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ORIGINAL RESEARCH • MUSCULOSKELETAL IMAGING

Diabetic polyneuropathy (DPN) is prevalent in up to 
50% of patients with long-term diabetes (1). Clinical 

manifestations of DPN are symmetrical and are dominated 
by sensory disturbances, whereas motor involvement is pri-
marily seen in more advanced cases of DPN (2).

Motor dysfunction is characterized by weakness of skel-
etal muscle and is correlated to the severity of DPN (3,4). 
Although muscle atrophy underlies muscle weakness (5,6), 
it has been proposed that atrophy is not the only expla-
nation for the loss of muscle strength (7). Additionally, 
reduced muscle quality, as reflected by reduced intrinsic 
muscle strength, has been reported in patients with diabe-
tes with or without DPN (5,7,8).

MRI, including Dixon imaging, T2 relaxometry, and 
diffusion-tensor imaging (DTI), has shown great potential 
as a noninvasive measure of skeletal muscle abnormalities 
(9,10). Fat infiltration has been evaluated in patients with 
diabetes by applying a signal threshold of T1-weighted 
images (8,11). However, Dixon methods allow for direct 
water and fat quantification, generating more precise and 
reliable measures of the degree of fat infiltration (12).

T2 relaxometry allows for assessment of muscle edema 
and inflammation due to the sensitivity to changes in wa-
ter content of muscles (9). However, due to the longer T2 
relaxation of fat (T2fat) compared with T2 relaxation of 
water, monoexponential T2 relaxometry primarily reflects 
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Background: Diabetic polyneuropathy (DPN) is associated with loss of muscle strength. MRI including diffusion-tensor imaging 
(DTI) may enable detection of muscle abnormalities related to type 2 diabetes mellitus (DM2) and DPN.

Purpose: To assess skeletal muscle abnormalities in participants with DM2 with or without DPN by using MRI.

Materials and Methods: This prospective cross-sectional study included participants with DM2 and DPN (DPN positive), participants 
with DM2 without DPN (DPN negative), and healthy control (HC) participants enrolled between August 2017 and June 2018. 
Muscle strength at the knee and ankle was determined with isokinetic dynamometry. MRI of the lower extremities included the 
Dixon sequence, multicomponent T2 mapping, and DTI calculated fat fractions (FFs), T2 relaxation of muscle (T2water), fractional 
anisotropy (FA), and diffusivity (mean, axial, and radial). One-way analysis of variance and Tukey honestly significant difference 
were applied for comparison between groups, and multivariate regression models were used for association between MRI param-
eters, nerve conduction, strength, and body mass index (BMI).

Results: Twenty participants with DPN (mean age, 65 years 6 9 [standard deviation]; 70% men; mean BMI, 34 kg/m2 6 5), 20 
participants without DPN (mean age, 64 years 6 9; 55% men; mean BMI, 30 kg/m2 6 6), and 20 HC participants (mean age, 
61 years 6 10; 55% men; mean BMI, 27 kg/m2 6 5) were enrolled in this study. Muscle strength adjusted for age, sex, and BMI 
was lower in participants with DPN than in DPN-negative and HC participants in the upper and lower leg (plantar flexors [PF], 
62% vs 78% vs 89%; P , .001; knee extensors [KE], 73% vs 95% vs 93%; P , .001). FF was higher in leg muscle groups of par-
ticipants with DPN than in DPN-negative and HC participants (PF, 20% vs 10% vs 8%; P , .001; KE, 13% vs 8% vs 6%; P , 
.001). T2water was prolonged in leg muscle groups of participants with DPN when compared with HC participants (PF, 33 msec vs 
31 msec; P , .001; KE, 32 msec vs 31 msec; P = .002) and in the lower leg when compared with participants without DPN (PF, 
33 msec vs 32 msec; P = .03). In multivariate regression models, strength was associated with FA (b = −0.0004), T2water (b = −0.03 
msec), and FF (b = −0.1%) at thigh level (P , .001). Furthermore, FA (b = −0.007), T2water (b = −0.53 msec), and FF (b = −4.0%) 
were associated with nerve conduction at calf level (P , .001).

Conclusion: MRI of leg muscle groups revealed fat accumulation, differences in water composition, and structural changes in partici-
pants with type 2 diabetes mellitus and neuropathy. Abnormalities were most pronounced in the plantar flexors.
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healthy control (HC) participants aged 30–80 years were en-
rolled in this study (Fig 1). Exclusion criteria of both DM2 par-
ticipants and HC participants were neuropathy due to causes 
other than diabetes, other neurologic diseases, MRI contraindi-
cations, and high physical activity, defined as routinely perform-
ing activities more demanding than regularly biking to work.

Participants were recruited from the Danish Centre for 
Strategic Research in Type 2 Diabetes (the DD2 database) par-
ticipating in studies at the International Diabetic Neuropathy 
Consortium in Aarhus, Denmark, and from the Department 
of Neurology or Endocrinology at Aarhus University Hospital 
(18). HC participants were recruited from the general popula-
tion via an advertisement in the local elder centers and newspa-
pers or by recruitment letters if patient relatives or hospital staff 
expressed interest in participating in the study. All participants 
were recruited between August 2017 and June 2018. All par-
ticipants underwent a clinical examination, isokinetic muscle 
strength testing, and MRI.

