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Abstract

Objectives—We examined the association between diabetes mellitus (DM) and longitudinal
MRI biomarkers for thigh muscle degeneration in patients with knee osteoarthritis (KOA) and
their mediatory role in worsening KOA-related symptoms.

Methods—The Osteoarthritis Initiative (OAI) participants with radiographic KOA (Kellgren-
Lawrence grade = 2) were included. Thighs and corresponding knees of KOA patients with
versus without self-reported DM were matched for potential confounders using propensity score
(PS) matching. We developed and used a validated deep learning method for longitudinal thigh
segmentation. We assessed the association of DM with 4-year longitudinal muscle degeneration
in biomarkers of muscle cross-sectional area (CSA) and contractile percentage (non-fat CSA/total
CSA). We further investigated whether DM is associated with 9-year risk of KOA radiographic
progression, knee replacement (KR), and symptoms worsening. Finally, we evaluated whether the
DM-KOA worsening association is mediated through preceding muscle degeneration.

Results—After PS matching, 698 thighs/knees were included (185:513 with:without DM;
average £ SD age:64 + 8-years; female/male:1.4). Baseline DM was associated with a decreased
contractile percent of total thigh muscles and quadriceps (mean difference, 95%CI —0.16%/year,
-0.25to0 —0.07, and —0.21%/year, —0.33 to —0.08). DM was also associated with an increased risk
of worsening KOA-related symptoms (hazard ratio, 95%CI 1.70, 1.18-2.46) but not radiographic
progression or KR. The decrease in quadriceps contractile percent partially mediated the increased
risk of symptoms worsening in patients with DM.

Conclusions—Baseline DM is associated with thigh muscle degeneration and KOA-related
symptoms worsening. As a potentially modifiable risk factor, DM-associated longitudinal thigh
muscle degeneration may partially mediate the symptoms worsening in patients with DM and
coexisting KOA.

Keywords

Diabetes mellitus; Intra-muscular adipose tissue; Skeletal muscle degeneration; Knee
osteoarthritis; Symptom worsening

Introduction

Diabetes mellitus (DM) is one of the most significant public health challenges due to

high associated mortality and morbidity [1]. DM affects almost all body tissues, including
skeletal muscles. Studies have shown that DM can affect skeletal muscle mass and strength
and is associated with greater age-related muscle loss compared to those without DM

[2]. Patients with DM have increased adipose deposition between (inter-muscular adipose
tissue or inter-MAT) and within (intra-MAT) the abdominal skeletal muscles, irrespective
of BMI, waist circumference [3, 4], or the amount of visceral adipose tissue [5]. Similar
findings of muscle degeneration are observed in the lower limbs and may affect patients’
physical activity, especially when coexisting with other predisposing factors such as aging
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and osteoarthritis [6]. For example, DM-associated muscle degeneration can be clinically
significant in the setting of coexisting knee osteoarthritis (KOA), where thigh muscle
degeneration is an independent risk factor for KOA worsening [7].

Studies have shown KOA and DM frequently coexist [8]. While the most recent and
extensive study of patients without KOA at baseline has shown that DM was not associated
with the incidence of KOA at 5-year follow-up [9], several studies, including a meta-
analysis, reported that DM is associated with progression of symptomatic KOA in patients
who already have established KOA [10-12]. The exact mechanisms by which DM may
contribute to KOA worsening remain poorly understood.

We hypothesized that DM-associated thigh muscle degeneration could potentially mediate
the risk of worsening KOA-related outcomes. Numerous MRI-based studies have validated
skeletal muscle size and composition as biomarkers for evaluating muscle degeneration

in both DM [13, 14] and KOA [15, 16] settings. In this study, we used a previously
validated deep learning segmentation model to automatically measure MRI biomarkers of
thigh muscle degeneration and subsequently evaluated them for the following associations
[17]. Using a longitudinal, multi-center, propensity score (PS)-matched sample of patients
with KOA, we first aimed to assess the association of longitudinal thigh muscle degeneration
with DM and further wished to investigate whether DM is associated with worsening in
KOA structural and clinical outcomes. We finally aimed to explore the mediatory role of
these muscle biomarkers in the potential association between DM and KOA outcomes.

