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Abstract

Purpose—Osteoarthritis (OA) and diabetes mellitus (DM) share common risk factors with a
potential underlying relationship between both diseases. The purpose of this study was to
investigate the longitudinal effects of DM on cartilage deterioration over 24-months with MR-
based T2 relaxation time measurements.

Corresponding author address: Jan Neumann, M.D., Department of Radiology and Biomedical Imaging, University of California,
San Francisco, 185 Berry St, Suite 350, San Francisco, CA 94107, Jan.Neumann@ucsf.edu.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.

Contributions

Jan Neumann, M.D. (Jan.Neumann@ucsf.edu) and Thomas M. Link, Ph.D., M.D. (Thomas.Link@ucsf.edu) take responsibility for the
integrity of the work as a whole, from inception to finished article.

Conception and design of the study: Neumann, Hofmann, Heilmeier, Joseph, Nevitt, Lane, McCulloch, Link

Acquisition of data: Neumann, Hofmann, Heilmeier, Ashmeik, Tang, Gersing, Schwaiger, Link

Analysis and interpretation of data: Neumann, Hofmann, Heilmeier, Joseph, McCulloch, Nevitt, Link

Drafting of article or revising it critically for important intellectual content: Neumann, Hofmann, Heilmeier, Gersing, Joseph,
McCulloch, Nevitt, Link

Final approval of the version of the article to be published: Neumann, Hofmann, Heilmeier, Ashmeik, Tang, Gersing, Schwaiger,
Nevitt, Joseph, Lane, McCulloch, Link

Competing interest statement

None of the authors have any financial or other interests related to the manuscript submitted to Osteoarthritis and Cartilage that might
constitute a potential conflict of interest.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Neumann et al. Page 2

Methods—From the Osteoarthritis Initiative cohort 196 diabetics were matched in small sets for
age, sex, BMI and Kellgren-Lawrence score with 196 non-diabetic controls. Knee cartilage semi-
automatic segmentation was performed on 2D multi-slice multi-echo spin-echo sequences. Texture
of cartilage T2 maps was obtained via grey level co-occurrence matrix analysis. Linear regression
analysis was used to compare cross-sectional and changes in T2 and texture parameters between
the groups.

Results—Both study groups were similar in age (63.3 vs 63.0 years, p=0.70), BMI (30.9 vs 31.2
kg/m?2, p=0.52), sex (female 53.6% vs 54.1%, p=0.92) and KL score distribution (p=0.97). In
diabetics, except for the patella, all compartments showed a significantly higher increase in mean
T2 values when compared to non-diabetic controls. Global T2 values increased almost twice as
much; 1.77ms vs 0.98ms (0.79ms [CI: 0.39,1.19]) (p < 0.001). Additionally, global T2 values
showed a significantly higher increase in the bone layer (p=0.006), and in a separate analysis of
the texture parameters, diabetics also showed consistently higher texture values (p<0.05),
indicating a more disordered cartilage composition.

Conclusion—Cartilage T2 values in diabetics show a faster increase with a consistently more
heterogeneous cartilage texture composition. DM seems to be a risk factor for developing early
OA with an accelerated degeneration of the articular cartilage in the knee.

Keywords
Knee osteoarthritis; diabetes mellitus; cartilage imaging; magnetic resonance imaging; biomarkers

INTRODUCTION

Osteoarthritis (OA) and diabetes mellitus (DM) are both common and progressive disorders
with rising incidence 1:2. OA is the leading cause of chronic disability in the field of
musculoskeletal diseases and the primary cause of disability in the elderly 3. The main
characteristics of OA, gradual irreversible loss of articular cartilage accompanied by
degeneration of other joint tissues, interfere with quality of life  and result in pain and
motion restriction. DM is a metabolic disorder characterized by high blood glucose levels
that originates either from peripheral insulin resistance with subsequent failure of the
pancreatic B-cell to adequately compensate for the insulin resistance (type 2) 5 or the T-cell
mediated destruction of insulin-producing cells in the pancreas (type 1) 6. The incidence and
prevalence of the more common DM type (DM type 2) has nearly doubled within the last
two decades 7, and its presence is reported in a high proportion of knee OA cases 8. Both
diseases share many risk factors 10.11 which may explain the increased prevalence of
musculoskeletal diseases in diabetics 12; however, the underlying pathophysiology and
biologic relationship between these two diseases is not yet completely understood.

