
0.001). The esophageal and duodenal wall stiffness and 
circumferential deformation induced by the distensions 
were not affected in the patients (all P  > 0.14).

CONCLUSION: The impaired contractile activity with 
an imbalance in the distension-induced contractions 
likely reflects neuronal abnormalities due to autonomic 
neuropathy. However, structural changes and remodeling 
of the gastrointestinal tract are also evident and may 
add to the neuronal changes. This may contribute to 
the pathophysiology of diabetic gut dysfunction and 
impact on future management of diabetic patients with 
gastrointestinal symptoms.

© 2007 WJG. All rights reserved.
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INTRODUCTION
Gastrointestinal (GI) symptoms (nausea, vomiting, 
bloating, abdominal pain, diarrhea, etc.) are frequent 
in patients with diabetes mellitus[���������. �he symptoms�he symptoms 
are often severe and substantially compromise quality 
of  life. Abnormal GI function in diabetic patients has 
been demonstrated with methods such as manometry, 
scintigraphy, radiography, and breath tests. For example, 
the esophagus is characterized by dysmotility with fewer 
contractions having decreased amplitudes and abnormal 
wave forms[5�. �he pathogenesis of  the GI symptoms in 
diabetes is complex in nature, multi�factorial and not well�
understood[5�. Dysmotility and delayed emptying of  the 
stomach have been demonstrated, and in the small and 
large intestine dysmotility, delayed transit, and bacterial 
overgrowth have been observed[5�. �he GI dysfunction 
and symptoms may be caused by autonomic neuropathy 
being one of  the most prevalent complications affecting 
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Abstract
AIM: To investigate that both the neuronal function 
of the contractile system and structural apparatus of 
the gastrointestinal tract are affected in patients with 
longstanding diabetes and auto mic neuropathy.

METHODS: The evoked esophageal and duodenal 
contractile activity to standardized bag distension 
was assessed using a specialized ultrasound-based 
probe. Twelve type-1 diabetic patients with autonomic 
neuropathy and severe gastrointestinal symptoms and 
12 healthy controls were studied. The geometry and 
biomechanical parameters (strain, tension/stress, and 
stiffness) were assessed.

RESULTS: The diabet ic pat ients had increased 
frequency of distension-induced contractions (6.0 ± 
0.6 vs 3.3 ± 0.5, P  < 0.001). This increased reactivity 
was correlated with the duration of the disease (P  = 
0.009). Impaired coordination of the contractile activity 
in diabetic patients was demonstrated as imbalance 
between the time required to evoke the first contraction 
at the distension site and proximal to it (1.5 ± 0.6 vs 0.5 
± 0.1, P  = 0.03). The esophageal wall and especially 
the mucosa-submucosa layer had increased thickness 
in the patients (P  < 0.001), and the longitudinal and 
radial compressive stretch was less in diabetics (P  < 
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up to �0% of  patients with long�standing diabetes[6,7�, and 
several clinical studies have demonstrated neuropathy of  
the autonomic nervous system (especially vagal but also 
sympathetic), as well of  enteric nerves[8�. Impaired visceral 
sensory function, glycemic control and psychological 
factors may also be contributing factors[�����������. Finally, me�
chanical factors may also contribute to the symptoms. 
Hence, studies in animals with experimental diabetes havetudies in animals with experimental diabetes have 
shown structural remodeling and protein cross�linking 
in the GI wall layers compared to control animals[����8�����8��. 
Structural remodeling caused by diabetes in animals is 
known to cause changes in the biomechanical properties, 
resulting in increase of  both stiffness and thickness of  the 
GI wall[�������������. 

�he impact of  the structural changes in the human 
GI wall on the function and on biomechanical properties 
has not been studied in detail due to inaccessibility of  the 
organs and lack of  suitable methodology. Such studies 
are needed since it is still generally assumed that the 
contractile (and structural) apparatus of  the GI tract is 
normal, and that the disordered function and abnormal 
contractile activity predominantly reflects neuronal 
abnormalities[��,���. Better ways of  studying the GI tract 
may impact on the future management of  diabetic patients 
with GI symptoms. Cross�sectional ultrasound imaging 
have recently been developed to study the biomechanical 
properties of  the GI tract during distension in animals[�5,�6� 
and humans[�7�����7�����. �he deformation pattern, the radial�he deformation pattern, the radial 
distributions of  strain, stress and stiffness, and the 
distension�induced sensation have been assessed in the 
human esophagus[�0�. �he technique has also been applied 
to assess the biomechanical properties of  the human 
duodenum[���. Ultrasound has no known short or long term 
hazards and provides excellent soft tissue imaging with a 
good temporal and spatial resolution and is a valuable tool 
for studying GI function in vivo. 

�he hypotheses in the present study were that (�) the(�) the�) the 
biomechanical properties of  the esophageal and duodenal 
wall were changed due to diabetes�induced tissue remodel�
ing and that (�) the contractile activity of the esophagus(�) the contractile activity of the esophagus�) the contractile activity of  the esophagus 
and duodenum was affected by the neuronal dysfunction 
related to diabetic autonomic neuropathy. Hence, the aims 
were to apply the new ultrasound based testing approach 
to (�) assess the distension�induced contractile activity in(�) assess the distension�induced contractile activity in�) assess the distension�induced contractile activity in 
the human upper gut in healthy controls and in patients 
affected by gastrointestinal dysfunction due to diabetic 
autonomic neuropathy, and (�) to look into the mechanism(�) to look into the mechanism�) to look into the mechanism 
of  the findings by assessing the GI remodeling including 
the wall thickness and distension�induced deformation pat�
terns. 

