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A B S T R A C T   

Aims: We aimed to quantify microstructural white matter abnormalities using magnetic resonance imaging and 
examine their associations with 1) brain metabolite and volumes and 2) clinical diabetes-specific characteristics 
and complications in adults with type 1 diabetes mellitus (T1DM) and distal symmetric peripheral neuropathy 
(DSPN). 
Methods: Diffusion tensor images (DTI) obtained from 46 adults with T1DM and DSPN and 28 healthy controls 
were analyzed using tract-based spatial statistics and were then associated with 1) brain metabolites and volumes 
and 2) diabetes-specific clinical characteristics (incl. HbA1c, diabetes duration, level of retinopathy, nerve con
duction assessment). 
Results: Adults with T1DM and DSPN had reduced whole-brain FA skeleton (P = 0.018), most prominently in the 
inferior longitudinal fasciculus and retrolenticular internal capsule (P < 0.001). Reduced fractional anisotropy 
(FA) was associated with lower parietal N-acetylaspartate/creatine metabolite ratio (r = 0.399, P = 0.006), brain 
volumes (P ≤ 0.002), diabetes duration (r = − 0.495, P < 0.001) and sural nerve amplitude (r = 0.296, P =
0.046). Additionally, FA was reduced in the subgroup with concomitant proliferative retinopathy compared to 
non-proliferative retinopathy (P = 0.03). No association was observed between FA and HbA1c. 
Conclusions: This hypothesis-generating study provided that altered white matter microstructural abnormalities 
in T1DM with DSPN were associated with reduced metabolites central for neuronal communications and diabetes 
complications, indicating that peripheral neuropathic complications are often accompanied by central 
neuropathy.   

1. Introduction 

Distal symmetric peripheral neuropathy (DSPN) is a severe and 
common complication of diabetes mellitus1 manifesting with sensory 
and motor loss of the peripheral nerves in the feet and hands, causing 
painful or painless disturbances.2 The pathophysiology behind diabetic 
DSPN is multifactorial, with metabolic, vascular, oxidative, and 
immune-mediated damage of the neurons or glia cells thought to be the 
main contributing factors.3 

Recent evidence suggests that alterations in the central nervous 
system (CNS) play a crucial role in the symptoms associated with 

diabetic DSPN. Using magnetic resonance imaging (MRI), reduced total 
gray matter volume,4,5 decreased level of the cerebral metabolite N- 
acetylaspartate/creatine (NAA/cre) central for neuronal communica
tions,6 thalamic atrophy,7 altered functional connectivity of the thal
amus, as well as functional abnormalities including thalamic neuronal 
dysfunction,8 have been demonstrated in type 1 diabetes (T1DM) with 
DSPN. Furthermore, adults with DSPN have increased peripheral gray 
matter volume loss localized to regions involved with somatosensory 
perception5 compared with subjects without DSPN. 

In contrast to conventional brain MRI, advanced neuroimaging 
techniques such as diffusion tensor imaging (DTI) reveal microstructural 
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alterations, particularly involving white matter tracts.9 DTI quantita
tively measures the motion of water molecules within the brain tissues. 
The fractional anisotropy (FA) index, in which the value varies between 
0 and 1, is the primary metric for evaluating the diffusivity of water 
molecules in the white matter microstructure.10 FA has been shown to 
be sensitive to changes in myelination and axonal integrity, and reduced 
FA has been observed in several brain disorders, i.e., multiple sclerosis 
and diabetes. Thus, lower FA is associated with loss of microstructural 
integrity and neurodegeneration,11 while a high mean diffusivity in
dicates broad cellular damages, including edema and necrosis.12 

To our best knowledge, nine DTI studies have been conducted on 
T1DM, demonstrating brain microstructural changes and their rela
tionship with cognitive functions and metabolic profile.9 A reduction of 
FA in T1DM compared to healthy controls was consistently demon
strated in several brain regions.9 Additionally, some DTI studies sug
gested that longer disease duration and increased HbA1c values 
correlated with the severity of white matter microstructural abnormal
ities.9 While these studies focused on HbA1c and disease duration, less 
attention has been paid to the association between microstructural and 
functional changes in the brain. Similarly, diabetes complications such 
as peripheral nerve function and retinopathy, a marker of general 
microangiopathy, have received little attention in relation to micro
structural white matter changes. In addition to peripheral neuropathy, 
retinopathy is another common microvascular long-term complication 
of T1DM, that has been shown to be associated with brain structure13,14 

and cerebral metabolites,6 although the relationship between the 
development of white matter changes and microangiopathy is not well 
established. Furthermore, considering the frequently reported changes 
with peripheral axonal loss and reduction in myelinated fiber density in 
DSPN15–17 as well as structural, functional, and metabolic brain alter
ations, a comprehensive assessment of microstructural DTI and MRI 
spectroscopy would bring valuable insights into the mechanisms driving 
and maintaining DSPN. Thus, the overall aim of this study was to address 
these knowledge gaps. 

