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Abstract

Objectives: Clinical and histological studies have found evidence that nerve
ischemia is a major contributor to diabetic neuropathy (DN) in type 2 diabetes
(T2D). The aim of this study was to investigate peripheral nerve microvascular
permeability using dynamic contrast enhanced (DCE) magnetic resonance neu-
rography (MRN) to analyze potential correlations with clinical, electrophysio-
logical, and demographic data. Methods: Sixty-five patients (35/30 with/without
DN) and 10 controls matched for age and body mass index (BMI) underwent
DCE MRN of the distal sciatic nerve with an axial T1-weighted sequence.
Microvascular permeability (K"*"), plasma volume fraction (v,), and extravas-
cular extracellular volume fraction (v.) were determined with the extended
Tofts model, and subsequently correlated with clinical data. Results: K™" and
v. were lower in T2D patients with DN compared to patients without DN
(0.037 min™" £ 0.010 vs. 0.046 min~' + 0.014; p = 0.011, and 2.35% =+ 3.87
vs. 5.11% =+ 5.53; p = 0.003, respectively). In individuals with T2D, K" cor-
related positively with tibial, peroneal, and sural NCVs (r = 0.42; 95%CI = 0.18
to 0.61, 0.50; 95%CI = 0.29 to 0.67, and 0.44; 95%CI = 0.19 to 0.63, respec-
tively), with tibial and peroneal CMAPs (r = 0.27; 95%CI = 0.01 to 0.49 and
r = 0.32; 95%CI = 0.07 to 0.53), and with the BMI (r = 0.47; 95%CI = 0.25 to
0.64). Negative correlations were found with the neuropathy deficit score
(r = —0.40; 95%CI = —0.60 to —0.16) and age (r = —0.51; 95%CI = —0.67 to
—0.31). No such correlations were found for v,. Conclusion: This study is the
first to find associations of MR nerve perfusion parameters with clinical and
electrophysiological parameters related to DN in T2D. The results indicate that
a decrease in microvascular permeability but not plasma volume may result in
nerve ischemia that subsequently causes demyelination.
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Introduction

Diabetic neuropathy (DN) is one of the most severe com-
plications of diabetes mellitus with increasing prevalence.'
Especially in type 2 diabetes (T2D), the pathophysiologi-
cal mechanisms underlying the development of DN
remain poorly understood."™ Both clinical and histologi-
cal studies have found evidence that microangiopathy
resulting in nerve ischemia is a major contributor to
demyelination and axonal damage in T2D.”” In particu-
lar, post-mortem studies conducted on the nerves of the
lower extremities by Dyck et al. found that the pattern of
nerve damage in DN observed at the distal level of the
sciatic nerve resembles changes that can be attributed to
nerve ischemia.® To date, it has not been possible to
assess perfusion-related structural changes of peripheral
nerves in this particular region in the context of clinical
studies. Magnetic resonance neurography (MRN) at 3
Tesla (3 T) is a noninvasive method that allows to assess
peripheral nerves throughout the entire body.” Recent
studies on MRN in patients with T2D have found that, in
contrast to the progression of clinical symptoms, fascicu-
lar nerve damage in T2D predominates at thigh level and
that structural nerve damage in this position is related to
clinical and electrophysiological parameters.'® It could
further be demonstrated that fascicular nerve damage
detected by MRN is associated with parameters of micro-
and macroangiopathy such as intima-media-thickness or
pulse wave velocity.'" A pilot study on dynamic contrast
enhanced (DCE) MRN in patients with mainly inflamma-
tory neuropathies could show that DCE sequences allow
to assess the perfusion of peripheral nerves.'> The
extended Tofts model allows calculating the constant of
the examined nerve’s capillary permeability (K™"), the
volume fraction of the plasma space (v,), and the volume
fraction of the extravascular extracellular space (v.) from
DCE MRN sequences and is widely used for DCE analysis
of vascular permeability in MR imaging of the central
nervous system.'>'* These parameters provide an insight
into the assessed nerve’s microcirculation. The aim of this
study was to combine DCE imaging of nerves at thigh
level in patients with T2D with demographic, clinical, and
electrophysiological data in order to assess potential asso-
ciations between the microcirculation of nerves and clini-
cal parameters related to DN in patients with T2D.