MATERIALS AND METHODS
Study subjects 
Data were obtained from �5 diabetic patients recruited at 
the Department of  Endocrinology M, Aarhus University 
Hospital (�� males, � females, mean age �� years, 
range �5�6� years) and �� healthy controls (7 males, 5 
females, mean age �7 years, range ���50 years) recruited 
among the hospital staff  and at the university. �he local 
Ethical Committee approved the study protocol (VN 

�00�/��0mch) which also conforms to the Declaration of  
Helsinki. Oral and written informed consent was obtained 
from all subjects.

All of  the �� patients who completed the study (�able �)�))  
had type � diabetes lasting �� to �6 years (average �� 
years) and all suffered from debilitating symptomatic dia�
betic autonomic neuropathy (shown by a minimum of  
two symptoms from different organ systems) and verified 
by abnormal cardiovascular reflexes (heart rate variability 
and blood pressure changes during deep breathing and 
going from lying to standing). All suffered from periph�
eral neuropathy as demonstrated by absent or diminished 
patellar reflexes and abnormal biotensiometry values.� �he �he 
patients underwent examinations that were justified by 
their symptoms to exclude any organic diseases affecting 
the GI tract. Clinical data from the �� patients who 
completed the study are presented below and in �able �. 
All patients had severe GI symptoms: nausea (�� of  ��), 
vomiting (�0 of  ��), abdominal pain (� of  ��), diarrhea (� 
of  ��), and constipation (� of  ��). Five of  the �� patients 
were taking medication known to affect gastrointestinal 
function (erythromycin, metoclopramide and proton 
pump inhibitors) while the rest were not treated because 
of  previous insufficient response to various drugs. Four 
patients suffered from neuropathic pain and were treated 
with analgesics (oxycodone, gabapentin, pregabalin and 
paracetamol). None of  the patients had prior abdominal 
surgery or suffered from psychiatric diseases or had any psychiatric diseases or had any 
suspicion of  psychological abnormalities. �he control�he control 
subjects did not take medications, had no prior abdominal 
surgery and did not suffer from any GI symptoms or pain�
related diseases. �hey all had normal physical examination 
and blood tests.  

Experimental probe design 
�he probe consisted of  a ��0 cm catheter (Ditens A/S, 
Aalborg, Denmark) with a 6.� mm outer diameter and eight 
lumens of  different sizes (Figure � top)[�0�. A 50 μm thick 
polyurethane bag (Ditens A/S, Aalborg, Denmark) was 
attached to the catheter with 5 cm between the attachment 
points and with its centre positioned corresponding to the 
crystal of  the ultrasound probe.� �he bag could be inflated 
to a maximum diameter of  50 mm (cross�sectional area 
(CSA) of  �000 mm�) with a constant bag length without 
stretching the bag wall. �he size of  the bag was chosen on 
the basis of  previous studies of  the duodenum where the 
CSA never exceeded �000 mm� when the bag was inflated 
to the point where moderate pain was reported[���.

�he largest lumen in the probe contained a �0 MHz 
endoscopic �60 degrees ultrasound probe (UM��R, 
Olympus Corporation, �okyo, Japan). �he signal from 
the endoscopic ultrasound unit (EU�M�0, Olympus 
Corporation, �okyo, Japan) was directly captured and 
stored digitally (AVI MPEG� format) by frame grabber 
software (Studio 8, Pinnacle Systems Inc., CA, USA) for 
later analysis. Another large lumen was for infusion and 
withdrawal of  fluid to the bag.� �he lumen was connected 
to a rol ler pump (�ype ��0, Ole Dich, Hvidovre, 
Denmark) for inflation and deflation of  the bag with 37℃ 
sterile water at a constant rate[�0,���.  

�wo small lumens ( < � mm in diameter) were used for 

4882      ISSN 1007-9327     CN 14-1219/R     World J Gastroenterol     September 28, 2007    Volume 13      Number 36

www.wjgnet.com



recording of  pressures inside the bag and 6 cm proximal 
to the center of  the bag. �he channels were continuously 
perfused at a rate of  0.� mL/min with sterile water by a 
low�compliance perfusion system. �he pressure channels 
were attached to external pressure transducers (Baxter, 

Deerfield, IL, United States).� �he signals were amplified, 
analogue�to�digital converted and stored on a computer for 
later analysis (Openlab, Ditens A/S, Aalborg, Denmark).

Study protocol 
�he patients were fasting for �� h prior to the experiment 
due to the well known delayed gastric emptying in this 
patient group (�able �). During the fasting period the 
blood glucose concentrations were monitored every hour 
and adjusted to approximate the normal range (below 
6 mmol/L) using intravenous glucose infusions and 
subcutaneous injection of  fast�acting insulin (Actrapid, 
Novo, Bagsværd, Denmark). �he healthy controls were 
fasting for six hours (Figure �, bottom).

