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Abstract: Objective: To explore the correlation between pathological and ultrasound changes applying conventional 
ultrasound, Color Doppler ultrasound andVirtual Touch Tissue Quantification (VTQ) technique in newborn hypoxic-
ischemic brain damage (HIBD) rat models. To provide theoretical basis for early diagnosis and treatment of HIBD 
neonatal. Methods: A total of 90 newborn Wistar rats were divided into ischemia, asphyxia and control group accord-
ing to different HIBD molding methods. Conventional ultrasound, Color Doppler ultrasound and VTQ were applied 
on 3 h, 12 h, 24 h, 48 h and 72 h postoperative. After the observation of 72 h, 10 rats in each group were randomly 
selected for pathological specimens production. The rest rats were raised for 30 days for neuroethology detection. 
Results: In ischemia group and asphyxia group, there were 4 deaths and 6 deaths in the modeling process; the mor-
tality rate was 13.33% (4/30) and 20.00% (6/30) respectively. For ischemia group, the systoli velocity (Vs), diastolic 
velocity (Vd) and resistance index (RI) of right middle cerebral artery (MCA) were significantly decreased after opera-
tion (P<0.05). For asphyxia group, the Vs and RI of right MCA were significantly decreased after operation (P<0.05), 
while the Vd of right MCA was significantly increased after operation (P<0.05), which lead to the postoperative RI 
value in each time point was all significantly lower than that in ischemia group (P<0.05). For ischemia group and 
asphyxia group, the VTQ results increased significantly postoperative (P<0.05), and compared with ischemia group 
and control group, the postoperative VTQ value in each time point was all significantly higher in asphyxia group 
(P<0.05). The neuroethology results were significantly lower in the ischemia group and asphyxia group (P<0.05), 
and the results in ischemia group were significantly higher than those of asphyxia group (P<0.05). And the results 
are consistent with the pathological findings. Conclusion: There is a consistent correlation among histopathological 
changes, hemodynamic changes, VTQ values and neuroethology results in HIBD animal models. As noninvasive 
quantitative ultrasound elastography methods, Color Doppler ultrasound and VTQ can assess the extent of HIBD 
damages in newborn rats with specific values. This study provides basic research and theory to early diagnosis and 
early treatment of neonatal hypoxic-ischemic brain damage.

Keywords: Hypoxic-ischemic brain damage, histopathology, hemodynamic, virtual touch tissue quantification, neu-
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Introduction

Hypoxic-ischemic brain damage (HIBD) is 
hypoxia-induced perinatal hypoxic-ischemic 
brain injury. Some scholars believe HIBD is 
caused by asphyxia in utero or at birth, which 
leads to metabolic disorders, cell damages, 
vascular regulation disorders, and cerebral flow 
reduction [1, 2]. When the condition is serious, 

HIBD can be combined with brain hemorrhage, 
and finally brain tissue will form liquefaction 
necrosis and cysts [3].

With the development of imaging technology, 
imaging detection methods can be applied for 
dynamic monitoring of HIBD in different stages 
and different severities. The ultrasound exami-
nation has been widely applied in neonatal 
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monitoring because its non-invasive, inexpen-
sive, and bedside-operated features. Color 
Doppler flow imaging (CDFI) can dynamically 
observe the changes of intracranial vessels [4] 
and cerebral hemodynamics changes of early 
neonatal HIBD, which is beneficial in HIBD diag-
nosis and prognosis. Several studies show that 
newborn asphyxia will perform in cerebral 
hemodynamics changes, especially those 
associated with HIBD [5]. The disorder extent is 
directly related to the degree of HIBD. Asphyxia 
within 72 h can lead to significant changes in 
cerebral blood flow, if the blood flow fails to 
restore normality in 72 h may prompt to serious 
brain injury, and is likely to cause severe HIBD 
[6]. The dynamic monitoring of neonatal cere-
bral blood flow between 48 h to 72 h after 
asphyxia can provide important information for 
early clinical diagnosis of HIBD [7]. In terms of 
the relationship between pathology and hemo-
dynamic changes, it is always a difficult point in 
research. But whether the findings are consis-
tent remains basic research of animal models 
to prove. 

