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Abstract 

Purpose: To investigate the effect of intravascular cooling on renal function after resuscita-
tion. 
Methods: Twenty four pigs were randomized into three groups (n=8 in each group): thera-
peutic hypothermia group (TH group), normothermia group (NH group) and sham operation 
group (SHAM group). After 6 minutes of untreated VF, CPR was performed. Upon ROSC, 
the TH group received the intravascular cooling. The NH and SHAM group did not undergo 
therapeutic hypothermia. Haemodynamic parameters were recorded. The bloods were ana-
lyzed for serum creatinine (sCr), CysC and NGAL. The kidney was surgically removed observe 
pathologic changes under a light microscope. 
Results: The sCr increased in both TH and NH groups after ROSC, compared to baseline. 
Between two groups, the sCr and creatinine clearance (Cc) showed lower level in the TH 
group. The urine volume per hour in the TH group were higher during cooling. After resus-
citation, NGAL and CysC in the NH group were higher than in the TH group. Under the light 
microscope, compared with the TH group, the renal injury was prominent in the NH group.  
Conclusion: Mild hypothermia had a protection to renal ischemia reperfusion injury after 
resuscitation.
Key words: Hypothermia. Ischemia. Reperfusion. Kidney. Cardiopulmonary Resuscitation. 
Swine.
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the Guiding Principles for the Care and Use 
of Animals expressed in the Declaration of 
Helsinki11.
 Twenty-four male Beijing Landrace 
pigs were used for this experiment. The pigs 
were 12±2 months of age, weighed 31±2.4 kg 
and were provided by a registered laboratory 
animal center in Beijing, China. The animals 
were preoperatively fasted overnight with free 
access to water before surgery.

Anesthesia and perioperative management

 Twenty four pigs were randomized into 
three groups (n=8): therapeutic hypothermia 
group (TH group), normothermia group (NH 
group) and sham
 operation group (SHAM group).The 
pigs were secured in the supine position on 
the operation table after receiving 2 mg/kg 
propofol anesthesia via an ear vein injection. 
An initial dose of 30 mg/kg/h pentobarbital 
sodium was administered, followed by 
continuous intravenous maintenance 
anesthesia using 8 mg/kg/h pentobarbital 
sodium. The pigs received a tracheotomy, 
tracheal intubation, and ventilation support 
(Drager-Evata IV; Dreger, Germany) with room 
air, a ventilation frequency of 12 to 20 breaths/
minute and a fraction of inspiration O2 (FiO2) 
of 0.21. The tidal volume and ventilation rate 
were adjusted to maintain normocapnia (end-
tidal carbon dioxide partial pressure (PCO2) of 
35 to 45 mmHg), which was monitored with an 
infrared capnometer (Model NPB-75, Nellcor 
Puritan Bennett Inc, Pleasanton, CA). 

Electrocardiography (ECG)

 All hemodynamic parameters were 
monitored with a patient monitoring system 
(M1165; Hewlett-Packard, Palo Alto, CA, USA). 
The arterial and central venous catheters were 
connected to an integrated bedside monitor 
(PiCCO; Pulsion Medical Systems, Munich, 

 ■ Introduction

 After resuscitated cardiac arrest, 
myocardial dysfunction and the systemic 
ischemia/reperfusion response can lead to post-
cardiac arrest syndrome (PCAS). The latter is 
characterized by the activation of immunologic 
and coagulation pathways and the release of 
inflammatory mediators, all of which lead 
to tissue hypoperfusion and multiple-organ 
dysfunction1. Acute kidney injury (AKI) is a 
feature of PCAS commonly observed in patients 
resuscitated from cardiac arrest2,3. Therapeutic 
hypothermia (TH) can reduce a patient’s core 
temperature in an attempt to protect an organ 
at risk of injury4-6. Some previous studies 
suggest a potential benefit of hypothermia 
for kidney injury, but both animal and clinical 
evidence is inconclusive7-9. Moreover, even 
though the RIFLE criteria (risk, injury, failure, 
loss, end stage) is extensively used in diagnosis 
and classification of AKI. However, as the 
systemic state changes under hypothermia, 
both serum creatinine (sCr) and urine output 
have a lack of sensitivity and/or specificity. 
AKI biomarkers may be a better choice, 
because they can facilitate early diagnosis, 
provide valuable insight into risk stratification 
for the vulnerable patients, and also could 
be used to guide clinical intervention10. In 
the present study, we therefore attempted 
to utilize neutrophil gelatinase-associated 
lipocalin (NGAL) and cystatin C (CysC) as novel 
biomarkers of acute kidney injury to evaluate 
the effect of intravascular cooling on renal 
function after resuscitation.

