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Abstract

Objective: Atherosclerosis (AS) is the main pathological basis of ischemic cardio-
cerebrovascular diseases, and the intimal thickness (IT) of large arteries is regarded as a powerful
evaluation indicator for AS. We established an effective neural network model for automatic
prediction of the IT and analyzed the high-risk warning indicators of IT.

Methods: The weight of the left adrenal (WLA) was evaluated. The serum interleukin-6 (IL-6)
concentration was measured by enzyme-linked immunosorbent assay. The statistical methods
included neural network modeling, a cubic spline interpolation algorithm, Spearman’s rho test,
and linear fit.

Results: Thirty-seven rabbits were classified into a control group (n=11), high-fat diet group
(n=13), and high-fat diet plus chronic stress group (n= [3). The neural network model was
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successfully established and verified by comparing the predicted IT with the actual IT. The high-
risk warning indicator of IT was identified as follows: 0.445g <WLA <0.610g and 60ng/L

<IL-6 < 80 ng/L.

Conclusions: The neural network model based on WLA and IL-6 could predict the IT of AS.
When 0.445g <WLA <0.610g and 60ng/L <IL-6 <80ng/L, the risk to developing AS is

very high.
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Introduction

As the aging of society has progressed, the
prevalence of cardio-cerebrovascular dis-
eases (CCVDs) has significantly increased.'
CCVDs have become one of the most dis-
abling and lethal diseases worldwide, with
ischemic CCVDs accounting for the major-
ity. Atherosclerosis (AS) is the main patho-
logical basis of ischemic CCVDs, and the
intimal thickness (IT) is a key evaluation
indicator for AS.>* The endarterium is nor-
mally very thin, and the endovascular
cavity contains a layer of endothelial cells
and a layer of red continuous elastic mem-
brane. A critical reason for the inability to
effectively control ischemic CCVDs is that
the current medical technology cannot suc-
cessfully prevent the physiological and
pathological changes that affect the IT.>¢
Biological, environmental, genetic, physi-
cal, and other factors can collectively pro-
mote IT-related lesions. Increasingly more
studies are showing that chronic stress (CS)
plays a key role in changes of the IT.” ®
CS refers to the nonspecific systemic
reactions that occur when the body is stim-
ulated by various internal and external neg-
ative factors for a long period of time.
Long-term CS  events are crucial

predisposing factors for physical and
mental diseases. Approximately 40% of
cases of AS in patients without traditional
risk factors are associated with CS.'*!!
Epidemiological investigations and labora-
tory studies have shown that high-intensity
stress has become a significant factor in the
pathogenesis of AS.'? However, the mecha-
nism underlying the occurrence and devel-
opment of CS-induced AS remains unclear.
Heidt et al.'® showed that CS promotes
the formation of AS by overactivation of
the hypothalamic-pituitary-adrenal (HPA)
axis and is closely related to inflammatory
factors such as interleukin-6 (IL-6).

The HPA axis is an important part of the
neuroendocrine system. It is a neuroendo-
crine regulatory axis with both direct and
feedback effects. The HPA axis is also
involved in controlling the response and
activity of the CS system and regulating
numerous physical activities such as emo-
tional responses, the immune system, and
energy storage and consumption.'* When
the body perceives an imbalance in its
internal environment after exposure to
long-term CS, the HPA axis is involved in
controlling the body’s stress response and
regulating the metabolism of various
energy sources and substances in the
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body. Okutsu et al.'” showed that a variety
of psychological and physiological stresses
can lead to hyperfunction of the HPA axis
and that hyperactivity of the HPA axis
is the key point of bodily damage caused
by stress. The adrenal gland, as the target
organ of the HPA axis, is stimulated by
adrenocorticotropic hormone secreted by
the pituitary gland during long-term CS.
Corresponding physiological and patholog-
ical changes then occur, followed by
changes in the volume and morphology of
the adrenal gland.'®

The secretion of IL-6 can increase as a
result of long-term CS.'7 IL-6 is a cytokine
that stimulates the growth and differentia-
tion of B-lymphocytes, and it serves as a
growth factor for hybridomas and plasma-
cytomas. As an important inflammatory
mediator in the body, IL-6 can stimulate
immune cell proliferation and differentia-
tion and enhance immune cell function.
IL-6 is mainly produced in vascular endo-
thelial cells, monocyte macrophages, fibro-
blasts, T lymphocytes, B lymphocytes, and
keratinocytes.'® Under CS, the secretion of
IL-6 is increased. This results in the release
of monocyte chemotactic protein, promo-
tion of monocyte migration into the vascu-
lar endothelium, and destruction of the
normal vascular endothelial structure and
function. All of these changes intensify the
inflammatory reaction and promote the
occurrence of AS."

