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Abstract. The present study aimed to investigate the use of 
computerized tomography (CT) perfusion for evaluating cere-
bral hemodynamics following traumatic brain injury (TBI) in 
rabbits. The animals were randomly assigned into four groups 
(n=10 animals/group): i) Control, ii) TBI, iii) TBI + common 
decompression and iv) TBI + controlled decompression groups. 
A TBI model was established in rabbits using epidural balloon 
inflation. In the groups receiving intervention, animals were 
provided common decompression or controlled decompression 
treatments. Conventional CT and CT perfusion scanning were 
performed, with cerebral hemodynamic indices, including 
regional cerebral blood flow (rCBF), regional cerebral blood 
volume (rCBV) and mean transit time (MTT) being measured. 
Blood‑brain barrier (BBB) permeability was evaluated using 
Evans blue staining. Compared with those in the control group, 
rCBF and rCBV values of the bilateral temporal lobes and basal 
ganglion in the TBI, TBI + common decompression and TBI 
+ controlled decompression groups were significantly lower, 
whereas the MTT values were markedly prolonged and Evans 
blue dye content was greatly increased (P<0.01). Controlled 
decompression was demonstrated to be more potent than 
common decompression for preventing TBI‑induced decline 
in rCBF and rCBV values in the bilateral temporal lobes and 
basal ganglion, as well as reversing TBI‑induced extension of 
MTT in the bilateral temporal lobes (P<0.01 vs. TBI group). 
However, neither common nor controlled decompression could 
reduce TBI‑induced increase in BBB permeability. In conclu-
sion, these findings indicate that CT perfusion may be used 

to monitor cerebral hemodynamics following TBI in rabbits. 
Controlled decompression was deduced to be more potent 
than common decompression for preventing abnormalities in 
cerebral hemodynamics after TBI.

Introduction

Severe traumatic brain injury (TBI) is a leading cause of 
death and disability, which puts a heavy strain on the global 
economy (1). It is reported that ~5.48 million cases of TBI 
occur annually worldwide, most of which are associated with 
road traffic injuries (1). TBI is classified into mild [Glasgow 
Coma Scale (GCS score), 13‑15], moderate (GCS score, 9‑12) 
and severe (GCS score, ≤8) TBI based on disease severity (2,3). 
The survival and therapeutic outcomes for severe TBI are 
extremely poor. According to statistical data of the Chinese 
population, in 7,145 cases of acute head trauma, the mortality 
rate for severe TBI stood at 21.8% (4). In addition, several 
factors have been reported to correlate with the outcome of 
severe TBI, including intracranial pressure (ICP) (4‑6), brain 
hypoxia (5), cerebral perfusion pressure (5) and quantitative 
cerebral blood flow within 12 h following injury (7).

The diagnosis, treatment and prognosis prediction of TBI 
is performed using a number of non‑invasive neuroimaging 
methods, including conventional non‑contrast computerized 
tomography (CT), CT perfusion, positron emission tomography 
and perfusion magnetic resonance imaging (8,9). However, 
the accuracy and precision of conventional CT is not satisfac-
tory (10). In relation to cerebral injuries and hemodynamic 
changes before and after treatment, CT perfusion provides 
increased sensitivity and more valuable information compared 
with conventional non‑contrast CT (11). Additionally, more 
specific information regarding circulatory disturbances, 
including regional cerebral blood flow (rCBF), regional 
cerebral blood volume (rCBV) and mean transit time (MTT), 
can also be obtained using CT perfusion (12). However, data 
regarding cerebral hemodynamics following severe TBI have 
yet to be characterized using perfusion CT.

Accumulating evidence indicates that early cranial 
decompression is a potential strategy for improving survival 
and preventing disability in patients afflicted with severe 
TBI (13‑16). Cranial decompression supports the reduction 
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of ICP and is generally associated with favorable clinical 
outcomes in patients with TB; however, the precise role of 
cranial decompression in the treatment of TBI remains unclear, 
as it also has been reported that decompression may result 
in unfavorable outcomes and disabilities  (17). In addition, 
the effects of decompression on the cerebral hemodynamic 
changes after TBI have yet to be fully described.

In the present study, cerebral hemodynamics in a rabbit 
model of severe TBI induction was examined using CT 
perfusion. In particular, the therapeutic outcomes following 
treatment with either common or controlled decompres-
sion according to cerebral hemodynamic changes were also 
investigated using this technique. The findings presented in 
this study may provide valuable insights into the use of CT 
perfusion to understand and interpret intervention outcomes 
for severe TBI.