Methods

Data source

We used data from the longitudinal multi-center OAI cohort study of 4796 participants with
or at risk of KOA (https://clinicaltrials.gov/ct2/show/NCT00080171). The study has been
approved by the ethics committee of OAI collaborating centers (approval code: 10-00532)
[18]. All participants provided written informed consent. Supplementary Table S1 (online)
describes the naming and version of OAI dataset files used in this study.

Population

This study included participants with established KOA at the baseline visit. According to
the OAI protocol, patients with bilateral KR surgery, inflammatory arthropathies, positive
pregnancy tests, MRI contraindications, and comorbid conditions were excluded. To further
tailor the study sample, after excluding thighs with missing MRI data, the available thigh
MRIs were visually assessed by two readers and excluded in case of unacceptable quality
(exclusion #1 in Fig. 1). During the baseline assessment of the OAI study, radiographic
KOA was assessed using posteroanterior radiographs with a fixed-flexion (15°) protocol and
was scored with semi-quantitative Kellgren-Lawrence (KL) grades [19]. Participants with
KL grade = 2 were defined as having established KOA and were included. Knees with
either missing KL grading or without KOA at baseline (KL grade < 2) were excluded from
analysis (exclusions #2 and #3 in Fig. 1, respectively).
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Propensity score matching

To minimize the biased estimates caused by excluding the missing data [20], we evaluated
the missing data pattern using Little’s test [21]. We then used the multiple imputation
method to estimate missing values in the confounding variables (< 2.8% of data,
Supplementary Table S2). Next, we matched the thighs/knees of KOA patients with DM to
those without DM using a 1:2/3 PS-matching method on the imputed dataset, using logistic
regression and the nearest-neighbor matching methods. The list of selected covariates
included an extensive list of demographics, risk factors, comorbidities, and medications and
are presented in Table 1 and Supplementary Appendix 1. The standardized mean difference
(SMD) was used to evaluate matching precision between the groups, with a value of > 0.1
indicating an imbalance (Table 1).

Thigh MRI segmentation and quantitative biomarkers of thigh muscle degeneration

Thigh MRI was conducted at baseline, 2", and 41" year according to specific instructions.
According to prior studies on the OAI dataset, 33% distal length of the femur is an
anatomical landmark covered in images of all participants and is representative of total
thigh muscle volume and adiposity [22, 23]. We, therefore, extracted the corresponding
axial slice according to the method proposed by Cotofana et al [23]. The follow-up MRIs
were registered to selected baseline axial slice and were used to develop and validate a
fully automated supervised deep learning algorithm for segmentation and interpretation

of all thigh MR images available in the OAI [17]. The details of the thigh MRI

protocol, development and validation of an automated deep learning algorithm for image
segmentation, and thresholding method for adipose tissue quantification are previously
described [17]. The intra-MAT [24] was calculated as the area (mm?) of fat-containing
pixels inside muscle segments. The CSA for each thigh muscle group (quadriceps, flexors,
adductors, and sartorius) was directly calculated from segmentations. Finally, the contractile
percentage for each muscle was measured by dividing the CSA of the fat-free area of

the muscle by all muscle CSA. The outcome variables can be found in Table 1 and
Supplementary Figure E1.

KOA radiographic progression, knee replacement, and KOA-related symptoms worsening

Radiographic progression of medial joint space narrowing (JSN) was defined as a full-grade
increase in Osteoarthritis Research Society International (OARSI) grade JSN score of > 1
during the annual follow-up assessments of knees with baseline JSN grade of 0-2 [25].
Incidence of KR surgery during the 9-year follow-up was also regarded as an outcome

of interest. KOA-related symptoms worsening was assessed using disability and pain
domains of the Western Ontario and McMaster Universities Arthritis Index (WOMAC) [26].
WOMAC pain and disability scores were standardized to a range of 0-100 and then were
summed, giving a standardized combined WOMAC score. Non-acceptable symptomatic
state (NASS) incidence was defined as a combined standardized WOMAC pain or disability
score of 80 or higher (each on a scale of 100 for a maximum potential combined score of
200) for two consecutive years in knees with a baseline score of < 80 [26-29].
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Statistical analysis

