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Abstract

Background and aims To introduce and assess a novel method for portal pressure measurement based on biofluid
mechanics in portal hypertensive patients undergoing surgery.

Methods The research was a multi-center, retrospective study, conducted on patients who underwent surgery

and measurement of free portal pressure (FPP). There were 118 patients included and 21 patients excluded due

to the failure or poor results of Doppler ultrasound, and 97 patients were screened. We used patients'CT images,
Doppler ultrasound results of the portal system, blood density and viscosity to reconstruct their portal system

and simulate its internal blood flow. According to the patient’s physical property, geometry, and boundary conditions,
the Navier-Stokes equations were solved by FLUENT software, and virtual free portal pressure (vFPP) was calculated.
Finally, the Bland—Altman Limits of Agreement, intraclass correlation coefficient (ICC), and the Lin's concordance cor-
relation coefficient were performed to evaluate the numerical correlation between the vFPP and FPP.

Results All patients enrolled in this study underwent the surgery, and the FPP of patients was measured dur-

ing the surgery, with a mean FPP of 22.8+ 3.3 mmHg (range: 13-33 mmHg). Meanwhile, according to computational
biofluid mechanics, all patients' vFPP was calculated. Then, we further explored whether there was a close relationship
between vFPP and FPP in the whole population. For the analysis of Bland—Altman Limits of Agreement, the mean
value of difference was—0.1569 (95% Cl:—0.4305 to 0.1167); lower limit of agreement: —2.8176 (95% Cl: —3.2868
to—2.3484); upper limit of agreement: 2.5038 (95% Cl: 2.0346 to 2.9730). The ICC was 0.9215 (95% Cl: 0.8848 to 0.9468).
Furthermore, the Lin's concordance correlation coefficient showed a numerical correlation between the vFPP and FPP,
which was 0.9205 (95% Cl: 0.8840 to 0.9459). All these results confirmed that our vFPP model could provide an accu-
rate prediction of FPP in patients.

Conclusions The VFPP of patients calculated by computational biofluid mechanics was significantly corre-
lated with the FPP of portal hypertensive patients, which would be a novel, non-invasive, and accurate method
for the assessment of portal pressure in surgical patients.
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Introduction

Portal hypertension (PHT), usually caused by sinusoi-
dal, post-sinusoidal, and pre-sinusoidal causes, is a seri-
ous threat to patients with liver disease and a syndrome
with high mortality [1]. The accurate detection of portal
pressure is of great significance for the diagnosis, treat-
ment, and prognosis of patients [2—5]. In present clinical
and scientific research, there are various direct and indi-
rect methods for measuring portal pressure. Hepatic vein
pressure gradient (HVPG), an indirect reflection of portal
pressure, is widely accepted as the gold standard repre-
senting portal pressure [6—8]. PHT is the main predictor
for the bleeding of esophageal varices (EV), and other
severe outcomes [9]. However, the measurement of free
portal pressure (FPP) directly reflects portal pressure and
has several advantages during the operation for surgeons
[10, 11]. As a result, the measurement of FPP is a reliable
indicator for the accurate assessment of portal pressure.

Although FPP is performed under invasive surgery,
it is convenient for the patient to measure FPP dur-
ing surgery. However, due to the inherent risks, includ-
ing injury, bleeding, thrombosis, infection, and trauma,
FPP is usually not used to assess and monitor the pro-
gress of chronic liver disease [12]. To date, noninvasive
methods to detect portal venous pressure include the
following: the detection of portal hemodynamics by con-
trast-enhanced ultrasound [10], rectal vein-portal vein
radionuclide imaging approaches [13], magnetic reso-
nance angiography [14], spiral computed tomography
portography [15], liver transient elastography [16, 17],
and detection under endoscopic ultrasonography (EUS)
guidance [17, 18]. However, these non-invasive methods
of detecting portal pressure are unreliable due to various
interferences [2, 19]. Hence, a non-invasive, more accu-
rate, and reliable quantitative evaluation of portal vein
pressure has significant clinical value for patients with
PHT.