Most of the currently available predic-
tion models of CCVDs were established
based on qualitative lifestyle risk factors
with the aim of assessing risk probability
in the population.’® ?> However, few stud-
ies have used quantitative risk factors to
establish a prediction model and determine
the high-risk warning range for changes in
the IT under long-term CS. Therefore, the
present study was performed to establish a
predictive model of IT changes in patients
with AS and analyze the high-risk warning
range of changes in the IT. This was

accomplished by establishing a CS animal
model, using a neural network and cubic
spline interpolation algorithm, and utilizing
the adrenal gland weight and blood IL-6
concentration. The results of this study
will provide a scientific basis for the devel-
opment of guidelines for the prevention and
treatment of CCVDs.

Materials and methods

Animals and diet

Thirty-seven New Zealand white rabbits
(approximate age, 3 months; mean body
weight, 3.0£0.2kg) were obtained from
the Institute of Laboratory Animal
Sciences of the Chinese Academy of
Medical Sciences and Peking Union
Medical College. During the first week of
the study, the rabbits were allowed to
adapt to the new environment (25°C
+2°C; relative humidity, 60% +2%). All
rabbits were raised alone in cages with
free access to food and water.

The rabbits were randomly divided into
three different groups: the control group
(n=11), the high-fat (HF) diet group (HF
group, n=13), and the HF diet plus CS
group (HF+CS group, n=13). Ethical
approval of this study was provided by
the Animal Care and Use Committee. All
procedures were in accordance with the eth-
ical standards of the institutional ethical
committee and with the 1964 Helsinki dec-
laration and its later amendments. All
applicable international, national, and/or
institutional guidelines for the care and
use of animals were followed.

CS assay

CS was induced as described in a previous
report.”® First, noise stimulation was per-
formed by sounding an alarm at about
110 decibels (dB) for 5 seconds, followed
by 5 minutes of silence; this was repeated
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for 3 hours. Second, flash and alarm stim-
ulation was performed by implementing a
flash plus the continuous alarm (about
85dB) for 2 hours after the lights were
turned off in the laboratory. Third, con-
straint stimulation was performed by limit-
ing the rabbit’s activity with a rabbit box
for 3 hours. Fourth, lighting stimulation
was performed by implementation of
continuous lighting after 19:00. Fifth, fear
stimulation was performed by hanging
the cages, and the cages inclined when the
rabbits moved slightly. This step was con-
tinued for 2 hours. Finally, water was with-
held for 24 hours, and food was withheld
for the next 24 hours. The CS period was
7 days, and one cycle was implemented per
month. The procedure was continued for
2 months.

Weights of right and left adrenal glands

The bilateral adrenal glands were separated
from all rabbits. Excess connective tissue
was removed with an ophthalmic tweezers,
and the clean bilateral adrenal glands were
weighed with an electronic scale. The weight
of the right adrenal (WRA) and weight of
the left adrenal (WLA) were acquired.

Detection of serum IL-6 concentration

Blood samples were collected with the rabbits
under chloral hydrate anesthesia.
An ethylenediaminetetraacetic acid anticoag-
ulant tube was used to store 0.4 mL of blood.
IL-6 was detected by a commercially avail-
able enzyme-linked immunosorbent assay
kit (R&D Systems, Minneapolis, MN, USA).

Measurement of IT of abdominal artery

After blood collection, the abdominal
artery was dissected and cut into segments.
Part of the artery was fixed in 4% poly-
formaldehyde solution and processed
for paraffin embedding and sectioning.
The abdominal artery was then cut into

6-um-thick transverse sections and stained
with hematoxylin and eosin. The IT of the
atherosclerotic plaques was measured in
hematoxylin- and eosin-stained sections of
the abdominal artery under a microscope
(Axio Zoom.V16; ZEISS, Oberkochen,
Germany) using Image-Pro Plus 5.0 soft-
ware (Media Cybernetics, Rockville, MD,
USA). The IT was calculated as the radius
bounded by the inner elastic membrane
minus the radius of the lumen.