Nowadays, the technology of HIBD animal 
model production has been more mature. 
Seven days newborn rats are equivalent to 32 
to 36 weeks premature human beings, ten days 
newborn rats are equivalent to fully mature 
neonates [8, 9]. In addition, researches on 
brain structure of 3 d, 7 d, 10 d and 21 d new-
born rats shows that 3 d and 7 d are the peak 
period of periventricular white matter damages 
[10, 11]. In rodents, the brain vascular struc-
tures are similar to humanbeings; Willis ring is 
composed of the internal carotid artery and 
basilar artery trunk [12]. Therefore, seven days 
newborn rats are more preferred for observa-
tion in studies. Recently, there is one study 
demonstrated that the blood flow velocity can 
easily be detected by non-invasive vascular 
ultrasound imaging and pulsed wave Doppler 
(PW) technique within small animal skulls, and 
Color Doppler ultrasound can dynamically 
observe the parameter changes in cerebral 
blood flow during cerebral ischemia [13]. 
Therefore, Color Doppler ultrasound can moni-
tor cerebral hemodynamics changes, and accu-
rately assess varying degrees of damages 
caused by cerebral perfusion. It is a useful and 
repeatable tool in dynamic monitoring of cere-
bral blood flow for HIBD patients.

Acoustic radiation force impulse (ARFI) is a new 
imaging technique on the basis of ultrasound 
elastography, including Virtual Touch Tissue 

Imaging (VTI) and Virtual Touch Tissue 
Quantification (VTQ) technologies. Compare to 
other elastic strain imaging methods, ARFI 
technology has significant advantages. VTQ is 
an absolutely organization quantitative indica-
tor, it can make up the defects of semi-quanti-
tative assessment by conventional elastogra-
phy [14-16]. Currently, this technology has been 
widely applied to breast, thyroid, liver, and mus-
cle tissue, et al [17, 18]. At present, there are 
domestic scholars [19, 20] applied this technol-
ogy in the diagnosis of neonatal HIBD, studies 
have shown that children with different levels of 
HIBD showed various VTQ values, the more 
severe the disease, the higher the VTQ value. 
And for mild HIBD in the early stage, it does not 
show on conventional two-dimensional ultra-
sound (2DUS), but in VTQ mode, the extent of 
damages can be determinedspecifically [21, 
22].

Therefore, in this study, we establish HIBD 
models in newborn rats, observe lateral ventri-
cles and brain parenchyma lesions with high-
frequency ultrasound, monitor arteriaecerebri 
media (MCA) blood flow changes through 
Doppler ultrasound, and detecte VTQ value 
changes by ARFI technique, then compare the 
results with pathological changes. To explore 
the correlation between pathological and ultra-
sound changes applying conventional ultra-
sound combined with VTQ technique in new-
born HIBD rat models. And we aim to provide 
theoretical basis for early diagnosis and treat-
ment of neonatal HIBD. 

Materials and methods

Experimental animals

Labor Wistar rats were bought from Guangxi 
Medical University Experimental Animal Center 
(Certificate of Conformity: SCXK Gui 2009-
0002), and housed separately waiting for deliv-
ery. The Animal Ethics Committee of Guangxi 
Medical University approved all animal experi-
ments. “Experimental Animal Regulations” 
(National Science & Technology Committee of 
People’s Republic of China, Order No. 2, 1988) 
and “Experimental Animal License Management 
Approach (Trial)” ([1997] No. 593) were carried 
out in this study.

Material

Materials and equipment necessary for the pro-
duction of animal model are plexiglass hypoxia 
cabin, 100% oxygen, 100% nitrogen and 8% 
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gas mixture of oxygen and nitrogen, simple arti-
ficial respirator, ophthalmic surgical instru-
ments, 5.0 silk, medical cotton, sterile gauze, 
normal saline, 1% amobarbital sodium, 10% 
neutral formalin, infusion pumps, intravenous 
catheter, sterile syringes, blood oxygen moni-
tors, blood pressure meter, and recovery 
medication.

HIBD model making

A total of 90 7-day newborn rats with weight 
≥10 g were selected as experimental subjects. 
Room temperature for feeding and operating 
the animals were kept at 28~30°C. After intra-
peritoneal injection anesthesia with 1% amo-
barbital sodium (100 mg/kg), the newborn rat 
was fixed on the operating plate on spinal posi-
tion. Then we made an incision on the middle 
neck skin, and isolated the right common carot-
id artery. The newborn rats were randomly 
divided into three groups according to 
treatment:

Ischemia group: a total of 30 rats were directly 
ligatured the right common carotid artery with 
5.0 silk, then we sutured the wound.

