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Abstract

The objectives of this study were twofold: (1) to evaluate the longitudinal change in cartilage Ty,
and T, 6- and 12-months after ACL reconstruction (ACLR) in both reconstructed and intact
contralateral knees with the aim of validating the role of the contralateral knee as an internal
control in longitudinal studies; (2) to explore relationships between bone shape at the time of
injury and the progression of Ty, and T, over 12-months after ACLR. Ty, and T cartilage
relaxation times and 3D MRI-based statistical shape modeling (SSM) of tibia and femur were
computed for both knees of forty ACL-injured patients and 15 healthy controls. ACL subjects
were scanned 8.4 + 6.4 weeks after injury (2.4 + 3.7 weeks prior to ACLR), 6- and 12-months
after ACLR. Longitudinal changes in Ty, and T values were assessed using linear mixed model,
and partial correlation coefficients were calculated between bone shape and longitudinal changes
in Ty, and T, values. Significant longitudinal increases in Ty, and T, values were observed in
reconstructed and contralateral knees 6-months after ACLR. Tibial bone shape features, associated
with the medial plateau height and width, were observed to be correlated with cartilage Ty, and T>
progression in reconstructed knees. Our results suggest that caution should be used in considering
contralateral knee as internal controls in longitudinal ACL studies and 3D MRI-based-SSM might
serve as an imaging biomarker for the early stratification of patients at risk for developing post-
traumatic accelerated cartilage degeneration and potentially osteoarthritis after ACL tear.

Correspondence to. Valentina Pedoia (T: 1 (415) 549-6136; F: 415-514-9656; valentina.pedoia@ucsf.edu).

AUTHORS’ CONTRIBUTIONS

XL and VP contributed to conception and design. VP, FS, KA, and QL contributed to collection and processing of data. XL, VP, BM,
and RS contributed to analysis and interpretation of the data. Statistical expertise: CEM. MRl WORMS grading: TL. VP contributed
to drafting of the article. XL and CBM contributed to provision of study materials or patients. XL and CBM contributed to obtaining
of funding. All the authors contributed to final approval of the article.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Pedoia et al. Page 2

Keywords
ACL; post-traumatic osteoarthritis; T1,/To; bone shape; statistical shape modeling

Anterior cruciate ligament (ACL) tears are one of the most common traumatic knee injuries
and often involve concomitant damage to the meniscus, cartilage, or other ligaments.14
Additionally, patients typically have osseous injuries beneath the cartilage surface.®> While
ACL reconstruction (ACLR) has been shown to improve patient symptoms, function,
activity level, and stability,%7 studies have demonstrated that tibiofemoral mechanics, such
as anterior tibial translation and internal tibial rotation, are not completely restored following
ACLR.8-10 The initial damage and abnormal post-surgical kinematics are factors that can
contribute to the early onset of post-traumatic osteoarthritis (PTOA), a long-term outcome
that will affect more than 50% of patients who undergo ACL injury and reconstruction.11:12
To date, the pathophysiology of PTOA remains unclear, but in the past few years there have
been a number of studies aimed at defining imaging biomarkers that are able to identify
patients at risk for developing accelerated degenerative disease.1314

Recent technical advances in quantitative magnetic resonance imaging (MRI) have provided
tools that are able to probe the biochemical composition of the articular cartilage.!® Ty, and
T, relaxation time constants are two suitable and complementary parameters for the
assessment of the cartilage matrix biochemical composition. Previous studies demonstrated
that cartilage T2 relaxation times were primarily affected by hydration and collagen
structure due to dipolar interactions.1® By using spin-lock techniques, cartilage T,
relaxation has reduced dipolar interactions and chemical exchange between OH and NH
protons on proteoglycan and water protons was suggested to contribute to Ty, in cartilage.’
T, has been reported to be more sensitive to proteoglycan (PG) contents than T2,18
although Ty, changes in cartilage may be affected by hydration and collagen structure as
well. Elevations of both Ty, and T2 have been observed in individuals with OA1®

Additionally, T1, and T, imaging was shown to be able to detect cartilage degeneration 12-
and 24-months after ACL injury and reconstruction when no radiographic signs of
degeneration were present.29-21 However, it has not been reported if such cartilage matrix
changes occur even earlier than 12-months after ACLR. Ty, and T differences between
injured and contralateral knees were also previously observed 12- and 16-months after the
ACLR,22 while baseline side-to-side differences were shown to predict 12-month patient-
reported outcomes.23 In those studies, contralateral knees were used as an internal control.
However, no previous studies investigated the effect of ACL injury and reconstruction on
longitudinal cartilage compositional changes in the contralateral uninjured knee.