�he probe was swal lowed and the subject was 
positioned supine with the upper part of  the body �0 
degrees tilted. �he lower esophageal sphincter was 
identified guided by the pressure recordings and the 
ultrasound image. �he bag was positioned �0 cm above 
the lower esophageal sphincter. Distension was done 
by inflating the bag at a rate of  �5 mL/min. Several 
preconditioning distensions to the pain threshold were 
done prior to experimental distensions to the perception 
of  moderate pain[��,�5�. �he preconditioning distensions 
were repeated until the obtained data were reproducible. 
�he bag was deflated between distensions at a rate of  15 
mL/min. �hen �0 mg of  butylscopolamine (Buscopan, 
Boehringer, Ingelheim, Germany) was administrated 
intravenously to abolish esophageal contractility followed 

Table 1  Clinical data describing the 12 type-1 diabetic patients that completed the study

Patient No. 1 2 3 4 5 6 7 8 9 10 11 12

Gender M M F M M M M M M M M F
Age (yr)   30   47   25   32   40   46   42   39   41   62   53   33
Height (cm) 176 180 165 176 169 182 180 185 168 174 175 170
Weight (kg)   64   86   65   60   90   78   75   85   66   79   95   61
Diabetes duration (yr)   18   37   16   12   32   27   32   14   13   46   20   14
Autonomic neuropathy S,T S,T S,T S,T S,T S S,T S S S S S,T
Peripheral neuropathy S,T S,T S S,T S,T S S,T S S S S S,T
Neuropathic pain - + - - - - + + - - - +
Retinopathy + + + + + + + + + + + +
Nephropathy - + + - + + + - - + + +
Bladder paresis - - - - + - - - - - - +
Gastroparesis1 + + + + + - - - - + - +
Sexual dysfunction - - - - - - - - + - - +
HbA1c (%)   11.1     8.6   14.1   10.5     7.7   10.7     9.2     9.3   10.4   10.2     9.2     7.3
Creatinine (mmol/L)   75 101 111   63   73   87 123   78   96 108 118   52
Nausea + + + + + + + + + + + +
Vomiting + + + + + - + + + + + -
Abdominal pain + - + - + - - - - + - -
Diarrhea + - + + + + + + + - - +
Constipation - - - - + - - + - - - -
Gastroscopy N N N N N N N N N N N N
Colonoscopy ND ND N ND N ND ND N N ND ND N
Small bowel radiology ND ND N N N N ND ND N N ND N
Breath test2 N ND N N N N ND ND ND N ND N
Insulin treatment inj pump inj Inj inj inj inj inj inj inj inj pump
GI medication - - + - - - + - + + - +
Analgetics - + - - - - + + - - - +
Smoking + - + + - + - + - + - -

M: male, and F: female. S: verified by classic symptoms, and T = verified by tests. “-“: not present, and “+”: present. N: normal examination, and ND: not done. 
“inj”: injection by insulin pen. “pump”: njection by pump system. 1Assessed by scintigraphy. 2To exclude bacterial overgrowth. Normal range of HbA1c is < 6% 
and Creatinine < 125 mmol/L (M) or < 115 mmol/L (F).
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water circulation Bag

Connections for
pressure recordings
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Time
 Esophagus   Duodenum

Figure 1  The probe design allows bag distension of the esophagus and 
duodenum together with cross-sectional ultrasound imaging and recording of the 
bag and proximal pressures (top). The distension protocol is shown at the bottom. 
The first distensions to the pain threshold were preconditioning stimuli also used 
for learning. They were followed by a distension (15 mL/min in the esophagus and 
25 mL/min in the duodenum) to the perception of moderate pain. Finally, a bolus 
of 20 mg of butylscopolamine (B) was given intravenously in order to diminish 
distension-evoked smooth muscle contractions and a final distension to the 
perception of moderate pain was done.
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by one distension to the perception of  moderate pain. 
�he probe was then advanced into the horizontal 

par t of  the duodenum guided by transabdominal 
ultrasound (SonoSite �80, SonoSite Inc, Bothell, WA, 
USA), endoscopic ultrasound and by the motility pattern 
observed. Approximately �0 min after the esophageal 
testing, and when duodenal phase Ⅱ activity was observed, 
duodenal distensions were performed before and after 
administration of  butylscopolamine as described above 
but at an inflation rate of  25 mL/min.� 

�he total examination time was approximately two 
hours and the blood glucose concentrations in all patients 
and controls were measured before, after one hour, and at 
the end of  the study. �he blood glucose level was adjusted 
to approximate the normal range if  it deviated during the 
study.

