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Abstract

Purpose Knowledge about suture tension dynamics after
laparotomy closure is limited due to the lack of adequate
measurement tools. As a consequence, a miniaturized
implantable sensor and data logger were developed and
applied experimentally in a porcine model to measure
suture tension dynamics after laparotomy closure.
Material and methods We developed an implantable de-
vice (6 x 3 x 1 mm) fitted with silicon strain gauges and
an implantable data logger allowing long-term registration.
In nine domestic pigs, sensors and loggers were implanted
along the suture closing a median laparotomy registering
suture tension over a period of 23 h.

Results Fascial closure was achieved by a mean suture
tension of 1.07 N. After 30 minutes, suture tension was
reduced to 0.8IN (—24.3 %, p = 0.0003). After 12 h,
tension showed a further decrease to 0.69 N (—35.5 %,
n.s.), after 23 h mean suture tension reached 0.56 N,
(—47.7 %, p = 0.014).

Conclusions The aim to develop an implantable minia-
turized sensor device registering long-term suture tension
dynamics was achieved. The use in the animal experiment
was feasible and safe. We observed a loss of almost 50 %
of suture tension 23 h after fascial closure. This could mean
that up to 50 % of initial suture tension may be an
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unnecessary surplus not contributing to tissue stability but
to the risk of suture failure.
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Introduction

Laparotomy closure is a routine procedure in abdominal
surgery. Although surgical techniques are highly stan-
dardized and in spite of modern suture materials and
advanced supportive medical care, the failure rate of
laparotomy closure remains constantly high. Incisional
hernia occurs with a rate of about 15 % [1] and is the most
frequent complication in abdominal surgery requiring re-
operation. Endogenous risk factors for incisional hernia
development have been investigated but they can hardly be
influenced by the surgeon [2]. Exogenous risk factors have
also been identified and numerous efforts have been
undertaken to eliminate them. Running continuous sutures
with a suture-length to wound-length ratio of >4 have been
proven to be advantageous [3, 4] and excessive suture
tension leading to tissue strangulation and necrosis should
be avoided [5]. The negative effects of excessive suture
tension on tissue regeneration have previously been
investigated using laser-fluorescence-angiography and
collagen content analysis in an animal model. Increased
suture tension resulted in reduced blood supply of the
incisional region and an abnormal collagen I/III ratio in the
scar tissue [6, 7]. The registration and standardization of
tension during the application of sutures (the mainstay of
surgical action) have, however, only occasionally been
investigated. In one experiment, in which we asked sur-
geons to tie knots while measuring the applied suture
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tension, we demonstrated the incapability of surgeons to
control suture tension manually [8].

Currently, no implantable sensor device exists which
allows long-term registration of suture tension. We neither
have reliable information about the dynamics of suture
tension after a suture has been accomplished nor a data
base allowing us to define ‘adequate’ suture tension for
fascial closure. As a consequence, a miniaturized
implantable sensor device and data logger were developed
and applied experimentally to learn more about the
dynamics of the incised abdominal wall with the future aim
to adjust suture tension to a tissue specific optimum and to
reduce the incidence of incisional hernias.

Theoretical background

The main task of sutures is to approximate incised edges of
tissue and the surgeon adjusts the suture tension to a level
which secures close tissue approximation without tissue
overlap. Sutures to close the abdominal wall pass through
tissues of different mechanical stability. Abdominal fascias
consist mainly of mechanically stable collagen while fatty
tissue and muscles have no relevant mechanical stability to
withstand the cutting force of a suture. While the sutures
approximate the incisional edges, the muscles of the
abdominal wall, postoperative abdominal distension, Val-
salva manoeuvres, coughing, etc. exert a largely variable
tearing force.

Materials and methods
Sensor device requirement specifications

The approximate stitch length of 10 mm to each side of the
incision and stitch intervals between 10 and 15 mm for
fascial closure defined the dimensions of a sensor that
should not exceed 10 x 5 x 5 mm to avoid interference
and blockade by surrounding tissues as well as triangula-
tion effects. The construction of the device should allow
positioning ‘on the thread’ to reduce external interfering
factors. An in vitro feasibility study using a load cell
defined the required measuring range between 0 and 3 N
with an overload capability (maximum applicable force
without damage to the sensor or influence on calibration) of
20 N to avoid damage to the sensor by high short time
signals [9]. To allow Ilong-term registration, an
implantable data logger registering suture tensions every
second and an external connect board to read out the data
were deemed necessary. The development process was
realized in collaboration between the Fraunhofer Institute
for Production Technology in Aachen, Germany and the
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Department of Surgery, Technical University (RWTH)
Aachen, Germany.

