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INTRODUCTION 

Coronary artery bypass grafting (CABG) is a type of  sur-
gery which is known to be associated with adverse neuro-
logical outcomes. With improvements in cardiac surgery, 
anesthesia and cardiopulmonary bypass (CPB) tech-
niques, the reported frequency of  stroke after coronary 
artery bypass grafting varies between 1.5% and 6%1. Fol-
lowing coronary artery bypass graft surgery, some studies 

using magnetic resonance imaging (MRI) have demon-
strated new small ischemic brain lesions in patients with-
out apparent neurological deficits2. Diffusion-weighted 
magnetic resonance imaging (DW-MRI) of  the brain is 
especially sensitive and can depict ischemic areas that 
may not be evident clinically or with conventional MRI3. 
Diffusion-weighted MRI is superior to conventional MRI 
and allows for sensitive and early detection of  ischemic 
brain lesions4.

Pulsatile CPB is considered to be more physiological than 
nonpulsatile flow as it provides a lower systemic vascular 
resistance and higher oxygen consumption. The pulsatile 
energy ensures the patency of  the vascular bed, improves 
microcirculation and enhances diffusion5–7. 

ABSTRACT

Background: We aimed to investigate the post-procedure effect of pulsatile and non-pulsatile flow utilized in 
cardiopulmonary bypass on brain ischemia among patients undergoing coronary artery bypass grafting (CABG) surgery. 
Methods: A total of 80 patients undergoing elective CABG between April 2012 and January 2013 were separated into 
two groups. While pulsatile flow was implemented during cardiopulmonary bypass in 40 patients, non-pulsatile flow was 
used in the remaining 40 cases. Formation of new ischemic lesions in the brain was evaluated by Diffusion-weighted 
magnetic resonance imaging (DW-MRI), performed prior to and after the operation. Results: No statistically significant 
differences were found between the two groups in terms of demographic values and concomitant diseases. New focal 
lesions were detected in 7 of 40 patients subjected to pulsatile flow (17.5%) and in 4 of 40 cases subjected to non-pulsatile 
flow (10%). Although the number of new lesions detected on brain diffusion MRI in the non-pulsatile flow patient group 
was lower in terms of the number of patients and the number of lesions, no statistically significant differences were 
determined between the two groups. Conclusions: Magnetic resonance imaging evidence of brain injury were similar 
after pulsatil-pump and nonpulsatil-pump coronary artery bypass grafting surgery. 
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There are a few studies demonstrated the beneficial effect 
of  PF in reducing the incidence of  stoke or renal failure. 
The evidence is insufficient to recommend for or against 
routinely providing the pulsatile profusion to reduce the 
incidence of  stroke or renal failure8. We aimed to investi-
gate the post-procedure effect of  pulsatile and non-pul-
satile flow utilized in cardiopulmonary bypass on brain 
ischemia among patients undergoing coronary artery 
bypass grafting (CABG) surgery .

Methods

Forty patients undergoing elective CABG between April 
2012 and January 2013 were separated into two groups. 
Patients diagnosed with carotid stenosis on the preop-
erative Carotid artery lesions detected by Doppler ultra-
sound, cases with lesions on diffusion MRI and aortic 
plaque formation detected in the perioperative period 
were the exclusion criteria from the trial. During the car-
diopulmonary bypass, pulsatile flow was performed in 40 
patients, while non-pulsatile flow was performed in the 
remaining 40 cases. Brain diffusion MRI was performed 
on all patients during the preoperative and the postopera-
tive periods. 

This prospective study included any patient undergo-
ing elective CABG with no contraindications for MRI 
(including allergy to gadolinium-DTPA, presence of  
pacemaker, aneurysm clips, and/or a history of  shrapnel 
injury); no concomitant cardiovascular surgical proce-
dures were contemplated. 

Neurological examination was applied to subjects to 
investigate neurological condition and the presence of  a 
stroke using the The National Instute of  Health ( NIH ) 
Stroke Scale .

The patients had to be able to provide written consent. 
Informed consent was obtained from all subjects before 
the first MRI. Our protocol consisted of  obtaining the 
brain MRIs within one week before and after the surgery. 
The trial was approved by the institutional research and 
ethical commitee at our institution.