Asphyxia group: a total of 30 rats were liga-
tured the right common carotid artery with 5.0 
silk. After we sutured the wound and the rats 
recovered for 1 hour, we put the rats in a 60 cm 
× 40 cm × 40 cm sized plexiglass hypoxia 
cabin, the cabin was filled with 8% gas mixture 
of oxygen and nitrogen, the oxygen concentra-
tion was monitored by oxygenanalyzer, hypoxia 
duration was last for 2 hours.

Control group: a total of 30 rats were sutured 
the wound directly without ligation of right com-
mon carotid artery.

Equipment

Siemens ACUSON S2000 Doppler ultrasound 
diagnostic equipment was applied. The equip-
ment was built with Acoustic radiation force 
impulse (ARFI) technology. The probe was 9L4 
with a frequency of 7~9 MHz.

Four-color upright fluorescence microscope 
(model: DX53, Olympus, Japan) and Olympus 
digital imaging systems (model: DP72) were 
used for pathological examination.

Cranial ultrasound examination

Three groups were undergone cranial ultra-
sound examination preoperative and 3 h, 12 h, 
24 h, 48 h and 72 h respectively after surgery. 
First, the rat was fixed to the operating table 
and ultrasound probe was placed on the mid-
line of the head bone, and weobserved the lat-
eral ventricles and brain parenchyma lesions 
with 2DUS. Second, we activated CDFI mode, 
and used PW technology to determine systoli 
velocity (Vs), diastolic velocity (Vd) and resis-
tance index (RI) of bilateral MCA. PW sample 
volume was set for 1 mm, the angle between 
sample line and MCA was set for 0~10°. Finally, 
we activated VTQ function and sampled the 
regions of interest (sized 5 mm × 5 mm) inside 
the brain tissue (we placed a relatively large 
amount coupling agent on the head of the rats, 
and floated wrist to avoid the pressure applied 
to the probe), then measured shear wave veloc-
ity therein. All measurements were conducted 
three times to obtain average values. One pro-
fessional examiner accomplished all opera- 
tions.

Pathology specimen processing

After the observation of 72 h, 10 rats in each 
group were randomly selected for pathological 

Figure 1. A. CDFI can display Wills ring and bilateral MCA in rat brain. B. 72 h of ischemia group,bilateral Wills ring 
displays color flow signals of different directions. C. 72 h ofasphyxia group, the blood flow was thinner.
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Table 1. Vs of MCA preoperative and postoperative in three groups
Index Preoperative 3 h Postoperative 12 h Postoperative 24 h Postoperative 48 h Postoperative 72 h Postoperative
Vs L R L R L R L R L R L R
Ischemia group 9.96±1.27 10.62±1.28 9.97±1.94 6.80±1.62▲,☆ 10.55±2.30▲ 7.28±1.73▲,☆ 9.83±2.01▲ 6.92±1.68▲,☆ 11.75±2.13☆,◆ 7.29±1.51▲,☆,◆ 11.74±1.98☆ 6.15±1.51▲,☆

Asphyxia group 10.16±1.33 10.77±1.30 10.03±2.08 7.01±1.55▲ 10.61±2.34▲,★ 5.97±0.60▲,☆ 11.22±2.06★,☆ 6.32±1.24▲,☆ 12.69±1.43▲,☆,◆ 6.50±0.76▲,☆ 11.37±1.47☆ 6.82±0.82▲,☆

Control group 10.73±1.46 10.23±0.83 10.51±1.29 10.63±1.22 11.63±1.68 10.70±1.83 11.75±1.72★ 10.83±1.63★ 11.06±1.32 10.90±1.02★,△ 10.88±2.03 11.47±1.38△,★

Note: ▲: compare with control group, P<0.05; ★: compare with asphyxia group, P<0.05; ☆: compare with preoperative results, P<0.05; ◆: compare with postoperative previous time point, P<0.05.