Methods

Study design and participants

This study was approved by the ethics committee of Hei-
delberg university hospital (HEIST-DiC, clinicaltrials.gov
identifier NCT03022721, local ethics number S-383/2016)
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and all participants gave written informed consent. Over-
all exclusion criteria were age <18, pregnancy, an esti-
mated glomerular filtration rate (eGFR) <60 mL/min,
and any contraindications for MR imaging or administra-
tion of MRI contrast agents. Participants were also
excluded in case of any history of spine surgery or disc
extrusion, any risk factors for neuropathy other than dia-
betes such as malignant diseases, alcoholism, hypovita-
minosis, any previous or ongoing exposure to neurotoxic
agents, and any chronic neurological diseases such as
Parkinson’s disease, restless legs syndrome, or multiple
sclerosis. The sample size was based on the results of pre-
vious MRN studies on DN.'"'> Sixty-five patients with
T2D (21 women, 44 men, mean age 63.77 years £ 9.71)
and 10 controls (five women, five men, mean age
59.90 years & 7.00) were enrolled in this prospective
single-center study between January 2017 and March
2020 and underwent DCE 3-T MRN. The recruitment of
participants is illustrated in Figure 1.

Clinical and electrophysiological
examination

In every participant, a detailed medical history was docu-
mented. Blood was drawn in fasting state. Electrophysio-
(VikingQuest; Viasys Healthcare
GmbH) included an assessment of the nerve conduction

logical examinations

velocity (NCV) of the tibial, peroneal, and sural nerve,
distal motor latency (DML) and compound muscle action
potential (CMAP) of the tibial and peroneal nerve, and
sensory nerve action potential (SNAP) of the sural nerve
of the right leg. Skin temperature was kept at 32°C
throughout the examination. Electrophysiological studies
were conducted by two specially trained medical technical
assistants with more than 6 years of experience. An exam-
ination of neuropathic symptoms was performed com-
prising the neuropathy disability score (NDS) and the
neuropathy severity scale (NSS).'® According to Gibbon’s
criteria, patients with an NDS >3 were assigned to the
DN group.'’

MRI imaging protocol

All participants underwent high-resolution MRN of the
right thigh in a 3.0 Tesla MR-scanner (Magnetom
SKYRA, Siemens Healthineers). A 15-channel transmit-
receive extremity coil was used and the following
sequences were applied:

1 Axial high resolution T2-weighted turbo spin echo
(TSE) 2D sequence with spectral fat suppression. Repe-
tition time (TR) = 5970 ms, echo time (TE) = 55 ms,
field of view (FOV) = 160 x 160 mm?, matrix size =
512 x 512, slice thickness = 4 mm, no interslice gap,

© 2022 The Authors. Annals of Clinical and Translational Neurology published by Wiley Periodicals LLC on behalf of American Neurological Association. 831
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Individuals with T2D and controls assessed for eligibility:
n=165 (T2D: n=140; controls:n=25)

v

Consent to participate in the study: n=98 (T2D: n = 82,
controls: n=16)
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Excluded (n=20) due to

Contraindications for MRI (n=5)
Polyneuropathy of other cause (n=7)
Neurologic disease other than polyneuropathy (n=5)
Prior history of lumbar disc herniation (n=3)

N

Assessed with magnetic resonance nuerography: n=78
(T2D: n=67, controls: n=11)

Excluded due to poor imaging quality (n=3)

A 4

Imaging completed and of good quality: n=75

T2D with DN T2D without Controls
DN
Women (n=10) Women (n=11) Women (n=5)
Men (n=25) Men (n=19) Men (n=5)

Figure 1. Flowchart on the recruitment of participants. DN, diabetic neuropathy.

voxel size = 0.3 X 0.3 x 4.0 mm?, 24 slices, 24 acquired
images, total acquisition time = 4:42 min.

2 Axial Tl-weighted volume interpolated breath-hold
examination (VIBE) sequence. Repetition time (TR) =
33 ms, echo time (TE) = 1.11 ms, field of view
(FOV) = 160 x 160 mm’, size = 128 X 128,
slice thickness = 4 mm, interslice gap = 0.8 mm, voxel
size = 1.3 X 1.3 X 4.0 mm’; single acquisition at a flip
angle of 5°, 8°, 11°, 14°, 17° (24 slices = 144 acquired
images), total acquisition time = 30s.

