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Abstract

Background

The purpose of this study was to prospectively observe the trends of ultrashort echo time

(UTE)-T2* values for the intraarticular and intraosseous regions of reconstructed anterior

cruciate ligaments from 6 to 12 months after anterior cruciate ligament reconstruction by

using UTE-T2* mapping, and to investigate the changes and differences over time in each

region.

Methods

Ten patients underwent UTE-T2* mapping of the operated knee at 6, 9, and 12 months

after anterior cruciate ligament reconstruction. The UTE-T2* values of intraarticular and

intraosseous regions of reconstructed anterior cruciate ligaments at 6, 9, and 12 months

postoperatively were statistically compared.

Results

The UTE-T2* values of the intraarticular region at 6 months postoperatively were signifi-

cantly higher than those at 9 and 12 months. There were no significant differences in the

UTE-T2* values at 6, 9, and 12 months postoperatively in the intraosseous region. At 6

months postoperatively, the UTE-T2* values of the intraarticular region were significantly

higher than those of the intraosseous region. The UTE-T2* values of the intraosseous

region at the tibia were significantly lower than those of the other sites at any postoperative

time point.

Conclusions

According to UTE-T2*mapping-based findings, histological maturation of reconstructed

ACLs is faster in the intraosseous region than in the intraarticular region. In particular, the

intraarticular region is still undergoing rapid histologic changes at 6 months postoperatively,
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and its tissue structure is less substantial than normal. The findings of this study may pro-

vide clues to determine the optimal timing for safe return to sports in terms of ligamentaiza-

tion of reconstructed ACLs.

Introduction

Patients who undergo primary anterior cruciate ligament (ACL) reconstruction (ACLR) are at

a high risk of ipsilateral retear in the first 12 months, and early return to sport (RTS) after

ACLR is one of the most important risk factors [1–4]. The ligamentization status of the recon-

structed ACL is an important factor when considering RTS [3–5]. Reconstructed ACLs

undergo cytological rearrangement and adapt to their biological and mechanical environment

over time after ACLR [6]. These findings are based on samples obtained from animals and

humans, but not all results from studies with animals can be correlated with physiological

changes in humans [6–8]. Histological monitoring of the reconstructed ACL may be ideal, but

ethical considerations limit the possibility of a second look and tissue harvesting in patients

showing good progress, and the evaluations are limited to the collection site [3,4]. Magnetic

resonance imaging (MRI) has been used to evaluate the ligamentization process of the recon-

structed ACL to compensate for these limitations.

MRI signals, such as the signal-to-noise quotient (SNQ) and median signal intensity (SI),

reflect the biological processes underlying cell proliferation and extracellular matrix remodel-

ing, and have been considered useful for assessing the ligamentization process of reconstructed

ACL [5,9–11]. However, these MRI signals show problems related to accuracy and quantifica-

tion. A previous review has shown that the SNQ and SI of reconstructed ACLs vary signifi-

cantly even in studies with similar imaging acquisition protocols and postoperative time

points [9]. This can be attributed to the fact that the conventional MRI signal intensity is

affected by the image sequence and scanner hardware. Moreover, Tendon and ligaments nor-

mally have short T2 relaxation times leading to low MRI signal in conventional MRI protocols

[3–5,9].

Relaxation time T2� reflects the intrinsic property of tissue and should be independent on

image sequence and acquisition parameters [12]. These variables reflects the T2� relaxation of

bounded water with collagen of tendons and ligaments, and an ideal to capture the changes in

tissue structure and organization during ligamentization of reconstructed ACL [3,4,13]. The

ultrashort echo time (UTE) pulse sequence is a method of acquiring data immediately after

excitation by using short radiofrequency pulses. By acquiring multiple echoes, the UTE-T2�

relaxation time of tendons and ligaments, which cannot be assessed in conventional gradient-

echo based MRI assessment due to sub-ms T2� values of collagen-bound water [13–15]. Thus,

the UTE T2� technique is an excellent tool for observing the ligamentization process of a

reconstructed ACL [3,4].