We hypothesized that adults with T1DM and DSPN have reduced FA 
in widespread white matter brain regions compared to healthy controls 
and that other types of cerebral characteristics (brain volumes and brain 
metabolites) were correlated to microstructural white matter alterations 
as well as diabetes-specific clinical characteristics. Therefore, this 
explorative study aimed to investigate MRI diffusion parameters using a 
whole-brain tract-based spatial statistics approach to 1) determine 
microstructural white matter changes in adults with T1DM and DSPN, 
and 2) explore the associations with a) other MRI brain characteristics 
and b) clinical diabetes-specific characteristics (HbA1c, disease duration, 
level of retinopathy, and nerve conduction assessment). 

2. Subjects, materials, and methods 

2.1. Study population 

Forty-eight adults with T1DM and DSPN and 28 healthy controls 
were enrolled from the outpatient clinic at the Department of Endocri
nology, Aalborg University Hospital, Denmark, as part of another trial 
assessing the effect of liraglutide to treat diabetic neuropathy and was 
conducted at Aalborg University Hospital from 2014 to 2017 (EudraCT 
2013-004375-12). Hence, this study was based on secondary analyses. 
The diagnosis of DSPN was made according to the Toronto Diabetic 
Neuropathy Expert Group,18 based on a neurophysiological assessment 
of the larger axons of the lower extremities. Inclusion criteria were as 
follows: age ≥ 18 years, verified diagnosis of T1DM for a minimum of 
two years (HbA1c ≥ 48 mmol/mol (≥6.5 %)), stable treatment, 
confirmed DSPN as outlined above, and body mass index (BMI) ≥22 kg/ 
m2. 

Healthy controls were age and sex-matched in the study and were 
obtained from an established dataset (N-20090008 approved by the 
North Denmark Region Committee on Health Research Ethics). Before 

inclusion, all controls were clinically screened to confirm a healthy 
status without any relevant CNS-related diseases, medication, or 
diabetes. 

All participants gave written, informed consent before inclusion. 
Ethical approvals were granted by The North Denmark Region Com
mittee on Health Research Ethics (N-20130077, N-20090008) and 
registered with clinicaltrials.gov (ref NCT02138045). The study was 
conducted in accordance with the Declaration of Helsinki. 

2.2. Assessment of diabetes-specific clinical characteristics 

Routine clinical chemistry, such as HbA1c, was analyzed at the 
Department of Clinical Biochemistry, Aalborg University Hospital. In
formation on demographics (age, sex, disease duration, body mass 
index, and age of diabetes onset) was obtained from the clinical records. 
The current glucose level was measured on the day of MRI scanning. All 
participants completed a structured neurophysiological examination to 
determine the severity of peripheral neuronal function of the lower 
extremities. Specifically, the included peripheral nerve conduction 
study measurements were a) amplitude and nerve conduction velocity of 
the sural nerve and b) amplitude and latency of the tibial nerve. In the 
case of an unmeasurable value, the value before the lowest detected 
value was assigned.6 A photograph of the right retina was conducted and 
graded by a specialist at the Department of Ophthalmology, Aalborg 
University Hospital, to assess the severity and grade of diabetic 
retinopathy.19 

2.3. MRI data acquisition 

The brain MRI scans were carried out at the Department of Radi
ology, Aalborg University, not longer than 1 month apart from the 
neurophysiological assessment. Imaging data were obtained on a 3 T 
MRI scanner (Signa HDxt; General Electrics, Milwaukee, WI, USA) 
equipped with an 8-channel phased-array head coil. For each partici
pant, a high resolution 3-dimensional T1-weighted structural image was 
acquired, lasting 5.5 min. Following parameters were used for the 
structural scan: echo time 3.6 ms, repetition time 9.0 ms, 150 slices, the 
field of view 250 mm, flip angle 14 degrees, resolution 0.78 × 0.78 mm, 
matrix size 320 × 320, slice thickness 1 mm, full head coverage, no gap. 
Based on this T1-weighted scan, volumetric alterations were reported by 
T.M. Hansen et al. 2021,4 from which the brain volumes were extracted 
for the below-mentioned explorative correlation analyses. 