Statistical analysis

All statistical analyses were conducted
using SPSS software, version 21.0 (IBM
Corp., Armonk, NY, USA). Spearman’s
rho test was executed to compare the adre-
nal weight and serum IL-6 concentration
for the correlation analysis. A cubic spline
interpolation algorithm was implemented
to analyze the high-risk warning range of
the IT. A p-value of <0.05 was considered
statistically significant.

Neural network modeling

A neural network is a computing system
that utilizes a large number of connected
artificial neurons to simulate the computing
capacity of a biological system. A neural
network is composed of many simple proc-
essing elements known as neurons. In a
neural network, each neuron links connec-
tions to other neurons through direct com-
munication. Each neuron has an associated
weight, and the network is used to solve the
problem of information, as shown in the
model below.

yk=1)
y(k-2)
u(k—1)

u(k-2)
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The basic algorithm of neural network
modeling is as follows.

1. Al weights are given at random
{wii{vin}s including the threshold
value, which is generally in the random
of {—1, 1}.

2. Based on the s(k), calculate:

n+1

net?(k) = Z visnk), i=1...p (3
h=1

a;(k) = J(net’?(k)), i=1...p 4)

Note: s,41(k) =1, v = 0;

3. Calculate:

Note: w41 =15
4. Calculate:

ey(k) = di(k) —y(k), j=1...q (6)

eqilk) = a,-(k)(l - a,-(k)) iwj,-e}y-(k), j=1...q
=1

(7
5. Train {wiit{vin}
wii(k + 1) = wi(k) — na;(k)ey;(k),
i=1l...p+1, j=1...q ®)
vin(k + 1) = vip(k) — neqi(k)sy(k),
i=1l...p+1, h=1...n+1

6. Turn to (2), and train repeatedly.
7. Train stop.

The training group was randomly divided
into training data and calibration data in a
7:3 proportion. There were 26 individuals in
the training data and 11 individuals in the
calibration data. Matlab8.3 was used to
accomplish the normalization processing of
variable values, network initialization, net-
work training, and network simulation. The
number of input neurons in the input layer
was the same as the number of input varia-
bles; i.e., two. The hidden layer was designed
as one layer, and the output layer was also
designed for one layer. One output variable
was the IT. The forecast model was then
established with a hidden unit number of 6.
When training to 5000 steps after repeated
training, the falling gradient was 0, and the
training speed was uniform. At the same
time, the training error was 0.036839, and
the R (relativity) value reached 0.94785.

Results

Strong association between WRA
and WILA

Spearman’s correlation coefficient analysis
revealed that the IT was significantly asso-
ciated with WRA (p=0.008), WLA
(p=0.002), and IL-6 (p=0.023) (Table 1).
Spearman’s correlation coefficient analysis
and linear fit showed that WRA was posi-
tively associated with WLA (R =0.936,

0.4+

0.2

Weight of right adrenal

0.0 T T T
0.0 0.2 04 0.6 0.8 1.0

Weight of left adrenal

Figure |. Linear correlation between the weight
of the left adrenal and weight of the right adrenal.
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p<0.001) (Table 2, Figure 1). Therefore,
for further analysis, the neural network
model could consider one factor, such
as WLA.

Table |. Associations between intimal thickness
and relevant metabolic characteristics.

Spearman’s rank
correlation coefficient

a

Characteristics p p-value
WRA 0.428 0.008*
WLA 0.487 0.002%*
IL-6 —0.374 0.023*

?Spearman’s rank correlation coefficient between intimal
thickness and relevant characteristics.

p: Spearman’s correlation coefficient. *Significant varia-
bles (p < 0.05).

WRA, weight of right adrenal; WLA, weight of left adre-
nal; IL-6, interleukin-6.

Neural network prediction model of IT

The neural network prediction model was
successfully established, attaining the best
training performance in which the mean
squared error was 0.036839 at epoch 5000
(Figure 2(a)) and the R (relativity) was
0.94785 (Figure 2(b)).

