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Abstract

Background—An anterior cruciate ligament (ACL) injury greatly increases the risk for
premature knee osteoarthritis (OA). Improved diagnosis and staging of early disease are needed to

develop strategies to delay or prevent disabling OA.

Purpose—Novel magnetic resonance imaging (MRI) ultrashort echo time (UTE)-T2* mapping
was evaluated against clinical metrics of cartilage health in cross-sectional and longitudinal studies
of human participants before and after ACL reconstruction (ACLR) to show reversible deep
subsurface cartilage and meniscus matrix changes.

Study Design—Cohort study (diagnosis/prognosis); Level of evidence, 2.

Methods—Forty-two participants (31 undergoing anatomic ACLR; 11 uninjured) underwent 3-T
MRI inclusive of a sequence capturing short and ultrashort T2 signals. An arthroscopic
examination of the medial meniscus was performed, and modified Outerbridge grades were
assigned to the central and posterior medial femoral condyle (¢cMFC and pMFC, respectively) of
ACL-reconstructed patients. Two years after ACLR, 16 patients underwent the same 3-T MRI.
UTE-T2* maps were generated for the posterior medial meniscus (pMM), cMFC, pMFC, and
medial tibial plateau (MTP). Cross-sectional evaluations of UTE-T2* and arthroscopic data along
with longitudinal analyses of UTE-T2* changes were performed.

Results—Arthroscopic grades showed that 74% (23/31) of ACL-reconstructed patients had intact
c¢MFC cartilage (Outerbridge grade 0 and 1) and that 90% (28/31) were Outerbridge grade O to 2.
UTE-T2* values in deep cMFC and pMFC cartilage varied significantly with injury status and
arthroscopic grade (Outerbridge grade 0-2: n = 39; P= .03 and .04, respectively). Pairwise
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comparisons showed UTE-T2* differences between uninjured controls (n = 11) and patients with
arthroscopic Outerbridge grade O for the cMFC (n = 12; P=.01) and arthroscopic Outerbridge
grade 1 for the pMFC (n = 11; P=.01) only and not individually between arthroscopic
Outerbridge grade 0, 1, and 2 of ACL-reconstructed patients (P> .05). Before ACLR, UTE-T2*
values of deep cMFC and pMFC cartilage of ACL-reconstructed patients were a respective 43%
and 46% higher than those of uninjured controls (14.1 + 5.5 vs 9.9 + 2.3 milliseconds [cMFC] and
17.4 £7.0 vs 11.9 + 2.4 milliseconds [pMFC], respectively; P= .02 for both). In longitudinal
analyses, preoperative elevations in UTE-T2* values in deep pMFC cartilage and the pMM in
those with clinically intact menisci decreased to levels similar to those in uninjured controls (P=.
02 and .005, respectively), suggestive of healing. No decrease in UTE-T2* values for the MFC and
new elevation in UTE-T2* values for the submeniscus MTP were observed in those with meniscus
tears.

Conclusion—This study shows that novel UTE-T2* mapping demonstrates changes in cartilage
deep tissue health according to joint injury status as well as a potential for articular cartilage and
menisci to heal deep tissue injuries. Further clinical studies of UTE-T2* mapping are needed to
determine if it can be used to identify joints at risk for rapid degeneration and to monitor effects of
new treatments to delay or prevent the development of OA.

Keywords

anterior cruciate ligament tear; ACL reconstruction; osteoarthritis; MRI; quantitative MRI; UTE-
T2%*; UTE-T2*; mapping; articular cartilage; joint injury; posttraumatic OA

Osteoarthritis (OA) is a major public health issue for which disease-modifying treatments
are needed. An anterior cruciate ligament (ACL) tear is a common and substantial joint
injury that elevates the risk for meniscus dysfunction, cartilage loss, and accelerated
development of knee OA.10-20.24 However, the cause of premature OA after an ACL rupture
and repair is unclear. While altered biomechanics and loading patterns after ACL tears have
been implicated in OA pathogenesis, injuries to the articular cartilage, subchondral bone,
and menisci at the time of an ACL tear may also play a role.23-32 Improved clinical methods
to delineate the early changes in articular cartilage and menisci occurring after an ACL
injury and reconstruction are important in understanding OA pathogenesis and in the
development of disease-modifying treatments.

Cartilage injury after an ACL tear is assumed based on the heightened risk of OA but cannot
be appreciated by arthroscopic surface imaging or conventional morphological magnetic
resonance imaging (MRI) in cartilage retaining intact articular surfaces. Visible cartilage
lesions shortly after ACL injury have been predominantly to the lateral compartment in
articular cartilage overlying bone bruises that are characteristic of impact injury.!8-25
However, longitudinal MRI studies show increasing cartilage loss and volume changes in the
medial femoral condyle (MFC) that were not apparent on baseline MRI scans of the
injury.!325 This indicates a clinical need for improved understanding of cartilage and
meniscus changes in the medial compartment after ACL injuries as well as quantitative
metrics to identify the presence, persistence, and progression of subsurface injuries leading