 ■ Methods

 The study experimental protocol was 
approved by the Committee on the Ethics 
of Animal Experiments of Capital Medical 
University (Permit Number: 2010-D-013). The 
animal experiments were in compliance with 
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Germany) for continuous hemodynamic 
monitoring including cardiac output (CO) and 
mean arterial blood pressure (MAP). A catheter 
was retrogradely inserted into the right internal 
jugular vein for venous blood collection. The 
cooling catheter was inserted for intravascular 
cooling via the right femoral vein, and a vesical 
catheter with a thermometric detector was 
intubated into the bladder after fistulation to 
measure the core body temperature. The other 
end of vesical catheter is connected with the 
urine collection bags to monitor urine output 
simultaneously. All operations were performed 
using aseptic surgical techniques. The room 
temperature was maintained at 25°C to 26°C.

Experimental protocol

 Sinus rhythm was measured by 
ECG after ensuring that the pigs were 
stable. In the TH and NH groups, a medical 
programmable stimulator (GY-600A, Kaifeng 
South China Instrument Co., HeNan, China) 
and oesophageal stethoscope output (S1/S2) 
(300/200 ms) were used to trigger VF with 
continuous electrical stimulation consisting of 
10-ms steps (8:1)12. The diagnostic criteria for 
VF included a rapid decrease in arterial blood 
pressure and ECG waveforms characteristic of 
VF. Once VF occurred, mechanical ventilation 
was discontinued. After 6 minutes of untreated 
VF, a compression-to-ventilation ratio of 30:2 
CPR with manual external chest compressions 
was performed. The quality of CPR, rates of 
compressions, and defibrillation shocks were 
maintained using a HeartStart MRx Monitor/
Defibrillator (M3535A; Philips Medical Systems, 
Best, Holland), which helped maintain chest 
compression rates at 100~120 beats per minute 
and the compression depth at 50~60 mm with 
complete release13. During CPR, 100% oxygen 
was delivered with the same baseline ventilator 
settings, and no epinephrine was administered. 
After 2 minutes of CPR, a single 150J biphasic 
electrical shock was attempted with a Smart 

Biphasic defibrillator (Philips Medical Systems, 
Andover, MA, USA). If VF persisted, then CPR 
was resumed for 2 minutes, and 200 J was used 
for the second and all subsequent defibrillation 
attempts. Resuscitation procedures were 
terminated if pigs had no ROSC after 15 
minutes of CPR. ROSC was defined as 10 
consecutive minutes of maintenance of systolic 
blood pressure at 50mmHg. If spontaneous 
circulation was not restored after 15 minutes 
of CPR, the pig was considered dead14. After 
ROSC, mechanical ventilation was resumed 
using the same settings as before induction of 
VF. The sham group only collected blood and 
urine samples without inducing VF. The samples 
and haemodynamic parameters were collected 
at 10 mins before VF induced as the baseline 
values. From 4 hours before VF induced, the 
urine was collected to calculateurine output 
in three groups. All groups received a infusion 
of intravenous normal saline (30ml/kg) at a 
constant speed from 4 hours before VF to ROSC 
24h.

Mild hypothermia procedure

 Upon ROSC, the TH group received 
the intravascular cooling (target temperature 
33°C/ maintained for 12 hours) and then were 
passively restored to 37°C (0.5°C/hour) using an 
intravascular cooling instrument (Thermogard 
XP; ZOLL Medical Corporation, Los Angeles, 
CA). It controls the temperature of the saline 
circulating through the catheter balloons via 
remote sensing of the animal’s temperature. 
The animal is cooled or warmed as venous 
blood passes over each balloon – exchanging 
heat without infusing saline into the animal. 
The NH and SHAM group did not undergo 
therapeutic hypothermia. During the induction 
and maintenance of mild hypothermia, the pigs 
received pancuronium bromide (0.1mg/kg, 
intravenously) to prevent shivering and muscle 
movement. Administration was repeated 
if needed. After the cooling procedure was 
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complete, intravascular catheters were 
removed, incisions were sutured, and the pigs 
were returned to their cages. 

