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Chondral Injury Associated With ACL
Injury: Assessing Progressive Chondral
Degeneration With Morphologic and
Quantitative MRl Techniques

Emily J. Davidson, MBBS(Hons)," Caroline Figgie, MD,T Joseph Nguyen, MS,*
Valentina Pedoia, PhD,* Sharmila Majumdar, PhD,* Hollis G. Potter, MD,*
and Matthew F. Koff, PhD*"

Background: Anterior cruciate ligament (ACL) injuries are associated with a risk of post-traumatic osteoarthritis due

to chondral damage. Magnetic resonance imaging (MRI) techniques provide excellent visualization and assessment of
cartilage and can detect subtle and early chondral damage. This is often preceding clinical and radiographic post-traumatic
osteoarthritis.

Hypothesis: Morphologic and quantitative MRI techniques can assess early and progressive degenerative chondral changes
after acute ACL injury.

Study Design: Prospective longitudinal cohort.
Level of Evidence: Level 3.

Methods: Sixty-five participants with acute unilateral ACL injuries underwent bilateral knee MRI scans within 1 month of
injury. Fifty-seven participants presented at 6 months, while 54 were evaluated at 12 months. MRI morphologic evaluation
using a modified Noyes score assessed cartilage signal alteration, chondral damage, and subchondral bone status.
Quantitative T1p and T2 mapping at standardized anatomic locations in both knees was assessed. Participant-reported
outcomes at follow-up time points were recorded.

Results: Baseline Noyes scores of MRI detectable cartilage damage were highest in the injured knee lateral tibial plateau
(mean 2.5, standard error (SE) 0.20, P < 0.01), followed by lateral femoral condyle (mean 2.1, SE 0.18, P < 0.01), which
progressed after 1 year. Longitudinal prolongation at 12 months in the injured knees was significant for T1p affecting the
medial and lateral femoral condyles (P < 0.01) and trochlea (P < 0.01), whereas T2 values were prolonged for medial and
lateral femoral condyles (P < 0.01) and trochlea (P < 0.01). The contralateral noninjured knees also demonstrated T1p
and T2 prolongation in the medial and lateral compartment chondral subdivisions. Progressive chondral damage occurred
despite improved patient-reported outcomes.

Conclusion: After ACL injury, initial and sustained chondral damage predominantly affects the lateral tibiofemoral
compartment, but longitudinal chondral degeneration also occurred in other compartments of the injured and contralateral
knee.

Clinical Relevance: Early identification of chondral degeneration post-ACL injury using morphological and quantitative
MRI techniques could enable interventions to be implemented early to prevent or delay PTOA.

Keywords: anterior cruciate ligament injury; post-traumatic chondral injury; post-traumatic osteoarthritis; quantitative and
qualitative magnetic resonance imaging
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nterior cruciate ligament (ACL) injuries are common,
A typically occurring in patients younger than 30 years of

age, with an estimated yearly incidence up to 0.8 per
1000.2*° Management of ACL tears predominantly involves
ACL reconstruction (ACLR), aiming to improve knee
biomechanics and prevent further chondral and meniscal
injuries.zizs'34 One potential long-term consequence of ACL
injury is an increased risk of post-traumatic osteoarthritis
(PTOA), which has been shown to develop as early as 5 years
after injury.7'12’23'54 While ACLR has proved to be successful at
restoring short-term functional stability of the injured knee and
return to preinjury sports, it has not yet proved protective
against PTOA.”"##3* Concomitant meniscal, cartilage, and
ligamentous injuries sustained during initial ACL disruption
also contribute to increased risk of PTOA; and meniscal
injuries have been identified as an independent risk
factor.”*"* PTOA typically affects younger patients, resulting
in a longer lifetime burden of disease compared with
idiopathic osteoarthritis.*”’

Magnetic resonance imaging (MRI) is a noninvasive,
multiplanar imaging modality that can accurately assess ACL and
chondral injury.zo"%*/ Morphologic images using fast-spin echo
(FSE) techniques are capable of detecting chondral lesions in
the knee joint with high sensitivity (87%), specificity (94%), and
accuracy (92%), as validated with direct arthroscopy.®> One
widely accepted grading system of articular cartilage is the
modified Noyes score, in which the appearance and quantity of
articular cartilage in the knee is scored using a semiquantitative
scale. % This scale uses cartilage sequences that have high
reproducibility, with a weighted kappa of 0.93.*° Quantitative
magnetic resonance imaging (qQMRID) techniques such as T1p
and T2 relaxation mapping correlate with the biochemical
composition of the cartilage matrix, including proteoglycan
content and the orientation of the collagen fibrils in the cartilage
matrix, 1respectively.18’21’42

Prolongation of T1p and T2 values on MRI corresponds to
changes in the extracellular cartilage matrix reflective of
cartilage degeneration, which has been shown to be a reliable
and validated marker of osteoarthritis.*****3*"* qMRI
techniques provide a noninvasive way of evaluating these early
degenerative structural changes in the cartilage matrix, which
often precede clinical or radiographic manifestations of
established arthritis 23"3"45

Our earlier study reported the preliminary gMRI cartilage
values post-ACL injury in a post-ACLR cohort for the first
0-month postoperative period. This demonstrated multiple
regions of prolonged relaxation affecting the injured and
contralateral knees.” This study aims to characterize the
progressive degenerative changes after ACL injury using both
morphologic MRI and gMRI techniques in the first 12 months
after injury. We hypothesize that the initial cartilage injury at
time of the ACL injury will correlate with progressive matrix
depletion in the surrounding cartilage compartments, and
this will be evident on morphologic MRI and qMRI
techniques.