Animal housing and experiments

For the underlying investigation, six domestic male pigs
with a mean body weight of 51.3 + 4.9 kg (mean & SD)
were examined during 24 h. These animals also served as
control animals in an experiment on the effects of intra-
abdominal hypertension. Three more domestic male pigs
from the intervention group of the same experiment with a
mean body weight of 51.1 £ 4.8 kg (mean £+ SD) were
examined over 30 min and thereafter underwent a research
protocol with elevated intra-abdominal pressure, the results
of which have been reported elsewhere [10]. The research
protocol was approved by the regional animal welfare
committee and the district government (File Number
50.203.2-AC18, 53/02).

Experiments were carried out under supervision of a
veterinarian at the Institute of Laboratory Animal Science,
Technical University (RWTH) Aachen, Germany.

The animals were fasted for 24 h before the intervention
period with free access to water. General anaesthesia was
induced and maintained with ketamine and pentobarbital.
Muscle relaxants were not administered throughout the
experiment. The animals were placed in supine position.
Volume-controlled ventilation with an inspiratory oxygen
concentration of 25 % and a positive end-expiratory pres-
sure of 2 cm H20 was used (Servo 900 C ventilator, Sie-
mens, Solna, Sweden). At a constant respiratory rate of 15
breaths/min, the ventilatory setting was adjusted to main-
tain a PCO2 between 35 and 40 mm Hg. These settings
remained unchanged throughout the experiment. Heart rate
was recorded continuously with a three-channel ECG.
Normal saline was infused at a constant rate of 1.5 ml/kg
using an automatic infusion device (B.Braun Melsungen,
Germany). A core temperature of 36-38 °C was main-
tained by application of heating lamps. Urine output was
recorded via a suprapubic catheterization. A3-French
thermistor tipped fiberoptic catheter (PV 2023 Pulsion
Medical Systems, Munich, Germany) capable of thermal
dye dilution measurements was placed in the descending
aorta via the femoral artery. In addition, an 18-gauge
catheter and a large-bore dialysis catheter (Arrow, Read-
ing, PA) were placed in the carotid artery and the superior
vena cava.

Urine output was recorded via a suprapubic catheteri-
zation. For safe placement of urine catheter and a 10 mm
laparoscopy trocar, a 14 cm median skin incision was made
at the level of the umbilicus. A strictly median 12 cm
fascial and peritoneal incision was then performed. Both,
laparoscopy trocar and suprapubic insertion cannula were
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placed under vision and via separate abdominal wall per-
forations. The urinary catheter was placed intravesically
via puncture and secured with a purse string suture.

The fascia was then closed with size 1 running Vicryl
(Ethicon, Norderstedt, Germany) omitting the peritoneum
and as far as possible the rectus muscle. The distance of
stitches to the incisional edges was kept at 1 cm to each
side, the stitch intervals at 10 mm. After the fourth stitch
and after the eighth stitch of the fascial suture, a sensor
device designed to measure suture tension was threaded on
the suture which was then accomplished and finished with
a self-locking knot. Two sensors were used in each animal
to serve as internal controls, to permit tension measurement
along the suture and to visualize equalization of tension
peaks that might occur during the experiments. Suture
tension was adjusted to a level which secured close
approximation of the incisional edges without tissue
overlap. A subcutaneous pocket was then prepared adjacent
to the laparotomy to house the data logger. The skin was
closed by single sutures with 3-0 Vicryl and covered with a
sterile dressing.

This was followed by laparoscopy performed via the
previously inserted trocar in the left upper abdominal
quadrant to rule out intra-abdominal haemorrhage. The
pneumoperitoneum was then released with the trocar left
in situ.

After an equilibration period of 1 h the registration of
suture tension was started with measurement intervals of
1 s. After 24 h, the animals were killed by an overdose of
pentobarbital and a necropsy performed in order to search
for device-related adverse events. The sensors and data
loggers were explanted and the data read out to undergo
further analysis.

Statistical analysis

Suture tension dynamics were statistically analysed at
different timepoints (initial tension versus tension after
30 min, 30 min vs. 12 h and 12 vs. 23 h) applying the
paired two sided ¢ test of repeated measurements one-way
ANOVA. Differences were considered significant at a level
of 5 %. Statistics were calculated using GraphPad Prism®
version 6.04.

Results
Sensor realization
Applying CAD and FEM-model simulation, a bending

beam construction milled out of solid aluminium in a
U-shaped configuration was developed measuring

Fig. 1 Implantable sensor device measuring 6 x 3 x 1 mm

6 x 3 x 1 mm. The transverse beam of the bending beam
was fitted with four matched silicon strain gauges [two on
the upper and two on the lower surface under the micro-
scope (Fig. 1)].