Bone shape has been also proposed as a possible imaging biomarker for the prediction of hip
and knee primary osteoarthritis (OA).2425 Bredbenner et al.?6 studied knee MRI data from
the Osteoarthritis Initiative (OAI) database and showed that variability in knee subchondral
bone surface geometry (obtained using 3D statistical shape modeling [SSM]) differentiated
patients at risk and those not at risk for developing OA. Neogi et al.2” found that 3D bone
shape predicted the onset of radiographic knee osteoarthritis (OA). Longitudinal bone shape
changes as a potential biomarker for knee OA progression were also studied.?8
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Recently, a new method for the extraction of 3D-SSM was developed, amply evaluated and
applied to study the contribution of bone shape to ACL injuries.29 However, to date, no
studies have been conducted analyzing the potential role of 3D bone shape in progression of
rapid cartilage degeneration following ACL injury and reconstruction.

Accordingly, the aim of our study was twofold: (1) to study the longitudinal change in Ty,
and To measurements 6- and 12-months after ACLR in both reconstructed and intact
contralateral knees, with the aim to validate the role of the contralateral knee as an internal
control in longitudinal studies and (2) to explore possible relationships between bone shape
at the time of injury and the progression of Ty, and T, over 12-months after ACLR.

We hypothesize that significant longitudinal increase in Ty, and T on both reconstructed
and contralateral knees will be observed, and that specific bone shape features are
significantly associated with those changes.

METHODS

Subjects

This is an analytic case-control study (Level of Evidence: 111). All subjects gave informed
consent, and the study was carried out in accordance with the regulations of the Committee
for Human Research at our institution.

Forty patients with unilateral ACL tears were imaged within 1-33 weeks of injury (8.4 £ 6.4
weeks) prior to surgical reconstruction (10.8 £ 7.4 weeks after injury) (baseline) and 6- and
12-months after ACLR. Baseline MRI visit date did not affect the f/u scan date.
Additionally, 15 controls with no history of knee injuries underwent MR imaging at the time
of recruitment (baseline) and after 12-months. All patients underwent anatomic single-
bundle ACLR by board-certified, fellowship-trained orthopedic surgeons with over 10 years
experience. Only soft tissue grafts were used: hamstrings, either allograft or autograft, or
posterior tibialis allograft. The femoral tunnels were drilled using anteromedial portal
drilling. Notchplasty was not performed. All patients underwent a standard postoperative
rehabilitation protocol and completed the Knee-Injury and Osteoarthritis Outcome Score
(KO0S)20 at each follow-up visit.

MRI Imaging Protocol

All images were acquired using a 3T MRI scanner (GE Milwaukee, WI) with an eight-
channel knee coil (Invivo, Inc., Gainesville, FL). Our cartilage-dedicated MRI protocol is
described in Table 1.

Semi-Quantitative Image Analysis

Semi-quantitative grading of cartilage lesions, bone marrow edema-like lesions (BMEL),
and meniscus abnormalities were performed using the CUBE images by experienced
musculoskeletal radiologists (MK and TML). The radiologists were blinded to subject
information and Ty, and T, values. Cartilage, BMEL, and meniscal abnormalities were
evaluated using the modified whole-organ magnetic resonance imaging score (WORMS),32
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a widely used and extensively evaluated scoring system. One previous study reported intra-
and inter-observer agreement equal to 0.87 (0.804-0.932) and 0.84 (0.771-0.911) for
meniscus WORMS and 0.84 (0.771-0.911) and 0.79 (0.72-0.868) for cartilage WORMS.33

Image Processing

All the image post-processing was performed using an inhouse MATLAB-based program
(Mathworks, Natick, MA).34

