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OBJECTIVE—To examine the association between early retinal arteriolar abnormalities and
diabetic peripheral neuropathy (DPN).

RESEARCH DESIGN AND METHODS —Data from 608 people (aged 40-80 years) with
diabetes from the population-based Singapore Malay Eye Study were analyzed. Participants
underwent binocular two-field digital retinal photography and quantitative sensory testing.
DPN was defined as an abnormal response to a monofilament or neurothesiometer test. Quan-
titative changes of retinal vascular caliber and arteriolar bifurcation geometry were measured
using a computer-based program. Qualitative retinal signs of retinopathy and retinal arteriolar
wall signs were graded by standardized methods.

RESULTS—DPN was present in 155 people (25.5%). After adjusting for age, sex, diabetes
duration, HbA,, cardiovascular risk factors, antihypertensive medication use, and peripheral
arterial disease, people with suboptimal arteriolar caliber (odds ratio 1.94 [95% CI 1.22-3.10]),
larger arteriolar branching coefficient (1.58 [1.03-2.42]), diabetic retinopathy (1.82 [1.20—
2.75]), and focal arteriolar narrowing (2.92 [1.48-5.76]) were more likely to have DPN. Partic-
ipants with a greater number of retinal microvascular signs were more likely to have DPN than
those without retinal changes (6.11 [2.11-17.71] for two or more signs and 3.47 [1.18-10.21]
for one sign compared with none).

CONCLUSIONS —Individuals with diabetes with early retinal arteriolar abnormalities are
more likely to have DPN, independent of hyperglycemia and major vascular risk factors. These
data support the hypothesis that early microvascular dysfunction, evident in the retina, is an
independent risk factor for DPN.

Diabetes Care 35:1098-1104, 2012

iabetic peripheral neuropathy (DPN)

is one of the most common long-

term complications of diabetes and
is the major predisposing factor for foot
ulceration, lower extremity amputation,
and death (1). Despite extensive research,
the exact pathophysiologic mechanisms
of DPN remain unclear. DPN has been
widely classified as a “microvascular com-
plication” of diabetes (2), and microvas-
cular damage, followed by impaired blood
supply to the peripheral nerves, may

contribute to demyelination and axonal
degeneration and eventually lead to signs
and symptoms (3). However, few studies
have specifically documented a link be-
tween microvascular dysfunction and
DPN (4).

The retinal microvasculature provides
a direct means of visualizing the systemic
microcirculation, and retinal vascular
changes reflect the deleterious effects of
hyperglycemia on the systemic microcir-
culation (5,6). Previous studies have
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reported an association between overt di-
abetic retinopathy (DR) signs (e.g., mi-
croaneurysms and hemorrhages) and an
increased risk of DPN or lower extremity
amputation (6). However, DR signs
represent a relatively late manifestation
of microvascular disease in the eye.

New quantitative measurements of
retinal microvascular structure and geom-
etry, such as retinal vascular caliber and
arteriolar bifurcation geometry, have been
shown to inform early and preclinical
processes in the pathophysiology of di-
abetes (7,8). As yet, there are scarce data
on the association between these quan-
titatively measured retinal vascular pa-
rameters and DPN. In the Wisconsin
Epidemiology Study of Diabetes Retino-
pathy (WESDR), retinal arteriolar caliber
narrowing was associated with lower ex-
tremity amputation, but neither arteriolar
nor venular caliber was associated with
self-reported DPN (9). In contrast, retinal
arteriolar caliber dilatation was associated
with objectively measured DPN in a multi-
ethnic Asian population with diabetes (10).

In view of these inconsistencies, we
examined the relationship between a
spectrum of retinal arteriolar abnormali-
ties, measured qualitatively and quantita-
tively, reflecting early microcirculatory
dysfunction, and DPN using data from a
population-based study.

RESEARCH DESIGN AND
METHODS

Study population

The Singapore Malay Eye Study (SiMES)
is a population-based cross-sectional study
investigating the prevalence and risk factors
of eye diseases affecting urban people living
in Singapore. Between August 2004 and
June 2006, 3,280 Malay men and women,
aged 40 to 80 years, were recruited at
random, in 10-year age bands, from a
computer-generated list provided by the
Singapore Ministry of Home Affairs. The
response rate was 78.7%. Nonparticipants
tended to be older but did not differ by sex,
sampling location, or possession of a tele-
phone in their homes. Details of the study
procedures and recruitment have been de-
scribed in detail previously (11). Tenets of
the Declaration of Helsinki were followed,
the institutional review board granted
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ethical approval, and written informed con-
sent was obtained from each participant.