Multilevel linear mixed-effect regression models were used to compare baseline to 41-year
changes in thigh muscle MRI biomarkers between PS-matched KOA patients with and
without DM. We considered random intercept and slope for each cluster of PS-matched
thighs/knees with and without DM and a random intercept for within-subject similarities
(due to the inclusion of thighs/knees of both sides in participants). Interaction between time
and the presence of DM (versus its absence as the reference) was the independent predictor,
while MRI-derived thigh muscle biomarkers were the dependent outcomes.

Also, the predictive role of DM, as the independent variable, on KOA radiographic
progression (medial JSN), KR surgery, and KOA-related symptoms worsening (NASS), as
dependent factors, was measured using the Cox proportional hazard regression model over 9
years of follow-up and was reported as hazard ratio (HR) and 95% confidence intervals (Cl).

Causal mediation analysis with 1000 Monte Carlo draws for non-parametric bootstrap

approximation was used to evaluate whether the association of DM with KOA worsening is
alue — baseline Value)
year 4 value

in the muscle biomarkers during baseline to 4 year were regarded as mediatory variables.
Assumptions of both linear mixed-effect regression (homogeneity of variance, exogeneity,
linearity, normal distribution of data and residuals) and Cox (proportional hazards, linearity,
influential observations) models were assessed. While other assumptions were confirmed,
the non-normality of relative changes in muscle biomarkers was addressed using scaling and
normalizing data.

mediated through muscle degeneration (Fig. 2). Relative changes (yealr4 A

All statistical analyses were performed using the R software version 4.0.3 (haven, Matchlt,
mice, survival, Imed, ImerTest, mediation, and tableone packages). The false discovery rate
(FDR) method was used to correct p values for family-wise error associated with multiple
comparisons. A two-tailed FDR-corrected p value < 0.05 was regarded as the sign of a
statistically significant difference.

Sensitivity analysis
We conducted three sensitivity analyses to evaluate the robustness of our results. First, since
DM microvascular complications can directly affect thigh muscle degeneration, we excluded
patients with DM who reported diabetic nephropathy or retinopathy at baseline to 4-year
follow-up to assess the changes in the absence of these complications. Unfortunately,
diabetic neuropathy data is not directly available in the OAI dataset; however, neuropathy is
strongly associated with nephropathy and ophthalmopathy in DM patients [30] (sensitivity
analysis #1 in Fig. 1). In the second analysis, due to inaccuracies associated with self-
reported DM assessment, we assessed the sensitivity of results to different selection criteria
of patients with DM in which we only included patients who received anti-hyperglycemic
treatments or had reported DM complications (sensitivity analysis #2 in Fig. 1). Finally, we
evaluated the sensitivity of our results to PS matching by conducting the analyses on entire
eligible participants while adjusting all covariates of the PS matching (sensitivity analysis #3
in Fig. 1).
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Results

Baseline characteristics

Of 9592 thighs (bilateral thighs/knees of 4796 participants) assessed for eligibility criteria,
3748 did not have quality MRIs at baseline, and at least one of the follow-up visits (2" or
4t year), 18 were thighs of knees with missing data of baseline OA status, and 3302 thighs
were for knees without KOA (KL grade < 2) and were therefore excluded (exclusions #1-3
in Fig. 1). After classifying the remaining 2524 thighs/knees for DM at baseline (200 thighs
of KOA patients with DM versus 2324 without DM) and further PS matching, 185 knees and
corresponding thighs of KOA patients with versus 513 without DM were included (Fig. 1).
Matching results showed SMD < 0.1 for all covariates, indicating no statistical imbalance
between variables included in the PS matching (Table 1).