3 Axial T1-weighted volumetric interpolated breath-hold
examination (VIBE) sequence. Repetition time (TR) =
33 ms, echo time (TE) =1.11 ms, field of view
(FOV) = 160 X 160 mm?, size = 128 x 128,
slice thickness = 4 mm, interslice gap = 0.8 mm, voxel
size =13 x 1.3 X 40 mm’, 50 repetitions (1200
acquired images) at a flip angle of 15°, contrast agent
administration (Dotarem®, Guerbet, France, 0.1 mmol/
kg, flow rate 3.5 mL/s) after completion of the sixth
repetition, total acquisition time = 4:09 min.

matrix

matrix

The sequence was centered to the sciatic nerve bifurca-
tion at distal thigh level in every participant.

MRI data analysis and statistical analysis

All images were pseudonymized. For each patient, the tib-
ial compartment of the sciatic nerve was manually seg-
mented on all slices of the T2-weighted sequence using
Image].'"® Segmented T2-weighted images were co-
registered to the T1 VIBE sequence with custom-written
code in Matlab (MathWorks, Natick, MA, R2020b), using
affine transformations.'”” The process of image co-
registration is illustrated in Figure 2. The arterial input
function (AIF) was determined by manually segmenting a
region of interest of the femoral artery on a representative
imaging slice and using the average signal intensity of all
artery voxels for consecutive imaging time points to
obtain the signal intensity curve during contrast adminis-
tration. The end of the signal intensity baseline (before
signal intensity increase due to contrast administration)

832 © 2022 The Authors. Annals of Clinical and Translational Neurology published by Wiley Periodicals LLC on behalf of American Neurological Association.
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Figure 2. The process of image segmentation and co-registration. (A) Position of the distal sciatic nerve’s tibial compartment (red circle). (B) Seg-
mentation of the tibial compartment. (C) T1-weighted volumetric interpolated breath-hold examination (VIBE) sequence of the same position as in
(A) with the co-registered region of interest for the sciatic nerve's tibial compartment. (D) Color-coded K™ map of the sciatic nerve's tibial com-

partment calculated with the extended Tofts model.

was determined as the last imaging time point before sig-
nal intensity would increase by more than 25% above the
averaged signal intensity of all preceding imaging time
points. The resulting AIF was smoothed with a moving
average filter of three images.

Relaxation time T, for the first imaging time point

was subsequently determined for each voxel in depen-
dence on flip angle a by assigning T, .(a) = Sly/tan(a)
and Ti,(a) = Slp/sin(a), where Sl corresponds to the

initial signal intensity, and performing linear regression
on Ty, and T, to obtain the slope m, see also.”® The
spin-lattice  relaxation time Tjgthen follows as
T10 = —=TR/log(m), TR being the repetition time. With
ag = 15°, we find at time ¢ with signal intensity SI, and

relaxation time T, the following: %“:—log(%) /TR,
sisl1—exp[—]]

where C, = [ } , see also Eq. (6) in Ref.?!

1—COS(GR>]€XP(_%)

We eventually obtained the tissue concentration C(t) at

© 2022 The Authors. Annals of Clinical and Translational Neurology published by Wiley Periodicals LLC on behalf of American Neurological Association. 833
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Table 1. Demographic, clinical, electrophysiological, and MRN imag-

ing data of all study participants.

T2D Controls
Total 65 10
Gender (w/m) 21 w/44 m 5w/5m
Age (years) 63.77 £ 9.71 59.90 + 7.00
Disease duration 9.08 + 8.55 n.a.
Body mass index (kg/mz) 29.52 +4.73 27.96 + 3.41
Sciatic nerve’s K™ (min~") 0.041 + 0.013 0.036 + 0.011
Sciatic nerve's v, (%) 459 4+ 0.74 4.48 £+ 0.40
Sciatic nerve's ve (%) 3.63 = 4.86 1.75 £ 1.77
Neuropathy disability score 3.48 +2.82 1.50 + 1.51
Neuropathy severity scale 433 +3.39 2.20 + 3.71
Sural nerve NCV (m/s) 36.92 +£ 12.97 4540 £ 5.17
Sural nerve SNAP (uV) 4.87 + 3.07 891 £ 6.71
Peroneal nerve NCV (m/s) 39.90 + 5.85 4530 + 4.32
Peroneal nerve CMAP (mV) 5.11 + 3.64 10.35 + 7.01
Peroneal DML (ms) 6.89 £+ 10.62 3.94 + 0.48
Tibial NCV (m/s) 40.19 £ 5.56 44.20 + 3.43
Tibial CMAP (mV) 10.25 £ 6.70 18.06 + 8.45
Tibial DML (ms) 5.75 + 3.99 3.64 + 0.56
HbA1Tc (%) 6.92 +£ 1.16 471 +£2.95
GFR (mL/min) 86.59 + 15.82 87.95 + 15.56
All values are displayed as mean + standard deviation. K" = con-

stant of capillary permeability; v, = extravascular extracellular volume
fraction; vp = plasma volume fraction; NCV = nerve conduction veloc-
ity; CMAP = compound motor action potential; SNAP = sensory nerve
action potential; m/s = meters per second; ms = milliseconds;
mV = millivolts; uV = microvolts; GFR = glomerular filtration rate.

