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Abstract

Background: Type 2 diabetes mellitus is frequently unrecognized until complications appear. Diabetic autonomic
neuropathy is one of the early complications of type 2 diabetes mellitus, resulting in autonomic nervous system

(ANS) dysfunction. The purpose of this study was to determine the validity of ANS function indicators to screen for

Methods: All enrolled participants completed a basic sociodemographic and medical history questionnaire
including current medications. Healthy controls (n = 25) underwent a 2-hour oral glucose tolerance test (OGTT) to
evaluate glucose, insulin, and insulin C-peptide. Patients with type 2 diabetes mellitus (n = 24) were assessed with
fasting plasma glucose (FPG) and glycosylated hemoglobin. The TM-Oxi and SudoPath system evaluation was
completed by all subjects. Data were analyzed using SPSS 22. Frequency and descriptive statistics were calculated
on all variables. The criterion for statistical significance was a = 0.05.

Results: The twenty-five healthy controls had a mean age of 37.0 years. The twenty-four type 2 diabetes mellitus
patients currently undergoing standard treatment had a mean age of 48.9 years. Based on the American Diabetes
Association guidelines, we detected pre-diabetes in 4 subjects and diabetes in 1 subject, while all other subjects had
normal FPG values. At 120 minutes, the correlations between the OGTT and cardiometabolic risk score (CMRS) were:
r=0.56 (p=0.004) for glucose and r=0.53 (p = 0.006) for insulin. At 120 minutes, the correlations between the OGTT
and photoplethysmography index (PTGi) were: r =-0.56 (p = 0.003) for glucose and r=-0.41 (p = 0.04) for insulin.
The CMRS, PTGi, and plethysmography total power index (PTGVLFi) differed significantly between the diabetes
patients and healthy participants. The specificity and sensitivity for the CMRS, PTGi, and PTVLFi comparing the
diabetes patients with healthy controls were high.

Conclusion: The TW-Oxi and SudoPath system shows promise as a vald, converient, and non-invasive screening
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Introduction
The incidence of type 2 diabetes mellitus has increased
in recent decades to epidemic proportions. As of 2010,
25.8 million people in the U.S. were estimated to have
diabetes (90-95% of the cases were type 2 diabetes melli-
tus) [1], and according to the Centers for Disease Control
and Prevention, one in three children born in the year
2000 will eventually become diabetic [2,3]. Because the
complications of diabetes insidiously damage multiple
organ systems, type 2 diabetes mellitus has become a
major public health threat [4].

Early detection of diabetes is warranted for preventing
disease progression and its associated macrovascular
(coronary artery disease, peripheral arterial disease, and
stroke) and microvascular complications (diabetic nephrop-
athy, neuropathy, and retinopathy) [1,3,5].

ry skin cracks, providing portals of entry
for microorganisms, which can lead to infectious ulcers,
gangrene, and amputation [8-10]. Other organ systems,
including the cardiovascular, gastrointestinal, genitouri-
nary, and ocular, are also susceptible to ANS dysfunction
in type 2 diabetes mellitus [8,11].

8,12,13].
CAN is a consequence of damage to autonomic nerve
fibers that innervate the heart and cardiac blood vessels,
resulting in abnormalities in heart rate (i.e., reduced heart
rate variability) and vascular dynamics (i.e, abnormal
blood flow, volume, and pressure) [8,14]. Both DAN and
CAN develop silently and slowly over years and represent
early complication of type 2 diabetes mellitus.

[8,14].
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[8,15]. Those tests included the Valsalva maneuver, deep
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Figure 1 Photograph of the TM-Oxi and SudoPath system. This
machine is a software complex managing three FDA cleared
devices; a blood pressure device, an oximeter, and a galvanic skin
response device.
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eous HRV and of experimentally induced fluctuations of
the R-R intervals during cardiovascular autonomic reflex
tests (i.e., Valsalva maneuver, deep breathing, and change in
posture) [18], as discussed at the manufacturer’s website
(http://www.ldteck.com/endothelial-dysfunction.html). The
patented signal processing and analysis of the TM-Oxi
(Patent PCT/IB2013/002595) applies a mathematical algo-
rithm, the fast Fourier transform (FFT), to the PTG

(PTGVLF) component associated with thermoregulation
and sweating due to oscillations in vasomotor tone (sym-
pathetic control); (b) a low frequency (PTGLF) compo-
nent related to the baroreflex, which is under sympathetic
control with parasympathetic modulation; and (c) a high
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Figure 2 Current peaks during electrical stimulation of the skin.
The blue current peak corresponds to hyperemia, and the white
current peak corresponds to chloride release via the sweat glands. In
the ordinate, current peaks in conductance are expressed in
micro-siemens, and the abscissa is expressed in time in seconds.
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which is the sum of the areas under the curve covered by
the 3 frequency components; (b) PTGi, which is the sum
of the amplitudes of the 3 frequency components; and (c)
PTGVLFi, which is the ratio between PTGVLF and the
electric skin response to nitric oxide (ESRNO), a marker
related to skin blood flow, derived from the SudoPath (de-
scribed below), as detailed at the manufacturer’s website
(http://www.ldteck.com/endothelial-dysfunction.html).

