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Abstract
Background In this study, a new measurement device was used to measure the AWT in critically ill patients
and a polynomial regression model was applied to analyze the correlation between intra-abdominal
hypertension (IAH) and AWT in critically ill patients.

Methods: A retrospective analysis was conducted in critically ill patients who were admitted to the
Department of Critical Care Medicine of Daping Hospital of Army Medical University from March 13, 2019,
to May 23, 2020. According to the intravesical pressure (IVP) on the �rst day of ICU admission and death
within 28 days, the patients were divided into the IAH group (IVP ≥12 mmHg), the non-IAH group, the
survival group and the nonsurvival group. The demographic and clinical data, prognostic indicators, AWT
and IVP on days 1-7 after entering the ICU, IAH risk factors, and 28-day death risk factors were collected.

Results: The AWT on the 1st and mean 7th day of the IAH group was (2.89±0.32)N/mm and (2.82±0.46)
N/mm, respectively, which was higher than that of the non-IAH group [ (2.45±0.29) N/mm, (2.43±0.39)
N/mm], p 0.001. The average IVP on the 1st and mean 7th day of all patients were 12.78 (6.14, 18.99) and
11.49 (6.66, 19.43) mmHg, and the AWT on the 1st and mean 7th days were (2.75±0.38) and (2.75±0.47)
N/mm, respectively, with signi�cant differences (p< 0.0001). The polynomial regression models showed
that the average AWT and IVP on the 1st and mean 7th  were AWTday1=-2.450×10-3, IVP2+9.695×10-2

IVP+2.046 r=0.667 p 0.0001 and AWTmean=-2.293×10-3, IVP2+9.273×10-2 IVP+2.081, respectively. The
logistic regression analysis showed that AWTday1 2.73-2.97N/mm increased the patient's 28-day mortality
risk (OR: 6.834; 95%: 1.105-42.266, p=0.010).

Conclusion: There is a nonlinear correlation between AWT and IVP in critically ill patients, and a high AWT
may indicate poor prognosis.

Trial registration ChiCTR ChiCTR1900020562. Registered 8 January 2019
http://www.chictr.org.cn/showproj.aspx?proj=34441

1. Background
Intra-abdominal hypertension (IAH) and abdominal compartment syndrome (ACS) have high morbidity and
mortality among hospitalized patients, and they have involved nutrition, obstetrics and gynecology,
breathing, severe illness, abdomen and abdominal wall surgery and many other disciplines[1–4].

Since the establishment of the World Society of the Abdominal Compartment Syndrome (WSACS) in 2004,
the occurrence, in�uence, treatment and prevention of IAH and ACS have been widely considered and
recognized by medical workers [1–3, 5–6].

Based on previous knowledge, in 2014, Malbrain et al. further proposed the de�nition of abdominal
compliance (AC), which is considered an important parameter for neglected critically ill patients[7].
Abdominal wall tension (AWT) plays a decisive role in AC due to the anatomical structure of the abdomen.
With the technological innovation of open abdomen (OA) and the understanding of abdominal wall
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anatomy, the assessment of AWT is particularly important to helping us understand the relationship
between abdominal volume (AV), IAP and AC[8–9].

In the United States, there are approximately 350,000 hernia repair surgeries each year, making them one of
the most common surgical procedures. Various tension-free hernia repairs and abdominal wall separation
techniques may have risks of postoperative pain, infection and recurrence[4, 10–12]. Important factors that
cause these problems include IAH, basic characteristics of the abdominal wall and changes in tension
caused by surgery. Therefore, the quantitative measurement of AWT is particularly important[4, 11]. AWT
not only can re�ect the pressure of the abdominal cavity but also is related to intra-abdominal diseases
such as peritonitis[13–14]. Considering the complexity of the abdominal wall structure and its possible
nonlinear relationship with IVP, we improved the linear regression model and used a new mechanism to �t
the data. We hope that our research will help us improve our understanding of the functional characteristics
of the abdominal wall and provide new ideas to help diagnose and treat AWT-related diseases. In this study,
a new measurement device was used to measure the AWT in critically ill patients and a polynomial
regression model was applied to analyze the correlation between intra-abdominal hypertension (IAH) and
AWT in critically ill patients and to provides new ideas for the diagnosis and treatment of critically ill
patients with IAH.

2. Methods
This retrospective study included hospitalized patients in the intensive care unit (ICU) of Daping Hospital of
the Army Medical University from March 13, 2019, to May 23, 2020. This trial was approved by our
institution review board.