Until recently, only a few studies focused on the effects of DM on OA. Initial experimental
work has suggested that diabetes-induced impaired glucose metabolism may impact
cartilage matrix microanatomy by influencing protein folding 13, and thus, induce cartilage
matrix degradation 14. Another study showed that the articular cartilage of diabetics was
significantly softer and more permeable, suggesting a compromised structural integrity of
the articular cartilage 1°. Additional studies have suggested that DM both doubles the risk

Osteoarthritfs Cartilage. Author manuscript; available in PMC 2019 June 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Neumann et al. Page 3

for a total joint replacement in patients with more advanced OA and increases the risk of
postoperative complications 16:17. Furthermore, through several biochemical abnormalities
related to impaired glucose metabolism, hyperglycemia may also affect the ligaments via
altered collagen synthesis 1218, Ultimately, identifying the relationship of these two diseases
will further the understanding of OA and will contribute to developing effective therapies to
treat this “metabolic” subtype of OA.

MR-based T2 relaxation time measurements and grey-level co-occurrence matrix (GLCM)
texture analysis are relatively novel quantitative compositional imaging techniques that can
be used to assess early compositional changes in the cartilage matrix as they reflect the
change of hydration and organization of collagen fibrils in the extracellular matrix 1°.
Several studies have demonstrated that not only individuals with existing OA, but also those
with developing OA, show increased T2 relaxation times, demonstrating its potential as a
biomarker for early and developing OA 20-22_ Thus, this imaging technique may help us to
better understand if there is an altered cartilage matrix in diabetics, which may be potentially
caused by an early deterioration of the collagen architecture.

The purpose of our study was to assess longitudinal changes in the articular cartilage
composition in diabetics using cartilage T2 relaxation time measurements and texture T2
maps and to compare these changes with a sex-, age- and body mass index (BMI)-matched
non-diabetic control cohort.

METHODS

Participants

For this study, 392 participants with (n=196) and without DM (n=196) were selected from
the Osteoarthritis Initiative (OAI) cohort. The OAI is a longitudinal, prospective, multi-
center cohort study of knee OA that enrolled 4796 participants and is sponsored by the U.S.
National Institutes of Health (NIH) for investigating diagnosis, treatment, and prevention of
OA. The OAI study protocol contains an ethnically diverse cohort of women and men ages
45 — 79 years including participants with symptomatic knee OA at baseline and participants
with risk factors for OA but without presenting knee OA symptoms yet. Purpose of the OAI
is to develop a public domain research resource to investigate the role of MRI-based imaging
biomarkers in an attempt to better understand the disease onset and ultimately prevent its
progression 23,

For our study, we selected diabetics based on a self-administered questionnaire and non-DM
participants as a control group (Figure 1). To ensure a consistent study cohort, we only
included diabetic participants who maintained their diabetic status (using the self-
administered questionnaire) for at least 4 years after the time point of enrollment and
excluded controls who developed DM during the first 4 years of the OAI. Additionally,
participants were only selected if sex, BMI, and age were documented. Further inclusion
criteria were a Kellgren-Lawrence (KL) score of 0 — 2 to focus on participants with
sufficient cartilage 24 and complete MR imaging and T2 maps. Exclusion criteria were a past
history of rheumatoid arthritis or another inflammatory arthropathy. A total of 196 diabetics
and 3151 non-diabetic controls met the inclusion criteria. The diabetics were matched in
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small sets of size 2 to 8 with the controls based on sex, KL score, age and BMI, resulting in
392 study participants for the baseline. Categories for the matching were defined by
combination of: sex (male or female), KL score (0-1 or 2), age (45-49, 50-54, 55-59, 60—
64, 65-69, 70-74, 75-79) and BMI (17.5-19.9, 20.0-22.4, 22.5-24.9, 25.0-27.4, 27.5-29.9,
30.0-32.4, 32.5-34.9, 35.0-37.4, 37.5-39.9, 40.0-42.4, 42.5-44.9 and > 45) resulting in 102
sets in total. During the course of the study 40 diabetics and 31 non-diabetics dropped out
(no data available for the 24-month follow up time point). Furthermore, a small number of
follow-up scans showed severe mation artifacts and could therefore not be included in the
data analysis (5 and 6 participants, respectively). In total, MRI studies of only 310 (151
diabetics and 159 non-diabetics) knees were available for analysis at the 24-month follow-up
time point.