Analysis of the distension-induced contractile activity
Contractions were defined as having amplitude ≥ �0 cm  
H�O and duration ≥ � s. Contractile activity at the 
distension site and proximal to it were analyzed for the 
filling phase of  all distensions.� �he time from start of  the 
distension to induction of  the first contraction during the 
distension procedure was noted. �he time to induce the 
first contraction at the distension site is generally thought 
to be dependent on a local short enteric reflex arc. �he 
time to induce the first contraction 6 cm proximal to the 
bag depends on a longer reflex arc that is more likely 
affected by extrinsic pathways (Figure �). Hence, the ratio 
between these contractile responses serves as a proxy 
of  the function of  the neural pathway between the bag 
and proximal pressure measurement site. �he number of  
contractions during the first minute and the frequency of  
all contractions were also noted. Furthermore, the pressure 
amplitude and duration of  the strongest contraction were 
calculated. A proxy of  the contractile work was computed 
by multiplying the amplitude and the duration of  the 
strongest contraction. In the duodenum the frequency 
of  contractions at the proximal pressure measurement 
site was also calculated before and after the distension 
procedure. 

Biomechanical analysis of esophageal and duodenal 
distensions
�he biomechanical properties including stress�strain and 
tension�strain relations, esophageal wall thickness and 
multidirectional deformation were measured and calculated 
from the intraluminal ultrasound images (Figure �) and 
pressure recordings (see Appendix).  

Statistical analysis
Data are given as mean ± SE unless otherwise stated. 
�he contractile activity of  the patients and controls was 
analyzed using one�way analysis of  variance (ANOVA). 
�he contraction frequencies in the duodenum in relation 
to the distension and the duodenal wall stiffness were 
analyzed using two�way ANOVA, which was also used 
for the esophageal stress, strain, stress�strain ratio, multi�
directional deformation and wall thickness, and duodenal 
tension, strain and tension�strain ratio at maximum 
perception. �he esophageal wall stiffness was analyzed 
using three�way ANOVA with the factors: (�) controls 
vs patients, (�) before vs after butylscopolamine, and (�) 
mucosal surface vs submucosa�muscle interface vs outer 
surface. �he association between the clinical data and 
the contractile activity and biomechanical properties was 
analyzed using Spearman correlation test. P-values less 
than 0.�05 were considered significant.� If  the data were not 
normal�distributed they were logarithmically transformed 
before the parametric tests were performed. SPSS version 
��.0 was used for the statistical analysis.

RESULTS
�he study was completed in �� (�0 males, � females, mean 
age �0 years, range �5�6� years) of  the �5 diabetic patients. 
�hree patients interrupted the study in its initial phase due 
to severe throat irritation, nausea and vomiting. All healthy 
controls completed the study.

Blood glucose levels
At the beginning of  the �� h fasting period the diabetic 
patients had a mean blood glucose level of  �0.6 (range 

Longer reflex arc

Gut wall

Short reflex arc

Aboral
direction

Bag distension

Figure 2  Schematic illustration of the neural pathways involved in distension-
induced contraction. The primary afferent neurons, the excitatory interneurons and 
efferent neurons are shown. The dotted neurons illustrate extrinsic pathways. The 
induction of contraction on the bag depends on the local reflex arc (bottom). The 
measurement 6 cm proximal to the bag depends on a longer reflex arc including 
extrinsic pathways (top).

Adventitia 

Water-filled bag

           Muscle layer

Mucosa-submucosa 
      layer

1 cm

Figure 3  The cross-sectional ultrasound image of the distended distal esophagus 
allows identification of the esophageal layers, i.e. mucosa-submucosa, muscle 
and adventitia layers. The white round shadow in the centre is caused by the 
intraluminal ultrasound probe. 
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7.�0-16.�5) mmol/L with fluctuations during the first hours.� 
�he glucose level was adjusted and stabilized to a mean 
level of  8.� (range 5.���0.5) mmol/L during the study 
period. �he controls had a mean blood glucose level (after 
6 h fasting) of  �.6 (range �.5�5.�) mmol/L during the 
study period.

Distension-induced contractile activity
Data on the contractile activity induced by the bag 
distensions are provided in �able �. 

Esophagus: �he diabetic patients had shorter time to 
the first contraction on the bag (borderline), increased 
number of  bag contractions during the first minute, 
increased frequency of  contractions, reduced pressure 
amplitudes and reduced contractile work of  the bag 
contractions.� Similar findings were found 6 cm proximal 
to the bag where the diabetic patients had shorter time to 
the first contraction, increased number of  contractions 
during the first minute, and reduced contractile work of  
the contractions. �he ratio between the time until the 
first contraction on the bag and the time until the first 
contraction 6 cm proximal to the bag was increased in the 
diabetic patients.� �his likely reflects dysfunction of  local 
intestinal neural pathways.

Duodenum: �he contractile activity between the diabetic 
patients and controls did not differ in the duodenum. 
�he ratio between the time until the first contraction on 
the bag and the time until the first proximal contraction 
tended to increase in the diabetic patients. Furthermore, 
the frequency of  contractions in the diabetic duodenum 
was �.� ± �.0 min�� before, �.� ± 0.8 min�� during and �.8 
± 0.6 min�� after the distension and in the controls the 
numbers were �.5 ± 0.� min��, �.6 ± 0.6 min�� and �.� ± 
0.8 min��, respectively. Hence, no difference between the 
patients and controls (F = 0.8, P = 0.�) and in relation to 
the distension (F = 0.5, P = 0.6) were found.