A DTI scan was conducted with the following parameters: repetition 
time 9000 ms, and the minimum echo time was used to achieve the 
highest image quality with the shortest time [range: 90.2–109.8 ms], 36 
contiguous slices; field of view 307 × 307 mm, matrix size 128 × 128, 
spatial resolution 1.88 × 1.88 × 2.6 mm, directions 32. 

In addition to the DTI scan, all participants completed proton mag
netic resonance spectroscopy (H-MRS) in the parietal region, including 
the sensorimotor fiber tracts, to investigate white matter cerebral me
tabolites. The voxel of interest was positioned in the parietal cortex (15 
× 15 × 50 mm) contralateral to the side of the dominant hand. These 
data have been published,19 in which the parietal N-acetylaspartate/ 
creatine (NAA/cre) ratio metabolite values were extracted for explor
ative correlation analyses. 

2.4. DTI analysis 

DTI data preprocessing and analysis were carried out using FMRIB 
Software Library (FSL) software, version 5.0.6 (fsl.fmrib.ox.ac.uk/fsl/ 
fslwiki). In brief, the DTI scans were visually inspected, then FSL's brain 
extraction tool (BET) was used for brain extraction.20 Next, FSL's eddy 
current correction was used to correct distortions and motion artifacts. 
Afterward, the FA and mean diffusivity maps were obtained by fitting a 
diffusion tensor model to each voxel using DTIfit.21,22 

Whole-brain TBSS analysis was performed at group level between 
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adults with T1DM and DSPN and healthy controls in FSL.21,22 The 
FMRIB58 FA 1 mm standard space template image was the registration 
target for each subject's FA image. Each subjects' FA images were then 
aligned into standard 1 × 1 × 1 mm Montreal Neurological Institute 152 
space using the nonlinear registration tool FNIRT, merged into a single 
4D image. Next, the mean FA volume was estimated and thinned to 
generate the mean FA skeleton (representing the major white matter 
nerve fiber tracts). The mean FA skeleton was thresholded at 0.2. Each 
subject's aligned FA images were projected onto this skeleton, and the 
resulting skeletonized FA data were fed into the voxel-wise nonpara
metric permutation tests.23 To investigate group differences in FA, a 
nonparametric permutation-based inference tool called randomize was 
used. The number of permutations was set to 5000, and the threshold- 
free cluster enhancement option to correct multiple comparisons was 
chosen. Voxel-wise statistics on skeletonized FA were conducted be
tween groups using a series of unpaired two-sample t-tests. The resulting 
significant TFCE-corrected P-value statistical maps were thresholded at 
0.99 (corresponding to P = 0.01). 

Overall, TBSS-analyses resulted in whole-brain mean FA, whole- 
brain mean FA skeleton, whole-brain mean diffusivity, and regional 
voxel-vise FA statistical image. 

2.5. Statistical analyses for demographic and clinical data 

All statistical analyses for demographical data were performed in 
SPSS software. Unpaired t-tests were performed to examine whether 
groups differed in age, BMI, and brain metabolites, while a chi-squared 
test was used for sex. Univariate tests (one-way ANCOVA) were used to 
compare differences in brain volume between groups controlling for age 
and total intracranial volume as covariates. 

Similarly, one-way ANCOVAs were used to compare differences in 
whole-brain FA skeleton values, whole-brain mean FA and mean diffu
sivity, and the significant regional clusters between groups adjusting for 
age and sex. For this purpose, age and sex were set as covariates and 
group as a fixed factor. 

For the explorative analyses, Pearson correlation analyses and 
Spearman correlation analyses were carried out to examine the associ
ation between the whole-brain mean FA skeleton and a) other cerebral 
characteristics (gray and white matter volumes, parietal metabolites), 
and b) diabetes-specific clinical characteristics (nerve conduction mea
surements, HbA1c, diabetes duration). Finally, analysis of variance 
(ANOVA) was performed to determine differences in whole-brain mean 
FA skeleton between the sub-groups with proliferative retinopathy/non- 
proliferative retinopathy and healthy controls. 