METHODS
Study Participants

This study is part of a multicenter, prospective longitudinal
cohort study examining progressive cartilage degeneration in
participants with acute unilateral ACL tears. Participants with
unilateral ACL injuries were identified and recruited from 3
participating study locations, and underwent baseline MRI of
their injured knee within 40 days of acute injury. A flow
diagram of all patients recruited for this longitudinal cohort has
been previously published by Amano et al,* and updated for
this current study (Figure 1). The contralateral noninjured knee
was imaged with MRI as a control. Participants were followed
with bilateral knee MRI scans and clinical assessment at 6
months and 1 year time points after injury. Informed written
consent was obtained from each participant before study
commencement, with local institutional review board approval
and Health Insurance Portability and Accountability Act (HIPPA)
compliance at each site. Sixty-five participants were included for
baseline imaging and clinical assessment, while 57 participants
returned at 6 months, and 54 returned at 12 months (Figure 1).

Inclusion criteria were as follows: acute unilateral full-
thickness ACL tear by MRI and clinical examination, <40 days
between initial injury and MRI, and age between 13 and 70
years at the time of injury. Exclusion criteria were as follows:
radiographic evidence of early osteoarthritis grade 1 or 2
(OARSI Atlas)," history of cartilage resurfacing procedure at the
time of injury, varus or valgus instability requiring collateral
ligament repair or reconstruction, other injuries requiring
surgical intervention, inability to undergo pre- and postinjury
rehabilitation, history of previous high-grade knee injury, prior
surgery to either knee, and poor quality/motion degradation of
MRI. Low-grade injury to the collateral ligaments not resulting in
instability or surgery was not a criterion for exclusion. If an
unanticipated significant articular cartilage injury was discovered
during follow-up, the patient was withdrawn.

ACLR was not an inclusion or exclusion criterion in this study;
however, the majority of patients did undergo surgery (n = 61,
94%). Fifty-four participants from this cohort who underwent
ACLR have previously been reported, which examined the initial
baseline and 6-month postoperative clinical and quantitative
MRI findings.” Surgery occurred at 3 institutions in the United
States, performed by 11 sports fellowship-trained orthopaedic
surgeons. Days to surgery across the 3 institutions from initial
injury was mean 48 days.”

Patient-reported outcome measures (PROMs) were recorded at
baseline and on subsequent follow-up visits. Participants
completed the validated Knee Injury and Osteoarthritis
Outcome Score (KOOS) and the Western Ontario and McMaster
Universities Osteoarthritis Index (WOMAC).>”

Magnetic Resonance Image Acquisition

Participants underwent bilateral MRI knee scans at each study
visit: baseline, 6 months, and 1 year postinjury. MRI evaluations
were all performed utilizing identical 3 Tesla MRI units (GE
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Patients consented
and scanned at
baseline (n = 67)

Excluded
incomplete baseline visit
IEchuded for contralateral chronic ACL tear (n = 1)

65 patients with
baseline MRI

Excluded data (n = 8)
Poor quality images / motion
No return visit

57 patients with
6-month MRI

Excluded data (n=9)
Poor quality images / motion
No return visit

54 patients with
12-month MRI

Figure 1. Flowchart for patient inclusion, and follow-up
time points. ACL, anterior cruciate ligament; MRI, magnetic
resonance imaging.

Healthcare) at each site, with 8-channel phased array knee coils
(Invivo). The MRI protocol included the following: 2-dimensional
(2D) FSE techniques in axial, sagittal, and coronal planes:
repetition time/echo time [TR/TE] 5100/33.2 ms, voxel size 0.31 x
0.33 x 3.5 mm’, echo train length 13, number of excitations 1 to
2, matrix 512 x (416-480), slice thickness 3.5 mm’, field of view
14 10 16 ¢m, scan time 15 min; 3-dimensional (3D) FSE TR/TE
1500/26.7 ms, voxel size 0.41 x 0.41 x 0.5 mm’, echo train length
32, frequency selective fat saturation, scan time 6 min; quantitative
combined T1p/T2 mapping, TEs = 0/12.87/25.69/51.39 ms, spin-
lock time (TSL) = 0/10/40/80 ms, spin-lock frequency 500 Hz,
voxel size = 0.55 x 1 x 4 mm”, scan time 10 min.

Longitudinal Cross-Site Scanner Calibration

Cross-calibration of the MRI scanners at each participating site
was achieved by monthly scanning of phantoms of differing
concentrations of agarose, created from a single-source solution
for quality control and longitudinal T1p and T2 quantification
reproducibility.”> Additional calibration was obtained by
scanning 2 volunteers at all 3 sites at the beginning of patient
enrollment and at 1 year.”* Excellent longitudinal reproducibility
was demonstrated with no significant difference in T1p and T2
values using root mean square coefficient of variation with
values <3% over a 13 to 29 month period.”

