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Vasomodulation of peripheral blood
flow by focused ultrasound potentiates
improvement of diabetic neuropathy
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ABSTRACT

Objective Effective treatment methods for diabetic
peripheral neuropathy are still lacking. Here, a focused
ultrasound (FUS) technique was developed to improve
blood flow in diabetic peripheral vessels and potentially
treat diabetic peripheral neuropathy.

Research design and methods Male adult Sprague-
Dawley rats at 4 weeks poststreptozotocin injections

were adopted as models for diabetic neuropathic rats. For
single FUS treatment, blood perfusion in the skin of the
pad of the middle toe was measured before, during, and
after the medial and lateral plantar arteries were treated
by FUS. For multiple FUS treatments, blood perfusion
measurements, von Frey and hot plate testing and nerve
conduction velocity measurements were performed before
ultrasonic treatment on the first day of each week, and the
microvascular and neural fiber densities in the pad of the
toe were measured on the first day of the last week.
Results The blood perfusion rate significantly increased
for 7-10 min in the control and neuropathic rats after

a single ultrasound exposure. Multiple ultrasound
treatments compared with no treatments significantly
increased blood perfusion at the second week and further
enhanced perfusion at the third week in the neuropathic
rats. Additionally, the paw withdrawal force and latency
significantly increased from 34.33+4.55 g and 3.96+0.25
s at the first week to 39.10+5.02 g and 4.77+0.71 s at the
second week and to 41.13+2.57 g and 5.24+0.86 s at the
third week, respectively. The low nerve conduction velocity
in the diabetic rats also improved after the ultrasound
treatments. Additionally, ultrasound treatments halted the
decrease in microvessel and neural fiber densities in the
skin of the diabetic toes. Histologic analysis indicated no
damage to the treated arteries or neighboring tissue.
Conclusions FUS treatment can increase upstream
arterial blood flow in diabetic feet, ameliorate the decrease
in downstream microvessel perfusion and halt neuropathic
progression.

INTRODUCTION

The global prevalence and incidence of
diabetes mellitus were 437-522 million and
21-25 million, respectively, in 2017." Over
50% of patients with diabetes can develop
diabetic peripheral neuropathy,®® and the
most common presentation is distal symmetric
polyneuropathy (DSP).* Patients with diabetic
DSP often suffer from pain, numbness or

Significance of this study

What is already known about this subject?

» A vicious cycle between hyperglycemia and mi-
crovascular dysfunction can worsen diabetic pe-
ripheral neuropathy, particularly distal symmetric
polyneuropathy.

» Effective treatment options for diabetic peripheral
neuropathy are still lacking.

What are the new findings?

» Focused ultrasound (FUS) treatment on plantar ves-
sels significantly improves diabetic microcirculation.

» FUS therapy concurrently halts diabetes-evoked
mechanical allodynic and heat hyperalgesic
progression.

» FUS therapy also halts the decrease in the capillary
and neural fiber densities in the skin of the pad of
diabetic toes.

How might these results change the focus of

research or clinical practice?

» Non-invasive FUS treatment potentiates the allevi-
ation of neuropathic pain and/or the prevention of
diabetic foot ulcers.

weakness, and some patients even suffer from
anxiety, sleep disturbances or foot ulcer-
ation and subsequent amputation, leading
to a significantly negative impact on their
quality of life and an economic burden.””’
Good glycemic control only halts the devel-
opment of neuropathy in patients with type 1
diabetes and does not affect that of neurop-
athy in patients with type 2 diabetes.*'” Pain
relief can treat symptoms but does not cure
DSP."' Medications based on pathogenetic
therapies, such as o-lipoic acid, benfotiamine,
aldose-reductase inhibitors, protein kinase C
inhibitors, nerve growth factors and Acto-
vegin, have been evaluated in clinical trials.'?
However, none of the medications have been
approved by the US Food and Drug Adminis-
tration or European Medicines Agency.
Focused ultrasound (FUS) is a non-invasive,
localized, non-ionizing radiation treatment
that has been clinically approved to treat
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brain disorders."” '* Our previous preclinical studies on
diabetic peripheral neuropathy demonstrated that FUS
acutely and temporarily blocks the conduction of in vitro
sural nerves'” and compound muscle action potentials of
in vivo sciatic nerves in rats with diabetic neuropathy in
pain relief applications.'® To develop a novel and effec-
tive method of treating diabetic DSP, the present study
investigated the effects of FUS on nerve-accompanying
blood vessels and examined the feasibility of curing DSP
in neuropathic rats. We hypothesized that: (1) the perfu-
sion rate of downstream blood vessels can be enhanced
when FUS acts on upstream arteries, (2) the improve-
ment of perfusion is applicable to both normal and
neuropathic nerves and (3) the improvement in perfu-
sion can partially restore sensory normality and halt DSP
progression. Blood perfusion in the pad of the middle
toe was analyzed before and after the plantar vessels
were exposed to ultrasound. Additionally, the chronic
effects of FUS on the blood perfusion, paw withdrawal
force, withdrawal latency, nerve conduction velocity, skin
microvascular density and neural fiber density of sham
and DSP rats were examined.