Diabetes related complications

MR Imaging

Based on a self-administered questionnaire, the diabetics were at all time points asked if DM
had already caused problems with kidneys (diabetic nephropathy), problems with eyes
(diabetic retinopathy), or whether participants had no problems related to DM. Diabetes
related complications are summarized in Table 2.

All MRI scans were performed using 3.0T scanners (Siemens Magnetom Trio; Siemens
Healthcare, Erlangen, Germany) with quadrature transmit-receive coils (USA Instruments,
Aurora, OH, USA) at the four OAI clinical sites (University of Maryland, Baltimore,
Maryland; Memorial Hospital of Rhode Island / Brown University, Pawtucket, Rhode Island;
Ohio State University, Columbus, Ohio; University of Pittsburgh, Pittsburgh, Pennsylvania).

For the T2 relaxation time measurements, a sagittal 2D multi-slice multi-echo (MSME)
spin-echo sequence with total of seven echo times (TEs 10ms, 20ms, 30ms, 40ms, 50ms,
60ms, 70ms), a repetition time (TR) of 2700ms, a field of view (FOV) of 120mm, a slice
thickness of 3mm (with 0.5mm gap) and an in-plane spatial resolution of 0.313x0.446mm?
was used.

Quantitative Image Analysis

To measure T2 using the 2D MSME SE image stack, cartilage was segmented in five
compartments: patella (PAT), lateral femur (LF), medial femur (MF), lateral tibia (LT), and
medial tibia (MT). Due to strong interfering flow artifacts from the popliteal artery, the
trochlear region was excluded from the analysis. The cartilage of each compartment was
independently segmented by two trained researchers (F.H. and W.A.), both blinded to the
clinical information and the DM status, under the supervision of an experienced radiologist
(T.M.L.). The software used for the T2 analysis was an in-house, spline-based algorithm
written in MATLAB (the Mathworks, Natick, Massachusetts) that allows semi-automatic
segmentation of each compartment by analyzing the T2 values in a mono-exponential decay
model as a fitting function for the signal intensity using 6 echoes (TE 20-70 ms) after
excluding the first echo in order to minimize errors and improve signal-to-noise ratio 2526,
T2 parameters were calculated in each compartment, and the mean was calculated across all
compartments for the whole knee joint.
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Laminar and GLCM Texture Analysis

For laminar analysis, the cartilage was divided into two layers with equal thickness. Each
compartment consisted of a deep layer adjacent to the bone surface and the articular
superficial layer 2. In addition, GLCM parameters were used to assess the grey level
distributions of pixels, respectively cartilage T2 values of the T2 maps. Contrast (i), variance
(ii), and entropy (iii) were calculated which characterize the heterogeneity of T2 values
throughout the cartilage matrix 2829, In detail, contrast (i) describes the local grey level
variation by comparing each pixel to its neighboring horizontal or vertical pixel. Larger
differences of grey levels in neighboring pixels result in a higher contrast, indicating
inhomogeneous pixel pairs in the cartilage matrix. Variance (ii) compares the disparity of
each single pixel to the compartment mean, indicating how many pixels vary from the
average compartment grey level. Whereas contrast represents the grey level variation of
single neighboring pixel pairs, entropy (iii) expands on the grey level equation by
representing the probability of finding another pixel pair with the same value in the whole
texture image, illustrating the disorder of the image. A higher entropy suggests a more
random distribution of the pixel pairs.

Statistical Analysis

Statistical analysis was performed using STATA software (Version 14, College Station, TX:
StataCorp LP), and p<0.05 was considered statistically significant. Differences in the group
characteristics were assessed using either independent t-tests for continuous variables or chi-
square tests for categorical variables.

Linear regression models were used to assess the differences in cartilage T2 parameters
(mean, laminar analysis, and GLCM texture analysis) between diabetics and controls at
baseline, 24-months, and changes over 24-months (delta 24-months-baseline). Cluster robust
standard errors were used to account for the matching by sets. Beta values and their 95% Cis
were calculated and added in the tables. All analyses were adjusted for the common risk
factors of knee OA (age, sex, and BMI) to minimize bias due to confounding by these main
risk factors. Furthermore, we also matched and adjusted for K/L scores to minimize a
possible confounding since differences in K/L scores can cause variations of T2 relaxation
times 30, The underlying assumptions for each statistical test were fulfilled. To address
missing data due to attrition of our study participants we conducted a sensitivity analysis
using multiple imputation. We used multivariate normal imputation with 20 imputations to
impute the missing T2 values at the compartment level on the basis T2 values in other
compartments, age, sex, BMI, diabetes status, race, and KL grade.