to these clinically significant findings.
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Arthroscopic probing, when performed, can show softening, which is considered a marker of
early cartilage damage and degeneration. Laboratory methods such as histology, analysis of
matrix composition, and evaluation of chondrocyte viability and metabolism show that
substantial cartilage damage and degeneration can be present in cartilage appearing normal
on surface inspection, including arthroscopic surgery.>-’-23-28 While basic and clinical
studies indicate that progressive cartilage loss may not be reversible once the articular
surface is compromised, numerous studies show a potential for chondroprotective therapies
ranging from cytoprotective strategies, growth factor treatments, anticatabolic treatments and
alteration of mechanical loading through physical therapy, weight reduction, or surgery to
reverse pathological changes in cartilage retaining intact articular surfaces.2-17-21.28
Quantitative MRI shows the potential for noninvasive diagnosis and staging of subsurface
matrix changes in cartilage retaining intact articular surfaces.2*7- These advanced MRI
techniques include the more established methods of dGEMRIC (delayed gadolinium-
enhanced MRI of cartilage), T1p, and T2 mapping.2*8 The dGEMRIC technique is
sensitive to differences in proteoglycan content, while T1p provides some indication to
proteoglycan status.>-22 T2 relaxation time, a quantitative measure of collagen orientation
and tissue hydration,®8:11:16.22 hag been shown to be elevated in damaged cartilage and in
cartilage of ACL-injured knees.!219-25 Because of low sensitivity to short T2 values,
standard T2 mapping, however, is limited in its ability to assess the deep layer of articular
cartilage.30

Injuries to the deep layer of articular cartilage directly overlying the subchondral bone have
been shown to occur in laboratory studies after impact loading at energies insufficient to
fracture the articular surface.>2° Because arthroscopic surgery is invasive and limited to a
subjective evaluation of softening of the intact articular surfaces of cartilage, improving the
MRI evaluation of cartilage deep tissue may increase sensitivity to cartilage damage and
early degeneration after ACL injuries. Ultrashort echo time (UTE) imaging is sensitive to
short T2 signals (T2 <10 milliseconds) and has the potential to assess articular cartilage in
the deep layers.!3

Previous ex vivo studies on human cartilage explants have shown that novel UTE-enhanced
T2* (UTE-T2*) mapping reflects collagen structural integrity and degeneration in cartilage
and menisci as determined by polarized microscopy.3%-32 In vivo human studies have shown
UTE-T2* mapping to be reproducible in the clinical setting.3! Recently, a cross-sectional
clinical study of ACL-injured patients showed evidence that UTE-T2* mapping was
effective in identifying subsurface injuries in menisci that were found to be clinically intact
by conventional MRI and arthroscopic surgery.32

This study was conducted to test the hypotheses that (1) UTE-T2* mapping is sensitive to
deep subsurface matrix changes in articular cartilage after ACL tears and tracks the cartilage
disease state and that (2) clinical UTE-T2* mapping is capable of showing longitudinal
changes in articular cartilage and menisci after anatomic ACL reconstruction (ACLR).
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MATERIALS AND METHODS

In accordance with institutional review board—approved protocols, 42 human participants
were recruited and provided informed consent for participation. The participants consisted of
31 patients with ACL tears clinically indicated for ACLR (mean age, 29.8 + 9.5 years
[range, 18-51 years]; mean body mass index [BMI], 28.4 + 6.2 kg/m2 [range, 19.6-46.6
kg/m?2]; 17 female/14 male; 13 right/18 left knees) and 11 uninjured controls (mean age,
27.8 + 4.4 years [range, 23-37 years]; mean BMI, 25.0 + 4.4 kg/m? [range, 20.4-33.9 kg/
m?2]; 5 female/6 male) with no knee pain, no known or suspected knee pathological changes,
and intact cartilage by 3-T MRI. The ACL-injured patients were recruited after a clinical
decision was made to proceed with ACLR. Preinjury physical activities were not considered
for recruitment criteria. The recruited participants did not have other pathological changes
requiring operative intervention beyond a meniscus tear during the index procedure. All
ACL-reconstructed patients underwent an arthroscopic examination and anatomic ACLR
performed by 1 of 3 surgeons (C.R.C.—18 patients, R.V.W.—9 patients, FH.F.—4 patients).
For ACL-reconstructed patients, research 3-T MRI, acquiring sequences approved for
National Institutes of Health (NIH) RO1 AR052784 (principal investigator: C.R.C.), was
performed within 2 weeks before ACLR. Only the affected knee of ACL-reconstructed
patients was imaged. Image data from 24 of 31 patients had previously been included in a
cross-sectional study>2 examining only meniscus UTE-T2# values after ACL injuries.
Among uninjured controls, 3-T MRI data sets from acquisition 2 of a 3-acquisition
repeatability study>! were used for this work. New segmentation and image processing were
performed on all data sets reported in this study. Sixteen of the ACL-reconstructed patients
(mean age, 28 + 9 years; mean BMI, 28 + 7 kg/mz; 10 female; 5 right knees) underwent the
same research 3-T MRI before and 2 years after surgery. The mean time between surgery
and 2-year follow-up imaging was 25.7 + 1.6 months (range, 23.0-30.9 months).