2.1 Selection criteria
Inclusion criteria: (1) critically ill patients admitted to the ICU; (2) hospitalization time ≥ 7 days; (3) age ≥ 18
years; (4)abdominal hypertension patients with ≥ 2 high risk factors, where the high risk factors for
abdominal hypertension included mechanical ventilation, abdominal surgery, severe trauma, obesity (BMI 
≥ 30), gastroparesis (retention in the stomach > 500 ml), intestinal obstruction (slow intestinal peristalsis
con�rmed by imaging), ascites, liver insu�ciency combined with ascites, liver cirrhosis with ascites, other
abdominal conditions (peritonitis, abscess), ascites, acidosis (PH 7.2), hypothermia (body
temperature 33℃), APACHE II score ≥ 24, SOFA score ≥ 2, high �uid resuscitation volume (24 hour intake > 
5 L), coagulation disorders (platelet count < 55×109/L or partially activated prothrombin time increased by 2
times or prothrombin time < 50% or international standardized ratio > 1.5), sepsis (de�ned according to the
2013 International Sepsis Guidelines), shock or hypotension (systolic blood pressure < 90 mmHg or lower
than the average level by more than 40 mmHg); and (5) patients providing informed consent.

Exclusion criteria: (1) abdominal wall tension or intravesical pressure measurement not detected; (2)
patients with large abdominal wall defects or scars or particularly developed abdominal muscles, e.g.,
athletes may affect the AWT measurement results; (3) patients with bladder rupture, urethral rupture, or no
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urinary catheter, etc., affecting the IVP measurement; (4) patients with mental and psychological disorders;
and (5) patients with missing medical records.

2.2 Research methods

2.2.1 AWT measurement

2.2.1.1 AWT measuring equipment
A noninvasive multipoint abdominal wall tension measurement device (Chinese patent No. ZL
201510799207.4) was used. The device consists of a power supply, high-precision resistance strain
pressure sensor (JHBM-H3 pressure sensor, Bengbu Sensor System Engineering Co. Ltd., China.),
instrumentation ampli�er (ADI) semiconductor,AD623 instrumentation ampli�er, spring self-reset
displacement sensor (KTR-A self-reset linear displacement sensor, Taizhou Quantum Electronic Technology
Wire Co., Ltd., China), data information processing module (Italy STMicroelectronics. STM32
microcontroller), data display module (OLED0.96), and data storage module (U disk) (Fig. 1).

2.2.1.2 AWT working principle
Power supply: The AWT measuring equipment has a power charging function and uses electromagnetic
compatibility and other related designs to supply power to the sensors and MCU.

Pressure measurement: The high-precision resistance strain pressure sensor is located at the front end of
the spring self-resetting displacement sensor. The front end of the high-precision resistance strain pressure
sensor is forced to obtain a smaller signal voltage, which is ampli�ed by the instrument ampli�er module
AD623 and processed by the MCU after obtaining the accurate pressure value. The measuring range is 0-
100 N, and the accuracy is 0.1% FS.

Displacement measurement: According to the displacement change of the spring self-resetting
displacement sensor, the voltage value is obtained. After �ltering and data processing, a high-precision
displacement distance is obtained. The linear accuracy is 0.03% FS, and the stroke is 45 mm.

Data information processing module: The STM32 single-chip microcomputer samples 100 values in 1s
with a sampling interval of 0.01 s, and the collected sensor data are processed through data to obtain
accurate values.

Data storage module: The pressure value, displacement value, and calculated muscle tension data are
recorded and stored in the U disk in real time, and the �le is in “.csv” format.

2.2.1.3 AWT measurement method and result analysis
Patients were in a quiet state and placed in supine position, and coverings such as abdominal clothing and
accessories were removed. For mechanically ventilated patients, the ventilator parameters (PEEP = 0
mmHg) were adjusted. Nine points on the abdominal wall were selected as the measurement points, as
shown in Fig. 2. After turning on the device switch, the AWT measuring device was placed vertically and
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gently on the surface of the abdominal wall measuring point, and the displacement sensor was pressed at
the end of the patient's expiration to the maximum displacement distance (100 mm). The device recorded
the measured data at a frequency of 100 Hz, and the same method was applied to press each point
repeatedly approximately 20 times with a rate of 2–3 s each time. The measurement was completed after
turning off the device.

MATLAB 2018a mathematical software from MathWorks, USA, was used for data analysis. The AWT data
of each measurement point are presented as a pressure/displacement ratio curve, where the X-axis is time
and the Y-axis is the pressure/displacement ratio. Three curves with uniform and stable waveforms were
selected, the average value of the maximum Y values of the three curves was used as the �nal AWT result
of each measurement point, and the average value of 9 points on the abdominal wall was used as the total
AWT value. Figure 2 shows the location of 9 points on the abdominal wall.

2.2.2 Measurement method of intravesical pressure(IVP)
The IVP measurement method was applied based on the standard method developed by the WSACS 2013
guidelines[3]. Malbrain's modi�ed sterile IVP measuring device was used to connect to the patient's urinary
tube. Patients were lying �at and relaxed, and the parameters of the ventilator were adjusted (PEEP = 0
mmHg). After emptying the urine bag, 20 ml of normal saline was injected, the 0 scale line of the device and
the level of the mid-axillary line of the patient were measured, and the end-tidal reading value was taken as
the measurement result and converted to mmHg. Measurements were conducted twice, and the average
value was taken as the �nal result.