METHODS

Animal subjects

All animal procedures were approved by the Institutional
Animal Care and Use Committee of the National Health
Research Institutes in Taiwan (AAALAC accredited).
Diabetes was induced in male adult Sprague-Dawley
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rats weighing 300-400 g by a single intraperitoneal
injection of 50 mg/kg streptozotocin (STZ; Sigma, St.
Louis, Missouri, USA). The onset of diabetes was defined
as three consecutive measurements of a fasting blood
glucose level of >150 mg/dL after the STZ injections.
The rats exhibited peripheral neuropathy at the fourth
week after the STZ injections (online supplementary
figure 2)."”

FUS transducer

A tailor-made FUS transducer (figure 1A) was used on the
plantar arteries of the rats. The transducer was a 2 MHz
spherical bowl with a radius of curvature of 16 mm and
an aperture of 20 mm. The front end of the transducer
was a hollow cone coupler, and the cone was filled with
degassed water and sealed with a 0.03 mm thick Mylar
film. The ellipsoidal focus of the transducer was located
atasite 5 mm beneath the Mylar film, and the focal width
and depth were 0.6 mm and 2.4 mm, respectively. The
transducer was driven by a function generator (33 521A,
Agilent, Santa Clara, California, USA) and a power ampli-
fier (1040 L, Electronics and Innovation, Rochester, New
York, USA) in all experiments.

Measurements of blood perfusion

The rats were anesthetized by the inhalation of isoflu-
rane (3%—-4% for induction and 1.25%-1.75% for main-
tenance, Panion & BF Biotech Inc, Taoyuan, Taiwan) in
an oxygen mixture. The anesthetized rats were placed on
a custom-made table in the ventral recumbent position,
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Figure 1 The experimental setup and design. (A) A custom-made focused ultrasound transducer consisting of a spherically
piezoelectrical ceramic, an acrylic cone coupler, housing, electrical connections and circuits was made. (B) The plantar artery
of the anesthetized rat was treated by focused ultrasound, and the blood perfusion in the skin of the pad of the middle toe was
measured by the laser Doppler instrument. (C) The drawing depicts the locations of the locally treated arteries. The mark on the
skin of the sole was the contact point of the ultrasound transducer. (D) For multiple ultrasound treatments, ultrasound exposure
was carried out once a day for the first 5 days per week for 2 weeks. Blood perfusion measurements from the end of the
middle toe and von Frey testing were performed before ultrasonic treatment on the first day of each week. The microvascular
density of the skin on the end of the toe was measured on the first day of the third week. FUS, focused ultrasound.
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and both feet were suspended off of the table. The soles
of the feet were facing outward, and the five toes of each
foot were fixed with tape. The probe (diameter of 0.5
mm, TSD145) of the laser Doppler flowmeter (LDF100c,
Biopac Systems, Inc, Goleta, California, USA) was placed
so that it gently touched the skin of the pad of the middle
toe and blood perfusion could be measured (figure 1B).
The data were acquired by the system (Biopac Systems,
Inc) at a sampling rate of 200 Hz. Laser Doppler signals
from the vessel were recorded in blood perfusion units
(BPUs).

