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Abstract

Background: Hyperglycemia is thought to be one of the most com-
mon causes of peripheral neuropathy. Pathology of the peripheral
nervous system can involve sensory nerves, motor nerves, or auto-
nomic nerves. It is typically believed that hyperglycemia-induced
neuropathies follow a length-dependent pattern, generally affecting
the feet and toes first, with the hands and fingers involved at a later
stage. Sudomotor function, which is the body’s ability to regulate
sweat production through the autonomic nervous system, is often one
of the earliest signs of autonomic dysfunction. There is limited in-
formation on the inter-limb differences in peripheral neuropathy, and
the precise impact of metabolic control on individual limbs has yet
to be clarified. Thus, the present study aims to explore the relation-
ships between glucose regulation and peripheral neuropathy across all
four limbs, using sudomotor activity as a measure of nerve functional
status.

Methods: Electronic medical record data from 34 individuals of a
private practice clinic were included in this study. Fasting blood glu-
cose and hemoglobin A,  (HbA ) were used as indices of metabolic
control. Sudomotor function was assessed using the Sudoscan device
and serves as an important indicator of peripheral autonomic nerve
function. Sudomotor function is measured in electrochemical skin
conductance (ESC), with a lower ESC representing greater peripheral
neuropathy.

Results: There were no differences in patient demographics or clini-
cal laboratory values between men and women (all P > 0.05), except
that men were taller (P < 0.001) and heavier (P = 0.021) compared
to women. The right hand had a lower ESC than the left hand (P <
0.001), left foot (P < 0.001), and right foot (P < 0.001). The left hand
had a lower ESC than the left foot (P = 0.005) and the right foot (P =
0.003). There was a significant negative relationship between fasting
blood glucose concentrations and ESC in the left hand (r = -0.363; P
=0.035), right hand (r =-0.474; P =0.005), and right foot (r =-0.385;
P=0.024).
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Conclusion: Contrary to popular belief, the results of the present
investigation suggest that hands have more severe peripheral auto-
nomic neuropathy compared to the feet. Lastly, there is a direct linear
relationship between degree of peripheral autonomic neuropathy and
fasting blood glucose and age. Indeed, current findings suggest a po-
tential need for a shift in clinical practice, where more detailed testing
of the hands and arms could detect early signs of neuropathy before it
becomes more clinically evident in the legs.
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Introduction

Peripheral neuropathy is a term that is used to describe any
pathology causing damage to the nerves in the peripheral nerv-
ous system, with the exact pathophysiology of this condition
contingent on the underlying disease [1]. Close to 2.4% of the
world population is affected by peripheral nerve disorders, and
this number increases to 8% in older individuals [2]. The most
common cause of peripheral neuropathy is hyperglycemia,
which can contribute to end-organ damage long before a for-
mal diagnosis of diabetes mellitus is confirmed [3]. Sustained
hyperglycemia over time, resulting in an increased hemoglobin
A, (HbA,,), has multiple adverse effects on the body, includ-
ing damaging the small penetrating blood vessels that supply
nerves with nutrition and oxygen needed for normal function.
Such chronic hyperglycemia also contributes to insulin resist-
ance resulting in oxidative stress, inflammation, and overall
cell damage [4]. Approximately 50% of individuals with hy-
perglycemia will experience peripheral neuropathy at some
point in their lives [5], and elevated HbA, has been shown
to correlate with a more severe peripheral neuropathy [6]. In-
deed, peripheral neuropathy is an independent risk factor for
the development of cardiovascular disease (CVD) [7]. Alterna-
tively, various cardiovascular risk factors including hyperlipi-
demia and hypertriglyceridemia themselves are independent
risk factors for the development of peripheral neuropathy [8].
Hyperglycemia-associated peripheral neuropathy can af-
fect the sensory, motor, and autonomic nerves and typically
starts in the extremities. Following a nerve-length-dependent
pattern, the feet and toes are impacted first, whereas neuropa-
thy in the hands and fingers is typically identified later [9].
Specifically, sudomotor function, the body’s ability to regulate
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sweat production through the autonomic nervous system, is the
first to be affected in autonomic neuropathy [10]. Indeed, the
degree of sudomotor dysfunction is associated with severity
of peripheral neuropathy [11]. Despite autonomic neuropathy
often occurring first, patients rarely come to the office with
concerns regarding reduced sweating or other subtle signs of
autonomic dysfunction. Sensory changes, like numbness or
tingling, tend to be more noticeable and concerning for pa-
tients, which is why they are usually the primary reason for
consultation, even though autonomic issues may already be
present. Thus, it is conceivable that early detection of sudomo-
tor dysfunction could reduce CVD risk and overt disease and
events. Multiple studies have validated the use of sudomotor
function assessment in clinical practice and in individuals with
type 2 diabetes [12-14]. However, there remain limited data
on limb-specific differences and the relationship between gly-
cemic control and these inter-limb variations. Specifically, it
remains unclear whether the severity of neuropathy is consist-
ent between the upper and lower limbs. While there is limited
information on inter-limb differences in peripheral neuropathy,
the precise impact of metabolic control on peripheral neuropa-
thy in individual limbs has yet to be elucidated. Understand-
ing the differential impact of peripheral neuropathy on various
limbs could provide further insights into the early detection,
pathophysiology, management and treatment of this condition.
Therefore, the purpose of the present study is to explore the
relationships between glucose regulation and peripheral neu-
ropathy within all four limbs of the body. It was hypothesized
that the lower and left limbs would have greater degrees of
sudomotor dysfunction than the upper and right limbs.

