
R E S E A R C H Open Access

© The Author(s) 2025. Open Access  This article is licensed under a Creative Commons Attribution 4.0 International License, which permits use, 
sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the original author(s) and 
the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the material. If material is not included 
in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a copy of this licence, visit  h t t p  : / /  c r e a  t i  v e c  o m m  o n s .  o r  g / l i c e n s e s / b y / 4 . 0 /.

Ray et al. BMC Musculoskeletal Disorders          (2025) 26:426 
https://doi.org/10.1186/s12891-025-08501-6

BMC Musculoskeletal 
Disorders

*Correspondence:
Philip G. Conaghan
P.Conaghan@leeds.ac.uk

Full list of author information is available at the end of the article

Abstract
Introduction The aim of this study was to compare the cross-sectional relationship and longitudinal responsiveness 
of the semi-quantitative MRI Osteoarthritis Knee Score (MOAKS) with automated quantitative cartilage thickness 
measures.

Methods Images and MOAKS scores from 297 participants with evidence of radiographic progression (groups 1 
and 2) from the OAI FNIH sub-cohort were included. To facilitate direct comparison, novel quantitative measures 
of cartilage loss (termed Q-MOAKS) were matched to MOAKS regions. Mean normative cartilage thickness was 
computed for each subregion using OAI non-OA controls. The Q-MOAKS thickness loss score was based on the 
proportion of cartilage thickness over a subregion that was < 95% normative thickness, the denudation score 
was based on < 5% normative thickness. Q-MOAKS area proportions were categorised into scores as for MOAKS. 
Quantitative cartilage thickness (ThCtAB) was also measured in MOAKS subregions. We compared MOAKS against 
Q-MOAKS and ThCtAB cross-sectionally using Spearman’s rank correlation and descriptive statistics including 
proportions and boxplots. Longitudinally, responsiveness was assessed at 1 and 2 years using standardised response 
means (SRM).

Results Cross-sectionally, there was a poor correlation between MOAKS and Q-MOAKS thickness loss and 
denudation scores in all regions except central medial femur (cMF) and tibia (cMT) with moderate correlation for 
thickness loss scores: cMF, ρ = 0.59, (95%CI:0.51, 0.66) cMT, ρ = 0.58, (0.50, 0.65). In cMF, despite the broad range for 
the MOAKS thickness loss score = 2 (10–75% region surface area), only 56% (89/159) of knees were Q-MOAKS = 2 and 
23% of MOAKS denudation = 2 were represented in Q-MOAKS = 2. In cMT, the results for similar comparisons were 
61% and 66% respectively. MOAKS appeared to overestimate grades 2 and 3. Over 2-year follow-up MOAKS thickness 
loss and denudation scores were less responsive than Q-MOAKS in most subregions. MOAKS thickness loss was most 
responsive in cMT (SRM = 0.47, (95%CI:0.41, 0.54)). ThCtAB was substantially more responsive: SRM=-0.84, (-0.96, -0.73) 
in this region.
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Introduction
Magnetic Resonance Imaging (MRI) provides the best 
non-invasive tool for directly visualising cartilage dur-
ing the progression of osteoarthritis (OA). In Disease 
Modifying OA Drug (DMOAD) clinical trials, OA MRI 
cartilage morphometry may be assessed semi-quantita-
tively or quantitatively. The semi-quantitative (SQ) MRI 
Osteoarthritis Knee Score (MOAKS) [1] assesses a range 
of features that are thought to be relevant to the func-
tional integrity of the knee and the pathophysiology of 
OA including cartilage morphology. The MOAKS carti-
lage morphology score records the surface area affected 
by cartilage loss and denudation in 14 subregions of 
the knee, 12 of which form the medial and lateral tibio-
femoral joint. A revision of MOAKS using ‘within grade 
change’, defined as structural change on imaging that is 
insufficient to cause a whole-grade transition [2], has 
been reported to improve its responsiveness [3]. In con-
trast to these semi-quantitative scores, quantitative car-
tilage measurements can be obtained using validated 
manual [4] or automated segmentation methods, for 
example by using machine learning-based technology 
incorporating Active Appearance Models (AAMs) [5, 6].

