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1. Introduction, background and aims

From studies during the past few decades it has become evident that none of the late
complications of diabetes mellitus (DM) affects so many organs and functions as
polyneuropathy. It is also now clear that such neuropathy is not a separate clinical entity, but a
component of several related complications in a high number of different organs. The latter
observation led to the definition of neuropathy as an interdisciplinary subject, which is of
interest in diabetology, gastroenterology, cardiology, urology and neurology. Both autonomic
and peripheral sensory neuropathy have a number of characteristic manifestations, many of
them lead to a poor prognosis for diabetic patients. The progressive damage to the fibres of
the parasympathetic and sympathetic nervous systems is the root of the abnormalities in
autonomic neuropathy (AN). The involvement of those fibers that innervate the
cardiovascular system is one of the most important complications of AN. The increased
mortality is the most important consequence of cardiovascular AN. A further important aspect
of cardiovascular AN is that almost all of the manifestations (changes in the regulations of the
heart rate and blood pressure, and impairment of the cardiac repolarization) can be described
by numerical parameters providing quantitative methods for testing of the presence or
severity of neuronal impairment. Besides the well-studied patterns of the cardiovascular
complications of AN, various characteristics of the digestive manifestations are still poorly
understood. It is now recognized that the digestive complications in DM are very frequent, but
there 1s a lack of prevalence data in separate subgroups of DM patients selected via the
different parameters of duration, type, treatment and glycaemic control. The high frequency of
the various severe symptoms and signs, the worsened quality of life and the altered
carbohydrate absorption due to the extreme blood glucose level excursions are all those
undesirable consequences of gastrointestinal dyfunctions which necessitate further research
efforts. Although all the digestive functions can be deficient in diabetic neuropathy, the
motility seems to be primarily affected and the alterations in secretion and absorption are
reported to be secondary complications. Regulation of the gastrointestinal motility is
predominantly influenced by the nervous systems. Most of the unfavourable effects of AN on
the digestive tract can be derived from the imbalance of the parasympathetic/sympathetic
activity. This process results in an attenuation of one of the neuron systems and a relative
dominance of the other. The final influence of the relative attenuation or augmentation of the
parasympathetic/sympathetic system on the motility patterns can be different in separate
organs. The complex nature of AN is presumably one of the causes of the contrast in the
description of its manifestations in the organs of the gastrointestinal tract. The most harmful
feature of the altered motility is the impaired postprandial emptying, which leads to an
imbalance of the carbohydrate metabolism and/or induces a large number of symptoms. The
question is still open as concerns what degree of emptying impairment is associated with the
different stages of AN. The consequences of the separate or the common damage to the
parasympathetic/sympathetic systems have not been explored. The fate of the emptying
disorders during the progression of AN is not known. It would be important to evaluate the
similarities or differences of the manifestations of AN in various digestive organs in the same
patient groups. It has not yet been elucidated, whether the efferent or afferent functions or
both are involved in the pathogenesis of AN. Besides AN, the other frequent form of diffuse
neuropathies, the distal symmetric sensory polyneuropathy results in a sensory loss due to the
altered afferent nerve function. Quantitative determination of the severity of the sensory
neuronal dysfunction provides staging data on the degree of the overall neuropathic process,
and on the other hand, supplies a description of the state of those fibres which are involved in
the afferent function. The increasing evidence of the cerebral dysfunction in DM suggests that
the neuronal structures of the central nervous system may be involved in polyneuropathy.
The neurons of the central nervous system might not be preserved from the general harmful
effects resulting in neuropathy. The impairment of the central afferent function might be a
prominent part of the aetiology of neuropathy, because the intact afferent activity is similarly
as important as the efferent function in the achievement of the physiological regulation in the
autonomic system. The possible similarities or differences between the peripheral sensory
neuropathy and the central afferent function may supply new data about the common
sensitivity of afferent fibres to the pathogenetic process.