Among the 3,280 SIMES participants,
644 with diabetes underwent quantitative
sensory testing. Diabetes was defined as a
random glucose value of 11.1 mmol/L or
higher, current use of antidiabetic medica-
tion, or a physician diagnosis of diabetes
(12). No differentiation was made between
type 1 and type 2 diabetes; however, more
than 98% of people were diagnosed with
diabetes after the age of 30 years, and thus,
most had type 2 diabetes. We excluded 3 of
the 644 participants who did not have ret-
inal photographs and a further 33 with la-
ser photocoagulations, leaving 608 for this
analysis. Of these, 605 had gradable retinal
photographs of sufficient quality for reti-
nopathy grading, 486 for retinal arteriolar
wall signs grading, and 541 for quantitative
assessment.

Assessment of DPN

Trained research assistants performed
two quantitative sensory tests during a
single session while participants were in-
clined horizontally on a couch. The vibra-
tion perception threshold (VPT) was
measured with a hand-held neurothesio-
meter (Horwell Neurothesiometer, Scientific
Laboratory Supplies Ltd, Nottingham, U.K.)
applied to the apex of both big toes and
the medial malleoli of both ankles. After a
test procedure on the subject’s palm or
forearm, the minimum vibration threshold
at which the subject was aware of vibration
sensation was recorded to the nearest 0.5 V.
The pressure perception threshold was
assessed using the 10-g monofilament
Touch-test Sensory Evaluator 5.07 (North
Coast Medical, U.S.). With the subject’s
eyes closed, the nylon monofilament was
applied to the plantar surface of the big toe
and the third digit, and metatarsophalan-
geal joints one, three, and five on both feet.
The number of sites of the five that the sub-
ject was able to sense the fine touch for each
foot was recorded. Abnormal vibration sen-
sation was defined as VPT >25V at any site
(13). Insensitivity to the 10-g monofila-
ment was the score of monofilament sen-
sory test of <4 of 5 points on either foot
(14). DPN was defined by the presence of
either abnormality.

Retinal photographic grading and
definitions

After pupil dilatation, two-field retinal pho-
tographs, with one centered on the optic
disc (field 1) and the other on the macula
(field 2), were taken of both eyes at 45°
using a digital retinal camera. Photographs

were evaluated by trained graders, who
were masked to participant characteristics,
according to standardized protocols for
quantitative and qualitative signs.

Quantitative retinal vascular
changes

The Singapore I Vessel Assessment 1.0
(Singapore) computer-assisted program
was used to quantify parameters of retinal
vascular network geometry from the field
1 image of the right eye of each individual.
The left eye was chosen if measurements
could not be performed in the right eye.
Two trained graders independently applied
the computer program and intergrader and
intragrader reliability was assessed on a
random sample of 50 images, with repeat
grading performed after a 2-week interval.
Measurements were based on all vessels
crossing through a prespecified and stan-
dardized area from 0.5 to 2 disc diameters
away from the optic disc margin.

Retinal vascular caliber. Based on a re-
vised Knudtson-Parr-Hubbard equation
(15), estimates of retinal vascular caliber
from the six largest arterioles and venules,
together with the first branch (if larger
than 50% of the trunk width) of these
vessels, were summarized as the central
retinal artery equivalent (CRAE) and cen-
tral retinal vein equivalent (CRVE), re-
spectively (16). The intraclass correlation
coefficient (ICC) was 0.94 (CRAE) and
0.98 (CRVE) for intergrader reliability and
ranged from 0.96 to 0.98 (CRAE) and from
0.98 to 0.99 (CRVE) for the intragrader re-
liability of graders 1 and 2.