It has been shown that baseline cartilage damage as 
assessed by SQ scoring is predictive of longitudinal 
changes in quantitative thickness and volume measures 
[7, 8], and that change in cartilage damage SQ scores 
are associated with change in quantitative measures 
[9, 10, 11]. However, there is limited understanding of 
the detailed relationship between these semi-quanti-
tative and quantitative methods of assessing cartilage, 
which measure somewhat different constructs: MOAKS 
assesses both the area affected by cartilage loss and the 
area affected by denudation, while quantitative cartilage 
morphology usually measures cartilage volume or thick-
ness. The aim of this study was therefore to compare the 
cross-sectional relationship as well as the longitudinal 
responsiveness of MOAKS with quantitative cartilage 
thickness. To facilitate direct comparisons of the con-
structs assessed, we developed novel quantitative car-
tilage thickness loss and denudation measures designed 
to reflect the area of loss and area denudation ratios 
or scores for the tibial and femoral regions defined in 
MOAKS. This “Q-MOAKS” construct was designed only 
to compare quantitative measures to MOAKS and was 
not intended as a replacement of the scoring system, or as 
a novel clinical tool. For comparison of semi-quantitative 

and quantitative methods, we chose the typical time 
frames for OA clinical trials: 1- and 2-year follow-ups.

Methods
Participants
We included participants from the OA Biomarkers con-
sortium FNIH study [12], a nested case-control study 
within the Osteoarthritis Initiative (OAI), a large obser-
vational study registered at ClinicalTrials.gov March 
24th, 2004 (NCT00080171). Four knee outcome groups 
comprising 600 participants with knee Kellgren-Law-
rence (KL) grade 1–3 and with combinations of radio-
graphic and/or pain progression in an index knee have 
been previously defined in that study [13]. From this set 
of 600, we selected the 297 from the FNIH study groups 
1 (194 knees) and group 2 (103 knees) that had evi-
dence of radiographic progression, defined in the FNIH 
as ≥ 0.7  mm decrease in joint space width (JSW) in the 
medial tibiofemoral compartment from baseline to 24, 36 
or 48-month follow up, with (group 1) or without (group 
2) pain progression. As a non-OA control group, we used 
a single index knee from all subjects 46–54 years old at 
the OAI baseline visit that had a knee KL grade 0 with 
no pain (WOMAC pain subscale = 0 or 1), that were not 
included in the 600 participants of the FNIH Biomarkers 
study groups.

MR image acquisition and quantification of measures
For semiquantitative scoring in the FNIH study, MR 
images were scored unblinded to timepoint using the 
MOAKS scoring system centrally by two experienced 
musculoskeletal radiologists with 13- and 15-years’ 
experience of semi-quantitative assessment of knee OA. 
The MOAKS scores were then made publicly available 
through the OAI data release. MOAKS cartilage scores 
are composed of two components. Adapting the nomen-
clature of the OAI, we used the label “MOAKS Cartilage 
Morphology” (MCM) such that ThMCM was defined 
as the size of any cartilage thickness loss (partial or full 
thickness) as a proportion (%) of the surface area of a 
subregion, and dMCM was defined as the proportion (%) 
of full thickness cartilage loss (denudation) in this sub-
region. For both measures, the MOAKS cartilage scores 
are categorised as 0: none, 1: 0–10%, 2: 10–75% and 3: 
>75%. We used cartilage scores from the tibiofemoral 
compartments only, consisting of the medial and lateral 
central and posterior femur (cMF, cLF, pMF, pLF) subre-
gions and the medial and lateral tibial anterior, central, 

Conclusion Though MOAKS status scores showed reasonable correlation with quantitative measures of thickness 
in medial compartments, concordance between MOAKS and quantitative cartilage area loss was poor. Quantitative 
measures of thickness loss were substantially more responsive then MOAKS scores over a 1 and 2-year period.
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posterior (aMT, cMT, pMT, aLT, cLT, pLT) subregions 
(see Fig. 1). The anterior femur was excluded because it 
is partly incorporated within the trochlear of the patel-
lofemoral joint. A region is considered to have worsened 
if the size of the cartilage defect has changed, the amount 
of full thickness loss has increased, or ‘within-grade 
change’ has been recorded. At follow-up visits only, the 
OAI data scoring used a special value of 0.5 to record that 
although the score is the same as at the previous visit, 
definite worsening has occurred. This is called within-
grade worsening. A special value of -0.5 is also used to 
record when within-grade improvement has occurred.