Esophageal wall thickness
�he thickness of  the entire esophageal wall, the muscle 

layer and mucosa�submucosa layer obtained during the 
distensions (after administration of  butylscopolamine) 
are illustrated in Figure �. �he wall and the mucosa�
submucosa layer were thicker (0.��0.� mm) in the diabetic 
patients compared to the control subjects (F = ��, P < 
0.00�, and F = ��, P < 0.00�). �he muscle layer thickness 
showed a borderline increase (F = �.7, P = 0.055). 

Table 2  The contractile activity on the bag and at the proximal pressure recording site are given for both the esophagus and duodenum    
(mean ± SEM)

Esophagus Duodenum

Bag Proximal Bag Proximal

Controls Diabetes Controls Diabetes Controls Diabetes Controls Diabetes

Time to first 17.5 ± 6.0 9.9 ± 2.7 35 ± 9.0 6.6 ± 2.3 16.5 ± 5.9 15.9 ± 5.2 28 ± 8 6.5 ± 2.5
contraction (s)      F = 3.8      P = 0.07 F = 16       P < 0.001      F = 0.4     P = 0.6      F = 2.2     P = 0.16
Ratio bag/proximal, time   0.5 ± 0.1 1.5 ± 0.6    0.6 ± 0.2 1.2 ± 0.2
to first contraction      F = 5.8      P = 0.03      F = 3.6     P = 0.08
Number of contractions   2.6 ± 0.5 5.9 ± 0.7 2.2 ± 0.6 4.5 ± 0.8    1.6 ± 0.4 1.9 ± 0.5   1.2 ± 0.2 2.1 ± 0.7
in first minute      F = 14        P = 0.001   F = 5.8     P = 0.03      F = 0.2    P = 0.7      F = 2.9     P = 0.09
Frequency   3.3 ± 0.5 6.0 ± 0.6 3.0 ± 0.7 4.6 ± 0.8    1.7 ± 0.4 1.7 ± 0.5   1.2 ± 0.3 1.7 ± 0.4
(min-1)      F = 13       P = 0.001   F = 2.6      P = 0.11         F = 0.03      P = 0.9      F = 0.5    P = 0.5
Maximum amplitude    95 ± 11 63 ± 10 37 ± 7 34 ± 5  19.1 ± 4.8 19.5 ± 5.1 15.9 ± 2.6 14.6 ± 3.8
(mm H2O)      F = 4.9      P = 0.04        F = 0.09     P = 0.8         F = 0.01    P = 0.9       F = 0.08     P = 0.8
Contractile work 1470 ± 257 592 ± 165 386 ± 57 181 ± 43   106 ± 50 88 ± 43  60 ± 15  42 ± 16
(mm H2O x s)      F = 7.8      PP = 0.01      F = 7.5         P = 0.01        F = 0.9    P = 0.8     F = 0.6     P = 0.4

P- and F-values are given, and bold P-values indicate significant difference between the diabetes patients and healthy controls.
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Figure 4  The distension-induced change in thicknesses of the total esophageal 
wall structure, the muscle layer, and mucosa-submucosa layer during smooth 
muscle relaxation with butylscopolamine are illustrated as function of the 
esophageal radius. The data points represent the multiple measuring points during 
each distension of the patients and controls. Exponential trend lines (solid lines) 
of the patients and controls are shown. The total wall thickness and the mucosa-
submucosa layer were increased in the diabetic patients. 
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Multidirectional deformation of the esophagus
�he circumferential, longitudinal and radial stretch 
ratios during distension in both the diabetic patients and 
control subjects are shown in Figure 5. �he curves were 
obtained from the muscle layer and after administration 
of  butylscopolamine. �he same pattern was seen in 
all sub�layers both before and after administration of  
butylscopolamine. During distensions the patients tended 
to stretch less in the circumferential direction (F = 0.007, 
P = 0.�). �he compressive deformation (shortening) in 
the longitudinal and radial directions during distension 
was clearly reduced in the diabetic patients (F = �50, P < 
0.00� for longitudinal direction and F = �80, P < 0.00� for 
the radial direction). �hus, the esophageal wall appeared 
to be deformed less in all normal directions in diabetics 
compared to healthy volunteers. 

Stress-strain and tension-strain relations
�he tissue stiffness (approximated by the mechanical 
alpha�constant, see Appendix) in circumferential direction 
of  the different esophageal layers and the duodenum are 
provided in Figure 6. 

Esophagus: �he circumferential stiffness increased 
throughout the esophageal wall (F = ��, P < 0.00�). �he 
difference in tissue stiffness between the patients and the 
control subjects was non�significant (F = 0.�, P = 0.6) 
and unaffected by butylscopolamine (F = �.�, P = 0.�5). 

At moderate induced pain, the circumferential stress, the 
circumferential strain and the ratio between them (which 
also indicates the wall stiffness) obtained in the patients 
were not significantly different from those obtained in the 
control subjects (F = 0.7, P = 0.�; and F = �.�, P = 0.�; 
and F = 0.7 P = 0.�), and unaffected by butylscopolamine 
(all P > 0.�). 