The significance level for the comparisons was set to 0.05. 

3. Results 

3.1. Subjects 

Two adults with T1DM did not complete the diffusion tensor imaging 
scans, leaving 46 adults with T1DM and confirmed DSPN (37 men, 49.9 
± 8.4 years) and 28 healthy controls (17 men, 49.9 ± 11.9 years) for the 
statistical analyses with complete MRI scans. Baseline demographics are 
provided in Table 1, where some of the data have previously been 
published in papers focusing on GLP-1 intervention (liraglutide) on 
neurophysiological measures,24 gastrointestinal transit,25 and cerebral 
metabolite alterations.19 The groups did not differ in sex and age, but 
BMI was increased in adults with T1DM as compared with healthy 
controls (P < 0.001). Brain volumes and MR-spectroscopy data derived 
from the previous papers are also presented in Table 1. 

3.2. Whole-brain TBSS analyses 

At the whole-brain level, TBSS analyses revealed group differences in 
whole-brain mean FA skeleton (PTFCE corrected = 0.018), whole-brain 

mean FA (PTFCE corrected = 0.026), and whole-brain mean diffusivity 
(PTFCE corrected = 0.043), see Table 2. 

At the regional level, whole-brain voxel-wise analysis of the white 
matter skeleton showed that adults with T1DM and DSPN had reduced 
FA values in a large cluster with right retrolenticular internal capsule 
(PTFCE corrected < 0.001) and in a large cluster with left inferior longi
tudinal fasciculus (PTFCE corrected < 0.001). See Table 2. Both clusters also 
covered the following regions: left anterior thalamic radiation, left su
perior longitudinal fasciculus, right optic radiation, internal capsule, 
right anterior corona radiata, posterior thalamic radiation, and left 
corticospinal tract. See Figs. 1 and 2. 

Regional FA was not increased in adults with T1DM and DSPN 
compared to healthy controls (P > 0.05). 

3.3. White matter correlation to other cerebral characteristics 

In the T1DM group, a positive association was observed between the 
parietal metabolite NAA/cre and the whole-brain mean FA skeleton (r =
0.399, P = 0.006). The two significant regional clusters shown in Table 2 
were also positively associated to NAA/cre: FA of left Inferior longitu
dinal fasciculus (r = 0.414, P = 0.004) and FA of the right retrolenticular 
internal capsule (r = 0.385, P = 0.008). See Table 3 and Fig. 3. 

Moreover, for T1DM, positive associations were found between 
whole-brain mean FA skeleton and brain volumes (relative GMV: r =
0.455, P = 0.002 and relative WMV: r = 0.692, P < 0.001). The sig
nificant regional clusters (Table 2) were also positively associated to the 
brain volumes: FA of the left inferior longitudinal fasciculus (relative 
GMV: r = 0.402, P = 0.006 and relative WMV: r = 0.622, P < 0.001) and 
FA of the right retrolenticular internal capsule (relative GMV: r = 0.410, 

Table 1 
Demographic and clinical characteristics of adults with type 1 diabetes mellitus 
(T1DM) and healthy controls.   

T1DM and DSPN 
(n = 46) 

Healthy controls (n 
= 28) 

P-value 

Age (years) 49.9 (8.4) 46.9 (11.9) 0.9 
Sex (M/F) 37/9 17/11 0.064 
BMI (kg/m2) 28.3 (4.5) 24.6 (2.6) <0.001 
Duration of diabetes 

(years) 
32.1 (9.5) –  

HbA1C (mmol/mol) 66.0 (10.4) –  
HbA1C (%) 8.2 (0.9) –  
Current glucose level 

(mmol/L) 
8.5 (3.7) –  

Age of onset (years) 17.8 (9.0) –  
Sural amplitude (μV) 2.5 (2.3) –  
Sural velocity (m/s) 37.9 (7.1) –  
Tibial amplitude (mV) 3.9 (3.3) –  
Tibial latency (ms) 4.5 (1.1) –  
Retinopathy level, n (%) 

No retinopathy 
Non-proliferative 
retinopathy 
Proliferative retinopathy  

0 
31 (67.4) 
15 (32.6)  

- 
- 
-  

Pain level, n (%) 
Non-painful 
Painful DSPN  

35 (76.1) 
11 (23.9)  