Clinical Examination
A physician performed a clinical examination including three 
validated neuropathy scoring systems (19–21) in all study par-
ticipants. Nerve conduction studies (NCS) were performed 
with standard surface stimulation of the median, sural, tibial, 
and peroneal nerves and were compared with laboratory ref-
erence material, as previously described (22). For each par-
ticipant, a nerve conduction sum score (NCSS) was derived 
based on the z scores from the velocities and amplitudes of the 
sural, tibial, and peroneal nerves (23). Presence of DPN was 
determined based on a combination of NCS and the clinical 
examinations.

Isokinetic Muscle Strength
The maximal isokinetic strength (peak torque) of the flexors 
and extensors at the knee and ankle was determined by using 
an isokinetic dynamometer (BioDex-system 3 PRO; BioDex 
Medical Systems, Shirley, NY). In all participants, the non-
dominant leg was evaluated using a standardized testing pro-
tocol, as described by Andersen et al (3). The peak torques for 
each participant were compared with our reference population 
of healthy participants of predicted muscle strength based on 
the explanatory variables age, sex, and body mass index (BMI) 
(24).

MRI Examination
Each participant underwent MRI within 1 week prior to iso-
kinetic testing. All participants were examined using a Philips 
3-T scanner (Achieva 3T X; Philips Medical Systems, Best, the 
Netherlands). Participants were placed in the supine position, 
feet first, and were instructed to lie still during the examina-
tion. A Philips anterior coil (16-channel) was placed and fas-
tened around the lower extremities from the hip to below the 
knees. After acquiring images of the thighs, the coil was moved 
to cover the lower legs. The leg regions were divided into five 
fields of view of 480 3 276 3 186 mm, with an overlap of 
30 mm between stacks. Total scanning time for the upper 
and lower leg was approximately 53 minutes. The protocol 

Abbreviations
BMI = body mass index, DM2 = type 2 diabetes mellitus, DPN = dia-
betic polyneuropathy, DTI = diffusion-tensor imaging, FA = fractional 
anisotropy, FF = fat fraction, HC = healthy control, MD = mean dif-
fusivity, NCS = nerve conduction studies, NCSS = nerve conduction 
sum score, sMDF = severe muscle dysfunction, T2water = T2 relaxation 
of muscle

Summary
Lower extremity MRI, including Dixon imaging, T2 relaxation of 
muscle, and fractional anisotropy, depicted fat accumulation, change 
in muscle water content, and structure in participants with type 2 
diabetes.

Key Results
 n The T2 relaxation of muscle (T2water) was prolonged in all muscle 

groups of participants with type 2 diabetes mellitus (DM2) with 
neuropathy when compared with healthy control participants (eg, 
plantar flexors, 33 msec vs 31 msec; P , .001).

 n Fractional anisotropy (b = −0.0004), T2water (b = −0.03 msec), and 
Dixon fat fractions (b = −0.1%) of muscles in participants with 
DM2 were associated with muscle strength at thigh level in a mul-
tivariate regression model (P , .001).

 n Fractional anisotropy (b = −0.007), T2water (b = −0.53 msec), and 
Dixon fat fractions (b = −4.0%) of muscles in participants with 
DM2 were associated with impaired nerve conduction at calf level 
in a multivariate multiple regression model (P , .001).

fat infiltration in neuromuscular disorders, concealing possible 
underlying water alterations in muscle T2 (T2water). Multicom-
ponent extended phase graph fitting renders this effect, allowing 
for quantification of T2water and T2fat, separately (13).

DTI enables indirect assessment of the microstructures of 
skeletal muscles (14). Changes in the water diffusion proper-
ties of skeletal muscles have been observed in relation to physi-
ologic changes (age, sex, and exercise) and pathologic changes 
(ischemia, denervation, trauma, and inflammation) (14,15). 
DTI studies of skeletal muscle in patients with type 2 diabetes 
mellitus (DM2) are limited; however, Edalati et al report diffu-
sion differences in plantar flexors when compared with those in 
healthy participants (16).

We hypothesized that (a) individuals with DM2 and DPN 
have microstructural changes determined with DTI and quanti-
tative T2water related to the degree of neuropathy and muscle dys-
function and (b) individuals without DPN have microstructural 
changes determined with DTI related to lower intrinsic muscle 
strength. Additionally, the applied MRI protocol would enable 
detection of increased fat infiltration in patients with DPN in 
correspondence with previous studies (5,11). Our study aimed 
to assess skeletal muscle abnormalities in participants with DM2 
with and without DPN by applying a multiacquisition MRI 
protocol (17).

Materials and Methods
All participants included in this prospective cross-sectional 
study gave informed consent, and the study was approved by 
the Danish scientific ethical committee and ClinicalTrials.gov 
(NCT03252132).

Participants with DM2 and DPN (DPN positive), par-
ticipants with DM2 without neuropathy (DPN negative), and 
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radial diffusivity were calculated from three eigenvalues of 
each voxel (l1–l3).

Segmentation
Image segmentation was performed by an examiner who was 
blinded to the identity of the participants (A.S., 3 years of ex-
perience in musculoskeletal segmentation) using ITK-SNAP 
(3.6.0; http://www.itksnap.org) (31) based on Dixon water 
images. In all cases, segmentation was performed on the non-
dominant leg on every third slice from the femoral neck to 
the ankle joint followed by axial interpolation. Muscles of the 
lower extremities were divided into the muscle groups (knee 
extensors, knee flexors, dorsal flexors, and plantar flexors), as 
illustrated in Figure 2. Slices affected by artifacts from metallic 
implants were not segmented.