Quantitative 3D cartilage measures were derived from 
segmentation of MR images using Active Appearance 
Models (AAMS) as previously described [5, 6]. Segmen-
tation accuracy using this method has been previously 
reported as mean point-to-surface distances were calcu-
lated between the manual and automated segmentations 
as 0.49 mm; tibia, 0.53 mm: approximately the size of one 
MRI voxel [14]. Test-retest reliability of cartilage thick-
ness measurement has been reported in the cMF region 
with a smallest detectable difference (SDD) of 0.13  mm 
and a coefficient of variation (CoV) of 1.3% [6]. Validation 
of this method showing comparable thickness measure-
ments to manual segmentation using image data from 
all 600 subjects in the OA Biomarkers consortium FNIH 
study in the FNIH has been previously reported [6]. 
The mean AAM shape was annotated to produce bone 
surface regions consistent with previously published 
MOAKS cartilage region definitions [1] so that the sur-
faces of the femur and tibia were divided to produce the 
same four femur and six tibia cartilage subregions as per 
MOAKS (see Fig. 1).

During auto-segmentation with AAMs, these regions 
are automatically propagated to each bone surface, allow-
ing for the measurement of anatomically corresponded 
regions on the knee bone surfaces from each subject [5]. 
Average cartilage thickness (ThCtAB) in these regions 

was calculated by taking the mean of a set of thickness 
measures orthogonal to the bone surface and located at 
each of the dense set of AAM correspondence landmarks.

To compare the standard SQ MOAKS scores with a 
quantitative equivalent value over the same cartilage 
region, we developed two fully-automated “Q-MOAKS” 
measures. We used the non-OA control group to define 
normative cartilage thickness values for comparison. 
First, normative cartilage thickness values were calcu-
lated for each surface correspondence point location 
as the average ThCtAB value over all the 549 OAI non-
OA control subjects. We then defined cartilage loss at 
any location as a ThCtAB measure less than the 95th 
percentile of this normative ThCtAB. In the FNIH bio-
marker JSW progression cohort, this was then used to 
produce a ratio or percentage of the cartilage surface 
area of each MOAKS cartilage subregion that had car-
tilage loss (ThQCM%), and a score (ThQCM) was com-
puted in the same way as a MOAKS score (e.g. ThQCM 
2: 10–75%). We defined cartilage denudation at any 
location as a ThCtAB measure less than the 5th percen-
tile of the normative ThCtAB. A ratio (percentage) full 
thickness loss/denudation (dQCM%) and full thickness 
loss/denudation score (dQCM) were then computed in 
a similar way to the cartilage thickness loss score, again 
in the FNIH JSW progression cohort. See Fig.  2 for 
MOAKS and Q-MOAKS nomenclature. The Q-MOAKS 
scores are therefore an ordinal scale, similar to MOAKS, 
whereas the Q-MOAKS area percentage measures are a 
continuous measure of the proportion of cartilage loss 
or denudation over one of the defined cartilage regions. 
These Q-MOAKS scores were used in comparison with 
MOAKS scores for cross-sectional analysis. For longitu-
dinal responsiveness analysis, we used the Q-MOAKS 
area percentages or ratios (ThQCM% and dQCM%) as 
described above for comparison.

Fig. 1 Cartilage regions defined for Q-MOAKS and ThCtAB. Cartilage regions definitions consisting of the medial and lateral central and posterior femur 
(cMF, cLF, pMF, pLF) subregions and the medial and lateral tibial anterior, central, posterior (aMT, cMT, pMT, aLT, cLT, pLT) subregions
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Statistical analysis
Statistical analyses were performed using Stata version 
16.0 software (StataCorp, TX, USA) and the Python pan-
das package version 1.3 [15]. Cross-sectionally, MOAKS 
and Q-MOAKS scores were compared using Spearman’s 
rank correlation. The association between 3D quanti-
tative percentage area with cartilage loss and MOAKS 
scores in the central medial femur and tibia was explored 
graphically by means of boxplots. We also assessed the 
proportions of MOAKS 0–3 knees which achieved cor-
responding Q-MOAKS 0–3 categories.

Longitudinally, subregional responsiveness measured 
as the standardised response mean (SRM) over 1 and 2 
years, was calculated to compare magnitude of change 
in a standardised manner, for each measure. SRMs were 
valid for analysis within this radiographic progression 
group, since expected structural changes were assumed 
homogenous within this group. The 95% confidence 
intervals (CIs) for SRMs were estimated using bootstrap-
ping (1000 random samples with replacement).

Results
Cross-sectional findings
At baseline, the 297 FNIH biomarkers groups 1 and 2 
included participants with a median (IQR) age of 62 
(55–69) and 53% being women. The mean BMI ± SD was 
30.3 ± 4.72  kg/m2. Our OAI baseline non-OA control 
group of 549 subject knees had almost the same propor-
tion of women (52%), however they were younger and 

had lower BMI which might be expected in a non-OA 
group, see Table 1.