- 
-  

Brain volumes* 
Gray matter volume 
(mL) 
White matter volume 
(mL)  

626.1 (4.1) 
560.0 (4.9)  

642.0 (5.2) 
574.0 (6.3)  

0.02 
0.08 

Magnetic resonance 
spectroscopy 
Parietal NAA/cre ratio  

1.46 (0.15)  1.61 (0.20)  0.001 

Data are expressed as mean (standard deviation) unless otherwise stated. * 
adjusted for age, total intracranial volume and presented as mean ± standard 
error of the mean. Group differences were tested by the independent t-test for 
continuous variables and the chi-square test for the categorical variable. 
Abbreviation: DSPN: Distal symmetric peripheral neuropathy. T1DM: type 1 
diabetes mellitus. BMI: body mass index. 
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P = 0.005 and relative WMV: r = 0.598, P < 0.001). See Table 3 and 
Fig. 1. 

3.4. White matter correlation to the diabetes-specific clinical 
characteristics 

The duration of diabetes was negatively associated with whole-brain 
mean FA skeleton (r = − 0.495, P < 0.001), and the two significant 
regional clusters: FA of the left inferior longitudinal fasciculus (r =
− 0.484, P = 0.001) and FA of the right retrolenticular internal capsule 
(r = − 0.486, P = 0.001). See Table 3. 

Furthermore, there was a positive association between the whole- 
brain mean FA skeleton and the sural nerve amplitude (r = 0.296, P 
= 0.046). The two significant regional clusters were also associated with 
the sural nerve amplitude: FA of the left inferior longitudinal fasciculus 

(r = 0.301 P = 0.042) and FA of the right retrolenticular internal capsule 
(r = 0.298 P = 0.044). No associations were found between the FA es
timates and the tibial nerve measurements, sural nerve velocity, and 
HbA1c. See Table 3. 

Reduced whole-brain mean FA skeleton was observed in subgroups 
with proliferative retinopathy (mean ± SD: 0.42 ± 0.04) and non- 
proliferative retinopathy (0.44 ± 0.02) compared with healthy con
trols (0.45 ± 0.01) (overall P = 0.004), see Fig. 4 including post-hoc P- 
values. 

Overview of all main findings is presented in Fig. 1. 

4. Discussion 

To the best of our knowledge, this is the first study in adults with 
T1DM and confirmed distal symmetric peripheral neuropathy aiming to 

Table 2 
Detailed information FA alterations in adults with type 1 diabetes relative to healthy controls.   

Raw values P-value Adjusted mean (SE) P-value 

Whole-brain level T1DM Control  T1DM Control  

FA skeleton 0.44 (0.03) 0.45 
(0.02) 

0.018 0.44 (0.004) 0.45 (0.005) 0.018 

FA 0.27 (0.02) 0.28 
(0.01) 

0.037 0.27 (0.002) 0.28 (0.003) 0.026 

MD (mm2/s) 7.7 × 10− 4 

(7.0 × 10− 5) 
7.4 ×
10− 4 

(3.0 ×
10− 5) 

0.034 1.0 × 10− 3 

(7.4 × 10− 6) 
1.0 × 10− 3 

(9.5 × 10− 6) 
0.043 

Regional level       
Cluster 

Index 
Voxel 
size 

MAX MNI atlas 
coordinates 
(location of 
maximum Z-value) 
X Y Z 

Corresponding white matter tract      

2 12,984 0.993 37 -29 0 Retrolenticular internal 
capsule r (optic radiation) 

0.52 (0.003) 0.55 
(0.002) 

<0.001 0.53 (0.003) 0.56 (0.004) <0.001 

1 11,926 0.991 − 24 − 69 27 inferior longitudinal 
fasciculus L 

0.53 (0.03) 0.56 
(0.02) 

<0.001 0.52 (0.003) 0.55 (0.004) <0.001 

Data are expressed as mean (standard deviation) unless otherwise stated. Group differences were tested by GLM univariate analysis (ANCOVA). Significant clusters of 
voxels were calculated by the tract-based spatial statistics analysis of FA values in adults with T1DM and confirmed distal symmetric peripheral neuropathy while 
adjusting for age and sex after the threshold free cluster enhancement (TFCE)-correction for multiple comparisons at P < 0.01. The anatomical locations of each cluster 
were determined based on John Hopkins University DT-based white matter atlas. MNI: Montreal Neurological Institute. L: left. R: Right. SD: standard deviation. SE.: 
Standard error. T1DM: type 1 diabetes mellitus. FA: fractional anisotropy. MD: mean diffusivity. 