Bone Shape Quantification

3D SSM of tibia and femur was performed at baseline using a previously presented
technique.3 Briefly, the tibia and femur of all the cases were segmented semi-automatically
using an edge-based method and Bezier spline interpolation to obtain a dense 3D cloud of
points that were then rigidly aligned on a single reference. All the vertices of the reference
were mapped on all the surfaces in the dataset using a fully automatic landmark-matching
algorithm based on the analysis of local curvatures and spectral coordinates. A 8,120 and
11,222 landmarks were identified for the tibia and the femur, respectively. Principal
component analysis (PCA) was performed to calculate the most important modes of
variation of all the surfaces from the mean surface. Twenty modes that describe >90% of the
total variation in this dataset were considered for the description of femur and tibia.3® Each
mode describes a specific shape model and each bone is defined by a linear combination of
those models. The coefficients assigned to each mode define how a specific shape feature
characterizes the analyzed surface. Thus, a vector describes each bone; and each component
of the vector represents a shape feature.3°

Repeated bone segmentation showed average surface distances equal to 0.79 and 0.78 mm
for the femur and tibia, respectively. Average SSM RMS-CVs were equal to 7.23% and
7.27% for the first 10 modes and 2.65% and 4.89% in the first 5 modes of the femur and
tibia, respectively. Scan/re-scan RMS-CVs for all five volunteers were equal to 12.25% and
14.7% for the first 10 modes and 7.33% and 12.25% for the first 5 modes of the femur and
tibia, respectively.3®

Cartilage T1, and T, Quantification

CUBE images of the injured knee were rigidly registered and down-sampled in the sagittal
direction to match the first Ty, image TSL = 0 using an ITK library. Cartilage was
segmented semi-automatically on the CUBE into six compartments (lateral femoral condyle
[LF], lateral tibia [LT], medial femoral condyle [MF], medial tibia [MT], femoral trochlea
[TrF], and patella [P]).36

Piecewise rigid registration was applied along the echoes to take into account movement of
the articulation. Additionally, all Ty, and T echoes of the contralateral and longitudinal
scans were registered to the first T1,-weighted image of the baseline injured knee to assure
that the same anatomical regions of cartilage were being compared in the analysis and to
apply the ROls identified on the baseline injured images on all contralateral and follow-up
scans. An intensity-based multi-resolution pyramidal approach was applied to accomplish
the registration task, basing our strategy on the elastix ITK library.37:38 The registration
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process was performed on the first echo and the transformation obtained was applied on the
later echoes.3® The longitudinal registration strategy adopted in this study considerably
decreased the amount of human intervention, reducing it to a simple quality check and local
adjusting in the event of poor automatic performance.

The Ty, and T maps were computed on a pixel-by-pixel basis using a two-parameter,
Levenberg—Marquardt mono-exponential: (S(TSL) o exp(=TSL/Ty,)) and (S(TE) &
exp(-TE/T,)).40 The mean T1p and T values were calculated for each compartment. The
scan-rescan RMS-CV for a previous study that used the same MRI protocol and post-
processing pipeline was 3.1% and 4.0% for Ty, and To, respectively.4!

During the course of this longitudinal study, the 3T HDx Long Bore MRI used during the
first year of this study was replaced with a 3T MR750 Wide Bore. Potential variations in Ty,
and T, values related to different MR systems were assessed by scanning phantoms and
study subjects.41:23 A linear regression model was used to adjust T1p and T values between
the two systems as previously described.23

Knee Alignment

Knee alignment at baseline was computed in a subset of the ACL patients considered in this
study (V= 25) by drawing two lines in the A/P plane X-ray. The first line was drawn
between the center of the femoral head and the center of the knee, while the second line was
drawn from this point to the center of the ankle. The knee alignment was measured as the
internal angle between these two lines.

Statistical Analysis

A generalized linear mixed model was used to study the association between time and values
of Ty, and Ty in reconstructed, contralateral and control knees. This took into account the
correlation between the repeated measures over time. The association between the value of
each of the bone shape modes and the 12-months Ty, and T in the reconstructed side were
studied using partial correlation. Demographic information such as age, gender, BMI,
baseline morphological MRI findings (WORMS cartilage lesion in the corresponding
cartilage compartment and meniscus lesion), meniscus surgical treatment (0: no treatment; 1:
partial meniscectomy; 2: meniscus repair), time between injury and surgery, and time
between injury and baseline MRI were considered as adjusting factors. To account multiple
comparisons in forty modes, the significance level was set to 0.00125.

