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Diabetic neuropathy (DN) is, at least in part, associated with the functional attenuation of
vasa nervorum, the microvascular structure of peripheral nerves. Microvascular imaging options
for vasa nervorum still remain limited. In this work, optical microangiography (OMAG), a
volumetric, label-free imaging technique, is utilized for characterizing, with high resolution,
blood perfusion of peripheral nerve in diabetic mice. We demonstrate that OMAG is able to
visualize the structure of microvasculature and to quantify the changes of dynamic blood flow
and vessel diameters during administration of vessel stimulant in both diabetic and normal mice.
The results indicate the potential of OMAG to assess the blood supply of nerve involved in the
pathology and treatment of DN.

Keywords : Vasa nervorum; microcirculation; peripheral nerve; diabetes; optical microangio-
graphy.

1. Introduction

Diabetic neuropathy (DN) is the most common
complication of diabetes mellitus, affecting up to
60% of diabetic patients.1 Loss of sensation in
the feet, the most frequent manifestation of dia-
betic neuropathy, frequently leads to foot ulcers
and may progress onto amputation of the limb.2

Despite a continuous increase in the incidence of
diabetes mellitus and DN, the pathogenic basis
underlying DN has remained uncertain, and current

treatments have yet to effectively treat DN.3 It
has been noted in multiple previous reports that
experimental DN is characterized by reduced micro-
circulation in peripheral nerves resulting from the
decrease in blood flow through the vasa nervo-
rum, the microvessels that provide blood supply to
peripheral nerves and thus the restoration of nerve
blood flow supply may mitigate neuropathy despite
persistent diabetes.4

Accordingly, to investigate the association
between the changes of blood flow in the vasa
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nervorum and DN, and to further evaluate the
treatments on DN by administrating the fac-
tors increasing the nerve perfusion, a non-invasive
technique for assessing blood perfusion in vasa
nervorum (visualizing and quantifying blood cir-
culation) would be of great value. Currently, the
common research methods to study the vascu-
lar supply of peripheral nerves in diabetic ani-
mal models are fluorescent imaging of vascular
architecture5 and laser Doppler imaging of blood
flow.6–8 Although they have made significant con-
tributions to our understanding of vascular pathol-
ogy associated with DN, their important limitations
still remain. Fluorescent imaging cannot provide
dynamic images on the same animals due to its
invasiveness, and laser Doppler perfusion imaging
only produces the relative values of blood flow and
is only valid for the perfusion on the tissue surface.
In this paper, we demonstrate a potential method
for functional imaging of blood perfusion of vasa
nervorum in vivo.

Recently, optical coherence tomography (OCT)
has been widely used to detect the pathologi-
cal changes of tissues9–12 in preclinical models in
order to guide clinical diagnosis. Optical microan-
giography (OMAG)13 as a functional extension of
OCT,14,15 is a volumetric, label-free imaging tech-
nique that is recently developed in our group for
imaging dynamic blood perfusion, especially for
diagnosing pathological changes of blood vessels.
The imaging is achieved by separating the signals
backscattered by moving blood cells from those
originated from tissue microstructures. Because its
imaging contrast is based on endogenous light scat-
tering from moving blood cells within biological tis-
sue, no exogenous contrast agents are required for
imaging. Its imaging depth is up to 2mm in bio-
logical tissue. Wang et al. recently demonstrated
mouse brain imaging through both intact scalp and
skull.16 This non-invasive feature is highly desir-
able for functional or chronic studies. Its current
spatial resolution (lateral resolution: 16µm, axial
resolution: 8 µm) allows us to resolve microcircula-
tions and even capillaries. Combined with phase-
resolved method, now the second version of OMAG
could extract flow velocities from flow signals and
produce the flow map and velocity map simultane-
ously.17 In this paper, in an attempt to show the
potential of OMAG to visualize the dysfunctional
microcirculation after DN and monitor the regula-
tion on blood flow after treatments, we used OMAG
to non-invasively monitor the changes of blood flow

in both diabetic and normal mice with topical appli-
cation to the skin of a sensory stimulant chemical,
menthol.

2. Methods

The configuration and operating principles of
OMAG system can be found elsewhere.17 Briefly,
the system used in this study employed a broad-
band infrared superluminescent diode with a central
wavelength of 1.3 µm. The spectral interferogram
formed by lights between the sample and reference
arms was sent to a home-built high-speed spec-
trometer that employed a line scan infrared InGaAs
detector to achieve an imaging speed of 20 frames
per second (fps) with 1,000 A scans (axial scans) in
each B scan (lateral direction). The system has the
imaging resolution of 16 × 16 × 8µm3 in the x–y–z
direction, and an imaging depth of ∼3mm in air.