Materials and Methods

Study population and data collection

A total of 34 individuals (men: n = 8; women: n = 26) were
included in this retrospective chart review. Patients included
in the study were those who received Sudoscan testing dur-
ing office visits between November 2023 and February 2024.
This screening was done to differentiate between a peripheral
or central etiology of neurologic symptoms in patients without
previous diagnostic testing. Participants were excluded if they
did not have clinical laboratory values drawn within 3 months
of testing. All participants reported to the Neurology of Cen-
tral Georgia office having abstained from moderate-vigorous
exercise for 12 h prior to testing. Patient confidentiality was
maintained throughout the study and utilized only pre-exist-
ing, de-identified data. Accordingly, the research was consid-
ered non-human subjects research per the Augusta University
IRB office.

Indices of metabolic control

Fasting blood glucose and HbA,  were used as indices of meta-
bolic control. Blood urea nitrogen (BUN) was used as an index

of renal function. Vitamins B,,, folate, and vitamin D were as-

sessed in available participants to rule out vitamin deficiency
as a cause of peripheral neuropathy.

Peripheral neuropathy

Sudomotor function, the body’s ability to regulate sweat pro-
duction through the autonomic nervous system, was assessed
using the Sudoscan device (Sudoscan, San Diego, CA), and
serves as an indicator of peripheral nerve function. This test is
a new, rapid method based on the electrochemical interaction
between sweat chloride and stainless-steel electrodes. This ap-
proach is valid and reproducible in both in vitro and clinical
studies [15-17]. To minimize any possible interference and to
obtain a clean sudomotor function assessment, patients were
instructed to avoid applying any ointments or lotions to their
body. During the test, patients laid in a supine position, placed
their hands and feet on stainless-steel electrodes, and a low, in-
cremental direct voltage (<4 V) was applied for approximately
2 min. Electrochemical skin conductance (ESC), a marker of
sudomotor function, was calculated as the ratio of the meas-
ured current to the applied voltage. The results of the test are
expressed as ESC (microsiemens, uS) for both hands and feet.
An ESC between 0 and 40 uS is indicative of severely reduced
sudomotor function, between 40 and 60 pS is indicative of
moderately reduced sudomotor function, and between 60 and
100 puS is indicative of normal sudomotor function.