2.2.3 Research process
All of the included patients were divided into an abdominal hypertension group and a nonperitoneal
hypertension group according to their IVP value on the �rst day after entering the ICU. Abdominal
hypertension was de�ned as IVP ≥ 12 mmHg[3]. Death within 28 days was used to de�ne nonsurvival
versus survival.

The basic data and clinical data (age, number of male patients, reason for admission, height and body
mass index, APACHE II score, SOFA score, trauma patient ISS score, procalcitonin, C-reactive protein, lactic
acid, sepsis diagnosis on the �rst day in ICU), IVP and AWT at 7 days after admission, IAH risk factors (risk
factors related to decreased abdominal wall tension, increased intestinal cavity content, increased
abdominal cavity content, or capillary leakage or �uid resuscitation), 28-day death risk factors (age > 65
years, sepsis, laparotomy, intestinal obstruction, PH < 7.2, coagulation disorder, blood transfusion > 10u/day,
injury control surgery, and IAH), and prognosis (death within 28 days and 90 days, ICU and total length of
hospital stay) were collected(Fig. 3).

2.2.4 Establishment of polynomial regression model of AWT
and IVP
IVP was divided into 5 pressure ranges according to an interval of 5 mmHg, and clustering was performed
to obtain the cluster center. Polynomial regression and quadratic functions were used for �tting. MATLAB
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2018a mathematical software from MathWorks, USA, was used for data analysis.

2.2.5 Statistical analysis
Normally distributed measurement data were described using the mean and standard deviation (mean ± 
std), differences between groups were compared by a T test, nonnormally distributed measurement data
were described by the median (25, 75), and comparisons between groups were performed using a rank-sum
test. The measurement data described the utilization rate (%), the difference between groups was compared
using a chi-squared test, and the linear statistical relationship between AWT and IVP was analyzed by
Spearman’s correlation. P < 0.05 was considered signi�cant. A logistic regression analysis was used for 28-
day mortality risk factors.

3. Results

3.1 Basic data clinical data and prognostic indicators of
patients in the IAH and non-IAH groups
A total of 100 patients (55 males, 55%) were enrolled, with an average age of 45.59 ± 11.4 years. Thirty
patients (30%) were admitted to the hospital for medical reasons, 43 patients (43%) were admitted to the
hospital for surgical reasons, and 27 patients (27%) were admitted to the hospital for trauma. There were
50 patients (29 males, 58%) in the IAH group, with an average age of 45.28 ± 12.27 years, and 50 patients
(26 males, 52%) in the non-IAH group, with an average age of 45.90 ± 10.58 years. In the IAH group, 10
patients(20%) were admitted to the hospital for medical reasons, 20 patients 40%  were admitted to the
hospital for surgical reasons, and 20 patients 40%  were admitted to the hospital for trauma; in the non-IAH
group,20 patients 40%  were admitted to the hospital for medical reasons, 23 patients 46%  were admitted
to the hospital for surgical reasons, and 7 14%  patients were admitted to the hospital for trauma (p = 
0.007). Medical patients included those with pancreatitis, heart failure, severe pneumonia, etc.; surgical
patients included those with intestinal perforation, cholecystitis, appendicitis, thyroid masses, etc.; and
trauma patients included those with limb fractures, blood pneumothorax, head trauma, etc.

The procalcitonin concentration was 7.089 (4.07, 8.74) ng/ml in the IAH group, and the average IVP on the
�rst and seventh days after entering the ICU was 18.99 (17.52, 20.77) mmHg and 6.14 (3.48, 8.70) mmHg,
respectively, which were higher than those in the non-IAH group [4.79 (2.97, 5.43) ng/ml, the average IVP:
19.43 (16.87, 22.25) mmHg and 6.66 (2.74, 9.08) mmHg on the 1st and mean 7th days after entering the
ICU], with signi�cant differences (p < 0.001). The average AWT of the IAH group on the 1st and mean 7th
days was 2.89 ± 0.32 N/mm and 2.82 ± 0.46 N/mm, respectively, which was higher than those of the non-
IAH group (2.45 ± 0.29 N/mm, 2.43 ± 0.39 N/mm), with signi�cant differences (p < 0.001).

