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Abstract
AIM: To assess the impact of bolus volume on the char-
acteristics of small intestinal (SI) impedance signals.

METHODS: Concurrent SI manometry-impedance mea-
surements were performed on 12 healthy volunteers to 
assess the pattern of proximal jejunal fluid bolus move-
ment over a 14 cm-segment. Each subject was given 34 
boluses of normal saline (volume from 1 to 30 mL) via  
the feeding tube placed immediately above the proximal 
margin of the studied segment. A bolus-induced imped-
ance event occurred if there was > 12% impedance 
drop from baseline, over ≥ 3 consecutive segments 
within 10 s of bolus injection. A minor or major imped-

ance event was defined as a duration of impedance 
drop < 60 s or ≥ 60 s, respectively.

RESULTS: The minimum volume required for a detect-
able SI impedance event was 2 mL. A direct linear 
relationship between the SI bolus volume and the oc-
currence of impedance events was noted until SI bolus 
volume reached 10 mL, a volume which always pro-
duced an impedance flow event. There was a moderate 
correlation between the bolus volume and the duration 
of impedance drop (r  = 0.63, P  < 0.0001) and the 
number of propagated channels (r  = 0.50, P  < 0.0001). 
High volume boluses were associated with more major 
impedance events (≥ 10 mL boluses = 63%, 3 mL bo-
luses = 17%, and < 3 mL boluses = 0%, P  = 0.02).

CONCLUSION: Bolus volume had an impact on the 
type and length of propagation of SI impedance events 
and a threshold of 2 mL is required to produce an 
event. 
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INTRODUCTION
Absorption of  nutrients is the main function of  the 
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small intestine and requires not only normal mucosal 
integrity but also normal motor function[1-4]. Adequate 
mixing and proper transit of  chyme are important in 
ensuring optimal absorption[3,4]. Accurate assessment of  
small bowel motor function is important for understand-
ing the physiology of  the gastrointestinal tract, as well 
as assessment of  clinical disorders of  the intestine[1,5-7]. 
Currently, several tests are available for the assessment 
of  intestinal motility and transit. Although intra-luminal 
manometry detects contractile patterns, it provides only 
indirect data regarding flow[5]. Similarly, although intesti-
nal transit can be measured by conventional scintigraphy 
and more recently by breath tests, these methods detect 
only total transit time and not patterns of  flow; transit 
can be affected by gastric emptying rate and conditions 
such as bacterial overgrowth[5]. Fluoroscopic studies, on 
the other hand, are able to assess overall intestinal motil-
ity and bolus transit, but are greatly limited by the expo-
sure of  patients to radiation[5]. 

In combination with manometry, multiple intra-luminal 
impedance (MII) has been introduced as a technique to 
assess motility and bolus transit concurrently[8-10]. Although 
this combined technique has been validated and applied 
extensively in the study of  oesophageal physiology and 
disease[11-14], few data are available regarding its use 
in the evaluation of  small bowel motor function[15-17]. 
Recently, detailed analysis from a study using combined 
video-fluoroscopy, manometry and MII showed that 
an impedance drop of  > 12% from the baseline which 
propagated over 5 cm is associated with a flow event as 
seen on fluoroscopy[17]. Furthermore, various patterns 
of  impedance flow events during fasting and in the post-
prandial state have been reported in the proximal intes-
tine of  healthy subjects[16]. This study, however, did not 
have concurrent manometric assessment and it is unclear 
whether the variation in impedance patterns of  flow was 
influenced by intestinal motor activity or volume of  the 
transported bolus or chyme. Knowledge on the relation-
ship between bolus volume and impedance changes in the 
oesophagus[18] allows investigators to use intra-luminal im-
pedance to assess oesophageal flow and clearance, without 
the need for radiological assessment. Corresponding data 
for the small intestine, however, are lacking. The aim of  
the current study was to assess the impact of  bolus vol-
ume on the characteristics of  small intestinal (SI) imped-
ance signals in healthy humans.

MATERIALS AND METHODS
Subjects
Studies were performed in 12 healthy subjects (6 males; 
age: 53 ± 6 years; body mass index: 24.5 ± 1.1 kg/m2) at 
the Department of  Gastroenterology and Hepatology, 
Royal Adelaide Hospital. Exclusion criteria included pre-
vious or current gastrointestinal symptoms or surgery, 
evidence of  acute or chronic illness and medications 
known to influence gastrointestinal motor function. The 
protocol was approved by the Research Ethics Commit-

tee of  the Royal Adelaide Hospital and all subjects gave 
written informed consent.

SI manometry and impedance recording
SI motility and intraluminal electrical impedance were re-
corded concurrently using (1) a 110-cm perfused multi-
lumen manometric assembly (DentSleeve Pty Ltd., Way-
ville, Australia); and (2) an impedance catheter (Sandhill 
Scientific, Highland Ranch, CO, USA).