Table 2. Vd of MCA preoperative and postoperative in three groups
Index Preoperative 3 h Postoperative 12 h Postoperative 24 h Postoperative 48 h Postoperative 72 h Postoperative
Vd L R L R L R L R L R L R
Ischemia group 3.12±0.55 3.17±0.69 2.93±0.57 3.00±0.46☆ 3.46±0.89 3.44±0.65◆ 3.23±0.74 3.28±0.55 3.65±0.96▲,☆,◆ 3.42±0.85▲ 3.68±1.14☆ 3.23±1.01

Asphyxia group 3.09±0.61 3.2±0.77 3.42±1.08 4.20±0.97▲ 3.43±0.75 3.31±0.56◆ 3.53±1.10 3.59±0.96☆ 3.92±0.94▲,☆ 3.72±0.65☆,▲ 3.44±0.76 3.62±0.73☆

Control group 3.28±0.62 3.19±0.69 3.06±0.57 2.95±0.60 3.65±0.78 3.19±0.83 3.65±0.69 3.05±0.72 3.05±0.52★ 3.58±0.49★ 3.58±0.88 3.58±0.80
Note: ▲: compare with control group, P<0.05; ★: compare with asphyxia group, P<0.05; ☆: compare with preoperative results, P<0.05; ◆: compare with postoperative previous time point, P<0.05.

Table 3. RI of MCA preoperative and postoperative in three groups
Index Preoperative 3 h Postoperative 12 h Postoperative 24 h Postoperative 48 h Postoperative 72 h Postoperative
RI L R L R L R L R L R L R
Ischemia group 0.69±0.03 0.69±0.05 0.70±0.05☆ 0.55±0.07▲,☆ 0.67±0.06☆,◆ 0.52±0.07▲,☆,◆ 0.67±0.05☆ 0.52±0.06▲,☆ 0.69±0.06▲,☆ 0.53±0.06▲,☆ 0.69±0.06☆,◆ 0.48±0.10▲,☆,◆

Asphyxia group 0.70±0.04 0.71±0.03 0.66±0.05▲,★ 0.40±0.05▲,★,☆ 0.67±0.05 0.45±0.64▲,★,☆,◆ 0.69±0.06 0.44±0.08▲,★,☆ 0.70±0.06 0.42±0.08▲,★,☆ 0.70±0.06 0.47±0.06▲,☆,◆

Control group 0.69±0.04 0.68±0.05 0.71±0.04 0.72±0.05 0.69±0.03 0.70±0.04 0.69±0.03 0.70±0.04 0.72±0.06 0.72±0.05 0.67±0.03 0.69±0.04★,△

Note: ▲: compare with control group, P<0.05; ★: compare with asphyxia group, P<0.05; ☆: compare with preoperative results, P<0.05; ◆: compare with postoperative previous time point, P<0.05.
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Figure 2. Right Vs of MCA preoperative and postoperative in three groups. 

Figure 3. Right Vd of MCA preoperative and postoperative in three groups.

specimens production. 
The steps of sample pro-
cession including perfu-
sion fixation, brain tissue 
fixation, paraffin blocks 
making, stained sections, 
and sealing, et al.

We observed the HE 
staining slices under mi- 
croscope to see the ede- 
ma range, nerve cells, gli- 
al cell state and hemor-
rhage location and extent 
of the bilateral brain 
tissue.

Neuroethology detection 
method

The rest rats were raised 
for 30 days for neu-
roethology detection by 
the following methods:

Open-field test: The rat 
was placed in the middle 
of the grid in an open con-
tainer, and the activities 
of the rat were observed 
for 30 s. The device was a 
36 cm × 36 cm × 36 cm 
topless square box, the 
bottom was lined into 9 
aliquot cells by ink. The 
rat was place in the mid-
dle cell, and the activities 
of the rat were observed 
for 30 s. We scored 1 
point when 1/2 or more 
of the rat body got into 
the adjacent cell. And 1 
point was scored when 
the rat stood on hind le- 
gs. Both parts were add-
ing up for total score. 

Suspension test: The rats 
were made to catch a 
glass rod (diameter of 0.5 
cm) with the forelimbs 45 
cm high from the desk-
top, the fall off time of the 
rats were record. Grading: 
1 point for <10 s, 2 points 
for 10-30 s, 3 points for Figure 4. Right RI of MCA preoperative and postoperative in three groups.
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30 s-2 min, 4 points for 2-5 min, 5 points for >5 
min.

Slope test: The rat was put on a 45-degree 
slope head down. The time for the head of the 
rat turned upwards into >135 degrees was 
recorded. The time was recorded in seconds for 
the unit.