The present work had the aim of an evaluation of the characteristics of the postprandial
emptying of the oesophagus, stomach and gallbladder in long-standing type-1 DM and their
comparison with the values for age-matched healthy control subjects. The gastric emptying
was also measured in type-1 DM following a long-term survival of transplated islets. Further
work was carried out to explore the gastric emptying in long- and short-standing type-2 DM.
The patterns of cardiovascular autonomic and the sensory neuropathy were evaluated in all
patient groups and controls. To explore the central afferent function, the auditory- and visual-
evoked potentials were examined in long-standing type-1 DM. Finally, correlations were
calculated between the severity of autonomic and sensory neuropathy, the central
dysfunctions and the motility parameters.

2. Patients, methods
2.1. Patients

In accordance to the aims of our study, patients with type-1 and type-2 DM were selected.
Altogether 64 patients were enrolled (duration of DM: 19.2%1.7 yrs, age: 53+1.4 yrs, BMI:
25.9£0.7; mean+SE). 32 patients had type-1, 13 patients had insulin-treated type-2 DM and
19 patients had type-2 DM with oral antidiabetic treatment.

2.2. Evaluation of AN by means of cardiovascular reflex tests

The cardiovascular reflex tests performed in our studies were in accordance with the
description of Ewing et al.. The heart rate tests mainly (but not absolutely) reflect the
parasympathetic function, while the blood pressure tests supply information concerning the
sympathetic innervation. The results of each of the five tests were scored as 0 (normal), 1
(borderline) or 2 (abnormal), and a final autonomic score was calculated (range 0-10) to
express the severity of the overall autonomic disorder.

2.3. Assessment of peripheral sensory neuropathy by application of Neurometer

The peripheral sensory function was studied with a Neurometer (Neurotron Incorporated,
Baltimore, MD, USA), following the methodological instructions of Masson and Boulton.
This device is suitable for the quantification of the function of different nerve fibres, and
provides a simple, non-invasive and quantitative measure of peripheral sensory function. Low
voltage, electric sine wave stimulation was applied transcutaneously and the current
perception threshold (CPT) values were determined. In our studies the median and peroneal
nerves were tested.

2.4. Radionuclide oesophageal emptying

The radionuclide studies of oesophageal emptying were performed in a supine position under
a gamma camera linked to a micro processor. After an overnight fast, 20 MBq 99 mTc
EHIDA diluted in 15 ml of water was ingested with swalow. The oesophageal tran51t in our
studies was defined as the percentage of the oesophageal emptying by the 15™ s which
elapsed from appearence of the activity at the cricoid cartilage. 90 % or higher emptying was
determined as normal values.

2.5. Scintigraphic gastric emptying

At the start of the test the patients after an overnight fast ingested a breakfast containing a
bread roll, 200 ml of water and 2 hard-boiled eggs labeled with 40 MBq 99 mTc human
serum albumin macroaggregates. The test was terminated after 120 minutes. Generation of
time-activity curves over the whole stomach as a region of interest made it possible to analyze
the quantitative characteristics of gastric emptying. Calculation of the scintigraphic gastric
half-emptying time (HTE) provided a numeric parameter characterizing the postprandial
stomach motility.



2.6. Quantitative hepatobiliary scintigraphy

Patients were tested in fasting state in the morning hours. The gamma camera was positioned
over the right upper abdomen of the supine patient At the start of the measurement, an
isotope-labeled agent was injected intravenously which binds to serum proteins. 60 minutes
after the injection, almost 70% of the sectreted radioactivity enters the gallbladder during
fasting. When the gallbladder was filled with radioactive bile, a cholecystokinin (CCK)
analog was administered over 10 min. at a rate of 1 ng/kg/min. Following the generation of
time-activity curves and after a background subtraction, the gallbladder ejection fraction (EF)
was determined, expressed as a percentage of the pre-contraction volume. The half-time of
ejection (T;,) was measured as the time at which the maximal activity was halved. The latent
period (LP) was defined as the interval which elapsed between the administration of the CCK
analog and the onset of the gallbladder contraction.

2.7. Evaluation of brainstem auditory-evoked potentials

Seven electrical waves are generated along the nerve tracts of the auditory system within the
first 10 ms after the delivery of the audible click of short duration . The characteristics of five
waves were measured in this study (waves L., IL., III. and V). Two parameters of the waves
were analyzed: 1. The peak latency was measured from time of the stimulus onset to the
appearence of each waves 2. Inter-peak latency (IPL) was determined as the delay from wave
I to waves III, and V ( IPL I-I11, I-V) and I1I-V (IPL III-V).