Intestinal motility was recorded using an assem-
bly comprising 11 pressure recording side holes: eight 
spaced at 2 cm intervals and the following three at 10 cm 
intervals, from the catheter tip. All manometric lumina 
were perfused with degassed distilled water at a rate of  
0.15 mL/min, by a pneumo-hydraulic capillary perfusion 
pump (Dentsleeve). 

SI luminal flow was recorded using an electrode with 
eight impedance rings (4 mm in length) spaced 2 cm apart, 
enabling 7 consecutive recording segments over a distance 
of  14 cm (Z1 to Z7; proximal to distal, respectively). Each 
segment straddled a corresponding manometric side hole 
and was activated by a high frequency (1 kHz) low ampli-
tude (< 6 μA) alternating current. 

Manometric and impedance signals were recorded 
simultaneously using a specialised computer system (In-
sight Acquisition, Sandhill Scientific) and displayed and 
stored on a personal computer for subsequent display 
and analysis.

Duodenal feeding tube
An 18F feeding tube was used to deliver the liquid bo-
luses. The tube was attached to the manometry-imped-
ance assembly and was positioned so that its tip was 1-cm 
above the most proximal impedance recording segment, 
Z1. The assembly configuration is outlined in Figure 1.

Protocol
All subjects were studied after an overnight fast. The as-
sembly was passed into the stomach to a distance of  65 
cm, through an anaesthetized nostril. The assembly was 
then allowed to migrate naturally into the duodenum via 
peristalsis, which was monitored continuously by meas-
urements of  the antro-duodenal trans-mucosal potential 
difference (TMPD). The final catheter position was 
achieved when the most proximal manometric side-hole 
was located in the duodenum, confirmed by a TMPD 
reading ≥ -15 mV[19]. In this position, the combined 
manometry-impedance recording segment would be ex-
pected to lie in the proximal jejunum and at least 20 cm 
distal to the pylorus. Radiological confirmation of  the 
catheter position was not performed due to the concern 
of  unnecessary radiation exposure to healthy subjects.

Once the assembly was positioned in the proximal 
jejunum, subjects were positioned in a 30 degree head-
up, supine position. During phase Ⅰ of  the interdigestive 
migrating motor complex (MMC), a total of  34 boluses 
of  saline (0.9%) were given to each subject via the feed-
ing tube. Five boluses for each volume of  1, 2 and 3 mL 
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were given at 2-min intervals. Five boluses for each vol-
ume of  5, 10 and 15 mL were given at 5-min intervals. 
Two boluses for each volume of  20 and 30 mL were 
given at 10-min interval. Each bolus was infused at the 
maximal rate allowed by the assembly lumen.

Data analysis
Manometry: Phase Ⅰ of  MMC was defined as a quiescent 
period without any intestinal motor activity, and phase Ⅱ 
as a period of  irregular intestinal motor activity[5,19]. A SI 
pressure wave was defined as a pressure rise ≥ 6 mmHg 
from baseline and lasting between 0.8 and 7 s[19]. Pressure 
waves in adjacent channels were regarded as temporally 
related if  their onsets were within 3 s, and “propagated” 
if  there were ≥ 3 temporally-related sequential pressure 
waves[19].

Impedance: The recordings were analysed manually us-
ing the impedance analysis software (Bioview Analysis, 
Sandhill Scientific). An impedance event judged to be as-
sociated with flow was defined as having an impedance 
drop of  > 12% below the baseline and propagated over 
3 or more impedance segments[17]. The impedance base-
line for which the percentage drop was based on was the 
average impedance value over the 5 s immediately before 
the impedance drop. For each impedance event, the fol-
lowing variables were characterized: (1) the baseline im-
pedance value (5 s) before injection of  the bolus; (2) the 
magnitude of  impedance drop, including minimum, av-
erage and maximum values; (3) the number of  propagat-
ed channels; and (4) total bolus clearance time (TBCT), 
which was defined as the time taken (in seconds) for the 
bolus to traverse the whole recording segment in the in-
testine. TBCT was measured from the time the bolus en-
tered the most proximal intestinal recording segment (Z1) 

until it cleared the most distal recording segment (Z7). 
Impedance events with TBCT greater than 60 s were 
classified as ‘major’ events (Figure 2). For each tested 
bolus, an impedance event was deemed to be associated 
with the tested bolus if  the event occurred within 10 s 
from the administration of  the bolus and an absence of  
corresponding motility. Boluses that had the associated 
impedance signal interfered by movement artefacts, or 
that coincided with intestinal contractions at the time 
of  bolus administration were excluded from the final 
analysis as it was not possible to confidently determine 
whether the impedance changes in these events were re-
lated to the bolus administration, the movement artefact 
or coincident intestinal contractions.

