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P(-Based Noninvasive
easurement of the
Autonomic Nervous System

Detecting the Onset of Diabetic Autonomic Neuropathy

iabetes is well recognized as a major

health problem: a chronic disease
caused by alack of insulin and/or its effec-
tiveness. Consequence of this disease are
high blood glucose levels and other meta-
bolic abnormalities that lead to short- and
long-term complications. Diabetes melli-
tus afflicts more than 100 million people
worldwide, and chronic diabetes compli-
cations are probably responsible for ap-
proximately one-third of all cases of
blindness, renal disease, and lower limb
amputation [1, 2]. Diabetic autonomic
neuropathy may manifest as dysfunction
of several different organ systems, e.g.,
cardiovascular, gastrointestinal, genitou-
rinary, sudomotor and ocular.

Medical technology used to predict
diabetic autonomic neuropathy is be-
coming increasingly more expensive,
particularly for many developing and
newly industrialized nations. To provide
an inexpensive way for measurement of
peripheral nerve function and vascular
assessment, an IBM PC-based system
based on noninvasive testing of transient
autonomic responses has been devel-
oped. The system uses specialized hard-
ware and software for neuro-

physiological measurement of auto-
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nomic dysfunction. Transient behavior
of the autonomic response is measured to
evaluate skin sudomotor and vasomotor
sympathetic nerve dysfunction. The sys-

‘tem also implements a fast and repro-

ducible new method for measurement of
the cardiovascular system and early de-
tection of cardiac sympathetic and para-
sympathetic denervation.

The following quantitative non-
invasive autonomic function tests have
been validated and proved to be reliable
and reproducible:

1. Tests of skin sympathetic sudomo-
tor activity (SSA).

2. Tests of skin sympathetic vasomotor
activity (SVA).

3. Tests of sympathetic/parasympa-
thetic heart rate control (S/P HRC).

Results of these tests correlate with
each other and with tests of peripheral so-
matic nerve function and have prognostic
value. Thus, they provide a battery of fast
quantitative measurements of autonomic
function for simple and routine use in
clinical practice and research.

IBM PC-Bused Noninvasive Tests
The extensive studies that have exam-
ined the autonomic nervous (ANS) func-
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tion, e.g., skin SSA, can be divided into
two broad categories: (1) direct recording
including microneurography, i.e., direct
study of sympathetic activity from
unmyliniated axons with intraneural re-
cording needle electrodes, and (2) indi-
rect recording based on attenuation of the
physiological variables controlled by the
ANS [3-5]. Microneurograpy is not appli-
cable as a screening method because it is
time consuming, requires skilled and ex-
perienced operators, and is invasive. In
practice, any diagnostic test should be,
first of all, simple and noninvasive.

Because the amplitude of the electro-
dermal response may be small, the meas-
urement of skin response using DC
excitation is not practical because of
drift. A new technique for autonomic re-
sponse assessment using a dual-channel
self-balancing impedance reactometer
has been developed in our laboratory {6,
71. This system, based on lock-in detec-
tion and a self-balancing technique, re-
sponds to small changes of electrodermal
parameters induced by activation of
ecrine sweat glands by muscarinic cho-
linergic agents. Our electrodermal im-
pedance measurement is based on AC
excitation: a sine wave source with 860
Hz phase excitation, a self-balancing cir-
cuit controlled by negative feedback
loops consisting of voltage-controlled
attenuators, summing amplifiers, syn-
chronous detectors, and integrators [6].

The physiological measurement prin-
ciple of the impedance reactometer (Fig,
1) is based on the unbalance of the self-
balancing circuit caused by the imped-
ance change induced by the local skin

SSA. The technique is automated by using |

a feedback loop to provide in-phase and
quadrature voltages for balance condi-
tions. This automation allows continuous
measurements of SSA and is essential, for
example, in profile measurements of
time-dependent drug effects (e.g., atro-
pine) or autonomic behavior studies. Skin
impedance fluctuations around equilib-
rium reflect the dynamics of SSA func-
tional state under resting conditions or
during stimulus-induced responses. The
AC current, inversely proportional to lo-
cal skin impedance, is converted to an AC
voltage, which is then synchronously de-
modulated by the lock-in amplifier. The
output is then filtered and the resulting
phase-sensitive DC voltage provides an
analog signal proportional to the SSA.
Data acquisition is performed by rela-
tively simple interface hardware, a PC 27
(Amplicon, Liveline Ltd.) low-cost, 16-
channel, 12-bit I/O board consisting of a
pulse counter, timer, and analog/digital
converter (ADC). The interface program
responds to the programmable timer inter-
rupt request signals by reading the A/D
converters and generating time-variable
skin sympathetic sudomotor signals.