Haemodynamic parameters 

 Haemodynamic parameters, including 
the heart rate (HR), MAP, and CO were 
measured at baseline and at 6, 12 and 24 hours 
after ROSC.

Blood samples
 Blood samples in the arterialand venous 
blood were collected at baseline and 6, 12 and 
24 hours after ROSC. The blood samples were 
used to measure serum creatinine (sCr), CysC 
and NGAL. Blood gases in arterial samples were 
analysed to determine lactate concentrations.

Urine samples
 The urine was collected separately in 4 
time intervals from 4 hours before VF induced, 
and urine volume per hour was calculated. 
The urine volume per hour at baseline was 
calculated from 4 hours before VF to VF. The 
4 time intervals were from 4 hours before VF 
induced to VF, upon ROSC to ROSC 6h, ROSC 
6h to 12h, and ROSC 12h to 24h. The urine 
samples were used to measure urine creatinine 
to calculate creatinine clearance (Cc, urine 
creatinine × urine volume/serum creatinine × 
time in minutes).

Renal tissue sampling

 The animals were euthanized with 
propofol (3 mg/kg, intravenously) followed 
by 10 mL of potassium chloride (10 mol/L, 
intravenously) 24 hours after ROSC. The kidney 
was surgically removed and preserved in 10% 
formaldehyde or 4% paraform aldehyde to 
observe pathologic changes under a light 
microscope. A grade of renal injury of semi-
quantitative evaluation was done in each 
animal (Table 1)15.The pathologic evaluations 
were performed by an independent pathologist 

who has more than 10 years of experience and 
was blinded to this study.

Table 1 - Pathologic change for a semi-
quantitative evaluation of kidney injury.
Grade Pathologic changes under light 

microscope
0 - Normal Renal histopathology
1 - Mild Mild interstitial edema, renal 

tubular necrosis, slight glomerular 
capillaries angiectasis, and 
inflammatory cells infiltration

2 - Moderate Pathologic changes of renal injury 
between mild and severe

3 - Severe Severe interstitial edema, 
renal tubular necrosis, severe 
glomerular capillaries angiectasis, 
mesangial proliferation, and severe 
inflammatory cells infiltration

Statistical analysis

 All analyses were conducted using 
SPSS 19.0 software (SPSS, Chicago, IL, USA). 
Data for continuous variables are expressed 
as the mean±s.d. Student’s t-test was used 
for comparisons between every two groups. 
Differences at different time points were 
assessed by repeated-measures analysis of 
variance and the Bonferroni correction for 
post hoc comparisons between multiple 
experimental groups. In addition, the 
continuous variables were fixed to normal 
distributions and equal variances were 
analyzed by using the Kolmogorov-Smirnov 
test and homogeneity of variance test. P<0.05 
was defined as statistically significant.

 ■ Results

Core temperature

 From ROSC 1h to 24h, the core 
temperature increased rapidly in the NH group 
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and fluctuated between 38.6°C and 40.2°C. The 
core temperature in the TH group deceased 
after ROSC, and was lower than that in the 
NH group (P<0.001), and reached the target 
temperature (33.0°C) at 192±15 min, and then 
rewarmed after 12h. There was no change 
in the core temperature in the SHAM group 
(Figure 1).

 

Figure 1 – The core temperature. ROSC: restoration 
of spontaneous circulation; TH: therapeutic 
hypothermia group, NH: normothermia group; 
SHAM group: sham operation group. TH vs. NH: 
**P<0.001.

Survival and neurological outcomes

 No significant differences were found 
for the number of shocks or duration of CPR 
before ROSC between TH and NH groups. Also, 
all pigs survived to ROSC 24h in these two 
groups (Table 2). 

Table 2 - Comparison of hemodynamic parameters 
and grade of renal injury between three groups.
Outcomes TH(n=8) NH 

(n=8)
t P 

Shocks 
before 
ROSC

1.88±0.64 1.75±0.71 .370 0.717

Duration of 
CPR
before 
ROSC (s)

274.9±77.2 267.3±81.5 .192 0.850

24h 
survival

8 8 NA NA

GRI 1.38±0.52 2.50±0.76 3.473 0.004
All indexes were compared by the independent-samples T 
test. The values are mean±s.d. or number (n). CPR: cardiopul-
monary resuscitation; ROSC: spontaneous circulation recov-
ery. GRI: grade of renal injury. TH: therapeutic hypothermia 
group, NH: normothermia group.

