.7 ± 0.9 31.1 ± 0.7 (− 3.3, 0.6) 0.172
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138 ± 5°, P = 0.094). Significances persisted after adjust-
ment for covariates. Patients with worsening of patellar 
cartilage lesions during follow-up presented a significantly 
lower trochlear depth (3.9 ± 0.8 mm versus 5.3 ± 0.3 mm, 
P = 0.046) and a larger sulcus angle (151 ± 5° versus 
141 ± 2°, P = 0.039).

Higher postoperative  T2relative correlated signifi-
cantly with preoperatively increased lateral patellar tilt 
(R = 0.538, P = 0.021; Table 2) and with a higher TTTG 
distance (R = 0.403; P = 0.034; Fig. 4). For the other patel-
lar instability measurements, there was no significant 
correlation with quantitative relaxation times (P > 0.05). 

Lateral patellar tilt was normalized after MPFL surgery 
(16.9 ± 2.1° versus 11.9 ± 1.3, P = 0.018, n = 21). 

Multivariate regression

When implementing MR imaging-based patellar instabil-
ity measurements in multivariate linear regression models, 
the parameters postoperative lateral patellar tilt (B = 0.55, 
P = 0.003) and trochlear depth (B =  − 0.41, P = 0.022) 
showed the most relevant influence on any WORMS pro-
gression. Preoperatively increased lateral patellar tilt had 
the most relevant influence on  T2relative (B = 0.53, P = 0.013). 

Fig. 1  Bivariate linear fit of KOOS scores by total WORMS progression between baseline and follow-up, T2 relaxation times, and T1rho relaxa-
tion times in patients with MPFL reconstruction. *P < 0.05

Table 3  Spearman correlations of different patellar instability MR imaging measurements and cartilage T2 and T1rho relaxation time measure-
ments. Covariates were age, gender, and body mass index

TTTG, tibial-tuberosity to trochlear groove distance; MR, magnetic resonance; preOP, preoperatively; postOP, postoperatively; SD, standard 
deviation
*P < 0.05

Parameter Mean ± SD Correlation with global 
T2

Correlation with global 
T1rho

Correlation with  T2relative Correlation with 
 T1rhorelative

Facetal ratio 0.49 ± 0.12 R = 0.306; P = 0.113 R = 0.096; P = 0.634 R =  − 0.062; P = 0.752 R = 0.041; P = 0.835
Trochlear depth (mm) 4.7 ± 1.4 R = 0.233; P = 0.233 R =  − 0.068; P = 0.738 R = 0.019; P = 0.923 R = 0.083; P = 0.676
Sulcus angle (°) 149 ± 11° R =  − 0.088; P = 0.657 R = 0.022; P = 0.914 R = 0.003; P = 0.990 R =  − 0.003; P = 0.987
TTTG (mm) 13.3 ± 4.0 R =  − 0.105; P = 0.596 R = 0.312; P = 0.113 R = 0.403; P = 0.034* R = 0.097; P = 0.622
Patellar tilt preOP (°) 16.9 ± 9.6 R =  − 0.076; P = 0.765 R = 0.267; P = 0.300 R = 0.538; P = 0.021* R = 0.145; P = 0.567
Patellar tilt postOP (°) 13.16.2 R =  − 0.254; P = 0.191 R = 0.204; P = 0.308 R = 0.137; P = 0.488 R = 0.117; P = 0.554
Caton-Dechamps preOP 1.15 ± 0.04 R = 0.062; P = 0.807 R =  − 0.473; P = 0.055 R =  − 0.102; P = 0.688 R =  − 0.138; P = 0.584
Caton-Dechamps postOP 1.13 ± 0.02 R =  − 0.142; P = 0.471 R =  − 0.111; P = 0.582 R =  − 0.189; P = 0.335 R =  − 0.279; P = 0.150
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The TTTG distance (B = 2.15, P = 0.041) was most predic-
tive for clinical outcomes (KOOS).

