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Abstract
Objective—To compare cerebral blood flow (CBF) autoregulation in patients undergoing
continuous flow left ventricular assist device (LVAD) implantation with that in patients
undergoing coronary artery bypass graft (CABG) surgery.

Design—Prospective, observational, controlled study.

Setting—Academic medical center.

Participants—Fifteen patients undergoing LVAD insertion and 10 patients undergoing CABG
surgery.

Measurements and Main Results—Cerebral autoregulation was monitored with transcranial
Doppler and near-infrared spectroscopy (NIRS). A continuous, Pearson's correlation coefficient
was calculated between mean arterial pressure (MAP) and CBF velocity, and between MAP and
NIRS data rendering the variables mean velocity index (Mx) and cerebral oximetry index (COx),
respectively. Mx and COx approach zero when autoregulation is intact (no correlation between
CBF and MAP), but approach 1 when autoregulation is impaired. Mx was lower during and
immediately after cardiopulmonary bypass (CPB) in the LVAD group than it was in the CABG
surgery patients, indicating better preserved autoregulation. Based on COx monitoring,
autoregulation tended to be better preserved in the LVAD group than in the CABG group
immediately after surgery (p=0.0906). On postoperative day 1, COx was lower in LVAD patients
than in CABG surgery patients, again indicating preserved CBF autoregulation (p=0.0410). Based
on COx monitoring, 3 (30%) of the CABG patients had abnormal autoregulation (COx ≥ 0.3) on
the first postoperative day but none of the LVAD patients had this abnormality (p=0.037).

Conclusion—These data suggest that CBF autoregulation is preserved during and immediately
after surgery in patients undergoing LVAD insertion.
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INTRODUCTION
Continuous flow left ventricular assist devices (LVADs) are increasingly used in patients
with end-stage left ventricular failure both as destination therapy and as a bridge to
transplant.1,2 Despite their benefits for improving functional capacity, quality of life, and
survival, LVAD use is associated with a risk for stroke in 5% to 12% of patients.3–6

Between 33% and 63% of strokes occur within 48 hours of device implantation.4,6

Understanding the mechanism of stroke in patients with LVADs has important public health
implications in light of the rising prevalence of heart failure in the general population for
whom LVAD therapy may be considered.

Cerebral blood flow (CBF) autoregulation normally ensures a steady supply of oxygenated
blood to the brain over a range of blood pressures. Impairment of autoregulation results in
CBF that is pressure-passive or directly dependent on blood pressure. The result might be
cerebral hypoperfusion with low blood pressure or cerebral hyperemia with high blood
pressure; both conditions predispose a patient to brain injury.7 Impairment of CBF
autoregulation is increasingly recognized to be associated with poor outcomes in patients
with neurologic diseases, including traumatic brain injury.8 We have previously observed a
relationship between impaired CBF autoregulation during nonpulsatile cardiopulmonary
bypass (CPB) and perioperative stroke.2,9,10 Recent data obtained in awake patients with
pulsatile LVADs have suggested that some aspects of CBF autoregulation may be impaired
after device implantation.11 That study was performed 7 days after surgery; thus, it did not
provide data regarding autoregulation in the immediate perioperative period, when the risk
of neurologic injury is high. Restoration of normal circulatory flow with an LVAD in
patients with preexisting low cardiac output has been further suggested to overwhelm
autoregulatory mechanisms that contribute to postoperative neurologic complications,
although conclusive evidence confirming this hypothesis has not been provided.3

Cerebral autoregulation can be measured continuously in real time by monitoring the
correlation between low-frequency changes in CBF in response to spontaneous fluctuations
in blood pressure.8 Transcranial Doppler (TCD) is usually used to monitor CBF velocity for
this purpose in anesthetized or sedated patients, but its use is limited in awake patients by
movement artifact and other known limitations.8 We have previously reported data from
laboratory and clinical investigations showing that near-infrared spectroscopy (NIRS) can be
used for monitoring autoregulation, because low frequency changes in cerebral oximetry
signals are coherent with similar frequency changes in CBF velocity.12–14 Using NIRS for
autoregulation monitoring has many advantages that overcome the limitations of TCD;
importantly, it allows for continuous monitoring despite patient movement.

The purpose of this pilot study was to assess CBF autoregulation using TCD and NIRS in
patients undergoing continuous flow LVAD implantation and to compare maintenance of
autoregulation in such patients with that in a cohort of patients undergoing cardiac surgery
with CPB.