In the IAH group, 18 patients died within 28 days(36%), 20 patients died within 90 days (40%), the ICU
hospital stay was 7.48 ± 3.88 days, and the total hospital stay was 15.35 ± 5.26 days, which were higher
than those of the non-IAH group (8 patients died within 28 days, 9 patients died within 90 days, the ICU
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hospital stay was 6.01 ± 3.14 days, and the total hospital stay was 13.10 ± 4.24 days), with signi�cant
differences (P < 0.05). There was no signi�cant difference in the other indicators (Table 1).
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Table 1
Basic and clinical data,prognostic indicators of patients in the IAH and non-IAH groups

  Total patients(n 
= 100)

IAH group

(n = 50)

Non-IAH group

(n = 50)

T/X2 p

Age 45.59 ± 11.4 45.28 ± 12.27 45.90 ± 10.58 0.271 0.787

Males,n(%) 55(55%) 29(58%) 26(52%) 0.634 0.547

Admission
reasons

         

medical 30(30%) 10(20%) 20(40%) 9.802 0.007*

surgical 43(43%) 20(40%) 23(46%)    

trauma 27(27%) 20(40%) 7(14%)    

BMI 25.28 ± 2.56 25.63 ± 2.47 24.94 ± 2.62 -1.360 0.176

APACHE II 18.39 ± 4.72 19.00 ± 3.63 17.77 ± 5.57 -1.310 0.195

SOFA 5.30 ± 1.61 5.30 ± 1.43 5.30 ± 1.79 0.000 1.000

ISS

(n = 27)

23.19 ± 6.98

(n = 27)

24.70 ± 6.42(n = 
20)

18.86 ± 7.17

(n = 7)

-2.010 0.055

PCT 5.16(3.41,7.70) 7.089(4.07,8.74) 4.79(2.97,5.43) -3.733 0.0002*

CRP 10.47(7.20,13.59) 9.58(7.13,13.50) 11.07(7.41,13.92) 1.031 0.305

LAC 3.85(1.92,5.39) 3.64(2.36,5.56) 3.92(1.63,5.25) -0.534 0.594

Sepsis 75(75%) 37(74%) 38(76%) 0.053 0.817

IVP(day1) 12.79(6.13,18.99) 18.99(17.52,20.77) 6.14(3.48,8.70) -8.614 0.0001*

IVP(mean) 11.49(6.66,19.43) 19.43(16.87,22.25) 6.66(2.74,9.08) -8.538 0.0001*

AWT(day1) 2.75 ± 0.38 2.89 ± 0.32 2.45 ± 0.29 -7.330 0.0001*

AWT(mean) 2.75 ± 0.47 2.82 ± 0.46 2.43 ± 0.39 -4.870 0.0001*

Death
within 28
days

26(52%) 18(36%) 8(16%) 5.198 0.023*

Note: *p 0.05.

Abbreviations: BMI,Body mass index;ISS injury severity score APACHE Acute Physiology, Age, Chronic
Health Evaluation SOFA sequential organ failure PCT procalcitonin Lac lactic acid CRP C-reactive
protein AWT abdominal wall tension IVP intravesical pressure ICU intensive care unit.
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  Total patients(n 
= 100)

IAH group

(n = 50)

Non-IAH group

(n = 50)

T/X2 p

Death
within 90
days

29(58%) 20(40%) 9(18%) 5.877 0.015*

ICU stay
time

7.74 ± 3.61 7.48 ± 3.88 6.01 ± 3.14 -2.380 0.019*

Total stay
time

15.57 ± 4.92 15.35 ± 5.26 13.10 ± 4.24 -2.660 0.009*

Note: *p 0.05.

Abbreviations: BMI,Body mass index;ISS injury severity score APACHE Acute Physiology, Age, Chronic
Health Evaluation SOFA sequential organ failure PCT procalcitonin Lac lactic acid CRP C-reactive
protein AWT abdominal wall tension IVP intravesical pressure ICU intensive care unit.

3.2 Risk factors for IAH in the IAH and non-IAH groups
In the IAH group, there were 20 trauma patients (40%) and 13 intestinal obstruction patients (26%) versus 7
trauma patients (14%) and 4 intestinal obstruction (8%) in the non-IAH group, with signi�cant differences (p 
< 0.05). In the non-IAH group, there were 12 patients (24%) with laparotomy and 17 patients (34%) with
hepatic insu�ciency versus 3 patients (6%) with laparotomy and 6 patients (12%) with hepatic insu�ciency
in the IAH group. There was no signi�cant difference in other risk factors between the two groups (Table 2).
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Table 2
IAH risk factors for patients in the IAH and non-IAH groups

  Total patients(n = 100) IAH group

(n = 50)

Non-IAH group

(n = 50)

T/X2 p

Decreased abdominal wall tension(n,%)

ventilation 24(24%) 11(22%) 13(26%) 0.219 0.640

laparotomy 15(15%) 3(6%) 12(24%) 6.353 0.012*

trauma 27(27%) 20(40%) 7(14%) 7.602 0.006*

FAT 55(55%) 31(62%) 24(48%) 1.980 0.159

Increased intestinal contents(n,%)

retention 21(21%) 13(26%) 8(16%) 1.507 0.220

ileus 17(17%) 13(26%) 4(8%) 5.741 0.017*

Increased abdominal content(n,%)

bleeding 17(17%) 8(16%) 9(18%) 0.071 0.790

Child-Pugh 23(23%) 6(12%) 17(34%) 6.832 0.009*

cirrhosis 10(10%) 4(8%) 6(12%) 0.444 0.505

ascites 24(24%) 13(26%) 11(22%) 0.219 0.640

Capillary leakage or related �uid resuscitation (n,%)

Acidosis 8(8%) 3(6%) 5(10%) 0.544 0.461

Hypotension 15(15%) 3(6%) 12(24%) 6.353 0.012*

Hypothermia 9(9%) 3(6%) 6(12%) 1.099 0.295

coagulation 8(8%) 5(10%) 3(6%) 0.544 0.461

resuscitation 29(29%) 15(30%) 14(28%) 0.049 0.826

oliguria 27(27%) 13(26%) 14(28%) 0.051 0.822

sepsis 25(25%) 13(26%) 12(24%) 0.053 0.817

transfusion 8(8%) 2(4%) 6(12%) 2.174 0.140

Note: *p 0.05.