Magnetic Resonance Morphologic Evaluation

Morphologic evaluation of cartilage on MRI was performed
using a modified Noyes scoring system, based off the original

Noyes system which used direct arthroscopic confirmation of
cartilage status (Table 1) Factors assessed included cartilage
signal alteration (mild or extensive hyperintensity), surface
chondral damage (< or >50%), and status of the subchondral
bone (intact or eroded). Lesions >15 mm were assigned twice the
points as lesions measuring 10 to 14 mm due to the greater area
of surface damage.” Similar to the original Noyes system, lesions
<10 mm were not assigned points as they have not been found to
be clinically significant.”’ Cartilage was assessed at the lateral
tibial plateau (LTP), lateral femoral condyle (LFC), medial femoral
condyle (MFC), medial tibial plateau (MTP), trochlea, and patella.
The bone marrow edema (BME) pattern was assessed at the
femoral condyles and tibial plateaus, quantified as absent, mild
(<10 mm?), or severe (210 mm?).** The presence of medial and/
or lateral meniscal tears was evaluated using the morphologic
images and scored (modified WORMS)™ as intact (0) or torn
(1, horizontal cleavage or peripheral longitudinal tear; or 2,
bucket handle, radial, or displaced flap). Posterior cruciate and
collateral ligaments were assessed, but not included in this
analysis. All MRI studies were evaluated by a senior, board-
certified musculoskeletal radiologist with over 20 years’
experience in MRI interpretation. Assessment of MRI cartilage
grading reproducibility and interexaminer repeatability for this
radiologist has been previously published.® The radiologist was
blinded to the follow-up time point but was aware that it was a
follow-up examination in certain patients as ACL reconstructive
surgery was evident on the imaging.

Magnetic Resonance Quantitative Evaluation

After image acquisition, semiautomatic segmentation of 3D FSE
images was performed to define standardized anatomic location
regions of interest (ROIs) obtained for quantitative T1p and T2
mapping, which included the LTP, LFC, MFC, MTP, trochlea, and
patella. Tibial plateau and femoral condyle ROIs were
subdivided into anterior, central and posterior regions for more
precise regional mapping. Care was taken to not include the
subchondral plate or synovial fluid, and to avoid sampling at
the magic angle. Quantitative T1p and T2 values were calculated
by taking the natural logarithm of the signal decay curve in a
selected ROI, using data sets analyzed on a pixel-by-pixel basis
with a 2-parameter weighted least squares fit, assuming a
monoexponential decay.” An average T1p or T2 value was
generated for each compartment.

Statistical Analysis

Statistical analysis was performed using generalized linear
models to assess differences of all ordinal morphologic grades
and continuous quantitative MRI datasets over time between the
injured and contralateral limbs. Full factorial models were used
to test longitudinal and between-group differences of the
injured and contralateral knees. Bonferroni corrections were
used for post hoc multiple correlation evaluations. Spearman
correlations were evaluated between BME and morphologic
(Noyes scores) and quantitative outcome measures (T1p and
T2). Statistical significance was set at P < 0.03.
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Table 1. Modified Noyes MRI scoring system

Lesion (points)

MRI Feature

Cartilage Signal

Mild hyperintensity 0 0

Extensive hyperintensity 1 2

Surface Damage

<50% Thickness 2 4

>50% Thickness 3 6

Subchondral Bone

Intact 5 10

Eroded 5 10

Bone Marrow Edema Pattern Absent Mild (<10 mm?) Severe (>10 mm?
Meniscal Tears? 0 1 2

MRI, magnetic resonance imaging.

Modified Noyes scoring uses MRI features derived from the Noyes arthroscopy scoring system. The lesions were scored at the lateral tibial plateau, lateral
femoral condyle, medial femoral condyle, medial tibial plateau, trochlea, and patella.
“Medial and lateral meniscus scoring: 0, intact meniscus; 1, horizontal cleavage tear or peripheral longitudinal tear; 2, bucket handle tear, radial tear, or

displaced flap.

RESULTS

Sixty-five participants with acute ACL tears were included in the
study, with patient demographics and clinical details
summarized in Table 2. Sixty-one patients underwent ACL
reconstructive surgery with the type of reconstruction varying
depending on the surgeon preference. The majority of patients
had bone patella tendon bone autografts (44%), followed by
hamstring tendon autografts (34%). Arthroscopic examination
included description of chondral lesions and meniscal tears, and
were recorded for each patient who had surgical management.

Morphologic MRI Changes

At initial injury, MRI-detectable cartilage injury was greatest in
the lateral compartment of the injured knee with baseline Noyes
scores (Figure 2) highest in the LTP (mean 2.5, standard error
(SE) 0.20, P < 0.01), followed by the LFC (mean 2.1, SE 0.18, P <
0.01). At 6 months and 1 year postinjury, the Noyes scores
remained elevated in the LTP and LFC, progressively worsening
over time (P < 0.01, Figures 2 and 3). The remaining
compartments of the injured knee and contralateral knee
demonstrated low Noyes score at baseline, without appreciable
change in cartilage morphology over time (Figure 2). Figure 3
demonstrates an example of progressive chondral injury on MRI
predominantly affecting the LTP.