time t as C(t) :% {ﬁ—ﬁ} 2! where 1, = 3.43 L/mmol/s
corresponds to the relaxivity of blood at 3 T.**

Within the extended Tofts model, that consists of a
plasma and an extravascular extracellular compartment

(see also Fig. S1), the following relation holds™’:

Cu(t) = K"ansfotAIF(t’)eXp (— W) dt’ + v,AlF(1),
where K" represents the volume transfer constant
between the plasma and the extravascular extracellular
compartment, v, corresponds to the volume fraction of
extravascular extracellular space per unit volume of tissue,
v, corresponds to blood plasma volume per unit volume
of tissue, and Cy(f) represents the model tissue concen-
tration at time t. Because of the relatively small molecular
size of the employed contrast agent (559 Dalton), its cap-
illary leakage into the extravascular space is reversible.
The capillary leakage can therefore be assumed to be pro-
portional to the difference in concentrations between the
capillaries and the tissue. K™ is the constant of this
proportionality.'>** We used the Nelder-Mead simplex

method to minimize the residual sum of least squares,
3. [Cu(t)=C(1))?, for model parameters K", v,, and v,
with  starting  values K™ =0.007/s, v,=0.15,

v, = 0.025.'27777

J.M.E. Jende et al.

Statistical analysis

Statistical data analysis was carried out with MATLAB
7.14.0.0739 (R2012a) and GraphPad Prism 7. Gaussian
normal distribution was tested with the D’Agostino-
Pearson omnibus normality test. If a Gaussian normal
distribution was given, t tests were used for comparisons
of two groups, one-way ANOVAs were used for compar-
isons of more than two groups, and Pearson correlation
coefficients were used for correlation analysis. If data were
not Gaussian distributed, the Mann-Whitney test was
used for comparisons of two groups, the Kruskal-Wallis
test with post hoc Dunn correction was used for multiple
comparisons of more than two groups, and nonparamet-
ric Bonferroni-corrected Spearman correlation was used
for correlation analysis.

Results

Demographic and clinical data

Of 65 patients with T2D who took part in this study, 35
suffered from DN, while 30 showed no signs of DN
according to Gibbon’s criteria. A summary of demo-
graphic and clinical data of patients with T2D and con-
trols is provided in Table 1, a summary of group
comparisons of patients with and without DN, and con-
trols is provided in Table 2.

MRN perfusion parameters

In patients with T2D and in controls K™ was strongly
correlated with v, (r = 0.86; 95%CI = 0.77 to 0.91, and
r = 0.75; p = 0.013, respectively). K"*" and v, were lower
in patients with DN compared to patients without
DN (0.037(min™") £ 0.010 vs. 0.046(min~') + 0.014;
p=0011, and 235% &+ 3.87 vs. 5.11% =+ 5.53,
p = 0.003, respectively). No such differences were found
for v, (4.62% =£ 0.82 vs. 4.55 £ 0.65; p > 0.999). Com-
pared to controls, v, was higher in T2D patients without
DN (5.11% =+ 5.53 vs. 1.75% =+ 1.77; p = 0.038), while
K" was not (0.046(min™!) £ 0.014 vs. 0.036(min™")
+ 0.011; p = 0.077). Also, no differences for K™, v,
and v, were found between T2D patients with DN com-
pared to controls. All group comparisons of perfusion
parameters are found in Table 2.

Correlation of perfusion parameters with
demographic data

In patients with T2D, K™" and v, correlated with age
(r = —0.51; 95%CI —0.67 to —0.31, and r = —0.34; 95%
CI = —0.55 to —0.10, respectively) and BMI (r = 0.47;

834 © 2022 The Authors. Annals of Clinical and Translational Neurology published by Wiley Periodicals LLC on behalf of American Neurological Association.
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Table 2. Group comparisons of T2D patients with and without DN, and controls.