Statistical Analysis
Data analyses were performed using Stata, version 13.1 (Stata, 
College Station, Tex). An a priori sample size (n = 60) was cal-
culated based on the effect sizes of T2 relaxation and DTI pa-
rameters observed in previous studies (h2

p = 0.15) (8,10). Data 
were tested for normal distribution using histogram analysis, 
q-q plots, and Shapiro-Wilk test of normality. One-way analy-
sis of variace with Bonferroni correction was applied for com-
parison between groups, and the Tukey honestly significant 
difference test was used for multiple comparisons. Fat fraction 
(FF) and adjusted knee flexion were found not to be normally 

included a four-point Dixon sequence, a turbo spin-echo se-
quence including 17 echoes for T2 mapping with an interval 
of 7.6 msec (7.6, 15.2, …, 129.2 msec), and spin-echo echo-
planar imaging with 42 gradient directions and eight b values 
for DTI. Scan parameters are summarized in Table 1.

Imaging Processing and Analyses
A custom-built software toolbox (QMRITools; https://mfro-
eling.github.io/QMRITools) was used for image processing 
(25). All MRI scans were checked for artifacts and image dis-
tortions (A.S., M.F.; 3 and .10 years of experience in muscu-
loskeletal MRI assessment, respectively). Data were analyzed 
as described in Appendix E1 (online), applying an iterative 
decomposition of water and fat with echo asymmetry and 
least-squares estimation (iDEAL) for fat quantitation (26). 
T2 mapping data were processed by applying a bicomponent 
extended phase graph fitting approach, and T2water was fitted 
for each voxel using a dictionary method (13). Before DTI 
analyses, images were filtered to reduce noise (27) and were 
corrected for motion and eddy currents (28). A high-b-value 
model (b  200 sec/mm3) was applied to correct for per-
fusion, and tensors were calculated by applying an iterative 
weighted linear least-squares algorithm (29). To accurately 
reflect diffusion properties of muscle tissue, muscle areas 
containing at least 25% fat were excluded from the analyses, 
based on guidelines from Williams et al (30). Fractional an-
isotropy (FA), mean diffusivity (MD), axial diffusivity, and 

Figure 1: Flowchart of inclusion and assessment of study participants. NCS = nerve conduction studies. ƚ The 20 healthy control participants and 20 participants with 
type 2 diabetes mellitus (DM2) without diabetic polyneuropathy (DPN) who were most similar to the participants with DM2 and DPN in age, sex, and body mass index 
were included in the study.
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on BMI, NCSS, and adjusted muscle strength was evalu-
ated with multivariate regression models. Evaluation of MRI 
measures in participants with substantial motor dysfunction 
was performed by dividing participants with DPN into two 
groups based on strength reduction. Participants with DPN 
and a reduction in strength of 30% or more compared with 
our reference population of healthy subjects of predicted 
muscle strength (24) were classified as DPN positive with se-
vere muscle dysfunction (sMDF). We introduced this cutoff 
value, corresponding to a deviation from the expected mean 
of approximately 2 standard deviations, suggesting it to be 
reasonable for our purpose. For all analyses, specific Bonfer-
roni-corrected P values were applied based on an original sig-
nificance level of P , .05 and the number of tests performed. 
Bonferroni-corrected P values are stated in tables and figures.

Results
Figure 1 shows inclusion of study participants. Eleven par-
ticipants (three HC participants, three participants without 
DPN, and five participants with DPN) were excluded for the 
following reasons: neuropathy due to causes other than DM2 
or other neurologic diseases (n = 5), MRI contraindications 
(n = 4), or any other causes (n = 2).

The clinical and demographic characteristics are presented 
in Table 2. In total, we evaluated 20 participants with DPN 

distributed and were analyzed with the Kruskal-Wallis test. 
Muscle volumes were analyzed by applying an available-case 
analysis method, thereby excluding participants with hip, knee, 
or ankle prostheses. Summed muscle volume estimates were 
normalized to body weight. Dependence of MRI parameters 

Figure 2: Three-dimensional illustration of full leg segmentation on Dixon fat 
data in a healthy participant. Left: Front view of left leg. Right: Back view of left  
leg. AD = adductors, DF = dorsal flexors, KE = knee extensors, KF = knee flexors, 
PF = plantar flexors.

Table 1: MRI Scanning Parameters of the Applied Dixon Sequences, T2 Mapping, and DTI

Sequence and Scanning Parameter Measurement
T1-weighted four-point Dixon sequence
 Repetition time/echo time (msec) 217/2.6
 Echo spacing (msec) 0.76
 No. of echoes 4
 Flip angle (degrees) 8°
 Voxel size (mm) 1.50 3 1.50 3 6.00
 Interslice gap …
 Duration (min) 1 minute 21 seconds
T2 mapping sequence
 Sequence Turbo spin echo
 Repetition time/echo time (msec) 4700/n 3 7.6*
 No. of echoes 17
 Flip angle (degrees) 90/180
 Voxel size (mm) 3.00 3 3.00 3 6.00
 Interslice gap (mm) 6
 Duration 3 minutes 46 seconds
DTI
 Sequence Spin-echo echo-planar imaging
 Repetition time/eco time (msec) 6200/50
 b values (sec/mm3) 0 (1), 1 (6), 10 (3), 25 (3), 100 (3), 200 (6), 400 (6), 600 (12)
 Voxel size (mm) 3.00 3 3.00 3 6.00
 Interslice gap …
 Fat suppression Spectral adiabatic inversion recovery radiofrequency pulse
 Duration 4 minutes 33 seconds

Note.—Data in parentheses are number of images per b value. DTI = diffusion-tensor imaging.