Arthroscopic Assessment Methods

Targeted examinations of the central and posterior weight-bearing regions of the MFC and
the medial meniscus were performed by trained orthopaedic surgeons (C.R.C.—18 exams,
R.V.W.—9 exams, and Orthopedic Sports Fellow/C.R.C.—4 exams) at the time of ACLR.
The midsagittal plane of the MFC and the central and posterior weightbearing zones were
defined by visual landmarks including the top of the notch and the borders of the MFC with
the knee at 90° of flexion. Modified Outerbridge grades (0 = surface intact and firm; 1 =
surface intact and soft; 2 = surface not intact, partial-thickness injury involving <50% of the
depth; 3 = surface not intact, partial-thickness injury involving >50% of the depth; 4 = full-
thickness injury) were assigned to these regions of interest (ROIs) and recorded for analysis.
The medial meniscus was visualized and probed during arthroscopic examination to
determine whether a tear was present.

MRI Methods

Participants were imaged using a 3-T MRI scanner (Magnetom Trio Tim, Siemens Medical
Solutions, Erlangen, Germany) and an 8-channel knee coil (In Vivo Inc, Gaines-ville,
Florida, USA). The 3-dimensional (3-D) acquisition-weighted stack of spirals imaging
technique®-3! was used on all participants. Eleven echo images, including a UTE of 0.6
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milliseconds (other echo times =1, 2, 3, 4, 5, 7, 10, 20, 30, and 40 milliseconds), were
acquired with a field of view of 140 mm and matrix size of 256. The scan time for each echo
image was 1.92 minutes, adding to a total scan time of 22 minutes for all 11 acquisitions.
Images were acquired with 2-mm section thickness, 60 slices, 24 in-plane spirals, 11.52-
millisecond spiral readout time, 5-ps data sampling interval, and flip angle/repetition time of
30°/80 milliseconds. The 3-D imaging volume was centered on the tibiofemoral joint with

sagittal orientation.

UTE-T2* maps were generated from the 11 echo images with a monoexponential pixel-by-
pixel T2-fit routine using MRIMapper software (Beth Israel Deaconess Medical Center,
Boston, Massachusetts, USA, and Massachusetts Institute of Technology, Cambridge,
Massachusetts, USA) running on a MATLAB platform (The MathWorks, Natick,
Massachusetts, USA). To facilitate image registration, echo images were linearly
interpolated to a matrix size of 512 (effective pixel size, 273 pm) before T2 curve fitting.
Rigid in-plane image registration was applied to interpolated images to reduce patient
motion-induced spatial offsets between successive echo images. Five ROIs were manually
segmented from single sections to the center of the MFC: central and posterior MFC (cMFC
and pMFC, respectively), central and posterior (submeniscus) medial tibial plateau (cMTP
and pMTP, respectively), and posterior medial meniscus (pMM) (Figure 1). Zonal cartilage
differences were assessed by further segmenting cartilage ROIs into superficial and deep
halves as previously described.® Mean UTE-T2* values for each superficial and deep
cartilage ROI and meniscus region were recorded for analysis. A previous examination of
this technique indicated that mean UTE-T2* quantitation errors associated with superficial
and deep cartilage ROIs range from 6% to 16% for intersession precision repeatability and
0.80 to 0.98 for interclass correlation of intraobserver segmentation reproducibility.3!

Three-dimensional double-echo steady-state (DESS) images, acquired in the same manner
as those of the NIH-sponsored Osteoarthritis Initiative sequence (www.oai.ucsf.edu) and
acquired in the same research MRI sessions as UTE-T2* images, were independently
evaluated by a musculoskeletal radiologist (B.H.D.). The DESS images were qualitatively
evaluated for meniscus tear status and cartilage morphological characteristics of the cMFC,
pMEC, cMTP, and pMTP using 3-D software (Osirix, Pixmeo, Geneva, Switzerland), which
enabled a 3-plane reformat of the primary sagittal acquired data set. The radiologist was
blinded to UTE-T2* values and arthroscopic Outerbridge grades and meniscus assessments.

Statistical Methods

The nonparametric Kruskal-Wallis test (KWT) was used to assess UTE-T2* differences
across groups of participants with different degrees of pathological lesions; post hoc tests
adjusted for multiple comparisons and evaluated pairwise differences. Two-tailed ¢ tests
were used to assess cross-sectional differences in UTE-T2* values between ACL-
reconstructed and asymptomatic participants. The paired nonparametric Wilcoxon signed-
rank test (WSRT) was used to assess longitudinal changes between presurgery and 2-year
time points in UTE-T2* values of cartilage and menisci of ACL-injured patients after
ACLR. All statistical analyses were performed with Excel (Microsoft, Redmond,
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Washington, USA) and SPSS (IBM Corp, Armonk, New York, USA). Statistical
significance was accepted for P<.05.

Arthroscopic Assessment

The distribution of Outerbridge grades determined by arthroscopic assessment in the cMFC
of the 31 ACL-reconstructed patients included in this study was as follows: grade 0, n = 12;
grade 1, n = 11; grade 2, n = 5; grade 3, n = 0; and grade 4, n = 2; 1 patient was noted as
having “fibrocartilage,” as shown in Table 1. In the pMFC, the distribution of Outerbridge
grades was as follows: grade 0, n = 10; grade 1, n = 11; grade 2, n = 7; grade 3, n = 0; grade
4, n = 2; and fibrocartilage, n = 1. For the 16 patients included in the 2-year longitudinal
analysis, the distribution of Outerbridge grades for the cMFC was as follows: grade 0, n =7,
grade 1, n = 4; grade 2, n = 4; grade 3, n = 0; grade 4, n = 0; and fibrocartilage, n = 1; the
distribution for the pMFC was as follows: grade 0, n = 6; grade 1, n = 5; grade 2, n = 4;
grade 3, n = 0; grade 4, n = 0; and fibrocartilage, n = 1.