Sprocket holes attached to both vertical beams of the
device together with integrated guides on the horizontal
beam secured the guiding of the thread over the sensor
and an exact positioning during the entire measurement
period.

An implantable two channel 16 bit data logger was also
built in multi-layer technique with a 256 kByte RAM
allowing variable measurement sampling intervals. The
data logger had a diameter of 25 mm and a thickness
of 3 mm. The data loggers were encapsulated into poly-
crystalline wax to reduce tissue reaction during long-term
studies. The connect board to read out the data storage of
the logger allowed data transfer with Hyperterminal 4.0
(multi-threades TTY sample for Win32) for data process-
ing with a conventional PC.

Contour accuracy and sensitivity during testing revealed
the sensors suitable for force signals expected in laparo-
tomy closure. All sensors underwent an offline calibration
in a spring-load-calibrator. 15 measurements were taken in
each direction from 0 to 3 N and from 3 to 0 N to perform
the basic calibration. All sensors underwent a further five-
point calibration with a standard load of 1 N immediately
before implantation and a check for accuracy of measure-
ment immediately after explantation.

@ Springer



604

Hernia (2016) 20:601-606

Experimental use
Sensor and data logger function

The implantation and function of the device caused no
adverse effects like bleeding, inflammation or tissue
necrosis as investigated during necropsy. Cutting of sutures
through the incisional edges was not observed.

Of the 12 sensor devices used in the 23 h experiment,
eight sensors in four animals registered suture tension
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Fig. 2 Registration of suture tension dynamics during 30 minutes
after laparotomy closure

throughout the entire period (approx. 83500 registered
measurements each), two sensors in one animal did not
register suture tension at all and one sensor in another
animal malfunctioned after 30 min. The animals with only
one sensor functioning were also excluded from further
analysis. Of the six sensors used in the half-hour experi-
ment none showed a sensor defect (approx. 1800 mea-
surements each) (Fig. 2). Malfunction occurred due to
solder breakage as cables connecting sensor and data log-
ger had a diameter of only 0.1 mm.

All nine data loggers worked as expected and reading
out the data via the external connect board proved
uneventful in all cases.

Suture tension dynamics

Analysis of suture tension dynamics revealed decreasing
suture tension beginning immediately after fascial closure
continuing until the end of the experiment after 23 h. When
a suture tension of below 1 N was applied for fascial clo-
sure, values of the two sensors implanted into each animal
showed an almost parallel curve progression (sensors
bb001-1 and bb001-2; sensors bc001-1 and bc001-2) while
in fascial closure with a tension above 1 N and a more
marked difference of suture tension along the suture line,
curves showed a pronounced convergence beginning
30 min after fascial closure continuing until the end of the
experiment (sensors be001-1 and be001-2; sensors bf001-1
and bf001-2) (Fig. 3).

To ensure close contact of the incisional edges of the
laparotomy without tissue overlap, a mean initial suture
tension of 1.07 N (range 0.41-3.18 N) had to be applied.
After 30 min, mean tension had reduced to 0.81 N (range
0.11-2.90 N; p = 0.0003), a reduction of 24.3 % com-
pared to the initial tension. After 12 h, mean suture tension
was 0.69 N (range 0.26-1.85 N; n. s.; p = 0.15). After
23 h, mean suture tension was 0.56 N (range 0.16-1.36 N;
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Fig. 3 Individual values of suture tension (two sensors per animal) at all timepoints of investigation. Initial tension recorded 60 min after fascial

closure
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Fig. 4 Mean, standard deviation and levels of significance (repeated
measures one-way ANOVA) of all sensor devices used. Initial tension
recorded 60 min after fascial closure

p = 0.014), a loss of 47.7 % when compared to initial
suture tension (Fig. 4).

Discussion

This experiment reached its primary aim to develop an
implantable miniaturized sensor device and its secondary
aim to register long-term suture tension dynamics.

The implanted device is not the result of serial pro-
duction and currently no comparable product is available
on the market. Malfunction due to solder breakage occur-
red in 3 out of 12 sensors. As cables connecting sensor and
data logger had a diameter of only 0.1 mm, even minor
mishandling during implantation might have caused the
failure in function. It can be expected, however, that reg-
istered data were reliable and further research and devel-
opment are likely to overcome the fragility.