Materials and methods

Reagents. Ketamine was obtained from Jiangsu Hengrui 
Medicine Co., Ltd. Droperidol was purchased from Shanghai 
Xudong Haipu Pharmaceutical Co., Ltd. Iopromide 370 was 
purchased from Bayer AG. Evans blue dye was purchased 
from Sigma‑Aldrich (Merck KGaA).

Animals and experimental assignment. A total of 20 male and 
20 female adult healthy New Zealand white rabbits (weight, 
2.5‑3.0 kg; age, 7 months) were obtained from the Laboratory 
Animal Center, Jiangsu Institute of Parasitic Diseases [Wuxi, 
China; license no. for use of experimental animals: SXYK (Su) 
2015‑0023]. Animals were housed in a temperature‑ (~25˚C) 
and humidity‑ (50‑60%) controlled room maintained on a 
10:14‑h light‑dark cycle with free access to food and water. 
Animals were randomly assigned into four groups (n=10 
rabbits/group): i) Control, ii) TBI, iii) TBI + common decom-
pression or iv) TBI + controlled decompression. The present 
animal study was approved by the Animal Ethics Committee 
of Wuxi Clinical College, Anhui Medical University (Wuxi, 
China).

Establishment of TBI model in rabbits and interventions. To 
generate the TBI model in rabbits, compression was induced 
in animals by epidural balloon catheter inflation according to a 
previously performed protocol (18). Briefly, animals were given 
25 mg/kg ketamine by intraperitoneal injection and 1.0 mg/kg 
droperidol by intramuscular injection (19). Following anes-
thesia, rabbits were placed on an operating table in the prone 
position with their heads fixed. A midline incision was made 
in the parietal bone to expose the skull, and an aperture 5 mm 
in diameter was made between the left interparietal bone and 
the midline of the parietal bone using a bone drill (Guangzhou 
Senxuan Medical Instrument Co., Ltd.). The dura mater was 
then stripped off from the inner skull plate, and a balloon cath-
eter (Haiyan Kangyuan Medical Instrument Co., Ltd.), which 
is in turn connected to a TCI‑II micro‑infusion pump (Guangxi 
VERYARK Technology Co., Ltd.), was placed into the epidural 
space. A needle was then inserted into the aperture of the dura 
mater, and a Codman intracranial pressure sensor (Johnson & 
Johnson) was placed into the brain tissue at a depth of ~1 cm. 
For TBI, approximately 0.5‑1 ml of normal saline was infused 

into the balloon catheter through the micro‑infusion pump at 
a rate of 10 ml/h until the ICP value reached 25 mmHg; this 
infusion was sustained for 15 min.

For the TBI + common/controlled decompression groups, 
the infusion of normal saline was performed as described in 
the TBI group. In the TBI + common decompression group, 
normal saline was immediately pumped out from the balloon 
catheter, before animals were monitored for another 15 min. 
In the TBI + controlled decompression group, normal saline 
was slowly pumped out from the balloon catheter, stopping for 
5 min when the ICP value had declined to 20 15 and 10 mmHg 
before the saline was pumped out completely. In the control 
group, the animals were not infused with normal saline.

At the end of all treatment procedures, all rabbits were 
examined using conventional CT scanning and CT perfusion 
scanning.

Conventional CT and CT perfusion scanning. CT scanning 
was performed using a 320‑row spiral CT scanner (Aquilion 
One; Toshiba Corp.). For conventional CT scanning, rabbits 
under anesthesia were placed in the prone position with their 
heads fixed. The coronal CT images were acquired at 5 mm 
slice thickness. The parameters for CT scanning were as 
follows: Tube voltage, 80 kV; current, 100 mA; matrix, 512x512 
and field of view, 10x10 cm. After conventional CT scanning, 
CT perfusion scanning was performed at the basal ganglia. 
The non‑ionic contrast media Iopromide 370 (370 mgI/ml; 
1.5 ml/kg) was injected through a binocular high‑pressure 
injector into the ear vein at a rate of 1.0 ml/sec. Normal saline 
was injected at the same rate. After 5 sec, dynamic CT images 
were acquired at 0.5‑mm slice thickness. The parameters 
for CT perfusion scanning were as follows: Voltage, 80 kV; 
current, 120 mA; matrix, 512x512; and field of view, 10x10 cm. 
A total of 2,720 raw images were acquired within 35 sec.