Statistical analysis

Statistical analyses were performed using SPSS Version 29.
All data are expressed as mean + standard error of mean
(SEM) unless otherwise noted. For differences in demographic
and clinical laboratory variables, Chi-square tests or independ-
ent samples 7-tests were used. For sex differences, independent
sample ¢-tests were used. A repeated measures analysis of vari-
ance (ANOVA) was used to determine inter-limb differences.
A Pearson correlation was used to determine relationships
among the degree of peripheral neuropathy, metabolic control,
and age. Post hoc pairwise comparisons were performed us-
ing a Bonferroni adjustment to the overall alpha level for the
number of comparisons. Effect sizes for differences in periph-
eral neuropathy are reported as Cohen’s d values to represent
small (Cohen’s d = 0.2), medium (Cohen’s d = 0.5), and large
(Cohen’s d = 0.8) effect sizes (26). Statistical significance was
set at P < 0.05.

Results

Patient demographics and clinical laboratory values are pre-
sented in Table 1. Men were taller (P < 0.001) and heaver (P =
0.021) compared to women. There were no other differences
observed (all P> 0.05). There was no limb-sex interaction ob-
served (all P> 0.05). No sex differences were observed in any
limb ESC between men and women (all P > 0.05).

Figure 1 illustrates the ESC variations across different
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Table 1. Overall Participant Characteristics

Variable Overall (n = 34) Men (n = 8) ‘Women (n = 26) P-value

Demographic
Age (years) 57+ 14 57+ 11 57+ 15 0.954
Race (NHW/NHB) 24/10 6/2 18/8 0.763
Height (cm) 65.6+4.0 69.8 4.2 64.3+3.0 <0.001*
Weight (kg) 184 £31 205 +25 178 +30 0.021*
BMI (kg/m?) 30.1£5.2 29.6+2.5 30.3£5.8 0.752

Clinical laboratory values
Glucose (mg/dL) 107 + 34 109 £ 27 106 £+ 36 0.841
HbA,_ (%) 59+1.1 6.0+0.5 59+1.2 0.853
BUN (mg/dL) 153+5.7 16.1 £5.1 15.0+6.0 0.646
Vitamin B12 (pg/mL) 1,086 + 600 717 + 158 1,173 £ 635 0.178
Folate (ng/mL) 16.9+£53 13.7+4.8 17.6 £5.3 0.189
Vitamin D (ng/mL) 46.2+32.4 40.5+14.4 47.6 +35.8 0.705

Data are presented as mean + SD; independent samples t-test. *Statistically significant. BMI: body mass index; BUN: blood urea nitrogen; HbA,

hemoglobin A, _; NHB: non-Hispanic Black; NHW: non-Hispanic White.

limbs. The right hand had a lower ESC than the left hand (Co-
hen’s d =-0.834; P <0.001), left foot (Cohen’s d =-0.819; P <
0.001), and right foot (Cohen’s d =-0.875; P <0.001). The left
hand had a lower ESC than the left foot (Cohen’s d =-0.510; P
=0.005) and right foot (Cohen’s d =-0.543; P =0.003). There
were no differences in ESC between the left and right foot (P
> (.05).

The relationships between fasting glucose and ESC across
different limbs are shown in Figure 2. There was a significant
negative relationship between fasting blood glucose concen-
trations and ESC in the left hand (r = -0.363; P = 0.035) (Fig.
2a) right hand (r = -0.474; P = 0.005) (Fig. 2b), and right foot
(r = -0.385; P = 0.024) (Fig. 2c). This relationship was not
seen with the left foot (r = -0.274; P = 0.117). There was no
relationship between HbA | and ESC in any extremity. In ad-
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Figure 1. Differences in electrochemical skin conductance (ESC) dif-
ferences between limbs (n = 34). Analysis of variance. Data are pre-
sented as mean * standard error of mean (SEM). *Statistically signifi-
cant from left hand (LH), left foot (LF), and right foot (RF). tStatistically
significant from LF and RF.

dition, there was a significant negative relationship between
age and ESC in the left hand (r =-0.515; P =0.002), right hand
(r =-0.486; P = 0.004), left foot (r = 0.520; P = 0.002), and
right foot (r = -0.533; P = 0.001). Further, there was a signifi-
cant positive relationship between age and fasting glucose (r =
0.343; P=0.047).