RESULTS

Table 2 shows the demographic information and KOOS of the 40 ACL subjects and 15
controls analyzed in this study. No significant differences in demographic characteristics
were observed between ACL-injured and control groups. KOOS in all subcategories was
significantly lower in ACL-injured patients than that of controls at baseline. Surgical
characteristics, including graft type and meniscus treatment, and WORMS for cartilage and
meniscus are reported in Tables 3 and 4, respectively.
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T1p and T, Longitudinal Analysis

The descriptive analysis of the Ty, and T, averages showed increases in both reconstructed
and contralateral sides in the first 6-months after ACL reconstruction in all of the femoral
compartments (MF, LF, and TrF) (Fig. 1). A more gradual increase was observed in MT
from baseline to 12-months. Subtle increases in the LT and Patella compartments were also
detected. The linear mixed model analysis for Ty, and T reflected the descriptive analysis
of the averages (Tables 5 and 6).

In the reconstructed knees, Ty, and T in LF, MF, and TrF significantly increased from
baseline to 6-month follow-up only, while MT Ty, increased significantly from baseline to
6-month and from 6- to 12-month follow-ups. MT T increased significantly from baseline
to 6-month and showed a trend toward a significant increase from 6- to 12-month (p = 0.07).
T in the patella significantly increased from baseline to 6-month only.

In the contralateral knees, T1, in LF, MF, LT, and patella also increased significantly from
baseline to 6-month, while Ty, in MT and TrF decreased significantly from 6- to 12-month.
T, in MF and patella also increased significantly from baseline to 6-month, while MF T,
increased from 6- to 12-month. Following the same trend as Ty, T in the MT decreased
significantly from 6- to 12-month. Control knees showed no significant changes over time in
general, except for the TrF that showed a significant increase in T, from baseline to 12-
months.

Relationship Between Knee Bone Shape and Ty, and T, Progression

Several bone shape features showed a moderate association with changes in Ty, and T 12-
months after ACL reconstruction (|R| > 0.4, p-value < 0.05), where R is the Pearson partial
correlation coefficient between ATy, or AT and each shape feature and p-value is the
associated statistical significance level; all the results will be presented using this
convention.

The effect of those modes was modeled (changing the values from mean to mean + standard
deviation) by generating 3D surfaces that differed from the average surface by the specific
shape feature of the modeled mode. The 3D modeling was visualized using colored meshes.
The color of each mesh’s face is related to the local Euclidean distance (mm) between the
position of the closest landmark in the average surface and in the modeled surface.
Additionally, the Euclidean distance was decomposed in three components along medial to
lateral, distal to proximal and anterior to posterior components to better interpret the
physical meaning of the modes.

Two tibia modes, Tibia 6 and Tibia 2, were significant after correction for multiple
comparison, p-value < 0.00125. Considering the Ty, and T, progression between baseline
and 6-month, none of the baseline shape feature shown a correlation strong enough to pass
the significant test after correction for multiple comparison.

Figure 2 shows the 3D modeling of Tibia 6 and Tibia 2 and scatter plots of the association
between these bone shape features and patella AT, (R=-0.57, p-value = 0.0001) and LT
ATy, (R=0.53, p-value = 0.0005).
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The colors in the mesh shown in Figure 2A depict the lateral to medial component of the
distances between the average tibia in this population and the modeled mean—3SD Tibia 6.
The mesh is red where lower values of Tibia 6 represent vertexes more medially located
compared with the average surface. The mesh is blue where lower values of Tibia 6
represent vertexes more laterally located compared with the average surface.

The value of the modes is related to a complex 3D shape characteristic not definable by a
simple geometrical interpretation; however, in this representation, is notable an ample
involvement of the medial plateau displaced in medial direction; thus, lower values in Tibia
6 are associated with a wider medial tibia plateau. However, this is not the only area of
change. Vertex displacement in the lateral direction is also observed in the most posterior
aspect of the medial tibia.

Subjects that showed these baseline characteristics are observed with a higher increase in
patella T, 12-months after ACLR. No significant associations of this mode with progression
in Ty, were observed. Although not significant after adjusting for multiple comparison, a
trend was observed in the association of this mode and the baseline to 6-month progression
patella T, (R= - 0.33, p-value = 0.04).