Studies have shown racial differences in the biochemical knee cartilage composition 31, Due
to the racial differences in our study groups with a higher percentage of African Americans
in the diabetic cohort, adjustments for race were performed.

Longitudinal change of mean T2 values were recorded as primary outcome measures
(compartments: global knee compartment, patella, lateral tibia, medial tibia, lateral femur,
and medial femur). Based on previous results 24:28:32.33 the laminar [superficial/bone layer]
and texture analysis [contrast, variance, entropy], as well as the cross-sectional mean T2
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analysis were considered as secondary outcome measures (compartments: global knee
compartment, patella, and lateral tibia).

Inter-/Intrareader Reproducibility

RESULTS

To assess inter- and intra-reader reproducibilities, coefficients of variation (CV) were
calculated on a percentage basis as the root mean square average 3. For the interreader
reproducibility, two readers analyzed images from 10 identical participants and CVs were
calculated as above. For the intrareader reproducibility each of the two readers was given 10
randomized image datasets to read and reread the same images at two different time points,
with a minimum interval of at least 4 weeks between the readings. For the interreader
reproducibility CVs ranged from 1.59% in the lateral femur to 2.36% in in the medial tibia
with an overall average of 1.93%. For the intrareader reproducibility the CVs ranged from
0.64% in the lateral femur to 2.85% in the medial tibia with an overall average of 1.57%;
reproducibilities were similar to those reported previously 32,

Participant characteristics

The participant characteristics are summarized in Table 1. The average age of all study
participants was 63.1years (SD + 9.1), with slightly more women (53.8%), and an average
BMI of 31.05 (SD * 4.5). Both subcohorts groups were well matched, with no significant
differences (p>0.05) in age, sex, BMI, and K/L. However, there were a higher percentage of
African American among diabetics versus the non-diabetic controls (36.2% and 14.8%
respectively (p<0.001)). Osteoarthritic risk factors, such as history of knee injury, history of
knee surgery, and family history of knee replacement surgery, showed no significant
differences (p>0.05). Although patient attrition occurred throughout the course of the study,
the overall group characteristics did not change (p>0.05). Despite the different racial
composition, all other study participant characteristics showed no significant differences at
24-months follow-up (p>0.05).

At baseline, no complications related to DM were reported for 169 (86.2%) diabetics.
However, 27 participants (13.8%) reported complications. In detail, 5 reported renal
complications, 18 reported ophthalmological complications, and 4 participants reported both
renal and ophthalmological complications. Furthermore, 35 (17.9%) diabetics were treated
with insulin injections (Table 2).

Longitudinal change in mean T2 relaxation

In the analysis of our primary outcome measures, comparing the longitudinal change of
mean T2 values, diabetics showed a significantly faster increase compared to non-diabetic
controls. As demonstrated in Table 3, global T2 values increased almost twice as much in
diabetics compared with the control group (p<0.001).

When analyzing the compartments separately, every single compartment, except for the
patella, also showed a significantly faster increase in mean T2 values (p<0.05). Sensitivity
analyses using multiple imputation to deal with attrition did not significantly change our
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results; the effect sizes for the single compartments with missing-data imputation (vs
without missing-data imputation) were as follows: patella 0.03 [-0.72,0.77], p=0.944 (vs
-0.05 [-0.79,0.68], p=0.885), medial tibia 0.60 [0.08,1.11] p=0.025 (vs 0.58 [0.05,1.11],
p=0.033), lateral tibia 0.59 [0.05,1.12], p=0.031 (vs 0.56 [0.04,1.07]), p=0.034), medial
femur 0.55 [0.05,1.06], p=0.031 (vs 0.56 [0.07,1.05], p=0.026), and lateral femur 0.66
[0.20,1.11], p=0.005 (vs 0.56 [0.09,1.03], p=0.020).