Surgical Procedure

After premedication, anesthesia was induced with mid-
azolam (70 mg/kg) and fentanyl (10 µg/kg). Muscle relax-
ation was achieved with pancronium bromide (0.1–0.2 
mg/kg). 

Anesthesia was supported by inhalation of isoflurane 
0.5% to 1% (Abbot Laboratories, North Chicago, IL, 

USA). The extra corporeal circuit consisted of a roller 
pump (Stöckert Instrumente, Munich, Germany) with 
a non-pulsatile and pulsatile running mode, a hollow 
fiber membrane oxygenator (D 708 simplex III, Dideco, 
Mirandola, Italy). Patients were heparinized before initi-
ation of CPB with 300 IU/kg, and additional doses were 
given to maintain an Activated Clotting Time (ACT) of 
more than 480 seconds. Extra-corporeal circulation was 
initiated with a flow of 2.4 to 2.6 L/m2/min.

Neuroimaging Studies

All 40 patients undervent preoperative and postopera-
tive brain MRI examination. Preoperative studies were 
made one day before operation and postoperative stu-
dies were made 72 hours after the operation. Brain MRI 
examination consisted of DWI series. 

DWI was performed by use of single-shot , multislice, 
spin-echo, diffusion—weighted echo planar imaging of 
whole brain with B value 0, 1000 The paremeters of 
DWI are: TR 4200 msn , FOV 22 cm , NEX 2 , Matrix 
160 100 slice thicknes 4.5 mm in axial plane total of 25 
slices.

All examinations were evalueted by two experienced 
radiologists. The consensus was obtained for the pre-
sence and number of the lesions. The radiologists were 
blinded to the outcome and the identity of all patients. 
The abnormal number of signal hyperintensty were cal-
culated on DWI images.

Statistical method

The SPSS 11 (SPSS 11.0 (SPSS Inc., USA) was used 
for statistical analysis. Age, CPB, and aortic cross 
clamp scores were compared by the Independent Samp-
les T test. Diabetes mellitus, hypertension, hyperlipide-
mia, and number of the patients who had new ischemic 
brain lesions were compared by the chi-square tests. A 
p value less than 0.05 indicated statistical significance.

Results

In patients undergoing elective CABG, pulsatile flow 
was performed in Group 1 and non-pulsatile flow was 
performed in Group 2 during the cardiopulmonary 
bypass. No statistically significant differences were 
found between the two groups in terms of parameters 
evaluated in the preoperative and the postoperative 
periods, namely age, gender, diabetes mellitus, 
hyperlipidemia, hypertension, duration of aortic cross 
clamp and duration of cardiopulmonary bypass (Table 
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1, Table 2). New focal lesions were detected with 
diffusion MRI in 7 of 40 patients subjected to pulsatile 
flow and in 4 of 40 patients subjected to non-pulsatile 

flow, hence, 11 patients from the total of 80 patients 
(Table 3). The number and location of the new ischemic 
brain lesions are shown below (Figure 1).

Table 1 Demographic profile of the patients (PF: pulsatile flow, NPF: nonpulsatile flow)

PF(N=40) NPF(N=40) p value
Gender F:8(20%)M:32(80%) F:10(25%)M:30(75%)  0.881

Age (Mean±STD) 56.50±8.54 60.91±8.26  0.765

Diabetes Mellitus 17 ( 42.5 %) 20 (50%)  0.501

Hyperlipidemia 12 (30%) 12 (30%)  1.000

Hypertension 20(50%) 18(45%)  0.890

Table 2  Duration of cardiopulmonary bypass (CPB) and cross clamp (X-clamp)  
(PF: pulsatile flow, NPF: nonpulsatile flow)

PF NPF p value

X-clamp (Mean±STD) 50.95±16.68 59.09±13.50 0.89

CPB (Mean±STD 91.95±27.04 108.68±29.48 0.63

Table 3  Total number of new ischemic brain lesions following coronary artery bypass surgery 
(PF:pulsatile flow, NPF:nonpulsatile flow) 

New ischemic lesion PF (N=40) NPF(N=40) p value Total (N:80)

No. of the patients  7 (17.5%)  4(10%) 0.330  11 (13.7%)

  

Figure 1:  
a) restricted diffusion in left posterioparietal white matter 
b) right occipital cortical 
c) bilateral centrum semiovale 
d) Bilateral foci of  restricted diffusion in centrum semiovale 
white matter

None of the participating subjects had any neurological 
complaints or symptoms before surgery. NIH stroke 
scale score was 0 in all cases. After surgery, the 
neurological examination of the subjects that had new 
ischemic lesions in DWI and subjects with no lesions 
monitored as normal and the NIH score was 0. 