Decreased nerve permeability in T2D neuropathy

T2D DN vs. T2D

72D DN T2D no DN Controls no DN T2D DN vs. T2D No DN vs.
(n = 35) (n = 30) (n=10) p-value p-value Controls p-value Controls p-value
K@ (min~") 0.037 +£0.010 0.046 + 0.014 0.036 + 0.011 0.008*  0.011 0.968 0.077
Ve 2.35 + 3.87 5.11 +£ 5.53 1.75 £ 1.77 0.002% 0.003 >0.999 0.038
Vo 4.62 + 0.82 4.55 + 0.65 4.48 + 0.40 0.981¢ >0.999 >0.999 >0.999
Age (years) 66.14 + 8.62 61.00 £ 10.31 59.90 + 7.00 0.042% 0.116 0.106 >0.999
Disease duration 10.65 +9.26  7.00 + 7.64 n.a. 0.166" 0.166 n.a. n.a.
(years)
Gender (w/m) 10w/25 m 11w/19 m 5w/5 m 0.440% >0.999 0.637 >0.999
BMI (kg/m?) 29.49 £ 455 29554502 27.96 + 3.41 0.613*  0.998 0.625 0.619
NDS 5.49 4+ 2.04 0.80 £ 0.92 1.50 £ 1.51 <0.001%  <0.001 <0.001 >0.999
NSS 5.46 £+ 2.96 2.73 +3.38 2.20 + 3.71 0.001*  0.003 0.018 >0.894
Sural NCV (m/s)  29.16 + 11.96 45.24 + 7.95 45.40 + 5.17 <0.001"  <0.001 0.007 >0.999
Sural SNAP (uV) 3.42 + 1.53 6.53 +£3.54 891 £ 6.71 <0.001" 0.003 <0.001 0.161
Peroneal NCV 37.71 £563 4257 £501 4530+ 432 <0.001* 0.002 <0.001 0.340
(m/s)
Peroneal CMAP  3.42 4+ 2.53 7.16 £ 3.77 10.35 £ 7.01 <0.001%  <0.001 <0.001 0.538
(mV)
Peroneal DML 8.48 + 14.10 4.96 + 2.17 3.94 +£0.48 0.010¢ 0.155 0.014 0.476
(ms)
Tibial NCV (m/s) 38.32 + 5.67 4225 £ 474 4420 + 3.43 0.002% 0.011 0.006 0.548
Tibial CMAP 7.47 + 6.33 13.41 +£5.71 18.06 + 8.45 <0.001"  0.001 <0.001 0.054
(mV)
Tibial DML (ms)  6.43 + 4.52 498 + 3.17 3.64 + 0.56 0.004% 0.150 0.005 0.257
HbA1Tc (%) 7.17 £ 1.09 6.73 £ 1.27 471 +£ 295 <0.001" 0.331 <0.001 0.015
GFR (mL/min) 82.61 +13.96 89.89 + 17.89 87.95+ 1556 0.303” 0.290 0.645 0.946

All values of participants are displayed as mean + standard deviation. * = results obtained from One way ANOVA; K = Results obtained from
Kruskal-Wallis test; T = Results obtained from t-Test; T2D DN = T2D patients with diabetic neuropathy; T2D no DN = T2D patients without dia-
betic neuropathy; K" = constant of capillary permeability; v. = extravascular extracellular volume fraction vy, = plasma volume fraction; BMI =
body mass index; NDS = neuropathy disability score; NSS = neuropathy severity scale; NCV = nerve conduction velocity; SNAP = sensory nerve
action potential, CMAP = compound motor action potential; DML = distal motor latency; ms = milliseconds; mV = millivolts; uV = microvolts

HbA1c = glycated hemoglobin; GFR = glomerular filtration rate.

95%CI = 0.25 to 0.64, and r = 0.41; 95%CI = 0.18 to
0.60), see also Figure 3A and B. In controls, no correla-
tion with age was found for K™ or v, (r = 0.11; 95%
CI = —0.56 to 0.69, and r = 0.39; 95%CI —0.31 to 0.82,
respectively), while there was a positive correlation of
K™ with the BMI (r = 0.71; 95%CI 0.14 to 0.92). No
correlations were found with gender in T2D patients or
controls. Also, no correlation was found with diabetes
duration, glomerular filtration rate, or HbAlc levels.
Parameter v, was not correlated with any of the acquired
demographic parameters in T2D patients or controls.