Discussion

Peripheral neuropathy affects millions of people worldwide,
and its prevalence is closely linked to poor glycemic control,
particularly in individuals with diabetes. Although it has been
shown that peripheral neuropathy starts in the lower extremi-
ties, comparing the degree of neuropathy in the individual ex-
tremities has not yet been studied. The results from the pre-
sent study demonstrate that hands have a greater degree of
peripheral autonomic neuropathy when compared to the feet.
Additionally, there is a positive linear relationship between the
degree of autonomic neuropathy and both fasting glucose and
age. This finding challenges the common assumption that neu-
ropathy progression always follows a distal-to-proximal pat-
tern, suggesting that a more complex mechanism may be at

play.
Extremity difference in peripheral neuropathy

Peripheral neuropathy caused by hyperglycemia is often as-
sumed to follow a length-dependent pattern [9], suggesting that
the legs, being longer, would show signs of damage before the
arms. However, the current study presents an interesting para-
dox, as the arms appear to be more severely affected than the
legs. It is important to note that despite the small sample size
in this study, the Cohen’s d values indicate a large effect size.
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Figure 2. Relationships between fasting glucose and electrochemical skin conductance (ESC) in (a) left hand (LH), (b) right hand

(RH), and (c) right foot (RF) (n = 34). Pearson’s correlation.

Nonetheless, the present findings raise the question of whether
the arms could be more susceptible to hyperglycemia-induced
damage earlier than the legs. While damage still progresses
in a distal-to-proximal manner, it is possible that the arms are
initially impacted by hyperglycemia before the legs. Despite
this possibility, most neurologists primarily focus on testing
the legs and feet during clinical exams, under the assumption
that they are affected first. The arms, by contrast, are typically
examined only when the condition is severe and reported by
the patient. Present findings indicate the need for a paradigm
shift in how neuropathy is diagnosed and monitored in a clini-
cal setting. By conducting more detailed tests on the hands and
arms early on, it may be possible to catch signs of neuropathy
that would otherwise go undetected in its initial stages. Objec-
tive testing using the Sudoscan, which can detect sudomotor
dysfunction, might allow for earlier detection of neuropathy in
the arms before it manifests in the legs, an observation that will
provide indication for early diagnosis, treatment, and manage-
ment. Indeed, future research with a larger patient cohort could
certainly further validate these findings.

The current study does not examine the timing and onset
of neuropathy. Instead, the results suggest that, irrespective of
when neuropathy begins, both hands exhibit a greater degree
of peripheral neuropathy compared to both feet. Notably, the
right hand, on average, shows a higher degree of peripheral
neuropathy compared to the left hand. While the exact mech-
anism behind this observation remains unclear, handedness
may be a contributing factor. Although the hand dominance
of the participants in the current study is unknown, 90% of
the population is right-handed [18]. It is hypothesized that the
increased use of the right hand, which is dominant in most
individuals, contributes to a higher degree of neuropathy in
that hand. However, it could also be argued that frequent use
of the dominant hand might actually preserve nerve func-
tion, thereby offering some protection against neuropathy.
This dual perspective raises questions about the relationship
between nerve use and degradation. Future research should
explore how repetitive movements or tasks impact neuropa-
thy progression in dominant versus non-dominant limbs and
investigate whether neural protection mechanisms are at play
in heavily utilized extremities. Understanding these dynam-
ics could inform more personalized approaches to managing
peripheral neuropathy. Recent literature indicates that left-

handed individuals exhibit a greater CVD risk compared to
right-handed individuals [19]. Given that peripheral neuropa-
thy is an independent predictor of CVD risk and represents a
form of microvascular dysfunction [7], findings of the present
investigation provide support that repeated asymmetric hand
usage may disproportionately accelerate the degree of periph-
eral neuropathy in the dominant hand, potentially increasing
future CVD risk. Future studies are certainly needed to elabo-
rate the role of handedness on peripheral neuropathy and test
this proposed hypothesis.