Although interpretation of results is limited by the small
number of registered curves, they showed a statistically
significant decrease of suture tension in the first 30 min
after fascial closure, followed by a slow but also statisti-
cally significant transgression into a plateau phase toward
the end of the experiment which can be interpreted as a
steady state balanced between the cutting force of the
suture and the mechanical stability of the sutured tissue.

For two reasons animals examined remained under
anaesthesia throughout the entire duration of the experi-
ment: In the first place, changes and superimposition of
suture tension caused by spontaneous muscle activity,
change of posture and/or changes of intra-abdominal
pressure due to abdominal distension and oedema forma-
tion as seen after abdominal surgery or trauma were ruled

out. It can be assumed that the loss of suture tension in an
experimental setting allowing physiological changes of
abdominal wall tension and intra-abdominal pressure
would have produced different results. Secondly, the
number of artefacts caused by spontaneous motion which
might have complicated the interpretation of results was
reduced.

The results of this study can not be uncritically trans-
ferred into conditions in humans. The small amount of fatty
tissue in the abdominal wall of the pigs used in the
experiment allowed a true fascial closure of the laparo-
tomies. In humans, the amount of subcutaneous and pre-
peritoneal fatty tissue often reaches a thickness of several
centimetres. The inclusion of fatty tissue during fascial
closure is thus often inevitable. This tissue contains only
negligible amounts of collagen and the thread cuts through
which might cause another relevant loss of suture tension.

The authors are aware of the fact that monofilament,
slowly absorbable sutures are currently considered to be
the material of choice for fascial closure. In the setting of
our experiment, monofilament sutures were also tested.
The more rigid monofilaments were found to affect mea-
surement accuracy of the sensors, most probably because
they do not adapt to the sensors as closely as the softer
multifilament sutures finally used. An effect of the suture
material on the results can not be ruled out but seems
unlikely in a 24 h experiment.

Regarding suture tension dynamics, we have for the first
time registered its course after laparotomy closure in an
animal experiment. Mean tension necessary for fascial
closure was approximately 1 N. After 23 h, the mean
residual suture tension measured was approximately 0.5 N,
meaning a weight of only 50 grams on the thread. An
extensive literature search involving the years between
1974 and 2014 was performed to find comparable inves-
tigations. No comparable animal investigation has been
published nor is any clinical investigation using a compa-
rable setting available. Usually, surgeons try to control
suture tension visually and tactile with the aim to closely
approximate wound edges while at the same time avoiding
the cutting of sutures through the tissue.

It seems however, that there is a range of applicable
force between loose wound edges and excessive suture
tension. How much control doe surgeons have regarding
tension application?

In another experiment, surgeons were asked to apply
suture tension just ‘adequate’ for fascial closure using a
‘knot-trainer’. 17 surgeons with a mean surgical experi-
ence of 86.7 months applied a tension of 2.8 N + 1.13 N
(mean &= SD) to close a mock fascia [8], almost three
times the tension found necessary in our experiment and
with a rather high standard deviation of roughly 40 % of
mean. During our literature search, one study comparing
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the applied suture tension was found. In this study, the
variation of initial suture tension ranged between 0.7 and
5.9 N although the aim of the researches was to place all
sutures with the same tension [11]. As a consequence, it
may be speculated that applied suture tension during
wound closure is variable and far beyond standardization
and control.

Although the negative influence of inadequate suture
tension in different tissues leading to severe complications
with a relevant socio-economic impact is well known,
surgeons still rely on their tactile skill and their experience
when suturing, mostly directed by an often cited ‘feeling
for the tissue’ for which no scientific evidence exists [12].
Interestingly, scientific research has been focused on the
influence of suture technique and suture material and their
effects on incisional hernia incidence for years and two
randomized multi-centre studies are still investigating these
factors [13, 14]. The surgeons’ influence and the control of
suture tension are still neglected.

The general decrease of suture tension registered in each
animal and the similarity of curve progression between the
animals clearly demonstrate that suture tension is no static
parameter. The demonstrated self-adjustment of suture
tension expose as a misconception the ability of surgeons
to simply feel what ‘adequate’ suture tension is. The values
of sensor Bf0O1-2 (Fig. 3) are the best example: The suture
with the highest initial suture tension shows the steepest
decrease of tension of all sutures.

Suture tension decreases because a primarily inadequate
suture tension strangulates the sutured tissues and necrotic
tissues are no more able to retain the suture. 50 % of initial
suture tension may be an unnecessary surplus not contri-
bution to suture stability but to the risk of suture failure.
Complete absence of haptic control in laparoscopic sutur-
ing is another problem which has already been addressed
[15]. Further experiments to evaluate a tissue specific
suture tension optimum and testing of elastic suture
materials will have to follow.
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