Retinal arterial bifurcation geometry.
The arterial branching pattern may affect
the efficiency of circulation in that an
optimal branching arrangement of arter-
ies would facilitate delivery of blood to
tissue with a minimum total blood vol-
ume and with minimal loss of energy. The
geometry of an arterial bifurcation was
summarized by bifurcation angle (BA)
and branching coefficient (BC). BA was
defined as the angle subtended between
the two daughter arterioles at the vascular
junction. The optimum value for the BA
has been proposed to approximate 75°
(17). Changes in BA may reflect altera-
tions in blood flow (18), endothelial dys-
function (19,20), and attenuation in
oxygen saturation (21). Increased angles
have been associated with decreased reti-
nal blood flow (22), whereas decreased
angles are associated with aging and hy-
pertension (23). BC measures the changes
in the total cross-sectional area across the
bifurcation and was calculated using the
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following formula: branching coefficient =
(dy? + dy*)/dy?, where d, is the trunk cal-
iber and d, and d, are the branch calibers.
The theoretic optimum of BC should ap-
proximate 1.26 (17). An increased BC
represents wider branch vessels, and a de-
creased branching coefficient indicates
narrower branch compared with the trunk
vessel. Each may increase energy cost and,
hence, reduce the efficiency of circulation
and metabolic transport. The ICCs were
0.83 (BA) and 0.78 (BC) for intergrader
reliability and ranged from 0.76 to 0.89
and from 0.76 to 0.78 for intragrader
reliability.
Qualitative retinal vascular abnormal-
ities. Intragrader variations and the val-
idity of the grading systems for qualitative
signs have been assessed and the results
reported previously (24,25). Characteris-
tic lesions of DR were graded according to
the scale described by the Early Treatment
Diabetic Retinopathy Study (24). For
each eye, the maximum grade in either
of the two photographic fields was deter-
mined for each of the DR lesions, which
defined the final retinopathy level, varying
from levels 10 (no DR) to 85 (advanced
proliferative DR). The retinopathy level
for a participant was assigned on the basis
of the severity scores of the worse eye. Any
DR was defined as present if the level was
=15; that is, the presence of any of the
following lesions: microaneurysms, hem-
orrhages, hard exudate, cotton wool spots,
venous loops/beading, intraretinal microvas-
cular abnormalities, fibrous proliferations,
vitreous hemorrhages, and new vessels.
Retinal arteriolar wall signs, including
focal arteriolar narrowing (FAN) and ar-
teriovenous nicking (AVN), were recor-
ded in all four quadrants of field 1 and in
the arcades of field 2 (25). FAN was de-
fined as present if an arteriole had a con-
stricted area of three-quarters or less the
width of distal vessel segment. AVN was
graded by comparing with standard pho-
tographs and defined as present if there
was a decrease in the diameter of the ve-
nule on both sides of the arteriole that was
crossing it.

Assessment of other risk factors

Information on participants’ sociodemo-
graphic characteristics, lifestyle risk factors,
medication use, and medical history of di-
abetes and cardiovascular disease was ob-
tained in a standardized interview. Clinical
measurements included a nonfasting blood
sample for plasma HbA . and glucose, se-
rum total and HDL cholesterol, and bra-
chial blood pressures. Hypertension was
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defined as systolic blood pressure =140
mmHg, diastolic blood pressure =90
mmHg, or self-reported physician diag-
nosis of hypertension or current use of
antihypertensive medications. Duration
of diabetes was estimated by subtracting
the year of diagnosis from the date of at-
tendance at the research clinic. Smoking
status was categorized as current, former,
or never. BMI was calculated as weight in
kilograms divided by the square of height
in meters. Ankle pressures were mea-
sured using a standardized Doppler ultra-
sound device, and the ankle-brachial
pressure index was calculated as the ratio
of the higher of the two systolic pressures
at the ankle to the average of the right and
left brachial artery pressures. Subclinical
peripheral arterial disease (PAD) was de-
fined as an ankle-brachial pressure index
<0.9.

Statistical analyses
Characteristics of participants by periph-
eral sensory neuropathy (PSN) status of
DPN, abnormal vibration sensation, and
insensitivity to monofilament were com-
pared separately by the x* test for cate-
goric data and independent sample ¢ test
or Mann-Whitney U test for continuous
data. Qualitative retinal signs were ana-
lyzed as dichotomous variables, and
quantitative retinal signs were initially
categorized into tertiles according to the
distribution of each retinal parameter. We
found a U-shaped relationship of CRAE
with PSN, where both top and bottom ter-
tiles of CRAE were associated with a higher
prevalence rate of PSN (Fig. 1). A similar
but nonsignificant trend was also seen for
CRVE. Consistent with analysis of qualita-
tive retinal signs as dichotomous variables,
we defined suboptimal arteriolar and ven-
ular calibers as combined top and bottom
tertiles of CRAE and CRVE, respectively.
Given that the arteriolar branching
angle was shown to decrease in partici-
pants with PSN in this cohort (Table 1), a
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smaller BA was considered as “abnormal”
and defined as the top tertile of BA to cap-
ture the extreme variation. In a similar
way, a larger branching coefficient was
the bottom tertile of BC relative to other
tertiles combined. The association patterns
were generally similar in PSN identified by
VPT and monofilament, respectively (Table 1
and Fig. 1). However, there were few par-
ticipants with abnormal VPT (n = 17) and
even fewer for retinal vascular signs (e.g.,
n = 2 for FAN). We therefore combined
them, and DPN was the sole outcome in
the subsequent analyses.