There was no difference in baseline KOA radiographic grade (KL and JSN) and KOA-
related symptoms (WOMAC scores) between PS-matched patients with and without DM at
baseline (SMDs < 0.1). However, a comparison of baseline MRI thigh biomarkers showed
significantly higher intra-MAT CSA (644.13 £ 417.29 versus 593.57 + 365.26, SMD: 0.13)
and lower total contractile muscle percentage (93.61 + 3.93 versus 94.22 + 3.38, SMD: 0.17)
in participants with DM.

The association between DM and 4-year thigh muscle degeneration

As presented in Table 2, having DM was associated with longitudinal increases in total
intra-MAT (mean difference/year, 95%CI 15.42 mm?/year, 6.41-24.44) and quadriceps
intra-MAT (mean difference/year, 95%CI 9.71 mm?2/year, 3.80-15.61) in patients with KOA.
Furthermore, DM was associated with a longitudinal decrease in the total contractile thigh
muscle percentage (mean difference/year, 95%CI —0.16 percent/year, —0.25 to —0.07) and
quadriceps contractile percentage (mean difference/year, 95%CI —0.21 percent/year, —0.33
to —0.08) compared to those without DM, among patients with KOA. Having DM was also
associated with a decrease in sartorius CSA (mean difference/year, 95%CI —5.35 mm?/year,
—7.89 to —2.80). However, neither of the other muscles’ CSAs, intra-MAT or inter-MAT,
were associated with the presence of DM (FDR-corrected p values > 0.05).

The association between DM and 9-year longitudinal risk of worsening in KOA outcomes

Survival analysis indicated that DM is associated with an increased risk of symptoms
worsening (NASS HR, 95%CI 1.70, 1.18-2.46) (Table 3). Nonetheless, the presence of DM
was neither associated with the risk of KOA JSN progression nor KR surgery (HRs, 95%ClI
0.87, 0.55-1.37, and 1.01, 0.56-1.8, respectively) among patients with KOA.

Mediatory role of thigh muscle loss in the association between DM and KOA-related
symptoms worsening

We assessed the mediatory role of thigh muscle CSA in the association of DM and NASS
incidence (as the KOA outcome associated with baseline DM in our results) (Table 4).

We only assessed muscle biomarkers that showed an association with DM. Our results
showed that longitudinal changes of quadriceps muscle contractile percentage significantly
but partially mediated DM risk for KOA-related symptoms worsening (NASS, B estimate,
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95% Cl 1.82, 0.22-4.70). The other assessed thigh MRI biomarkers had no significant
mediatory role in the association between DM and longitudinal risk of KOA-related
symptom worsening (p values > 0.05).

Sensitivity analysis
Sensitivity analyses showed that our results were not sensitive to either exclusion of patients
with microvascular complications of DM (Supplementary Table S3), changing selection
criteria of patients with DM (Supplementary Table S4), or the inclusion of all eligible
participants instead of PS-matched participants while adjusting for potential covariates
(Supplementary Table S5).

Discussion

This study found that the presence of DM in patients with coexisting KOA is associated
with worsening thigh muscle degeneration, evident as a lower muscle contractile percentage
and higher intra-muscular adiposity. Moreover, while DM was not associated with KOA
structural progression, we showed that KOA patients with DM had a higher risk of
worsening OA-related symptoms. For the first time, we demonstrated that the association of
DM with KOA-related symptoms worsening is partially mediated by the preceding changes
in the quadriceps muscle contractile percentage, which could be considered a potentially
modifiable risk factor and, therefore, a potential target for future interventions in patients
with DM and coexisting KOA [7, 31, 32].

The loss of muscle mass and strength has been reported in patients with DM and

may be partly related to the presence of neuropathy. However, previous studies have
demonstrated controversial results [33, 34]. Prior works have investigated the effects

of hyperglycemia and insulin resistance on lipid and protein metabolism, mitochondrial
function, and autophagy pathways in skeletal muscle [35, 36]. A combination of advanced
glycosylation end products’ (AGEs) accumulation, oxidative stress, and resistance to insulin
in the skeletal muscles of patients with DM could induce changes in the muscle structure
and metabolism and lead to muscle degeneration [35, 36]. Independent of DM status,