In the central medial femur (cMF) subregion, 60% of 
the FNIH groups 1 and 2 participants were classed as ≥ 2 
for MOAKS ThMCM and 16% for MOAKS dMCM. The 
distribution in other subregions is shown in Table 1. Of 
the 159 participants scoring 2 for MOAKS ThMCM in 
the central medial femur, 56% (89/159) also scored 2 for 
Q-MOAKS ThQCM. This was similar in the tibia (61%) 
(N = 96/157) (Table 2). In terms of denudation in the cen-
tral medial femur, for those scoring 2 for MOAKS dMCM 
(N = 47), only 23% also scored 2 for q-MOAKS dQCM. In 
the similar subregion of the tibia, 66% of those scoring 2 
on MOAKS dMCM also scored 2 for Q-MOAKS dQCM.

Overall, there was low or moderate correlation 
between MOAKS and Q-MOAKS thickness loss scores 
and low or negligible correlation between MOAKS 
and Q-MOAKS full thickness loss/denuded cartilage 
scores in all subregions (Table  3). The exceptions were 
the central medial subregions of the femur (cMF) and 
tibia (cMT) for the cartilage thickness loss ThMCM and 
ThQCM scores, where this correlation was relatively 
high in the femur, ρ = 0.59, (95%CI: 0.51, 0.66) and the 
tibia, ρ = 0.58, (95%CI: 0.50, 0.65) (Table 3). This finding 
was complemented by results from boxplots compar-
ing regional quantitative percentage areas with cartilage 
thickness loss with MOAKS scores which showed higher 
median area loss values with increased MOAKS ThMCM 
and dMCM scores (Fig.  3). However, in general, the 

Fig. 2 Schematic diagram of cartilage thickness loss and denudation scores with MOAKS and Q-MOAKS score nomenclature. For both measures, the 
MOAKS cartilage scores are categorised as 0: none, 1: 0–10%, 2: 10–75% and 3: >75%
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boxplots indicate poor agreement of MOAKS scoring in 
terms of the actual percentage cartilage thickness loss 
or denudation when compared to the MOAKS category 
definitions. In addition, MOAKS appeared to have a bias 
in that it systematically over-estimates the area of carti-
lage affected as measured by quantitative cartilage loss in 
both tibial and femoral regions.

Longitudinal findings: responsiveness
The SRMs are reported in Table 4 for the main cartilages 
thickness outcomes of ThMCM, ThQCM% and ThCtAB 
at 1 and 2-years respectively. Results of denudation scores 
and ratios are presented in Supplemental Table S1. In the 
subregional analyses, MOAKS ThMCM and dMCM were 
less responsive than Q-MOAKS ThQCM% and dQCM% 
and the quantitative thickness ThCtAB measures in most 
subregions. At 2-year follow-up, the greatest responsive-
ness for all measures was seen in the central medial femur 

region (cMF) with the quantitative measures being more 
responsive than semi-quantitative scoring; SRM = +0.73 
(+0.64, +0.83) for Q-MOAKS ThQCM and SRM = -0.84 
(-0.96, -0.73) for ThCtAB vs. SRM = +0.47 (95% CI: +0.41, 
+0.54) for MOAKS ThMCM. In the tibia at 2-year fol-
low-up, similar findings were seen: responsiveness in 
the central medial tibia (cMT) was SRM = +0.49 (+0.38, 
+0.60) for Q-MOAKS ThQCM% and SRM = -0.73 (-0.85, 
-0.62) for ThCtAB compared to SRM = + 0.39 (+0.33, 
+0.45) for MOAKS ThMCM. Two-year responsiveness 
in all other subregions of the femur and tibia was lower 
than reported for cMF and CMT. The trends for 1-year 
responsiveness for all measures was similar to 2-years 
but of a much lower magnitude. There was no consistent 
pattern discernible in the comparison of SRMs related to 
MOAKS and Q-MOAKS thickness loss vs. denudation 
(Table 4).