Quantitative MRI Changes

T1p values in the injured knee (Table 3) displayed significant
longitudinal prolongation between baseline and 1-year time
points for MFC globally (P < 0.01) and all its subdivisions; LFC
globally (P < 0.01), and its central-anterior and posterior
subdivisions (P < 0.01); as well as the trochlea (P < 0.01).
Prolongation at 6 months was also present in the MFC globally
(P <0.01) and its central subdivisions, the LFC anterior central
subdivision (P < 0.01), and the trochlea (P < 0.01). No
significant prolongation of T1p values was seen in any other
subdivision or global ROI values.

T2 values in the injured knee (Table 3) also demonstrated
significant longitudinal prolongation after 1 year compared
with baseline affecting the MFC globally (P < 0.01) and its
central-anterior and central subdivisions (P < 0.01); LFC
central-anterior and posterior subdivisions (P < 0.01); LTP
posterior subdivision (P < 0.01); and the trochlea (P < 0.01).
At 6 months, prolongation was already evident at the MFC
central-anterior and central subdivisions (P < 0.01, P =
0.02), LFC central-anterior subdivision (P = 0.02), and
trochlea (P < 0.01). Global T2 values for the LFC and LTP of
the injured knee were not significantly prolonged at either 6
months or 1 year. Representative relaxation maps of T1p
and T2 of the lateral femorotibial joint in an injured knee
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Table 2. Participant demographics

Parameter Value

Number of participants, n 65
Age,y 29 (range, 13-56; SD, 13)
Men, n 37
BMI, kg/m? 24.5 (range, 17.8-32.3; SD, 3)
ACLR, n 61

BPTB, % 44

Hamstring tendon autograft, % 34

Allografts, % 215

ACLR, anterior cruciate ligament reconstruction; BMI, body mass index; BPTB, bone patella tendon bone autograft.

Longitudinal Changes of Average Modified
Cartilage Noyes Score of Injured Knee
By Knee Comparment

4.00

8

/" «e=PAT
==TRO

"MFC
==MTP

1.00 ==LFC

LTP

Modified Noyes Score
]

¢ — = — —s

o0 T I

1 2 3
Time Point

Figure 2. Progression of average modified Noyes scores
in the injured and contralateral knee over time in each
compartment. Modified Noyes scores assessed on MRI
scans performed at baseline, 6 months, and 1 year.
Compartments: PAT, patella; TRO, trochlea; MFC, medial
femoral condyle; MTP, medial tibial plateau; LFC, lateral
femoral condyle; LTP, lateral tibial plateau. MRI, magnetic
resonance imaging.

are shown in Figure 4 with areas of prolongation indicated
by arrows.
In the contralateral noninjured knee (Table 3), T1p

prolongation was seen to affect the LFC central-anterior and LTP

posterior subdivisions after 1 year (P < 0.01, P < 0.01), whereas
T2 prolongation was present after 1 year affecting the MFC
central-anterior (P = 0.04), LFC central-anterior and postetior
subdivisions (P < 0.01, P < 0.03), and the LTP anterior
subdivision (P < 0.04). None of the global T1p or T2 values in
the contralateral limb demonstrated statistically significant
prolongation.

6 Mo. Baseline

12 Mo.

Figure 3. Sagittal fat-suppressed fast-spin echo (a-c) and
sagittal fast-spin echo (d-f) MRI sequences of the lateral
compartment on a 56-year-old female patient with injured left
knee at baseline (a, d), 6 months (b, €), and 1 year (c, f). Images
demonstrate progression of articular cartilage injury over the
lateral tibial plateau (arrows). PD-FS, proton density-fat saturated.

Significant positive correlations were found between the
morphological Noyes grade and T1p or T2 values in the LTP
and patella of the injured knee, as well as the LTP, MFC, and
patella of the contralateral knee (Table 4).

Bone Marrow Edema

In the LTP of the injured limb, the extent of the BME at baseline
was significantly associated with prolonged T2 values (P =
0.01); however, no association was found over time at 6 months
or at 1 year. No correlations were found between BME, Noyes



SPORTS HEALTH

vol. 16 e no. 5

(panuipuoa)

000 qev88'e— 100> 489552~ 100 qey9e- 210 888’1~ | ALSAING

000 aLL9Ly- 000 9525¢ v 10’0 05690°€— 00'0 q50eSy— | ALSATg

020 1120~ 20'0 08569° - 290 82v0- 100> qzeyl'e— | W9sATd (1ougyue-enuad) 947
¥6°0 8€0°0 850 9SG 0- 80 0250 610 ¥G8°0— | ALSAING

250 290~ 210 ¥20'1- 80 Ly 0— 10'0> av920c— | ALsATg

250 129°0- 85°0 870~ Ge'0 996'0— AN eLl'l— | I9sAg (leqoj6) 941
L0 1650 1€°0 056'0— 980 €99°0 110 €2r'l— | ALSAING

L0 €920~ 910 052'1- 980 181L0- 10'0> 0e669c— | ALsATd

50 0980~ ¥9°0 10€°0~ 98°0 80— 10 LT 1= | IN9sATd (ougisod) 94N
120 V€1 66'0< Lyi'0- 2L0 G86°0 G20 296'0— | ALSAING