New software and automated analysis
programs were developed for the clinical
research. These programs, which run un-
der DOS, allow us to compare data quanti-
tatively and to aid in the differentiation of
normal and abnormal SSA by time-
domain analysis, peak detection, and suc-
cessive local extreme amplitude display,
which is a simple procedure intended to
provide the clinical information. The sam-
pling method is based on defining an in-
terrupt that stores the sample data in
memory and is triggered by the board at a

The sampling rate is
independent of the
hardware used,

relying on the timers
of the I/0 board.

user-specified rate. The sampling rate is
independent of the hardware used. relying
on the timers of the I/O board. The acqui-
sition board. together with a classic EGA
display controlier, allows sampling rates
with values greater than 25 ms/cm. How-
ever, with a better graphic controller. the
performance could be improved. The
sampling is done in real-time so that the
user can see the spot on the screen as the
sampling progresses. The engineering
menu allows the setting of various pa-
rameters of the program. It enables the
setting of the time base and gains and
channel calibration and allows channel
selection. The gain option allows the
channels to be individually controlled.
Control of the analyzing sequence is pro-
vided through a separate set of buttons and
available “help.” The software functions
allow the display of recorded traces, de-
lete displays, and steping back and forth.
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1. (a) Block diagram of the IBM PC-based Impedance Reactometer; (b) photo of the system.
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Direct analysis of the displayed trace is
supported, and a specific function enables
a cursor and its forward/backward step
movement,

Help is available throughout the pro-
gram and may be activated at any time
when “F1 HELP” is highlighted at the bot-
tom of the screen by pressing the F1 key.
The system provides sensitive help that is
relevant to the actual state of the program.
If the page provided is not sufficient, fur-
ther help may be called up by selecting an-
other page. The program gives a
description of the function of each proce-
dure listed in the menu. The procedures

.are written to be as self-explanatory as
possible, prompting the user for the exact
information required, and rejecting wher-
ever possible unsuitable or nonvalid en-
tries by the operator.

System operation is conceived to have
four phases. In phase 1 signals are digit-
ized and stored on disk. Phase 2 represents
data collection that is independent of the
data analysis, so data remain unaffected
by possible fatal errors occurring in the
more sensitive analysis phase. Phase 2
reads the collected data, processes them,
and provides results that are displayed and
stored. In phase 3, using commercially
available software packages, further
analysis may be performed on the data-
output of phase 2. Phase 4 generates a re-
port, first as a screen display and then by
printer. The clinical test database consists
of approximately 20 items: basic patient
information, name of disease, date of test,
name of consultation department, results
of autonomic tests, results of laboratory
analysis, etc. In our system, there are diag-
nostic functions: normal, borderline. and
abnormal, based on the normal distribu-
tion of laboratory data ( mean +/- SD). Ta-
ble 1 lists the technical parameters of the
instrument developed.

Experimental Data
Some representative experimental re-
sults illustrate applicability of our ap-

proach to invegtigation of skin SSA. skin
SVA, and S/P HRC.

Tests of Skin SSA

Two surface cutaneous electrodes,
connected to a self-balancing skin imped-
ance circuit, were used to measure tran-
sient changes of skin impedance, as
described above.

Measurements were made using the
method described previously [8]). All
measurements were performed in a simi-
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lar way, with the subject laying in a bed in
a relative acoustically isolated room. The

-emphasis here is dealing with illustrative

material. Figure 2 shows consecutive SSA
responses detected over the sole of the
foot with the speed of recording (the time
base) at 3 sec/cm. The subject was stimu-

lated by a 500 ms sound pulses of 860 Hz,
60 dB tone given to both ears. Well-de-
fined response spikes can be seen, and the
evoked responses are quite large with a
high signal-to-noise ratio. Figure 3 shows
an example of SSA responses in a patient
presenting signs of autonomic neuropa-
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2. Consecutive SSA responses detected over the sole at 3 sec/cm recording speed.
Well-defined response spikes with large signal-to-noise ratios are seen.
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3. SSA responses of a patient presenting signs of autonomic neuropathy, assessed
as the absence of bradicardia on inspiration and the presence of orthostatic hy-

potension.
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thy, assessed as the absence of bradicardia
on inspiration and the presence of or-
thostatic hypotension. It is clear that the
two type of responses depicted in Figs. 2
and.3 are similar, but the latter has much
lower amplitude according to the func-
tional state of the ANS due to the diabetic
neuropathy. The primary diagnostic in-
formation for autonomic neuropathy as-
sessment corresponds to different SSA
signal peaks. The SSA is tested by re-
peated application of the stimulus, and the
assessment of the functional state of the