there is overwhelming evidence that quadriceps degeneration is a risk factor for worsening
symptoms and joint damage in patients with KOA [37]. This study emphasizes the role of
the “DM-thigh muscle degeneration-KOA-related symptoms worsening” pathophysiological
pathway with confirmation and linking the previously described associations of DM with
quadriceps degeneration and KOA symptoms worsening. Since increased intra-MAT and
reduced contractile percent of the thigh muscles can be targeted through effective clinical
interventions [7, 31, 32], our results provide evidence for a potentially modifiable risk factor
for the clinical management of the DM-associated muscle degeneration and consecutive
KOA symptoms worsening. However, our results suggest a partial, rather than a complete,
mediation, and further research is required to investigate the other “unaccounted-for”
mechanisms participating dependent or independent of this pathway, including direct effects
of the DM on the knee joint cartilage and/or subchondral bone [38].

Results of previous studies on the association of DM and KOA incidence and progression
have been inconclusive overall [11, 12]. The recent and largest observational study showed

Eur Radiol. Author manuscript; available in PMC 2023 August 24.
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no association between DM and KOA incidence [9]. While our results were focused on
the progression of KOA (rather than its incidence), we similarly observed no significant
association between DM and radiographic progression and KR in patients with KOA.
However, confirming our findings on KOA-related symptoms worsening, a limited but
growing body of evidence suggests DM as an independent predictor for symptomatic
progression in patients with pre-existing KOA [10-12]. For example, in a cross-sectional
study of OAI data by Alenazi et al [10], patients with concurrent DM and KOA had more
than two times higher likelihood of having knee pain than those with KOA alone. Similar
results were obtained from a recent study by Eitner et al [39]. They showed that patients
with DM had worse symptoms in a variety of KOA pain scoring tools, including Knee
Injury and Osteoarthritis Outcome Score (KOOS) and pain numeric rating scale (NRS),
independent of BMI, KOA severity, age, and gender [39].

The OAI study is uniquely designed to address fundamental questions about various
perspectives of KOA progression (e.g., risk factors, treatments, outcomes) and has

the advantages of a large sample size, long-term follow-up, detailed list of potential
confounders, different demographic, clinical, and ancillary data related to KOA, and
optimized thigh MRI protocol for skeletal muscle and adipose tissue segmentation [18]. This
OAl-derived study has several strengths like careful selection criteria, PS-matched design to
minimize potential confounding bias, and sensitivity analyses to assess the robustness of the
results. However, this study is also subjected to several limitations. First, our assessments
of thigh muscles only included a particular anatomical location (33% distal level of the
femoral bone: distal-proximal) and not the other thigh levels or a volumetric analysis

of the whole thigh, given that OAI thigh MRI does not cover total thigh length [18].
Second, the automated deep learning segmentation method showed less accuracy in the
inter-muscular tissue segmentation compared with other thigh segments. As presented in
our previous publication [17], segmentation errors did not significantly affect inter-MAT or
intra-MAT assessments between automated and manual segmentation methods. However,
the effect of these errors on clinical inference from these biomarkers needs to be further
determined. Third, we used self-reported history and the use of glucose-lowering therapy
for the definition of DM; given that we did not have availability of laboratory testing, it

is possible that persons with undiagnosed DM were misclassified in the control group.
However, this method has been implemented in previous OAI studies [9, 10] and has

shown high reliability in identifying patients with DM in population-based studies [40].
Fourth, diabetic neuropathy, as a microvascular complication of DM, can contribute to
thigh muscle degeneration and pain in the lower limb. However, the OAI study did not
assess for the presence of diabetic neuropathy. Given the inherent limitations, we attempted
relevant sensitivity analyses with the available data (sensitivity analysis #1: excluding

other microvascular complications; and sensitivity analysis #2: only including patients

who received anti-hyperglycemic treatments), which confirmed our primary findings. Fifth,
DM-specific characteristics such as glycemic control (i.e., HbAlc, fasting blood glucose
levels), type of DM, and disease duration were not assessed in the OAI cohort and,
therefore, were not included. These disease characteristics may affect and/or mediate the
association between DM with muscle degeneration or KOA worsening. Finally, our analysis
was focused on patients with existing KOA, and associations of DM with thigh muscle
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degeneration and KOA incidence in patients without coexisting KOA are remained to be
explored in future studies.