Duodenum: �he difference in tissue stiffness (Figure 6) 
between the patients and the controls was non-significant 
(F = �.�, P = 0.��). �he stiffness was not changed by 
butylscopolamine (F = �.�, P = 0.�). At moderate pain the 
circumferential tension, the circumferential strain and the 
ratio between them (indicating the wall stiffness) did not 
differ between patients and control subjects (F = �.0, P = 
0.�; and F = 0.0�, P = 0.�; and F = �.�, P = 0.��), and was 
unaffected by butylscopolamine (all P > 0.5). 

Correlation to clinical data
�he distension induced contractile activity in the diabetic 
patients was not affected by the mean glucose level during 
the study (P > 0.� for all comparisons). �he disease 
duration was clearly associated with the distension�induced 
contractile activity. �hus, the disease duration correlated 
with increased frequency of  the contractions and with the 
number of  contractions during the first minute proximal 
to the esophageal bag (correlation coefficient rs = 0.7�, P 
= 0.00� and rs = 0.6�, P = 0.0�), and to increased duration 
of  the strongest contraction on the esophageal bag (rs = 
0.7�, P = 0.00�). In the duodenum the disease duration 
correlated with increased frequency (bag: rs = 0.58, P = 
0.0�; proximal: rs = 0.68, P = 0.0�), increased number of  
contractions during the first minute (bag: rs = 0.57, P = 
0.0�; proximal: rs = 0.68, P = 0.0�), increased pressure 
amplitude (bag: rs = 0.5�, P = 0.0�; proximal: rs = 0.70, P 
= 0.0�), duration (bag: rs = 0.6�, P = 0.0�; proximal: rs = 
0.6�, P = 0.0�) and contractile work (bag: rs = 0.6�, P = 0.0�; 
proximal: rs = 0.7�, P = 0.0�) of  the strongest contraction 
both at and proximal to the bag. 

DISCUSSION
An ultrasound based testing approach was applied to 
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assess the contractile activity, geometry and biomechanical 
properties of  the esophagus and duodenum in patients 
affected by gastrointestinal symptoms and diabetic 
autonomic neuropathy. Overall, this study illustrates 
that the patients had increased reactivity to standardized 
esophageal distension including dyscoordination and 
reduced contractile work of  the contractions. �he 
disease duration was associated with increased contractile 
reactivity. Finally, the esophageal wall thickness and the 
pattern of  deformation in longitudinal and radial directions 
were affected in diabetic patients indicating remodeling.

Both acute and chronic hyperglycemia is known to 
impair the GI motor responses to stimulation[��,�6� and to 
reduce the perceived sensation[�7�. �his study was designed 
to minimize the influence of  the blood glucose level 
on the contractile activity. However, the patients in the 
present study typically suffered from severe fluctuating 
glucose levels and fluctuations in GI symptoms with 
intermittent nausea and vomiting which makes glycemic 
control very challenging. Even though the mean blood 
glucose level during the study was higher in the diabetic 
patients, the glucose level itself  did not seem to affect 
the contractile activity. Hence, the differences found in 
this study are more likely due to neuromuscular changes. 
However, comparison of  data obtained in different studies 
of  diabetic patients must be done with caution.

�he present study utilizes a cross-sectional imaging 
technique. Conventional methods based on pressure-volume 
measurements obtained during bag distension do not directly 
measure variables used in analysis of  tissue deformation 
and stiffness[�8�. Since the esophagus is thick�walled, only 
cross�sectional ultrasound imaging with good temporal and 
spatial resolution provides data for computation of  the 
circumferential stress, wall thickness and multi�directional 
deformation[�0�. 

All patients included in the study had, as per inclusion 
criteria, severe and long�lasting upper GI symptoms (nau�
sea, vomiting, bloating and pain). �he observed esophageal 
contractile hyperreactivity may be explained by both pri�
mary neuropathic changes of  the gut nerves and second�
ary changes due to reflex mechanisms caused by increased 
sensitivity to the distensions (central sensitization)[���. 
However, esophageal motor abnormalities in terms of  
decreased contraction amplitude, decreased number of  
esophageal peristaltic contractions[��,��,��,�0�,��,��,�0���,��,�0�,��,�0���,�0�,�0��0� and impaired 
coordination[��,���,������ have also been recorded in diabetic pa�
tients without GI symptoms. Disordered esophageal motil�
ity and acid reflux may be related to diabetic neuropathy[���. 
Such changes correspond to the changes observed during 
distension in the present study. �he observed reduction in 
time until the first contraction on the bag in the diabetic 
patients suggests that a local neuronal dysfunction is re�
sponsible for the hyperreactivity. �his is consistent with 
the finding that the hyperreactivity is associated with the 
disease duration. A neuronal dysfunction can theoretically 
be addressed to the mechanoreceptor, afferent fibers, in�
terneurons, or efferent fibers located in the gut wall.� Im�
paired balance of  the inhibitory and excitatory pathways 
from the central nervous system can potentially also affect 
the motor response. �he time until the first contraction  
6 cm proximal to the bag was also reduced in the diabetic 