The critical time for RTS after ACLR is 6–12 months postoperatively, but data evaluating

the ligamentization process of the reconstructed ACL by using the UTE-T2� technique are

extremely limited [3,4]. Although the intraarticular and intraosseous regions of reconstructed

ACLs undergo different maturation processes, the difficulties in biopsy have limited the avail-

able knowledge of the intraosseous region of reconstructed ACLs. Although the influence of

the differences in each process in the images is important, no study has evaluated the matura-

tion process of the intraosseous region of reconstructed ACLs by using the UTE-T2�

technique.

To address these aspects, the purpose of this study was to prospectively observe the trends

in UTE T2� values for the intraarticular and intraosseous regions of reconstructed ACLs from
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6 to 12 months after ACLR by using UTE-T2� mapping, and to investigate the changes and dif-

ferences over time in each region. We hypothesized that the UTE T2� values and their trends

would differ for the intraarticular and intraosseous regions of reconstructed ACLs at each

postoperative time point.

Patients and methods

Patient selection

The study design was approved by the Ethical Committee of the Graduate School of Medical

Sciences, Kanazawa University (#2936), and conducted in accordance with the principles

expressed in the Declaration of Helsinki. Patients who underwent initial ACLR with hamstring

tendons during 2018–2020 were eligible for inclusion. The purpose of this study was explained

to the participants, and written informed consent was obtained from the participants or their

parents. Patients with a history of ipsilateral or contralateral knee injury or surgery and those

who were unable to attend the hospital or undergo MRI were excluded.

Ten female patients were enrolled, and they underwent UTE-T2�mapping of the operated

knee at 6, 9, and 12 months postoperatively. The mean age of participants at the start of the

study was 18.4 ± 4.3 years. The mean body mass index (BMI) was 21.7±2.1 kg/m2 and the

mean time to surgery was 42.1 ± 11.3 days. Five patients had right knee injuries and five had

left knee injuries, and all were non-contact injuries.

Surgical procedure. All patients were treated by a single orthopedic surgeon specializing

in arthroscopy. In all cases, the transplanted tendon was created with a single bundle of semi-

tendinosus or semitendinosus and gracilis tendons. The femoral tunnel was created in the

middle of the anatomical ACL footprint by the inside-out method using a rounded rectangular

dilator [16]. The tunnel on the tibial side was created in a circular shape in the middle of the

anatomical ACL footprint. The femoral side of the graft tendon was fixed using a cortical

device (Tight Rope; Arthrex, USA). After the graft was pretensioned several times, the tibial

side was fixed using a tibial fixation implant (Tension-Loc; Arthrex, USA). All patients under-

went rehabilitation using a standardized postoperative protocol.

Imaging procedure. A clinical 1.5-T MRI scanner (Ingenia 1.5 T CX; Philips Healthcare,

Best, The Netherlands) and an eight-channel receiver knee coil were used for all patients. The

UTE-T2�maps were calculated via monoexponential fitting of a series of T2�-weighted MR

images, which were acquired using the 3D fast-field echo technique. The typical acquisition

parameters were as follows: slice thickness, 3 mm; number of slices = 45; field of view = 16 cm;

echo time (TE)/repetition time (TR) = 0.14, 4.74, 9.34, and 13.94 ms/29 ms; flip angle = 25˚;

acquisition matrix = 272 × 272; bandwidth = 522 Hz; and scan time = 9 min 31 s. Four sets of

images were obtained using a single four-echo UTE acquisition. Images were obtained from a

picture archiving and communication system. T2� maps were directly calculated on a pixel-

by-pixel basis by using a monoexponential fitting algorithm available on the scanner. The

equation is expressed as follows: SI(TE) = S0�exp(-TE/T2�), where SI(TE) is the single inten-

sity at each TE, and S0 is the equilibrium magnetization.