The SudoPath uses two stainless steel electrodes

is dependent on the amount of sweat-induced moisture,
and hence, is indicative of SNS function. The patented

active electrode, passing through the interstitial fluid
and reaching the skin in contact with the passive elec-
trode. The current provokes an electrical stimulation
of the post-sympathetic cholinergic fiber, which re-
leases acetylcholine, stimulating nicotinic muscarinic
receptors (M-receptors) in the skin and sweat glands
[22]. In endothelial cells, M-activation results in increased
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sweat gland cells, depolarizing it to generate a negative po-
tential that drives sodium and water into the lumen for
sweat production [23]. The change in sweat production
and blood flow affects the electrical conductance of the
skin, which is measured by the device. Figure 3 represents
the measured conductance provoked by the electrochem-
ical reaction of water and chloride ions on the bulk of the
electrodes, which is measured as ESRNO. This method is
fully described at the manufacturer’s website (http://www.
ldteck.com/galvanic-skin-response.html).

Study participants

The study was conducted with the approval of the Uni-
versity of Miami Institutional Review Board for human
subjects research. Each participant signed informed con-
sent and HIPAA forms prior to study entry. Potential
participants (n =80) were identified through referrals at
the University of Miami Miller School of Medicine from
April 2013 to February 2014. Of 55 eligible participants,
50 were enrolled in the study, and the other 5 decided
not to participate. One type 2 diabetes mellitus patient
was eliminated from the subsequent data analysis be-
cause of a poor quality signal from the TM-Oxi.

Inclusion and exclusion criteria

Inclusion criteria were: (a) 18+ years of age; (b) English
or Spanish speaking; (c) ability to provide written in-
formed consent; and (d) diagnosed with type 2 diabetes
mellitus or healthy with no known chronic diseases or
disorders. Exclusion criteria were: (a) diagnosis of type 1
diabetes, HIV/AIDS, active cancer and/or current chemo-
therapy or radiation treatment, hypothyroidism, atrioven-
tricular block, Raynaud’s disease, Alzheimer’s disease,
or Parkinson’s disease; (b) current use of alpha or beta

FD Spectral Domain
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Figure 3 Fast Fourier transform (FFT) of a photoplethysmograph
waveform. The waveform in the frequency domain is separated into
three frequency bands: the 'very low frequency or PTGVLF' (in green),
the ‘low frequency or PTGLF' (in yellow), and the ‘high frequency or
PTGHF' (in blue). All area measurements are expressed in millisecond
square (ms?). In the ordinate, the FFT amplitude is in millivolts (mV),
and in the abscissa the band of frequency is in Hertz (Hz).
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blockers or corticosteroids; (c) contraindications to the
use of the TM-Oxi and SudoPath system, including
presence of an automatic implantable defibrillator,
erratic, accelerated, or mechanically-controlled irregular
heart rhythms, arterial fibrillation/flutter, or any implanted
electronic device; or (d) an acrylic nail or nail polish on
the right index finger.

Outcomes and assessments

All enrolled participants completed a basic sociodemo-
graphic and medical history questionnaire including
current medications. All participants were instructed to
fast for a minimum of 8 hours prior to blood sampling.
Healthy subjects underwent a two-hour OGTT to evalu-
ate glucose, insulin, and insulin C-peptide. Type 2 diabetes
mellitus patients were assessed with venous fasting plasma
glucose (FPG) and glycosylated hemoglobin (GHb). The
TM-Oxi and SudoPath system evaluation was completed
by all subjects.

Statistical analysis

Data were analyzed using SPSS 22 (IBM Inc., Chicago, IL)
for Windows. Frequency and descriptive statistics were
calculated on all variables. Independent-sample ¢-test and
chi square were utilized to determine the presence of
differences in background contextual variables by group
assignment. For healthy subjects, we evaluated the OGTT
results at 120 minutes for the detection of pre-diabetes
and diabetes according to standard criteria. We used
Pearson product-moment correlations between the
CMRS and PTGi and OGTT values. Healthy subjects
and type 2 diabetes mellitus patients were compared
with t-tests and receiver operating characteristic (ROC)
curves to determine the specificity and sensitivity of the
CMRS and PTGVLFi and PTGi as potential screening
markers of diabetes. The criterion for statistical signifi-
cance was o = 0.05.