patients, which may indicate hyperactivity and dysfunction 
of  local intestinal neural pathways (a long reflex arc which 
may also include extra�intestinal pathways, Figure �). Since 
this long reflex arc is more affected than the short arc 
(evidenced in �able � and by the computed ratio), the neu�� and by the computed ratio), the neu� and by the computed ratio), the neu�
ronal pathways rather than the mechanoreceptors seem to 
be affected. Even though neuropathic damage to the nerve 
fibers is expected, central (and peripheral) neuronal hyper�
excitability in response to the distensions may counteract 
the response. Such hyperreactivity and hyperexcitability 
have for example been shown in patients with non�cardiac 
chest pain[���. In contrast, in structural GI disorders such 
as systemic sclerosis, the local mechanoreceptors in the gut 
wall seem to be affected (resetting) more than the neuronal 
pathways[�5�.� However, the present study cannot definitively 
distinguish between neuronal changes restricted to the en�
teric nervous system and the effect of  changes in the cen�
tral inhibitory and excitatory neuronal pathways. Advanced 
methods using evoked brain potentials and functional 
magnetic resonance imaging may shed more light on this 
important aspect. Also one should take into consideration 
that the neuronal changes observed could be due to both 
diabetes�induced autonomic neuropathy and changes in 
the afferent visceral nervous system (sensitization and 
hypersensitivity) evoked by the long�standing GI symp�
toms[���. Finally, the vagal innervation of different organsFinally, the vagal innervation of  different organs 
and central vs peripheral levels can easily be affected to 
different degrees[�6�. As an indicator of  dysfunction of  the 
esophageal neuromuscular apparatus, the diabetic patients 
also seem to have an increased resting tone of  the muscle 
component in the esophagus. �his is indicated by the me�
chanical constants in Figure 6 where smooth muscle relax�
ation is shown to abolish/normalize the increased stiffness 
observed in the diabetic patients. 

Studies of  the small intestinal contractile activity 
in diabetes have revealed a wide spectrum of  motor 
patterns ranging from normal to grossly abnormal[5�. �he 
distension�induced duodenal contractile activity recorded 
in this study was not clearly affected in diabetes compared 
to the control subjects. However, the duodenal reactivity 
increased with the disease duration. 

�he question is if  the disordered contractile activities 
observed in these studies are only due to the neuronal 
changes and dysfunction (diabetes�induced autonomic 
neuropathy) or if  primary diabetes�induced remodeling 
in the GI tract may also play a role. Animal studies 
have shown that diabetes may induce crypt hyperplasia, 
change in the villous microvasculature and increase in the 
mucosal and muscle mass[��,�7,��,�7�. A histopathologicalA histopathological 
study of  the human stomach in diabetic patients with 
severe gastroparesis showed prominent collagenization 
and smooth muscle atrophy of  the muscle layer[�8�. Studies 
on diabetes and aging show that advanced glycation end�
products are causing cross linking of  collagen molecules 
responsible for basement membrane thickening and loss of  
matrix elasticity[�5,�6,���. Animal studies support the presence 
of  structural and biomechanical changes with increased 
stiffness, weight per unit length and wall thickness (i.e. 
increased stiffness and thickness of  the GI wall)[������. 
Even though the wall stiffness and circumferential 
deformation induced by the circumferential distensions 
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circumferences (cmuc, cin and cout). 
For each of  the three sur� and interfaces the 

circumferential stretch ratio (a deformation measure) was 
computed as the relative elongation of  each circumference:

 lq = c/c zero-pressure, where c zero-pressure denotes the circumference 
of  the unloaded segment. �he c zero-pressure was measured 
directly from ultrasound images at the start of  the 
butylscopolamine distension. �he circumferential strain at 
each circumference (mucosa, submucosa�muscle and outer, 
respectively) was represented by the Green strain:

2

22

2 pressurezero

pressurezero

c
cc

−

−−
=

    (�)

�he radial deformation of  the mucosal and muscle 
layers were computed as radial stretch ratio: lr = h/h zero-

pressure, where h and hzero-pressure represents the thickness of  the 
distended and butylscopolamine relaxed layers. 

Assuming a circular shape, the wall thicknesses were 
calculated as: 

 // mucoutmucouttotal CSACSArrh −=−= ,
 (�a)

// mucinmucinmuc CSACSArrh −=−=  
     

, and  (�b)

// inoutinoutmuscle CSACSArrh −=−=
      

. (�c)

�he longitudinal stretch ratio of  each layer which indicate 
the degree of  longitudinal deformation was calculated  
as 

r
z

1=  assuming incompressibility (lqlrlz = �) of  the 
tissue[�5�.

Since the esophagus is thick�walled the pressure and 
stress decay through the wall is expected to be non�
linear[50�. Hence, the distribution of  the circumferential 
stress through the wall was computed as:
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where r denotes the radial location inside the wall[�0,50�. 
�he radii rout and rmuc was calculated as: outout CSAr =  and 
 

mucmuc CSAr = . p∆ represents the bag pressure corrected 
for the baseline pressure (representing the mediastinal 
resting pressure) before the butylscopolamine distensions. 

�o obtain mechanical constants of  each layer the 
circumferential stress�strain relationship of  the mucosal 
surface, the interface between submucosa and muscle 
layer, and the outer surface layers for each subject were 
plotted. a  and b  constants were obtained using non�linear 
curve fitting (Microcal Origon 6.�0, Microcal Software Inc.�, 
Northampton, MA, USA) approximating the equation[5��:

 )1( −= e      (�)

�he computed stiffness parameter is dependent on 
passive stretch and the contribution from active muscle 
contraction or tone. Administration of  butylscopolamine 
abolishes smooth muscle contractions whereby the passive 
properties can be assessed. 