Statistical analysis
Data are presented as mean ± SE. Categorical data were 
compared by chi-square test with Yates’ correction and 
continuous data by Student’s t-test, using GraphPad 
Prism 4 (v 4.02, San Diego, CA, USA) statistical software. 
The relationships between bolus volume and impedance 
flow events, magnitude of  impedance drop, number of  
propagated channels and TBCT were determined by re-
peated measures ANOVA and Pearson’s linear regression 
analysis. Significance was accepted at a P value < 0.05. 

RESULTS
Relationship between bolus volume and impedance 
events
Injection of  a saline bolus at the proximal end of  the re-
cording segment induced a prompt impedance drop that 
propagated distally. A minimum volume of  2 mL was re-
quired to induce a recognizable intestinal impedance flow 
event (Figure 3). As the bolus volume increased from 2 to 
10 mL, the proportion of  detectable intestinal impedance 
events increased in a linear relationship. A bolus volume 
of  ≥ 10 mL always produced an impedance event.

Relationship between bolus volume and magnitude of 
impedance drop
The mean baseline impedance value was 389 ± 58 ohms. 
There were no significant differences in the baseline 
impedance values among the different bolus volumes. 
The mean impedance drop for a detectable flow event 
was 151 ± 4 ohms. The median impedance drop from 
baseline associated with a detectable flow event was 27% 
(IQR: 12%-53%). There was a weak relationship between 
the bolus volumes and the magnitude of  impedance drop 
(mean: r = 0.33, P < 0.0001; minimum: r = 0.28, P < 0.000; 
maximum: r = 0.30, P < 0.01) (Figure 4A).

Relationship between bolus volume and number of 
propagated channels
Boluses with a volume of  ≥ 5 mL propagated over a 
longer distance than those with a volume < 5 mL. Once 
the bolus volume was ≥ 10 mL, an impedance drop 
always propagated over at least 7 channels (i.e. 14 cm) 
(Figure 3). Up to a bolus volume of  10 mL, there was 
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Figure 2  An example of combined manometry-impedance recording, demonstrating the patterns and the definition of total bolus clearance time (TBCT) for 
minor and major flow events.
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a strong correlation between the bolus volume and the 
number of  channels in which an impedance drop oc-
curred (r = 0.71, P < 0.00001). 

Of  the administered test boluses, 48% ± 5% were 
followed by an intestinal pressure wave that propagated 
over 6.0 ± 0.1 channels. The duration between the bolus 
administration and the initiation of  the propagated pres-
sure wave was 20 ± 2 s. There was a positive correlation 
between the bolus volume and proportion of  boluses 
followed by a propagated pressure wave (r = 0.54, P < 
0.0001), which was significantly greater for bolus vol-
umes ≥ 15 mL (66% ± 12% vs 30% ± 11%, P = 0.04; 
vs 2 mL, respectively, Figure 4B). The bolus volume was 
also positively correlated with the duration between the 
bolus administration and the initiation of  the propagated 
pressure wave (r = 0.53, P < 0.001).

Relationship between bolus volume and TBCT
The baseline impedance level was recovered after all 
bolus-induced drops, indicating bolus clearance from 
the impedance segment. For the majority of  boluses 
≤ 5 mL, the impedance drop recovered spontaneously 
without an intestinal clearance pressure wave, with a 
TBCT of  < 60 s (Figure 3). In contrast, for the majority 
of  boluses ≥ 10 mL, the recovery of  impedance signal 
was more likely to require the assistance of  an intestinal 
clearance pressure wave. Overall, there was a direct re-
lationship between bolus volume and TBCT (r = 0.63, 
P < 0.0001). With increasing bolus volume, the propor-

tion of  boluses with a TBCT > 60 s also significantly 
increased (P < 0.01, Figure 4C). 

DISCUSSION
This is the first methodological study to examine the 
relationship between bolus volume and impedance 
changes in the proximal small intestine. In particular, the 
study examined the limit of  detection, and thus sensitiv-
ity, of  impedance changes for identifying bolus volume. 
These data will enable the application of  impedance as 
a technique to assess intestinal flow, without radiology. 
The main findings were (1) a bolus volume of  at least 2 
mL is required to generate an impedance event; (2) there 
is a linear relationship between bolus volume (between 2 
and 10 mL) and impedance signal; (3) volumes of  10 mL 
or greater always generate an impedance event; and (4) 
bolus volume positively correlates with the magnitude of  
impedance drop, distance of  propagation and clearance 
time. This modest relationship between bolus volume 
and intestinal impedance signals may explain, at least in 
part, the various patterns of  flow events associated with 
chyme transport in the small intestine.