Table 1 Baseline characteristics of participants
FNIH Groups 1 & 2
N = 297

OAI Non-OA Group
N = 549

Age, years, median (IQR) 62 (55–69) 50 (48–53)
Gender, female 156 (53%) 283 (52%)
BMI, kg/m², mean (SD) 30.7 (4.7) 27.0 (4.4)
KL Grade 1 38 (13%)
KL Grade 2 131 (44%)
KL Grade 3 128 (43%)
MOAKS ThMCM (score > = 2)
 FEMUR
 cMF 179 (60)
 cLF 18 (6)
 pMF 110 (37)
 pLF 15 (5)
 TIBIA
 cMT 164 (55)
 cLT 43 (14)
 pMT 33 (11)
 pLT 83 (28)
 aMT 68 (23)
 aLT 0 (0)
MOAKS dMCM (score > = 2)
 FEMUR
 cMF 47 (16)
 cLF 1 (< 1)
 pMF 20 (7)
 pLF 0 (0)
 TIBIA
 cMT 29 (10)
 cLT 8 (3)
 pMT 2 (1)
 pLT 16 (5)
 aMT 8 (3)
 aLT 0 (0)
BMI (body mass index), IQR (interquartile range), ThMCM and dMCM values are N (%)
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Discussion
We first explored the cross-sectional relationship of 
MOAKS with quantitative cartilage morphometry mea-
sures and then examined their responsiveness at 1 and 
2-years. We found a moderate relationship between 
MOAKS thickness loss (ThMCM and Q-MOAKS 
ThQCM) scores in the cMF and cMT subregions only, 
other regions exhibited weak or no correlations. There 
was weak or no relationship present in any region for the 
denuded (dMCM and dQCM) scores. MOAKS appeared 
to overestimate thickness loss for MOAKS grades 2 and 
3. From the OA Biomarkers consortium FNIH study, we 
chose a cohort (group 1 and group 2) that was selected 

to demonstrate radiographic progression, defined as 
≥ 0.7  mm decrease in JSW in the medial tibiofemoral 
compartment during 4-year follow up. This cohort was 
therefore most likely to demonstrate cartilage loss or 
denudation during the 1-year and 2-year follow up peri-
ods that we analysed. Quantitative measures of thickness 
loss were substantially more responsive than MOAKS.

The MOAKS category 2 score (either cartilage loss or 
denudation) contains the widest range of values (10–
75%) compared to other scores. Therefore, we expected 
a high proportion of knees scored as MOAKS 2 to equate 
to a Q-MOAKS score 2. However, for thickness loss 
(ThMCM), only 56% and 61% of MOAKS 2 knees also 

Table 2 Descriptive association between MOAKS scores and Q-MOAKS scores
Q-MOAKS ThQCM
0 1 2 3

Central medial femur (cMF) MOAKS ThMCM score
 0 (n = 62) 36 (58) 20 (32) 6 (10) 0 (0)
 1 (n = 56) 35 (63) 18 (32) 3 (5) 0 (0)
 2 (n = 159) 21 (13) 49 (31) 89 (56) 0 (0)
 3 (n = 20) 0 (0) 1 (5) 19 (95) 0 (0)
Central medial tibia (cMT) MOAKS ThMCM score
 0 (n = 127) 92 (72) 16 (13) 19 (15) 0 (0)
 1 (n = 6) 2 (33) 2 (33) 2 (33) 0 (0)
 2 (n = 157) 29 (19) 25 (16) 96 (61) 7 (4)
 3 (n = 7) 0 (0) 0 (0) 6 (86) 1 (14)

Q-MOAKS dQCM
0 1 2 3

Central medial femur (cMF) MOAKS dMCM score
 0 (n = 215) 0 (0) 205 (95) 10 (5) 0 (0)
 1 (n = 35) 0 (0) 35 (100) 0 (0) 0 (0)
 2 (n = 47) 0 (0) 36 (77) 11 (23) 0 (0)
 3 (n = 0) 0 (0) 0 (0) 0 (0) 0 (0)
Central medial tibia (cMT) MOAKS dMCM score
 0 (n = 233) 81 (35) 145 (62) 7 (3) 0 (0)
 1 (n = 35) 6 (17) 14 (40) 15 (43) 0 (0)
 2 (n = 29) 1 (3) 9 (31) 19 (66) 0 (0)
 3 (n = 0) 0 (0) 0 (0) 0 (0) 0 (0)
Values are N (%)

Table 3 Correlation between MOAKS scores and Q-MOAKS scores in the femur and tibia
Femur subregions
cMF cLF pMF pLF

ThMCM/ThQCM 0.59
(0.51, 0.66)

0.06
(-0.06, 0.17)

0.43
(0.33, 0.52)

0.24
(0.13, 0.34)

dMCM/dQCM 0.19
(0.08, 0.30)

-0.02
(-0.13, 0.09)

-0.03
(-0.14, 0.09)

-0.12
(-0.23, 0.00)

Tibia subregions
cMT cLT pMT pLT aMT aLT

ThMCM/ThQCM 0.58
(0.50, 0.65)

0.44
(0.32, 0.54)

0.25
(0.14, 0.35)

0.18
(0.07, 0.29)

0.31
(0.20, 0.41)

n/a

dMCM/dQCM 0.46
(0.36, 0.54)

