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Abstract. — OBJECTIVE: Microangiopathy is
a major cause in diabetic polyneuropathy (DPN).
This review examines evidence from both hu-
man and animal studies to elucidate the import-
ant microvascular factors in DPN.

MATERIALS AND METHODS: This is a literature
review of articles published on PubMed in English.

RESULTS: There is an abundance of evidence
linking endoneurial microvascular abnormalities
to peripheral nerve dysfunction and pathology in
patients with diabetes. These structural changes
result in an abnormal diffusion barrier leading to
endoneurial hypoxia. Furthermore, the functional
changes of endoneurial microvessels character-
ized by reduced vasodilation and potentiated va-
soconstriction also exacerbate the endoneurial
hypoxia. Although reduced endoneurial blood flow
has also been widely reported in established DPN,
there is some evidence that blood flow may be el-
evated early in the course of the disease. Capillary
dysfunction in DPN, which reduces the amount of
oxygen and glucose that can be extracted by the
tissue for a given blood flow, may explain that the
tissue may be hypoxic even in the context of nor-
mal or elevated nerve blood flow. The pathogene-
sis of painful DPN also remains unclear although
neural hemodynamic changes have been demon-
strated both in the peripheral and central nervous
system, offering potential new insights for the
treatments of this distressing condition.

CONCLUSIONS: Compelling experimental and
human work has highlighted the close association
connection between endoneurial microangiopathy
and diabetic polyneuropathy. Future investigations
will need to investigate the role of microvascular
factors both in the periphery and the central ner-
vous system in the pathogenesis of painful DPN.
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Introduction

Microangiopathy, or dysfunction of small
blood vessels, is considered relevant to the pa-
thogenesis of several forms of peripheral nerve
diseases, in particular diabetic polyneuropathy
(DPN). It is probably incorrect to conclude that
microangiopathy is the primary trigger of neuro-
pathic complications, an assumption that ignores
the insults from metabolic disorders. However, it
might be more accurate to indicate that both mi-
croangiopathy and metabolic disturbances lead to
a vicious interacting cycle of nerve damage. This
paper will review the structural and functional
changes of microvessels in DPN, the reports of
alterations in nerve blood flow both from experi-
mental and human studies, and last but not least,
will examine the reported hemodynamic changes
in painful DPN.

Structural Changes of Microvessels
in Diabetic Polyneuropathy

Peripheral nerve axons are anatomically uni-
que; they are extremely long relative to their dia-
meter and a great distance from the parent cell
body. These axons are exquisitely dependent on
the nerve microenvironment for the blood supply,
oxygenation, and nutrition. Peripheral nerve trun-
ks have a double blood supply: the epineurial va-
scular plexus and the intrinsic endoneurial blood
supply. Because of this rich blood supply, nerve
fibers suffer functional or structural changes only
when there is severe and long-lasting ischemia
due to widespread vascular damage. Long-term
hyperglycemia induces the thickening of the ca-
pillary basement membrane, which leads to oc-
clusive angiopathy and to tissue hypoxia and da-
mage. These changes are the structural hallmark
of diabetic microangiopathy. Capillary basement
membrane thickening is widespread in diabetic
neuropathy. The early work done by Fagerberg
(Acta Med Scand 1957; 159: 59-62) showed the
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thickening and hyalinization of intraneural ves-
sel wall by a material staining PAS positive, to-
gether with a reduction in vessel caliber, in diabe-
tic neuropathy. These changes were later found to
be due to reduplication of capillary basal lamina,
although found in other neuropathies, the pheno-
menon is more common in diabetes. Malik et al'
found endoneurial capillary basement membrane,
endothelial cell and total diffusion barrier were
significantly increased in DPN which resulting
in a reduction in luminal size of transperineurial
capillaries (Figure 1), in some cases leading to
complete occlusion of small vessels. Furthermo-
re, the ultrastructural studies of Dyck et al* have
demonstrated that the increase in basement mem-
brane area was associated with the severity of
polyneuropathy?. In fact, changes in endoneurial
capillary density in the sural nerve precede the
development of diabetes in subjects with Impai-
red Glucose Tolerance (IGT); and decreased ca-
pillary luminal area in the sural nerve precedes
deterioration in glucose tolerance in both IGT and
NGT?. These results would suggest that diabetic
polyneuropathy might also be associated with
other factors besides hyperglycemia.