99°0 G990 190 6680~ €60 650 000 08e90'€— | ALsATd

99°0 6020~ 66'0< 1S¥0- €6°0 16€°0- 200 avlol'g— | IN9sAg (louaysod-enusd) 94N
890 ¥90°L 20 Zvo'L— 880 1201 €0'0 q91922— | ALSAING

890 ¥€6°0 000 q1992°€- 880 901 00'0 0e92G's— | ALsATg

880 0€L0- 200 aSv1ze- 160 £V0'0 100> av9z'e~ | N9sATg (lenuad-reusd) 94N
€0'0 0.566°'1— 200 4zr06°'L— 590 6601 - 100> 0/2982— | ALSAIN9

v0'0 02821 000 989 v— 590 680°L— 00'0 06279~ | ALSATg

L0 €v20 10'0> 90082 660 0100 00'0 qz087'€— | N9 SA g (Jougyue-lenuad) 94N
66°0< 06€°0 Lo L01'1- 00t 2990 €00 4z8es’Ll— | ALSAIN9

66°0< 8120~ 10'0> 04z6v6°'L— 00t L1L0 000 qs0Ly'e— | ALsATd

68’0 609°0— 710 Zr80— 00'} GYS0— 100> ayees |- | W9sATd (1eqoib) 94

onepAd

"11q ueayy

aauy |esajejesjuos

anepd

‘HQq uesy

aduy painluj

Sanjep ¢l

anepd "HiQ ueapy anjepd

aauy |esajejesjuos

sanjep dp L

‘Hq uesiy

aduy painluj

uosuedwo?
julod awij

sjuiod aLun 8|qeLIBA 18 S33UY [Ja1R[RAUOI PUR painful Ul (San[eA Z1 pue d 1) [HIA 8AneIUeNY '€ 8|qeL

727



Sep « Oct 2024

Davidson et al.

(panunuog)

anepd

"11Q ueapy

aouy [elajejeuo)

Sanjep 21

anjepd

‘Hiq uesiy

aauy painfuj

anepd

aouy [eJaje[ejuo)

1)1 ueayy

sanjep Jp1

anjepd

"11Q ueay

aauy paJnfuj

uosuedwos
julod awiy

160 18€°0 180 1090 110 oLl 90 6160 AL SA N

090 2060 €0 LE1L L10 ovLL v1L0 218l ALSATg

160 1250 180 0€50 660< 0000 90 €680 IN9 SA g (1ougysod) LN
66'0< veL0- 660< 008°0- 66°0< 880 66'0< G09'0— | ALSAIN9

66°0< 5910~ 660< 1620~ 66°0< 9190 66'0< 80 ALSATg

66'0< 6920 660< 650 66°'0< 6920~ €80 €80°1 IN9 SA 19 (lenusd) 41N
180 €080~ 66'0< 65t°0— €0 eve'L 66°0< 2850 AL SAING

180 1280~ 66'0< £€99°0- €80 82L0 660< 2z 0- ALSATg

160 200~ 660< 020~ €80 9190~ 66°0< 020~ N9 sA g (1ousjue) d1IN
66'0< 0290~ 660< Ly0- 880 2860 66°0< /81°0— | ALSAINQ

66°0< €1e0— 66'0< 00 880 9890 660< 2650 ALSATg

66°0< L0€°0 66°0< G160 88°0 e 0- 66'0< 0820 IN9 sA 19 (leqoib) d1in
6€0 910~ 10'0> qLL9.' - 190 vre0— 100> 0/1282— | ALSAING

€00 QEPYS 1— 100> q99€8’ 1~ 810 16Y1- 000 42.00°¢~ AL SATg

6€0 890~ 9160 6900~ 820 €11 €50 98Y°0- IN9 SA 19 (tousysod) 047
120 821 900 Tl 6€0 960 290 1920 AL SAING

90 1220 800 916°L 180 6110~ 290 690~ AL SATg

620 S0’ 1 G0 9220~ 80 G60'L— v€0 0ck'1— N9 sA 19 (1or13)s0d-[e3U89) 941
120 8r'L €0 V2L 610 119} 550 S0 AL SAING

8e0 L 96°0 8v0°0— 810 L0’} 020 ISp - ALSATg

990 69€°0- €0 9621 - 810 Sv9'0- 900 66'1— IN9 SA 19 (leuso-feusd) 941

uoneson

(panunuog) "¢ ajqeL

728



SPORTS HEALTH

vol. 16 e no. 5

*8dA} pjoq Ul 18s a.le sanjen 4 ueaiubis

*abe|ed Juswiedwod [elowsloiq [eaje| pUe [eIpall au} JO SUOISIAIPGNS SE |[oM Se Passasse a1am SanjeA abe|ied [eqoly)

‘syulod awi} Jeak | pue syluow 9 ‘auljaseq Je painseaw Saauy painfuiuou [eaje[ejuod pue painful 8y} Ui Sanfea [YIAl SAIENIUEND