Results

Safety and tolerability

No adverse events were reported with the use of the
TM-Oxi and SudoPath system during the study.

Sociodemographics and health variables

Table 1 displays the characteristics for each study group.
Forty-nine subjects (n =25 healthy controls and n =24
patients with type 2 diabetes mellitus) were included in
the study. The twenty-five healthy controls (12 males
and 13 females) had a mean age of 37.0 years (SD = 17.5;
R=18, 78) and a mean BMI=26.1 (SD=5.6; R=17.2,
43.6). The twenty-four type 2 diabetes mellitus patients
currently undergoing standard treatment (12 males and 12
females) had a mean age of 48.9 years (SD =11.0; R =30,
72) and a mean BMI = 34.6 (SD =8.3; R =23.3, 56.1). The
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Table 1 Sociodemographic characteristics of the sample

Page 5 of 8

Variable Category Diabetes patients (n =24) Healthy controls (n = 25) Statistic, p value
Age - 489+11.0 (30, 72) 370+175 (18, 78) t(47)=28,p=001
Gender Male 12 (50%) 12 (48%) X2(1)=002, p=0.89
Female 12 (50%) 13 (52%)
Race/Ethnicity White, non-Hispanic 1 (4%) 11 (44%) X2(4)=193, p=0.001
Black, non-Hispanic 9 (38%) 0
Hispanic 13 (54%) 13 (52%)
Asian 1 (4%) 0
Middle Eastern 0 1 (4%)
BMI (kg/m?) - 346+83 (233, 56.1) 26.1+56;(17.2, 43.6) t(47)=4.2, p <0001
SBP (mm Hg) - 138.1£186 (102, 194) 1204 +14.2 (4,165) t(47)=3.8, p <0.001
DBP (mm Hg) - 79.6+89 (63, 96) 75.1+£12.5 (52, 104) t47)=15p=015
FPG (mg/dL) - 131.7£50.1 (79, 243) 852+69 (72, 105) t(47) =46, p <0.001

Note: Continuous data are represented by M + SD (R); SBP = Systolic blood pressure SBP = Systolic blood pressure; DBP = Diastolic blood pressure; FPG = Fasting

plasma glucose.

type 2 diabetes mellitus patients were significantly older,
more likely to be black, and had a higher BMI, systolic
blood pressure, and FPG (see Table 1). The duration of
diagnosis of diabetes for the patients was: 10 or more years
(40%; n=10), 5 to 9 years (45%; n=11), and less than
5 years (15%; n=3). The type 2 diabetes mellitus patients
had a mean GHb of 7.0% (53 mmol/mol) (SD =1.3%
(14.2 mmol/mol); R = 5.4%, 10.4% (36, 90 mmol/mol)). The
primary treatments for the type 2 diabetes mellitus patients
were: metformin (68%; n = 16), a secretagogue (28%; n =7),
insulin (5%; n = 1), and an antihypertensive (36%; n =9).

Evaluation of diabetes risk among healthy subjects

Based on the American Diabetes Association guidelines,
we detected pre-diabetes in 4 subjects (16%; values = 140,
143, 147, and 153 mg/dL) and diabetes in 1 subject (4%;
value = 254 mg/dL), while all other subjects had normal
glucose values (i.e., 139 mg/dL or less).

Correlations between glucose, insulin, and insulin C-peptide
from OGTT at 120 minutes with CMRS and PTGi

At 120 minutes, the correlations between the OGTT
and CMRS were: r = 0.56 (p = 0.004) for glucose, r = 0.53
(p=0.006) for insulin, and r=0.58 (p =0.002) for insulin
C-peptide. At 120 minutes, the correlations between the
OGTT and PTGi were: r =-0.56 (p =0.003) for glucose,
r=-0.41 (p=0.04) for insulin, and r=-0.50 (p=0.01)
for insulin C-peptide.