* n = echo number (1–17).
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whether participants had performed any physical activity more 
demanding than walking (running, biking, attending an exercise 
facility) within 5 days of the MRI examination. One participant 
with neuropathy was not able to complete the MRI examina-
tion due to muscle cramps in the thigh. The examination was 
repeated, scanning only the participant's lower legs. Therefore, 
MRI data of the upper leg are based on 19 participants with 
DPN. DTI data of three participants were conferred with M.F., 
evaluating whether movements during the scan could have af-
fected data. This was found to be the case in one DPN-positive 
participant with abnormally high MD of the dorsal flexors (MD 
= 3.27) caused by motion (dorsal flexion) of the foot during the 
examination. Examples of MRI images of representative partici-
pants are provided in Figure 3.

Muscle Volume and Composition
In participants with DPN, FF was significantly higher in all 
muscle groups as compared with FF in DPN-negative and HC 

(mean age, 65 years 6 9 [standard deviation]; 70% men),  
20 participants without DPN (mean age, 64 years 6 9;  
55% men), and 20 HC participants (mean age, 61 years 6 10; 
55% men). Participants with DPN had a higher BMI (mean 
BMI, 34 6 5 kg/m2) when compared with DPN-negative (mean 
BMI, 30 6 6 kg/m2) and HC (mean BMI, 27 6 5 kg/m2)  
participants and a higher hemoglobin A1c level (mean hemo-
globin A1c level, 57.5 mmol/mol 6 14.5) when compared with 
DPN-negative participants (mean hemoglobin A1c level, 47.5 
mmol/mol 6 7.0). Diabetes duration did not differ significantly 
between DPN-positive (mean duration, 11 years 6 8) and DPN-
negative (mean duration, 7 years 6 4) participants. Although we 
excluded participants with an overall high physical activity level, 
we also wanted to account for the possible effects of physical 
activity just prior to the MRI examination on MRI parameters. 
The evaluation of recent physical activity prior to MRI was based 
on self-reported data, which disclosed no significant difference 
between groups (P = .24, Fisher exact test). The test was based on 

Table 2: Clinical Characteristics and Nerve Conduction Studies of Healthy Control Participants, Participants without DPN, and 
Participants with DPN

Characteristic
Healthy Control Participants  
(n = 20)

Participants without  
DPN (n = 20)

Participants with  
DPN (n = 20)

Age (y) 61 6 10 64 6 9 65 6 9
Male sex* 11 (55) 11 (55) 14 (70)
Body mass index (kg/m2)† 27 6 5 30 6 6 34 6 5
Height (cm) 173 6 7 172 6 9 173 6 9
Weight (kg)‡ 83 6 19 88 6 18 104 6 17
Diabetes duration (y) … 7 6 4 11 6 8
Hemoglobin A1c level (mmol/mol)† … 47.5 6 7.0 57.5 6 14.5
Clinical examination
 MNSI† 1 6 1 2 6 2 4 6 2
 TCNS† 2 6 2 5 6 4 12 6 4
 UENS† 2 6 3 8 6 6 17 6 8
Nerve conduction studies (z score)
 Sural NCV† 20.3 6 0.9 20.2 6 0.8 21.8 6 1.4
 Sural SNAP† 0.9 6 1.6 0.5 6 1.1 22.8 6 2.1
 Median NCV (sensory)† 0.3 6 1.0 20.7 6 1.2 22.3 6 1.9
 Median SNAP† 0.7 6 1.2 0.3 6 1.7 22.4 6 2.9
 Tibial NCV‡ 20.3 6 0.8 20.7 6 1.2 21.9 6 1.4
 Tibial CMAP† 0.7 6 1.0 0.2 6 1.1 23.0 6 3.9
 Peroneal NCV† 0.2 6 0.8 20.6 6 1.0 22.0 6 1.8
 Peroneal CMAP‡ 0.4 6 1.2 20.4 6 1.5 22.4 6 3.2
 Median NCV (motor)§ 20.9 6 1.2 21.0 6 1.2 22.3 6 1.6
 Median CMAP§ 0.6 6 1.3 0.7 6 1.0 20.8 6 2.9
 NCSS† 0.2 6 0.7 20.2 6 0.6 22.6 6 2.4