Single FUS treatment

The rats (n=12) were randomly divided into two groups:
the Control I rats, which received no STZ injections
(n=6), and DSP I rats, which received an STZ injection
4 weeks prior (n=6). The light penetrated the rat foot
from the instep to the sole so that the medial plantar and
lateral plantar arteries were visualized, and two marks that
were projected to the two arteries were made on the skin
of the sole to position the FUS transducer. The distance
between the mark and the ankle was approximately 1.3
cm in all experiments (figure 1C). Ultrasonic gel spread
on the skin was used as the acoustic medium, and the
medial and lateral plantar arteries were treated once with
FUS. Before each plantar artery was treated, the blood
perfusion in the end of the middle toe was measured for
60 s as the baseline. For both groups, the left and right
feet of every rat were treated sequentially using the same
protocol. Ultrasound with a spatial-average temporal-
average intensity of 1126 W/cm® and sonication of 15 s
was used in each treatment. FUS with the above parame-
ters can cause a temperature increase by 2°C in the focus
area in the muscle-mimicking phantom (online supple-
mentary figure 1).

Multiple FUS treatments

The remaining rats (n=12) were randomly divided into
two groups: control II rats, which received no STZ injec-
tions (n=6), and DSP II rats, which received an STZ
injection 4 weeks previously (n=6). The same anesthesia,
positioning, equipment and ultrasonic parameters as
those described for the single FUS treatment were used.
For the DSP II rats, FUS heated the medial plantar artery
of the right foot once and then the lateral plantar artery
once with an interval of 5 min (DSP II+FUS group), and
the left foot of the same rat was regarded as the DSP II
sham group. The FUS treatment was carried out once a
day for the first 5 days per week for 2 weeks. Blood perfu-
sion measurements in the pad of the middle toe, pain
assays and nerve conduction velocity measurements were
performed before ultrasonic treatment on the first day of
each week, and the microvascular density and the neural
fiber density of the toe end skin were measured on the
first day of the third week (figure 1D). For the control II
rats, the experimental procedure was the same as that for
the DSP II sham group.

Neuropathic pain assays

Mechanical allodynia and heat hyperalgesia are usually
used as neuropathic indicators and assessed with the von
Frey test and hot plate test, respectively.'” Accordingly,
the DSP of the rats that were administered multiple FUS
treatments was evaluated using an electronic von Frey
device (IITC 2390, IITC Life Science, Woodland Hills,
USA) and a hot plate analgesia meter (IITC Life Science)
in the present study. The plantar surface of the rat hind
paw was stimulated with a rigid tip that was 0.8 mm in
diameter. The force was increased gradually until the
rat withdrew its paw, and the von Frey anesthesiometer
was used to record the withdrawal force. To acclimatize
them to the environment, the rats were placed on the hot
plate at a temperature of 24+0.5°C for 10 min before the
experiment. Each rat was then removed and placed back
on the hot plate when the plate was heated to and main-
tained at 55+0.5°C. The rats expressed distinct behaviors,
such as licking the hind paw or abnormally flicking the
hind paw, when they felt pain. The withdrawal latency was
defined as the time to withdrawal. Five measurements of
the withdrawal force and the withdrawal latency were
repeated for each rat.

Nerve conduction velocity

The compound nerve action potential of the plantar
nerve was recorded with a pair of stainless-steel acupunc-
ture needle electrodes. The anodic recording electrode
was inserted at the ankle behind the medial malleolus,
and the cathodic electrode was placed 1 cm proximal to
the anodic electrode.'® Two ring silver wires (UL1423 28
AWG B28-1000, AA electronic Test, USA) were placed
on the middle three digits as stimulating electrodes to
deliver an electrical stimulus with a pulse width of 0.1
ms and a supramaximal intensity. Nerve stimulation
and recording were performed using the Biopac MP36
instrument (Biopac Systems, Inc). The nerve conduc-
tion velocity was calculated as the distance divided by
the latency of the negative peak of the compound action
potentials, where the distance between the cathodic stim-
ulating and anodic recording electrodes was measured
with a Vernier caliper.