Logistic regression models were con-
structed to determine the odds ratio (OR)
and 95% CI of DPN in association with
retinal vascular signs. Age and sex were
entered into all models first, followed by
additional adjustment for BMI, current
smoking, total cholesterol, systolic blood
pressure, antihypertensive medication
use, subclinical PAD, HbA,., and dura-
tion of diabetes. These variables were se-
lected as potential confounders if, in
previous literature, a variable was reported
to be associated with both retinal vascular
signs and DPN. Interactions between ret-
inal vascular signs and other variables
were assessed with respect to effects on
DPN. All tests were two-tailed, and a
value of P < 0.05 was considered statis-
tically significant. All analyses were per-
formed using SPSS 17.0 software (SPSS
Inc., Chicago, IL).

RESULTS —Of the 608 participants
with diabetes, the prevalence of DPN
was 25.5%. A comparison of character-
istics according to DPN status is given in
Table 1. People with DPN were older, less
likely to be current smokers, and more
likely to have subclinical PAD, hyperten-
sion, and lower mean diastolic blood
pressure.

Table 2 reports the associations be-
tween retinal microvascular abnormali-
ties and DPN. Taking the middle tertile

Bin c

Abnormal Vibration Sensation in %

2nd Tertile
CRAE Tertiles

Ist Tertile 3rd Tertile

of CRAE as the reference group, the top
(OR 2.22 [95% CI 1.35-3.66]) and bot-
tom (1.80 [1.08-3.12]) tertiles of CRAE
were significantly associated with in-
creased odds of DPN. When quantitative
signs were analyzed dichotomously, after
adjusting for age and sex, people with
suboptimal CRAE (1.90 [1.20-3.01]) or
larger arteriolar BC (1.56 [1.04-2.34])
were more likely to have DPN than those
without the individual signs. For qualita-
tive assessment, people with DR (1.86
[1.27-2.73]) and FAN (2.83 [1.47-
5.42]) were more likely to have DPN.
After additional adjustment for other
vascular risk factors, subclinical PAD,
diabetes duration, and HbA, ., the associ-
ations with DPN persisted. No statisti-
cally significant association was found
for suboptimal CRVE, smaller BA, or
AVN in either model. There was no sig-
nificant interaction of retinal signs and
any of other variables.

Additional analyses were performed
by modeling deviation from the optimum
BA and BC (calculated as the absolute
difference from 75° and 1.26, respec-
tively), and the results were similar. Be-
cause CRAE and CRVE were correlated
(r =0.53, P < 0.01), the fellow vessel
caliber variable was added to the multi-
variate model, including the other as a co-
variable, to examine whether both were
independently associated with DPN. The
association between suboptimal CRAE
and DPN was essentially unchanged after
additionally controlling for suboptimal
CRVE (data not shown).

Because DR may confound the asso-
ciations of DPN with other retinal signs,
analyses were repeated after further ad-
justing for DR and generated similar
results (data not shown). When analyses
were restricted to participants without
any DR (n = 403), the associations with
suboptimal CRAE (OR 2.27 [95% CI
1.18-4.36]) and FAN (2.85 [1.15-
7.02]) remained significant, whereas the

40
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Figure 1—Prevalence of DPN (A), abnormal vibration sensation (B), and insensitivity to monofilament (C) according to CRAE tertiles. The error

bars indicate 95% CI.
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Table 1—Characteristics of study population according to DPN, abnormal vibration sensation, and insensitivity to 10-g monofilament status