Regarding the longitudinal change in the articular and bone layer, similar results were
obtained: The global T2 values were higher for both, the superficial and bone layers with
statistical significance reached in the bone layer (p=0.006). Significantly higher results were
also reached for the superficial layer in the lateral tibia (p=0.049).

Our secondary outcome measures, cross-sectional mean T2 analysis, showed similar global
T2 values at baseline: 32.65ms (hon-diabetics) vs 32.39ms (diabetics), 27.55ms (non-
diabetics) vs 27.82ms (diabetics) for the lateral tibia and 31.70ms (non-diabetics) vs
32.61ms (diabetics) for the region of the patella (Figure 3), whereas, statistically difference
was only reached in the patella, showing higher mean T2 values for diabetics (p=0.003).

However, with the faster increase of mean T2 values, the cross-sectional differences in mean
T2 values were significantly higher in diabetics for the 24-month time point: Cross-sectional
T2 values for the 24-month time point were significantly higher in the global knee
compartment (p=0.009), the patella (p=0.012), and the lateral tibia (p=0.006) (Figure 3).

Diabetics with severe disease (presence of diabetes-related renal, ophthalmological
complications, or treated with insulin) also showed a faster increase in mean T2 values when
compared to non-diabetic controls. However, these results did not translate into statistical
significance (Table 4).

Performing a sensitivity analysis by only including the KL2 participants (mild radiographic
OA), we noticed that diabetics with radiographic OA (KL2) showed a slightly higher

increase of mean T2 values than diabetics with no radiographic OA (KLO0-1). However, we
did not find significant differences in results between this subcohort and the overall cohort.

Figure 2 demonstrates the increase in mean T2 values in one of our diabetics using a color-
scale T2 map with change in the color of the cartilage from baseline with predominantly
lower T2 values (blue and green) to higher T2 values at 24-months areas of (yellow and red).

Change in cartilage T2 texture parameters

Although, longitudinal changes in texture parameters were only significantly higher for
diabetics in the global knee contrast (p=0.009; Table 3), in the cross-sectional analysis
diabetics exhibited a more heterogeneous and disordered cartilage composition at both time
points. Figure 4 shows the texture composition for both groups and time points.

At 24-months, the diabetic status was associated with overall more heterogeneous texture
parameters. With respect to mean T2 variance and mean T2 contrast, diabetics showed
significantly higher texture measures for the global knee (p<0.001, contrast; p=0.007,
variance), the patella (p=0.001, contrast; p=0.009, variance), and the lateral tibia (p=0.004,
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contrast; p=0.041, variance). Also, significantly higher texture parameters were found in the
patella for the mean T2 entropy (p=0.002). In contrast to all other texture parameters,
showing an increase over time, T2 entropy in the patella showed a decrease for both groups.
This unexpected decrease might be explained by the thicker cartilage of the patella, with a
higher probability of finding similar pixel pairs, and therefore, a less disordered cartilage
composition.

DISCUSSION

We examined the impact of DM on biochemical cartilage matrix composition and spatial
distribution over 24-months in a double cohort study using T2 relaxation times and GLCM
texture as surrogate markers of cartilage integrity and heterogeneity. We found that diabetics
showed a significantly higher increase in mean T2 values compared to non-diabetic controls
with consecutive also higher mean T2 values at 24-months. Furthermore, in a separate
longitudinal analysis of cartilage GLCM texture parameters, diabetics showed a significantly
more heterogeneous and disordered cartilage composition at both time points.

To date, only a small number of studies have focused on analyzing the direct relationship of
OA and DM, although several previous studies have already suggested potentially
underlying interactions between these diseases 16:35-38, Berenbaum proposed that an
independent hyperglycemia-induced systemic inflammation could be a risk factor with
severe impact on the progression of OA 3. King et al found that diabetics not only received
more joint arthroplasties, but also that they were performed at a younger age than in the non-
diabetic control group 1. Our study showed a faster deterioration of the cartilage matrix in
the knee of diabetics, indicating a higher loss of collagen content with a disruption of the
collagen network in the extracellular matrix of diabetic knees, possibly causing accelerated
OA. We also found, that the difference of deterioration is significantly higher in the diabetics
bone cartilage layer (generally referred to as the deep cartilage layer). In general, the bone
layer shows lower T2 values relative to the articular layer as it includes the calcified
cartilage layer and the tidemark 4. Our results indicate a more advanced cartilage
deterioration, with more water influx, in the deeper layers of the cartilage in the diabetics,
findings which are different from non-diabetics and also different from the normal evolution
of cartilage degenerative disease, which starts at the superficial layer.