Intraepidermal microvascular density and nerve fiber density

The rats were sacrificed by CO, inhalation under anes-
thesia at the end of the single or multiple FUS treat-
ments. Epidermis-to-dermis tissues from the pads of the
second, middle and fourth toes were harvested, fixed in
10% formalin and embedded in paraffin for immuno-
histochemical staining. The primary antibody of mono-
clonal anti-CD34 antibody (ab81289, Abcam, Cambridge,
Massachusetts, USA) prepared at a 1/200 dilution for 1
hour at room temperature and the secondary antibody
of Discovery OmniMap anti-Rb HRP (760-4311, Ventana
Medical Systems, Tucson, Arizona, USA) with an ultra-
View universal DAB detection kit (760-500, Ventana
Medical Systems) were used to stain the vascular endothe-
lial cells brown. The primary and secondary antibodies
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used to stain the neural fibers brown were the mono-
clonal anti-PGP9.5 antibody (ab8189, Abcam) prepared
at a 1/1000 dilution for 1 hour at room temperature
and Discovery OmniMap anti-Rb HRP with an ultraView
universal DAB detection kit, respectively.'’ The endo-
thelial cells and fibers were stained by the Pathology
Core Laboratory at the National Health Research Insti-
tutes. The tissue sections were scanned at magnifica-
tions of 100x to identify the most vascular regions in the
dermis. Within these regions, 10 fields (0.0336 mm® per
field) were inspected, and immunolabeled microvessels
were counted in a 400x field.* Tmage] software (1.50i,
National Institutes of Health, USA) was used to automat-
ically select and count the brown microvessels by setting
the color threshold hue to 60 and analyzing particles with
sizes>30 pm*.*' For the nerve fiber density, microphoto-
graphs of the stained sections were taken on a microscope
at 40x magnification, and the length of the epidermis
was assessed with Image] software. The intraepidermal
nerve fiber profiles were counted by three independent
researchers blinded to the study groups.

Histology

Histological analysis was performed to examine the safety
of the FUS dose used in the present study. The rats were
sacrificed by CO, inhalation under anesthesia after 2
weeks of FUS exposure. The tissue treated by FUS was
harvested, fixed in 10% formalin and then stained with
H&E by a technician blinded to the treatments of the
rats.

Statistical analyses

All experimental data are expressed as the mean+SD.
When data demonstrated a normal distribution, one-
way analysis of variance followed by Duncan’s test for
post hoc comparisons was used for analysis. Otherwise,
non-parametric analysis using the Kruskal-Wallis test and
Mann-Whitney U test for post hoc paired comparisons
was performed. The levels of statistical significance was
set to be *p<0.05 and **p<0.01.

RESULTS

Changes in microcirculation

The blood perfusion in the ends of the right and left
middle toes in the DSP I rats (255+48 BPU) was signifi-
cantly lower than that in the control I rats (479+26 BPU)
before single FUS treatment (online supplementary
figure 3). Online supplementary figure 3 illustrates one
example of a skin blood perfusion profile for a DSP I
rat subjected to single ultrasound treatment. The base-
line blood perfusion level and the duration of increased
perfusion (T) were 203+38 BPU and 144 s, respectively.
One FUS sonication to the lateral plantar arteries in
the control I rats or DSP I rats resulted in a significant
increase in blood perfusion in the ends of the middle
toes (figure 2A), where the blood perfusion was increased
from 523+51 to 1070+346 BPU for the control I rats and
from 255+53 to 890+312 BPU for the DSP I rats. Similar
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Figure 2 The microvascular blood perfusion response in
the skin of the toe to a single ultrasound exposure on plantar
arteries. (A) Skin blood perfusion increased significantly after
the lateral plantar artery (LPA) or medial plantar artery (MPA)
was treated by ultrasound in the control and DSP rats. Blank
bar=control | before FUS; slash bar=control | after FUS;
black bar=DSP | before FUS; hyphen bar=DSP | after FUS.
*:P<0.05. (B) The duration of increased blood perfusion was
7-10 min in both the control and DSP rats. The difference

in the duration was not statistically significant among the
four conditions. Blank bar=control I; slash bar=DSP I. (C)
Effect of multiple ultrasound treatments on skin blood
perfusion in plantar arteries. Microvascular blood perfusion
in the skin of the toe increased significantly after 1 week of
multiple ultrasound sonication to the plantar arteries and
further increased after another week of treatment in the