Hemodynamic parameters and the lactate 
level

 The HR in the TH group was lower 
than that in the NH group at ROSC 6h and 12h 
(P<0.001). Compared with the NH group, the 
CO in the TH group was also lower at ROSC 12h 
(P=0.022), but the value ultimately exceeded 
that in the NH group (P<0.001) at ROSC 24h. 
The lactate level in the TH group was lower than 
that in the NH group (P6h<0.001, P12h=0.001, 
P24h<0.001) after ROSC. Between the two other 
groups, the HR in the TH group were lower than 
those in the SHAM group at ROSC 6h and 12h 
(P6h=0.018, P12h<0.001); and CO were also lower 
from ROSC 1h to 12h (P<0.001). The lactate level 
was higher   after ROSC (P1h<0.001, P6h=0.018, 
P12h=0.005). No significant differences were 
found in the MAP among the three groups 
during the experimental protocol (Figure 2).
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Figure 2 - Hemodynamic parameters and lactate in blood gas in three groups. HR (A); MAP (B): CO(C); Lac in 
blood gas (D). ROSC: restoration of spontaneous circulation; HR: heart rate; MAP: mean aortic pressure; C.O.: 
cardiac output; Lac: lactate. TH: therapeutic hypothermia group, NH: normothermia group; SHAM group: 
sham operation group. TH vs. NH: *P<0.05, **P<0.001. TH vs. SHAM: †P<0.05, ‡P<0.001. 

Renal function and levels of NGAL and CysC

 At baseline, the levels of sCr, urine 
volume per hour and Cc were similar among all 
three groups. The sCr levels increased in TH and 
NH groups at ROSC 6h compared with baseline 
(PTH=0.002, PNH=0.001). Between the TH and 
NH groups, the sCr level was lower in the TH 
group (P6h=0.027, P12h<0.001,P24h=0.023). The 

urine volume per hour in the TH group was 
higher than that in the NH group during cooling 
(P6h<0.001, P12h<0.001). Also, the Cc in the TH 
group was obviously lower than that in the 
NH group after ROSC (P6h=0.001, P12h<0.001, 
P24h<0.001). Compared with the SHAM group, 
the sCr level and urine volume per hour in the 
TH group were significantly higher after ROSC, 
but the Cc was lower in this process (Figure 3).

 

Figure 3 - Renal function and the levels of NGAL and CysC. ROSC: restoration of spontaneous circulation; 
NGAL: neutrophil gelatinase-associated lipocalin; TH: therapeutic hypothermia group, NH: normothermia 
group; SHAM group: sham operation group. TH vs. NH: *P<0.05, **P<0.001. TH vs. SHAM: †P<0.05, ‡P<0.001. 
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 For the biomarkers of kidney injury, 
there was no significant difference among all 
three groups at baseline and ROSC 0. After ROSC, 
NGAL levels in the NH group were consistently 
higher than baseline (P<0.001). At ROSC 6h and 
12h, NGAL levels in the TH group were higher 
than baseline (P6h=0.001, P12h=0.016), but the 
levels were consistently lower than those in 
the NH group after resuscitation (P<0.001). At 
ROSC 6h, CysC levels in TH and NH groups were 

higher than baseline (PTH<0.001, PNH<0.001). 
Also, CysC levels in the NH group continued 
to decrease throughout experimentation 
after ROSC, but were always higher than 
those in the TH group at ROSC 24h (P<0.001). 
Compared with the SHAM group, NGAL levels 
in the TH group were higher at ROSC 6h and 
12h (P6h<0.001, P12h=0.015), but CysC showed a 
higher level only at ROSC 6h (P<0.001).

Renal histopathology (Figure 4A-C)

Figure 4 - The comparison of kidney from (A) TH group; (B) NH group; (C) SHAM group. Original 
magnification: ×200. Interstitial edema, renal tubular expansion, epithelial cell and glomerular atrophy, 
and inflammatory cells infiltration were observed in the NH group. Compared to NH group, the TH 
group showed lighter tissue damage. The sham group showed normal structure. TH: therapeutic 
hypothermia group, NH: normothermia group; SHAM group: sham operation group.