Fig. 1. Overview of the main findings. 
Cluster 1: left inferior longitudinal fasciculus. Cluster 2: right retrolenticular internal capsule. 
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investigate microstructural white matter brain alterations in relation to 
other MRI-based cerebral findings and diabetes-specific clinical char
acteristics. Firstly, the study demonstrated global deficits in 

microstructural white matter integrity measured by mean fractional 
anisotropy of the entire brain and relevant white matter regions. Sec
ondly, associations between white matter integrity and parietal metab
olite NAA/cre level and brain volumes were observed. Thirdly, positive 
associations were seen between white matter integrity and the sural 
nerve amplitude, and negative associations between white matter 
integrity and diabetes duration. Finally, reduced microstructural integ
rity was seen in proliferative retinopathy compared with non- 
proliferative retinopathy. These findings indicate that alterations of 
the cerebral white matter together with volumetric and metabolic brain 
changes may be essential in diabetic neuropathy, given that peripheral 
neuropathic complications seem to be accompanied by central 
neuropathy. 

4.1. Whole-brain white matter alterations 

Our findings are in line with previous studies reporting reduced FA in 
the anterior and posterior thalamic radiation, superior longitudinal 
fasciculus, optic radiation, internal capsule, anterior corona radiata, 
corticospinal tract, inferior longitudinal fasciculus, and retrolenticular 
internal capsule.9 Notably, as also found in our study, FA of the corti
cospinal tract has consistently been reported to decrease in both type-1 
and type-2 diabetes,26,27 demonstrating decreased microstructural 
integrity, which is indicative of neuronal loss and/or demyelination. In 
general, the corticospinal tract is one of the major neuronal pathways 
controlling voluntary motor movements. A growing body of evidence 

Fig. 2. Whole-brain tract-based spatial statistic (TBSS) analyses revealed significantly reduced FA in diabetes patients compared with healthy controls 
—representative slices from tract-based spatial statistical analysis, showing main white matter tract map with green. Red represented the white matter fiber bundle 
skeleton area with decreased fractional anisotropy value. 

Table 3 
Association between FA and a) other brain characteristics and 2) diabetes- 
specific clinical characteristics.  

Correlation 
analyses 

Whole-brain 
FA skeleton 

FA - Right 
retrolenticular internal 
capsule 

FA - left inferior 
longitudinal 
fasciculus 

Cerebral metabolites and volumes 
Parietal NAA/ 

cre* 
R = 0.399 
p = 0.006 

R = 0.385 
P = 0.008 

R = 0.414 
P = 0.004 

Relative GMV R = 0.455 
P = 0.002 

R = 0.410 
P = 0.005 

R = 0.402 
P = 0.006 

Relative WMV R = 0.692 
P < 0.001 

R = 0.598 
P < 0.001 

R = 0.622 
P < 0.001  

Diabetes-specific clinical characteristics 
Duration of 

diabetes* 
R = -0.495 
P < 0.001 

R = -0.486 
P = 0.001 

R = -0.484 
P = 0.001 

Sural nerve 
amplitude 

R = 0.296 
P = 0.046 

R = 0.298 
P = 0.044 

R = 0.301 
P = 0.042 

HbA1c P > 0.05 P > 0.05 P > 0.05 

FA: fractional anisotropy. GMV: gray matter volume. WMV: white matter vol
ume. *Spearman correlation test – the remaining correlation analyses were 
based on Pearson correlation. 
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shows that people with long-term diabetes and symmetrical poly
neuropathy develop motor dysfunctions, i.e., increased risk of falling, 
altered gait and balance, and increased body sway. Thus, the axonal 
impairment in the corticospinal tract,28 likely caused by hyperglycemic 
fluctuations, may exacerbate existing motor dysfunctions due combined 
negative impact of diabetes on peripheral nerves and sensorimotor re
gions in the brain.27 

