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Abstract

Background—Rewarming from hypothermia during cardiopulmonary bypass (CPB) may 

compromise cerebral oxygen balance potentially resulting in cerebral ischemia. The purpose of 

this study was to evaluate whether CPB rewarming rate is associated with cerebral ischemia 

assessed by the release of the brain injury biomarker glial fibrillary acidic protein (GFAP).

Methods—Blood samples were collected from 152 patients after anesthesia induction and after 

CPB for the measurement of plasma GFAP levels. Nasal temperatures were recorded every 15 

minutes. A multivariate estimation model for post-operative plasma GFAP level was determined 

that included the baseline GFAP levels, rewarming rate, CPB duration, and patient age.

Results—The mean rewarming rate during CPB was 0.21±0.11°C/min; the maximum 

temperature was 36.5±1.0°C (range, 33.1-38.0°C). Plasma GFAP levels increased after compared 

with before CPB (median, 0.022 ng/ml vs. 0.035 ng/ml, p<0.001). Rewarming rate (p=0.001), but 

not maximum temperature (p=0.77), was associated with higher plasma GFAP levels after CPB. 

In the adjusted estimation model, rewarming rate was positively associated with postoperative 

plasma log GFAP levels (Coef, 0.261; 95% Confidence Intervals, 0.132 to 0.390; p<0.001). Six 

(3.9%) patients experienced a post-operative stroke. Rewarming rate was higher (0.3±0.09°C/min 

vs. 0.2±0.11°C/min, p=0.049) in the patients with stroke compared with those without a stroke.
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Conclusions—Rewarming rate during CPB was correlated with evidence of brain cellular injury 

documented with plasma GFAP levels. Modifying current practices of patient rewarming might 

provide a strategy to reduce the frequency of neurological complications after cardiac surgery.
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Introduction

Hypothermia is a common practice during cardiac surgery using cardiopulmonary bypass 

(CPB) for protecting the brain and other organs from ischemic injury. Despite substantial 

laboratory data supporting its neuroprotective effects, there is no conclusive evidence that 

reducing body temperature during CPB results in improved neurological outcomes for 

patients undergoing cardiac surgery.(1-4) Cerebral hyperthermia has been demonstrated to 

exacerbate the extent of experimental and clinical ischemic injury. (5-7) Explanations for the 

failure of hypothermia to provide clinical neuroprotective benefits, thus, have included 

either too rapid patient rewarming and/or inadvertent cerebral hyperthermia before 

separation from CPB.(8-10) For the most part, investigations that have evaluated the 

benefits versus risk of hypothermia and patient rewarming during CPB on neurological 

outcomes have focused mainly on clinical stroke and/or postoperative cognitive end-points. 

(10-15) Many factors can contribute to cognitive decline after cardiac surgery potentially 

confounding this outcome as an end-point of clinical investigations.(16, 17) Further, clinical 

stroke as an end-point of neuroprotective investigations requires large patient sample sizes 

and may underestimate the extent of ischemic brain injury compared with more precise brain 

MRI imaging. (18, 19)

A sensitive blood biomarker of brain injury would be of value for the early detection of 

neurological complication of cardiac surgery possibly allowing for institution of strategies to 

limit the extent of ischemic injury. Prior investigations have measured S100β and neuron-

specific enolase levels as biomarkers of brain injury, but extra-cranial contamination of 

these two proteins limit their specificity. (20) Glial fibrillary acidic protein (GFAP) is an 

astrocyte specific protein found to be released into the plasma of adults with traumatic brain 

injury or stroke. (20-22) Monitoring plasma GFAP levels, thus, provides a sensitive means 

for detecting brain injury from CPB that would be useful in developing strategies for 

improving neurological outcomes. The purpose of this study was to evaluate whether there 

is a relationship between rewarming rate during CPB and plasma GFAP levels in adults 

undergoing cardiac surgery.

Patients and Methods

From October 2009 to April 2013, patients at high risk for neurological complication based 

on a Johns Hopkins encephalopathy risk > 0.05 or stroke risk >0.02 who were undergoing 

cardiac surgery were enrolled in a prospective study with an aim to verify usage of cerebral 

autoregulation monitoring during CPB to reduce postoperative neurological complications 

(NCT00981474). (23) All study procedures including the measurement of plasma GFAP 
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levels were approved by the Institutional Review Board of The Johns Hopkins Medical 

Institutions (initial approval, August 4, 2009 with annual re-approval) and all patients 

provided written informed consent for participation.