Although the number of the patients with new ischemic 
lesions detected with brain diffusion MRI was lower in 
the non-pulsatile flow group, the difference was statis-
tically insignificant. There were multiple ischemic lesi-
ons in both groups (Table 4). 

Discussion

CABG may be associated with neurological compli-
cations. The incidence of such complications is 0.4% 
to 5.7% for stroke, 10% to 28% for delirium, and 33% 
to 83% for persistent cognitive dysfunction and beha-
vioral changes. Several risk factors for postoperative 
stroke have been postulated, including hypertension, 
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Table 4  Location and number of the ischemic lesions (PF: pulsatile flow, NPF:nonpulsatile flow)

GROUP No. of the ischemic lesions Location of the ischemic lesions

PF 1 5
Bilateral occipital lobe, 
Right frontal lobe cortical-subcortical 20mm, left posterior parietal 
occipital subcortical 15mm and right caudate nucleus

PF 2 2 Right cerebellum cortical-subcortical 

PF 3 4 Bilateral centrum semiovale, right frontal white matter 

PF 4 2 Right occipital cortical, right frontal white matter

PF 5 3 Left cerebellum cortical-subcortical

PF 6 2 Left posterior parietal occipital subcortical

PF 7 2 Right centrum semiovale

NPF 1 5 Bilateral centrum semiovale, left frontal, bilateral posterior parietal 
white matter 

NPF 2 3 Bilateral posterior parietal white matter and left centrum semiovale

NPF 3 2 Right occipital cortical

NPF 4 2 Left cerebellum cortical-subcortical

diabetes mellitus, carotid stenosis, previous stroke, and 
age of ≥65 years9. In the current trial, no significant 
difference was found in terms of the preoperative risk 
factors. Postoperative stroke was not observed in any of 
the patients. All the patients were observed to be asy-
mptomatic.

Clinically recognized cerebral infarction occurs in 2% 
to 6% of patients (1–3). It’s presumably due to mac-
roemboli arising from the cardiac chambers or cardio-
pulmonary bypass circuit or from atheromatous debris 
within the aortic arch. A shower of small embolic par-
ticles combined with decreased washout from cerebral 
hypoperfusion can produce a clustering of ischemic 
lesions in a watershed distribution. Several different 
mechanisms have been postulated to explain cerebral 
dysfunction after CABG, including cerebral hypoper-
fusion, cerebral edema, activation of inflammatory pro-
cesses, and cerebral microembolism derived from air, 
atheromatous debris, small clots or particulate matter 
from the bypass circuit or lipid particles10. Atherosc-
lerotic disease of the aorta is a known risk factor for 
stroke after cardiac surgery11.

We believe that the new focal lesions observed in the cur-
rent trial are due to emboli originating from the aorta or 
the heart during the operation, or due to the circulation 
of  the heart-lung machine pump. We currently use filters 
in the arterial line in order to prevent embolic events orig-
inating from the heart lung machine. In order to prevent 
cardiac emboli, all the patients are subjected to preopera-
tive echocardiography.

Several preoperative risk factors are significant in the 
development of  delirium or stroke following CABG. In 
a prospective study of  456 patients undergoing CABG, 
we identified five preoperative factors associated with 
stroke: increasing age, history of  previous stroke, hyper-
tension, diabetes mellitus, and presence of  a carotid bruit. 
The only significant intra-operative factor was the cardio-
pulmonary bypass time9. In the current trial, no statisti-
cally significant differences were found between the two 
groups in terms of  the preoperative demographic data 
and concomitant diseases. The durations of  cardiopul-
monary bypass were also similar.