Note.—Unless otherwise indicated, data are mean 6 standard deviation. Diabetes duration is defined as the time (in years) from 
diagnosis to examination. Results from nerve conduction studies are given in standard deviations from mean of matched healthy 
controls from reference material (z scores) (22). CMAP = compound motor action potential, DPN = diabetic polyneuropathy, MNSI 
= Michigan Neuropathy Screening Instrument, NCSS = nerve conduction sum score of the lower extremity (23), NCV = nerve 
conduction velocity, SNAP = sensory nerve action potential, TCNS = Toronto Clinical Neuropathy Scoring system, UENS = Utah 
Early Neuropathy Scale.
* Data are numbers of patients, and data in parentheses are percentages.
† P , .001.
‡ P , .01.
§ P = .01.
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Figure 3: Unprocessed MRI scans at calf and thigh levels in a healthy control (HC) participant, a participant without diabetic polyneuropathy (-DPN), 
and a participant with DPN (+DPN). (a) Water (W) and fat (F) images obtained with four-point Dixon sequences. (b) T2 images of two different echo times 
(TEs) (in milliseconds). (c) Diffusion images obtained with two different b values (image slices: brightness, +40%; contrast +20%).
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participants (Table 3). No significant difference was found in 
total muscle volume or when accounting for fat infiltration (re-
maining muscle volume) when participants with DPN were 
compared with DPN-negative and HC participants. However, 
when normalizing the contractile muscle volume of the entire 
leg to body weight, participants with DPN had a significantly 
smaller normalized contractile muscle volume compared with 
DPN-negative and HC participants.

Muscle Strength
In participants with DPN, after adjusting for the influence 
of age, sex and BMI, the maximal isokinetic muscle strength 

was lower for knee extensors, plantar flexors, and dorsal flexors 
compared with DPN-negative and HC participants (Table 3). 
The plantar flexors had the highest degree of weakness based 
on the standard deviation from the expected mean value (-1.9 
6 1.1), followed by the knee extensors (-1.8 6 1.3) and dorsal 
flexors (-1.2 6 1.5).

When normalizing maximal muscle strength to con-
tractile muscle volume (remaining muscle volume), par-
ticipants with DPN had lower intrinsic muscle strength 
of plantar flexors compared with HC participants (Fig 4). 
No difference was observed when comparing intrinsic mus-
cle strength for the other muscle groups (intrinsic muscle 

Table 3: Muscle Composition and Isokinetic Muscle Strength of Healthy Control Participants, Participants without DPN, and Par-
ticipants with DPN

Anatomic Location and Parameter Healthy Control Participants Participants without DPN Participants with DPN P Value
Muscle Composition*

Upper leg† 19 20 17
Knee extensors
 TMV (cm3) 1747 6 549 1621 6 413 1703 6 330 .67
 FFƚ (%) 6 6 1 8 6 3 13 6 4 ,.001
 RMV (cm3) 1641 6 521 1498 6 397 1491 6 309 .47
Knee flexors
 TMV (cm3) 990 6 317 933 6 202 1068 6 214 .27
 FF‡ (%) 11 6 2 14 6 5 19 6 5 ,.001
 RMV (cm3) 877 6 281 804 6 181 865 6 174 .54
Lower leg† 19 19 19
Dorsal flexors
 TMV (cm3) 402 6 97 402 6 84 417 6 93 .84
 FF‡ (%) 7 6 2 9 6 4 16 6 14 ,.001
 RMV (cm3) 372 6 90 367 6 80 354 6 101 .82
Plantar flexors
 TMV (cm3) 1199 6 307 1241 6 258 1347 6 284 .27
 FF‡ (%) 8 6 2 10 6 6 20 6 15 ,.001
 RMV (cm3) 1098 6 280 1109 6 221 1085 6 320 .96
Normalized RMV n = 18 n = 19 n = 17
NMV (cm3/kg) 49 6 6 44 6 8 37 6 7 ,.001

Isokinetic Muscle Strength
Peak torque (Nꞏm)
 Knee extension 143 6 44 141 6 42 125 6 36 .33
 Knee flexion 72 6 23 70 6 17 70 6 15 .91
 Dorsal flexion 30 6 9 27 6 10 25 6 7 .25
 Plantar flexion 82 6 24 72 6 23 63 6 20 .03
Adjusted (%)
 Knee extension 93 6 15 95 6 17 73 6 19 ,.001
 Knee flexion‡ 91 6 18 91 6 19 77 6 22 .01
 Dorsal flexion 107 6 19 98 6 22 81 6 23 .001
 Plantar flexion 89 6 18 78 6 22 62 6 21 ,.001

Note.—Data are mean 6 standard deviation. Adjusted peak torques are expressed as percentage (%) of predicted muscle strength based on 
the explanatory variables age, sex, and body mass index (24). DPN = diabetic polyneuropathy, FF = fat fraction, NMV = normalized muscle 
volume (summed RMV of all muscle groups corrected for body weight), RMV = remaining muscle volume, TMV = total muscle volume.
* Subjects with hip, knee, or ankle prosthesis were excluded from muscle volume analyzes, and data were analyzed by applying an available case 
analysis method. The Bonferroni corrected P value was less than .004 for muscle composition and less than .006 for muscle strength examination.
† Data are numbers of patients.
‡ Kruskal-Wallis test was applied for evaluation of fat infiltration and adjusted knee flexion.
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of participants without DPN vs DPN-positive sMDF-negative 
participants vs DPN-positive sMDF-positive participants: 
knee extensors, 8% 6 3 vs 11% 6 3 vs 14% 6 5; knee flexors, 
14% 6 5 vs 18% 6 5 vs 21% 6 4; dorsal flexors, 9% 6 4 vs 
12% 6 6 vs 24% 6 24; plantar flexors, 10% 6 6 vs 13% 6 3 
vs 24% 6 19) (T2water of participants without DPN vs DPN-
positive sMDF-negative participants vs DPN-positive sMDF-
positive participants: knee extensors, 31 msec 6 1 vs 31 msec 
6 1 vs 33 msec 6 1; dorsal flexors, 31 msec 6 1 vs 31 msec 6 
2 vs 33 msec 6 3; plantar flexors, 32 msec 6 1 vs 32 msec 6 
1 vs 34 msec 6 3) (FA of participants without DPN vs DPN-
positive sMDF-negative participants vs DPN-positive sMDF-
positive participants: plantar flexors, 0.23 6 0.02 vs 0.23 6 
0.02 vs 0.26 6 0.05). FF (P = .001) and T2water (P , .001) 
of knee extensors were significantly different between groups 
when performing Bonferroni correction. All absolute values of 
DTI parameters are presented in Table E2 (online).