Perioperative Care

The patient received routine institutional perioperative care that included general anesthesia 

with a combination of midazolam, fentanyl, isoflurane. Pancronium or vecuronium was 

given for skeletal muscle relaxation. Following the administration of heparin to achieve an 

ACT of > 480s, CPB was instituted using non-pulsatile flow between 2.0L/min/m2 to 

2.4L/min/m2 and a membrane oxygenator. The patients were managed with alpha-stat pH 

management; oxygenation and normocarbia were ensured with continuous in-line arterial 

blood gas monitoring calibrated hourly with arterial sampling. Body temperature and timing 

of rewarming from hypothermia during CPB was at the discretion of the operating surgeon. 

Institutional guideline for rewarming included maintaining the gradient between the venous 

inlet and arterial outlet within 10°C. Arterial outlet temperature was controlled not to exceed 

37°C. A circulating water blanket, Medi-Therm III (Gaymar Industries, Inc. Orchard Park, 

NY, USA), placed under the patient was turned on after aortic cross clamp removal, and 

when the bladder temperature reached 32°C.

Plasma GFAP Assays

Arterial blood samples for measuring plasma GFAP levels were collected after anesthesia 

induction, and at the completion of protamine administration after termination of 

cardiopulmonary bypass. These samples were collected into EDTA containing glass tubes 

and then processed within 2 hours of collection by centrifugation at 1500g for 8 min at 4°C. 

The plasma was pipetted into plastic cryotubes then stored at −70°C until batch analysis. 

Assays were c arried out in duplicate using an electrochemiluminescent sandwich 

immunoassay platform (MesoScale Discovery [MSD], Gaithersburg, MD) and were 

analyzed on a Sector Imager 2400 (MSD) according to the manufacturer’s protocol. (24, 25) 

The lower limit of detection for GFAP, assay was 0.011 ng/mL.

Data Analysis

The normality of the data was tested using Kolmogorov-Smirnov test. Normally distributed 

continuous data were analyzed with Student’s T test and data that were not normally 

distributed were analyzed with the Mann-Whitney test when logarithmic transformation was 

not applicable. Plasma GFAP levels that were below the lower limit of detection were 

assigned a value of the lower limit of detection. The association between postoperative 

plasma GFAP levels and rewarming rate and maximum nasopharyngeal temperature were 

analyzed by Pearson’s correlation analysis. Mean rewarming rate was calculated in 15 

minutes block intervals from the start of rewarming, and the maximum rewarming rate 

among these intervals was used for the analysis. A multivariate estimation model for post-

operative plasma GFAP level was calculated that included preoperative plasma GFAP level, 

rewarming rate, duration of CPB and patient age as possible confounding variables. (26, 27) 

P-values less than 0.05 were considered statistically significant. All analysis was performed 

using Stata (Version 13.1, Stata Corp, College Station, TX) and Prism 5 (GraphPad 

Software Inc., La Jolla, CA, USA).
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Results

Among 214 patients enrolled, plasma GFAP levels were not available in 62 patients, and 

these patients were excluded from this study. The characteristics for the 152 patient included 

in this analysis are shown in Table 1. The average minimum temperature during CPB was 

30.8±2.9°C (range, 20.3-35.1°C) and the maximum temperature was 36.5±1.0°C (range, 

33.1-38.0°C). The average duration of rewarming was 42.6 ±17.4 minutes (range, 10-81) 

and average maximum CPB arterial perfusate during rewarming was 37°C (range 

33.0-38.0°C). The mean rewarming rate was 0.21±0.11°C/min (range, 0-0.50°C) and the 

mean gradient between CPB perfusate to nasopharyngeal temperature was 2.9±1.9°C (range, 

0.1-9.0°C).