DSP rats. Orange circle=control Il group; blue square=DSP

Il sham group; pink triangle=DSP [I+FUS group. “P<0.05;
**p<0.01. BPU, blood perfusion uni; DSP, distal symmetric
polyneuropathy; FUS, focused ultrasound.
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Figure 3 Effect of multiple ultrasound treatments on plantar arteries on mechanical allodynia (A) and heat hyperalgesia

(B). For the control rats, the paw withdrawal force and latency did not vary significantly over 2 weeks. The withdrawal force
and latency of the DSP rats were remarkably low compared with those of the control rats. One-week multiple ultrasound
treatments in the DSP rats (DSP II+FUS group) led to a significant increase in the withdrawal force and latency compared
with the untreated DSP rats (DSP Il sham group). Two-week ultrasound treatments further improved the withdrawal response
and latency. Blank bar=first week; slash bar=second week; black bar=third week. *P<0.05; **p<0.01. DSP, distal symmetric

polyneuropathy; FUS, focused ultrasound.

phenomena occurred for the medial plantar arteries. The
perfusion increased significantly from 502+69 BPU and
259+58 BPU at baseline to 1088+278 BPU and 8724317
BPU for the control I rats and DSP I rats, respectively,
after single FUS treatment. In addition, increased skin
blood perfusion lasted 586+243 s and 429+270 s in the
lateral and medial plantar arteries, respectively, of the
control I rats and 464+418 s and 411+296 s in the lateral
and medial plantar arteries, respectively, of the DSP I
rats (figure 2B). Differences in the duration between the
above four cases were not significant.

For multiple FUS treatments, blood perfusion in the
ends of the middle toes in the DSP II sham group and DSP
II+FUS group were 242+36 BPU and 266+45 BPU, respec-
tively, at the first week before FUS treatment (figure 2C).
After multiple treatments, the perfusion of the DSP
II4+FUS group increased significantly to 323+21 BPU at
the second week and additionally increased to 360+47
BPU at the third week compared with those of the DSP
II sham group. For the DSP II sham group, the perfusion
decreased with time but did not change significantly in
the 2 weeks. For the DSP II+FUS group, the perfusion
of the third week was significantly larger than that of the
first week but still lower than that of the control II group
(493+26 BPU at the first week, 500+37 BPU at the second
week and 492+61 BPU at the third week).

Change in mechanical allodynia and heat hyperalgesia

The paw withdrawal force of the DSP II sham group
(33.20+3.13 g at the first week, 31.79+3.18 g at the second
week and 28.45+3.39 g at the third week) was signifi-
cantly lower than that of the control II group (46.59+1.71
g, 46.98+4.04 g and 48.06+2.16 g) (figure 3A). For the
DSP II+FUS group, the paw withdrawal force significantly
increased from 34.33+4.55 g at the first week to 39.10+5.02

g at the second week and to 41.13+2.57 g at the third
week. Furthermore, the third week withdrawal force of
the DSP II+FUS group was significantly higher than that
of the DSP II sham group and was similar to that of the
control II group. The paw withdrawal latency and the
paw withdrawal force had similar trends in the control
II, DSP II sham and DSP II+FUS groups (figure 3B).
The paw withdrawal latency of the DSP II sham group
(4.12+0.35 s at the first week, 3.75+0.22 s at the second
week and 3.77+0.33 s at the third week) was significantly
lower than that of the control II group (4.96+0.27 s,
5.60+0.31 s and 5.19+0.47 s). The paw withdrawal latency
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Figure 4 Effect of multiple ultrasound treatments on
plantar arteries on plantar nerve conduction velocity. The
nerve conduction velocity of the DSP rats was significantly
lower than that of the control rats. The velocity of the