The slices in the UTE-T2� map for measuring T2� values were selected by referring to the

slice in which the reconstructed ACL was more distinct in the oblique sagittal T2-weighted

image. The UTE-T2� values for the intraarticular region of the reconstructed ACLs were mea-

sured at three sites based on the method previously reported by Okuda et al [15]: proximal,

middle, and distal. Values for the intraosseous regions of the reconstructed ACLs were mea-

sured at one site each in the tibia and femur. One orthopedic surgeon (RY, Observer 1) used a

5–10 mm2 circle to manually segment the regions of interest (ROIs) within areas unaffected by

artifacts (Fig 1). All measurements were taken three times, and the average value was used as
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the UTE-T2� value for each region. The UTE-T2� values of the intraarticular region were cal-

culated by further averaging those of the proximal, middle, and distal sites. To assess interob-

server reliability, another orthopedic surgeon (YY, Observer 2) independently performed

measurements using the same method.

Statistical analysis. All statistical analyses were performed using IBM SPSS Statistics for

Windows, version 27.0. The UTE-T2� values for the intraarticular and intraosseous regions of

reconstructed ACLs at 6, 9, and 12 months postoperatively were compared using one-way

analysis of variance (ANOVA). The UTE-T2� values for the intraarticular and intraosseous

regions of reconstructed ACLs at each postoperative month were also compared using

ANOVA. Statistical significance was set at P< 0.05. The intra- and interobserver reliabilities

(intraclass correlation coefficient [ICC]) of the UTE-T2� values at 6 months after ACLR were

calculated, and the measured values were rated as follows; 0.00–0.40, poor; 0.41–0.75, fair to

good; and 0.76–1.00, good to excellent. Sample size was calculated using G-power 3.1 (effect

size, 1.3; α-error, 0.05; and target power, 0.8); a minimum of nine participants was recom-

mended on the basis of a previous study [4].

Results

The UTE-T2� values of the intraarticular region of reconstructed ACLs were 13.1 ± 1.9 ms,

11.7 ± 1.5 ms, and 11.1 ± 1.3 ms, respectively, at 6, 9, and 12 months postoperatively, and the

UTE-T2� value at 6 months postoperatively was significantly higher than those at 9 and 12

months (P< 0.01 vs. 9 months; P < 0.01 vs. 12 months). Compared to the UTE-T2� value of

the normal ACL reported previously, the T2� value at 6 months postoperatively was signifi-

cantly higher (P<0.01) (Fig 2). In the intraosseous region of reconstructed ACLs, the

UTE-T2� values at the tibial site were 7.4 ± 1.2 ms, 7.1 ± 1.0 ms, and 6.9 ± 1.2 ms, respectively,

at 6, 9, and 12 months postoperatively, with no significant difference between the values at 6

and 9 months (P = 0.44), 6 and 12 months (P = 0.20), and 9 and 12 months (P = 0.85). The

UTE-T2� values at the femoral site were 11.5 ± 2.4 ms, 11.0 ± 1.7 ms, and 11.1 ± 1.5 ms at 6, 9,

Fig 1. Measurement of the UTE T2� values. The UTE-T2� values for the intraarticular region of reconstructed ACLs were measured

at three sites, and those for the intraosseous region of reconstructed ACLs were measured at one site each. The regions of interest

(ROIs) for each site were segmented at the areas unaffected by artifacts by using a 5–10 mm2 circle.

https://doi.org/10.1371/journal.pone.0271935.g001
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and 12 months postoperatively, also showing no significant difference between the values 6

and 9 months (P = 0.56), 6 and 12 months (P = 0.72), and 9 and 12 months (P = 0.97). At 6

months postoperatively, the UTE-T2� values were significantly higher for the intraarticular

region of reconstructed ACLs than for the intraosseous region of reconstructed ACLs