SSA is carried out by averaging at least
the five most significant peaks. Usually,
we use irregular fime-interval delivery
auditory stimuli to avoid subject habitua-
tion with stimulus. It is important to note
that the traces obtained can be monitored
continuously and seem to reflect SSA
changes instantaneously, indirectly, and
noninvasively. The measurements can be
petformed in a shorter time, with sensitiv-
ity and accuracy comparable to those
made with the microneurography tech-
nique. The use of IBM PC-based signal
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4. (a) An example of the screen display of STPB recording in measuring the periph-
eral microcirculation using the IBM PC-based system. The signal (right big toe) was
recorded from a patient with diabetic microangiopathy. (b) Screen display for LDF

in measuring peripheral microcirculation using the Perimed system. The signal was
recorded from the same patient (right big toe).
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analysis makes the diagnosis process
easier and faster.

Tests of Skin SVA

Apart from the skin SSA measure-
ment, our system supports a variety of
noninvasive procedures for the detection
of in-vivo changes in sympathetic cutane-
ous vasomotor activity. An input connec-
tor is available for a photople-
thysmographic (PPG) plug-in probe (visi-
ble, red, or infrared signal) to detect real-
time skin transient pulse blood (STPB)
signals and heart rate. The measurement
technique discussed above points out that
a self-balancing impedance (resistance
for PPG detection) method automates the
measurement of biosignals. Software for
automated analysis of successive epochs
of stored signals was developed for quan-
tization of the measurements, with the
specific aim of evaluating diabetic micro-
angiopathy. Diabetic microangiopathy re-
fers to the deterioration of capillaries and
the control mechanism that regulates tis-
sue perfusion. Changes in capillary blood
flow are recorded in the basal state and
during peripheral sympathetic adrenergic
activation. These changes are dominant in
small arteries and large arterioles, induced
by both the transient vasodilator and vaso-
constrictor reactions. Hardcopy of any
graphical and numerical results may be
recorded on a printer. The user can select
an amplitude (time) or spectral (fre-
quency) analysis.

To correlate the measurements both
with clinical data and with classical meas-
urements used to investigate diabetic mi-
croangiopathy, and to qualify our
system’s ability for early detection of skin
blood perfusion impairment, our infrared
PPG and a commercial laser Doppler
flowmeter (LDF) were evaluated in a
comparative study [9]. The LDF had 0.8
mW emission at 780 nm (Periflux System
4001, Perimed. Sweden). Our infrared
PPG probe assembly uses a spectrally
matched near-infrared emitter and sensor.
The emitter has 15 mw output at a wave-
length of 950 nm, and the sensor is a
high-speed, highly sensitive PIN photodi-
ode, housed in a black infrared transmis-
sive molding that reduces ambient white
light interference.

All measurements were performed
with the patient in the supine position,
resting comfortably on an examination
bed, with a mean room temperature of
25°C. The probe was fixed to the skin of
the big toe by means of double-sided ad-
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hesive. and the probe lead was secured by
surgical tape to prevent movement art-
ifact. Changes in capillary blood flow
were recorded in the basal state and during
peripheral sympathetic adrenergic activa-
tion dominant in small arteries and large
arterioles, induced by both the transient
vasodilator and vasoconstrictor reactions.

Automated software analysis was de-
veloped for the quantization and measure-
ment of successive epochs of stored
signals. Skin blood perfusion was meas-
ured in 29 Insulin-dependent diabetic
mellitus selected patients (mean age 37.65
+/- 14.7 yrs., duration of diabetes 15.76
+/- 8.38 yrs.). Measurements were made
successively at the same anatomical sites
to measure blood flow in the same vascu-
lar bed: left big toe, right big toe, and left
index finger, all at the same local skin
temperature. Two sets of measurements:
average PPG amplitude (mV) and LDF
perfusion units (PU) were made with each
subject, each measurement lasting 26 sec,
i.e., about 35 HR cycles.

Figure 4 shows the STPB and LDF re-
corded on amale subject (left big toe) with
diabetic microangiopathy. Figure 5 shows
an example of the screen display of STPB
and LDF, recorded from a male (right big
toe) without diabetic microangiopathy.
There was a significant correlation be-
tween the average PPG amplitude, ex-
pressed in mV and LDF, expressed in
arbitrary PUs, at each anatomical site, as
is shown in Table 2. Comparison of re-
sults of measurements obtained with
STPB and LDF are presented as a 2D his-
togram in Fig. 6.