The threshold volume for bolus detection by imped-
ance appears to be higher in the small intestine compared 
with that previously reported in the oesophagus[18]. How-
ever, the relationship between volume of  liquid boluses 
and impedance signal observed in the proximal intestine 
does not exist in the oesophagus[18]. These differences 
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may reflect structural and functional differences between 
the two organs[1-4,17]. The absence of  mucosal secretion 
and possibly a more complete clearance from stronger 
contraction amplitudes of  the oesophagus are likely to ex-
plain the higher baseline level of  intra-luminal impedance 
in the oesophagus (approximately 1000 Ω), compared to 
the intestine (approximately 400 Ω)[16-18]. With a higher 
baseline signal, liquid boluses of  1 mL or less can induce 
significant and readily identifiable impedance drops in the 
oesophagus[18]. In contrast, with a lower baseline imped-
ance signal, possibly caused by a relatively ‘wet’ lumen 
from constant intestinal secretions, impedance drops 
detected in the small intestine are proportionately smaller, 
and larger volumes are required to induce an identifi-
able impedance signal. This is supported by the current 

study, in which a volume threshold of  2 mL was required 
to induce an intestinal impedance drop. Even with this 
volume, impedance flow events were only observed in ap-
proximately one third of  boluses, and were not observed 
consistently until the volume was at least 10 mL.

The characteristics of  impedance changes associated 
with liquid transit in the small intestine were also influ-
enced by the bolus volume. In the current study, transit 
of  liquid boluses with a volume between 2 and 5 mL was 
typically associated with a shorter clearance time (less than 
60 s) and propagation distance (less than 10 cm). This pat-
tern of  flow has been reported to occur during the post-
prandial period and possibly phase 2 of  the MMC[16,17]. In 
contrast, transit of  larger volumes (> 20 mL) were pre-
dominantly associated with clearance times greater than 
60 s and propagating over 14 cm. The signals of  these 
‘major’ impedance events did not spontaneously recover 
to baseline level until the bolus was cleared by intestinal 
contraction(s). This pattern of  luminal flow is typically 
seen at the end of  phase 3 activity, which may be consist-
ent with the clearance function of  the MMC[16,17]. Char-
acteristics of  impedance events induced by liquid boluses 
between 10 and 20 mL varied considerably, particularly in 
clearance duration. This appears to depend on the timing 
of  intestinal contraction(s) which occur after the bolus is 
delivered. However, there was also a direct linear relation-
ship between the clearance time and bolus volume. The 
understanding of  the relationship and characteristics be-
tween bolus volume and impedance changes will aid the 
interpretation of  various patterns of  luminal flow events 
in the small intestine.

In the current study, impedance changes associated 
with bolus transit were assessed in the quiescent phase 
of  the MMC cycle, in order to avoid interference from 
intestinal contraction(s)[17]. Consequently, this relation-
ship is applicable only to bolus transit within a relatively 
inactive small intestine. However, under normal physi-
ological conditions of  digestion, frequent intestinal con-
tractions would be expected and may shorten the clear-
ance time, but not propagation distance.

Furthermore, the current study used saline as a test 
medium, rather than chyme, which may not reflect the 
true transit of  intestinal contents during normal diges-
tion in humans. Nevertheless, although there are no hu-
man data that have evaluated spontaneous flow events in 
the small intestine, the bolus volumes used in the present 
study are similar to those reported during the pulsatile 
flow of  gastric emptying in pigs[20]. However, chyme 
or digested food in the small intestine is typically more 
viscous than saline, and it is well known that viscosity 
significantly influences the characteristics of  impedance 
flow events in the oesophagus[21]. Further investigation is 
required to assess the flow volume of  chyme and its rela-
tionship with impedance signals. Due to the small diam-
eter of  the feeding tube, evaluation of  a viscous medium 
was not possible in the current study. 

A potential limitation of  this study is the lack of  
fluoroscopic confirmation of  bolus flow. However, fluor-
oscopy would have exposed the volunteers to excessive 
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Figure 4  Relationship between bolus volume and the magnitude of im-
pedance drop (A), the proportion of boluses followed by a propagated 
pressure wave (B) and the occurrence of major flow events (C). aP < 0.05 
vs 2 mL boluses.
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radiation exposure due to the prolonged recording pe-
riod. More importantly, the criteria used in this study to 
define an impedance “flow event” in the small intestine 
has already been established and validated against fluoros-
copy[17]. Flow could thus be reasonably inferred from the 
pattern of  impedance changes with evidence of  propa-
gated clearance from successive impedance segments. 

In conclusion, there is a strong relationship between 
bolus volume and changes in impedance signals within 
the small intestine. Bolus volume has an impact on both 
the type and length of  propagation of  flow events and a 
threshold volume of  2 mL is required to produce a flow 
event.
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