3.3 Correlation analysis of IVP and AWT of the total patients on days 1–7 after entering the ICU
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The average IVP of the total patients on days 1–7 after entering the ICU was 12.78 (6.14, 18.99), 11.79
(6.23, 19.25), 10.92 (6.18, 19.35), 11.24 (6.10, 19.26), 11.90 (6.57, 19.84), 12.37 (6.39, 19.58), and 12.07
(6.08, 19.60), respectively. The 7-day average IVP was 11.49 (6.66, 19.43) mmHg. The AWT on days 1–7
after entering the ICU was 2.75 ± 0.38, 2.77 ± 0.43, 2.73 ± 0.49, 2.76 ± 0.50, 2.74 ± 0.55, 2.74 ± 0.60, and 2.74 
± 0.67, respectively, and the 7-day average AWT was 2.75 ± 0.47 N/mm, with signi�cant differences (p < 
0.0001). The polynomial �tting equation of the day 1 was AWTday1 = -2.450×10− 3 IVP2 + 9.695×10− 2 IVP + 

2.046. The polynomial �tting equation of the 7-day average AWT was as follows: AWTmean=-2.293×10− 3

IVP2 + 9.273×10− 2 IVP + 2.081 (Table 3 and Fig. 4).

Table 3
Polynomial regression model of IVP, average IVP and AWT of total patients on days 1–7 after entering the

ICU
Time IVP(mmHg) AWT(N/mm) Polynomial regression model

Day
1

12.78(6.14,18.99) 2.75 ± 0.38 AWT = -2.450×10− 3 IVP2 + 9.695×10− 2 IVP + 2.046,r = 
0.667(p 0.0001)

Day
2

11.79(6.23,19.25) 2.77 ± 0.43 AWT = -1.715×10− 4 IVP2 + 7.536×10− 2 IVP + 2.195,r = 
0.502(p 0.0001)

Day
3

10.92(6.18,19.35) 2.73 ± 0.49 AWT = -2.221×10− 3 IVP2 + 8.754×10− 2 IVP + 2.104,r = 
0.438(p 0.0001)

Day
4

11.24(6.10,19.26) 2.76 ± 0.50 AWT = -2.044×10− 3 IVP2 + 8.115×10− 2 IVP + 2.189,r = 
0.440(p 0.0001)

Day
5

11.90(6.57,19.84) 2.74 ± 0.55 AWT = -1.373×10− 3 IVP2 + 6.484×10− 1 IVP + 2.220,r = 
0.358(p 0.0001)

Day
6

12.37(6.39,19.58) 2.74 ± 0.60 AWT = -1.112×10− 4 IVP2 + 5.970×10− 2 IVP + 2.247,r = 
0.366(p 0.0001)

Day
7

12.07(6.08,19.60) 2.74 ± 0.67 AWT = -0.182×10− 3 IVP2 + 3.780×10− 2 IVP + 2.341,r = 
0.331(p 0.0001)

Mean 11.49(6.66,19.43) 2.75 ± 0.47 AWT = -2.293×10− 3 IVP2 + 9.273×10− 2 IVP + 2.081,r = 
0.508(p 0.0001)

Abbreviations: AWT, abdominal wall tension; IVP, intravesical pressure.

3.4 Basic and clinical data of patients in different prognosis
groups
There were 26 patients (11 males, 42.31%) in the nonsurvival group, with an average age of 45.77 ± 11.13
years, and 74 patients (44 males, 59.46%) in the survival group, with an average age of 45.53 ± 11.57 years.

In the nonsurvival group, 5 patients (19.23%) were admitted to the hospital for medical reasons, 14 patients
(53.85%) were admitted to the hospital for surgical reasons, and 7 patients (26.92%) were admitted to the
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hospital for trauma. In the survival group, 25 patients (33.78%) were admitted to the hospital for medical
reasons, 29 patients (39.19%) were admitted to the hospital for surgical reasons, and 20 patients (27.03%)
were admitted to the hospital for trauma, p = 0.314.