2.8. Detection of visual-evoked potentials

The visual-evoked potentials were recorded from an active electrode placed at the occipital
region. The latency values of the major positive component of the visual evoked potentials (P
100) were evaluated in this study. The latency, expressed in ms, was defined as the time
interval between the onset of the stimulus and the generation of the peak of P100 wave.

3. Results
3.1. Assessment of gastrointestinal motility in long-standing type-1 DM
3.1.1. Oesophageal emptying

The emptying of 15 ml water labeled with radioactive agent from the oesophagus was
insufficient in diabetic patients in comparison with the emptying of healthy subjects. 65.8+7.7
% (meantSE) of the peak activity left the oesophagus at the 15 s interval from the appearence
of the radioactivity at the cricoid cartilage.

3.1.2. Gastric emptying

Evaluation of the HTE for the stomach revealed an impairment of solid meal emptying in the
group of patients with long-standing type-1 DM. The mean value of the HTE in the type-1
diabetic group with long disease duration was 98.3+10.1 min., while 49.6+5.5 min. was the
HTE in healthy controls (p<0.01).

3.1.3 Gallbladder emptying

The evaluation of hepatobiliary scintigraphy revealed a decrease in the gallbladder EF in
response to the CCK analog in the type-1 diabetic group as compared with the control values
of the subjects with a normal glucose metabolism (EF: 30.5+£3.46 vs 84.5+4.5%, long-
standing type-1 DM vs controls, p<0.01). None of the patients had an ejection fraction inside
the normal range.



3.1.4. Gastric emptying of fetal pancreatic islet-transplanted and non-transplanted type-
1 diabetic patients

No significant difference was found in the comparison of the gastric emptying in the
transplanted (tx) diabetic group with that of the healthy subjects (69.7+10.7 vs 49.6+5.5 min,
p>0.05, tx DM vs healthy controls). Further analysis of the gastric emptying rates in the type-
1 DM groups demonstrated a difference between the tx and the control non-tx patients
(115%15.1 vs 69.7£10.7 min, p<0.05, non-tx vs tx).

3.2. Determination of gastric emptying in patients with type-2 DM
3.2.1. Gastric emptying in patients with long-standing type-2 DM

The mean HTE of the stomach in this group of patients was delayed in comparison with the
healthy controls (84.4+8.8 vs 49.6+5.5 min., type-2 DM vs controls, p<0.05).

3.2.2. Gastric emptying in patients with short-standing type-2 DM

62.1£7.3 min. was the mean HTE of the stomach in this patient group which did not differ
significantly from the value of control subjects

3.3. Characterization the relations between impaired gastrointestinal motility and
cardiovascular autonomic neuropathy

3.3.1. Analysis of the severity of cardiovascular AN in long-standing type-1 diabetic
patients

3.3.1.1. Cardiovascular AN in type-1 diabetic patients with impaired oesophageal and
gallbladder motility

The determination of the AN score revealed a severe overall autonomic dysfunction in this
group of patients (AN score: 5.9+0.8 vs 0.33+0.2, p<0.0001, long-standing type-1 DM vs
control). The results of the cardiovascular reflex tests reflected an impairment of both the
parasympathetic and sympathetic functions with more pathologic parameters of the
parasympathetic tests.

3.3.1.2 Cardiovascular AN in type-1 diabetic patients with impaired stomach motility

Severe overall AN was found (AN score: 4.4+0.5 vs 0.33+£0.2, p<0.0001, long-standing type-
1 DM vs control). Both parts of the autonomic regulation were involved with a dominance of
more severly impaired parasympathetic function in accordance with the results of the
previously described group of type-1 diabetic patients with long-standing disease.