METHODS
All procedures were approved by The Johns Hopkins Medical Institutions Investigational
Review Board. Each patient provided written informed consent for the study. The patients
were those with New York Heart Association functional class IV heart failure who were
either under consideration for heart transplantation or who were not otherwise candidates for
transplantation.6 A group of 10 patients undergoing elective coronary artery bypass graft
(CABG) surgery during the same time period of this study served as controls. These patients
were specifically enrolled for this study and were not part of our prior reports. Patients were
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excluded for 1) preexisting renal dialysis; 2) emergency surgery; 3) inadequate temporal
window for TCD monitoring; or 4) insufficient slow wave activity for autoregulation
monitoring. The CABG patients underwent surgery during the same time period as the
LVAD patients and were selected based on availability of personnel and equipment.

Intraoperative Care
The patients were administered midazolam, fentanyl, and isoflurane for anesthesia and
pancuronium for skeletal muscle relaxation by methods previously described.2,9,10 Standard
monitoring for patients undergoing cardiac surgery was used, including indwelling radial
artery blood pressure monitoring. Isoflurane was administered via the membrane oxygenator
during CPB but usually in concentrations of <1%. After CPB, isoflurane concentrations
were maintained at <0.5% and then discontinued when a propofol infusion was started for
postoperative sedation. Mechanical ventilation was adjusted to maintain normocarbia based
on end-tidal CO2 measurement and arterial blood gas measurement. Nonpulsatile,
continuous-flow LVADs (HeartMate II LVAS, Thoratec, Corporation, Pleasanton, CA)
were implanted by methods previously described.6 Implantation of the device was via a
median sternotomy and with the use of CPB. The latter was with a nonocclusive roller
pump, a membrane oxygenator, and a 27-μm arterial line filter with flow between 2.0 and
2.4 L/min/m2. Gas flow to the oxygenator was controlled to maintain normocarbia based on
arterial PaCO2 results or continuous in-line arterial blood gas monitoring. Clinical
management of CPB was based on institutional standards, including blood pressure targets
and rewarming rate. The patients were managed with α-stat pH management. An
epinephrine infusion was started before separation from CPB in all patients and continued
until it was weaned off based on cardiovascular performance.

Postoperative Care
The patients received routine institutional postperative care that included initiation of
anticoagulation therapy 48 hours after surgery with either warfarin or heparin.6

Postoperative variables, including complications that affect organ systems, were collected
during the hospitalization. Definitions of complications were based on the Society of
Thoracic Surgery nomenclature.15 Encephalopathy was defined as confusion, agitation, or
change in mental status as identified by nurses using observational methods previously
reported.16 Acute kidney injury was diagnosed based on the RIFLE criteria.17

Autoregulation Monitoring
The patient's right and left middle cerebral arteries were monitored with TCD (Doppler Box,
DWL, Compumedics, USA, Charlotte, NC) via two 2.5-MHz transducers fitted on a
headband. NIRS monitoring was carried out via two self-adhesive probes that were affixed
to the right and left forehead and attached to an Invos™ cerebral oximeter (Covidien, Inc,
Boulder, CO). Arterial pressure from an indwelling radial artery cannula and TCD and NIRS
signals were digitized at 58 Hz with an analog-to-digital converter (DT9804, Data
Translation, Marlboro, MA) using ICM+ software (Cambridge University, UK) according to
methods previously described.2,9,12,13 A continuous, moving Pearson correlation coefficient
was calculated between mean arterial pressure (MAP) and CBF velocity and between MAP
and NIRS to generate the variables mean velocity index (Mx) and cerebral oximetry index
(COx), respectively. Paired, 10-second averaged values over 300-second epochs were used
for each calculation, incorporating 30 data points. CBF autoregulation was monitored
continuously during surgery and then for a minimum of 55 minutes on the first postoperative
day after tracheal extubation. Postoperative autoregulation was monitored with COx only
because of patient movement that precludes continuous TCD signal acquisition.

Ono et al. Page 3

J Cardiothorac Vasc Anesth. Author manuscript; available in PMC 2013 December 01.