Plasma biomarker levels obtained after anesthesia induction before CPB and those measured 

after termination of CPB are shown in Figure 1. There was an increase in plasma GFAP 

levels after surgery compared with the levels measured after induction of anesthesia 

(median; interquartile range [IQR]: 0.022 ng/ml; 0.010 to 0.039 vs. 0.035 ng/ml; 0.014 to 

0.078; p<0.001). The relationships between plasma GFAP levels and rewarming rate during 

CPB and the maximum temperature are shown in Figure 2. There was a positive correlation 

between CPB rewarming rate and plasma GFAP levels measured after surgery (r=0.26, 95% 

Confidence Interval [CI], 0.11 to 0.41, p=0.001), (Figure 2A) but there was no relationship 

between plasma GFAP levels and maximum temperature (r=0.02; 95%CI, −0.14 to 0.18; 

p=0.77). (Figure 2B) Minimum temperature was strongly correlated with rewarming rate (r=

−0.71, 95%CI −0.78 to −0.62, p<0.0001) and with increases in plasma GFAP level (r=

−0.32, 95%CI −0.46 to −0.17, p<0.001).

The results of the multivariate estimation modeling are shown in Table 2. After adjusting for 

plasma log GFAP levels obtained after anesthesia induction, the duration of CPB, patient 

age, and CPB rewarming rate was significantly associated with plasma log GFAP levels 

measured after surgery (Coef, 0.261; 95%CI, 0.132 to 0.390; p<0.001; adjusted R2 =0.42). 

That is, there was a 29.8% (95%CI, 14.1 to 47.8%) increase in plasma GFAP (ng/ml) after 

surgery for every 0.1°C/min increase in rewarming rate.

Six patients (3.9%) experienced a stroke after surgery. The CPB rewarming rate was higher 

in patients with a stroke compared with patients without stroke (0.3±0.09°C/min vs. 

0.2±0.11°C/min, p=0.049). (Figure 3A) There was a trend for plasma GFAP levels in 

patients with a stroke to be higher than those without a stroke (median; IQR: 0.051; 

0.031-0.099 vs. 0.039; IQR, 0.020 to 0.077, p=0.12) as shown in Figure 3B.

Comment

The results of this study are that rewarming rate from hypothermia during CPB is positively 

correlated with plasma GFAP levels measured after surgery. In contrast, peak temperature 

during patient rewarming was not significantly associated with plasma GFAP levels.

There are substantial laboratory data supporting the robust neuroprotective effects of 

hypothermia via multiple mechanisms including a reduction in cerebral metabolic rate for 

oxygen, diminished excitatory neurotransmitter release, attenuation of calcium accumulation 
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in ischemic cells, enhanced recovery of protein synthesis, reduction in reactive oxygen 

specie generation, and others mechanisms. (1-5) Further, hypothermia has been reported to 

improve outcomes in patients after cardiac arrest. (28, 29) Nonetheless, there is a long-

standing debate regarding the relative benefits of hypothermia for providing neuroprotection 

during cardiac surgery using CPB. (9) In randomized trials of hypothermic versus 

normothermic CPB, for example, there were no beneficial effects of hypothermia on the risk 

for stroke. (12, 13, 30-32) Nathan et al. (33) randomized patients undergoing CABG surgery 

with CPB at 32°C to a rewarming temperature of either 37°C or 34°C. They found that the 

incidence of cognitive dysfunction at hospital discharge was 48% in the hypothermic group 

compared with 62% in the normothermic group (p=0.048).

The rate of rewarming and/or unintentional cerebral hyperthermia during rewarming has 

been an important confounding factor in assessing any benefits of hypothermia on 

neurological outcomes after cardiac surgery. (8, 13) In a study of 165 patients, Grigore et al. 

(10), for example, reported that patients randomized to slow rewarming (CPB perfusate to 

nasopharyngeal temperature gradient kept ≤ 2°C) from hypothermic CPB (28°C to 32°C) 

had improved neurocognitive outcomes 6 weeks after surgery compared with a control 

group receiving conventional rewarming (p=0.047). Further, Boodhwani et al(15) 

randomized patients undergoing CABG surgery with CPB to a nasopharyngeal temperature 

of either 34°C or 37°C maintained using a water-circulating thermal control pads (ie, no 

active central rewarming). There was no differences in the frequency of neurocognitive 

deficits between the hypothermic and normothermic groups at hospital discharge (controls, 

45% vs hypothermia group 49%, p=0.49) or 3 months after surgery (controls 8% vs 

hypothermia group 4%, p=0.28). These latter data suggest that avoidance of excessive 

rewarming and not hypothermia per se may reduce the incidence of neurocognitive 

dysfunction after surgery.