3.3.1.3. Cardiovascular AN in pancreatic-islet transplanted and non-transplanted type-1
diabetic patients with long-standing disease duration

The results of the cardiovascular reflex tests of the two diabetic groups revealed an increased
severity of the overall AN in the control non-tx type-1 diabetic group (AN score: 6+0.7 vs
3.9£0.7, p<0.05, non-tx vs tx). Differences were also observed between the diabetic groups
during the detailed analysis of each cardiovascular test. The heart rate responses to deep
breathing differed markedly, higher values being found in the tx group. Both the Valsalva and
the 30/15 ratio parameters were lower in the non-tx patients without reaching the significance
at comparison to the tx patients. The mean values of the systolic blood pressure response to
standing were definitely abnormal in the non-tx patients and less severe parameters were
found in the tx subjects. The diastolic blood pressure response to a sustained handgrip was
non-significantly less higher in the non-tx group.



3.3.2. Analysis of the severity of cardiovascular AN in long- and short-standing type-2
diabetic patients

A high AN score was observed in insulin-treated type-2 diabetic patients with long-standing
disease (AN score: 7.1+0.5 vs 0.25+0.1, p<0.0001; long-standing type-2 DM vs control). A
moderate impairment of the parasympathetic and sympathetic innervations were established
in short-term type-2 DM (AN score: 3.4+0.4 vs 0.25+0.1, p<0.0001). During the comparison
of the two diabetic goups, two heart rate tests differed significantly (AN score: 3.4+0.4 vs
7.1£0.5, p<0.0001, heart rate response to deep breathing: 11.9+1.3 vs 7.3%1 beat/min, p<0.01,
Valsalva ratio: 1.5+0.04 vs 1.16+0.04, p<0.001).

3.3.3. Correlations between cardiovascular AN and oesophageal emptying in long-
standing type-1 DM

The statistical analysis of the oesophageal emptying rates and the results of the cardiovascular
reflex tests or the AN score did not reveal any significant association between the impairment
of oesophageal function and the severe parasympathetic or sympathetic dysfunction.

3.3.4. Correlations between cardiovascular AN and gastric emptying in type-1 and type-
2 DM

3.3.4.1. Correlations between cardiovascular AN and gastric emptying in long-standing
type-1 DM

The analysis revealed associations between AN and the impairment of gastric emptying.
There was a positive correlation between the AN score and HTE (r=0.60, p<0.01), while
negative correlations were found between two heart rate tests and HTE (heart rate variation-
HTE: r=-0.62, p<0.001; Valsalva ratio-HTE: r=-0.46, p<0.05). A positive association was
found between the orthostatic hypotension and HTE (r=0.52, p<0.01).

3.3.4.2. Correlations between cardiovascular AN and gastric emptying in short- and
long-standing type-2 DM

There was a non-significant relationship between the seriously altered heart rate or blood
pressure responses during the analysis of cardiovascular reflex tests and the abnormal values
of gastric emptying in short- or long-standing type-2 DM.

3.3.5. Correlations between cardiovascular autonomic neuropathy and gallbladder
emptying in long-standing type-1 DM

A negative correlation was found between the AN score and the gallbladder EF in the
diabetics. Both the heart rate response to deep breathing and the Valsalva ratio correlated
positively with the gallbladder EF (heart rate response to breathing-EF: r=0.79, p<0.01;
Valsalva ratio-EF: r=0.81, p<0.01). There was also a positive association between the 30/15
ratio and gallbladder emptying (r=0.69, p<0.05).

3.4 Characterization of peripheral sensory nerve function in patients with type-1 and
type-2 DM

3.4.1. Peripheral sensory nerve function in long-standing type-1 DM

3.4.1.1. Peripheral sensory nerve function in type-1 diabetic patients with impaired
oesophageal, gastric and gallbladder motility

The assessment of the CPT values in this groups of type-1 diabetic patients with long-
standing disesase revealed hypaesthetic peripheral sensory neuropathy on the upper and lower
limbs. The mean CPT on the median nerve was frequently higher than the range of the healthy
subjects at the tested frequencies, while more abnormal parameters were detected at the



peroneal nerve. All mean CPT values at all three tested frequencies were significantly higher
than that for the healthy controls pointing to the seriously impaired function of three different
sensory fibres of the peroneal nerve.