 Under light microscopy, the grade of 
renal injury was divided from 0 to 3 (Table 
2). Compared with the TH group, renal injury 
was prominent in the NH group (P=0.004). 
Interstitial edema, expansion of renal tubules, 
atrophy of epithelial cells and glomeruli, 
and infiltration of inflammatory cells were 
observed. The sham group showed a normal 
structure whose GRI was 0.25 ± 0.46 and lower 
than that in the TH group (P<0.001). 

 ■ Discussion

 The present study showed that mild 
hypothermia had a protective effect on renal 
function after resuscitation compared with 
standard treatment. There were conflicting 
results among the indices of renal function, 
but the biomarkers of acute kidney injury and 

pathologic examination supported this finding.
 Impaired renal function could be 
confirmed through elevation of sCr levels in 
TH and NH groups after ROSC. This potential 
impact of ischemia/reperfusion injury on 
kidneys has been repeatedly confirmed in the 
past2,16. In present study, compared with the NH 
group, mild hypothermia reduced the sCr level 
and increased urine output after ROSC, which 
may be considered to be signs of improving 
renal function. However, the reduced Cc under 
hypothermia suggested the opposite view. 
According to previous research, a possible 
explanation may be that the increase in 
renal vascular resistance during hypothermia 
reduced renal blood flow, and the spurious 
improvement in sCr level may be derived from 
a consecutive reduction in creatinine release 
from muscles7,17. In addition, considering the 



 

Effect of mild hypothermia on renal ischemia/reperfusion injury after cardiopulmonary  
resuscitation in a swine model 
Yuan W et al.

Acta Cir Bras. 2017;32(7):523-532

530

effects on hemodynamics by hypothermia, the 
decline in CO may reduce renal blood flow, but 
the lower lactate level in the TH group reflected 
the reduction of systemic oxygen consumption 
concurrently18,19. In fact, hypothermia usually 
causes changes in the systemic state, so 
neither of serum creatinine or urine output 
is sufficient to predict the true trend of renal 
function and assess the result of therapy under 
this condition7,15.
 Relative to the above confusing results, 
using biomarkers to assess hypothermia 
treatment appears to be more clarity and 
reliable. Both NGAL and CysC are sensitive for 
the prediction of moderate-to-severe kidney 
injury in the early stage after ROSC20-22.NGAL is 
expressed in epithelial cells in different organs, 
and is considered to be an inflammatory 
mediator whose expression is upregulated in 
tubular injury. In CA patients, NGAL measured 
in blood within 4h after ROSC is a predictor of 
AKI20. In present study, NGAL levels in the NH 
group were consistently higher than baseline 
after ROSC, and the TH group showed relatively 
lower levels and was close to the baseline value 
at ROSC 24h. These findings suggest that mild 
hypothermia may inhibit the inflammatory 
reaction during renal ischemia/reperfusion 
injury.
 The CysC level usually increased within 
ROSC 2 to 3 hours in serum23, and is determined 
only by the glomerular filtration rate. CysC 
production in the body is a stable process 
that is not influenced by the constitution of 
the body23, such as inflammation or diet. In 
our study, CysC levels in the TH group showed 
only a transient increase after ROSC, which 
was different from the sustained rise observed 
in the NH group. It suggested that mild 
hypothermia can attenuate the impairment to 
glomerular function by reperfusion. 
 On the other hand, NGAL and CysC can 
be regarded as promising biomarkers, whose 
trends were in accordance with pathologic 

findings. In our results, levels of NGAL and 
CysC were lower even after rewarming in the 
TH group, which showed a corresponding 
lower GRI in a semi-quantitative pathological 
analysis. Infiltration of fewer inflammatory 
cells was observed in the TH group under light 
microscopy. Taken together, the protective 
effects of mild hypothermia in renal ischemia/
reperfusion injury were distinct. Although 
the exact mechanisms remain still unclear, it 
may be the result of the synthetic regulate, 
concerned with improving balance between 
tissue oxygen supply and demand, enhancing 
systemic anti-inflammatory reaction 9 and 
lower levels of lactic acid24.
 The present study had three main 
limitations. First, our experiments were 
conducted on healthy animals, but the changes 
occurring in pathophysiologic conditions 
may be different. Second, there was a lack 
of monitoring of renal blood flow that may 
be helpful to discuss the influence of mild 
hypothermia on the kidneys. Finally, a more 
objective assessment of renal function may 
necessitate a much longer observation period. 

 ■ Conclusion

 The mild hypothermia can protection 
against renal ischemia/reperfusion injury after 
resuscitation.
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