UTE-T2* Values by Cartilage Status

When binned according to the following groups, uninjured controls, ACLR with Outerbridge
grade 0, ACLR with Outerbridge grade 1, and ACLR with Outerbridge grade 2, UTE-T2*
values in deep cMFC and pMFC cartilage varied significantly with the degree of the
pathological lesion (n = 39; KWT, P= .03 and .04, respectively). There was insufficient
cartilage UTE-T2* data from participants with Outerbridge grades other than O to 2 for
inclusion in these analyses: Outerbridge grade 3 (n = 0), Outerbridge grade 4 (n =2), and
“fibrocartilage” (n = 1) (Table 1). Among ACL-reconstructed patients with Outerbridge
grade 0, 1, and 2, UTE-T2* values did not distinguish between the different degrees of
arthroscopic degeneration. Mean superficial and deep UTE-T2* values were not found to
vary between ACL-reconstructed patients with Outerbridge grade 0, 1, or 2 for the cMFC (n
=12, 11, and 5, respectively; KWT, P> .05) or the pMFC (n = 10, 11, and 7, respectively;
KWT, P> .05).

Among participants with intact articular surfaces of the MFC (ie, 3 groups: ACL-
reconstructed patients with Outer-bridge grade 0 and 1 and uninjured controls), deep UTE-
T2* values were found to discriminate between groups based on cartilage and injury status.
Specifically, in deep cMFC cartilage, UTE-T2* values varied significantly between
uninjured controls (n = 11), ACL-injured patients with Outerbridge grade 0 (“firm
cartilage”; n = 12), and ACL-injured patients with Outerbridge grade 1 (“soft cartilage”; n =
11) (KWT, P=.01). In addition, post hoc pairwise comparison showed that UTE-T2* values
in deep cMFC cartilage of ACL-reconstructed patients with firm cartilage (Outerbridge
grade 0; n = 12) were elevated 54% compared with those of uninjured controls (15.3 £ 4.8
vs 9.9 + 2.3 milliseconds, respectively; P=.01). In deep pMFC cartilage, UTE-T2* values
also varied significantly with cartilage status (uninjured controls vs grade 0 vs grade 1;
KWT, P=.01). Post hoc pairwise comparison found that UTE-T2* values in deep pMFC
cartilage of ACL-reconstructed patients with softened but intact cartilage (Outerbridge grade
1; n=11) were elevated 67% compared with those of uninjured controls (19.9 £ 7.7 vs 11.9
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+ 2.4 milliseconds, respectively; P=.01) (Figure 2C). Post hoc comparisons showed no
differences in UTE-T2* values between softened but intact deep cMFC cartilage
(Outerbridge grade 1; 13.6 + 6.5 milliseconds) and the other groups (P> .05). Similarly, no
difference was detected between intact and firm deep pMFC cartilage (Outerbridge grade O;
16.7 £+ 3.8 milliseconds) and any other group (P> .05). Among ACL-reconstructed patients,
UTE-T2* values for Outerbridge grade O cartilage did not differ from those for Outerbridge
grade 1 cartilage (P> .05). Post hoc comparison of UTE-T2* values in intact and firm
cartilage (Outerbridge grade 0) and UTE-T2* values in intact but softened cartilage
(Outerbridge grade 1) of ACL-injured patients did not find a difference in deep cartilage of
either the cMFC or pMFC (P> .05).

Mean UTE-T2* Values of Articular Cartilage and Menisci

Before ACLR, mean UTE-T2* values of articular cartilage for all ACL-reconstructed
patients (n = 31) in the deep cMFC and deep pMFC regions were 43% and 46% higher than
those of uninjured controls (n = 11) (14.1 £ 5.5 vs 9.9 + 2.3 milliseconds [cMFC] and 17.4
+ 7.0 vs 11.9 + 2.4 milliseconds [pMFC], respectively; 2-tailed ¢test, P= .02 for both).
There were no differences in UTE-T2* values of deep cMTP and deep pMTP cartilage (2-
tailed ttest, P= .47 and .68, respectively) before ACLR. For superficial articular cartilage,
UTE-T2* values were not found to differ between ACL-reconstructed patients and uninjured
controls in any region tested (2-tailed #test, P> .41). Within the subcohort of 16 ACL-
reconstructed patients providing longitudinal 2-year UTE-T2* data, mean UTE-T2* values
of deep cMFC and deep pMFC cartilage were similarly elevated compared with those in
uninjured controls. For this subcohort, the mean UTE-T2* value in deep cMFC cartilage was
60% higher than that of uninjured controls (15.9 £ 6.5 vs 9.9 + 2.3 milliseconds,
respectively; 2-tailed ftest, P=.007), and the mean UTE-T2* value in deep pMFC cartilage
was 61% higher (19.2 + 7.1 vs 11.9 + 2.4 milliseconds, respectively; 2-tailed ¢test, P=.003)
(Figure 3D).