Image processing. Following data acquisition, images were 
uploaded onto a GE ADW4.6 Workstation (GE Healthcare) 
and processed using Stroke mode in the CTP‑4D software 
(version 11.3) of the Workstation. The cerebral middle cerebral 
artery and the superior sagittal sinus were automatically set 
as the input artery and output vein, respectively. A parametric 
diagram reflecting blood perfusion in cerebral tissues was 
constructed. The diagram was evaluated by a senior neurora-
diologist, who elected each region of interest (ROI) ~2 mm2 
in size at the bilateral temporal lobes and basal ganglion and 
measured the rCBF, rCBV and MTT. Areas were selected to 
avoid vessels and damaged brain tissues. The values for each 
parameter within the ROIs were recorded, from which the 
average values were calculated.

Determination of BBB permeability. Animals were injected 
with 2 g/l Evans blue dye (2 ml/kg) through the ear vein 1 h 
prior to sacrifice. Animals were perfused with 200‑300 ml 
normal saline to remove Evans blue dye from the blood 
vessels. Brain tissues from the bilateral temporal lobes were 
carefully removed from the animals following sacrifice. A 
total of 3 ml formamide was added to 0.5 g of the brain tissue 
homogenate to dissolve the Evans blue dye. After incubation 
in a 37˚C water bath for 48 h, the samples were centrifuged at 
755 x g for 5 min. The supernatant was then collected before 
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absorbance measurement at 632 nm was performed using a 
UV spectrophotometer (Hitachi, Ltd.). Evans blue content was 
calculated according to the standard curve.

Statistical analysis. Data were analyzed using IBM SPSS 
statistics version 23 (IBM Corp.). All experimental results 
are presented as the mean ± standard deviation. Data were 
compared using one‑way analysis of variance. In cases of 
variance non‑homogeneity [in the rCBF, rCBV and the 
MTT data in the basal ganglion (P<0.05)], Welch's t‑test 
was applied. Comparisons between groups were made using 
the Games‑Howell post‑hoc test. Variance homogeneity was 
detected in the MTT data of bilateral temporal lobes (P=0.245) 
and Evans blue content data (P=0.074) P<0.05 was considered 
to indicate a statistically significant difference.

Results

Conventional CT imaging. A clear cerebral sulcus and cerebral 
gyrus could be observed in the control group (Fig. 1, Control); 
the CT value in the frontal lobe of the white matter was calcu-
lated to be 29‑30 HU. Following compression, the cerebral 
sulcus was absent from the CT images, and the cerebral gyrus 
was unclear (Fig. 1, TBI); the CT value was observed to be 
25‑27 HU in the TBI group. After decompression, the cere-
bral sulci of the bilateral hemispheres were absent from the 
CT scanning images; the CT values were reduced further to 
18‑20 HU and 20‑22 HU in the TBI + common decompres-
sion and TBI + controlled decompression groups, respectively 
(Fig. 1, TBI + common decompression and TBI + controlled 
decompression).

CT perfusion imaging. The regions of interest selected for 
the measurement of rCBF in the temporal lobe and the basal 
ganglia in the control group is shown in Fig. 2. Compared 
with those in the control group, the local cerebral rCBF and 
rCBV values were demonstratively decreased in the TBI, 
TBI + common decompression and TBI + controlled decom-
pression groups (Fig. 3), suggesting reduced blood flow to 
the rabbit brain tissues. In addition, prolonged MTTs were 
observed in the TBI, TBI + common decompression, and 
TBI + controlled decompression groups, with the most notable 
MTT extension detected in the common decompression group 
(Fig. 3). The time‑CT value curves for the bilateral temporal 
lobes and the basal ganglion were also presented in Fig. 3.

Comparison of CT perfusion parameters between the four 
groups. The CT perfusion parameters between the four experi-
mental groups were compared in Table I. The rCBF and rCBV 
values of the bilateral temporal lobes and basal ganglion in 
the TBI, TBI + common decompression and TBI + controlled 
decompression groups were significantly lower compared 
with the control group (P<0.01). Comparison between the 
TBI, TBI + common decompression and TBI + controlled 
decompression groups also revealed significant differences 
in the rCBF and rCBV values of the bilateral temporal lobes 
and basal ganglion (P<0.01). Notably, controlled decompres-
sion slightly alleviated TBI‑induced reductions of rCBF and 
rCBV values in the bilateral temporal lobes and basal ganglion 
compared with TBI group (P<0.01). Common decompression 