Functional Changes of Microvessels in
Diabetic Polyneuropathy

Studies by the Eurodiab group on type 1 dia-
betes complications showed that in addition to
glycemic control and duration of diabetes, con-
ventional markers of macro- and micro-vascular
disease are strongly associated with DPN*. Similar
correlations have been observed for DPN in type
2 diabetes’. A potential link between macro-va-
scular risk factors and microvascular complica-
tions including neuropathy is their association
with endothelial dysfunction®. Very recently work
done by Roustit et al’ showed flow-mediated dila-
tion (FMD), a marker of endothelial dysfunction,
was strongly associated with Neuropathy Disabli-
lity Score. This study suggested that endothelial
dysfunction mediates the deleterious effects of
diabetes on macrovascular risk factors and DPN.
Endothelial dysfunction is characterized by an
imbalance between endothelium-derived vasodi-
lator and vasoconstrictor substances. Reduced en-
dothelium-dependent vasodialation in peripheral
arteries has been reported in patients with type 1
and type 2 diabetes®. Nitric oxide (NO), a potent
endothelium-derived vasodilator, plays an impor-
tant role in the endothelial dysfunction associated
with diabetic polyneuropathy. Other vasodilators,
such as prostacyclin, have also been found to de-

crease in diabetes’. Increased circulating levels of
potent vasoconstrictor peptides such as endothe-
lin-1 in patients with type 2 diabetes® and increa-
sed sensitivity to angiotensin II in diabetic rats'
have also been demonstrated.

Hemodynamic Disturbance
in Diabetic Polyneuropathy

Evidence from Experimental Studies

Tuck et al' initially reported that streptozoto-
cin (STZ)-treated rat was associated with a decli-
ne of sciatic nerve blood flow using the hydrogen
clearance technique. The perfusion deficit causes
endoneurial hypoxia sufficient to compromise
nerve function and initiate neurodegenerative
processes. Findings from initial research in the
STZ-induced rat model of type 1 diabetes have
been extended to other models, using the similar
hydrogen clearance technique, including the BB-
Wor type 1 model, the type 2 models Zucker
diabetic fatty rat'?, and Otsuka Long-Evans Toku-
shima fatty rats'*. The reduced blood flow is not
restricted to peripheral nerve trunks, but is also
observed in autonomic ganglia's, dorsal root gan-
glia'®, and even centrally in some brain structures
such as the hippocampus'’. On the basis of above
studies, there are substantial interventions, which
have been reported to correct both nerve blood
flow and diabetic electrophysiological abnorma-
lities. Although those studies have undoubtedly
provided evidence of a linkage, cause and effect
have not been proven. The idea that microvascu-
lar changes cause diabetic polyneuropathy has
been questioned. Some researchers'® have failed
to identify declines in nerve blood flow in DPN.
On the contrary, they have reported that endoneu-
rial blood flow may be elevated early following
the induction of experimental diabetes in rats".
The elevated nerve blood flow has also been de-
monstrated in early human diabetic polyneuropa-
thy as described below.

Evidence from Human Investigations
There have been relatively fewer human stu-
dies to measure peripheral nerve-trunk blood
flow because of technical limitations. Using tech-
niques of nerve photography and fluorescein an-
giography, Tesfaye et al** demonstrated delayed
fluorescein transit time in patients with advanced
diabetic polyneuropathy. Fluorescein transit time
was also prolonged in patients with mild to mo-
derate DPN?'. However, it is uncertain whether
such reductions fully account for polyneuropa-
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Figure 1. Photomicrographs of endoneurial capillaries from sural nerve biopsies showing (4) a normal capillary from a dia-
betic patient without neuropathy and (B) a closed capillary from a subject with diabetic neuropahty, with basement membrane
(BM) thickening and endothelial cell (e) proliferation. Photomicrographs courtesy of Dr. R. A. Malik, University of Manchester,

Manchester UK.