In conclusion, our results show that DM is associated with muscle degeneration and
symptoms worsening in KOA patients. The DM-associated muscle degeneration, evident
as reduced quadriceps contractile percentage, partially mediates KOA symptoms worsening.
Association of DM with symptoms worsening raises the need for further attention on DM
as a potential independent risk factor for potentially modifiable thigh muscle degeneration
leading to KOA-related symptoms worsening. Definition of the involved mechanisms paves
the way to discover the optimum strategy for minimizing the aggravating effects of DM on
KOA-related symptoms worsening, which can be critical given the current absence of any
disease-modifying OA drug (DMOAD). Moreover, future trials are warranted to elucidate
the application of improved DM glycemic control and quadriceps-modifying interventions
such as periodized training to attenuate KOA-related symptoms worsening.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Key Points

Diabetes mellitus (DM) is associated with worsening knee osteoarthritis
(KOA)-related symptoms.

As a potentially modifiable factor, DM-associated thigh muscle (quadriceps)
degeneration partially mediates the worsening of KOA-related symptoms.
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Exclusion:

1. 3748 thighs without available
baseline or follow-up MRIs or
unacceptable quality

2. 18 thighs of knees with missing
baseline KOA status

3. 3302 thighs of knees without KOA
(KL<2) at baseline.

All Osteoarthritis Initiative (OAI) study participants
9592 thighs of 4796 OAI participants
In three visits (baseline, 2™, and 4% year follow-up)

Sensitivity analysis #1:
Exclusion of DM patient with
microvascular complications

Sensitivity analysis #2:
Changing the selection criteria
of DM patients

200 thighs of diabetic KOA
patients

2324 thighs of non-diabetic
KOA patients

1826 thighs not matched in
the PS-matching

Missing data imputation &
1:3 PS-matching

Sensitivity analysis #3:
Adjusted analysis on all
participants

18S thighs of PS-matched
diabetic KOA patients

513 thighs of PS-matched non-
diabetic KOA patients

Fig. 1.

Flow diagram of eligible thighs included in the study. DM: diabetes mellitus, KL: Kellgren-

Lawrence grade, KOA: knee osteoarthritis, PS: propensity score
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Associations:
Direct

T diny

(A)
Diabetes
Mellitus

® |
,' Muscle changes |

)Exposure: Self-reported DM vs.
No DM at baseline visit

B) Intermediary variable: Changes
in quantitative muscle markers of

thigh MRI (baseline to 4 year)

C)Outcome: KOA outcomes of
radiographic progression, KR and

Page 15

symptom worsening

>

Fig. 2.

Direct association: Equation 3
Without intermediator (C~A)

©
KOA outcomes

Total association: Equation 4
With intermediator (C~A+B)

Causal mediation analysis. We evaluated the role of changes in MRI biomarkers of thigh
muscle degeneration (baseline to 4! year) as the mediatory variables of the association
between DM and KOA worsening. KOA-related symptoms worsening was assessed using
NASS incidence. DM: diabetes mellitus, KOA: knee osteoarthritis, NASS: non-acceptable

symptomatic state
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Table 3

Association between DM and longitudinal risk of KOA worsening, PS-matched KOA patients with versus
without DM

Qutcomes Hazard ratio (95%Cl), p

KOA JSN progression 0.87 (0.55-1.37), p: 0.536
Knee replacement surgery  1.01 (0.56-1.8), p: 0.983

NASS incidence 1.70 (1.18-2.46), p: 0.005 ™

Cox proportional hazards analysis was used. Independent variable: DM versus no DM (reference); DM was associated with an increased risk
of NASS incidence over the follow-up of up to 9 years. C/ confidence interval, DM diabetes mellitus, JSN joint space narrowing, KOA knee
osteoarthritis, VASS non-acceptable symptomatic state, PS propensity score

*
Significant FDR-corrected p values
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