DSP rats (DSP 1I+FUS group) increased after multiple
ultrasound treatments, whereas the untreated DSP rats

had a nearly constant velocity over 2 weeks. Orange
circle=control Il group; blue square=DSP Il sham group; pink
triangle=DSP II+FUS group. *P<0.05. DSP, distal symmetric
polyneuropathy; FUS, focused ultrasound.
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Figure 5 Analysis of microvessel density and nerve fiber density in three-toe skin. The two representative pictures of
immunostained skin illustrate brown vascular endothelial cells (A) and neural fibers (B). The brown area >30 pm? denotes

a microvessel. Arrows: neural fiber; +: epidermis; #: dermis. (C) The skin microvascular density of all the DSP rats was
significantly lower than that of the control rats. Among the DSP rats, the rats at 6 weeks after the STZ injection (DSP Il sham
group) had a low density compared with the rats at 4 weeks after the STZ injection (DSP | group), but the 6-week rat subjected
to a 2-week ultrasound treatment (DSP |lI+FUS group) had a similar density to the 4-week rats. (D) The nerve fiber density of
the DSP I, DSP Il sham and DSP 1I+FUS groups was significantly lower than that of the control Il group. Among the DSP |,
DSP Il sham and DSP [I+FUS groups, the DSP II+FUS group had the highest density. *P<0.05; **p<0.01. DSP, distal symmetric

polyneuropathy; FUS, focused ultrasound; STZ, streptozotocin.

of the DSP II+FUS significantly increased from 3.96+0.25
s at the first week to 4.77£0.71 s at the second week and
to 5.24+0.86 s at the third week. Furthermore, the third
week withdrawal latency of the DSP II+FUS group was
significantly higher than that of the DSP II sham group
and was almost the same as that of the control II group.

Change in nerve conduction velocity

The nerve conduction velocity of the DSP II sham group
(38.39+1.08 m/s at the first week, 38.16+1.77 m/s at the
second week and 38.82+1.43 m/s at the third week) and
DSP II+FUS group (38.75+1.53 m/s, 39.92+1.59 m/s and
41.33+2.79 m/s) was significantly lower than that of the
control II group (43.44+1.01 m/s, 44.13+1.15 m/s and
45.284+0.89 m/s) (figure 4). The velocity of the DSP
II+FUS group gradually increased with time and was
higher than that of the DSP II sham group.

Change in skin microvessel density and nerve fiber density

Immunostaining turned the vascular endothelial cells
and neural fibers brown, as shown in figure 5A and B.
The numbers of microvessels in the skin of the middle
three toes were 37+6, 2214, 18+5 and 24+4 per field for
the control I group (6-week rats without STZ injection),
the DSP I group (4-week STZ rats treated by single FUS),
the DSP II sham group (6-week STZ rats) and the DSP
II+FUS group (4-week STZ rats treated by the following
2-week FUS), respectively. Compared with the control
II group, the DSP I, DSP II sham and DSP II+FUS

groups had significantly lower microvascular density
(figure 5C). In addition, the density of the DSP II+FUS
group was significantly higher than that of the DSP II
sham group and similar to that of DSP I rats. For the
nerve fiber density, the epidermal length of the three-toe
skin sample was 2.8+0.1 mm, and the number of fibers
were 35+12, 1742, 1543 and 19+5 per mm for the control
II group, the DSP I group, the DSP II sham group and
the DSP II+FUS group, respectively (figure 5D). The
nerve fiber density of the DSP I, DSP II sham and DSP
II+FUS groups was significantly lower than that of the
control II group. Among the DSP I, DSP II sham and
DSP II+FUS groups, the DSP II+FUS group had a highest
density.

Staining of the treated tissues

Histological analysis revealed that the morphology of
the skin and lateral plantar tissue in the DSP II+FUS rats
(figure 6E and F) was similar to that in the DSP II sham
rats (figure 6A and B). The treated lateral plantar artery
and the neighboring lateral plantar nerve continued to
displayan organized structure (figure 6F-1 and F-2) similar
to that of the untreated artery and nerve (figure 6B-1 and
B-2). Similarly, the histological morphology of the skin,
medial plantar tissue, medial plantar artery and neve in
the DSP II+FUS rats (figure 6G, H, H-1 and H-2) resem-
bled that in the DSP II sham rats (figure 6C, D, D-1
and D-2). Because the distal medial plantar tissue was
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Figure 6 H&E staining images of rat foot tissue cut in the sagittal plane. Figure parts A-D show the skin above the lateral
plantar tissue, lateral plantar tissue, skin above the medial plantar tissue and medial plantar tissue of a DSP rat that did not
undergo multiple ultrasound treatments. Figure parts B-1 and B-2 are magnifications of B and D-1 and D-2 are magnifications
of D, illustrating the lateral plantar artery and nerve ane the medial plantar artery and nerve, respectively. Figure parts E-H)
show the skin above the lateral plantar tissue, lateral plantar tissue, skin above the medial plantar tissue and medial plantar
tissue of a DSP rat that underwent multiple ultrasound treatments. Figure parts F-1 and F-2 are magnifications of F, and