Nielen et al also evaluated the risk of knee replacement in diabetics and demonstrated a
decreased rate of total joint replacements with increasing DM severity 1. While an
advantage of his study was the large study population with over 400,000 diabetics, the
participants were of older age than ours and there was limited data on risk factors for OA
and DM, such as BMI. Simply by their high prevalence and shared risk factors, such as BMI
10.11.32 0A and DM frequently co-exist in the elderly population, which leads to a greater
challenge when studying the independent impact of DM and OA. Schett et al considered
DM to be a predictor of severe OA for joint arthroplasty while also controlling for
established risk factors, including age, sex, and BMI 37, Nieves-Plaza et al also adjusted for
age, sex, and BMI, and showed that diabetics had a greater risk of hand or knee OA when
compared to non-diabetic controls 38.
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Our study also matched and adjusted for BMI and showed a faster increase of mean T2
values and consecutive higher mean T2 values at the 24-month time point, indicating that
diabetics are at higher risk for developing OA. Our results have also revealed, that diabetics
with severe case status show a faster increase of mean T2 values as well. However, these
results did not translate into statistical significance, most likely due to the small subcohort of
participants with severe disease.

Interestingly, our diabetics showed a significantly higher percentage of African American
than the control group. This is in accordance with other studies that have showed a higher
prevalence for DM in African American than in Caucasians #2. However, Signorello et al
discovered that this difference is rather related to differences in modifiable risk factors, such
as socioeconomic status, than to the genetic background 43. With respect to the cartilage
composition, a longitudinal study of cartilage T2 relaxation times also revealed differences
in the cartilage composition of African American. Kretzschmar et al show that cartilage T2
values in African American increased faster over 72 months than Caucasian American 31,
With still limited knowledge on the ethical and racial differences in cartilage composition
we strictly controlled for race differences in our study. Further studies are needed to assess
the cartilage composition in African American while also controlling for the economic and
sociological exposure.

Overall, our results confirm and expand on studies reporting DM to be a risk factor for OA
44-50 whereas, in contrast to our work, the majority of previous studies used either
arthroplasty #44°, plain radiographs 4648, or questionnaires 420 to determine the outcome
of OA. However, these outcomes measures are not able to show early cartilage changes as
detected by quantitative MR-imaging.

Quantitative imaging does not only provide detailed information about early changes in the
articular matrix but also reflects clinical changes in patients with higher risk of developing
OA. Previous studies demonstrated that increased cartilage T2 values are associated with
higher pain levels in the knee and can predict the development of radiographic confirmed
OA over a 4-year period 2051, The differences found in T2 values in these studies were in
the same range as in our study, in fact indicating that our increased T2 values are also
clinically significant. Therefore, the use of quantitative imaging seems to be a promising
biomarker in the setting of OA and OA-related risk factors. To the best of our knowledge,
only one previous study 32 used MR-imaging as an outcome parameter for degenerative joint
disease in diabetics. In this study, diabetics also had higher T2 values with a more
heterogeneous cartilage composition but the longitudinal impact of DM on articular cartilage
was not considered. Additionally, with respect to the fact that both articular cartilage and
DM are dependent upon a number of metabolic changes, studies that focus on biochemical
and biomechanical changes in the articular cartilage are useful to understand the relationship
between DM and OA. Rosa et al demonstrated that chondrocytes in a hyperglycemic
environment show a higher expression of matrix metalloproteinases and suggested that this
promotes articular cartilage degradation. Furthermore, hyperglycemia leads to an
overproduction and accumulation of advanced glycation products (AGES) in articular
cartilage 3. In this context, Steenvoorden et al showed that higher levels of AGEs induced
degradation of cartilage and a release of cartilage fragments 3°. The observation that
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accumulation of AGEs in cartilage results in inferior mechanical properties 5455 may
explain the findings in our study as our diabetics showed a more inhomogeneous and
disordered cartilage composition, which is likely an indicator for the disrupted architecture
and suggests decreased biomechanical properties.