To support our findings, previous studies have demonstrated changes 
in the optic radiation and superior longitudinal fasciculus in T1DM using 
the DTI technique.9,29 It is generally accepted that hyperglycemia is 
known to increase the risk of brain tissue damage or dysfunction by a 
metabolism-dependent cascade such as hyperglycemia-induced oxida
tive stress. Previous DTI studies suggested that the microstructural white 
matter alterations could alternatively be due to other glycolysis- 
independent biological factors that are changed simultaneously with 
severe hyperglycemic episodes.9 Thus, it would have strengthened the 
study if we had registered episodes of severe hyperglycemia, as this 
could have explained altered white matter integrity in optic radiation 
and superior longitudinal fasciculus. Likewise, the majority of DTI 
studies in T1DM have demonstrated white matter alterations in the 

thalamocortical tract, whose primary function is to relay sensory inputs 
from the thalamus to the cerebral cortex,9 which is also in accordance 
with our findings. Taken together, we suggest that the involvement of 
the microstructural white matter is increasingly being involved as part 
of the DSPN. However, it remains unknown whether the brain alter
ations are independent or occur simultaneously with damage in the 
peripheral nerves. Also, to definitively conclude whether the micro
structural white matter alterations are due to diabetes itself or to dia
betic neuropathy, a diabetic group without DSPN should be included in 
the future studies. More research in larger longitudinal studies of 
improved phenotyped subgroups is needed to establish the causality. 

4.2. Relationship between FA and cerebral characteristics 

DTI combined with brain volume has been investigated in adults 
with type 2 diabetes, demonstrating white matter abnormalities in the 
corticospinal tract and thalamocortical projecting fibers with gray 
matter volume loss, suggesting impaired motor and somatosensory 
transmission.30 Similarly, another study confirmed that the severity of 
microstructural changes correlated with volume loss in the occipital 

Fig. 3. The association between microstructural white matter changes and the cerebral characteristics in adults with T1DM.  

Fig. 4. Boxplot of whole-brain mean FA skeleton in healthy controls (n = 28), adults with diabetes, confirmed DSPN and non-proliferative retinopathy (n = 31), and 
adults with diabetes and DSPN and proliferative retinopathy (n = 15). The top and bottom of each box represent the first and the third quartiles (interquartile range), 
and the band inside the box represents the median value in each group. 
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cortex in T1DM.31 However, to our best knowledge, the combination of 
DTI and MR proton spectroscopy has mainly been overlooked1 although, 
MR proton spectroscopy provides valuable information into neuronal 
function. To address this knowledge gap, we combined DTI and MR 
spectroscopy, revealing a strong correlation between parietal NAA/cre 
and FA values of 1) whole-brain skeleton, 2) microstructural white 
matter inferior longitudinal fasciculus, and 3) white matter retro
enticular internal capsule. The parietal spectroscopy region was located 
in the white matter, consisting of identifiable tracts such as posterior 
corona radiata, which previous studies showed lower FA in T1DM.32 N- 
acetylasparatate is thought to be a marker of neuronal functionality and 
density. At the same time, creatinin is involved in neuronal energy 
metabolism and tends to be maintained at a relatively constant level. 
Thus, creatinine is used as a convenient internal standard regarding 
ratio calculations. Our previous study showed that parietal metabolic 
alterations in the central nervous system in T1DM with DSPN were 
associated with peripheral neuropathy severity, grade of retinopathy, 
and disease duration, implicating that the parietal white matter is pri
marily involved in diabetes and diabetic neuropathy.6 A possible 
mechanism by which low NAA/cre level could relate to reduced FA 
draws from the observations of decreased levels of NAA, which have 
been interpreted to indicate neuronal/axonal loss or compromised 
neuronal metabolism. Thus, decreased NAA may be related to demye
lination of the axons in the white matter of T1DM, given that NAA- 
derived acetate is required for some proportion of myelin lipid synthe
sis during axonal myelination.33 

4.3. Relationship between FA and diabetes-specific clinical characteristics 

We found a correlation between the duration of diabetes and FA at 
both the whole-brain level and in the two significant regions (inferior 
longitudinal fasciculus and retrolenticular internal capsule). Our find
ings are comparable with Ahmed et al.,32 who reported an inverse 
relationship between the duration of disease and lower FA in the optic 
radiation. This suggests that the duration of diabetes and associated 
glycemic fluctuations (both long-term hypo- and hyperglycemic events 
that are not necessarily reflected in the 3 months measure (HbA1c)) in
fluence the occurrence of microstructural white matter alterations. 