Biofluid mechanics has been widely used in many
fields. It studies the basic mechanics of biological flow
and its relationship with pathological and physiological
processes by using the basic principles of fluid mechan-
ics [20, 21]. It has diverse applications in artificial vas-
cular, bypass surgery, artificial heart valves, dialysis
shunts, anastomosis techniques, and vascular stents
[22-24]. James K. Min et al. first put forward fractional
flow reserve, which was computed from coronary CTA
to noninvasively diagnose coronary stenosis, showing a
good diagnostic performance in a multi-center, retro-
spective clinical study that involved 252 patients across
five countries [25]. This ingenuity prompts us to search
for non-invasive techniques for evaluating portal

Page 2 of 9

pressure. Although Qi et al. applied similar methods
to portal pressure assessment and showed good diag-
nostic performance in evaluating portal pressure,
however, the researchers did not take into account the
fluid parameters (such as viscosity and density), which
might affect the result, thus further research is needed
[26-28].

The application of the biofluid mechanics to the
patients’ portal system requires geometry, anatomy,
blood flow rate, and reliable methods of velocity and
volume measurement [29, 30]. The blood flow param-
eters of individuals can be evaluated in a portal vein
system using imaging measurement methods (e.g.,
multi-slice spiral CT angiography (CTA) or color
Doppler ultrasound). Furthermore, physical param-
eters, especially blood density and blood viscosity
(BV) of portal vein blood at different shear rates, are
equally important to determine the portal vein biofluid
mechanics data [31]. In previous studies, our research
group focused on the construction of a model based
on biofluid mechanics, which can accurately and reli-
ably detect free portal vein pressure and predict portal
pressure in canines [32]. However, whether this model
can be used to calculate human FPP, evaluating disease
progress and therapeutic effect remains to be further
studied and verified.

To sum up, in order to establish a novel and more
reliable model for portal pressure measurement, the
investigators conducted a multi-center retrospective
study on Chinese patients with PHT. Virtual free portal
pressure (VEPP) was calculated by biofluid mechanics
methods and compared to FPP.

Materials and methods

Study population

This study was performed in patients who underwent
periesophagogastric ~ devascularization =~ combined
with splenectomy or Warren shunt because of severe
esophageal varices or hypersplenism from January 2015
to June 2021 at the General Surgery Department of
Shanghai Ninth People’s Hospital and the Department
of Gastrointestinal Surgery of Shanghai Renji Hospital.

Inclusion criteria

1. Patients aged 20—90 years old.

2. Patients diagnosed as PHT by clinical symptom,
imaging examination (MRI, CT, ultrasound, and
FibrosScan) or liver biopsy, treatment for FPP assess-
ment, and surgery.
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Exclusion criteria

1. Patients with unstable conditions or patients with
unpredictable clinical processes.

2. Female patients who are pregnant or breastfeeding.

3. Patients suffering from clinically unstable heart dis-
eases, such as congenital cardiac disorder, cardiac
arrhythmia, and severe heart failure.

4. Patients suffering from clinically unstable pulmonary
disease or acute respiratory distress syndrome.

5. Patients suffering from severe coagulopathy.

6. Patients suffering from a hepatic vein, portal vein,
mesenteric vein occlusion, or thrombosis.

7. Patients suffering from ascites, hepatocarcinoma, or
hepatic compensatory disorder.

Assessment

All enrolled patients were adequately evaluated for
demographic parameters, etiology of PHT, liver func-
tion, and the severity of PHT. Patients underwent surgery
within one month after evaluation and no treatments
that may affect FPP values were taken during this period.
A standard methodology was followed for the surgery
and the measurement of FPP. Portal hypertension-related
surgery and FPP measurement were performed follow-
ing standard methods. Patients were examined for FPP
immediately after abdominal incision. FPP was measured
immediately after opening the abdominal cavity. During
the operation, the patient took the supine position, and
the axillary midline was taken as the baseline for meas-
uring FPP. The gastrocolic ligament was cut off along
the transverse colon. A silicone catheter with a diameter
of 0.3 cm and a length of 20 cm was inserted into the
main portal vein through the right branch of the middle
colonic vein and superior mesenteric vein (approximately
15 c¢m in length). Then, we fixed the catheter and con-
nected it to the pressure monitor (Edwards Lifesciences
TruWave PX260, USA), and the FPP was obtained.