The colors in the mesh shown in Figure 2B depict the distal to proximal component of the
distances between the vertexes of the average tibia in this population and the modeled mean
+ 3SD Tibia 2. The mesh is red where higher values of Tibia 2 represent vertexes more
proximally located compared with the average surface. The mesh is blue where higher
values of Tibia 2 represent vertexes more distally located compared with the average surface.

Higher values in Tibia 2 are associated with a higher medial tibial plateau (proximal
displacement) and lower lateral plateau (distal displacement). Subjects that show this
baseline characteristics are observed with a higher Ty, in the lateral tibia 12-months after
ACL reconstruction. No significant associations of this mode with progression in T are
observed. Although not significant, a trend was observed in the association of this mode and
the baseline to 6-months progression lateral tibia T, (£ = 0.34, p-value = 0.03).

A symmetrical bone shape feature in the femur (Femur 18), which is characterized by a
more distally located medial femoral condyle, showed a trend toward a significant
association with change in lateral tibia Ty, (R=0.42, p-value = 0.007) (Fig. 3A).
Additionally, this bone shape feature showed a significant negative correlation with the knee
alignment at baseline (R = -0.41, p-value = 0.04). Subjects with higher values in Femur 18
also showed higher progression of T in the lateral tibia and a more varus knee alignment at
baseline. These results suggest that the bone shape features characterizing tibial plateau
(Tibia 2) and femur condyle (Femur 18) symmetry may be associated with cartilage
degeneration after ACL injury, and such associations may be due to alignment alterations
and consequent loading changes.

While not significant, it should be noted that subjects with a deeper trochlear groove (Femur
17, Fig. 3B) were observed to have a higher increase in both Ty, and T in the medial
femoral condyle (R = 0.43, p-value = 0.006).
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DISCUSSION

In this study, the longitudinal progression of knee cartilage Ty, and T, after ACL injury and
reconstruction and the associations of those changes with baseline bone shape were
analyzed. Significant T, and T, increases are observed in the first 6-months after surgery in
both the reconstructed and contralateral uninjured sides, with the contralateral knees
showing a lower magnitude of increase compared to the reconstructed knees. Significant
associations between baseline medial tibial plateau height and width and change in Ty, and
T, from baseline to 12-months after ACL reconstruction were observed.

Li et al.1> and Theologis et al.22 previously analyzed cartilage composition after ACL injury
and reconstruction using Ty, and T, showing Ty, prolongation in the medial side compared
with controls and contralateral knees 12 months after ACLR.

Consistent with the findings of these two pilot studies, we observed Ty, elevations in the MF
and MT. However, we also observed Ty, elevations in LF and TrF compartments that did not
show significant differences in the cross-sectional analysis conducted by these two previous
studies. Moreover, our 6-month time point allowed us to observe a significant elevation
present in the femoral compartments in the first 6-months following ACL reconstruction and
a smaller change from 6- to 12-month. Contrary to what was observed by Li et al., our study
showed that T, follow similar elevation pattern as Ty, with changes that were significant in
the MF, LF, and TrF over the first 6-months. The bigger sample size and the improved post-
processing pipeline, including inter-echo and longitudinal registration, could be the cause of
better sensitivity of the technique in detecting additional differences in T, which has a lower
dynamic range and is more affected by technical issues, such as magic angle effect, as
compared to Ty,

To the best of our knowledge, this study is the first to analyze the longitudinal changes in
biochemical composition of the contralateral knee. Our results suggest that the contralateral
knee is also subject to early cartilage degeneration that could be explained by altered
biomechanics and neuromuscular function, which are known to affect both the reconstructed
and the contralateral limbs after an ACL reconstruction.?2 It could also be speculated that a
change in gait intended to stabilize the reconstructed knee joint could affect the loading
pattern in the contralateral knee triggering the cartilage matrix changes also in the uninjured
side. Interestingly, although significant elevations of Ty, and T of the contralateral knees
were observed during the first 6-months, significant decrease of Ty, in MT and TrF and T,
in MT were observed from 6- to 12-month. These results suggest that the matrix changes of
the cartilage of the contralateral knees may be transient and may recover toward normal
levels when the subjects return to normal activity. Longer follow-up is warranted to
investigate the cartilage health of the contralateral knees.