(P< 0.01 vs. tibial site; P < 0.01 vs. femoral site). The UTE-T2� values at the tibial site for the

intraosseous region were significantly lower than those at the other sites at all time points (9

months: P < 0.01 vs. femoral site, P< 0.01 vs. intraarticular; 12 months: P < 0.01 vs. femoral

site, P < 0.01 vs. intraarticular) (Table 1, Fig 3). Interobserver reliability was good to excellent

for both intraarticular and intraosseous regions in the segmentation and registration process

at 6 months after ACLR (ICC, 0.84; 95% CI, 0.57–0.93; tibial site: ICC, 0.94; 95% CI, 0.88–0.97;

femoral site: ICC, 0.76; 95% CI, 0.50–0.89). Intraobserver reliability at 6 months after ACLR

was also good to excellent in all regions (intraarticular: ICC, 0.97; 95% CI, 0.93–0.99; tibial site:

ICC, 0.85; 95% CI, 0.65–0.96; femoral site: ICC, 0.93; 95% CI, 0.83–0.98).

Fig 2. Boxplot showing the UTE-T2� values for the intraarticular region of reconstructed ACLs between 6 to 12

months after ACLR, relative to the values for the normal ACL. The UTE-T2 values for the intraarticular region were

comparable to those for the normal ACL from 9 months postoperatively. UTE, ultrashort echo time; ACL, anterior

cruciate ligament; ACLR, anterior cruciate ligament reconstruction.

https://doi.org/10.1371/journal.pone.0271935.g002

Table 1. UTE-T2� values (ms) for each region at 6–12 months after ACLR.

6 months 9 months 12 months

Intraarticular region of reconstructed ACL

Distal 12.3±1.4 10.6±1.6 10.3±1.5

Middle 13.1±2.2 12.1±1.7 11.4±1.7

Proximal 13.8±2.6 12.6±1.8 11.7±1.5

Mean 13.1±1.8 11.7±1.5� 11.1±1.3�

Intraosseous region of reconstructed ACL

Tibia site 7.4±1.2 7.1±1.0 6.9±1.2

Femoral site 11.5±2.3 11.0±1.6 11.1±1.5

Values are presented as mean ± SD. UTE, ultrashort echo time; ACL, anterior cruciate ligament.

https://doi.org/10.1371/journal.pone.0271935.t001
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Discussion

In this study, we investigated the changes in T2� values for the reconstructed ACLs at 6, 9, and

12 months after ACLR by using UTE-T2�mapping separately for the intraarticular and

intraosseous regions. The most important finding of this study was that the intraarticular

region of reconstructed ACLs showed significantly lower UTE-T2� values from 6 to 9 months

postoperatively, while the values for the intraosseous region of reconstructed ACLs did not

change significantly. The UTE-T2� values at the tibial site in the intraosseous region of recon-

structed ACLs were significantly lower than those at the femoral sites and the intraarticular

regions at all time points.

Previous studies using UTE-T2� techniques in patients after ACLR have focused on assess-

ment of changes in the knee cartilage and meniscus over time [17–19]. UTE-T2� mapping is

suitable for assessing the ligamentization process of the reconstructed ACL because it can

image organized collagen structures and capture microscopic changes [3,4,13–15]. However,

there are limited data regarding UTE-T2� assessments of the reconstructed ACL, and the

results of this study may provide an insight into the ligamentization process of the recon-

structed ACL.

The signal intensities acquired from long-TE sequences used in conventional MRI vary

depending on the acquisition protocol, software, and inherent parameters [3–5,9]. In contrast,

Fig 3. Boxplot of changes in UTE-T2� values for the intraarticular and intraosseous regions of reconstructed ACLs between 6 to 12 months after ACLR.

The UTE-T2� values for the intraarticular and intraosseous regions show different transitions. UTE, ultrashort echo time; ACL, anterior cruciate ligament;

ACLR, anterior cruciate ligament reconstruction.

https://doi.org/10.1371/journal.pone.0271935.g003
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UTE-T2�mapping is an innovative tool for evaluating the ligamentization process of the

reconstructed ACL because it shows no such limitations and can provide objective data [3,4].