only rescued the TBI‑induced decrease in rCBV in the basal 
ganglion compared with TBI group (P<0.01) and worsened 
the other parameter index values (rCBF of bilateral temporal 
lobes and basal ganglion; rCBV of bilateral temporal 
lobes). Compared with the control group, the MTT values 
of the bilateral temporal lobes and basal ganglion in the 
TBI, TBI + common decompression, and TBI + controlled 
decompression groups were significantly increased (P<0.01). 
Significant differences were also observed between the TBI 
and TBI + intervention groups (P<0.01). In particular, the 
TBI‑induced extension of MTT in the bilateral temporal lobes 
appeared to be partially reversed by controlled decompression 
(P<0.01), but common decompression further prolonged the 
MTT values in the bilateral temporal lobes and basal ganglion 
compared with the TBI group (P<0.01).

Comparison of BBB permeability between the four groups. 
The Evans blue dye content in the control group was signifi-
cantly lower compared with the other experimental groups 
(Table I), representing intact BBB in the control rabbit brain. 
Significantly increased BBB permeability was detected in the 
TBI, TBI + common decompression and TBI + controlled 
decompression groups compared with control (P<0.01; 
Table  I). However, neither common decompression nor 
controlled decompression could reduce the increase in BBB 
permeability induced by TBI.

Discussion

The use of CT perfusion for the diagnosis and evaluation of 
treatment outcomes has not been widely applied. In the present 
study, a TBI model was developed in rabbits through epidural 
balloon catheter inflation. The efficacy of common decom-
pression or controlled decompression for alleviating changes 
in cerebral hemodynamics induced by TBI in model animals 
was determined using CT perfusion. Findings in the present 
study demonstrated that controlled decompression contributed 
to improved cerebral hemodynamics compared with common 
decompression for TBI treatment in rabbits.

High ICP levels increase the risk of death, as a previous 
study reported that the mortality rate for patients with acute 
TBI and an ICP 20‑40 mmHg is higher than that for patients 
with an ICP <20 mmHg (21.4 vs. 6.3%) (4). In Sprague‑Dawley 
rats, an ICP of 30 mmHg is known as the lower threshold for 
cerebrovascular autoregulation (20). In a rabbit model of acute 
intracranial hypertension, impaired cerebral microcirculation 
occurs with an ICP ≥28.5  mmHg  (21). In addition, 

Figure 1. Representative coronal conventional CT images from rabbits in the 
four experimental groups. Blue arrows indicate the location of ICP moni-
toring probes; red arrows indicate the location of epidural balloon catheters. 
Scale bars, 1 cm. CT, computerized tomography; TBI, traumatic brain injury.
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Donnelly  et  al  (22) reported that cortical perfusion and 
vascular reactivity are significantly decreased with a 10 mmHg 

increase in ICP. The baseline ICP value for healthy rabbits lie 
in the 5‑9 mmHg range. As a consequence of these findings, 

Figure 3. Representative coronal CT perfusion images from rabbits in the four experimental groups. The rCBF, rCBV, MTT and time‑CT value curves 
for the bilateral temporal lobes as well as the basal ganglion are shown. Green and red curves represent time‑CT values obtained from the left and right 
cerebral hemispheres, respectively. CT, computerized tomography; ICP, intracranial pressure; MTT, mean transit time; rCBF, regional cerebral blood flow; 
rCBV, regional cerebral blood volume; TBI, traumatic brain injury.

Figure 2. Measurements of rCBF in the temporal lobe and basal ganglia from the control group. (A) Temporal lobe; (B) basal ganglia. Red=good blood flow; 
blue=poor blood flow. rCBF, regional cerebral blood flow.
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the ICP value of 25 mmHg was elected for the present study. 
Indeed, ICP did reach 25 mmHg in the TBI group, which led 
to increased BBB permeability in addition to abnormalities in 
the cerebral hemodynamic parameters, indicating successful 
TBI establishment in the rabbits.

Compared with conventional non‑contrast CT, CT perfusion 
directly reflects the dynamic changes in circulation, providing 
values for important hemodynamic parameters including 
rCBF, rCBV and MTT in the process (23‑25). Following TBI 
induction, the decline in rCBF may trigger cerebrovascular 
autoregulation, which increases rCBV and maintains blood 
flow by cerebral vasodilation (26). However, in the present 
study, a significant decline in CBV was detected in early TBI, 
implying dysfunction of cerebrovascular autoregulation in 
rabbits following TBI.