For the medial meniscus, we previously reported preoperative mean UTE-T2* values for 24
of the 31 ACL-reconstructed patients and 10 of the 11 uninjured controls reported here.32
Consistent with that prior analysis, the preoperative mean UTE-T2* value for the pMM in
this larger ACLR cohort was elevated compared with that in the current cohort of uninjured
controls. The mean UTE-T2* value in the pMM of all ACL-reconstructed patients was 52%
higher than that of the uninjured controls (14.9 + 4.5 vs 9.8 + 1.4 milliseconds, respectively;
2-tailed ftest, P=.001). Within the subcohort of 16 ACL-reconstructed patients providing
longitudinal 2-year UTE-T2* data, the mean UTE-T2* value of the pMM was 49% higher
than that of the uninjured controls (14.6 = 4.1 vs 9.8 + 1.4 milliseconds, respectively; 2-
tailed ftest, P=.001).

Longitudinal UTE-T2* Changes in Articular Cartilage Over 2 Years

A qualitative evaluation of cartilage morphological characteristics by a musculoskeletal
radiologist showed that articular surfaces found to be intact before ACLR remained intact
through 2-year follow-up of the ROIs evaluated by UTE-T2* mapping. A qualitative
evaluation of UTE-T2* maps of ACL-reconstructed patients showed an absence of a
strongly laminar appearance of the MFC in 11 of 16 (69%) participants. At 2 years after
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ACLR, UTE-T2* maps showed a resumption of a more laminar appearance of the MFC in
10 of 11 patients without a laminar appearance at preoperative MRI. Overall, a laminar
appearance was observed in 15 of 16 (94%) ACL-reconstructed patients at 2-year follow-up.
This finding compares favorably with the distribution in uninjured controls, where UTE-T2*
maps demonstrated a laminar appearance of the MFC in 11 of 11 (100%) participants.

Significant longitudinal UTE-T2* changes were detected in the medial compartment’s
articular cartilage of ACL-reconstructed patients at 2-year follow-up (Figure 3D). The 16
ACL-reconstructed patients demonstrated 29% and 24% decreases in mean UTE-T2* values
for deep articular cartilage of the cMFC and pMFC, respectively, and a 19% decrease in
mean UTE-T2* values for the pMM (cMFC: mean drop of 4.6 milliseconds, from 15.9 + 6.5
to 11.3 £ 3.3 milliseconds [WSRT, P=.02]; pFMC: mean drop of 4.7 milliseconds, from
19.2 £7.1 to 14.5 £ 8.1 milliseconds [WSRT, P=.02]; pMM: mean drop of 2.8
milliseconds, from 14.6 £ 4.1 to 11.8 £ 3.5 milliseconds [WSRT, P=.005]). No significant
longitudinal UTE-T2* changes in the cMTP or pMTP, superficial or deep, were observed
(WSRT, P> .12). No significant UTE-T2* changes in superficial cMFC or superficial pMFC
cartilage were detected over the 2 years in ACL-reconstructed patients (WSRT, P> .11). At
2-year follow-up, UTE-T2* values measured in ACL-reconstructed patients did not
demonstrate significant differences compared with UTE-T2* levels measured in uninjured
controls in any region examined (2-tailed ¢test, P> .1).

Meniscus Status and Longitudinal UTE-T2* Values of Articular Cartilage

At ACLR, 5 of 16 ACL-reconstructed patients in the longitudinal cohort were found to have
tears to the pMM by arthroscopic examination, 2 of whom underwent partial medial
meniscectomy and 3 underwent meniscus preservation consisting of either repair or rasping.
The change in UTE-T2* values of articular cartilage at 2 years after ACLR varied based on
meniscus status at the time of surgery (Figure 4). In longitudinal ACL-reconstructed patients
with intact medial menisci, preoperative UTE-T2* values in the deep cMFC were 54%
higher than those in uninjured controls (15.3 + 5.2 vs 9.9 + 2.3 milliseconds, respectively;
Mann-Whitney Utest, P=.01), and UTE-T2* values in the deep pMFC were 56% higher
(18.5 6.3 vs 11.9 + 2.4 milliseconds, respectively; MWUT, P=.02). Two years after
ACLR, UTE-T2* values in deep cMFC cartilage in ACL-reconstructed patients with intact
medial menisci (n = 11) showed a trend toward a decrease compared with preoperative
values (from 15.3 £ 5.2 [before ACLR] to 11.2 + 3.3 milliseconds [2 years after ACLR];
WSRT, P=.07), while UTE-T2* values of the deep pMFC decreased significantly (from
18.5 £ 6.3 [before ACLR] to 13.2 + 5.2 milliseconds [2 years after ACLR]; WSRT, P=.01)
to levels comparable with those of uninjured controls (KWT, P=.7). UTE-T2* values in the
deep cMTP, deep pMTP, and superficial pMTP in participants with intact medial menisci
showed no significant change over 2 years (P> .18), while UTE-T2* values of the
superficial cMTP decreased 25% (from 29.7 + 7.9 [before ACLR] to 22.4 + 6.2 milliseconds
[2 years after ACLR]; WSRT, P=.03).

In contrast to the intact meniscus group, no significant decrease in UTE-T2* values was
observed for deep cMFC cartilage (n = 5; WSRT, P=.14) or deep pMFC cartilage (n = 5;
WSRT, P=.5) 2 years after ACLR in patients with torn medial menisci. While no
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differences had been observed at the time of surgery between UTE-T2* values of MTP
cartilage of ACL-reconstructed patients with torn medial menisci and uninjured controls, a
62% increase in UTE-T2* values for the deep pMTP (from 12.2 + 8.8 to 19.8 £ 6.5
milliseconds; WSRT, P=.04) was observed within this group 2 years after ACLR.