These results have indicated that the
PPG and LDF are equally suitable for use
in the diagnosis of skin blood perfusion
impairment at foot level in diabetes. How-
ever, the PPG system is far less expensive
than the LDF.

Sympathetic/Parasympathetic
Heart Rate Control Tests

Because of the dual innervation of the
heart, itis important to investigate the pos-
sibility of distinguishing between sympa-
thetic and parasympathetic diabetic
impairment by applying noninvasive
quantitative measurements. As heart rate
oscillates in synchrony with respiration,
several methods have been employed to
assess this “sinus arrhythmia” as an index
of autonomic nervous system function.
Although R-R variation measurement is
one of the most commonly used tech-
niques in diagnosing diabetic autonomic
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5. (a) An example of screen display for STPB recording in measuring the peripheral
microcirculation using the IBM PC-based system on a patient without diabetic mi-
croangiopathy. (b) Screen display for LDF in measuring peripheral microcircula-
tion vsing the Perimed system on the same patient.
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neuropathy [10-12] because it shows
good reproducibility and high sensitivity
[13,14], it is difficult to distinguish be-
tween the sympathetic and parasympa-
thetic influences [14]. Drugs such as
propranolol, which blocks B-
adrenoceptors, may be used to study
sympathetic influence on heart rate, but
guantitative assessment is difficult.
More direct methods of studying sympa-
thetic activity record impulses in nerves
by microneurography or by measuring
plasma noradrenaline levels. Microneu-
rography is not applicable as a routine
becaunse it is time consuming, requires
skilled and experienced operators, and is
invasive. Tests relying on plasma nora-
drenaline responses in clinical practice
may be disabling and difficuit, and thus
are usually performed on animals. This
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ring controlled inspiration-expiration

limitation has led us to develop a
noninvasive test for routine screening in
the investigation of autonomic dysfunc-
tion: time (rate of change) and fre-
quency (spectral) analysis of transient
phenomena in autonomic behavior. Re-
cently, we introduced a more advanced
method that enables separate assess-
ment of parasympathetic and sympa-
thetic activities by using spectral
analysis. Our equipment, hardware and
software, was tested in institutions in Bu-
charest and other cities in Romania.

In the frequency range 0.5-2 Hz, the
technique was able to detect a fre-
quency-modulated heart rate, typically
characterized by two spectral sidebands,
during controlled inspiration in healthy
subjects and diabetics without autonomic
neuropathy; and a single or no spectral

1EEE ENGINEERING IN MEDICINE AND BIOLOGY

sideband in patients with early and severe
autonomic neuropathy, respectively.
Since the STBP amplitude may vary by
orders of magnitude, the peak amplitude
corresponding to basal heart rate (f,) was
normalized as 100%, and the relative
heart rate variability (RHR V) was defined
as (f-£,)/fo*100%. A frequency-
modulated heart rate was detected, char-
acterized by two spectral sidebands de-
fined as sympathetic (f;) and
parasympathetic (fp) frequencies. We use
the maximum/minimum ratio, defined as
the longest R-R interval divided by the
shortest interval. Early detection of car-
diac autonomic dysfunction was done us-
ing the RHRV, as measured by the fast
Fourier transform (FFT) of the transient
(first derivative) AC component of the
STPB (near infrared) signal contained in
the frequency range 0.5-2 Hz. Figure 7
shows the typical FFT spectrogram of
STPB recordings during controlled
inspiration-expiration from a patient
without cardiac autonomic neuropathy. It
can be seen that under controlled respira-
tion, the patient undergoes two frequency
shifts, which we suggested to be the effect
of sympathetic (right shift) and parasym-
pathetic effects (left shift) associated with
sinus arrhythmia. Our observation and re-
sults indicate that as the severity of auto-
nomic dysfunction increases, the
frequency shifts decrease because of the
autonomic cardiac neuropathy. In addi-
tion, the peak power spectrum decreases
proportional to sympathetic/parasympa-
thetic dysfunction, as illustrated in Fig. 8.

Conclusions

The IBM PC-based system and experi-
mental results presented here describe a
new approach to recording electrophysio-
logical signals associated with the auto-
nomic nervous system, and the detection of
the changes in electrophysiological signals
due to onset of diabetic autonomic neuro-
pathy. We have shown that the SSA has
much lower amplitude due to the func-
tional state of the ANS caused by the dia-
betic neuropathy. The STPB amplitude
over many sweeps is statistically corre-
lated with the LDF amplitude, but the PPG
technique is less expensive. Spectral
analysis of STPB in the frequency range
0.5-2 Hz enables the separate assessment
of parasympathetic and sympathetic ac-
tivities and the rapid detection of cardiac
autonomic neuropathy.
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