Previous UTE-T2� studies have reported that UTE-T2� values for the intraarticular region

of reconstructed ACLs increase rapidly until about 6 months and then slowly decrease, which

is consistent with the findings of conventional MRI studies [3,4,9–11]. In the early postopera-

tive period, the reconstructed ACLs undergo a stepwise and combined process of increasing

fibroblast number, intense revascularization, and disintegration of collagen fibrils and their

orientation. In particular, it has been shown that the regular collagen orientation and crimp

pattern of reconstructed ACLs are lost in the early postoperative period and slowly restored

only during the remodeling phase [6]. In other words, the increase in UTE-T2� values up to 6

months postoperatively may reflect the disruption of the collagen matrix in the reconstructed

ACL in the early postoperative period, and the subsequent changes in the UTE-T2� values may

be due to the transition to the main phase of remodeling [3,4,6–8]. The key question is how

long the significant histological changes in the reconstructed ACL, that is, the rapid changes in

UTE-T2� values, will continue. In this study, the UTE-T2� values for the intraarticular region

of reconstructed ACLs decreased significantly from 6 to 9 months after surgery, during which

time the remodeling changes in the reconstructed ACLs may occur rapidly. Warth et al.

showed that the UTE-T2� values decreased significantly from 6 to 9 months in 10 patients

after ACLR with hamstring or patellar tendons [4]. This is the only study that observed

changes in the UTE-T2� values for reconstructed ACLs at 6, 9, and 12 months postoperatively,

which supports the findings of the previous study. Chu et al. observed the evolution of

UTE-T2� values for the intraarticular region of reconstructed ACLs and reported a significant

decrease from 1 year to 2 years postoperatively, but the change was clearly slower than from 6

months to 1 year postoperatively [3]. Histologically, the reconstructed ACL undergoes struc-

tural changes up to 2 years postoperatively, and the structural changes stop at a stage of micro-

structure that is strictly different from that of the normal ACL [20]. In summary, the

reconstructed ACL at 6 to 9 months postoperatively continues to undergo rapid tissue changes

during the remodeling phase, and the tissue structure is unstable. After that time, the speed of

histological changes declines, and the tissue structure becomes relatively stable.

As mentioned earlier, we had previously investigated the UTE-T2� values of the normal ACL

in 12 healthy knees by using the same measurement methods used in this study [15]. When the

results of this study were compared with those obtained for a normal ACL by ANOVA, the

UTE-T2� value of the normal ACL was 11.9 ± 2.4 ms, which differed significantly from the

value obtained 6 months postoperatively in the intraarticular region of the reconstructed ACL

but not from the values obtained at 9 and 12 months postoperatively (Fig 3). This result suggests

that the tissue structure of the reconstructed ACL is less substantial than that of the normal

ACL at 6 months postoperatively. Previous studies comparing the UTE-T2� values for the intact

ACL of the contralateral knee and reconstructed ACL showed no difference in the UTE-T2�

values at 6 months postoperatively, but they did not consider influences of ACL injury and

ACLR on the intact ACL of the contralateral knee [4]. The results of this study suggest that the

histological structure of a reconstructed ACL is different from that of a normal ACL, but it is

possible to reach a similar histological structure 9 months postoperatively.

The maturation processes of the intraarticular and intraosseous regions of reconstructed

ACLs differ in relation to the biological processes at the early stages after ACLR [6–8,21,22].

Specifically, the intraarticular region of a reconstructed ACL undergoes revascularization from

synovial fluid, and the intraosseous region of the reconstructed ACL undergoes revasculariza-

tion from the adjacent cancellous bone. In a recent review, these processes were completed by

3 to 6 months postoperatively, with no significant difference in the rate of progression [6–

8,21,22]. In this study, the UTE-T2� values of the intraosseous region of reconstructed ACLs
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remained unchanged from 6 to 12 months postoperatively and were significantly lower than

those for the intraarticular region of reconstructed ACLs, especially at 6 months postopera-

tively. This may indicate that histological maturation of the reconstructed ACL is faster in the

intraosseous region than in the intraarticular region. In the intraosseous region, a fibrous

interface in continuous contact with the bone tunnel was formed and stress-shielded by 6

months postoperatively, and this stress-shielding may have provided an advantage in histologi-

cal maturation [21,22].