$w
aterm

ark-text
$w

aterm
ark-text

$w
aterm

ark-text



Slow Wave Characterization
Agreement of autoregulation metrics by different modalities is a function of coherence
between the primary signals in the slow wave bandwidth.18 It is reasonable to question
whether patients on continuous-flow LVAD support have spontaneous hemodynamic slow
wave activity sufficient to render an autoregulation metric. We therefore characterized slow
wave activity from an individual COx value using the recordings from the intensive care
unit. Slow wave amplitude was approximated as the maximum – minimum MAP (ΔMAP)
value in 300-second epochs, updated at the same 60-second interval used for COx
measurements. The ΔMAP from every 300-second epoch was recorded for each subject, and
the median ΔMAP was identified for comparison between LVAD and CABG patients. The
distribution of the median ΔMAP in the two groups was used to define excessive slow wave
amplitude of 30 mmHg (>2 standard deviations for both groups). The percentage of epochs
with excessive slow wave amplitude (>30 mmHg) was recorded. The percentage of epochs
with insufficient slow wave power (<5 mmHg blood pressure change in the slow wave
bandwidth) was recorded for each subject.

Statistical Analysis
Because this was a pilot study, our intent was to obtain preliminary data to allow sample size
determination for subsequent study. We elected to enroll 10 CABG patients based on our
experience that this number would provide adequate data for this purpose. The number of
LVAD patients enrolled reflected consecutive patients undergoing this procedure during this
time period. Dichotomous data were evaluated with Fishers Exact Test. Continuous data
were evaluated with analysis of variance, and the Bonferroni multiple comparison test was
used when needed. Right and left TCD and NIRS recordings were combined for analysis.
Time-averaged values for Mx and COx obtained at each perioperative measurement period
were compared with baseline measurements. Patients were categorized based on the
presence or absence of impaired autoregulation during each period. The exact Mx or COx
associated with impaired autoregulation is not clear. For this study we defined impaired
CBF autoregulation as a time-average Mx ≥ 0.4 or COx ≥ 0.3 based on prior animal and
clinical investigations.8,9,13,19 Slow wave characterizations were compared between the
LVAD and CABG groups with a Mann Whitney U test. Analysis was performed with
GraphPad Prism software (GraphPad Software, Inc, La Jolla, CA) or Stata software (version
9.0, Stata Corp, College Station, TX).

RESULTS
Of the 17 patients undergoing LVAD insertion, 2 did not exhibit slow waves of NIRS data
on postoperative day 1. These patients were not included in the analysis. The distribution of
slow wave activity was similar between the LVAD and CABG groups on postoperative day
1 (Fig 1). The median ΔMAP was 11 mmHg ± 8 mmHg for the LVAD group and 11 mmHg
± 7 mmHg for the CABG group (p = 0.80). The percentage of epochs with inadequate (<5
mmHg) or excessive (>30 mmHg) ΔMAP in the slow wave bandwidth was 20% ± 23% and
18% ± 21% (p = 0.68) and 9% ± 14% and 8% ± 13% (p = 0.50) in the LVAD and CABG
groups, respectively. The patient characteristics and surgical data for the patients are listed
in Table 1. There were few differences between surgical groups. Three LVAD patients had a
history of coronary artery disease, the remainder had idiopathic cardiomyopathy. More
patients in the LVAD group were receiving an epinephrine infusion during the postoperative
day 1 monitoring session than in the CABG group. There were no differences in patient
outcomes between groups after surgery (Table 2).The temperature nadir during CPB was
lower in the CABG patients than in the LVAD patients (32.5±2.2°C versus 35.2±1.7°C, p =
0.0014). Laboratory results during and after CPB are listed in Table 3. Compared with the
LVAD group, pH was lower during and after CPB in the CABG group. After CPB, PaO2
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was lower in the CABG group compared the LVAD group. There are no blood gas or
hemoglobin data during the postoperative monitoring session.

Blood pressure, cerebral blood flow velocity, and cerebral oxygen saturation (rSO2) results
are listed in Table 4. Blood pressure was lower after CPB and during monitoring on the first
postoperative day. Average CBF velocity tended to be higher in the CABG patients than in
the LVAD patients, although the difference was significant only during CPB. In both
groups, CBF velocity was higher after CPB than before CPB. rSO2 values were lower in the
LVAD group than in the CABG surgery group before CPB, but they were higher on the first
postoperative day.