Capture experiment: We lightly scratched the 
rats with gloves they never had any contact 
with. Grading: 0 point for rats being easily 
grabbed; 1 point for rats screaming or avoiding; 
2 points for rats screaming and avoiding; 3 
points for rats escaping; 4 points for rats escap-
ing and screaming; 5 points for rats biting or 
attempting to bite gloves; 6 points for rats 
attacking actively.

Statistical analysis

Count data are expressed as means ± stan-
dard deviation. For measurement data in nor-
mal distribution, completely randomized design 
analysis of variance (ANOVA) was applied for 
comparison. For not normally distributed data, 
rank sum test was applied for comparison. A 
value of P<0.05 was considered statistically 
significant. 

died within 12 h to 24 h after suffocation, 1 
died within 48 h to 72 h after suffocation, mod-
eling success rate was 80.00% (24/30). In con-
trol group, modeling success rate was 100.00% 
(30/30).

Ultrasound results 

2DUS results: There were no significant differ-
ences in echo intensity among ischemia group, 
asphyxia group and control group. 

CDFI results: CDFI can display Wills ring and 
bilateral MCA in rat brain (Figure 1A). Since we 
ligatured the right common carotid artery of the 
rats, it was compensated by Wills ring, the Wills 
ring on the ligation side showedblue signal 
back to probe (Figure 1B). In asphyxia group 
after 72 h, the blood flow in MCA was signifi-
cantly reduced, and therefore, the blood flow 
was thinner (Figure 1C).

PW results: The Vs, Vdand RI value before and 
after surgery of three groups are detailed in 
Tables 1-3. For control group, no significant dif-
ference was seen in VsVs, Vd and RI results pre 
and postoperative (P>0.05).

The Vs, Vd and RI value of the right MCA (liga-
tion side) of the two experimental groups are 
shown as following:

Table 4. VTQ value preoperative and postoperative of the three groups
VTQ Preoperative 3 h Postoperative 12 h Postoperative 24 h Postoperative 48 h Postoperative 72 h Postoperative
Ischemia group 0.86±0.22 1.34±0.12▲,☆ 1.39±0.12▲,☆ 1.36±0.14▲,☆ 1.41±0.12▲,☆,◆ 1.38±0.13▲,☆

Asphyxia group 0.83±0.20 1.61±0.08▲,★,☆ 1.54±0.20▲,★,☆ 1.65±0.08▲,★,☆,◆ 1.76±0.15▲,★,☆,◆ 1.64±0.18▲,★,☆,◆

Control group 0.82±0.21 0.81±0.18 0.78±0.17 0.83±0.21 0.71±0.21 0.80±0.20
Note: ▲: compare with control group, P<0.05; ★: compare with asphyxia group, P<0.05; ☆: compare with preoperative results, P<0.05; ◆: compare with postoperative 
previous time point, P<0.05.

Figure 5. VTQ values preoperative and postoperative in three groups.

Results

Results of HIBD animal mod-
el producing

In ischemia group, there were 
4 deaths in the modeling pro-
cess, the mortality rate was 
13.33% (4/30), in which 2 
rats died within 12 h after 
operation, 2 rats died within 
12 h to 24 h after the opera-
tion, modeling success rate 
was 86.67% (26/30); in 
asphyxia group, there were 6 
deaths in the modeling pro-
cess, the mortality rate was 
20.00% (6/30), in which 3 
died during suffocation, 2 
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For ischemia group, the Vs of right MCA was sig-
nificantly decreased after operation, from 
10.62±1.28 (preoperative) to6.80±1.62 (3 h 
postoperative) (P<0.05), the changes of 12 h 
and 24 h were not significant, and after 48 h, 
Vs increased slightly. The Vd of right MCA was 
significantly decreased after operation, from 
3.17±0.6 (preoperative) to 3.00±0.46 (3 h 
postoperative) (P<0.05), then increased to 
3.44±0.65 (12 h postoperative), the changes 
after 12 h were not significant. The RI of right 
MCA was kept decreasing significantly after 
operation, from 0.69±0.05 (preoperative) to 
0.52±0.07 (12 h postoperative) (P<0.05), the 
changes of 24 h and 48 h were not significant, 
and in 72 h, RI decreased to 0.48±0.10 
(P<0.05) (Tables 1-3 and Figures 2-4).