Furthermore, the UTE-T2� values were significantly lower at the tibial site in the intraoss-

eous region of reconstructed ACLs than at the femoral site at all time points. Ahn et al. investi-

gated the maturation in the intraosseous region of reconstructed ACLs using conventional

MRI with SNQ, which also showed significant maturation of the tibial site [11]. Microvessels

derived from the fat pad and posterior synovial tissue were considered to form a rich vascular

envelope that contributes to the numerous intra-ligamentous branches for perfusion at the

graft site. This may also reflect the mechanical environment at each site. Rodeo et al. investi-

gated the relationship between tunnel motion in the reconstructed ACL and histological matu-

ration of the femoral and tibial sites [23]. They concluded that the histological maturation of

the reconstructed ACL in the femoral tunnel is inversely proportional to the magnitude of the

graft tunnel motion, which affects local histological maturation.

This study had some limitations. First, although we limited the measurement of UTE-T2�

values to the part where the influence of artifacts was suppressed, the influence of joint edema

and magic angle effects was unavoidable. In particular, in the reconstructed ACL on the femo-

ral side, the magic angle effect may be a factor responsible for overestimation of the UTE-T2�

values due to the large bending angle. Second, we used only mono exponential UTE-T2� map-

ping techniques. Using mono exponential T2� fitting, the estimated apparent T2� values as

reported in this study may include the effect from changes of bound/unbound tissue water

fraction during ACL ligamentization. The fraction of bound water is quite high in both recon-

structed and normal ACLs and include a first echo (TE = 0.1 ms), which may introduce errors

in estimation of the mono-exponential map. In this study, bi-exponential UTE-T2� mapping

was deemed inappropriate for routine clinical MRI because of its long acquisition time,

although partial acquisition could have reduced the time [24,25]. Third, factors affecting the

UTE-T2� values of reconstructed ACLs and their correlations with clinical and functional out-

comes were not evaluated. We could not control for potential factors that may have influenced

the results of this study. Although the participants enrolled in this study were women who

underwent single-bundle ACLR with hamstring tendons, sex and the surgical technique

including graft selection, may have influenced the results of this study. Future studies involving

larger sample sizes and incorporating covariates that may affect the maturity of reconstructed

ACLs are warranted. Investigation of the relationship of UTE-T2� values with clinical and

functional outcomes is also important to provide ideas on safe return to sports in terms of mat-

uration of reconstructed ACLs.

Despite these limitations, this is one of the few studies to investigate the graft maturation

process in both intraarticular and intraosseous regions of reconstructed ACLs using UTE-T2�

mapping. The objective data obtained in this study will play an important role in understand-

ing the overview of the ligamentization process in a reconstructed ACL.

Conclusions

According to UTE-T2�mapping-based findings, histologic maturation of reconstructed ACLs

is faster in the intraosseous region than in the intraarticular region. In particular, the intraar-

ticular region of ACLs is still undergoing rapid histological changes at 6 months
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postoperatively, and its tissue structure is less substantial than normal. The findings of this

study may provide clues to determine the optimal timing for safe return to sports in terms of

ligamentaization of reconstructed ACLs.
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22. Weiler A, Hoffmann RF, Bail HJ, Rehm O, Südkamp NP. Tendon healing in a bone tunnel. Part II: histo-

logic analysis after biodegradable interference fit fixation in a model of anterior cruciate ligament recon-

struction in sheep. Arthroscopy. 2002; 18: 124–135. https://doi.org/10.1053/jars.2002.30657 PMID:

11830805

23. Rodeo SA, Kawamura S, Kim HJ, Dynybil C, Ying L. Tendon healing in a bone tunnel differs at the tun-

nel entrance versus the tunnel exit: an effect of graft-tunnel motion? Am J Sports Med. 2006; 34: 1790–

1800. https://doi.org/10.1177/0363546506290059 PMID: 16861579

24. Liu J, Nazaran A, Ma Y, Chen H, Zhu Y, Du J, et al. Single- and bicomponent analyses of T2⁎ relaxation

in knee tendon and ligament by using 3D ultrashort echo time cones (UTE Cones) magnetic resonance

imaging. BioMed Res Int. 2019; 2019: 8597423. https://doi.org/10.1155/2019/8597423 PMID:

30906782

25. Fukuda T, Wengler K, Tank D, Korbin S, Paci JM, Komatsu DE, et al. Abbreviated quantitative UTE

imaging in anterior cruciate ligament reconstruction. BMC Musculoskelet Disord. 2019; 20:426. https://

doi.org/10.1186/s12891-019-2811-x PMID: 31521135

PLOS ONE Quantitative assessment of ligamentization of reconstructed ACL

PLOS ONE | https://doi.org/10.1371/journal.pone.0271935 July 22, 2022 10 / 10

https://doi.org/10.1016/s0749-8063%2898%2970041-6
https://doi.org/10.1016/s0749-8063%2898%2970041-6
http://www.ncbi.nlm.nih.gov/pubmed/9531133
https://doi.org/10.1177/2325967119849012
https://doi.org/10.1177/2325967119849012
http://www.ncbi.nlm.nih.gov/pubmed/31211151
https://doi.org/10.1007/s00167-019-05685-y
http://www.ncbi.nlm.nih.gov/pubmed/31520146
https://doi.org/10.1016/j.knee.2015.10.006
http://www.ncbi.nlm.nih.gov/pubmed/26968485
https://doi.org/10.1016/j.neuroimage.2007.11.052
http://www.ncbi.nlm.nih.gov/pubmed/18221894
https://doi.org/10.1002/jor.22563
http://www.ncbi.nlm.nih.gov/pubmed/24338640
https://doi.org/10.1016/j.joca.2010.02.001
https://doi.org/10.1016/j.joca.2010.02.001
http://www.ncbi.nlm.nih.gov/pubmed/20170769
https://doi.org/10.1177/02841851211043834
https://doi.org/10.1177/02841851211043834
http://www.ncbi.nlm.nih.gov/pubmed/34558315
https://doi.org/10.1016/j.knee.2015.07.005
https://doi.org/10.1016/j.knee.2015.07.005
http://www.ncbi.nlm.nih.gov/pubmed/26260242
https://doi.org/10.1177/0363546517743969
http://www.ncbi.nlm.nih.gov/pubmed/29293364
https://doi.org/10.1016/j.joca.2012.01.009
https://doi.org/10.1016/j.joca.2012.01.009
http://www.ncbi.nlm.nih.gov/pubmed/22306000
https://doi.org/10.1002/jor.24110
https://doi.org/10.1002/jor.24110
http://www.ncbi.nlm.nih.gov/pubmed/30030866
https://doi.org/10.1016/j.knee.2006.11.006
http://www.ncbi.nlm.nih.gov/pubmed/17188877
https://doi.org/10.1055/s-0038-1653964
http://www.ncbi.nlm.nih.gov/pubmed/29783272
https://doi.org/10.1053/jars.2002.30657
http://www.ncbi.nlm.nih.gov/pubmed/11830805
https://doi.org/10.1177/0363546506290059
http://www.ncbi.nlm.nih.gov/pubmed/16861579
https://doi.org/10.1155/2019/8597423
http://www.ncbi.nlm.nih.gov/pubmed/30906782
https://doi.org/10.1186/s12891-019-2811-x
https://doi.org/10.1186/s12891-019-2811-x
http://www.ncbi.nlm.nih.gov/pubmed/31521135
https://doi.org/10.1371/journal.pone.0271935