H-1 and H-2 are magnifications of H, illustrating the lateral plantar artery and nerve and the medial plantar artery and nerve,
respectively. *: vessel; +: nerve; **: lateral plantar artery; ++: lateral plantar nerve; ***: medial plantar artery; +++: medial plantar
nerve; #: tunica media; >: nerve fiber. DSP, distal symmetric polyneuropathy.

harvested, the medial plantar nerve branches are shown
in figure 6H.

DISCUSSION

Human studies have shown that the disruption of
skin microvascular blood flow may be an early mani-
festation of diabetic autonomic neuropathy,” * and
skin vasomotor function is significantly attenuated in
patients with diabetic peripheral or autonomic neurop-
athy.*** Moreover, nociceptive C fibers secrete substance
P to cause vasodilation,?®*’ and this vasodilation response
is decreased in the presence of sensory diabetic neurop-
athy.®® * Accordingly, skin blood perfusion, in addition
to mechanical allodynia, heat hyperalgesia and nerve
conduction velocity, was adopted as an indicator of DSP
assessment.

Acute effectiveness of FUS in improving the skin blood
perfusion of the toe was observed in the control and DSP
rats when ultrasound was applied to the plantar artery.
The increased level of blood perfusion was twofold that
at baseline in the control rats and more than threefold
that at baseline in the DSP rats after the single FUS treat-
ment. The phenomenon of increased blood perfusion

lasted 7-10 min in the control and DSP rats. The lateral
and medial plantar arteries connect to four common
plantar digital arteries and separate into the proper
digital arteries for two adjacent toes.™ 3 Increasing the
upstream blood flow probably increases the skin blood
perfusion of the middle toe. Therefore, the remark-
able results support our assumptions that exposing the
upstream arteries to ultrasound can enhance the blood
perfusion of downstream or distal small arteries in the
toes, and the improvement in perfusion is applicable
to both normal and neuropathic nerves. Notably, FUS
enables a large increase in perfusion for DSP rats.

Local hyperthermia is one mechanism of increasing
blood flow accompanied by the dilation of vessels in
normal femoral arteries.”** These studies have revealed
that the temperature increases were 2°C and 1°C in the
vastus lateralis muscle and the femoral vein, respectively.
Our study showed that FUS induced an increase in
temperature by 2°C in the muscle phantom, suggesting
local heating in the muscles near the plantar arteries. An
estimated increase by 1°C in the plantar artery locally
exposed to FUS is plausible. In addition, the mechan-
ical effect induced by ultrasound is probably another

BMJ Open Diab Res Care 2020;8:¢001004. doi:10.1136/bmjdrc-2019-001004
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mechanism of vasodilation of the artery.”® Ultrasonic
pressure waves may stimulate the vascular endothelium
to release vasodilator substances such as nitric oxide and
prostacyclin, leading to vascular smooth muscle relax-
ation and vasodilation.® Therefore, the synergy of the
thermal and mechanical effects of ultrasound contrib-
utes to an increase in the blood flow of plantar arteries.