For asphyxia group, the Vs of right MCA was sig-
nificantly decreased after operation, from 
10.77±1.30 (preoperative) to 5.97±0.60 (12 h 
postoperative) (P<0.05), the changes after 12 
h were not significant. The Vd of right MCA was 
significantly increased after operation, from 
3.2±0.77 (preoperative) to 4.2±0.97 (3 h post-
operative) (P<0.05), it dropped back to 3.31 
±0.75 (P<0.05) in 12 h postoperative, the 
changes after 12 h were not significant. The RI 
of right MCA was kept decreasing significantly 
after operation (P<0.05), from 0.71±0.03 (pre-

VTQ results: The VTQ results before and after 
surgery of three groups are detailed in Table 4 
and Figure 5.

For control group, there was no significant dif-
ference in the VTQ resultspreoperative and 
postoperative (P>0.05).

For ischemia group, the VTQ results increased 
significantly postoperative, from 0.86±0.22 
(preoperative) to 1.34±0.12 (3 h postoperative) 
(P<0.05), the changes after 3 h were not signifi-
cant (Table 4; Figure 5).

For asphyxia group, the VTQ results were signifi-
cantly increased after operation (P<0.05), from 
0.83±0.20 (preoperative) to 1.61±0.08 (3 h 
postoperative) (P<0.05), and the value kept 
raising 12 h to 48 h, in 72 h, the value dropped 
slightly, but compared with ischemia group and 
control group, the postoperative VTQ value in 
each time point was all significantly higher 
(P<0.05) (Table 4; Figure 5).

Pathological changes of brain tissue for new-
born rats

HE staining results: For control group, hierarchi-
cal structure of the brain tissue was clear; the 
boundaries of cortex and medulla were distinct; 
neuronal cell nucleuses were visible with clear 

Figure 6. HE staining results: A. For control group, neuronal cell nucleuses was visible with clear nucleoli, abundant 
cytoplasm and Nissl’s Body. B. For ischemia group, cell nucleuses were visible with occasional karyopyknosis. The 
perivascular cellswere shown with edema. C. For asphyxia group, the number of nerve cells was reduce, accumula-
tion of a large number of red blood cells were visible in small blood vessels.

Table 5. Theneuroethology results of three groups
Ischemia group Asphyxia group Control group X2

Open-field test 44.57▲ 18.07▲,★ 73.87 69.62
Suspension test 50.00▲ 19.55▲,★ 66.95 53.71
Slope test 37.93▲ 74.33▲,★ 24.23 61.12
Capture experiment 49.13 15.87 71.5 71.25
Note: ▲: compare with control group, P<0.05; ★: compare with asphyxia group, 
P<0.05.

operative) to 0.45±0.64 
(12 h postoperative), the 
changes after 12 h were 
not significant, but com-
pared with ischemia group, 
the postoperative RI value 
in each time point was all 
significantly lower (P<0.05) 
(Tables 1-3 and Figures 
2-4).
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nucleoli, abundant cytoplasm and Nissl’s Body 
(Figure 6A). For ischemia group, hierarchical 
structure of the brain tissue was still clear; the 
boundaries of cortex and medulla could be 
identified; neuronal cell nucleuses were visible 
with occasional karyopyknosis. The perivascu-
lar cells were shown with edema (Figure 6B). 
For asphyxia group, hierarchical structure of 
the brain tissue was less distinct; the boundar-
ies of cortex and medulla were unclear; neuro-
nal cell nucleuses were visible with occasional 
karyopyknosis, unclear nucleuses and less 
Nissl’s Body; clear nucleoli, abundant cyto-
plasm and Nissl’s Body; accumulation of a 
large number of red blood cells were visible in 
small blood vessels (Figure 6C).

Neuroethology results

The neuroethology results of three groups are 
detailed in Table 5.

Compared with control group, the neuroetholo-
gy results were significantly lower in the isch-
emia group and asphyxia group (P<0.05), which 
suggesting that HIBD rats would occur neu-
robehavioral abnormalities, mainly in random 
movement limitation and poor emotional 
behavior. The neuroethology results of isch-
emia group were significantly higher than those 
of asphyxia group (P<0.05), which prompting 
that ischemia in combination with asphyxia 
would have a greater impact in HIBD rats’ neu-
robehavioral findings.