We acknowledge that our study has several limitations. Firstly, the definition of DM is based
on a self-administered questionnaire, provided by the OAI database, with no data available
to specify the type of DM. However, in adults, type 2 DM accounts for about 90% of all
diagnosed cases of DM 56, Therefore, the overall majority of our cases have T2DM.
Secondly, no information on the age at diagnosis and duration of DM among our diabetics is
available. However, we ensured that all of our diabetics maintained their diabetic status for
at least 4 years after the time point of enrollment and we also ensured that controls were free
of self-reported DM over the entire follow-up period. Thirdly, we are aware of the fact that
the initial antidiabetic therapy might change during the study. Further investigation will be
necessary to assess how alterations in the baseline antidiabetic treatment algorithm might
affect the outcome of OA in diabetics. Fourthly, changes as seen in MR-based T2 relaxation
time measurements are dominated by the anisotropic motion of water molecules and the
orientation of the collagen fibers in the extracellular matrix. However, quantitative T2
imaging is not a specific intrinsic imaging biomarker to assess glycosaminoglycan
concentration and other techniques such as gagCEST and sodium MRI may be better suited
for this purpose. Finally, a relatively short time interval of 2 years was chosen for this study
to better monitor early and potentially accelerated degenerative disease in our diabetic
cohort versus the controls, who both had no or only mild OA (KL0-2). A previous study has
shown that T2 values have limitations in measuring cartilage loss in advanced disease with
significant cartilage loss 24, a longer time interval could have potentially resulted in more
significant cartilage loss in the diabetic cohort, where T2 values would not have been useful
any more to measure the cartilage matrix.

In conclusion, our study shows that DM is associated with an accelerated degeneration of
the cartilage matrix as demonstrated by a faster rate of mean T2 increase in the articular
cartilage of the knee. Furthermore, diabetics exhibited both a faster increase of mean T2
values and a more heterogeneous cartilage T2 texture composition at both time points,
suggesting an increasingly disrupted collagen architecture.
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Figure 1. Patient selection from the OAI
Flow-chart illustrating patient selection from the OAI cohort.
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Figure 2. Longitudinal change of T2 color map of a diabetic patient over 24-months
T2 color maps of the same diabetic patient at baseline (A) and after 24-months (B), both

showing the region of the lateral femoral condyle and the lateral tibial plateau. At baseline
(A), the tibial plateau shows predominantly lower T2 values (blue and green), whereas,
especially the weight-bearing portion of the lateral condyle already shows areas of higher T2
values (yellow and red). After 24-months (B) the cartilage of the femoral condyle shows
overall increased T2 values, including the posterior aspect of the femoral condyle. The tibial
plateau also shows several areas of higher T2 values, with particular emphasis at the anterior
and posterior aspect of the tibial plateau, consistent with an accelerated rate of cartilage
matrix degradation.
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Figure 3. Cross-sectional cartilage mean T2 values in diabetics and non-diabetics at baseline and

24-months

Cross-sectional mean cartilage T2 values in diabetics and non-diabetics at baseline and 24-
months. Data are given as adjusted means (ms), corrected for race, age, sex, baseline BMI
and baseline KL score. Error bars indicate standard errors. P-values in bold refer to
significance of differences between diabetics vs non-diabetics at baseline and 24-months,
respectively: global knee (p=0.669, baseline; p=0.009, 24-months), patella (p=0.003,
baseline; p=0.012, 24-months), lateral tibia (p=0.314, baseline; p=0.006, 24-months). Global
= global T2 values/mean of all compartments, PAT = patella, LT = lateral tibia.
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Figure 4. Cross-sectional GLCM texture analysis in diabetics and non-diabetics at baseline and
24-months

Texture parameters (contrast, variance, and entropy) in diabetics and non-diabetics at
baseline and 24-months. Data are given as adjusted means, corrected for age, sex, baseline
BMI and baseline KL score. Error bars indicate standard errors. P-values in bold refer to
significance of differences between diabetics vs non-diabetics at baseline and 24-months,
respectively: Global knee contrast (p=0.021, baseline; p<0.001, 24-months), patella contrast
(p=0.010, baseline; p=0.001, 24-months), lateral tibia contrast (p<0.001, baseline; p=0.004,
24-months). Global knee variance (p=0.029, baseline; p=0.007, 24-months), patella variance
(p=0.009, baseline; p=0.009, 24-months), lateral tibia variance (p<0.001, baseline; p=0.041,
24-months). Global knee entropy (p=0.001, baseline; p=0.058, 24-months), patella entropy
(p=0.009, baseline; p=0.002, 24-months), lateral tibia entropy (p=0.144, baseline; p=0.121,
24-months). Global = global T2 values/mean of all compartments, PAT = patella, LT, lateral
tibia.
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Page 19

Demographic characteristics, PASE, KL-scores and OA risk factors in all diabetics and controls at baseline

and 24-months.