Longitudinal UTE-T2* Changes in the Meniscus Over 2 Years

We previously reported pre-ACLR UTE-T2* data in the meniscus in 25 participants,’2
inclusive of the 16 ACL-reconstructed patients in the longitudinal arm of the current study.
Among the 16 participants in the longitudinal arm of this work, before ACLR, UTE-T2*
values in the meniscus were elevated compared with those of uninjured controls and
increased with increasing meniscus injuries (3 groups: uninjured controls, intact menisci,
and torn menisci) (KWT, P<.0001) (Figure 5). The mean UTE-T2* value of the intact pMM
of ACL-reconstructed patients (n = 11) was 27% higher than that of uninjured controls (n =
11) (12.5 £2.0 vs 9.8 + 1.4 milliseconds, respectively; post hoc pairwise, P=.02), and the
mean UTE-T2* value of the torn pMM in ACL-reconstructed patients (n = 5) was found to
be 95% higher than that in uninjured controls (19.2 + 3.8 vs 9.8 + 1.4 milliseconds,
respectively; post hoc pairwise, P< .0001) (Figure 5). Before ACLR, UTE-T2* values in
torn menisci were not found to differ from those in intact menisci (post hoc pairwise, P> .
14).

Within initially intact medial menisci of ACL-reconstructed patients, UTE-T2* values
decreased 17% over 2 years (pMM: drop of 2.1 milliseconds [from 12.5 +2.0to 10.4 +2.4
milliseconds]; WSRT, P=.03) to levels that did not differ from those measured in uninjured
controls MWUT, P=.7) (Figure 5). UTE-T2* values measured in torn medial menisci 2
years after ACLR, however, showed continued elevations compared with those of uninjured
controls (n =5 and 11, respectively; 14.8 £ 4.0 vs 9.8 + 1.4 milliseconds, respectively; KST
post hoc pairwise, P=.02) and were also elevated compared with those of ACL-
reconstructed patients with intact medial menisci (n =5 and 11, respectively; 14.8 + 4.0 vs
10.4 £ 2.4 milliseconds, respectively; KWT post hoc pairwise, P=.05). Two-year MRI
showed a new tear to the medial meniscus in 1 patient, whose medial meniscus was
morphologically intact at the time of ACLR. The mean UTE-T2* value in this meniscus
increased from 10 milliseconds before ACLR to 13 milliseconds 2 years after ACLR.

DISCUSSION

The current approach to the clinical treatment of OA is the palliation of symptoms arising
from late-stage disease. Early-stage disease is clinically silent in that structural changes
typically precede clinical signs and symptoms of pain, deformity, functional limitations, and
disability. However, it is at these earliest stages when the articular surface and matrix remain
intact and when pathological changes have the highest likelihood of reversal. Current
clinical methods to detect subsurface damage are limited to arthroscopic probing for tissue
softening, which is subjective and invasive. To support a paradigm shift toward the
prevention of premature OA, new noninvasive methods to identify cartilage at risk before

irreversible tissue disruption and loss are necessary.’?
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In this study, novel UTE-T2* mapping was shown to be sensitive to cross-sectional and
longitudinal deep tissue matrix changes in the medial meniscus, MFC, and MTP after an
ACL tear and reconstruction. Quantitative UTE-T2* mapping was found to vary with
cartilage status as determined by injury status, morphological MRI, and arthroscopic
grading, which are the current clinical standards for the assessment of articular cartilage.
The information provided by UTE-T2* mapping was strongest in discriminating between
cartilage and menisci of uninjured controls and those of ACL-reconstructed patients, where
UTE-T2* values were significantly elevated even in ACL-reconstructed patients with
arthroscopically normal articular cartilage and menisci. In this study in which 94% of ACL-
reconstructed patients were arthroscopically Outer-bridge grade 0 to 2, UTE-T2* values of
cartilage deep tissue were not significantly different between arthroscopic grades 0, 1, and 2.
To fall within these arthroscopic grades, cartilage had either an intact surface or showed
damage limited to superficial tissue. These findings highlight that a quantitative cross-
sectional MRI technique optimized to evaluate cartilage deep tissue likely measures different
aspects of articular cartilage than arthroscopic surface imaging and subjective tactile
probing. While limited by small numbers and the absence of histopathology findings for the
deep tissues evaluated, these data suggest that UTE-T2* mapping may be more sensitive to
cartilage deep tissue matrix structures and changes than arthroscopic surgery.