The actual IT and predicted IT were
compared to verify the veracity of the
neural network prediction model. The var-
iation trend of the predicted IT was
similar to the actual IT (Figure 3(a)),
and the R (relativity) was 0.872
(p<0.001) based on Spearman’s correla-
tion coefficient analysis and linear fit
(Figure 3(b), Table 3). Therefore, the
neural network established in this study is
worthy of mention.

Table 2. Associations between WRA and WLA.

Data n Mean SD R p-value
WRA 37 0.35583 0.19908 0.936 <0.001*
WLA 37 0.38806 0.22099

IT, intimal thickness; SD, standard deviation; R, Spearman’s rank correlation coefficient;
WRA, weight of right adrenal; WLA, weight of left adrenal. *Significant variables (p < 0.05).

(a) , BestTraining Performance is 0.036839 at epoch 5000
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Figure 2. Neural network prediction model of intimal thickness in atherosclerosis. (a) The best training
performance was 0.036839 at epoch 5000. (b) The final training model. The relativity was 0.94785.
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Figure 3. Verification of the neural network prediction model. (a) Variation trend of the predicted IT and

actual IT. (b) Linear correlation between the predicted IT and actual IT. IT, intimal thickness.

Table 3. Comparison between the actual IT and predicted IT.

Data n

Mean SD R p-value
Actual IT 37 0.095944231 0.054 0.872 <0.001*
Predicted IT 37 0.095944289 0.049

IT, intimal thickness; SD, standard deviation; R, Spearman’s rank correlation coefficient.
“Significant variables (p < 0.05).

0.25 (b)

0.15
WLA |
048 0.1
0.25 -
0.1
50 62 74 86 o8 110

IL-6
IT: intimal thickness; WLA: weight of left adrenal; IL-6: interleukin-6

Figure 4. High-risk warning range of intimal thickness in atherosclerosis. The color represents the intimal
thickness: red represents high, green represents medium, and blue represents low. (a) Planform. (b) Three-

dimensional stereogram.

High-risk warning range of IT

Through the cubic spline interpolation
algorithm, we identified the high-risk
warning indicator of the AS IT as
follows: 0.445<WLA <0.610 g and
60ng/lL <serum IL-6 concentration

<80ng/L, presented as the color “red”
in the planform (Figure 4(a)). In
addition, a three-dimensional stercogram
was created to observe the high-risk
warning range vividly and intuitively
(Figure 4(b)).
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Discussion

This study showed that during long-term
CS, the WLA, WRA, and serum IL-6 con-
centration were significantly correlated with
the IT of AS. In addition, the change in
WLA showed a significant positive correla-
tion with WRA. Therefore, the prediction
model of IT was successfully established
using the neural network algorithm, WLA,
and serum IL-6. By the cubic spline inter-
polation algorithm, the following high-risk
warning range was obtained: 0.445g
<WLA<0.610 g and 60 ng/L <serum
IL-6 concentration < 80 ng/L.

Several mature CCVDs prediction
models have been established, and the
most mature model is the result of research
by D’Agostino et al.>* The predicted results
of their study have been used in many coun-
tries as an important basis for formulating
and revising guidelines for the prevention
and treatment of hypertension and dyslipi-
demia. However, these models also have the
following defects: most of the models used
are Cox proportional risk regression models
with generally weak extrapolation ability,
and most of the predictors are qualitative
lifestyle risk factors, which are greatly influ-
enced by subjective factors.’® >

The prediction model established in the
present study may compensate for the defi-
ciencies mentioned above. First, the neural
network model is a modern multivariate,
nonlinear model. (1) Multivariate: The
neural network is a computing system that
uses a large number of connected artificial
neurons to simulate the computing capacity
of a biological system. (2) Nonlinear: The
wisdom of the brain is a nonlinear phenom-
enon. Artificial neurons are in one of two
different states, either activation or inhibi-
tion, and this behavior shows a nonlinear
relationship in mathematics. The pathogen-
esis of diseases is a complex process affected
by multiple factors. Traditional statistical
methods often require normality and

independence of variables, and the predic-
tion of diseases is very limited. The advan-
tages of neural network models are suitable
for the prediction of disease risks.>*>¢
Second, the prediction model was con-
structed using two quantitative indicators,
the WLA and serum IL-6 concentration,
which can effectively avoid the interference
of subjective factors and can be explained
by nervous system, endocrine, and inflam-
matory mechanisms. Additionally, some
studies have used neural networks and
quantitative indicators to predict other dis-
ease indexes. >