Discussion

Neonatal asphyxia is common in critically ill 
newborn patients, and it is an important patho-
genic factor of HIBD. HIBD is an important 
cause of neonatal death and legacy of neuro-
logical sequela, such as cerebral palsy, epilep-
sy, mental retardation, visual and hearing 
impairments, it will seriously affect the quality 
of the ill children’s life [23-25]. Therefore, early 
diagnosis, active prevention and appropriate 
treatment in the neonatal period are the key to 
reducing the incidence of children with disabili-
ties. The basic research of HIBD will allow us a 
clearer understanding of the pathogenesis of 
the disease, and will provide a theoretical basis 
for early clinical diagnosis.

Animal Model is an important research tool to 
understand the pathogenesis of HIBD andto 
assess the efficacy of treatment. In 1994, 
Yager et al [26] made statistics in more than 

200 kinds of HIBD animal model experiments, 
and they found that the proportion of neonatal 
rats was about 29%. In which, embryonic or 
immature rats were the most widely studied, 
because these two newborn rats are similar to 
human in neuroanatomy and physiology. 
Therefore, domestic and foreign medical work-
ers preferred to use newborn rats as HIBD 
experimental animals. Seven days newborn 
rats are equivalent to 32 to 36 weeks prema-
ture, their hemodynamics, protein metabolism, 
energy metabolism, neurotransmitter and 
immune inflammatory changes can be well 
characterized [12, 27]. Therefore, the research-
ers mostly use 7 d newborn rats as HIBD ani-
mal model. 

However, in the production process of HIBD ani-
mal model, we still encountered with some dif-
ficulties. Experimental results showed that in 
ischemia group, there were 4 deaths in the 
modeling process, the mortality rate was 
13.33% (4/30), modeling success rate was 
86.67% (26/30); in asphyxia group, were 6 
deaths in the modeling process, the mortality 
rate was 20.00% (6/30), modeling success 
rate was 80.00% (24/30). So in order to ensure 
the success rate of the experimental model 
making, we should pay attention to several 
issues. In the modeling process, we should pay 
attention to the standardization of the opera-
tion; the action should be gentle in the separa-
tion of the common carotid artery to avoid liga-
tion of the nerves, especially the recurrent 
laryngeal nerve, which may affect the survival 
of the animals. And we also found that special 
attention should be paid in environmental tem-
perature of the hypoxic cabin, if the tempera-
ture is too low, brain damages may become 
mild, if the temperature is too high, the mortal-
ity of the animal models may increase. 
Therefore, in the process of carotid artery liga-
tion and hypoxia, the environmental tempera-
ture should be kept at 36 to 37°C, which is an 
important factor in the success of HIBD model 
making [28]. In addition, since the neonatal 
rats are light in weight, small in size, and poor in 
tolerance, so in order to reduce mortality, the 
rats should have a 1 h recovery after the liga-
tion operation.

In this study, HE staining results showed that 
for ischemia group, hierarchical structure of the 
brain tissue was still clear; the boundaries of 
cortex and medulla could be identified; neuro-
nal cell nucleuses were visible with occasional 
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karyopyknosis. The perivascular cells were 
shown with edema. Because we only ligated 
unilateral carotid artery, on histology, nerve 
cells were only mildly damaged. And the peri-
vascular cells were only shown with edema. The 
reason is the particularity of the vascular struc-
ture of newborn rats. Cerebral blood supply of 
rats is similar to humans [12], internal carotid 
and vertebral arteries form willis ring on the 
bottom of the brain, which can communicate 
and compensate on both side, carotid artery 
ligation on one side alone cannot cause severe 
brain damages [29]. Previous animal studies 
also confirmed that if the newborn pig only 
underwent unilateral carotid artery ligation, 
without hypoxia process, there were no chang-
es in MRI signals and values [30, 31]. Therefore, 
the ischemia group in this study was equivalent 
to mild HIBD patients with no obvious clinical 
symptoms. It also indicated that HIBD is the 
result of the joint action of both ischemia and 
hypoxia. And for asphyxia group, we not only 
ligated the unilateral carotid artery, and also 
put the rats in the hypoxia cabin, so that the 
damages were more severe. In HE staining of 
asphyxia group, hierarchical structure of the 
brain tissue was less distinct; the boundaries 
of cortex and medulla were unclear; neuronal 
cell nucleuses were visible with occasional 
karyopyknosis, unclear nucleuses and less 
Nissl’s Body; clear nucleoli, abundant cyto-
plasm and Nissl’s Body; accumulation of a 
large number of red blood cells were visible in 
small blood vessels. 