The APACHE II score (21.83 ± 4.88 points) and lactate [5.52 (2.71, 6.72) mmol/L] in the nonsurvival group
were signi�cantly higher than those in the survival group [17.18 ± 4.05 points and 3.29 (1.63, 4.71) mmol/L,
respectively](p < 0.005). The average IVP on day 1 and mean 7 day of the nonsurvival group was 17.91
(9.84, 20.04) and 18.70 (9.42, 21.16) mmHg, respectively, higher than that of the survival group [10.14 (4.95,
18.45), 10.21 (5.07, 18.13) mmHg, p < 0.05] (Table 4).
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Table 4
Basic and clinical data of patients in different prognosis groups

  Total patients (n = 
100)

Nonsurvival group(n 
= 26)

Survival group(n = 
74)

T/X2/Z p

Age 45.59 ± 11.40 45.77 ± 11.13 45.53 ± 11.57 0.093 0.926

Males,n(%) 55(55%) 11(42.31%) 44(59.46%) 2.287 0.131

Admission reasons

Medial 30(60%) 5(19.23%) 25(33.78%) 2.320 0.314

Surgical 43(86%) 14(53.85%) 29(39.19%)    

Trauma 27(54%) 7(26.92%) 20(27.03%)    

BMI 25.28 ± 2.56 24.61 ± 2.51 25.52 ± 2.55 1.570 0.120

APACHE II 18.39 ± 4.72 21.83 ± 4.88 17.18 ± 4.05 -4.770 0.0001*

SOFA 5.30 ± 1.61 5.69 ± 1.89 5.16 ± 1.49 -1.450 0.150

ISS(n) 23.19 ± 6.98

(n = 27)

22.00 ± 6.06

(n = 7)

23.60 ± 7.38

(n = 20)

0.510 0.612

PCT 5.16(3.41,7.70) 6.65(4.73,8.96) 4.99(3.20,7.29) 1.709 0.091

LAC 10.47(7.20,13.59) 5.52(2.71,6.72) 3.29(1.63,4.71) 2.904 0.004*

CRP 3.85(1.92,5.39) 13.23(7.77,16.38) 10.30(6.65,12.89) 1.497 0.134

IVP(day1) 12.79(6.13,18.99) 17.91(9.84,20.04) 10.14(4.95,18.45) 2.165 0.030*

IVP(mean) 11.49(6.66,19.43) 18.70(9.42,21.16) 10.21(5.07,18.13) 2.334 0.019*

AWT(day1) 2.75 ± 0.38 2.84 ± 0.30 2.72 ± 0.40 -1.370 0.173

AWT(mean) 2.75 ± 0.47 2.82 ± 0.49 2.72 ± 0.46 -0.950 0.343

ICU time 7.74 ± 3.61 8.38 ± 3.73 7.51 ± 3.56 -1.060 0.292

total time 15.57 ± 4.92 15.96 ± 6.52 15.43 ± 4.27 -0.470 0.640

Note: *p 0.05.

Abbreviations: BMI,body mass index;ISS injury severity score APACHE Acute Physiology, Age, Chronic
Health Evaluation SOFA sequential organ failure PCT procalcitonin Lac lactic acid CRP C-reactive
protein AWT Abdominal wall tension IVP intravesical pressure ICU intensive care unit.

3.5 Risk factors for 28-day death in different prognostic
groups
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In the nonsurvival group, 8 patients (30.77%) suffered from intestinal obstruction, and 18 IAH patients
(69.23%), which was signi�cantly higher than in the survival group [9 patients (12.16%) suffered from
intestinal obstruction, and 32 IAH patients (43.24%), P = 0.03; P = 0.002]. There was no signi�cant difference
in other indicators between the two groups (Table 5).

Table 5
Risk factors for death within 28 days in different prognostic groups

Risk factors Nonsurvival group(n = 26) Survival group(n = 74) T/X2 p

Age 65 0 4(5.41%) 1.464 0.226

sepsis 16(61.54%) 59(79.73%) 3.396 0.065

laparotomy 5(19.23%) 10(13.51%) 0.493 0.483

ileus 8(30.77%) 9(12.16%) 4.721 0.030*

Acidosis 3(11.54%) 5(6.76%) 0.598 0.440

coagulation 4(15.38%) 4(5.41%) 2.603 0.107

transfusion(10u/day) 3(11.54%) 5(6.76%) 0.598 0.440

damage control surgery 3(11.54%) 13(17.57% 0.520 0.471

IAH 18(69.23%) 32(43.24%) 9.600 0.002*

Note: *p 0.05.