The longitudinal data provide additional support for the possibility of increased sensitivity of
UTE-T2* mapping to occult, subclinical deep cartilage and meniscus injuries. It is well
established that a meniscus tear increases the risk of knee OA both in isolation and in
combination with an ACL tear.20-2427 This study showed that initially elevated UTE-T2*
values in deep cartilage and medial menisci in patients without concomitant meniscus
injuries significantly decreased 2 years after ACLR to levels consistent with those in
uninjured controls. In contrast, no significant decrease in UTE-T2* values for the MFC and
new elevation in UTE-T2* values in the submeniscus cartilage of the MTP were observed 2
years after ACLR in the higher OA risk category of those with combined ACL and meniscus
tears. These findings are consistent with those of longer term outcome studies of ACLR,
showing that joints without concomitant meniscus and cartilage injuries have a substantially
lower risk for the subsequent development of premature OA 20-24.27

The finding that the initial elevation in UTE-T2* values in the MFC and pMM resolved over
the first 2 years after ACLR in those without clinically evident medial meniscus tears has
several interesting implications. First, the data point to injury sustained at the time of the
ACL tear as the likely cause of the initial UTE-T2* changes in deep tissue. Second, a
subsequent reduction of UTE-T2* signals in the lower OA risk group with intact menisci
and restoration of a more lamellar pattern suggest that articular cartilage has some capacity
to heal deep tissue injuries. Finally, the 2-year longitudinal findings of no significant
decrease in UTE-T2* values for the MFC and new elevation in UTE-T2* values for the
submeniscus cartilage of the MTP in the higher OA risk category with clinically evident
meniscus tears at the time of ACLR are consistent with the hypothesis that an elevation in
UTE-T2* is a sign of deep cartilage pathology.

While cartilage injuries to the lateral compartment corresponding to areas of bony contusion
have been noted to be prevalent after ACL tears, damage to the MFC has been less obvious
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in cross-sectional studies.!®-2> However, longitudinal data provide evidence for occult deep
cartilage injuries and progressive pathological lesions to the medial compartment. Recently,
Potter et al%> completed a prospective longitudinal cohort study of 42 knees with isolated
ACL tears and showed MRI evidence of cartilage loss acutely after ACL tears in 66.7% of
the lateral femoral condyles and 88.1% of the lateral tibial plateaus examined. In contrast,
just 10% of the MFCs that were assessed showed cartilage loss on baseline structural MRI
scans obtained at the time of injury. Of note, however, the adjusted risk for cartilage loss in
the MFC doubled by 1 year and was 19 times baseline by years 7 to 11 after ACL tears.
Another study by Frobell and colleagues! similarly showed an increase in MFC volume,
potentially indicative of cartilage swelling, the first year after an ACL tear. Of high clinical
relevance, Potter et alZ> noted that each increase in MFC cartilage loss reflected by a higher
Outerbridge grade resulted in a significant reduction in subjective outcome measures. These
longitudinal data suggest that elevations in UTE-T2* values of deep cartilage of the MFC of
ACL-reconstructed patients observed in this study indicate matrix damage to the MFC that
has escaped prior detection by structural MRI and routine arthroscopic examinations.

Several limitations should be considered in interpreting this study. First, arthroscopic
assessments were available only for knees undergoing ACLR because it was not feasible to
perform an arthroscopic examination on uninjured, asymptomatic participants and joints.
Therefore, cartilage status was inferred to be healthy in this group based on history and
MRI. Cartilage and menisci in knees sustaining ACL injuries cannot be considered normal,
and indeed, even arthroscopically firm and intact cartilage (Outerbridge grade 0) from ACL-
injured knees was found to show elevated UTE-T2* values compared with uninjured
controls in this study. The use of uninjured controls as the best available approximation for
healthy cartilage and menisci highlights the general difficulty in validating the clinical utility
of a new metric that may be more sensitive than the current clinical standards of MRI-
detected morphological changes and arthroscopic surgery. Furthermore, data from a
relatively small number of participants were available for longitudinal analysis. Longer
follow-ups with more participants are needed to determine the clinical relevance and
predictive value of persistent elevations in UTE-T2* values in the development of clinical
OA.

It is important to note that the T2* measurement reported in this work, UTE-enhanced T2*
mapping, is not a pure measure of T2* in the UTE regimen. Instead, the UTE-T2* metric
used here is calculated from a monoexponential fit routine and represents a weighted
combination of all T2* decay components with measurable signals at echo times ranging
from 0.6 milliseconds and 40 milliseconds. Notably, 7 of the echo images included in the
T2* fit were acquired with echo times in the short echo time range (1-10 milliseconds). The
degree to which measurements of purely short, or purely ultrashort, T2* signal relaxation aid
in the detection of preclinical alterations to cartilage and meniscus matrices remains to be
evaluated by sequences designed to specifically target those echo time regimes. However,
the addition of short and ultrashort echo times in the T2* measurement presented here
enhances sensitivity to short T2 signals emanating from deep articular cartilage and menisci

that are not well evaluated by standard T2 and T1p.!9-30
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Other quantitative MRI metrics of cartilage health include the measurement of cartilage
thickness and volume changes. While gross cartilage thinning and loss reflect progressive
disease, thickness and volume changes provide an ambiguous picture of cartilage health in
early OA and acutely after ACL injuries. Increases in cartilage thickness after ACL
disruption have been shown to be the result of both proteoglycan synthesis! and cartilage
swelling presumably due to proteoglycan loss.!4 Regionally, varying degrees of cartilage
thinning have also been observed 3 to 30 months after ACL injuries, but the risk for cartilage
loss appears to be mediated by concomitant meniscus injuries.?-!4 Consequently, quantitative
metrics reflective of cartilage matrix health such as UTE-T2* mapping are needed to assist
in the interpretation of thickness and volume changes in pre-OA knees after ACLR and in
early OA.