Analysis of duodenal distensions
�he duodenal ultrasound images were captured as 

in the present study were not significantly affected in 
diabetes, the esophageal deformations in longitudinal and 
radial directions and the wall thickness were abnormal 
with reduced deformation. �he fact that the deformation 
is reduced but the stiffness appears unchanged can be 
attributed to the stress�dependent growth law for soft 
tissues stating that tissue remodeling is determined by the 
stress and remodels towards a tissue-specific stress level[�5�. 
�he esophageal wall and the mucosa�submucosa layer were 
thickened in diabetes, which indicates growth processes 
of  the intestinal wall. �he observed increase in esophageal 
wall thickness can theoretically be caused by increased 
muscle tone, even though an attempt to abolish smooth 
muscle contractions was done and repeated if  contractions 
were still present. Butylscopolamine diminishes cholinergic 
mediated tone and from the tracings it appeared that 
relaxation was obtained. Also the decreased ability of  
esophageal shortening during distension and the change 
in radial deformation supports that structural changes 
occur in diabetic esophagus. �he contractile work of  
the esophageal contractions was decreased in spite of  
increased neuronal activity, increased muscle thickness and 
the increased esophageal resting tone. �his indicates that 
the ability of  the muscle to contract could be restricted by 
structural remodeling (accumulation of  connective tissue). 
�he fact that the esophageal wall deformed less in diabetic 
patients supports this hypothesis. Alternatively, myopathic 
abnormalities with diabetes�induced reduced action of  the 
muscle fibers may also be important[�8�.    

�he present study shows that both the neuronal 
function of  the contractile system and structural apparatus 
of  the GI tract are affected in patients with long�
standing diabetes and autonomic neuropathy. �his may 
contribute to the understanding of  the pathophysiology 
of  diabetic gut dysfunction and may have impact on future 
management of  these patients.
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AppENDIx
Analysis of esophageal distensions
Ultrasound images were captured corresponding to 
the start of  the distension (the zero�pressure state) and 
between contractions during the distensions (tonic state) 
by a video converter (jpg format, 787 × 576 pixels, 
A� Video Converter v. �.�, www.a�video.com)[�5�. �he 
mucosal surface (bag�mucosa interface), the submucosa�
muscle interface, and the outer surface (muscle�adventitia 
interface) contours of  the esophageal wall were identified 
by visual inspection by an experienced radiologist using 
image measurement software (SigmaScan Pro v. 5.0.0, 
SPSS Inc., Chicago, IL, USA) (Figure �). �his allowed 
computation of  the cross�sections encircled by the 
mucosal surface (CSAmuc), submucosa�muscle interface 
(CSAin) and outer surface (CSAout), and the corresponding 
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described at the start of  each distension and between 
the distension�induced contractions (see above). �his 
allowed computation of  the luminal duodenal CSA and 
mucosal circumference c. �he circumferential stretch ratio was 
computed as the relative elongation of  the mucosal surface 
(circumference c) during distension: 

lq = c/c zero-pressure    (5)

Since the ultrasound imaging not always allowed 
measurements at the start of  the distension (artifacts 
due to air), c zero-pressure was in some cases approximated 
by a double logarithmic fitting of  the circumference�
pressure data. �he validity of  the fitting procedure was 
verified from the experiments with good imaging quality.� 
A good agreement between fitted and measured values 
was found[���. �he circumferential strain was computed as the 
Green strain, see Eq. �. 

As an approximation the wall thickness was not taken 
into account[�5� and consequently the circumferential tension 
was computed using Laplace’s law: 

 prT ∆=      (7)

where r denotes the inner duodenal radius assuming 
circular shape:  CSAr = . �he wall tension is the 
integration of  the stresses through the wall (the stress 
moment).

�he circumferential tension�strain relationships for each 
subject were plotted to obtain the curve fitting constants.� 
�he a and b constants were obtained using non�linear 
curve fitting (Microcal Origon 6.�0, Microcal Software Inc.�, 
Northampton, MA, USA) using a modification of  Fung’s 
approach[5��:

 )1( −= eT      (8)

Limitation of the ultrasound technique
�he ultrasound technique suffers from limitations too. 
At low degrees of  distension convolutions of  the plastic 
bag resulted in artifacts (air and plastic folds) and in 
many cases only the bag�mucosa, submucosa�muscle and 
muscle�adventitia interfaces could be clearly identified. 
At low degrees of  distension it was difficult to clearly 
identify the inner circumference of  the duodenum. �his 
was due to small amounts of  air outside the bag and 
folds in the bag resulting in artifacts and the fact that the 
bag might not always be in contact with the wall in the 
entire circumference at low degrees of  distension. �o 
compensate for this problem, the mucosal circumference 
at low degrees of  distension was approximated using 
double�logarithmic curve fitting. Other limitations were 
that the ultrasound system used in this study did not 
provide sufficient image quality for accurate measurement 
of  the wall thickness in the entire duodenal circumference, 
especially at high degrees of  distension. 
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