Evaluation of the Relationship between MRI Parameters, 
BMI, Severity of DPN, and Adjusted Muscle Strength
Multiple regression was conducted to examine the relation-
ship between each MRI parameter and the predictors BMI 
and NCSS at the thigh (knee extensors) and calf (plantar flex-
ors) level (Table 4). A multivariate multiple regression model 
proved a combined association between MRI parameters and 
the predictors BMI (P , .001) and NCSS (P = .007) at thigh 
level. Additionally, MRI parameters were associated with NCSS  
(P , .001) but not BMI (P = .23) at calf level. Furthermore, 
univariate regression was conducted to examine the relationship 
between each MRI parameter and adjusted muscle strength 
(Table 4). A multivariate regression model proved a combined 
association of MRI parameters on adjusted muscle strength at 
the upper leg (P , .001) but not the lower leg (P = .01) when 
applying Bonferroni correction. Estimated regression coeffi-
cients of MRI parameters in univariate regression models are 
presented in Table 4.

Discussion
This study applied an MRI-protocol including diffusion-tensor 
imaging of the lower extremity in participants with type 2 dia-
betes mellitus (DM2) with or without neuropathy. In partici-
pants with DM2, evaluation of muscle abnormalities is essen-
tial for understanding the muscle weakness occurring especially 
in participants with neuropathy. T2water relaxation times were 
higher in all muscle groups of participants with diabetic poly-
neuropathy (eg, plantar flexors, 33 msec vs 31 msec; P , .001). 
Furthermore, Dixon fat fraction, T2water, and fractional anisot-
ropy increased with the degree of neuropathy at the lower leg 
(P , .001) and increased with both impaired muscle strength 
(P , .001) and degree of neuropathy (P , .007) at the upper 
leg assessed with multivariate regression models.

Both myopathy and neuropathy may impair muscle function 
in participants with DM2. DPN may result in distal atrophy and 
MRI signal abnormalities within skeletal muscles (5). The nature, 
distribution, and magnitude of diabetic myopathy are debated. In 
consideration of diabetic myopathy, we would expect to find more 
generalized muscle involvement. In myopathies and muscular 

strength in HC participants vs participants without DPN vs 
participants with DPN: 89 Nm/dm3 6 14 vs 94 Nm/dm3 
6 11 vs 83 Nm/dm3 6 17 [P = .06] for knee extensors, 83 
Nm/dm3 6 20 vs 87 Nm/dm3 6 10 vs 80 Nm/dm3 6 16 
[P = .52] for knee flexors, and 81 Nm/dm3 6 17 vs 74 Nm/
dm3 6 20 vs 74 Nm/dm3 6 24 [P = .55] for dorsal flexors).

MRI Parameters

T2water relaxation time.—In a pairwise comparison, significantly 
prolonged T2water relaxation times were observed in knee exten-
sors of participants without DPN when compared with HC 
participants (31.4 msec 6 0.9 vs 30.5 msec 6 0.9, P = .04) 
(Fig 5a). Furthermore, participants with DPN had prolonged 
T2water relaxation times in all muscle groups when compared 
with HC participants (knee extensors, 32 msec 6 2 vs 31 msec 
6 1; P = .002; knee flexors, 31 msec 6 1 vs 30 msec 6 1; P = 
.01; dorsal flexors, 32 msec 6 2 vs 30 msec 6 1; P = .006; and 
plantar flexors, 33 msec 6 2 vs 31 msec 6 1; P , .001) and 
in plantar flexors when compared with participants without 
DPN (33 msec 6 2 vs 32 msec 6 1; P = .03). Absolute values 
of T2water relaxation times and post hoc calculated effect sizes 
are presented in Table E1 (online).

Diffusion tensor imaging.—No differences between study 
groups were found in any of the muscle groups based on the 
DTI parameters FA, MD, axial diffusion, and radial diffusion 
applying the model excluding voxels containing at least 25% 
fat (Fig 5b). Absolute values of DTI parameters and post hoc–
calculated effect sizes are presented in Table E1 (online).