-0.08
(-0.19, 0.03)

0.07
(-0.05, 0.18)

-0.01
(-0.13, 0.10)

0.08
(-0.04, 0.19)

n/a

Values are Spearman’s rank correlation coefficient ρ (95% CI)
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scored Q-MOAKS 2 (ThQCM) in the cMF and cMT sub-
regions, with 23% and 66% in the cMF and cMT subre-
gions for denudation (dMCM) compared with dQCM. 
In the remaining knees, the majority of MOAKS 2 scores 
were classified as Q-MOAKS 1, indicating MOAKS may 
overcall the area of cartilage loss and denudation in a 
high proportion of cases. The boxplots of Fig. 3 confirm 
this: there are MOAKS 2 thickness loss grades that cor-
respond to actual areas of loss of < 10% in the cMF and 
cMT regions. In addition, the MOAKS 3 grades do not 
appear to accurately represent proportional areas of loss 
of > 75%, although these are few in number and so this 
result should be treated with caution. These findings sug-
gest that an accurate semi-quantitative evaluation of car-
tilage status by area of loss or denudation may be difficult 
to achieve.

MOAKS assessment relies on qualitative radiological 
evaluation and although in general, diagnostic accuracy 

for full thickness lesions is better than earlier grade car-
tilage lesions [16, 17], here we observed a better relation-
ship of the quantitatively-derived scoring with thickness 
loss (ThMCM) compared to denudation (dMCM). How-
ever, this may have been due to the comparison of cat-
egorisation of the area of loss or denudation, which 
may be more challenging than comparison of a decision 
regarding the depth of cartilage lesion in the ICRS and 
Outerbridge chondral classification systems in previous 
arthroscopic studies.

Longitudinal responsiveness was compared using 
SRMs. To maximise the responsiveness of MOAKS we 
used the within-grade scoring method. Within-grade 
change has been proposed as a way to increase sensitiv-
ity to change [3] and can overcome the ceiling effect in 
MOAKS grade 3 knees [18] compared to standard whole-
grade definitions of cartilage progression. For example, a 
MOAKS grade 2 for size and full-thickness cartilage loss 

Fig. 3 The association between 3D quantitative cartilage area percentage measures and MOAKS scores in the central medial femur and tibia. Top: com-
parison of cartilage thickness loss. Bottom: comparison of cartilage denudation. There were no MOAKS dMCM = 3 scores in this cohort. Horizontal blue 
lines indicate the MOAKS score definition thresholds (0: 0%, 1: 0–10%, 2: 10–75%, 3: >75%)
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is defined as 10–75% of the surface area which reflects 
a wide range of severity and change within this cat-
egory would not be recorded with standard definitions. 
The most responsive subregions for MOAKS were the 
cMF and cMT but these exhibited small (Cohen’s defi-
nition) responsiveness at 1-year for both thickness loss 
(ThMCM) and denudation (dMCM) and at 2-years for 
thickness loss; and moderate responsiveness for denu-
dation at 2-years. Q-MOAKS was more responsive than 
MOAKS overall and achieved moderate responsiveness 
in the cMF region for thickness loss (ThQCM) but not 
for denudation (dQCM) at 2-years. In many subregions, 
denudation was more responsive than cartilage thick-
ness loss for MOAKS. However, this was not the case 
for Q-MOAKS which showed some variability in this 
regard. There were a small number of instances of scores 
indicating cartilage increase: over 1 year MOAKS scores 
decreased in the pLT region and Q-MOAKS scores 
decrease in the aLT region. Over 2 years, the MOAKS 
score at the pLT region decreased. There are no instances 
of the quantitative cartilage thickness measure (ThCtAB) 
increasing. Given that the actual decreases in these 
scores are very small, it is likely that these values are sim-
ply reflecting errors in the scores or measures.

Quantitative cartilage thickness (ThCtAB), measured 
in central tibial and femoral subregions, was the most 

responsive measure in all regions at both 1 and 2-years 
and achieved large responsiveness in the cMF subregion. 
This is consistent with prior studies which have shown 
this medial region to be most responsive [19]. ThCtAB 
provides an efficient summary measure of both cartilage 
thinning and denudation [20], however here we com-
pared its responsiveness to cartilage area loss only, which 
is more comparable to cartilage thinning than denuded 
area. We ensured that the spatial boundaries of cMF 
had the same definition for MOAKS, Q-MOAKS and 
ThCtAB, and so it is very unlikely that any differences 
could be attributed to differences in spatial boundaries. 
The fact that ThCtAB is considerably more responsive 
than either MOAKS or Q-MOAKS in most subregions 
indicates that the use of cartilage loss area change, as 
opposed to thickness loss change, as a measure is simply 
less responsive. It is possible that this is because carti-
lage lesions tend to be localised and progress longitudi-
nally by becoming deeper rather than becoming wider or 
they tend towards becoming deeper before they become 
wider.