Comparisons between the healthy subjects and type 2
diabetes mellitus patients

The mean CMRS of the healthy subjects was 2.2 (SD = 2.9;
R=0,9) and of the type 2 diabetes mellitus patients was 9.4
(SD=3.7; R=1, 14), and that difference was statistically
significant (t=7.6 (47), p <0.001). The mean PTGi of the

healthy subjects was 67.0 (SD =25.0; R =18.4, 123.3)
and of the type 2 diabetes mellitus patients was 31.3
(SD=11.5; R=12.3, 68.5), and that difference was sta-
tistically significant (t = 6.4 (47), p <0.001). The mean
PTGVLFi of the healthy subjects was 27.7 (SD = 52.6;
R =3, 242) and of the type 2 diabetes mellitus patients
was 61.8 (SD =40.7; R =12, 190), and that difference
was statistically significant (t = 2.5 (47), p = 0.02).

Receiver operating characteristic curves

The CMRS had a sensitivity of 92% and specificity of 83%
(cut-off score >4) with an area under the curve = 0.94
(SE =0.04; 95% CI =0.87, 1.0) and an asymptotic signifi-
cance < 0.001 (Figure 4). The PTGi had a sensitivity of
92% and specificity of 80% (cut-off score > 35.5) with the
area under the curve = 0.92 (SE = 0.04; 95% CI = 0.84, 1.0)
and an asymptotic significance < 0.001 (Figure 5). The
PTGVLFi had a sensitivity of 92% and specificity of
87% (cut-off score>25.5) with the area under the
curve =0.91 (SE=0.05; 95% CI=0.81, 1.0) and an
asymptotic significance < 0.001 (Figure 6).

Discussion
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Figure 4 Receiver operating characteristic curve for the Figure 6 Receiver operating characteristic curve for the
cardiometabolic risk score. The curve represents the sensitivity photoplethysmographic very low frequency. The curve
and specificity for the Cardiometabolic Risk Score. represents the sensitivity and specificity for the
Photoplethysmographic Very Low Frequency.

Nonetheless, FPG and GHb have their own limitations,
including moderate sensitivity when compared to OGTT
[24,27-29]. One population-based study of 2,753 partici-
pants showed that the correlations of FPG and GHb
with OGTT were moderate at best (r = 0.46 and r = 0.33,
respectively) [24]. When used as a sole screening test for
type 2 diabetes mellitus, the sensitivity of FPG can be as
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Figure 5 Receiver operating characteristic curve for the

photoplethysmographic index. The curve represents the sensitivity
and specificity for the Photoplethysmographic Index.

-

low as 40%, whereas the specificity is about 84% [27].
Additionally, a multitude of reports have indicated that
up to 50% of patients with diabetes who were diagnosed
by OGTT criteria would have been missed by FPG cri-
teria [30]. Measurement of GHb with a cut-point > 6.5%
or 48 mmol/mol is reasonably specific (> 88%), however
the sensitivity ranges from 17% to 72.8% [28,29]. In our
study, CMRS and PTGi variables demonstrated signifi-
cant correlations with the 2-hour OGTT glucose. This is
an improvement compared to the results of GHb and
FPG in other research [24]. Furthermore, the CMRS,
PTGi, and PTGVLFi were significantly different between
type 2 diabetes mellitus and healthy participants. The
specificity and sensitivity in differentiating patients with
diabetes and healthy controls were high for each indica-
tor. Thus, our results indicate the TM-Oxi and SudoPath
system may prove useful as a screening tool for type 2
diabetes mellitus.

1]. CVD
is listed as the cause of death in approximately 65% of
individuals with type 2 diabetes mellitus. Individuals
with diabetes not only face a higher mortality rate from
CVD, but also a worse prognosis for survival than do

CVD patients without diabetes. [Détecting both the
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ore importantly, the Subcommittee of
the Toronto Consensus Panel on Diabetic Neuropathy
recommends early screening of CAN for all patients with
diabetes because it is often asymptomatic [18] and may
have detrimental clinical consequences (e.g., silent myo-
cardial infarction, ischemia, cardiorespiratory arrest, ven-
tricular arrhythmia, left ventricular dysfunction, resting
tachycardia, postural hypotension, and diabetic nephropa-
thy, among others) [32,33].
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Limitation of study

Limitations of our study include a relatively small sample
size, a disproportionately greater number of Caucasians in
the healthy control group, and a significant difference in
average age between groups. Additionally, the OGTT
was not administered on type 2 diabetes mellitus
patients, and GHb was not measured in the healthy
subjects. Nonetheless, our study demonstrated that the
TM-Oxi and SudoPath system shows promise as a
screening tool for type 2 diabetes mellitus. The ANS
function and indicators measured by this system may
be useful in guiding diabetes and cardiovascular health

Page 7 of 8

screening, treatment, and monitoring. Larger scale studies
are warranted to substantiate these results and explore the
clinical and prognostic significance of the scoring system
and various indicators.
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