“Jeak |

‘AL ‘syjuow 9 ‘N9 ‘eajyso) ‘oYL ‘elered ‘1yd ‘neajerd [eiqn [elpaw ‘d 1A ‘Buibew) aoueuosal ansubew ‘(YA ‘8jApuod [eowsy [elpaw ‘DN nesjeld [eiqi [e1sle| ‘d17 ‘8lApuod [elowsy [eldle| ‘947 ‘euljeseq ‘19

560 6090 660 800°0- 66'0< 44X 820 €92°0- AL SAING

66'0< €0€°0 000 90.€¢°2- 66°0< 220~ 00'0 q8ve9°€— AL SA g

66'0< 90€°0- 000 456222~ 66'0< LvE0- 000 /182~ IN9 SA g (1eqoyb) eajyooiy
990 0920 66'0< 200 ¥6'0 8.0 66'0< 9000~ AL SAING

510 080 1— 66'0< 8020 660< ra 4| 66'0< €0~ ALsAg

100 062" I- 66'0< v81L°0 66°0< 09€'0— 66°0< GEE'0— N9 sA g (leqojb) eyjared
200 0e€zse 000 qz6lLy 100 48560°€ 000 46v9°G AL SAING

900 V.61 000 a62LL Y 100 q92v.'C 000 av0.E Y ALSATg

vS0 6v50- G6°0 500 0,0 €6€°0- 10 6.2 |- N9 sA 19 (tousysod) d11
8€0 ELL L= 66'0< 11€°0 280 6,60~ 66'0< 08%°0 AL SA N9

8L0 6651~ 66'0< 6,00 280 G180~ 66'0< 2600 AL SATg

090 9zv0- 66'0< 6620~ 680 ¥910 66'0< 8¥v0- IN9 SA 19 (lenusd) d11
500 Lv81- 66'0< 029°0- 50 6921 - 66'0< 2550 AL SAING

v0'0 q0¥20°2— 66°0< 0250~ 60 199'0— 66'0< 6650~ AL SATg

280 AN 66'0< 0010 60 8090 690 060" L~ IN9 SA g (1ouajue) d17
€90 6,0~ 66'0< 1920 66°0< S 0- €80 8680 AL SAING

€e0 202 1- 66'0< €20 66°0< v 0- 180 €eLo ALSATg

€9°0 g2 0- 66'0< 7200~ 66'0< G000 €80 69/°0- N9 sA g (leqoib) d11

anjepd 1@ uespy anjepd ‘Ji@ uespy anjepd ‘1@ uesy anjepd ‘Jiq uealy  uosuedwon uoneoon

1ulod awi]
aouy [elajejeuo) aauy panfuj aouy [eJaje[ejuo) aauy panfuj

sanjep 21 sanjep dpL

(panunuog) ¢ sjgeL

729



730

Davidson et al.

Sep « Oct 2024

Table 4. Spearman correlations between Noyes scores and T1p and T2 values

Injured knee

Contralateral knee

Tip Tip T2
Lateral femoral condyle -0.11 0.04 -0.04 -0.04
Lateral tibial plateau 0.29* 0.23 0.36* 0.35*
Medial femoral condyle 0.18 0.25 0.48* 0.41*
Medial tibial plateau 0.13 0.14 0.13 0.16
Patella 0.32* 0.26* 0.38* 0.33*
Trochlea -0.14 -0.17 -0.08 -0.12

*Statistically significant correlations (P < 0.05) are set in bold type.

Baseline 6 Month

Figure 4. Longitudinal sagittal quantitative T1p (a-c) and
T2 (d-e) relaxation time maps of the lateral femorotibial
joint cartilage in the same 56-year-old female patient,
from baseline (a, d), 6 months (b, e), and 1 year (c, f) time
points, show progressive prolongation of both T1p and T2
relaxation times. Orange arrows indicate specific areas

of prolongation. Relaxation time maps are color coded to
reflect T1p and T2 values ranging from 10 milliseconds
(orange) to 90 milliseconds (blue).

scores, T1p or T2 values at baseline or the follow-up time points
for the remainder of the imaged compartments.

Meniscal Injury

At baseline, 46 participants were found to have sustained a
meniscal tear in the injured knee on MRI, without
predominance to either medial or lateral meniscus (32 and 31,
respectively), and 17 sustained injury to both. Nine of the
participants had evidence of meniscal tear in the contralateral
knee at baseline MRI. In the participants who underwent
surgery to the injured knee, 20 tears in the medial meniscus
and 29 tears in the lateral meniscus were confirmed

intraoperatively. The majority of all tears were either repaired
(49%) or excised (34%), while the remainder underwent no
treatment, with a few showing signs of healing response. At 1
year, only 1 new meniscal tear in the injured knee was evident
on MRI, while in the contralateral knee, a further 3 new tears
were evident. The presence of any meniscal tear (medial or
lateral) was not found to have any statistically significant
correlation in cartilage morphology or qualitative cartilage
analysis over time. T1p values of the LTP tracked similarly
between subjects with an intact or torn meniscus (Figure 5).

Patient-Reported Outcome Measures

The KOOS and WOMAC scores (Figure 6) showed significant
improvement in all measured outcomes at 6 months and 1 year
follow-up compared with baseline. The scores remained
elevated between 6 months and 1 year.