3D portal venous model

All patients underwent CT after being hospitalized on an
empty stomach. The CT device used for the portal system
was the Philips Brilliance CT Lightspeed-64 multi-slice
spiral scanner. The following arguments were used: slice
thickness, 0.625-2.5 mm; current, automatic; collima-
tion, 1.24—1.25 mm; matrix size, 512 x 512; slice interval,
1.0-2.0 mm; rotation time, 0.5 s and voltage, 120 kVp.
Patients were injected with non-ionic iodinated contrast
agents (300-370 mg of iodine/mL, 600 mg of iodine/kg
of body weight, 3-5 mL/s). Portal venous phase imaging
was implemented 60-70 s after intravenous injection of
contrast agent. Image data of CT was viewed by at least
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two CT specialists who were responsible for identifying
the main branch of the portal vein, such as the right and
left branches portal vein, the superior and inferior mes-
enteric vein, and the splenic vein.

The CT images were then imported into the IQQA
liver system to construct a 3D portal venous model.

Laboratory parameters

Once these patients were hospitalized on an empty stom-
ach, blood samples then were taken from the median
cubital vein for a series of routine blood tests. The sam-
ples were immediately transferred into anticoagulant
tubes for blood routine tests, liver function, routine
coagulation examinations, and the blood viscosity test,
while the remaining blood samples were used for den-
sity measurement. The routine blood tests were detected
by Sysmex-5000 (Sysmex, Japan). The blood density was
measured by weighing 1 mL of blood: a pipette was used
to transfer 1 mL of blood to an electronic balance for
weight measurement.

Doppler ultrasound data acquisition

All patients underwent Doppler ultrasound after being
hospitalized on an empty stomach. The Doppler ultra-
sound was carried out to assess the maximum flow veloc-
ity and vascular inner diameter of the portal system,
including the left and right branches and the main portal
system, superior and inferior mesenteric vein, and splenic
vein. Each measurement was made with deep breath
holding, and intonation angles of 45°—55° were used. The
mean blood flow velocity approximately equals 0.7 times
the maximum blood flow velocity. In order to guarantee
the stability of the results, all measurements had three
replicates, and the average values were finally calculated.

Computational biofluid mechanics

The geometric model was created from the CT Images
using the IQQA software. Then, the model was imported
into the Fluent software version 6.3 (ANSYS, Inc., USA)
and its surface was divided into triangular surface meshes
with the size of 0.2—-1.0 mm, and the corresponding solid
meshes were established. The laminar viscous model was
used. The material type was set to fluid, and blood density
and overall viscosity were used as the properties of the
fluid. The pressure outlet boundary conditions module
was used for the portal vein, with the following param-
eters: backflow reference frame: absolute; gauge pressure:
0; backflow direction specification method: normal to
boundary; radial equilibrium pressure distribution: disa-
bled; average pressure specification: disabled; target mass
flow rate: disabled. The velocity inlet boundary condi-
tions module was used for each inlet and outlet branch,
with the following parameters: velocity specification
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method: magnitude, normal to boundary; reference
frame: absolute; supersonic/initial gauge pressure: 0. The
velocity magnitude value was set to the blood flow veloc-
ity at the boundaries of each branch, which was calcu-
lated according to the inner diameter (obtained from the
geometric model), the blood flow velocity (measured by
Doppler ultrasound) and the principle of mass conserva-
tion. Considering the whole blood as a non-Newton fluid,
the blood flow could be simulated using the following
Navier—Stokes equations.
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p: density; v: velocity; E=h— B+ %5 h: enthalpy
value; p: pressure; p ¢ : gravity; F: external body force; T:
stress tensor; j: v1sc051ty, I: unit tensor.