All DPN Abnormal vibration sensation Insensitivity to monofilament
Absent Present Absent Present Absent Present
Characteristics (n = 608) (n=453) (n=155) P (n=591) (n=17) P (n =463) (n=145) P
Systemic characteristics
Age (years) 628 £9.2 61.7 £9.4 663 *7.6 <0.001 62.7*09.1 67.7 9.0 0.026 61.8=*94 66.0 7.5 <0.001
Male sex 44.7 44.2 46.5 0.794 44.5 52.9 0.490 44.5 455 0.829
HbA; . (%) 7.9 (6.8-9.5) 7.8 (6.8-9.5) 8.1 (6.7-9.4) 0.486 7.9 (6.8-9.5) 7.6 (6.2-9.5) 0271 7.8(6.8-9.5) 8.9 (6.1-9.5) 0.190
Diabetes duration (years) 6.0 (3.0-13.0) 6.0(3.0-11.0) 6.0(3.0-16.0) 0.829 6.0(3.0-13.0) 6.0(1.0-13.0) 0.467 6.0(3.0-11.0) 6.0 (3.0-16.0)  0.738
Blood pressure
Systolic (mmHg) 153.1 £ 228 152.8 =222 154.1 =248 0549 153.0=*22.6 1575 *31.0 0419 1529*225 153.8 = 24.1 0.657
Diastolic (mmHg) 78.9 = 10.7 794 £ 103 774+ 117 0.044 789 *10.5 785+ 172 0983 795 *105 771 £ 11.1 0.020
Hypertension 85.4 83.2 91.6 0.011 85.1 94.1 0.490 83.4 91.7 0.013
Antihypertensive medication use 45.1 45.0 45.2 0.978 45.2 41.2 0.744 45.0 45.5 0.913
BMI (kg/m?) 27.7 4.7 27.7 48 27745 0964 27.7*x47 260+51 0.100 27.6 438 279 £ 45 0.484
Current smoking 12.7 15.0 5.8 0.003 13.1 0.0 0.149 14.8 6.2 0.007
Cholesterol (mmol/L)
Total 530 £1.20 534 £ 1.16 527 = 131 0529 534 =*1.20 465=*1.15 0.019 532=*1.16 532 £ 131 0.992
HDL 1.28 = 0.30 1.28 = 0.30 127 =031 0.835 128 *0.30 1.12+0.22 0.034 128=*0.30 129 £ 031 0.308
Subclinical PAD 9.9 8.5 14.4 0.036 9.4 29.4 0.020 9.0 133 0.140
Quantitative retinal vascular signs
Retinal arteriolar caliber (um) 1347 =123 1348 =120 1343 *13.0 0.700 134.7 =123 1343 =114 0.699 134.6* 120 1348 *=13.2 0.858
Retinal venular caliber (um) 2034 £181 2033 *178  203.6*189 0.891 2033 *18.1 2068 142 0379 203.1 £17.7 2035 =* 187 0.850
Arteriolar branching angle (deg) 76.7 £ 11.5 772113 753+ 11.8 0.087 768 115 755 * 147 0.654 772 %115 751 112 0.069
BC 1.40 (1.28-1.53) 1.38 (1.27-1.51) 1.42 (1.30-1.60) 0.076 1.39 (1.28-1.53) 1.42 (1.21-1.70) 0.555 1.39 (1.28-1.52) 1.42 (1.30-1.60) 0.103
Qualitative retinal vascular signs
DR 332 30.2 42.9 0.001 33.1 412 0.603 30.3 43.1 0.005
Focal arteriolar narrowing 7.1 6.3 16.5 0.001 8.7 13.3 0.633 6.5 17.0 0.001
Arteriovenous nicking 8.4 8.2 9.1 0.765 8.4 0.0 0.612 7.6 9.8 0.443

Data are means * SD, percentages, or median (interquartile range) unless otherwise indicated. Boldface values are statistically significant values (P < 0.05). deg, degrees.
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Table 2—Associations of quantitative and qualitative retinal microvascular signs with DPN

Adjusted OR (95% CI)