thy. Theriault et al*? measured human sural nerve
blood flow using multiple epineurial laser Dop-
pler flowmetry. They found in patients with mild
diabetic polyneuropathy sural nerve blood flow
was slightly higher compared to those with other
polyneuropathies, except those with vasculitic
neuropathy. Such observations remained constant
over a l-year time period during which nerve fibre
density decreased. Blood flow may be affected by
a number of factors. According to hydrodynami-
cs, blood velocity is influenced by local arterial
pressure, blood viscosity, temperature and the
vessel morphology including the vessel caliber,
vessel winding and inner-surface contour (rough-
ness). Besides structural factors, changes in blood
flow may also be due to methodological factors®,
including failure to strictly maintain near nerve
temperature; the use of single, uncontrolled laser
Doppler flowmetry measurements; incorrectly
used hydrogen microelectrodes; and the use of
excessively large microelectrodes. The arteriove-
nous shunting, which is well described in DPN*
may further complicate the measurement of ner-
ve blood flow. Endoneurial hypoxia has been the
more consistent findings in patients with DPN.
Abundant proofs, both from animal models and
human investigations have identified endoneurial
hypoxia in diabetic polyneuropathy. Generally,
the higher tissue blood flow is, the higher the tis-
sue oxygenation will be, according to the classic
flow-diffusion equation. This classic equation as-
sumes all tissue capillaries are equally perfused,
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however, the blood velocities vary considerably
among capillaries especially those with endothe-
lial dysfunction. Hyperglycemia, oxidative stress
and oxidized lipoproteins interfere with the ca-
pillary micro-environment, and tissue blood flow
must be adjusted to ensure sufficient oxygen ex-
traction. When capillary dysfunction becomes
more severe, as a result, tissue blood flow incre-
ases lead to little or no longer improvements in
tissue oxygenation. That tissue may be hypoxic in
the absence of demonstrable signs of ischaemia®.
The proposed hypothesis may give potential phy-
sical linkage between endothelial dysfunction,
which is well-established pathological state in
macrovascular complications, with diabetic poly-
neuropathy. It is also consistent to the results of
clinical investigation from Eurodiab group®.

Microvascular Changes in Painful
Diabetic Polyneuropathy

Painful diabetic polyneuropathy is the most
distressing complication of diabetes. However,
the cause of painful DPN is unclear. While the-
re is now strong evidence for the importance of
nerve microvascular disease in the pathogenesis
of DPN, the evidence for its detail mechanism in
painful DPN is less clear. The fluctuant nature of
painful neuropathic symptoms might suggest a
more dynamic underling cause, such as metabo-
lic or hemodynamic factors, rather than structu-
ral lesions. Studies using sural nerve epineurial
vessel photography and fluorescein angiography
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Figure 2. Surface view of the sural nerve from a non-diabetic subject (4) showing normal arterial (a) and venous (V) anatomy.
This contrasts with findings for a patient with chronic diabetic neuropahty (B), where there was arterial (a) attenuation, venous
(V) tortuosity and arterio-venous shunting (s). Reproduced with permission.

in vivo showed increased epineurial shunt flow
in patients with severe pain due to “insulin neu-
ritis” (acute painful neuropathy following rapid
glycemic control), which might be the conse-
quence of epineurial arteriovenous shunting.
Such hemodynamic disturbance has also been
found in diabetic polyneuropathy (Figure 2).
Tesfaye et al** used the techniques of microli-
ght guide spectrophotometry and fluorescein
angiography to measure sural nerve epineurial
intravascular oxygen saturation and blood flow

85

respectively. Epineurial oxygen saturation was
higher and epineurial blood flow was faster in
the group with painful neuropathic symptoms
compared to those without (Figure 3)*. Such
epineurial findings are not only confined to the
peripheral nerve but are also found in other va-
scular beds, such as cutaneous microcirculation
of the foot, using a noninvasive laser Doppler
technique?’. These results indicate that there
may be distinct differences in haemodynami-
cs within the epineurium of the sural nerve in
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Figure 3. Sural nerve intravascular oxygen saturation (HbO,%) (A) and fluorescein rise time (FRT) (B) in subjects with pain-
ful and painless DPN. Bars represent median values. Empty circles represent patients with TIDM, filled circles T2DM. Repro-

duced with permission..
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Figure 4. Composite concentration time profiles of the bolus passage of exogenous contrast agent (Gd-DTPA) through the thal-
amus in each subgroup: health volunteer, Diabetes without polyneuropathy, painless DN, and painful DN. Reproduced with per-

mission.

subjects with painful and painless neuropathy.
Haemodynamics disturbance may contribute to
the pathogenesis of neuropathic pain, by indu-
cing endoneurial hypoxia?®®.