The adrenal gland is the terminal organ
of the HPA axis, and changes in its weight
also reflect the functional changes in the
HPA axis to some extent. The hippocam-
pus, which regulates the stress response, is
the high regulatory center of the HPA
axis.”” The normal hippocampus inhibits
activation of the HPA axis, and the hippo-
campal glucocorticoid (GC) receptor is sen-
sitive and vulnerable to the stress response.
The HPA axis plays an important role
in lipid and glucose metabolism in the
body.*® In the normal physiological condi-
tion, GC exhibits negative feedback regula-
tion of the HPA axis,”' but under the
condition of stress, the following changes
occur: 1) the hippocampus is impaired; 2)
the function of the HPA axis is enhanced; 3)
the hypothalamic secretion of
corticotropin-releasing hormone is exces-
sive; 4) excessive corticotropin-releasing
hormone stimulates increased pituitary
secretion of adrenocorticotropic hormone;
5) GC secretion then becomes excessive,
which can cause dysregulation of the nega-
tive feedback mechanism of the HPA axis;
and 6) continued hyperfunction of the HPA
axis ultimately results.* The plasma levels
of catecholamines and glucagon are clevat-
ed during stress, and GC can synergize with
them to increase the activity of protein
lipase and hepatic lipase and accelerate the
decomposition of fat, thereby increasing the
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free fatty acid content; this improves
the synthesis of triglycerides and very-
low-density lipoprotein in the liver, promot-
ing the occurrence of hyperlipidemia.*”
However, elevated GC during stress affects
signal transduction of insulin signaling in
the body, causing insulin resistance while
raising blood sugar levels by promoting
hepatic gluconeogenesis and stimulation of
glucagon secretion, leading to decreased
glucose tolerance and promoting the devel-
opment of type 2 diabetes. This in turn
exacerbates the damage to the vascular
endothelial cells and causes lipids to be
deposited under the endothelium.*

Studies have shown that IL-6 is mainly
produced by activated mononuclear macro-
phages and is related to the inflammatory
reaction.”>° TL-6 can also stimulate the
production of C-reactive protein in macro-
phages and promote platelet aggregation.
Moreover, IL-6 can cause the proliferation
of vascular smooth muscle cells, the pro-
gression of arteriosclerosis, and the devel-
opment of plaques from stability to
instability, leading to the occurrence of
acute ischemic CCVDs. Studies have also
shown that atherosclerosis is the result of
an imbalance in endothelial cell repair abil-
ity and inflammation regulation.**"
The inflammatory reaction is derived from
a combination of inflammatory cells,
transmitters, and cytokines. Oxidized low-
density lipoprotein activates vascular endo-
thelial cells, reduces the synthesis of nitric
oxide, and increases the expression of
inflammatory factors. The inflammatory
effect is thus significantly amplified, with
serum IL-6 being the most common and
important inflammatory cytokine.>*

The present study had some limitations.
The application of a neural network
algorithm in the field of medicine has just
started.*’*>  Some  problems remain
unsolved, such as the hypothesis test of
the weight coefficient, the confidence inter-
val of the weight coefficient, the

epidemiological significance of the weight
coefficient, and the selection of input varia-
bles. In the present study, 37 samples were
used to train the code. All data were
obtained from experimental animals,
which were strictly and precisely controlled
by the researchers. This was a preliminary
theoretical exploration that provides insight
for follow-up research; it has not reached
the application level. In future clinical
work, we will focus on collecting more
patient-related information to verify the
theory. To further verify the scientific and
extrapolated nature of the model, a pro-
spective  multicenter controlled  study
should be conducted among a wide range
of community populations to verify and
improve the prediction model.*****

Conclusion

The herein-described neural network model
based on WLA and IL-6 could predict the
IT of AS. When 0.445g<WLA <0.610¢g
and 60ng/L <IL-6 <80ng/L, the risk of
developing AS is very high. Therefore, the
combined predictive effect of the WLA and
serum [L-6 concentration could be used as
a diagnostic biomarker for the IT of AS in
clinical practice. The neural network algo-
rithm is a promising method for the predic-
tion of AS.
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