Retinal microvascular signs N (cases) DPN prevalence % Age and sex Multivariable*
Quantitative retinal signs
Retinal arteriolar caliber (um)
Tertile 1 (90.6-129.2) 182 (58) 31.9 2.22 (1.35-3.66) 2.10 (1.24-3.58)
Tertile 2 (129.3-139.9) 183 (31) 16.9 1.00 (Reference) 1.00 (Reference)
Tertile 3 (140.0-185.3) 176 (49) 27.8 1.80 (1.08-3.12) 1.80 (1.03-3.16)
Retinal venular caliber (um)
Tertile 1 (148.6-195.6) 189 (51) 27.0 1.08 (0.66-1.74) 1.04 (0.61-1.77)
Tertile 2 (195.7-210.7) 177 (42) 23.7 1.00 (Reference) 1.00 (Reference)
Tertile 3 (210.8-252.5) 175 (45) 25.7 1.13 (0.69-1.84) 1.12 (0.59-1.75)
Arteriolar branching angle (deg)
Tertile 1 (28.3-71.5) 179 (55) 30.7 1.45 (0.90-2.35) 1.25(0.75-2.07)
Tertile 2 (71.6-81.4) 181 (40) 22.1 0.98 (0.59-1.62) 0.93 (0.55-1.57)
Tertile 3 (81.5-120.6) 177 (40) 22.6 1.00 (Reference) 1.00 (Reference)
Arteriolar branching coefficient
Tertile 1 (0.54-1.33) 177 (37) 20.9 1.00 (Reference) 1.00 (Reference)
Tertile 2 (1.34-1.48) 182 (43) 23.6 1.24 (0.75-2.05) 1.19 (0.70-2.02)
Tertile 3 (1.49-2.94) 178 (55) 30.9 1.74 (1.07-2.83) 1.76 (1.04-2.96)
Suboptimal arteriolar caliber
Absent 183 (31) 16.9 1.00 (Reference) 1.00 (Reference)
Present 358 (107) 29.9 1.90 (1.20-3.01) 1.94 (1.22-3.10)
Suboptimal venular caliber
Absent 177 (42) 23.7 1.00 (Reference) 1.00 (Reference)
Present 364 (96) 26.4 1.08 (0.70-1.66) 0.98 (0.63-1.54)
Smaller branching angle
Absent 358 (80) 22.3 1.00 (Reference) 1.00 (Reference)
Present 179 (55) 30.7 1.47 (0.98-2.21) 1.30 (0.84-2.00)
Larger branching coefficient
Absent 359 (80) 22.3 1.00 (Reference) 1.00 (Reference)
Present 178 (55) 30.9 1.56 (1.04-2.34) 1.58 (1.03-2.42)
Qualitative retinal signs
DR
Absent 403 (88) 21.8 1.00 (Reference) 1.00 (Reference)
Present 202 (66) 32.7 1.86 (1.27-2.73) 1.82 (1.20-2.75)
Focal arteriolar narrowing
Absent 443 (101) 22.8 1.00 (Reference) 1.00 (Reference)
Present 41 (11) 46.5 2.83 (1.47-5.42) 2.92 (1.48-5.76)
Arteriovenous nicking
Absent 445 (110) 24.7 1.00 (Reference) 1.00 (Reference)
Present 41 (11) 26.8 1.05 (0.50-2.20) 1.23(0.57-2.67)

Boldface values are statistically significant (P < 0.05). *Adjusted for age, sex, BMI, current smoking, total cholesterol, systolic blood pressure, antihypertensive
medication, subclinical peripheral arterial disease, diabetes duration, and HbA, .. deg, degrees.

association with larger BC (1.32 [0.74-
2.37]) became nonsignificant. Analyses
were also repeated after excluding individ-
uals who were newly diagnosed with di-
abetes by a random plasma glucose test
alone (n = 21) and those diagnosed before
age 30 years who were on insulin treat-
ment (n = 4). None of the associations re-
ported were altered (data not shown).
Finally, we examined the burden of
retinal arteriolar signs, which was summa-
rized as the total number (0, 1, 2 or greater)
of the following signs: DR, FAN, subopti-
mal CRAE, and larger BC. A significant

trend (P < 0.001) was observed with a
greater number of these retinal signs for
higher risk of DPN after multivariate ad-
justment. The OR was 6.11 (95% CI
2.11-17.71) in people who had two or
more retinal arteriolar signs and 3.47
(1.18-10.21) in those with one sign com-
pared with those without any of the reti-
nal microvascular changes.

CONCLUSIONS —In this study, we
showed that a range of retinal microvas-
cular abnormalities, measured quantita-
tively and qualitatively, were associated

with DPN, as defined from quantitative
sensory testing. Individuals with a sub-
optimal arteriolar caliber and larger arte-
riolar branching coefficient, as well as DR
and focal arteriolar narrowing, were more
likely to have DPN than those without
these signs. Persons with two or more signs
were six times more likely to have DPN
than those without any signs. More im-
portant, we showed that the association
with these retinal changes was present
even in people without traditional signs
of DR, suggesting that the relationship of
small artery changes and DPN was present
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before the onset of clinically detectable
microvascular disease.