Sample size calculation

Sample size was calculated by PASS Software V.19.0.1,
(NCSS, LLC, USA). The "Bland—Altman Method for
Assessing Agreement in Method Comparison Studies”
procedure was used. The result showed that a sample of
112 subjects would achieve 80% power to detect agree-
ment when the confidence level of the limits of agree-
ment is 0.950, the confidence level of the Cls about the
limits of agreement is 0.950, and the maximum allowable
difference is 3.000. The mean and SD of the sample differ-
ences are anticipated to be 0.184 and 1.163, which were
obtained from previous canine experiments. It is antici-
pated that 5% of the patients recruited are likely to be
excluded due to various reasons and therefore the total
sample size is 118 patients.
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Statistical analysis

The test of continuous variable was normal distribution
and represented by mean + standard deviation (SD). The
statistics were compared by Student’s ¢-test. Repeated
measures analysis of variance was utilized to compare
FPP and vFPP in all patients, and Bland—Altman Limits
of Agreement was used to analyze the numerical correla-
tion between vFPP and FPP. The mean value of the dif-
ference between vFPP and FPP was regarded as bias. The
standard deviation of the average difference of 1.96 was
considered to be lower and upper limits of agreement.
Lin’s concordance correlation coefficient and intraclass
correlation coefficient (ICC) were performed to analyze
the numerical correlation between vFPP and FPP. In this
study, the difference was statistically significant (P<0.05).
MedCalc statistical software and SPSS Statistics were
used for statistical analysis (version 19.1.7, MedCalc Soft-
ware bvba, Belgium; version 26.0, IBM, USA).

Results

General characteristics of the patients

In this study, there were 118 patients included and 21
patients excluded due to the failure or poor results of
Doppler ultrasound, and 97 patients were screened
(Fig. 1). A summary of patients’ characteristics is given in
Table 1. The mean age of these patients was 56 + 12 years
old (range: 28-89 years old), and the majority (73%) of
these patients were males. The etiology of cirrhosis was
classified as hepatitis B virus and hepatitis C virus (59,
61%), cholestatic cirrhosis (9, 9%), autoimmune liver
disease (7, 7%), alcoholic cirrhosis (5, 5%), Budd-Chiari
syndrome (1, 1%), and other reasons (including mixed
etiology) (16, 17%). Hepatitis B virus and hepatitis C
virus (61%) were the most common cause of liver cirrho-
sis in the Chinese population. Ascites occurred in 76% of
patients. Furthermore, there were non-bleeders in 58% of
patients, while the rest had bleeding from the varices in
the past. For all patients who underwent the surgery, the
mean FPP was 22.8 + 3.3 mmHg (range: 13-33 mmHg).

Calculation for vFPP by computational biofluid mechanics
The obtained abdominal CTA images of PHT patients
were imported into the IQQA liver system to construct
the 3D portal venous model (Fig. 2A). In this model, the
portal system, such as the right and left branches portal
vein, superior and inferior mesenteric vein, and splenic
vein, could be clearly seen. The body meshes of the model
were created, as shown in Fig. 2B. Then, according to the
model and Doppler ultrasound data, the boundary condi-
tions were calculated. One situation is shown in Fig. 2C.
Afterwards, the pressure distribution of the portal
system in vitro was calculated using the finite element
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Fig. 1 Study procedure. FPP, free portal pressure

Table 1 Demographic profile of the study population

Parameters Value (n=97)
Gender
Males 71 (73%)
Females 26 (27%)
Age 56+12(28-89)
Etiology
Viral (HBV/HCV) 59 (61%)
Cholestasis 9 (9%)
Autoimmune 7 (7%)
Alcohol 5 (5%)
Budd-Chiari syndrome 1 (1%)
Others (including mixed etiology) 16 (17%)
Ascites
None 23 (24%)
Mild 46 (47%)
Moderate to tense 28 (29%)
Bleeding status
Bleeder 41 (42%)
Non-bleeder 56 (58%)
FPP, mmHg 22.8+33(13-33)

analysis and computational biofluid dynamics method.
In order to perfectly simulate the portal system in vivo,
since blood was a Non-Newton fluid, blood density and
the four levels of different shear stresses were measured,
such as portal whole blood viscosities under the shear
rates of BV 200 s™', BV 30 s, BV 557}, and BV 1 57 ..
Finally, according to each patient’s physical property,
geometry, and boundary conditions, the Navier—Stokes

n=21

‘( Doppler ultrasound failure j

equations were solved by FLUENT software, and vFPP
was calculated, which was consistent with the PHT diag-
nosis of the patients. In addition, the velocity and pres-
sure distribution of different sections in the portal system
could be obtained simultaneously (Fig. 3).