3.6 Logistic regression analysis of 28-day death risk factors
for all patients
Logistic regression analysis showed that the APACHE II score increased the risk of death at 28 days (OR:
1.381; 95%: 1.139–1.581, p = 0.0002).AWTday1(AWT 2.73–2.97 N/mm)increased the 28-day mortality risk
(OR: 6.834; 95%: 1.105–42.266, p = 0.010). There was no signi�cant difference in other indicators (Table 6).
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Table 6
Logistic regression analysis of 28-day death risk factors

Index OR 2.5% 97.5% p The number of patients n(%)

APACHE II 1.381 1.139 1.581 0.0002* 100

SOFA 1.304 0.845 2.012 0.203 100

Sepsis 1.468 0.405 5.321 0.783 75

Lactate 1.381 0.756 2.52 0.294 100

IAH not ACS 4.776 1.128 20.220 0.209 39

ACS 4.591 0.673 31.328 0.382 11

1/4 − 2/4 AWTday1

(AWT 2.54-2.73N/mm)

1.906 0.289 12.564 0.960 25

2/4 − 3/4 AWT day1

(AWT 2.73-2.97N/mm)

6.834 1.105 42.266 0.010* 25

3/4 AWT day1

(AWT 2.97-3.48N/mm)

0.845 0.117 6.115 0.170 25

Note: *p 0.05.

Abbreviations: APACHE,Acute Physiology, Age, Chronic Health Evaluation;SOFA sequential organ
failure ACS abdominal compartment syndrome IAH intra-abdominal hypertension AWT abdominal
wall tension IVP intravesical pressure ICU intensive care unit.

4. Discussion
Since the concept of AC was proposed in 2014, AC has gradually become an important advancement and
research direction in the �eld of IAH and ACS[8–9]. In 2015, WSACS further revised its name to the
Abdominal Compartment Society (www.wsacs.org) with the purpose of ensuring that doctors and
researchers fully understand the integrity of the abdominal cavity, the relationship among the organs in the
cavity, the functional state between multiple cavities, and the pathophysiological process of disease
occurrence and development[2, 15]. The abdominal wall occupies most of the soft border of the abdominal
cavity and plays a major role in AC. Therefore, the assessment of AWT is even more important for AC[7–8,
16]. In addition, with the vigorous development of abdominal surgery, technical updates, and a broader
understanding of abdominal wall anatomy and physiology in recent years, there is also an urgent need for
technology that can evaluate AWT[4, 17–19].

Through the measurement of AWT in critically ill patients and an epidemiological indicator analysis in
patients with abdominal hypertension, we found that patients with abdominal hypertension have higher
AWT, and there is a nonlinear correlation between AWT and IVP. Our research obtained similar results in

http://www.chictr.org.cn/showproj.aspx?proj=34441
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AWT measurement compared with previous studies, and there were also some new �ndings. The earliest
description of the invasive measurement method of AWT was published in a study of abdominal surgery.
Bertram et al. [11, 19] used a tensiometer to perform AWT measurements on abdominal wall incisions,
compared the operative complications such as the recurrence rate of incisional hernia in the measurement
group and the nonmeasurement group, and found that the incision tension level was between 1.5 kP and
3.5 kP. By controlling the incision tension below 1.5 kP, the incisional hernia recurrence rate could be
reduced from 44–22%, and the patch usage rate was reduced from 6–2%. A correct understanding of AWT
can help surgeons perform surgical operations better and reduce surgical complications. In 2013, WSACS
also focused on the important role of AWT in AC and described the method of calculating AWT based on La
Place's law [9, 20–21]. In 2008, Ramshorst et al. [22] �rst performed AWT measurements in two cadavers. In
the preliminary experiment, a linear regression equation was used to analyze the correlation between AWT
and IAP, and a good association was found at the 7 measurement points of the abdominal wall. In 2011,
Ramshorst et al. [23] conducted AWT measurement experiments on cadavers and healthy volunteers and
found that AWT and IAP were linearly correlated, with the highest correlation in the upper abdomen. In 2015,
Chen et al. [14] conducted AWT measurements on critically ill patients and found that the AWT index was
between 0.5 and 3.5 N/mm, and AWT and IVP were linearly correlated with good correlation. At the same
time, the author also found that breathing, body position and body mass index (BMI) may affect AWT.

A commonly used method for data correlation analyses in medical research is the linear regression
equation. The limitation of linear regression is that it can only be applied to data with linear relationships.
However, in clinical practice, many data have nonlinear relationships. Although linear regression can also be
used to �t nonlinear regression, the effect will be very poor[24]. Considering the complexity of the
abdominal wall structure and the possible nonlinear relationship between AWT and IVP, we used a
polynomial regression method to analyze the correlation between AWT and IVP. We divided the IVP into 5
different pressure areas, performed clustering to obtain the cluster centers, and then used polynomial
regression and a quadratic function for �tting. The �tting function showed that the area where the IVP is
below 15 mmHg is close to a linear correlation, and the area above 15 mmHg is similar to a horizontal
parabolic relationship. We speculate that this result is related to abdominal compliance. AWT plays a major
role in AC, and the characteristics of AWT at different pressure stages also play a decisive role in AC[25]. In
2008, Mulier et al. [7, 9] studied the relationship between intra-abdominal pressure and in�ation volume
under laparoscopic pneumoperitoneum and used a digital model to calculate the relationship between intra-
abdominal pressure and volume. The study found that the relationship between IAV and IAP is not linear. It
can be divided into three stages: shaping, stretching and pressurizing. The slope of these three stages is a
curve that starts to �atten and increases rapidly in the later stage. This performance can be understood as
the difference in the elasticity of the abdominal wall at different pressure stages. When a certain critical
value is reached, the elasticity no longer increases, which may lead to a rapid increase in abdominal
pressure by a slight volume change [18]. Therefore, our research results can better re�ect the true changes
in the elasticity of the abdominal wall at different pressure levels. The current conventional method for
measuring intra-abdominal pressure is measuring the transvesical pressure. In 2018, Abdulla et al.[26]
compared the correlation between intra-abdominal pressure and intravesical pressure in patients
undergoing laparoscopic cholecystectomy under general anesthesia and found that IVP and IAP have a
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linear correlation, where the correlation is good when < 12 mmHg and the correlation is relatively poor when
> 12 mmHg. In addition, in some clinical situations, such as pelvic fractures, pelvic hematomas, peritoneal
adhesions, and neurogenic bladder, the intravesical pressure cannot be measured[26–27]. In the two
situations above, the patient's AWT can be measured, and the results of IAP can be calculated using our
polynomial regression model to accurately assess IAP, which has potential clinical application value.