DISCUSSION

After acute ACL injury, morphological and quantitative MRI
cartilage damage in the injured knee was found predominantly
to affect the lateral tibiofemoral compartment with progressive
degeneration at 6 months and 1 year.

This corresponds to the findings by Potter et al,** in which 7
to 11 years after ACL injury, morphological MRI chondral
damage most severely affected the lateral tibiofemoral
compartment, attributed to the transcondylar impaction.**

Meanwhile, positive correlations were also found to affect the
injured knee patella, with similar findings demonstrated in the
studies by Potter et al** and Van Meer et al.*® When evaluating
only quantitative MRI values, more chondral compartments of the
injured knee were affected than was appreciated on the
morphological MRI assessment. The T1p values showed significant
prolongation in the femoral condyles and trochlea, while T2
values were prolonged in the femoral condyles, lateral tibia, and
trochlea. Longitudinal prolongation of T1p in multiple
compartments of the injured knee after ACL injury has been
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Figure 5. Longitudinal changes in T1p values of the lateral
tibial plateau in subjects with a torn lateral meniscus as
compared with subjects with an intact lateral meniscus.
Graph displays the mean =+ standard deviation T1p value at
each of the evaluated time points.

demonstrated in other studies; however, there is disagreement as
to which compartments are the most affected.**** In a 10-year
longitudinal follow-up study of post-ACLR knees, the greatest
chondral matrix prolongation occurred in the medial compartment
and trochlea, but when compared with a healthy control knee, all
subcompartments showed higher matrix values.”

Cartilage damage affecting the injured knee is multifactorial
and has been attributed to the initial cartilage and subchondral
injury, altered cartilage matrix homeostasis and inflammatory
synovial cytokine cascade, and from surgery if ACLR and
meniscal repair/meniscectomy is performed.***'* Cartilage
degeneration after ACL injury also includes a complex interplay
of altered gait change leading to shifts in the load applied to
cartilage, altered compressive and tensile forces, and the
metabolic sensitivity of chondrocytes to the mechanical
environment.” Bone shape changes of the femoral sphericity,
tibial slope and notch width have been demonstrated to occur
after ACL injury and ACLR, correlated with changes in cartilage
matrix prolongation.” In the short term, the primary aim of
ACLR is to restore anterior and rotational laxity of the joint, and
return patients to activity, but so far, unfortunately, it has not
been proved to reduce the long-term risk of developing
PTOA."**"#%3% Aberrant gait biomechanics have been linked to
the development of PTOA in the post-ACL injured knee,
correlated with prolonged T1p and T2 values.*"*** Greater total
motion of the medial compartment, and prominent vertical
forces during the stance phase of gait, have been demonstrated
in the post-ACLR population.é’w’%’”

In this current study, cartilage matrix prolongation also
occurred in the contralateral knee, mainly affecting the femoral
condyles and LTP; with positive correlations with the cartilage
morphology involving the femoral condyles and patella. This
was despite low scoring on Noyes morphology alone. Positive
correlations between Noyes and quantitative changes may be

attributable to subtle signal alterations in cartilage morphology,
associated with a low Noyes score. Quantitative techniques are
sensitive to small changes in the extracellular matrix, often
preceding morphologically apparent focal defects and diffuse
chondral changes.”!

Contralateral knee cartilage matrix prolongation after ACL
injury and surgery has also been demonstrated in other studies.
In the study by Pedoia et al,** cartilage prolongation also
occurred in the contralateral knee in the first year, whereas Xie
et al™ demonstrated significantly prolonged values up to 10
years postinjury mainly affecting the lateral tibiofemoral and
patellofemoral compartments.** Interestingly, Xie et al” found
all subcompartments of the contralateral knee demonstrated
higher T1p and T2 values compared with the control group.
Prolonged cartilage relaxation times have also been
demonstrated to affect the contralateral knee in a post-ACLR
individual up to 2 years postinjury in studies assessing gait
biomechanics and tibial motion analysis."** The changes have
been demonstrated to be independent of normal aging, with
control knees showing no significant changes to rotation and
translation kinematics.*">*** The cause of early cartilage matrix
changes in the uninjured contralateral knee in this study is
probably due to adapted biomechanical unloading patterns after
ACL and ACLR, which has also been postulated by a number of
other studies %%

Meniscal tear in either the injured or contralateral knee was
not found to correlate with degenerated cartilage morphology
or chondral matrix signal alteration at 1 year in this study. This
is suspected to be due to the relatively short interval follow-up
period. Meniscal injury has already been demonstrated to be an
important risk factor in the development of symptomatic knee
osteoarthritis in patients who have undergone ACLR, with
changes apparent 10 years postinjury.1("22'42'44'48 The recent study
by Jones et al'® found that concomitant meniscal injury
requiring repair or partial meniscectomy correlated with worse
whole joint chondral degeneration in the ACLR knee as early as
2 to 3 years.'® An interesting finding of that study was that high
grade articular cartilage lesions at the time of pivot-shift injury
did not correlate with MRI cartilage degeneration at 2 to 3 years
in the medial and lateral compartment, supporting other factors
such as meniscal tear as important contributors to progressive
chondral degeneration.16 With ongoing surveillance of the
patients in this current study, progressive chondral degeneration
is felt likely to correlate with meniscal tear.