Glial fibrillary acidic protein is a brain specific biomarker that arises from the cytoskeleton 

of astrocytes. Astrocytes are the most abundant cell in the brain that have multiple functions 

including modulating synaptic plasticity, re-uptake of the excitatory neurotransmitter 

glutamate, promoting neuronal repair after ischemic injury, and maintenance of blood brain 

barrier integrity.(20, 34) In a prior study in pediatric patients undergoing congenital heart 

surgery (median age, 0.67 years; range, 0.005-17.2 years), our group has reported that 

plasma GFAP levels were elevated during and after CPB in 70% of cases, peaking during 

the rewarming phase (p=0.0001). (35) Elevation of plasma GFAP levels are associated with 

the extent of brain injury in adults with acute stroke and pediatric patients with hypoxic 

ischemic injury.(22, 27) Detection of plasma GFAP, thus may allow for the early 

identificatoin of brain injury in a variety of settings. Measurement of this biomarker obviates 

many limitations associated with other methods for assessing neurological end-points in 

patients undergoing cardiac surgery such as cognitive decline or clinical stroke. (16-19) 

Rapid availability of plasma GFAP results might foster the development of care strategies to 

identify patients suffering subtle brain injury from surgery in whom neuroprotective or 

rescue therapies might be instituted.

The association between faster rewarming rate, elevated plasma GFAP levels, and stroke in 

our study is in agreement with laboratory studies that report cytotoxicity and cellular death 
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from rewarming. In cell cultures, rewarming is known to induce cellular stress and activate 

pro-apoptotic pathways.(36) An increase in cleaved caspase-3, an effector enzyme of 

apoptosis, was observed in the hippocampus and basal ganglia of swine that received deep 

hypothermic cardiopulmonary bypass with selective cerebral perfusion and rewarming.(37) 

Moreover, rewarming promoted cortical apoptosis (including among astrocytes) in a piglet 

model of hypoxic brain injury, therapeutic hypothermia, and rewarming above that observed 

in piglets that remained hypothermic. Rapid rewarming may activate caspase-3 to a greater 

degree than slow rewarming.(38) In our study, we most likely observed the cytotoxicity and 

promotion of cell death mechanisms associated with rewarming as increases in plasma 

GFAP and greater risk of stroke in patients that received faster rewarming rates. This 

suggests that rapid rewarming could negate the neuroprotective benefits of hypothermia 

during cardiopulmonary bypass.

There are several limitations to this study including its observational design and the relative 

small sample size. Thus, we cannot exclude whether residual confounding variables not 

accounted for in our multivariate modeling could influence our findings. For example, more 

extensive surgery in patients at higher risk for brain injury may have been associated with 

lower body temperature and longer and more rapid rewarming during CPB. Duration of 

CPB in our analysis, however, was not associated with plasma GFAP levels. Nevertheless, 

randomization of patients undergoing similar surgery to different rewarming rates might 

better define the effect of rate of rewarming on plasma GFAP levels. We found that 

rewarming rate was higher for patients developing stroke than for those without stroke. The 

plasma GFAP levels, though, were no different between those with versus without stroke. 

We did not obtain serial plasma GFAP levels after surgery. It is possible that some of the 

strokes in this series occurred after the measurement of plasma GFAP levels. (39) It is also 

possible that we did not observe the peak GFAP levels due to our limited blood sampling. 

However, limiting the analysis to plasma GFAP levels measured after protamine 

administration focuses the analysis of potential factors associated with its release to the CPB 

period of surgery and not postoperative factors. We have recently reported, for example, that 

excursion of blood pressure outside the limits of cerebral autoregulation after surgery in the 

ICU are associated with plasma GFAP levels measured on postoperative day 1.(40)

In conclusion, rewarming rate during CPB was correlated with evidence of brain cellular 

injury documented with plasma GFAP levels. Modifying current practices of patient 

rewarming during CPB might provide a strategy to reduce the frequency of neurological 

complications after cardiac surgery.
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Figure 1. 
Box and whiskers plots showing the changes in plasma glial fibrillary acidic protein (GFAP) 

levels from the measurements obtained before and after cardiopulmonary bypass (CPB). The 

horizontal line in the shaded box represents the median value, and the shaded box represents 

the interquartile range. The error bars below and above the shaded area represents ±1.5× the 

interquartile range; points beyond the error bar are outliers.
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Figure 2. 
Scatter plot of glial fibrillary acidic protein (GFAP) with rewarming rate (A) and maximum 

temperature (B). The long dash line represent 95% confidence interval for the fitted line. 