Our study found that patients with abdominal hypertension had higher 28-day and 90-day mortality. The
regression analysis showed that the APACHE II score increased the 28-day mortality, which is similar to
previous research results. In 2005, a multicenter epidemiological study conducted by Malbrin et al. [28]
analyzed the relationship between the �rst day of admission and new emergence during hospitalization
and the relationship between average IAH and poor prognosis. Studies have shown that IAH on the �rst day
of admission is related to organ dysfunction during ICU hospitalization. The average IAP during
hospitalization is not an independent risk factor for death, and newly appearing IAH during hospitalization
is a risk factor for death. The results of the 2019 IROI study also showed that new IAH during
hospitalization can increase 28-day and 90-day mortality, and the APACHE II score on day 1 is an
independent risk factor for death[29]. According to a large number of animal and clinical studies in the past,
abdominal hypertension directly or indirectly affects the abdominal cavity or organs outside the abdominal
cavity, causing multiple organ dysfunction, which is the direct cause of hospital death[30–32]. ACS is
de�ned as IAP > 20 mmHg with newly emerging organ dysfunction[1, 3, 33–34]. The more important effect
of IAH is the dynamic changes in IAP caused by IAV. Therefore, the WSACS has introduced the concept of
AC in recent years, emphasizing the role of compliance in the diagnosis and treatment of IAH[1, 2, 7, 8]. We
adopted a noninvasive, portable and simple AWT measurement method that has potential value in the early
diagnosis and treatment of emerging IAHs.

Our research also found that an AWT of 2.73–2.97 N/mm is a risk factor for death for the following
reasons: palpation is a traditional examination for the detection of abdominal diseases. Patients with
abdominal hypertension and peritonitis can experience an increase in AWT, but routine examinations are
only preliminary judgments and cannot quantitatively and qualitatively diagnose AWT[13, 32, 35]. AWT can
re�ect not only the degree of stretch but also the condition of abdominal cavity infection. The PCT index in
the abdominal hypertension group was higher, which may have led to a higher rate of abdominal infection
in patients with high AWT and therefore a higher mortality rate. Second, according to the previous AWT
�tting curve, AWT 2.73–2.97 N/mm is at the peak of the �tting curve, which is the stage of the highest
elastic tension of the abdominal wall; thus, we speculate that at this stage of AWT, the abdominal pressure
may be at the point of the cutoff value and that the internal organs of the abdominal cavity are most
severely damaged by pressure. This speculation needs to be veri�ed in future experiments. We also hope to
quantitatively measure AWT to further understand the structural characteristics of the abdominal wall and
provide speci�c reference materials for the diagnosis and treatment of celiac disease.

Limitations: This study enrolled a small number of patients and required large-sample, multicenter clinical
trials and related clinical studies of AWT under different physiological or disease states.

5. Conclusion
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There was a curve correlation between AWT and IVP in critically ill patients. The polynomial regression
model helped us understand the relationship between AWT and IVP. High AWT in critically ill patients
indicates poor prognosis.
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Figures

Figure 1

Appearance of AWT measuring equipment
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Figure 2

Body surface location of 9 points on the abdominal wall Notes: Point 1: 5 cm below the xiphoid process
Point 6: 5 cm to the left of Point 5 Point 2: 5 cm above the belly button Point 7: 5 cm to the right of Point 2
Point 3: 5 cm to the left of Point 2 Point 8: 10 cm to the right of Point 2 Point 4: 10 cm to the left of Point 2
Point 9: 5 cm to the right of Point 5 Point 5: 5 cm above the symphysis pubis
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Figure 3

Research �ow chart Notes: Abbreviations: AWT, abdominal wall tension; IVP, intravesical pressure;
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Figure 4

Polynomial regression curves of IVP, average IVP and AWT of total patients on days 1-7 after entering the
ICU Notes Red points: cluster points; Green lines: �tted curves.