The relationship between vFPP and FPP in the whole
population

The numerical correlation between FPP and vFPP was
analyzed mainly by using Bland and Altman’s limits of
agreement analysis. Bias, which is defined as the mean of
the difference between FPP and vFPP, was—0.1569 (95%
CI: —0.4305 to 0.1167); lower limit of agreement: —2.8176
(95% CI:—3.2868 to—2.3484); upper limit of agree-
ment: 2.5038 [95% CI: 2.0346 to 2.9730]. The numerical
relationship between FPP and vFPP was also analyzed
with the intraclass correlation coefficient and Lin’s con-
cordance correlation coefficient. The intraclass correla-
tion was 0.9215 (95% CI: 0.8848 to 0.9468) and the Lin’s
concordance correlation coefficient was 0.9205 (95% CI:
0.8840 to 0.9459) (Fig. 4).

Discussion

The individualized treatment and prognosis of patients
with chronic liver disease depend largely on the severity
of PHT, so accurate detection of portal pressure is nec-
essary. The method for the diagnosis of PHT in patients
with chronic liver disease is the direct measurement
of their portal pressure, such as the measurement of
HVPG and FPP. The detection of HVPG is currently the
gold standard for the diagnosis of intrahepatic PHT in
patients [33, 34]. HVPG is below 5 mmHg in the healthy
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Fig. 2 An example of the simulation model of a portal venous system. A The geometry of the simulation model. B The body meshes
of the simulation model. C The blood flow velocity (m/s) of the portal vein and its branches
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Fig. 3 An example of the blood pressure (Pa) of the portal vein and its branches

population. HVPG>5 mmHg suggests the presence of
PHT. When HVPG >10 mmHg, PHT-related complica-
tions such as ascites or variceal bleeding tend to occur,
which is known as CSPH [35, 36]. Although HVPG has
several advantages, it is rather difficult to perform HVPG
measurements during operations and surgeons usually
rely on the FPP for choosing appropriate surgical meth-
ods. For example, patients whose FPP is over 20 mmHg

after splenectomy require a Warren shunt. So FPP is of
great significance as a reliable indicator for the diagnosis
of PHT caused by various chronic liver diseases.
Although HVPG and FPP measurements are relatively
safe procedures, these are considered invasive meth-
ods, which have many contraindications as we described
before. Thus, the development of novel non-invasive
methods of PHT is encouraged [37]. Various methods
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Fig. 4 The numeric correlation between vFPP and FPP. A Bland-Altman Limits of Agreement analysis. B Intraclass correlation coefficient. C Lin's
concordance correlation coefficient. FPP, free portal pressure; vFPP, virtual free portal pressure

based on various new techniques for assessing PHT, such
as color Doppler ultrasound, CT, magnetic resonance
angiography, and liver transient elastography, turn out to
be either inaccurate or unstable, which limits their clini-
cal application [29-32].

We hope to establish a computational program to
obtain FPP in blood vessels by combining theoretical for-
mulas with three-dimensional simulation. Since the inner
diameters of the vessels are much larger than the diam-
eters of blood cells, and the blood flow is relatively steady
and fast in these big vessels, the whole blood can be
assumed to be an incompressible Newtonian fluid, and
thus the blood flow can also be modeled by the Navier—
Stokes equations. With the help of FLUENT software,
after we import the blood vessel geometry, blood physical
property, and blood vessel boundary into the software,
we are able to obtain the blood flow simulation and the
pressure, which is easy to apply.