The Effect of Pronounced Muscle Strength Reduction on MRI 
Parameters
Figure 6 shows MRI parameters FF and T2water and diffusion 
parameters FA and MD in DM2 participants when dividing 
participants with DPN into two groups based on the degree of 
muscle dysfunction. MRI parameters tended to be increased 
in participants with DPN with severe muscle dysfunction (FF 

Figure 4: Box plot of intrinsic muscle strength of plantar flexors in 
healthy control (HC) participants, participants without diabetic polyneu-
ropathy (-DPN), and participants with diabetic polyneuropathy (+DPN). 
Lines with P values represent pairwise comparisons between groups with 
the Tukey honestly significant difference test. Whiskers represent minimum 
and maximum values.
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glycemic control in participants with DM2 and could be 
related to the differences in criteria used for assessment of 
DPN. Additionally, when evaluating participants with DPN, 
we found that the lower muscle strength was predominantly 
explained by reduced muscle size. This suggests only limited 
changes in intrinsic muscle strength were present in partici-
pants with or without DPN, supporting the hypothesis that 
progressive loss of muscle strength is primarily related to 
muscular atrophy (6).

dystrophies with systemic clinical deficits, MRI has depicted focal 
and localized muscular abnormalities (32), with sparing of neigh-
boring muscle groups (33). Together with recent MRI studies, the 
present study seems to suggest that the distribution of muscle in-
volvement in diabetes is not as diffuse as previously thought (11).

Participants without DPN had preserved intrinsic muscle 
strength, which is in contrast to earlier studies reporting re-
duced muscle quality in DM2 irrespective of DPN (7). This 
could be explained by short diabetes duration and better 

Figure 5: (a) T2 relaxation of muscle (T2water) and (b) diffusion parameters of all muscle groups. Box plots show data for healthy control partici-
pants, participants without diabetic polyneuropathy (-DPN), and participants with diabetic polyneuropathy (+DPN). Whiskers represent minimum and 
maximum values. Lines with P values represent significant differences of MRI values in a pairwise comparison applying the Tukey honestly significant 
difference test. Pairwise tests were conducted only if groups differed in analysis of variance when applying Bonferroni-corrected P values (P , .013 
for T2water and P , .003 for diffusion parameters). T2water was measured in milliseconds. AD = axial diffusion, FA = fractional anisotropy, MD = mean 
diffusivity, RD = radial diffusion.
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with DTI should be evaluated in activated and relaxed states. 
Conversely, the added value of DTI proved to be limited in the 
present study. We reported no increase in diffusivity; however, 
FA of knee extensors and plantar flexors had a modest effect size, 
was associated with the degree of neuropathy, and increased with 
reduction in strength. Thus, in our study, DTI changes seem less 
likely to be driven by muscle edema and cell swelling. In con-
trast, structural changes related to denervation and atrophy may 
be likely contributors to our findings. Our findings suggest that 
FA may still prove to be of clinical importance when assessing 
muscle changes in relation to neuropathy; however, future stud-
ies with a larger study population and a higher degree of DPN 
are critical to confirm these results.

Measures of signal-to-noise ratio (SNR), muscle fat, and 
T2water are necessary when assessing the validity of DTI mea-
surements (10). The reported SNRs for all muscle groups were 
similar between study groups and were greater than 20, the rec-
ommended SNR threshold to minimize bias of image noise on 
DTI parameters (17) (Appendix E1 [online]). Furthermore, to 
correct for fat infiltration, care was taken to manually assess for 
poor fat suppression, and muscle areas containing 25% fat or 
more were excluded from analyses (30), limiting confounding 
issues reported in earlier studies (17).

We identified prolonged T2water in all muscle groups of par-
ticipants with DM2 and DPN. It has been suggested that T2 
could be a sensitive measure with which to detect early signs 
of denervation and muscle wasting in neuromuscular disorders 
(9). This is in agreement with our findings of increased T2water 
relaxation with respect to muscle dysfunction, suggesting that 
T2water reflects alterations related to the severity of DPN. How-
ever, pathologic factors related to diabetic myopathy may also be 
important, including chronic inflammation in skeletal muscles 
(34). Prolonged T2 in the anterior tibial muscle of participants 
with DPN has been reported earlier (8). However, in contrast 
to Moore et al, we applied a bicomponent T2 model; neverthe-
less, we still observed prolonged T2, reflecting changes in muscle 
properties rather than fat infiltration.

DTI has proven sensitive to reflect muscle alterations in 
neuromuscular disorders, particularly in Duchenne muscular 
dystrophy, indicated by higher MD or apparent diffusion coef-
ficients and lower FA values, when compared when compared 
with healthy participants (10,35). A recent study evaluated the 
microstructure of plantar flexors of participants with DM2 dur-
ing isometric contraction and reported a greater elevation in 
MD from rest to plantar flexion compared with healthy muscles 
(16). This could indicate that microstructural changes assessed 

Figure 6: Box plot of (a) Dixon fat fractions (FF), (b) T2 relaxation of muscle (T2water) (in milliseconds), (c) fractional anisotropy (FA), and (d) 
mean diffusivity (MD) of all muscle groups in participants with diabetic polyneuropathy (DPN) and severe muscle dysfunction (+DPN +sMDF) 
compared with participants with DPN without severe muscle dysfunction (+DPN -sMDF), and participants with diabetes mellitus type 2 without DPN 
(-DPN). Whiskers represent minimum and maximum values. Participants with severe muscle dysfunction had no more than 70% of expected muscle 
strength. Lines with P values represent significant differences of MRI values in an analysis of variance applying Bonferroni-corrected P value (P , 
.003). Kruskal-Wallis test was applied to evaluate fat infiltration as a fat fraction.