Alterations of the sensory nerve amplitude have been shown to be the 
most sensitive and reliable predictor of DSPN.30 Furthermore, in adults 
with T1DM and DSPN, our group has shown an association between 
NAA/cre in the parietal region (the white matter tracts, i.e., posterior 
corona radiata pass through) and thalamic structural loss and dysfunc
tion.6 It is, however, unknown whether these measures are associated 
with the presence of DSPN, i.e., are central neuronal functionality a 
product of altered afferent transmission caused by DSPN, or is the 
presence of DSPN caused by altered central processing.6,34 Furthermore, 
it has been suggested that there is dynamic plasticity of the brain in 
patients suffering from DSPN, driven by neuropathic processes.35 In 
support of these findings, the present study indicates that white matter 
integrity is correlated to peripheral sural nerve amplitude, suggesting a 
link between the severity of DSPN and loss of axonal density in the CNS. 
Overall, the association between the white matter changes in the brain 
and peripheral nerve damage supports the emerging recognition of 
diabetic neuropathy being, at least partly, a disease that affects the 
entire nervous system. 

Our current findings in relation to retinopathy are comparable with 
other studies. We showed decreased FA of white matter tracts in the 
subgroup with proliferative retinopathy, characterized with neo
vascularization, as compared with the subgroup with non-proliferative 
retinopathy. Similarly, van Duinkerken et al. reported a widespread 
reduction of FA in T1DM patients with and without microangiopathy 
compared to healthy controls.36 The presence of retinopathy is a marker 
for microangiopathy. It has been associated with the white matter tract 
changes but has also been associated with other structural changes in the 
brain, such as atrophy of the right inferior frontal gyrus and right 

occipital lobe.9,14 Thus, it seems that microvascular complications may 
be linked to the impairment of white matter tracts. 

4.4. Limitations 

There are several limitations of this study. Firstly, this is a cross- 
sectional study, which does not allow interpretation of causation, and 
consequently, the associations such as between FA and the amplitude of 
the sural nerve need further clarification in future longitudinal studies. 
Secondly, there may have been selection bias, given that all adults with 
T1DM on average had >30 years of T1DM, which permits several 
glucose fluctuations compared to newly diagnosed patients. Thirdly, a 
control group with T1DM and without neuropathy should be investi
gated in future studies to identify more precisely the diabetes effect per 
se versus a generic effect of neuropathy on the brain. Furthermore, from 
our cross-sectional study, it is uncertain whether the observed brain 
changes are due to diabetes per se, the presence of diabetic neuropathy, 
microangiopathy leading to proliferative retinopathy or a combination 
of all the factors. Therefore, our findings should be interpreted with 
caution given that our results only have provided preliminary evidence 
of white matter microstructural changes in this particular group of in
dividuals with diabetes and DSPN compared to healthy controls. 

Fourthly, considering recent advances in DTI methodology, the use 
of a 3 T MRI scanner with 32 directions could have limited the data 
quality. Thus, future studies are encouraged to use more directions, i.e., 
64 directions, to achieve better data quality. Lastly, it is important to 
bear in mind, that we did not correct for age and sex directly in the TBSS 
analysis, however, we did adjust for those relevant covariates after 
performing the TBSS analyses using ANCOVA, which is also a recognized 
method used in several studies.37–39 For the purpose of transparency, the 
unadjusted values are also presented in Table 2. Also, the explorative 
correlation analyses should be interpreted cautiously due to small 
sample size. Indeed, a larger sample size could be preferable to obtain 
more robust findings and multivariate analyses exploring the relative 
contribution of the different factors driving the brain FA changes. Taken 
together, with these limitations, it is hard to conclude whether the brain 
findings are related to diabetes per se, the presence of diabetic neu
ropathy, microangiopathy, or a combination of both diabetic neuropa
thy and microangiopathy, although this hypothesis-generating study 
provides explorative evidence for future research. 

5. Conclusions 

Our study is novel in adults with T1DM and confirmed distal sym
metric peripheral neuropathy, and we were able to investigate micro
structural white matter tracts in combination with peripheral nerve 
conduction testing and multiple MRI techniques such as volumetric 
brain and magnetic resonance spectroscopy. Our findings have provided 
preliminary evidence revealing the multifactorial and complex syner
gistic mechanisms underlying T1DM DSPN, which concomitantly 
involve white matter and neuronal metabolic alterations in the central 
nervous system as a central feature of diabetic neuropathy. 
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