CONCLUSION

Through cross-sectional and longitudinal evaluations, this study shows both a potential for
intact articular surfaces of cartilage to heal deep tissue injuries and the diagnostic potential
of UTE-T2* mapping, a new noninvasive quantitative MRI metric, to track clinical disease
states. The data further suggest that this metric may, in some instances, reflect deep tissue
matrix changes not well appreciated by the current clinical standards of arthroscopic surgery
and morphological MRI. Furthermore, a return of both qualitative and quantitative UTE-T2*
values to those of uninjured controls 2 years after ACLR suggests healing. These findings
also demonstrate the sensitivity of UTE-T2* mapping to matrix changes over a relatively
short period of time, during which morphological MRI remained constant. This type of
noninvasive quantitative imaging metric for the early detection of cartilage and meniscus
damage at potentially reversible stages is critically important to the development of new
strategies to prevent or delay the onset of OA.
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Figure 1.
Five regions of interest were evaluated in this work (white outlines). The central and

posterior medial femoral condyle (cMFC and pMFC, respectively), central and posterior
(submeniscus) medial tibial plateau (cMTP and pMTP, respectively), and posterior medial
meniscus (pMM). Zonal cartilage differences were assessed by further segmenting cartilage
regions of interest into superficial and deep halves.

Am J Sports Med. Author manuscript; available in PMC 2017 January 30.



1duosnuepy Joyiny 1duosnuepy Joyiny 1duosnuepy Joyiny

1duosnuepy Joyiny

Chu et al.

Page 16

67% |

54%

Uninjured  Scope 0 Scope 1 Scope 2
® cMFCdeep ™ pMFCdeep

Figure 2.
Ultrashort echo time (UTE)-T2* in deep articular cartilage varies with the degree of

arthroscopic softening among participants with intact articular surfaces (Kruskal-Wallis test,
P=.01). (A) Arthroscopic image of the medial femoral condyle (MFC) of an anterior
cruciate ligament (ACL)-reconstructed patient with firm and intact cartilage (Outerbridge
grade 0). (B) The MFC of an ACL-reconstructed patient with intact and softened cartilage
(Outerbridge grade 1). (C) ACL-reconstructed patients with intact and firm cartilage (grade
0) demonstrate significantly higher UTE-T2* values in deep central MFC cartilage (P=.01)
compared with uninjured controls. In the posterior MFC, deep cartilage of ACL-
reconstructed patients with softened but intact cartilage (grade 1) is significantly elevated
compared with that of uninjured controls (P=.01). Error bars indicate standard error of the

mean.
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Figure 3.
Example ultrashort echo time (UTE)-T2* maps from (A) an uninjured control participant,

(B) an anterior cruciate ligament (ACL)-reconstructed patient before surgery, and (C) the
same patient 2 years after ACL reconstruction (ACLR). (D) UTE-T2* mapping suggests that
injuries to deep cartilage and menisci of ACL-injured patients resolve over 2 years after
ACLR. Before surgery, ACL-reconstructed patients demonstrated significantly elevated
UTE-T2* values in the deep central medial femoral condyle (¢t MFC) and deep posterior
MEFC (pMFC) (P=.007 and .003, respectively) compared with uninjured controls. Two
years after ACLR, UTE-T2* values decreased to levels consistent with those of
asymptomatic controls in all compartments. UTE-T2* values for the deep cMFC and pMFC
fell a respective 29% and 24% (P = .02 for both). Error bars indicate standard error of the
mean. *P<.05. **P<.01.
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Figure 4.
Change in ultrashort echo time (UTE)-T2* values of articular cartilage at 2 years after

anterior cruciate ligament reconstruction (ACLR) varied based on meniscus status at the
time of surgery. (A) Mean UTE-T2* values decreased 29% for deep posterior medial
femoral condyle (pMFC) cartilage (P=.01) and showed a trend toward a decrease for deep
central MFC (cMFC) cartilage (P=.07) 2 years after ACLR in joints with intact medial
menisci (n = 11). (B) In ACL-reconstructed joints with torn medial menisci, no significant
change in the mean UTE-T2* value of the MFC was detected (n = 5; P=.14 and .5 for deep
c¢MFC and deep pMFC, respectively). Error bars indicate standard error of the mean. *P<.
05. tDenotes a trend.
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Figure 5.
Example ultrashort echo time (UTE)-T2* maps of the posterior medial menisci from (A) an

uninjured control participant, (B) an anterior cruciate ligament (ACL)-reconstructed patient
with an intact medial meniscus before surgery, and (C) the same patient 2 years after ACL
reconstruction (ACLR). (D) UTE-T2* mapping demonstrates subsurface meniscus matrix
changes in intact menisci of patients with ACL injuries. Before ACLR, UTE-T2* values in
intact medial menisci of ACL-injured patients were 27% higher than those seen in uninjured
controls (P=.02). Over 2 years after joint stabilization surgery, UTE-T2* values in intact
menisci of ACL-reconstructed joints fell 17% (P=.03) to levels that did not differ from
those of asymptomatic controls (P=.7). As expected, UTE-T2* values in torn menisci
before surgery were significantly higher (95%) than those of uninjured controls (P<.0001).
Two years after joint stabilization surgery, UTE-T2* values in torn menisci of ACL-
reconstructed patients continued to demonstrate significant elevations compared with those
in both asymptomatic controls (P=.02) and also intact menisci of ACL-reconstructed joints
(P=.05). Error bars indicate standard error of the mean. *P<.05. **P<.01.
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