In the present study, we found out that the vFPP of
patients with PHT, whatever the etiology was, had a
strong correlation with FPP, so it could be applied as a
non-invasive method to evaluate the severity of PHT
in patients. The investigators creatively introduced the
method of biofluid mechanics into the field of portal
pressure measurement, which was the achievement of
the medico-engineering cooperation. The examinations
required for calculating vFPP were clinically routine
tests, which were simple and convenient for patients.
Color Doppler ultrasound was used to detect the blood
flow velocity and the vascular inner diameters had
been commonly applied, which was different from the
measurement of pressure by directly using ultrasound.
In order to guarantee the stability of these results, all
measurements for each patient were performed in
triplicates, and the mean value was finally calculated.
However, in our study, there were 118 patients included
and 21 patients still excluded due to the failure or poor
results of the Doppler ultrasound. The reason is many

PHT patients are complicated with ascites makes it dif-
ficult to obtain good data by ultrasound measurement.
In addition, there are some patients with good general
conditions before admission, but during the hospitali-
zation occurring acute bleeding, surgery for saving life
is the first, and there is no more time for portal venous
system ultrasound examination. The CTA, blood vis-
cosity, and blood density examinations were also safe
for the patients.

Notably, the pressure of the main portal vein and its
branches can be obtained, such as the right and left
branches portal vein, superior and inferior mesenteric
vein, and splenic vein, as shown in Fig. 3. Thus, this is
not only significant as a choice for the operation, diag-
nosis, and prognosis of PHT, but also helpful for other
vascular system diseases such as the spleen, mesen-
teric, and so on. It has been verified in our previous
study that the hemodynamic parameters of periph-
eral venous blood and portal blood are similar, so the
hydrodynamic parameters of peripheral venous blood
can be directly used for research in this study [38]. Fur-
thermore, the measurement of vFPP is meaningful for
the periodic reexamination of patients with PHT after
surgery. Considering the complicated calculation pro-
cess, we will develop software in the future, so that doc-
tors will get the simulated FPP values only by clicking
the mouse, if this portal model is proven to be credible.
Therefore, it will be convenient for doctors to timely
and accurately evaluate the FPP of patients with liver
diseases in the future, and helpful for diagnosing and
evaluating the severity of liver cirrhosis and PHT.

In this study, there were some limitations. First of
all, these patients were diagnosed as PHT and under-
went surgical treatment. Thus, the receiver operating
characteristic (ROC) curve was not conducted in the
present study. Second, the present method was only
suitable for patients with PHT. Further verifications
are needed to determine whether the method could
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be used on patients without PHT. In addition, we are
now conducting a retrospective, randomized, non-
controlled, multi-center trial (trial registration number:
NCT 03470389) to further verify the effectiveness of
this model in predicting HVPG [39]. This would expand
the application of this method, and allow it to have
greater applicability. Third, after general anesthesia
and abdominal incision, the intra-abdominal pressure
might have changed, which might affect FPP. Fourth,
there were still some difficulties in implementing Dop-
pler ultrasound measurements. Due to the interference
of air in the gastrointestinal tract, it was difficult to
obtain the maximum blood flow velocity and the blood
flow direction in each position. As the blood flow of the
portal vein system followed the principle of conserva-
tion of mass, we could calculate some missing data.
Data of the portal vein was important and necessary;
of the left and right branches of the portal system, only
one was necessary; of the superior mesenteric vein and
the splenic vein, only one was necessary. In many cases,
if the inferior mesenteric vein did not directly flow into
the portal system, the data of the inferior mesenteric
vein was unnecessary. Although the calculation could
be carried out in the absence of some data, the results
might be inaccurate. According to some reports, MRI
could also obtain the velocity of blood vessels and the
blood flow direction, which might serve as an alterna-
tive [40]. Fifth, our study did not conduct a subgroup
analysis due to the limited sample size. We will improve
the analysis in our future studies.

In conclusion, the VFPP, calculated by computational
biofluid mechanics, exhibited a significant correlation
with FPP in patients with PHT. The noninvasive and bio-
fluid mechanics-based model was able to predict FPP
accurately, which could be applied as a novel, non-inva-
sive, and accurate method to evaluate portal pressure in
patients undergoing surgery.
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