In previous studies, Archer et al** demonstra-
ted the blood flow in the feet of patients with dia-
betic neuropathy was five times higher than in
normal controls. Reduction of this high flow by
sympathetic arousal stimuli was associated with
reduction in neuropathic pain, similar to the pain
relief reported by some patients when cooling the
feet (which would be expected to cause local va-
soconstriction). Also they demonstrated painful
DPN still retained the ability to constrict their
peripheral blood vessels in response to arousal
and reduce peripheral flow whereas patients with
painless DPN did not. Later, Doupis et al*® found
nerve axon reflex-related vasodilation induced
by stimulating c-nociceptive fibers in skin were
lower in the painless neuropathy, when compared
to painful neuropahy. On the other hand, Quattri-
ni et al*’ found not significantly different results
in foot skin vasodilator responses to acetylcho-
line and sodium nitroprusside but significantly
impaired vasoconstrictor responses to sympathe-
tic (deepest possible gasp) stimulation in patients
with painful DPN compared those with painless
DPN?, suggesting a role of sympathetic dener-
vation in the development of cutaneous shunting
and consequent reduction in dermal nutrition blo-
od flow. Tack et al*’ showed neurochemical and
positron emission tomography (PET) scanning
evidence for regionally selective sympathetic
denervation in painful polyneuropathy. These
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findings seemed inconsistent; however, it might
suggest the hypothesis that microvascular hemo-
dynamic disturbance might caused by abnormal
innervations associated with the pathogenesis of
painful diabetic polyneuropathy. Hemodynamic
factors may also affect central nerve systems. In
order to accommodate the diverse metabolic ne-
eds in different part of cerebrum, the microvascu-
lar perfusion characteristics that are critical to the
biophysics of oxygen extraction has to be adju-
sted*’. Magnetic resonance based brain imaging
technologies provide a suite of merits that can be
used to test hypotheses about central nervous sy-
stem mechanisms underlying pain perception®,
among which magnetic resonance perfusion ima-
ging and blood oxygen level-dependent (BOLD)
signals were correlated with regional cerebral
blood flow. Tseng et al** found enhanced BOLD
signals in limbic and striatal circuits using fun-
ctional magnetic resonance imaging, which con-
tributed to the development and maintenance of
burning pain and thermal hyperalgesia in dia-
betes. A study from Sheffield® assessed the mi-
crovascular perfusion characteristics of thalamus
and caudate nucleus using the magnetic resonan-
ce perfusion imaging. The caudate nucleus was
chosen to serve as an in vivo control region. The
study demonstrated increased thalamic vascula-
rity with sluggish flow in painful DPN but not in
painless DPN (Figure 4). There was no significant
difference in markers of caudate nucleus perfu-
sion. The thalamus plays a central role in modu-
lating/processing somatosensory information that
is relayed to the cerebral cortex. Hemodynamic
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changes in thalamus may have an important role
in the pathogenesis of neuropathic pain®. The la-
test electrophysiology findings in experimental
animals further prove the thalamic hyperactivity
can substantially transform ascending sensory
input in diabetic neuropathy®®. Further work is
required to clarify the haemodynamic changes
in the pain processing areas of the brain in order
to elucidate their relevance to the mechanisms of
pain in diabetic neuropathy.

Conclusions

Compelling experimental and human work
has highlighted the close association connection
between endoneurial microangiopathy and diabe-
tic polyneuropathy. Endoneurial hypoxia caused
by structural and functional microvascular chan-
ges is also well-recognized in diabetic polyneu-
ropathy. However, the early metabolic changes
triggering these microvascular hemodynamic
changes are yet to be fully elucidated. Futu-
re work will also need to investigate the role of
microvascular factors both in the periphery and
the central nervous system in the pathogenesis of
painful DPN.
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