Discussion

The present study describes the quantitative and the longi-
tudinal semi-quantitative MR imaging outcome in patients 
2 years after isolated MPFL reconstruction at the knee. An 
overall favorable outcome after MPFL reconstruction was 
achieved. Global quantitative T1rho and T2 relaxation times 
of articular cartilage were similar between the ipsilateral 
operated joint and the contralateral non-operated joint. 
However,  T2relative was increased at the ipsilateral knee, 
indicating early cartilage matrix degeneration at the patel-
lofemoral joint. Preoperative patellar tilt and maltracking 
(high TTTG distance) were identified as risk factors for 
high  T2relative. Despite MPFL reconstruction, the majority of 
patients showed minor progressive morphological degenera-
tive changes at the knee joint during longitudinal follow-up. 
These patients showed MR imaging parameters indicating 
trochlear dysplasia: (i) a more shallow trochlea, (ii) a higher 
trochlear facetal asymmetry, (iii) by trend a larger sulcus 
angle as well as (iv) maltracking and (v) postoperatively 
higher lateral patellar tilt. A shallow trochlea, increased lat-
eral patellar tilt and maltracking were identified as the most 
relevant parameters. Following, MPFL reconstruction seems 
to be an optimal treatment strategy to restore clinical patel-
lar stability. Still, progressive knee joint degeneration and 
increased patellofemoral cartilage matrix degeneration may 
be observed. Additional treatment of trochlear dysplasia and 
tibial tubercle transfer in the case of borderline anatomic 
shapes may need to be discussed.

The overall good outcome after MPFL reconstruction 
with restored function and improving WORMS scores over 
time is in line with previous studies that assessed clinical 
outcomes after isolated MPFL reconstruction [40–42]. 
Clinical KOOS and Kujala scores are similar to previously 
published outcomes [43–45]. In the present study, worse 
clinical scores were significantly associated with progres-
sive knee joint degeneration and higher global T2 values. 
Earlier studies also reported that cartilage relaxation times at 
the knee joint correlated with clinical scores [46–48]. Still, 
patellofemoral T2 was increased at the ipsilateral knee as 
compared to the contralateral knee, indicating early cartilage 
matrix degeneration.

In the literature, several MR imaging-based measure-
ments have been described to be associated with patellar 
instability and trochlear dysplasia [31]. Increased prevalent 
and progressive patellofemoral degeneration was reported 
for patients with pathological patellar alignment, patellar 
tilt, and trochlear dysplasia measurements [11, 37, 49–53]. 
It was reported that by normalizing patellar tracking, patel-
lofemoral contact pressure and joint stress may be decreased 
[54–59]. Potentially, the stress reduction is inferior in those 
patients with persistent joint abnormalities. It was previously 
reported that trochlear dysplasia is the most common ana-
tomic risk factor for patellar redislocation after primary iso-
lated MPFL reconstruction followed by increased maltrack-
ing, while tunnel positioning had no significant influence 
[20, 40]. In the present study, besides trochlear dysplasia 
parameters and TTTG distance, postoperatively persistent 
high lateral patellar tilt was identifyed as a risk factor for 
progressive knee joint degeneration after surgery. In con-
trast, preoperative lateral tilt and TTTG distance were identi-
fied as risk factors for early patellofemoral cartilage matrix 
degeneration after MPFL reconstruction. Therefore, it may 

Fig. 2  Trochlear dysplasia as a 
risk factor for progressive knee 
joint degeneration. Column A: 
Patient with normal trochlear 
configuration and without 
morphological cartilage defects 
at baseline and at follow-up 
after MPFL reconstruction. Col-
umn B: Patient with trochlear 
dysplasia and with no patellar 
cartilage defect at baseline but 
with new patellar morphologi-
cal cartilage loss at follow-up 
after MPFL reconstruction. All 
images are transverse intermedi-
ate weighted turbo spin echo 
sequences with fat saturation
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be suspected that the matrix degeneration observed in our 
study was at least partially preexistent before surgery. Longi-
tudinal MR imaging assessments have previously suggested 
that altered patellar alignment is associated with prevalence 
and progression of degenerative changes in asymptomatic 
subjects, in patients with patellofemoral pain, and in patients 

with anterior cruciate ligament (ACL) reconstruction [36, 
60–62]. In earlier quantitative MR imaging studies, patel-
lar malposition was associated with increased patella T1rho 
values [63, 64]. In normal controls and patients with patel-
lofemoral instability, Kim et al. found a correlation between 
TTTG distance and patella T2 values [65]. In contrast, no 

Fig. 3  Comparison of the mean preoperative  MR imaging-based 
patellar instability and trochlear dysplasia values between patients 
without progression of knee joint degeneration from baseline to fol-
low-up (n = 5, depicted in green) and patients with progression of any 
WORMS subscore, indicating progression of knee joint degenera-

tion from baseline to follow-up 2.3 years after MPFL reconstruction 
(n = 16, depicted in red). Average values, upper and lower boxes indi-
cating the 2 and 3 quartile and upper and lower whisker indicating the 
range of the parameters. *P < 0.05
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significant correlation between TTTG distance and patella 
T2* relaxation times was found in soccer players [66]. T1rho 
and T2 values may be more sensitive to detect early car-
tilage matrix changes than T2* values [67, 68]. Based on 
these studies, although isolated MPFL reconstruction may 
be appropriate in most patients, the indication for additional 
trochlear surgery such as deepening trochleoplasty and tibial 
tubercle transfer in borderline cases may need to be consid-
ered [21, 40, 69].