The second main result of this study is the association between baseline bone shape features
and the progression of Ty, and T, 6- and 12-months after ACL reconstruction. Bone shape
features were observed to be associated with the change in cartilage composition. A wider
medial tibia plateau (presented by Tibia Mode 6) was observed to be associated with higher
progression in patella T,. Previous studies suggested that with increasing severity of

J Orthop Res. Author manuscript; available in PMC 2019 November 19.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Pedoia et al.

Page 9

radiographic knee osteoarthritis, tibial plateau size increases.*3 Medial tibial plateau area
was observed as a stronger factor in distinguishing OA subjects from controls than lateral
tibial plateau area. However, the role of tibia plateau size in pathogenesis of osteoarthritis or
as a risk factor is not completely understood.*4 Our results suggest that subjects with a wider
medial tibia plateau may have accelerated cartilage degeneration after ACL injury.

Moreover, a taller medial tibia plateau (presented by Tibia Mode 2) was observed in subjects
that had higher differences between baseline and 12-months Ty, in the lateral tibia. This
specific geometry could affect the load distribution across the articular surface and the
proportion of load between medial and lateral compartments.

While our results showed a major involvement of the medial tibia shape in the cartilage
degeneration after ACL reconstruction, several recent studies reported the shape of the
lateral tibia as a risk factor for ACL injury and graft failure after ACL injury.**45 This may
suggest a major involvement of the lateral side in injury process, but not in the post-
traumatic cartilage degeneration.

Among the bone shape features that showed moderate association with ATy, and AT, but
did not pass the multiple comparison threshold, trochlear groove depth is particularly
interesting. This specific geometrical feature has been extensively discussed in literature, but
reporting its association with OA has remained controversial. Teichtahl et al.%6 showed that
as the distal femoral trochlear groove becomes more flattened, there is an associated increase
in patella cartilage volume without an increased prevalence of patella cartilage defects
among healthy adults with no history of knee pain or clinical disease. This suggests that a
flattened distal trochlear groove may protect against degenerative conditions, such as OA.
Davies-Tuck et al.4’ substantiated those results, showing that a shallower sulcus in the
context of established osteoarthritis may be an advantageous anatomical variant. Both of
these results would support our finding that a deeper trochlear groove is associated with
worsened cartilage composition 12-months after ACL reconstruction. On the other hand,
several studies reported that a dysplastic trochlea (shallower trochlea) would lead to
abnormal patellar tracking, chronic patellar dislocation, and an abnormal distribution of
loading, which could be associated with a higher risk for OA.#8:49 These controversial
results could be partially explained by the technical difficulties in establishing a reliable
geometrical measure of the trochlea sulcus in 2D. A 3D unbiased model such as the one we
used in our experiments could potentially overcome these issues.

Despite the promising results, this study had several limitations. The sample size was
relatively small, and the follow-up was limited to 12-months after ACL reconstruction.
While we observed a longitudinal increase of Ty, and T, suggesting degeneration, it is
worth mention that injury and ACLR could also affect the relaxation times and the observed
elevation could be transitory and not directly disease related. However the persistent
elevation observed at 12 months, in particular in MT, suggests actual cartilage degeneration.
Longer follow-up are needed for a better understanding of the phenomena.

Despite a careful scanner cross-calibration was performed in this longitudinal study, the
usage of two scanners needs to be acknowledged as a limitation. In this study, time to ACLR
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ranged from 1 to 35 weeks after injury. Although this was considered as adjusting factor in
our statistics, a more controlled design could benefit the analysis. More focused
investigation need to be done to better understand the effect of these variables on cartilage
degeneration. Furthermore, only bone shapes of femur and tibia were considered. The
analysis of the patella shape could be also of interest. As with all PCA-based methods, SSM
is data-driven, and results obtained on different datasets could be potentially difficult to
compare with the results obtained in this study.

This study considered just ROI-based analysis for T, and T, relaxation time assessment; a
novel fully automatic and unbiased voxel-based relaxometry technique was recently
proposed to solve this task and in the future it could be adopted to improve sensitivity.39:50

In conclusion, this study demonstrated that significant increase in the T, and T, values
were observed as soon as 6-months after ACL reconstruction in both reconstructed and
contralateral knees. Contralateral knees, however, showed lower amplitude of increase
compared to reconstructed knees. Thus, caution should be used in considering contralateral
knee as internal controls in longitudinal ACL studies.