MRI of Skeletal Muscles

618 radiology.rsna.org  n  Radiology: Volume 297: Number 3—December 2020

In conclusion, T2water, applying a multicomponent approach, 
suggested water changes in skeletal muscles of participants with 
type 2 diabetes mellitus (DM2) and neuropathy, when compared 
with healthy participants in all muscle groups of the lower extrem-
ities. Diffusion-tensor imaging proved less sensitive than expected; 
however, increased fractional anisotropy may still prove clinically 
useful when assessing pronounced muscle dysfunction in partici-
pants with DM2 and neuropathy. Dixon fat fractions, T2water, and 
fractional anisotropy increased with the degree of neuropathy, as 
expressed by nerve conduction. MRI parameters did not identify 
systemic muscle changes, and plantar flexors of the neuropathic 
participants experienced the most pronounced manifestation. 
Diffusion-tensor imaging and T2water may be used in combination 
with anatomic measures to assess muscle dysfunction in relation 
to DM2 and neuropathy. In future studies, larger sample sizes and 

There were several limitations to our study. Foremost, the effect 
sizes of DTI parameters proved smaller than expected, calling into 
question the clinical importance of diffusion measures; however, 
this could partially be explained by the short diabetes duration and 
inclusion of participants with only mild to moderate DPN. Par-
ticipants with more advanced DPN may exhibit more profound 
abnormalities. In addition, the sample size proved too small for 
interpretation of DTI parameters, increasing the risk of type 2 er-
rors considerably. To fully consider the effect of recent physical 
activity on MRI parameters, participants who had been physically 
active within 5 days of the MRI examination should have been 
excluded. Nonetheless, a recent study has shown high reliability of 
the applied MRI parameters regardless, implementing the applied 
protocol (17). Although we corrected for differences in BMI, we 
could not fully exclude an effect of BMI on the MRI measures.

Table 4: Association between MRI Fat Fraction, T2water, and Diffusion Parameters Fractional Anisotropy and Mean Diffusivity of 
Upper and Lower Leg Muscle Groups and Independent Variables BMI and Nerve Conduction Sum Scores and Adjusted Muscle 
Strength

Predictor

Univariate Regression
Multivariate  
Regression  
P Value

Fat Fraction 
(%) T2water (msec)

Fractional  
Anisotropy

Mean Diffusivity 
(10-3mm2/sec)

Knee extensors
 Multiple regression of BMI,  

NCSS, and MRI Parameters*
  BMI  

  (kg/m2)
0.3 

(0.1; 0.4)
0.03 

(-0.03; 0.09)
0.002 

(0.001; 0.003)
0.000 

(-0.003; 0.003)
,.001

  NCSS 
  (z scores)

-0.8 
(-1.3; -0.4)

-0.20 
(-0.38; -0.02)

-0.002 
(-0.005; 0.001)

0.002 
(-0.007; 0.011)

.007

  R2 value 0.47 0.16 0.31 0.004 …
 Regression of adjusted muscle  

strength and MRI parameters†

  Adjusted muscle strength (%) -0.1 
(-0.13; -0.06)

-0.03 
(-0.05; -0.02)

-0.0004 
(-0.001; -0.0001)

-0.0001 
(-0.001; 0.001)

,.001

  R2 value 0.36 0.22 0.09 0.001 …
Plantar flexors
 Multiple regression of BMI,  

NCSS, and MRI parameters*
  BMI 

  (kg/m2)
0.4 

(0.1; 0.7)
0.05 

(-0.01; 0.12)
0.001 

(-0.001; 0.002)
-0.001 

(-0.005; 0.003)
.23

  NCSS 
  (z scores)

-4.0 
(-4.9; -3.1)

-0.53 
(-0.72; -0.33)

-0.007 
(-0.012; -0.003)

-0.003 
(-0.014; 0.009)

,.001

  R2 value 0.70 0.49 0.24 0.004 …
 Regression of adjusted muscle  

 strength and MRI parameters†

  Adjusted muscle strength (%) -0.1 
(-0.18; -0.05)

-0.02 
(-0.04; -0.01)

-0.0003 
(-0.001; 0.000)

-0.001 
(-0.002; 0.000)

.01

  R2 value 0.19 0.13 0.06 0.04 …

* Dependent variable = intercept + b1ꞏBMI + b2ꞏNCSS. Estimated b1 and b2 are given with 95% confidence intervals in parentheses. Nerve 
conduction sum scores (NCSS) of the lower extremity are given in standard deviations from reference material (z scores) (23). P values from 
multivariate multiple regression models evaluating the association of MRI parameters in plantar flexors and knee extensors on the predictors 
body mass index (BMI) and NCSS, respectively.
† Dependent variable = intercept + b 3 adjusted muscle strength. Estimated b values are given with 95% confidence intervals in parenthe-
ses. Adjusted muscle strength is expressed as percentage of predicted muscle strength based on the explanatory variables age, sex, and BMI 
(24). P values from multivariate regression models evaluating the association of MRI parameters on the predictor adjusted muscle strength 
in plantar flexors and knee extensors, respectively. T2 relaxation of muscle (T2water) is given in milliseconds. Bonferroni-corrected P , .008.
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inclusion of participants with DM2 with a more severe degree of 
neuropathy will enable validation of our results.
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