3.4.1.2. Peripheral sensory nerve function in fetal pancreatic islet transplanted and non-
transplanted type-1 diabetic patients

There was a non-significant tendency to values lower of the mean CPT values on the median
nerve of the tx patients than those in the control non-tx diabetic patient group at three tested
frequencies. Increased CPT mean values were frequently detected at peroneal nerve in both
diabetic groups, with less severe hypesthetic conditions in the tx group. The differences in
CPT values between the two groups at 5 Hz were statistically significant.

3.4.2. Peripheral sensory nerve function in type-2 diabetic patients
3.4.2.1. Peripheral sensory nerve function in long-standing type-2 DM

The mean CPT values reflected hypesthetic conditions in this group of type-2 diabetc patients
in comparison with healty controls proven by the statistical differences at five from six
frequencies of stimulation.

3.4.2.2. Peripheral sensory nerve function in short-standing type-2 DM

The mean CPT values were higher in diabetic patients than in controls, but these parameters
were within the normal range and only at 5 Hz stimulation frequency differed significantly
from healthy controls. These measurements reflect normal conditions of sensory nerve
function in this patient group.

3.5. Analysis of the relations between the impairment of auditory-evoked potentials and
the severity of cardiovascular autonomic and peripheral sensory neuropathy in long-
standing type-1 DM

3.5.1. Characterization of auditory-evoked potentials in long-standing type-1 DM

The latencies of all of the tested waves of the auditory-evoked potentials were consequently
longer in patients with long-standing type-1 DM than in controls.

3.5.2. Cardiovascular AN in type-1 diabetic patients with impaired auditory-evoked
potentials

The evaluation of cardiovascular AN revealed the same conditions of impaired neuronal
function in this group of patients with the previously described patient groups with long-
standing type-1 DM.

3.5.3. Correlations between the impairment of auditory-evoked potentials and the
severity of cardiovascular AN in long-standing type-1 DM

Positive correlations were observed between the AN score and the lengths of the latencies of
the third and fifth waves (AN score-wave III latency: r=0.61, p<0.01, AN score-wave V
latency: 1=0.49, p<0.05). In accordance with this finding, there was a negative relationship
between the results of three heart rate tests (heart rate response to deep breathing, 30/15 ratio,
Valsalva ratio) and the prolongation of the latencies of waves IIl and V.

3.5.4. Peripheral sensory function in type-1 diabetic patients with impaired auditory-
evoked potentials

The same degree of hypesthetic sensory neuropathy with a dominance on the lower limb was
established in this group of type-1 diabetic patients with long-standing disease.



3.5.5. Correlations between the impairment of auditory-evoked potentials and the
severity of peripheral sensory neuropathy

The analysis of the relations betweeen CPT values at the median and peroneal nerves and the
auditory-evoked potentials revealed strong positive correlations between higher CPT values
obtained at 2000 Hz and 250 Hz at the peroneal nerve and the latencies of waves III and V.
The CPT values on the median nerve did not correlate with the latencies of the further waves
of the auditory-evoked potentials.

3.6. Analysis of the correlations between the impairment of visual-evoked potentials and
the severity of cardiovascular autonomic and peripheral sensory neuropathy in long-
standing type-1 DM

3.6.1. Characterization of visual-evoked potentials in long-standing type-1 DM

The latency values of the major positive component of the visual-evoked potentials (P 100)
were higher in this group of patiens than the highest value of the range of healthy controls
(100 ms) at both eyes (right eyes: 108.8+2.28; left eyes: 110.9+£2.71 ms).

3.6.2. Cardiovascular AN in type-1 diabetic patients with impaired visual-evoked
potentials

In accordance with the previous findings we observed a severe cardiovascular AN in this
group of patients with more abnormal parameters of the parasympathetic function.

3.6.3. Correlations between the impairment of visual-evoked potentials and the severity
of cardiovascular AN in long-standing type-1 DM

Significant positive correlations were found between the AN score and the lengths of the
latencies of P100 waves of the right and left eyes. Further analyses revealed a negative
relationship between the results of three heart rate tests (heart rate response to deep breathing,
30/15 ratio and Valsalva ratio) and the prolongation of the P100 latencies at both eyes.

3.6.4. Peripheral sensory function in type-1 diabetic patients with impaired visual-
evoked potentials

The severity and the form of manifestation of sensory neuropathy was similar with the above
mentioned groups of the same long duration of type-1 DM: a hypestethic sensory neuropathy
was found with more abnormal parameters on the peroneal nerve.