The presence of  new ischemic brain infarcts, detected 
by diffusion-weighted magnetic resonance imaging  
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(DW-MRI), have been reported in considerable number 
of  patients after cardiac surgery12. Clinically silent infarc-
tion may be far more frequent and could contribute to 
long-term cognitive dysfunction in patients after cardiac 
procedures. Using diffusion-weighted magnetic reso-
nance imaging we document the occurrence, vascular dis-
tribution, and procedural dependence of  silent infarction 
after cardiac surgery with cardiopulmonary bypass1.

DWI is more sensitive than computerised tomography 
and conventional MRI sequences for the detection of  
early signs of  ischemia, disclosing areas of  brain infarc-
tion within a few hours after symptom onset in ≈95% of  
acute stroke patients13. In our study, DWI was performed 
in the pre- and the post-operative periods in all patients. 

In a previous trial, new focal lesions were detected with 
diffusion MRI in the postoperative period in 5 of  16 
patients (31%) following off-pump CABG. Ischemic 
lesions found at DW-MRI are seen after off-pump CABG 
at a rate similar to that reported for CABG with cardiopul-
monary bypass3. In another trial, 32 new ischemic lesions 
were found with postoperative diffusion-weighted MRI 
in 13 of  29 patients undergoing the CABG operation4. 
New lesions were detected with diffusion MRI in 4 of  
13 patients (31%) undergoing CABG in another similar 
trial14. In the current trial, in 11 of  a total of  80 patients 
(13.7%), namely in 7 of  40 patients subjected to pulsatile 
flow (17.5%) and in 4 of  40 patients subjected to non-
pulsatile flow (10%), new ischemic lesions were detected 
with postoperative diffusion-weighted MRI.

The controversy over the benefits of  pulsatile and non-
pulsatile flow during cardiopulmonary bypass procedures 
continues. The evidence is insufficient to recommend 
for or against routinely providing the pulsatile profusion 
to reduce the incidence of  stroke15. In a trial conducted 
on 995 patients subjected to pulsatile perfusion and on 
905 patients subjected to non-pulsatile perfusion during 
bypass, the pulsatile perfusion group was observed as 
having a higher incidence of  early postoperative mortal-
ity (2.6% versus 1.5%) and cerebrovascular events (3.1% 
versus 1.3%)16. 

Medline database was used to search all of  the literature 
on pulsatile vs. nonpulsatile perfusion published between 
1952 and 2006. We found 194 articles related to this 
topic in the literature. Based on our literature search, 
we determined that pulsatile flow significantly improved 
blood flow of  the vital organs including brain, heart, 
liver, and pancreas; reduced the systemic inflammatory 
response syndrome; and decreased the incidence of  

postoperative deaths in pediatric and adult patients. 
We also found evidence that pulsatile flow significantly 
improved vital organ recovery in several types of  animal 
models when compared with nonpulsatile perfusion. 
Several investigators have also shown that pulsatile flow 
generates more hemodynamic energy, which maintains 
better microcirculation compared with nonpulsatile flow. 

Although these studies suggest that pulsatile flow is 
superior to non-pulsatile flow during and after open-
heart surgery in pediatric and adult patients17, in the 
current trial, new focal lesions were detected in clini-
cally asymptomatic brains in 7 of  40 patients subjected 
to pulsatile flow and in 4 of  40 patients subjected to 
non-pulsatile flow during cardiopulmonary bypass. Nev-
ertheless, the difference between the two groups was 
statistically insignificant.

Source of  funding: none

Conflict of  interest: none

REFERENCES

1. Floyd TF, Shah PN, Price CC, Harris F, Ratcliffe SJ, Acker MA, et al. 
Clinically silent cerebral ischemic events after cardiac surgery: their 
incidence, regional vascular occurrence, and procedural dependence. Ann 
Thorac Surg. 2006; 81: 2160–6.

2. Knipp SC, Matatko N, Schlamann M, Wilhelm H, Thielmann M, Forsting 
M, et al. Small ischemic brain lesions after cardiac valve replacement 
detected by diffusion-weighted magnetic resonance imaging: relation to 
neurocognitive function. Eur J Cardiothorac Surg. 2005; 28(1): 88–96.