Baseline | Non-diabetics (n=196) | Diabetics (n=196) | p-values #
Demographics | | |
Age (years) 63.31+9.17 62.96 +8.99 0.701
Body mass index (kg/m?) 30.91+£4.50 31.20+451 0.523
Height (m) 1.68 +£0.09 1.69 +£0.09 0.749
Females [n (%)] / Males [n (%)] 105 (53.6%) / 91 (46.4%) | 106 (54.1%) / 90 (45.9%) 0.919
Physical Activity Score for the Elderly 154.19 + 85.92 144.20 + 78.99 0.232
Right knee Kellgren-Lawrence 0.965
Grade 0 [n (%)] 79 (40.3%) 79 (40.3%)
Grade 1 [n (%)] 48 (24.5%) 50 (25.5%)
Grade 2 [n (%)] 69 (35.2%) 67 (34.2%)
Racial composition <0.001
Caucasian [n (%)] 162 (82.7%) 115 (58.7%)
African American [n (%)] 29 (14.8%) 71 (36.2%)
Asian [n (%)] 1 (0.5%) 4 (2.0%)
Other Non-white [n (%)] 4 (2.0%) 6 (3.1%)
OA risk factors
History of knee injury [n (%)] 70 (35.7%) 73 (37.2%) 0.568
History of knee surgery [n (%)] 30 (15.3%) 36 (18.4%) 0.510
Family history of knee replacement surgery [n (%)] 26 (13.3%) 15 (7.7%) 0.233
24-months | Non-diabetics (n=159) | Diabetics (n=151) | p-values #
Demographics | | |
Age (years) 64.99 + 8.96 65.40 + 8.83 0.685
Body mass index (kg/m?) 30.48 £4.37 31.00 + 4.48 0.303
Height (m) 1.68 +£0.09 1.68 +£0.09 0.798
Females [n (%)] / Males [n (%)] 84 (52.8%) / 75 (47.2%) 83 (55.0%) / 68 (45.0%) 0.706
Physical Activity Score for the Elderly 151.10 + 84.13 141.45 +76.63 0.295
Right knee Kellgren-Lawrence 0.678
Grade 0 [n (%)] 57 (35.8%) 60 (39.7%)
Grade 1 [n (%)] 41 (25.8%) 40 (26.5%)
Grade 2 [n (%)] 61 (38.4%) 51 (33.8%)

Racial composition

| <0.001

Caucasian [n (%)]

| 133 (83.6%)

92 (60.9%) |
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Baseline Non-diabetics (n=196) Diabetics (n=196) p-values #
African American [n (%)] 23 (14.5%) 51 (33.8%)

Asian [n (%)] 0 (0.0%) 3(2.0%)

Other Non-white [n (%)] 3 (1.9%) 5 (3.3%)

OArisk factors

New history of knee injury [n (%)] 6 (3.8%) 6 (4.0%) 1.000
New history of knee surgery [n (%)] 5 (3.1%) 3(2.0%) 0.520

*
Continues data are expressed as mean + SD. Categorical data are presented in numbers of participants with percentage in parentheses.

p-values listed in the right column were calculated using either Pearson’s - 2-test or independent t-test as appropriate.
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Table 2

Diabetes related complications of all diabetics at both time points.

| Baseline (n=196) | 24-months (n=151)

Diabetes related complications

No secondary diabetic complications [n (%)] 169 (86.2%) 130 (86.1%)
Diabetics with complications [n (%)] 27 (13.8%) 21 (13.9%)
Diabetic nephropathy [n (%)] 5 (18.5%) 5 (23.8%)
Diabetic retinopathy [n (%)] 18 (66.7%) 14 (66.7%)
Diabetic nephropathy and retinopathy [n (%)] 4 (14.8%) 2 (9.5%)
Diabetics treated with insulin 35 (17.9%) 25 (16.6%)

Categorical data are presented in numbers of participants with percentage in parentheses.
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