3.6.5. Correlations between the impairment of visual-evoked potentials and the severity
of peripheral sensory neuropathy

The impaired sensory nerve function manifested in high CPT values at 2000 Hz, 250 Hz and
5 Hz stimulation frequency reflecting hypesthesia at the peroneal nerve correlated positively
with the P100 latencies of right and left eyes. The CPT values of the median nerve did not
correlate with the abnormal central visual function.

3.7. Analysis of the correlations between the impairments of the auditory- and visual-
evoked potentials in long-standing type-1 DM

The statistical analysis was performed with the data of those nine patients with long-standing
type-1 DM, who were involved in both studies of the detection of auditory and brainstem
potentials. During this statistical procedure all tested parameters of brainstem auditory-evoked
potentials were analyzed with the latencies of the P100 waves of the visual-evoked potentials
of both eyes. The latencies of wave V of auditory-evoked potentials showed statistical



correlations with the latencies of P100 of both eyes (wave V latency-P100 latency of right
eyes: r= 0.53, p<0.05; wave V latency-P100 latency of left eyes:r= 0.61, p<0.01).

4. Discussion

To summarize the present work, we have proved new associations between the
cardiovascular, the peripheral sensory and the central afferent manifestations of diabetic
neuropathy and the postprandial hypomotility of the gastrointestinal tract. Several findings
were demonstrated as concerns the nature of the progression of diabetic polyneuropathy and
the digestive dysfunction and the influence of successful therapeutic intervention. In many
previous studies, there were no quantitative parameters evaluated for the gastrointestinal and
the neurological alterations. The explanation of our new findings is that we had an
outstanding interdisciplinary possibility to apply reproducible, sensitive methods for all the
tested functions, which ensured the quantitative characterization of the gastrointesinal
motility, the AN, the peripheral sensory function and the central afferent activity. Besides the
manner of the selection of methods, the creation of homogeneous patient groups allowed the
detection of the new data. We hope that the determination of the frequent relationship of the
affected autonomic, sensory and central neuronal functions and gastric and gallbladder
hypomotility in humans will add to the knowledge of the digestive complications of DM with
new pathogenetic and diagnostic aspects.
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. Conclusions and new findings

An impaired oesophageal emptying is frequently found in long-standing type-1 diabetes in
the presence of parasympathetic and sympathetic autonomic and peripheral hypaesthetic
sensory neuropathy.

The seriously delayed emptying of a solid meal from the stomach is a characteristic
feature in both long-standing type-1 and type-2 diabetes, while this digestive dysfunction
was not found in a decade-long type-2 diabetes. Accelerated gastric emptying was not
detected in any of the patients. Parasympathetic and sympathetic autonomic neuropathy
seem to be the primary factors in the actiology of gastric hypomotility in type-1 diabetes,

while besides the autonomic dysfunction, the pathogenesis is more complex in type- )
diabetes.

In the presence of a continuously better glycaemic control in type-1 diabetic patients with
functioning transplanted islets, less severe neuropathy and gastric hypomotility are found.

A severely impaired gallbladder contractility is demonstrated in all patients with long-
standing type-1 diabetes. The parasympathetic autonomic neuropathy is strongly
associated with the degree of gallbladder dysfunction.

From comparisons of patient groups with different types and duration of diabetes and
glycaemic control, it was elucidated that in the early phase of diabetic neuropathy the
parasympathetic autonomic and lower limb hypaesthetic sensory neuropathy are
frequently detected.

A peripheral hypaesthetic sensory neuropathy is consequently found with more abnormal
parameters on the peroneal nerve in the presence of impaired oesophageal, gastric and
gallbladder hypomotility.

The central auditory and visual pathways are equally seriously altered with the degree of
parasympathetic and distal peripheral hypaesthetic neuropathy in long-standing type-1
diabetes. The impairment of parasympathetic and lower limb sensory functions develops
earlier in the course of diabetes. These data may suggest that the abnormalities of the
auditory and visual pathways should be regarded as early central manifestations of
diabetic neuropathy.
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