Neuropathy is a significant form of end-organ damage of-
ten associated with chronic conditions like diabetes. Detecting
neuropathy at an early stage could serve as an indicator of the
onset of end-organ damage, allowing for timely intervention.
Early identification of neuropathy could prompt more rigor-
ous screening for other complications of hyperglycemia, such
as renal dysfunction, retinopathy, and cardiovascular involve-
ment, enabling healthcare providers to manage these issues
proactively. By initiating preventive care sooner, morbidity
and mortality related to these conditions could potentially be
reduced. Additionally, implementing an inexpensive diagnos-
tic test for early neuropathy detection could yield substantial
cost savings for the healthcare system, potentially amounting
to billions of dollars, by minimizing the need for more inten-
sive treatments and hospitalizations later on.

Relationship of metabolic control and age on peripheral
neuropathy

Diabetes is the leading cause of peripheral neuropathy and
poorly controlled diabetes has been associated with higher
rates of painful peripheral neuropathy [20]. The results of the
current study suggest that higher fasting glucose is associated
with a higher degree of peripheral neuropathy, regardless of
extremity. Interestingly, no relationships between HbA, and
degree of peripheral neuropathy in any extremity were ob-
served. However, there were missing HbA,  data in half of
the participants in this study, so their data were not used in
the analysis. Indeed, circulating blood glucose can fluctuate
throughout the day and may influence the severity of periph-
eral neuropathy. While this study focused solely on fasting
blood glucose, future research that utilizes continuous glucose
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monitoring to determine the relationship between glucose over
time and sudomotor function is certainly warranted. Such an
approach would provide a more comprehensive and precise as-
sessment of the relationship between glycemic variability and
peripheral neuropathy.

Age is a well-established risk factor for both peripheral
neuropathy and CVD, with the prevalence of these conditions
increasing significantly as individuals grow older. The aging
process contributes to cumulative damage in both the periph-
eral nervous and cardiovascular systems, amplifying the risk
of developing these disorders. The majority of the individuals
in this study are relatively healthy individuals. The data have a
broad range in terms of age (range: 21 - 80 years) and fasting
glucose (range: 71 - 232 mg/dL), which gives a good represen-
tation on the general population. Age certainly plays a role in
the progression of peripheral neuropathy regardless of glucose
status, which is shown by the present findings. However, it
is important to note that a positive relationship (all P < 0.05)
remains with degree of peripheral neuropathy and age, when
controlling for glucose, in all four extremities. This suggests
that as individuals age, the severity of neuropathy increases,
regardless of their glucose control, in all limbs. Elevated glu-
cose levels can begin to cause nerve damage, but not all in-
dividuals receive an official diagnosis of peripheral neuropa-
thy. Ultimately, assessing sudomotor function is as a way of
measuring the degree and monitoring progression of periph-
eral neuropathy. Early detection using a non-invasive test may
improve the specificity of diagnosing peripheral neuropathy,
enabling timely intervention to manage both hyperglycemia
and the neuropathy itself.

Conclusions

Neuropathy, by definition, encompasses sensory, motor, and
autonomic components, though patients predominantly report
sensory symptoms such as numbness, tingling, or pain. It is
rare for patients to directly mention autonomic dysfunction,
as symptoms like altered sweating patterns often go unno-
ticed. However, it is important to highlight that the Sudoscan
specifically evaluates autonomic function, particularly sweat
gland activity, which can be affected early in the course of neu-
ropathy. Our findings suggest that autonomic dysfunction can
present earlier in the arms than in the legs, offering a unique
insight into the progression of the disease. The results of the
present investigation suggest that hands have more severe pe-
ripheral neuropathy compared to feet. Lastly, there is a direct
linear relationship between degree of peripheral neuropathy
and fasting blood glucose and age. Future studies are needed
to provide mechanistic insight into the inter-limb differences
of peripheral neuropathy and the implications of these inter-
limb differences. Indeed, current findings suggest a potential
need for a shift in clinical practice, where more detailed testing
of the hands and arms could detect early signs of neuropathy
before it progresses to the legs. Non-invasive and easily ac-
cessible methods of sudomotor function may enable earlier
diagnosis, allowing for better management of hyperglycemia-
induced peripheral neuropathy.
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