Correlation of perfusion parameters with
clinical and electrophysiological data

K™ and v, were positively correlated with NCVs of tib-
ial (r = 0.42; 95%CI = 0.18 to 0.61, and r = 0.42; 95%
CI = 0.17 to 0.61, respectively), peroneal (r = 0.50; 95%
CI = 0.29 to 0.67, and r = 0.44; 95%CI = 0.21 to 0.63,
respectively), and sural (r = 0.44; 95%CI = 0.19 to 0.63,

and r = 0.40; 95%CI = 0.15 to 0.60) nerves, see also Fig-
ure 3C and D. Further positive correlations were found
for K™ and v, with CMAPs of tibial (r = 0.27; 95%
CI =0.01 to 0.49, and r = 0.34; 95%CI = 0.08 to 0.55,
respectively) and peroneal (r = 0.32; 95%CI = 0.07 to
0.53, and r = 0.33; 95%CI = 0.08 to 0.54, respectively)
nerves. Negative correlations were found for K™*" and v,
with the NDS (r = —0.40; 95%CI = 0.60 to —0.16, and
r=—0.48; 95%CI = —0.66 to —0.26, respectively). No
such correlations were found for the NSS, and no correla-
tions between perfusion parameters and electrophysiologi-
cal data were found in the control group. A detailed
summary of all correlations of MRN perfusion parameters
with clinical and electrophysiological data in T2D patients
is provided in Table 3.

In a partial correlation analysis controlled for age and
BMI, correlations of peroneal NCVs with K™ and v,
remained significant (r = 0.34; p = 0.044, and r = 0.34;
p = 0.045). For tibial NCVs, correlations remained signif-
icant for v, (r=0.33; p =0.042). In addition, partial

© 2022 The Authors. Annals of Clinical and Translational Neurology published by Wiley Periodicals LLC on behalf of American Neurological Association. 835
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Figure 3. Correlations of the sciatic nerve’s K™ with demographic and electrophysiological parameters. (A) Correlation of K" with age
(r=-0.46; p < 0.001). (B) Correlation of K" with body mass index (BMI; r = 0.48; p < 0.001). (C) Correlation of K"™" and tibial nerve
conduction velocity (NCV; r = 0.42; p = 0.001). (D) Correlation of K" and peroneal NCV (r = 0.50; p < 0.001).

correlation analysis revealed a significant correlation
between v, and sural SNAPs (r =0.41; p =0.019). A
detailed summary of partial correlation analyses of elec-
trophysiological parameters is provided in Table S1.

Discussion

This study investigated peripheral nerve perfusion in patients
with T2D using DCE 3 T MRN. The main findings were (i)
DCE MRN at sciatic nerve level detected lower values of K™
and v, in T2D patients with DN compared to T2D patients
without DN while no such difference was found between T2D
patients with DN and controls; (ii) K™ and v, were corre-
lated with the NDS score and electrophysiological parameters
in T2D patients while no such correlation was found for v,;
(iii) K™ and v, correlated with age and BML.

The range of perfusion parameter values of this study
is in line with a reference study on DCE MRN, which

underlines that DCE-MRN is feasible in patients with
T2D."” The positive association of K™ with v, shows
that an increase in the sciatic nerve’s microvascular per-
meability is correlated with an increase of the extravascu-
lar extracellular volume (EEV) fraction, and, therefore,
with a better supply of nerve structures via the blood
stream. In turn, this correlation suggests that a decrease
in nerve permeability results in a reduction of EEV and,
ultimately, in nerve ischemia. The finding that both K™™
and v, were positively correlated with the assessed nerve
conduction velocities and compound motor action poten-
tials further suggests that a decrease in nerve permeability
and the associated decrease in EEV fraction contribute to
nerve ischemia causing demyelination and axonal damage.
This hypothesis is further supported by the finding that
K™ and v, were lower in DN patients compared to
patients without DN. This is in line with the results of
histological studies conducted by Dyck et al. that
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Table 3. Correlations of MRN perfusion parameters with demographic, clinical, and electrophysiological data in patients with T2D.