Bone shape features at the time of injury were observed to be significantly associated with
the progression of Ty, and T, 12-months after ACL reconstruction, suggesting certain bone
geometry may predispose subjects to post-traumatic joint degeneration. Our results suggest
that bone shape features, computed with 3D MRI-based SSM, could be used as a potential
imaging biomarker for an early stratification of subjects with a major risk of biochemical
changes in the cartilage matrix following ACL injury and reconstruction.
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Analysis of the Ty, averages changes over time in ACL-injured, contralateral, and control

knees in the six global compartments: (medial femoral condyle [MF], lateral femoral
condyle [LF], femoral trochlea [TrF], medial tibia [MT], lateral tibia [LT], and patella [P]),
relaxation times are expressed in milliseconds (ms).

1duosnuepy Joyiny

1duosnuely Joyiny

J Orthop Res. Author manuscript; available in PMC 2019 November 19.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Pedoia et al.

10

Page 15

Medial
o (]
0
® ® (@__‘o ¢ (6]
® Ooo ® o
o P ®
O F4
< *
® o
(o)
Lateral
-0 -40 -20 0 20 40
Mode Tibia 6
Proximal
o (6]
9 o o
° (a] ¢}
(&) o (@]
o ® %o ®0 e
8 O@
(e} OO
o) %o
° (o)
Distal
-100 -50 0 50 100 150
Mode Tibia 2 (B)
Figure 2.

Modeling of the 3D shape features significantly associated with the change in T, in patella
and Ty, in lateral tibia (LT) (A) 7ibia 6. low values are related with a wider medial plateau,
associated with higher progression in patella (P) T,. (B) 7ibia 2. high values are related with
a more proximal medial tibia plateau, associated with higher progression in Lateral Tibia
(LT) T1p.
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Modeling of the 3D femur bone shape features associated with the change in Ty, lateral tibia

(A) and in Ty, and T, medial femoral condyle (B).
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Table 1.
Cartilage-Sensitive MRI Protocol
MRI Sequence Sequence Parameters
Sagittal 3D fast spin-echo With fat suppression, repetition time (TR) 1,500 ms; echo time (TE), 25 ms; echo train length (ETL), 32;
(CUBE) matrix, 384 x 384; field of view (FOV), 16 cm; slice thickness, 1 mm

Sagittal Combined T1r/T2- With fat suppression, repetition time (TR)/echo time (TE) 9 ms/min; matrix, 256 x 128; field of view (FOV),
weighted (MAPSS)3! 14 cm; slice thickness, 4 mm; view per segment, 64; spin-lock frequency, 500 Hz; T1r time spin-lock:
[0,10,40,80] ms; T2 preparation TE: [0, 13.7, 27.3, 54.7] ms

Sagittal T2 fast spin-echo Without fat suppression, repetition time (TR)/echo time (TE) 4,000/49.3 ms; echo train length (ETL), 9; matrix,
(FSE) 512 x 512; field of view (FOV), 16 cm; slice thickness, 1.5 mm
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All Subjects Baseline Demographic and Clinical Characteristics (V= 55)

Table 2.

Characteristic

ACL Subjects (N = 40)

Controls (N = 15)

Sex?
Male 25 (62.5%)
Female 15 (37.4%)
Age (years)b 29.95+8.11
BMI (kg/m?)? 23.6+2.52

KOOS (0-100, 0 = worst outcome)b

Pain 75.6 £15.90
Symptoms 70.0 £ 18.56
Quality of life (SOL) 42.9+24.15
Sports/recreation 56.65 + 25.9
Function in daily leaving 84.42 + 15.40

10 (66.7%)
5 (33.3%)
31.5+5.09

23.7£1.87

99.44 + 1.17
98.52 +2.98
97.08 +7.03
99.33£2.58
100.00+0

a
Data expressed as count (percentage %).

b .
Data expressed as mean + standard deviation.
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Table 3.
ACL Patient Surgical Information (N = 40)
Characteristic
Graft typea
Autograft 29 (72.5%)
Allograft 11 (27.5%)
Meniscus surgical observations and treatment?
Observed Medial (N=4,10%) Lateral (N =11, 27.5%)
No treatment 2 (50%) 2 (18%)
Partial meniscectomy 2 (50%) 8 (72%)
Repair 0 (0%) 1 (1%)

a
Data expressed as count (percentage %).
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