Previously, an association between changes in a SQ car-
tilage defect grade and changes in cartilage volume over 
2 or 2.9 years have been seen in cohorts of older adults 
and the adult children of parents with previous joint 
replacement [9, 10]. Although the cartilage volume loss 

Table 4 Responsiveness (SRM) of standard cartilage MOAKS scores, Q-MOAKS ratios and quantitative cartilage thickness at one-year 
and two-year follow-up. Note: ThCtAB SRMs are negative due to loss of cartilage whereas score and ratio changes are positive

YEAR ONE YEAR TWO
ThMCM ThQCM% ThCtAB ThMCM ThQCM% ThCtAB

FEMUR
MOAKS Q-MOAKS Thickness MOAKS Q-MOAKS Thickness

cMF 0.15
(0.02, 0.27)

0.36
(0.25, 0.47)

-0.32
(-0.44, -0.20)

0.47
(0.41, 0.54)

0.73
(0.64, 0.83)

-0.84
(-0.96, -0.73)

cLF 0.00
(-0.11, 0.12)

0.09
(-0.04, 0.18)

-0.03
(-0.14, 0.08)

0.11
(0.00, 0.18)

0.24
(0.17, 0.31)

-0.22
(-0.32, -0.11)

pMF 0.21
(0.11, 0.29)

0.18
(0.06, 0.31)

-0.07
(-0.19, 0.04)

0.46
(0.39, 0.53)

0.41
(0.33, 0.51)

-0.37
(-0.48, -0.28)

pLF 0.06
(0.00, 0.10)

0.09
(-0.03, 0.17)

0.02
(-0.09, 0.15)

0.08
(0.00, 0.12)

0.18
(0.11, 0.26)

-0.20
(-0.30, 0.08)

TIBIA
MOAKS Q-MOAKS Thickness MOAKS Q-MOAKS Thickness

cMT 0.16
(0.05, 0.26)

0.28
(0.18, 0.38)

-0.40
(-0.52, -0.30)

0.39
(0.33, 0.45)

0.49
(0.38, 0.60)

-0.73
(-0.85, -0.62)

cLT 0.03
(-0.07, 0.16)

0.14
(0.04, 0.24)

-0.23
(-0.34, -0.13)

0.19
(0.14, 0.25)

0.22
(0.12, 0.32)

-0.47
(-0.59, -0.36)

pMT 0.06
(-0.06, 0.16)

0.22
(0.15, 0.30)

-0.19
(-0.32, 0.08)

0.19
(0.12, 0.24)

0.38
(0.30, 0.45)

-0.48
(-0.56, -0.34)

pLT -0.06
(-0.13, 0.06)

0.09
(-0.02, 0.20)

-0.21
(-0.31, -0.10)

-0.04
(-0.13, 0.10)

0.23
(0.12, 0.34)

-0.52
(-0.63, -0.42)

aMT 0.15
(0.07, 0.21)

0.13
(0.01, 0.24)

-0.09
(-0.21, 0.03)

0.31
(0.24, 0.38)

0.28
(0.17, 0.39)

-0.34
(-0.45, -0.23)

aLT n/a
-

-0.03
(-0.13, 0.10)

-0.06
(-0.17, 0.05)

n/a
-

0.13
(0.04, 0.20)

-0.33
(-0.43, -0.23)

Values are SRM (95% CI)
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per annum was around 2–3%, the majority of cartilage 
defects remained stable during the period in the older 
adults cohort [10]. A more recent study that compared 
MOAKS cartilage scores and cartilage thickness in the 
OA Biomarkers consortium FNIH cohort showed that 
knees with any increase in SQ cartilage scores showed 
more quantitative cartilage loss compared to knees that 
remained stable [11]. However, these studies did not 
explore MOAKS responsiveness which the current study 
has done. Our findings are consistent with previous stud-
ies which have shown quantitative techniques to be more 
responsive or sensitive to change [21, 22] than semi-
quantitative cartilage morphometry using the Whole 
Organ Magnetic Resonance Imaging Score (WORMS). 
Although WORMS has similarities to MOAKS and the 
subregional definitions are the same, the cartilage scoring 
categorisation utilises changes in cartilage thickness, full 
thickness lesions and changes in the MRI signal. Meta-
analysis has previously reported pooled responsiveness 
of semi-quantitative WORMS cartilage scoring with an 
SRM of 0.55 (95%CI: 0.47, 0.64) in the combined medial 
tibiofemoral region and 0.37 (0.18, 0.57) in the com-
bined lateral tibiofemoral region [23]. However, it should 
be noted that two of the three studies that this pooled 
result was derived from used data from the Boston OA 
of the Knee Study with follow-up at 30 months [24, 25], 
suggesting that an SRM over 24 months would be simi-
lar to what we found for MOAKS in our study for these 
regions.