There was a significant correlation between log GFAP and rewarming rate (r=0.26, 95%CI, 

0.11 to 0.41, p=0.001). There were no significant correlation between log GFAP and 

maximum temperature (r=0.02; 95%CI, −0.14 to 0.18; p=0.77).
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Figure 3. 
Bar graph (A) and box and whisker plot (B) showing the relationship between rewarming 

rate (p=0.048) and plasma glial fibrillary acidic protein (GFAP) levels for patients with and 

without postoperative stroke. For the latter, the horizontal line in the shaded box for the box 

and whisker plot represents the median value, and the shaded box represents the interquartile 

range. The error bars below and above the shaded area represents ±1.5× the interquartile 

range; points beyond the error bar are outliers.
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Table 1

Demographic and medical information for the patients included in the study. Data are listed as mean±standard 

deviation or as number and percent of patients for dichotomous variables

Variables N=152

Age (yr)† 71±7.9

Male gender* 99 (65.1%)

JHH Risk Score‡§ 0.09 (0.06-0.11)

Chronic obstructive pulmonary disease (%)* 19 (12.5%)

Diabetes* 75 (49.3%)

Coronary artery disease* 118 (77.6%)

Congestive heart failure* 25 (16.5%)

Prior myocardial infarction* 41 (27.0%)

Hypertension* 124 (81.6%)

Baseline estimated glomerular filtration rate
(mL×min-1×1.73m-2) †

76.5±25.2

Angiotensin-converting enzyme inhibitors-I* 56 (36.8%)

Statins* 97 (63.8%)

Aspirin* 115 (75.7%)

Nitrates* 28 (18.4%)

Calcium channel blocker* 40 (26.3%)

Beta-adrenergic receptor blocker* 84 (55.3%)

Diuretics* 69 (45.4%)

Current smoker* 18 (11.8%)

Prior cardiac surgery* 17 (11.2%)

Prior carotid endarterectomy* 8 (5.3%)

Prior cerebral vascular accident* 15 (9.9%)

Prior TIA* 10 (6.6%)

Peripheral vascular disease* 28 (18.4%)

Surgical Procedure

 CABG* 82 (53.9%)

 CABG+AVR/MVR* 34 (22.4%)

 AVR/MVR* 28 (18.4%)

 Aortic Root* 5 (3.3%)

 LVAD/Aortic* 3 (2.0%)

Cardiopulmonary bypass duration (min)† 110.7±40.9

Cross Clamp (min)† 70.0±29.1

Rewarming Time (min)† 42.6±17.4
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Variables N=152

Cooling rate (degrees celcius/min)† 0.2±0.13

Rewarming rate (degrees celcius/min)† 0.2±0.11

Maximum Temperature (degrees celcius)† 36.5±1.02

Minimum Temperature (degrees celcius)† 30.8±2.91

Maximum arterial perfusate temperature (°C)degrees‡ 37 (36-37)

Nasopharyngeal-arterial perfusate temperature
gradient (°C)†

2.9±1.9°C

Temperature upon ICU admission (°C)† 35.5±0.75

Aortic = aortic surgery; AVR = aortic valve replacement; CABG = coronary artery bypass graft; LVAD = left ventricular assisting device 
placement; MVR = mitral valve replacement or repair; TIA = transient ischemic attack

*
n(%);

†
Mean ± SD;

‡
Median, interquartile range;

§
Stroke. 2006;37(2):562-71. (24)
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Table 2

Multivariate estimation model for the primary variable rewarming rate with potential confounding variables; 

age and duration of cardio-pulmonary bypass on the postoperative GFAP levels (logarithmically transformed) 

adjusted to pre-operative GFAP levels. The adjusted R2 for the model is 0.42.

Coef Standard
Error

95% Confidence
Interval

p-value

Rewarming rate (0.1°/min) 0.261 0.065 0.132 to 0.390 <0.001

Age (yr) 0.006 0.009 −0.011 to 0.023 0.52

Total Bypass Time (min) 0.003 0.002 −0.001 to 0.007 0.11
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