K@ (min~") Vo (%) Ve (%)

r 95%Cl r 95% ClI r 95% Cl
Kans (min~") -0.15° —-0.39t0 0.11 0.86° 0.77 t0 0.91
Vo -0.15° —-0.39 t0 0.11 0.15° —0.11 t0 0.38
Ve 0.86° 0.77 to 0.91 0.15° —0.11 t0 0.38
Age (years) -0.51° —-0.67 to —-0.31 <0.01° —-0.25 t0 0.25 -0.34° —-0.55 t0 -0.10
Diabetes duration (years) 0.01° -0.24 t0 0.24 0.15° -0.37t0 0.14 -0.01° -0.25t0 0.24
Gender 0.23° —0.02 to 0.46 -0.17° —0.40 to 0.09 0.21° —-0.05t0 0.44
BMI 0.47° 0.25 to 0.64 0.12° —-0.14 to0 0.36 0.41° 0.18 to 0.60
NDS -0.40° -0.60 to —0.16 <0.01° —0.25t0 0.26 -0.48° —0.66 to —0.26
NSS -0.31° —0.52 to —-0.06 0.06° —0.19 t0 0.31 -0.29° —0.51 to —-0.04
Sural NCV (m/s) 0.44° 0.19 t0 0.63 -0.17° -0.42 t0 0.10 0.40° 0.15 to 0.60
Sural SNAP (uV) 0.34° 0.09 to 0.56 -0.11° —-0.36 t0 0.16 0.38° 0.13 to 0.58
Peroneal NCV (m/s) 0.50° 0.29 to 0.67 -0.15° —-0.39t00.12 0.44° 0.21 t0 0.63
Peroneal CMAP (mV) 0.32° 0.07 to 0.53 -0.03° —-0.28 t0 0.23 0.33° 0.08 to 0.54
Peroneal DML (ms) -0.48° —0.65 to —-0.25 -0.03° —-0.29 t0 0.22 -0.52° —0.69 to —-0.30
Tibial NCV (m/s) 0.42° 0.18 to 0.61 -0.17° -0.41t0 0.10 0.42° 0.17 to 0.61
Tibial CMAP (mV) 0.27° 0.01 to 0.49 <0.01° —0.26 to 0.26 0.34° 0.08 to 0.55
Tibial DML (ms) -0.27° —0.50 to -0.01 0.01° —0.25 to 0.27 -0.33° —0.55 to -0.08
HbA1c (%) -0.06° -0.32t0 0.20 -0.02° —-0.27 t0 0.24 <0.01° —-0.26 t0 0.26
GFR (mL/min) —-0.08° -0.37t0 0.22 -0.06° —0.36 to 0.25 -0.07° -0.37t0 0.23

*Spearman correlation coefficient; PPearson correlation coefficient; K"

constant of capillary permeability; ve = extravascular extracellular vol-

ume fraction v, = plasma volume fraction; BMI = body mass index; NDS = neuropathy disability score; NSS = neuropathy severity scale; NCV =
nerve conduction velocity; SNAP = sensory nerve action potential; CMAP = compound motor action potential; DML = distal motor latency;
m/s = meters per second; ms = milliseconds; mV = millivolts; x4V = microvolts HbA1c = glycated hemoglobin; GFR = glomerular filtration rate.

identified nerve ischemia as a potential contributor to
demyelination at distal sciatic nerve level.*® In addition
to those findings, the results of this study suggest that the
main contributor to nerve ischemia is a decrease in
microvascular permeability but not in miscrovascular
plasma volume, since no correlations were found for the
plasma volume fraction vy,

One should note that this study only found differences
in perfusion parameters K™ and v. between T2D
patients with and without neuropathy, and differences of
v. between T2D patients without DN and controls, while
no such difference was found between controls and T2D
patients with DN. Given the positive correlations of K"™"°
and v, with parameters of nerve conduction, and the neg-
ative correlations with the NDS in patients with T2D
described above, however, one would assume both K"
and v, to be lower in T2D patients with DN compared to
controls. Instead, it appears that K™ and v, are at nearly
the same level in T2D DN patients and controls, while
both K™ and v, are higher in T2D patients without
DN. One possible explanation for this finding might be
that, in the setting of T2D, the metabolic demand of
myelinating cells requires an increase of capillary perme-
ability to keep the nerve in a vital condition. This is sup-
ported by previous studies on animal models of T2D that
have found capillary permeability of peripheral nerves to

be increased due to leakiness of the blood—nerve barrier.”®
This in mind, the results of our study suggest that, com-
pared to controls without diabetes, capillary permeability
of peripheral nerves is increased in T2D patients due to
the nerves’ metabolic demand.”” During the course of
T2D, various processes known to be associated with the
disease such as perivascular fibrosis and endothelial dam-
age, which can be aggravated by smoking,® cause a
decrease in nerve permeability, which ultimately results in
nerve ischemia leading to DN.