In this study, progressive chondral degeneration and PROMs
were not found to be correlated in the first year after ACL injury.
However, as demonstrated by other studies, cartilage loss
eventually reaches a point where it becomes clinically apparent,
occurring as early as 5 years postinjury.%’37 Symptomatic PROMs
typically indicate established osteoarthritis which is difficult to
reverse.” Strategies to delay and prevent PTOA include early
rehabilitation focusing on improving biomechanics and muscle
strengthening, limiting contact/sheer stresses, as well as
addressing excessive body weight.* Early identification of
progressive chondral damage post-ACL injury such as with the
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Figure 6. Longitudinal change in KOOS scores (left) and WOMAC scores (right). ADL, activities of daily living; KOOS, Knee Injury and
Osteoarthritis Outcome Score; WOMAC, Western Ontario and McMaster Universities Osteoarthritis Index; QoL, Quality of Life.

use of morphological and quantitative MRI could enable these
preventive strategies to be implemented before PTOA becomes
established."’ A future study analyzing correlations between
PROMS with quantitative and qualitative MRI techniques could
be performed.

Associations between established BME, osteoarthritis, and
clinical symptoms are often reported.'">* In this study, BME in
the LTP of the injured knee had prolonged T2 relaxation
initially, without association at 1 year. No correlation between
BME and Noyes scores in any compartment was found, and
progressive cartilage changes also occurred in compartments
not directly affected by the acute bone contusion. These
findings are consistent with Potter et al** in which transcondylar
impaction accounted for the early BME pattern and cartilage
shear injury, without an association over time found. More
widespread cartilage injury beyond the site of direct impaction
supports the concept that after acute ACL injury global cartilage
homeostasis is affected.**

This study was initially designed to include the contralateral
noninjured knee MRI of the subjects as a control, as supported
by the literature.”” However, the cartilage in the contralateral
knee of a patient who has sustained an ACL injury is also
affected, as seen in our study, and recently by Xie et al® and
Pedoia et al,* and therefore a limitation to this current study is
the lack of a control group. The modified Noyes scoring system
is a validated measure of cartilage status based on the original
Noyes scoring systems for direct arthroscopic cartilage
assessment.”*? However, it should be noted that the total
chondral surface area is not calculated in these scoring systems,
nor is patient size. The follow-up period examined in this study
was relatively short to assess the early morphological chondral
changes and matrix signal prolongation after ACL injury. A
longer period of observation (1-5 years) would help
characterize these early changes over time and correlate them
with the development of symptomatic PTOA. A limited number

of participants was evaluated at follow-up with a dropout rate
of approximately 17% at 1 year. Age analysis was not performed
for this current study but has been previously reported for this
longitudinal cohort.* Another limitation to the study was that
preinjury imaging was not performed, and therefore some of
the baseline chondral changes detected on MRI could have
been from preexisting degeneration. However, as patients were
recruited to the study after ACL injury, obtaining preinjury films
is difficult to standardize and is challenging clinically. ACLR was
not an inclusion or exclusion criterion in this study; however, as
patients were recruited from 3 study locations, the clinical
management differed slightly, including surgery versus no
surgery, type of graft used, and time to surgery from injury. The
details of 4 patients deciding not to undergo surgery was not
available to the researchers of this study. This study, however,
was successful in completing a multi-institutional longitudinal
evaluation of participants with ACL injury, while maintaining
high rigor of scanner reproducibility in the quantitative
metrics.” The modified Noyes system has previously been
shown to have high reproducibility and consistency™*’;
therefore, the authors were satisfied that the results would be
reproducible.

The findings of this study add to the growing body of
evidence that early cartilage matrix changes are associated with
early morphological cartilage damage and, as demonstrated by
other studies, have been found eventually to lead to clinically
evident PTOA.**"*%

CONCLUSION

After acute ACL injury, the dominant location for articular
cartilage damage occurs in the lateral tibiofemoral compartment
using morphological and quantitative MRI techniques. Chondral
matrix prolongation also occurred in the surrounding
compartments of the injured knee, and throughout the
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contralateral knee. Early identification of chondral degeneration
post-ACL injury using morphological and quantitative MRI
techniques could enable interventions to be implemented early
to prevent or delay PTOA.

KEY RESULTS

1. After ACL injury, acute chondral damage on MRI
predominantly affected the injured knee lateral tibiofemoral
compartment with progression at 1 year postinjury.
Quantitative MRI techniques demonstrated more widespread
cartilage degeneration affecting both the injured and
contralateral knees.

2. Patient-reported outcomes improved over time despite
progressive chondral degeneration on MRI. Identification of
early chondral degeneration post-ACL injury with MRI could
enable interventions to be implemented, before clinical
progression and PTOA is established.

CLINICAL RECOMMENDATIONS

After acute ACL injury, progressive chondral degeneration
occurs most in the injured knee at the lateral compartment at
the sites of transcondylar impaction. The more widespread
chondral changes affecting the injured and contralateral knees
are likely to be multifactorial in etiology. Morphologic and
quantitative MRI techniques could be used to identify early
progressive chondral degeneration, enabling early interventions
to be implemented. (SORT A, level 1. Prospective cohort study.)
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