The combination of newborn rat models and 
ultrasound examination may provide basic 
research data of neonatal HIBD brain damage. 
Applying 2DUS in HIBD judgment mainly rely on 
the echo strength of brain tissue, the echo 
strength judgment is based on the reference of 
the echo of choroid plexus, and each doctor will 
have different determination on the echo 
changes of localized or diffuse brain echogenic. 
HIBD diagnosis by 2DUS has greater subjectiv-
ity; the credibility in clinical applications is not 
very high. So a more intuitive outcome mea-
surement should be established.

Lacking of oxygen will lead to the reduction of 
cerebral blood flow and necrosis in part of the 
brain tissue. Newborns, especially prematures, 
the autoregulation of cerebral blood flow was 
inadequate or absent, and was susceptible to a 
variety of factors. When autoregulation was 
absent, the fluctuation of blood pressure would 

form passive-dependent blood pressure, and 
the cerebral hemodynamics changes are close-
ly related to the occurrence and severity of 
HIBD [32]. Therefore, the dynamic monitoring 
of cerebral blood flow changes in neonatal 
HIBD patients will provide information in early 
diagnosis and appropriate treatment. In this 
study, we found that for ischemia group, the Vs, 
Vd and RI of right MCA were significantly 
decreased after operation (P<0.05). For 
asphyxia group, the Vs and RI of right MCA  
were significantly decreased after operation 
(P<0.05), while the Vd of right MCA was signifi-
cantly increased after operation (P<0.05), 
which lead to the postoperative RI value in 
each time point was all significantly lower than 
that in ischemia group (P<0.05). The results 
are consistent with the pathological findings. 
Color Doppler ultrasound can monitor cerebral 
hemodynamics changes with specific values, 
may give early detection of varying degrees of 
brain damage. It is a useful and repeatable tool 
in dynamic monitoring of cerebral blood flow for 
HIBD patients. 

The latest means of elastography can explore 
the tissue hardness sensitively, and can pro-
vide information about the illness extent of the 
tissue from the other hand. In this study, the 
velocity values can be sensitively detected 
under ARFI mode. Ultrasound elastography 
concept was firstly proposed by the Ophi et al in 
1991 [33]. In recent years, ultrasound elastog-
raphy technology has been rapid developed. 
This technology can make up the defects of 
semi-quantitative assessment by conventional 
elastography, and it has advances in tissue 
hardness evaluation [15]. In this study, we 
found that there was no significant difference 
in the VTQ results in control group preoperative 
and postoperative (P>0.05). For ischemia 
group and asphyxia group, the VTQ results 
increased significantly postoperative (P<0.05), 
and compared with ischemia group and control 
group, the postoperative VTQ value in each 
time point was all significantly higher in asphyx-
ia group (P<0.05). This shows that with the 
aggravation of hypoxic-ischemic, the damages 
of brain tissue increased gradually, and this 
would decrease its elasticity. And this is consis-
tent with the pathological findings.

It was reported that neurodevelopment of 30 
days newborn rats were similar as 2-3 years 
human beings, it is equivalent to typical clinical 
symptom stage of cerebral palsy [34]. So to 
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choose the 30 days newborn rats has clinically 
significant in neuroethology detection. In this 
study, we found that the neuroethology results 
were significantly lower in the ischemia group 
and asphyxia group (P<0.05), and suggesting 
that the neurobehavioral abnormalities of HIBD 
rats mainly occured in random movement limi-
tation and poor emotional behavior. The neu-
roethology results of ischemia group were sig-
nificantly higher than those of asphyxia group 
(P<0.05), which prompting that ischemia in 
combination with asphyxia would have a great-
er impact in HIBD rats’ neurobehavioral find-
ings. And the results are consistent with the 
pathological findings.

Conclusion

In this study, we find that there is a consistent 
correlation among histopathological changes, 
hemodynamic changes, VTQ values and neu-
roethology results in HIBD animal models. As 
noninvasive quantitative ultrasound elastogra-
phy methods, Color Doppler ultrasound and 
VTQ can assess the extent of HIBD damages in 
newborn rats with specific values. This study 
provides basic research and theory to early 
diagnosis and early treatment of neonatal 
hypoxic-ischemic brain damage.
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