We constructed a quantitative equivalent to MOAKS 
(Q-MOAKS) using the same anatomical boundaries as 
MOAKS to explore how scores based on semi-quan-
titative and quantitative cartilage measures compare. 
Q-MOAKS was not designed as a measurement tool 
itself (and we would not advocate it’s use for that pur-
pose), but to understand the relative responsiveness and 
associations of semi-quantitative cartilage scores and 
quantitative cartilage thickness measures. With refer-
ence to Fig. 1, it may be noted that the 3 regions on each 
tibial plateau do not appear to be similar sized tertiles, 
which might be expected because according to the defi-
nition of MOAKS, the whole of the tibial plateau is split 
into 3 equal size tertiles. This definition was followed, 
however, the proportion of the plateau which is actu-
ally covered by cartilage on average is quite different in 
each region. The central region has more cartilage cover. 
Since the Q-MOAKS and MOAKS scoring systems are 
actually scoring the same cartilage regions, it would not 
be expected that this would impact the accuracy of the 
Q-MOAKS scores. This may, however, have implications 
for the way scores should be combined, perhaps using 
weights, for aggregated regions.

There are a several limitations of this work. The nor-
mative cartilage thickness values for the determination 

of thinning and denudation we derived from the non-
OA group was not stratified by sex or height, both of 
which may alter expected thickness. We might also have 
stratified by age, but this was not possible as there was 
little or no overlap between the non-OA and FNIH bio-
marker groups. These stratifications might have made the 
Q-MOAKS scores more accurate. However, our intention 
was not to define a set of “normal” cartilage thickness 
measures, but to compute simple thresholds to deter-
mine probable thinning and denudation. Future work 
might improve upon this. The study selected participants 
chosen for the presence or absence of structural progres-
sion and may not represent a broader population sample. 
In addition, the absence of MOAKS grade 3 denuded 
knees in this sample precludes extension of our findings 
to severely denuded knees. We did not attempt to pro-
duce aggregated or summed scores for larger regions 
such as the whole medial tibiofemoral region. While it 
may be interesting to compare the responsiveness of 
combined regions, the most appropriate way to produce 
such aggregated scores for comparison is debatable. This 
study also only focusses on cartilage; OA is considered a 
whole joint-organ disease and therefore semi-quantita-
tive assessment is beneficial as it provides a multi-tissue 
assessment. Semi-quantitative assessment may therefore 
continue to serve as a complimentary tool to quantitative 
assessment [26]. Further studies are needed to compare 
semi-quantitative and quantitative assessment of other 
OA tissues such as osteophytes and bone marrow lesions.

Conclusions
In conclusion, there is a moderate or poor cross-sectional 
relationship between matched subregions of quantitative 
cartilage area thickness loss or denudation, and semi-
quantitative cartilage scores assessed with MOAKS. The 
accuracy of categorising proportional areas affected by 
thickness loss or denudation for MOAKS scoring appears 
to be quite poor. However, the responsiveness of the 
Q-MOAKS measure developed for this analysis which 
will do this categorisation more accurately, is still lower 
than quantitative ThCtAB and more similar to MOAKS, 
particularly at 2 years. It would appear that the construct 
of area change in MOAKS scoring, as opposed to thick-
ness change from quantitative measures, reduces the 
responsiveness of the semi-quantitative approach. This 
would be the case if cartilage lesions tend to progress by 
becoming deeper rather than wider, which is supported 
by the fact that Q-MOAKS ThMCM, despite being a 
quantitative measure, is less responsive than ThCtAB 
in most regions at 2 years. The area affected by carti-
lage loss is a less responsive measure of OA progression, 
whether assessed semi-quantitatively by experts, or by 
accurate quantification of cartilage. The responsiveness 
of quantitative cartilage thickness ThCtAB measures are 
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substantially superior to MOAKS scores as an assessment 
of cartilage change. This has importance in the power-
ing and conduct of DMOAD clinical trials with cartilage 
endpoints.
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