We examined both diabetic mice (using the
Ins2Akita/+ mutant model of Type 1 diabetes with
neonatal onset) and their non-diabetic (normal) sib-
lings. The “Akita” mouse carries a C96Y mis-sense
mutation in the proinsulin gene. This mutation is
identical to the one recently discovered in boys
with neonatal onset Type 1 diabetes. The autoso-
mal dominant inheritance pattern in both mouse
and human makes this mouse mutant a valuable
model for study of complications associated with
permanent diabetes.18

The experimental protocol was in compliance
with the federal guidelines for care and handling
of small rodents and approved by the Institutional
Animal Care and Use Committee. Before functional
optical imaging, the right hind limb of mice was
shaved and depilated. In order to further improve
the resolution of the images, a small patch was
excised to form a small (∼3 × 3mm2) window over
the subcutaneous tissues being imaged. During the
imaging, the animal was immobilized in a custom-
made stereotaxic stage and was lightly anesthetized
with isoflurane (0.2 L/min O2, 0.8 L/min air). The
body temperature was kept between 35.5–36.5◦C by
use of a warming blanket, and monitored by a rectal
thermal probe throughout the experiment. Saphe-
nous nerve, a representative peripheral nerve, was
chosen as imaging site due to its superficial location
and was positioned under the scanning probe. The
imaging area was kept moist under a piece of plas-
tic foil. Before administrating the sensory irritant, a
control C scan (3D) and the repeated B scans over
one minute duration were acquired as the baseline
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for later comparison. The imaging sites of C-scan
and B-scan are shown by solid line box and dashed
line, respectively, in Fig. 1(d). Then a small cotton
ball was dipped in 40% menthol solution in ethanol
and gently loaded on the lower end of hind limb.
Once menthol was administered, B-scan was initi-
ated and repeated for six minutes. Then final C-scan
recorded the perfusion with stimulation on the same
site as control. The total imaging acquisition time
in this process was 8 minutes.

3. Results

The original raw data cube (spectral interfero-
grams) was first processed frame by frame, and then
the resulting images — including structural, flow
and velocity images — were combined to produce
a 3D volumetric visualization of the scanned tis-
sue volume. The results for a typical limb tissue
volume of 2.5 × 2.5 × 2.0mm3 are given in Fig. 1.

(a) (b) (c)

(d) (e) (f)

Fig. 1. In vivo 3D OMAG imaging of the hind limb of mouse over an area covering a part of saphenous nerve indicated by
white box in photograph (d). (a) The volumetric visualization was rendered by merging the 3D microstructural image with the
3D blood flow image. (b) The 3D signals of blood flow in vasa nervorum and vessels around it. (e) The corresponding image
of velocities in 3D vascular network. (c) and (f) are the maximum projection view (x–y) of (b) and (e). The green color in (e)
and (f) represents that the blood moves towards the incident probe beam, and otherwise the red color. Scale Bar = 500 µm
[applies to (c) and (f)].

Figure 1(a) is a volumetric visualization rendered
by merging the microstructural 3D image with the
corresponding 3D image of functional blood flows,
where the precise location of blood flow can be iden-
tified together with the microstructures of the tis-
sue. In this image, a cut-away view is utilized to
show how the blood vessels are distributed in the
tissue volume. Figure 1(b) shows the volumetric
network of blood vessels within the scanned tis-
sue volume, where the bundle of vessels indicated
in a rectangle box was vasa nervorum running lon-
gitudinally in the saphenous nerve along with the
femoral artery and vein. It can also be noted that
the longitudinal vessels in the epineurium are con-
nected with one another by transverse anastomoses
pointed out by white arrows. To show in detail
the blood vessel networks, the maximum projection
approach was used to obtain x–y projection net-
work in Fig. 1(c), in which numerous strips on the
formal artery caused by the heart beat were clearly
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shown. The corresponding velocity information is
shown in Figs. 1(e) and 1(f). The directional flow
information was coded with colors, where the green
color means the blood moves toward the incident
beam direction and otherwise the red color. In the
light of this, the vessels of varying flow direction are
demonstrable within the microvascular architecture
of the peripheral nerve.