The chronic effects of FUS significantly ameliorated
peripheral micro blood perfusion in DSP rats after
the first week of treatment, and further improvement
was observed after the 2-week treatment. With respect
to mechanical allodynia pain and heat hyperalgesia,
a similar phenomenon occurred; that is, after the first
week of FUS treatment, the paw withdrawal force and
latency of the DSP rats markedly increased, and their paw
withdrawal force and latency increased further compared
with those of the untreated DSP rats after another week
of treatment. Notably, the paw withdrawal force and
latency of the DSP II+FUS rats were similar to those of
the control II rats by the third week. Vascular impair-
ment and metabolic deficits may be major pathogenetic
mechanisms responsible for diabetic neuropathy.” * In
cases of diabetes mellitus, autonomic nerve endings to
the epineurial arteriole are likely to be lost, and thus,
vasoregulation is impaired in the peripheral nerves.”
Impaired autoregulation can cause decreased blood
perfusion in transperineurial arterioles and endoneurial
capillaries, leading to endoneurial hypoxia and diabetic
neuropathy.”” ** We presume that FUS-enhanced blood
flow increases the vascular supply to the endoneurium
and nerve fibers through transperineurial arterioles and
endoneurial capillaries and further repairs impaired
nerve fibers. The improvement in neural function, which
breaks the vicious cycle between decreased local blood
perfusion and impaired neural regulatory function, may
have synergistic beneficial effects.

Most human studies have shown no significant reduc-
tion in skin capillary density in patients with early-stage
diabetes.*' ** However, capillary loss may eventually occur
in the late stage and manifest as diabetic feet. Interest-
ingly, the skin vessel density significantly decreased in the
DSP rat models of the present study in the early stage.
Furthermore, we found that 2-week FUS treatments
can halt the decrease in the number of microvessels in
the DSP rats. Growing evidence shows a vicious cycle of
hyperglycemia and microvascular dysfunction.* Hyper-
glycemia induces microvascular dysfunction, such as a
reduced capillary density in muscle, and microvascular
dysfunction reduces glucose disposal in muscle and
insulin secretion by pancreatic islets, leading to hyper-
glycemia. Our study demonstrated that FUS treatment of
peripheral vessels can enhance blood flow and halt the
decrease in capillary density, which may improve cases of
hyperglycemia and DSP.

A decrease in the plantar nerve conduction velocity
was also ameliorated in the diabetic rats treated with
FUS. Diabetes elicits functional and structural changes in
the peripheral nerve, decreasing the nerve conduction

velocity. Two-week FUS treatments on the peripheral
blood vessel may halt the reduction in nodal or paran-
odal potassium currents in neural axons** and even arrest
the reduction in myelin sheath surface area, myelin/
axon ratio and the number of unmyelinated axons or
small fibers” due to improved microcirculation of blood,
which increases the low conduction velocity.

The thermal dose that caused damage to 50% of the
vessels was 144+46 equivalent minutes at 43°C for the
normal vessels,*® and the thermal dose of heatinduced
cell death was 210-240 min for muscle, fat and skin.*’
The thermal dose of the plantar vessel induced by FUS
(15 s at body temperature +2°C) is much lower than
the above thermal dose of vessel damage. Moreover, the
histological analysis shows the undisrupted morphology
of the skin, fat, muscle and vessels treated by FUS. There-
fore, the FUS parameters used in the study did not cause
adverse biological effects.

Rats with short-term diabetes mainly develop pain,
whereas those with longer term diabetes typically develop
both pain and insensate symptoms.® Hypoalgesia was not
evaluated because we believe interventions may be more
effective in the early state of neuropathy before irrevers-
ible changes appear. Although numbness and hypoes-
thesia were the major initial symptoms of distal symmetric
diabetic polyneuropathy in humans, microangiopathy
was the major underlying etiology, similar to that in STZ-
induced rats. Because improvements in blood perfusion
and the number of microvessels and neural fibers were
shown in this study, the difference in the initial presenta-
tion of neural dysfunction in the animal model may not
hinder the contribution of the present study.

We have developed the first FUS technique for modu-
lating diabetic blood vessels and demonstrated that
increasing the blood flow of upstream plantar vessels can
increase the downstream microcirculation in the skin of
toes. Additionally, we showed that allodynic and hyper-
algesic pain improve after FUS treatments and that the
increases in paw withdrawal force and latency are posi-
tively correlated with the increase in the perfusion rate of
the skin vessels. FUS treatment also halts the decreases in
microvessel density and neural fiber density in the skin of
diabetic feet. These findings corroborate the FUS treat-
ment efficacy for diabetic distal polyneuropathy.
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