Decompressive craniectomy is commonly applied for 
the management of acute TBI in the clinic (27,28). However, 
the efficacy of cranial decompression in improving outcome 
and reducing disability after TBI therapy is controversial. 
Although most of the existing evidence indicates that cranial 
decompression is generally favorable in terms of TBI patient 
survival (13‑16). one previous study demonstrated that such 
treatment may lead to an unfavorable outcome due to complica-
tions caused by intraoperative brain extrusion (17). Controlled 
decompression differs from common decompression in terms of 
the procedure and strategy applied for the intraoperative release 
of ICP. It has been reported that controlled decompression 
carries advantages in reducing the incidence of ischemic reper-
fusion injuries and acute postoperative cerebral infarction (29). 
In the present study, the changes in cerebral hemodynamics 
between common decompression (rapid release of ICP) and 
controlled decompression (step‑by‑step gradual release of 
ICP) in TBI animals were compared. It was found that neither 
common nor controlled decompression could reverse the 
reduced blood flow in cerebral tissues or the increase in BBB 
permeability following TBI induction. This phenomenon might 
be attributed to dysfunction in the automatic cerebrovascular 
adjustment system. Under normal conditions, decreases in 
CBF triggers the vasodilatation of cerebral vessels to increase 
CBV to maintain adequate blood flow in brain tissues (30). In 
the present study, a decline in CBV after TBI was observed, 
which suggested a dysfunctional cerebrovascular adjustment 
system in early TBI. By contrast, damages to the BBB may also 
result in defective cerebrovascular adjusting and neurovascular 
coupling (31). Compared with common decompression, the use 
of controlled decompression was more effective for reversing 
low perfusion and extending MTT, but not to baseline levels. 
As the MTT value is affected by CBF, both common and 
controlled decompression induced reductions in CBF, which 
may lead to the extension of MTT. It is possible that controlled 
decompression may prevent circulatory abnormalities by 
improving cerebrovascular autoregulation in rabbits following 
TBI injury. In addition, data from the present study revealed 
that the rCBF value was further reduced in the bilateral 
temporal lobes after common decompression in the TBI‑model 
animals. However, the change in rCBV in the bilateral temporal 
lobe and the basal ganglion varied between the TBI and 
TBI + common decompression groups. The basal ganglion is 
localized deep in the brain and has an abundant blood supply. 
In this study, intracranial hypertension was induced in rabbits 
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by epidural compression, which exhibited more notable effects 
on the hemodynamic changes in the frontal and temporal lobes, 
while the influence on basal ganglion hemodynamics might lag 
behind or be relatively small. ������������������������������Although the underlying mecha-
nisms remain unclear, this phenomenon may explain why 
decompressive craniectomy reduced ICP but did not improve 
the poor overall prognosis in patients with severe TBI (27,28). A 
previous preliminary study compared the therapeutic outcomes 
of common decompression and controlled decompression in 
128 patients afflicted with severe head injury (29). According 
to those findings, controlled decompression is more potent 
than common decompression for preventing the incidence of 
intraoperative acute brain swelling. Nevertheless, the applica-
tion of controlled decompression in animal studies and patients 
is a relatively novel concept, and the efficacy of this therapeutic 
strategy requires further exploration 

This study does carry some limitations. Firstly, a local TBI 
injury model was used here, and therefore the possibility that 
the cerebral hemodynamics may vary in other TBI models 
could not be ruled out. Secondly, the indices of cerebral 
hemodynamics were measured 30 min after injury, and the 
changes in these indices had not yet been evaluated for a more 
prolonged time period. Thirdly, in this study, TBI was induced 
by increasing the ICP to over 25 mmHg, and the changes in 
cerebral hemodynamics under different ICP values have not 
been determined. Lastly, future studies are still required for 
exploring the mechanism by which controlled decompression 
alleviates the circulatory abnormalities induced by TBI injury.

In conclusion, the present study demonstrated that CT 
perfusion could be used to analyze local changes in cerebral 
hemodynamics after TBI induction in rabbits. TBI induced 
significant reductions in rCBF and rCBV, prolonged MTT 
and greatly increased BBB permeability in rabbits. Controlled 
decompression was more effective compared with common 
decompression at preventing these abnormalities in cerebral 
hemodynamics following TBI injury induction. These find-
ings provide valuable insights for understanding the use of 
CT perfusion to evaluate therapeutic outcomes and cerebral 
hemodynamics in patients with TBI.
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