The finding that K™ and v, were negatively correlated
with age suggests that the microvasculature of the sciatic
nerve becomes less permeable during the process of aging.
This is in line with numerous clinical studies which have
found that higher age is an important risk factor for DN.*®
The positive correlations of K™ and v, with the BMI sug-
gest that a higher BMI is associated with an increasing per-
meability of the sciatic nerve’s microcirculation. The latter is
surprising since the majority of clinical studies has found
obesity to be a risk factor for DN.** One possible explanation
might be that metabolic changes associated with obesity such
as dyslipidemia may have a more severe impact on demyeli-
nation than microvascular changes alone.” It remains to be
determined, however, in how far metabolic changes associ-
ated with obesity also contribute to an increase in microvas-
cular permeability in T2D patients and controls.
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One may of course argue that the correlations between
MRN perfusion parameters and parameters of nerve con-
duction simply reflect the combined effects of age and
obesity on nerve structure in patients with T2D. It should
be taken into account, however, that correlations of tibial
and peroneal NCVs with v, and of peronealtibia} NCVs
with K" remained significant after partial correlation
analysis double controlled for age and BMI. Thus, it is
justified to assume that both nerve permeability and EEV
fraction have a relevant impact on demyelination in T2D.

The focus of this study was to investigate possible asso-
ciations between in vivo parameters of microvascular
nerve perfusion with parameters of nerve conduction and
basic clinical neuropathy scores in T2D patients. This
study did not investigate pain in the context of DN. Since
pain is arguably related to nerve ischemia in T2D, future
studies on MRN perfusion should investigate the poten-
tial association between pain and parameters of microvas-
cular permeability in DN, using specific scales and
methods such as quantitative sensory testing.”!

An important technical limitation of this study is that
the resolution of the MR perfusion sequence does not
allow distinguishing endoneurial blood flow from per-
ineural blood flow. We therefore cannot tell whether the
observed changes in K™ apply to both compartments at
the same extent. This study is further limited by the fact
that the cross-sectional design does not allow to draw
conclusions on the impact of nerve perfusion on the pro-
gression of DN. It should be kept in mind, however, that
the primary aim of this study was to assess the feasibility
of DCE MRN in patients with T2D and to investigate
potential correlations with clinical and demographic
parameters. Another limitation is the fact that our cohort
was not equally balanced for women and men. It should
be considered, however, that no correlation was found
between gender and any of the acquired parameters, indi-
cating that gender does not have a relevant impact on
nerve perfusion. Another limitation is the fact that the
number of patients and controls was not equally bal-
anced. It should be considered, however, that the primary
aim of this study was to detect the impact of nerve perfu-
sion on nerve function and structural integrity in patients
with T2D and not to detect differences to healthy con-
trols. The age-matched control group was included in this
study in order to assess whether the perfusion parameters
of T2D patients strongly differed from those of individu-
als without T2D, and, therewith, to determine whether
the analysis of nerve perfusion on MRN DCE sequences
is a viable method in patients with T2D, since there are
no reference values for nerve perfusion determined by the
extended Tofts model in the literature so far.

In summary, this study found that the constant of per-
meability, K™" and the extravascular extracellular

J.M.E. Jende et al.

volume fraction, v, but not the plasma volume fraction
v, were correlated with clinical and electrophysiological
parameters of the tibial and peroneal nerve in patients with
T2D. The results indicate that a decrease in microvascular
permeability but not in microvascular blood volume con-
tribute to nerve ischemia resulting in demyelination and
axonal damage. It was further found that nerve permeabil-
ity declines with age whereas an increase in BMI is corre-
lated with an increase in nerve permeability. Further
longitudinal studies on the impact of nerve perfusion on
the progression of DN and on the impact of obesity on
nerve microcirculation are warranted.
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Figure S1. Illustration of the two compartment exchange
model. Plasma flows into and out of the capillary (white
cylinder) with the flow F,. The exchange of contrast agent
between the plasma inside the capillary and the extravas-
cular extracellular space (grey rectangle) between the cap-
illary and the nerve fascicles (yellow tubes) is assumed to
be symmetric and is defined by the permeability surface
product, represented by K"". v, represents the volume
fraction of capillary plasma whereas v, represents the vol-
ume fraction of the extravascular extracellular space.
Table S1. Correlations of MRN perfusion parameters with
electrophysiological data in a partial correlation analysis
double controlled for age and BML.
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