Previous studies19 reported that the individual
vascular cord in vasa nervorum consists of nutrient
arterioles, venules and capillary plexus. Although
capillary plexus cannot be clearly delineated in
our OMAG flow and velocity images due to the
close positions between the arteriole and the venule,

(a) (b)

(c) (d)

Fig. 2. Comparison between in vivo OMAG (B-scan) and histological imaging of the vasa nervorum within peripheral nerve
bundle of mice. Shown are (a) the OMAG structural image, (b) the corresponding OMAG flow image, (c) OMAG velocity
image, and (d) stained fluorescent and histology images. N, nerve; A, artery; V, vein. Bar = 500 µm.

the cloudy signals backscattered from capillary are
distributed in the single vessel cord indicated by
an arrow. Here, OMAG velocity images provide a
potential tool to quantify blood perfusion within
the microcirculation tissue beds in vasa nervorum
in vivo.

Next, shown in Fig. 2 are the representative
results from a single B-scan (frame) of a mouse hind
limb, the position of which is indicated by the white
dashed line in Fig. 1(f). Figure 2(a) is the OMAG
structural image, where the important histological
structures, including the femoral artery and vein,
the nerve bundle, are shown. Figure 2(b) shows the
corresponding image of localized blood flow that
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permeates this cross-section in Fig. 2(a). The flow
velocity information along the light beam direction
extracted from Fig. 2(b) is given in Fig. 2(c). As
expected, the flow velocity in the microcirculation
at a depth of ∼1.5mm within the vasa nervorum
is imaged by OMAG, which is circled by dashed
line. As a comparison, in Fig. 2(d), a cross-section
of mouse hind leg tissue immunostained is used to
show the position of the blood vessel in the vicin-
ity of the saphenous nerve. Saphenous nerve and
its branches detected with a myelin basic protein
antibody are shown in green. Femoral artery and
vein detected with an antibody to CD31 are the
large blood vessels with the lumen outlined in red.
The endoneurial blood vessels belonging to the vasa
nervorum of the saphenous nerve and the blood

(a) (b)

(c) (d)

Fig. 3. In vivo characterization of the dynamic changes of blood flow velocity in the representative arterioles in (a) diabetic
and (b) normal mice before and after chemical stimulation. Vasodilation in vasa nervorum is also shown by comparing 3D
OMAG images between (c) the baseline and (d) end point of stimulation in the diabetic animal.

vessels belonging to the vasa nervori of the nerve
branches are pointed by white arrows. A traditional
H&E staining image in the left corner of Fig. 2(d)
also shows the location of saphenous nerve and
artery, but the endoneurial blood vessels are not
easily distinguishable.

In addition to volumetric visualization of micro-
circulation within the vasa nervorum, the OMAG
system enables us, by non-invasive means, to quan-
titatively examine the dynamic parameters of local-
ized blood flow around or within nerve bundles,
for example, the inner diameter of the vessel and
the localized flow velocity and blood flow rate.
The quantitative time courses of mean flow velocity
with Doppler angle correction in the representative
arteriole with the same size in both diabetic and
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normal mice before and after the administration
of the sensory irritant, menthol, are presented in
Figs. 3(a) and 3(b), respectively. The starting time
point of stimulation is indicated by black arrows. It
is noted that before the administration of this ves-
sel stimulant (baseline), the diabetic animal is easily
distinguished from the normal one due to the lower
blood flow velocity. After topical application of 40%
menthol to the skin at a location 3 mm distal to the
skin window, the blood flow in a single vessel of vasa
nervorum was accelerated immediately and reached
the maximum value (∼3.2 mm/s) within a few min-
utes in the diabetic mouse. Whereas the blood flow
in a normal mouse first dropped to 80% of baseline,
which was probably caused by the normal sensitiv-
ity of sensory nerve fibers to skin cooling by menthol
in ethanol solution, it then continuously increased
without reaching the maximum within the imaging
time window, possibly due to the proper mechanical
properties of vessel walls. Compared to a normal
mouse, the vascular reaction on the temperature
change was retarded in diabetic mouse, and the
time duration of response to the irritant stimulus
was short, due to the vascular malfunction involved
in the DN. Accompanying the increase of blood
flow velocity, in both diabetic and normal mice, the
inner diameters of vessels are also increased. This
was determined by comparing the two OMAG flow
images at the beginning of the experiment (base-
line) and the end point (7th minute). An example
from a diabetic animal is presented in Figs. 3(c) and
3(d). The vasodilation is clearly indicated by white
arrows in Fig. 3(d).

4. Conclusion

We have successfully demonstrated the potential
use of OMAG for in vivo 3D visualization of micro-
circulation within vasa nervorum in a peripheral
nerve. By regulating the blood flow in the nerve,
we also demonstrated that OMAG is able to directly
examine the dynamic microcirculatory parameters.
In future, a simple combination of OMAG and
neurophysiological methods should permit detailed
evaluation of the microcirculation in the nerve and
enable determination of the effects of vascular-
related pharmacological inventions on DN.
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