To our knowledge, this is the first study
to demonstrate an association of DPN
with a number of quantitatively measured
retinal arteriolar parameters, including
larger arteriolar BC (evidence of impaired
arteriolar bifurcation optimality) and sub-
optimal arteriolar caliber.

Given that retinal arteriolar abnormal-
ities are markers for early microvascular
damage, we suggest that DPN may arise,
at least in part, from generalized systemic
microvascular disease leading to damage
of peripheral nerves. An increased arteri-
olar BC and greater deviation from the
optimum indicate impaired arteriolar bi-
furcation optimality that may reflect endo-
thelial dysfunction and is also associated
with altered shear stress across that net-
work, which may further compound the
effects on the vascular endothelium, lead-
ing to endothelial inflammation (26).

We also found a U-shaped relation-
ship between retinal arteriolar caliber and
DPN, with “suboptimal” arteriolar caliber
(narrower or wider tertiles) associated
with the higher prevalence of DPN. This
finding concurs with previous studies
that reported associations between ex-
treme distributions of retinal arteriolar
caliber and the risk of DPN (9,10). More
important, a similar U-shaped pattern has
also been reported between suboptimal
retinal arteriolar caliber and urine albu-
minuria excretion in diabetes (27). This
may be explained as follows: Initially, ret-
inal arteriolar caliber decreases in re-
sponse to elevated blood pressure, which
in diabetes leads to ischemia and tissue
hypoxia due to the limited vasodilatory
capacity of the vessels. At later stage, oxi-
dative stress induced by hyperglycemia,
together with the formation of advanced
glycosylated products and overreaction of
protein kinase C, may lead to dysfunction
in endothelium and arteriolar smooth
muscle cells that results in arteriolar auto-
regulatory dysfunction and persistent ret-
inal arteriolar dilatation (28). According to
the laws of Starling and Laplace, retinal
arteriolar dilatation may cause a rise in
capillary pressure and lead to capillary
wall dilatation (microaneurysms), leakage
(edema), and rupture (hemorrhage),
which are all classical signs of DR (29).
Other signs, such as FAN, are thought to
be transient markers for concurrent hy-
pertension, whereas suboptimal arteriolar
caliber may reflect arteriolar damages from
long-term exposure to both hypertension
and hyperglycemia.

More recently, functional studies have
demonstrated that DR and DPN are both
closely linked with impaired microvascular
reactivity, as evidenced in the skin, that re-
flects a combined reduction in responses to
endothelial-dependent and -independent
(e.g., decreased production of NO or
smooth cell responsiveness) vasodilatation
or microvascular sclerosis (i.e., a more
physical loss of vasodilator reserve)
(30,31). These structural and functional
microvascular abnormalities both point
to a more complex mechanism in the
pathogenesis of DPN than pure endothelial
dysfunction alone.

The strengths of this study include
the use of quantitative methods to mea-
sure geometry of retinal microvasculature as
well as the assessment of DR and arteriolar
wall signs by standardized grading proto-
cols, and the application of sensitive sensory
tests to quantify large nerve fiber function.
We also minimized residual confounding
by PAD by controlling for the ankle-
brachial pressure index rather than by
relying on subjectively palpating foot
pulses.

Limitations need to be discussed.
First, the current study was based on
cross-sectional data, limiting our ability to
determine the temporal sequence of asso-
ciations. Second, the proportion of par-
ticipants with ungradable images for the
different retinal abnormalities ranged
from 0.5 to 20%. The retinal arteriolar
wall signs of FAN and AVN were most
frequently ungradable due to the preva-
lence of cataract and other medial opac-
ities. However, the diabetes risk profile
and prevalence of DPN were largely sim-
ilar in participants with and without grad-
able images, suggesting a limited role for
selection bias. Finally, there might be
some measurement error in the quantita-
tive signs assessment, particularly in ret-
inal images of poor quality, given that the
computer software needs some manual
intervention. These nondifferential ran-
dom errors, however, will tend to dilute
associations toward the null.

In summary, we demonstrate that
early retinal arteriolar abnormalities, in-
cluding quantitative measures, were inde-
pendently associated with DPN in people
with diabetes. These findings support a
long-standing but unproven hypothesis
that early microvascular dysfunction is
present in diabetic patients with DPN.
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