There are only few studies assessing patients after MPFL 
reconstruction via MR imaging postoperatively [13, 69]. 
One study that used pre- and postoperative morphological 
MR imaging assessed 20 patients with MPFL reconstruc-
tion and deepening trochleoplasty in a combined surgery. 
They mainly describe the normalization of patellar align-
ment including patellar tilt, as also shown in our study [69]. 
They do not assess degenerative changes [69]. In a retrospec-
tive study, Wong et al. concluded that the appearance of the 
MPFL graft itself is not an influencing factor for progression 
of patellofemoral osteoarthritis [13]. The high rate of pro-
gressive morphological cartilage defects (48%) and the lack 
of the influence of patellar instability measurements in that 
study may be due to the inhomogeneity of the cohort, the ret-
rospective selection bias, and the non-longitudinal outcome 
parameters assessed [13]. The present study is the first to 

systematically assess quantitative cartilage matrix degen-
eration after MPFL reconstruction and the first to assess 
longitudinal progression of degenerative changes by con-
centrating on a specific postoperative follow-up time-point.

Correlations of cartilage T1rho and T2 values with knee 
joint degeneration and with cartilage degeneration were 
described earlier [61, 70]. However, it is important to under-
line the need for multimodal MR imaging in a complemen-
tary approach as done in this study [71–73], since relaxation 
time measurements may be limited once advanced cartilage 
defects occur [15]. In our study, correlation of quantitative 
cartilage relaxation times with clinical and morphological 
scores and measurements was only found for T2 values, indi-
cating that these may be more reliable than T1rho values.

There are several limitations of this study. First, the 
sample size was rather small and there was no control 
group. Results need to be confirmed in larger cohort 
studies with long-term follow-ups. Second, only patients 
aged > 18  years at follow-up were included in this 
study. Since patellofemoral dislocations are common in 
teenagers, this may represent a bias. Still, 10 patients 
were < 18 years at the time of surgery. Third, quantitative 
T2 and T1rho relaxation times were only acquired at the 
postoperative time-point and it remains unclear whether 
the cartilage matrix changes were preexisting. Still, 

Fig. 4  T1rho (upper row) and 
T2 (lower row) color maps of 
the patellar cartilage overlaid on 
the first-echo images. Blue color 
indicates low and red color high 
cartilage relaxation times. Sub-
jects with normal preoperative 
patellar tilt and normal TTTG 
distance (column A) showed 
lower cartilage relaxation times 
than subjects with high pre-
operative patellar tilt and high 
TTTG distance (column B)
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assessment of longitudinal changes was conducted via 
semi-quantitative WORMS scores. Fourth, only patients 
with isolated MPFL reconstruction were included. Fifth, 
since patellar instability and trochlear dysplasia are often 
found bilateral, side-to-side comparisons are of question-
able value. However, trochlear depth and TTTG distance 
were significantly worse at the ipsilateral knee in our 
cohort. Last, due to scan-time restrictions, contralateral 
morphological images were only acquired in the sagittal 
plane and were reformatted for further analyses. This may 
have reduced the accuracy of the analysis of contralateral 
morphological MR images.

In summary, 2 years after surgery, knees with iso-
lated MPFL reconstruction showed increased quantita-
tive patellofemoral cartilage matrix degeneration and 
more severe knee joint degeneration as compared to the 
contralateral non-operated knee. Patients with patellar 
maltracking and increased patellar tilt seem to be at par-
ticular risk. MR imaging parameters indicating trochlear 
dysplasia and a postoperatively persistent high lateral 
patellar tilt were associated with worsening of knee joint 
degeneration after surgery. In conclusion, these findings 
indicate that isolated MPFL reconstruction successfully 
restores the deficient primary medial patellar soft tis-
sue restraint, while a risk for progressive degenerative 
changes at the knee persists. Since patellar instability 
parameters influence the outcome after MPFL recon-
struction, additional treatments in the case of borderline 
anatomic shapes may need to be discussed.
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