3. Friday G, Sutter F, Curtin A, Kenton E, Caplan B, Nocera R, et al. Brain 
magnetic resonance imaging abnormalities following off-pump cardiac 
surgery. Heart Surg Forum. 2005; 8: 105–9.

4. Knipp SC, Matatko N, Wilhelm H, Schlamann M, Massoudy P, Forsting 
M, et al. Evaluation of brain injury after coronary artery bypass grafting. 
A prospective study using neuropsychological assessment and diffusion-
weighted magnetic resonance imaging. Eur J Cardiothorac Surg. 2004; 25: 
791–800.

5. Dunn J, Kirsh MM, Harness J, Carroll M, Straker J, Sloan H. Hemodynamic, 
metabolic and hematologic effects of pulsatile cardiopulmonary bypass. J 
Thorac Cardiovasc Surg. 1974; 68: 138–47.

6.	 Mandel	BI,	Burns	WH.	Pulsatile	and	nonpulsatile	blood	flow.	JAMA.	1965;	
19: 657–60.

7. Taylor KM, Bain WH, Davidson KG, Turner MA. Comparative clinical 
study of pulsatile and non-pulsatile perfusion in 350 consecutive patients. 
Thorax. 1982; 37: 324–30. 

8. Alghamdi AA, Latter DA. Pulsatile versus nonpulsatile cardiopulmonary 
bypass	flow:	an	evidence-based	approach.	J	Card	Surg.	2006;	21:	347–54.

9. McKhann G, Goldsborough M, Borowicz L, Mellits D, Brookmeyer R, 
Quaskey S. Predictors of Stroke Risk in Coronary Artery Bypass Patients. 
Ann Thorac Surg. 1997; 63: 516–21.

10. Wityk R, Restrepo L. Cardiac Surgery and Magnetic Resonance Imaging of 
the Brain Arch Neurol. 2002; 59: 1074–6.

11. Bar-Yosef S, Anders M, Mackensen GB, Ti LK, Mathew JP, Phillips-Bute B, 
et al. Neurological Outcome Research Group and CARE Investigators of 
the Duke Heart Center. Aortic atheroma burden and cognitive dysfunction 
after coronary artery bypass graft surgery. Ann Thorac Surg. 2004; 78: 
1556–62.

12. Djaiani G, Fedorko L, Borger M, Mikulis D, Carroll J, Cheng D, et al. Mild 
to moderate atheromatous disease of the thoracic aorta and new ischemic 
brain lesions after conventional coronary artery bypass graft surgery. 
Stroke. 2004; 35: e356–8. Epub 2004 Jul 29.



Extracorporeal Perfusion Pattern and Ischemic Brain Lesions

6 Journal of Cardiovascular Disease Research Vol. 5 / Issue 1 Jan–Mar, 2014

13. Oppenheim C, Stanescu R, Dormont D, Crozier S, Marro B, Samson Y, et 
al.	False-negative	diffusion-weighted	MR	findings	in	acute	ischemic	stroke.	
Am J Neuroradiol. 2000; 21: 1434–40.

14. Restrepo L, Wityk RJ, Grega MA, Borowicz L Jr, Barker PB, Jacobs MA, 
et al. Diffusion- and perfusion-weighted magnetic resonance imaging of 
the brain before and after coronary artery bypass grafting surgery. Stroke. 
2002; 33: 2909–15.

15. Alghamdi AA, Latter DA. Pulsatile versus nonpulsatile cardiopulmonary 
bypass flow: an evidence-based approach. J Card Surg. 2006; 21: 
347–54.

16. Abramov D, Tamariz M, Serrick CI, Sharp E, Noel D, Harwood S, 
Christakis	GT,	Goldman	BS.	The	influence	of	cardiopulmonary	bypass	flow	
characteristics on the clinical outcome of 1820 coronary bypass patients. 
Can J Cardiol. 2003; 19: 237–43.

17.	 Ji	B,	Undar	A.	An	evaluation	of	the	benefits	of	pulsatile	versus	nonpulsatile	
perfusion during cardiopulmonary bypass procedures in pediatric and adult 
cardiac patients. ASAIO J. 2006; 52: 357–61.