Cerebral autoregulation results are shown in Table 5 and Figure 2. For each group, Mx was
higher during CPB than before CPB, a change that is compatible with some impaired
autoregulation. The Mx was higher in the CABG surgery group than in the LVAD group
both during and after CPB, indicating more perturbed autoregulation. After CPB, Mx in the
LVAD group decreased to a level that was lower than that during CPB, but no different than
the pre-CPB value. In the CABG surgery group, Mx was higher after CPB than before CPB
but was not different than the measurement during CPB. COx monitoring indicated no
difference in autoregulation between groups during CPB, but autoregulation tended to be
more preserved in the LVAD group than in the CABG group after CPB (p = 0.0906). On
postoperative day 1, COx was lower in the LVAD group than in the CABG surgery group,
indicating preserved CBF autoregulation (p = 0.0410).

Based on Mx monitoring, 7 of 10 (70%) CABG surgery patients had abnormal
autoregulation (Mx ≥ 0.4) during CPB compared with 5 of 15 (33%) LVAD patients (p =
0.111). After CPB, 4 of 10 (40%) CABG patients had abnormal autoregulation whereas
abnormal autoregulation was not observed in any of the LVAD patients (p = 0.020). Based
on COx monitoring, 3 of 10 (30%) CABG patients had abnormal autoregulation (COx ≥ 0.3)
on the first postoperative day but none of the LVAD patients had this abnormality (p =
0.037).

DISCUSSION
In this study we found that CBF autoregulation is preserved in patients undergoing
continuous flow LVAD insertion during surgery and on the first postoperative day,
suggesting that the ability of the brain to constrain CBF over a range of blood pressures is
preserved. The relative merits of pulsatile versus nonpulsatile extracorporeal flow have been
debated for decades with reference to CPB for cardiac surgery. Multiple studies in patients
undergoing nonpulsatile CPB have demonstrated preserved CBF autoregulation when alpha-
stat pH management is used.20 Further, studies in animals failed to find an effect of
nonpulsatile CPB on global CBF or regional oxygen saturation.21 Nonetheless, in humans
pulsatile CPB flow is associated with decreased neurohumoral activation, lower vascular
resistance, higher visceral blood flow, and improved renal and liver function compared with
nonpulsatile flow.22 The higher energy imparted by pulsatile flow provides more efficient
distribution of blood flow to the microcirculation than does nonpulsatile flow and leads to
less edema, improved brain oxygenation after circulatory arrest, improved blood flow to
ischemic brain regions, lower neuropathologic abnormalities in ischemic penumbral regions,
less inflammation, and other benefits.22 Findings are conflicting with regard to clinical
benefit of pulsatility on neurologic outcomes, but the data are limited.22–26

Impaired autoregulation has been implicated in promoting cerebral hyperemia with
restoration of circulatory flow after LVAD insertion. Leitz et al3 studied 69 patients who had
undergone insertion of a pulsatile LVAD and found neurologic dysfunction in 19 (27.5%)
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patients, including encephalopathy (n=11) and coma (n=3). They showed that an increase in
cardiac index from the preoperative value (relative risk, 1.33 per 25% cardiac index
increase; p = 0.01) and prior CABG surgery (relative risk, 4.53; p = 0.02) were predictors of
neurologic complications. Further, reducing LVAD flow led to improvement in neurologic
symptoms in 16 of 19 patients. Despite having preserved autoregulation, patients in the
LVAD group in our study had a higher rate of neurologic complications than did those in the
CABG group. However, the small number of patients in our study does not allow for us to
confirm or refute any role of cerebral hyperemia in postoperative neurologic complications
after LVAD insertion.

Our findings that nonpulsatile LVAD flow had no effect on autoregulation are in contrast to
those of Bellapart et al,11 who evaluated 5 patients for an average of 7 days after pulsatile
LVAD implantation. A group of 5 patients matched for age and comorbidities who had low
cardiac output that required inotropic drugs served as controls. In that study, transfer
function analysis from 5-minute recordings was performed on low-frequency components
(0.02 to 0.35 Hz) of MAP and TCD-measured CBF velocity.27 These investigators found no
difference in gain or phase results between LVAD patients and controls, but low-frequency
coherence was higher in LVAD patients than in controls (mean ± SD, 0.65 ± 0.16 vs. 0.38 ±
0.19, p = 0.04). The authors noted that 2 LVAD patients with the highest coherence (~0.8),
indicating correlation between MAP and CBF, had higher spectral power in MAP than other
patients. Increased MAP may result in higher CBF velocity, which contributes to higher
coherence due to better signal-to-noise ratio and not necessarily because of reduced
autoregulation.8,28

In our study, we monitored autoregulation with NIRS using previously validated methods
through which we and others have found high coherence between cerebral oximetry and
CBF velocity at frequencies <0.04 Hz, suggesting that the former is a clinically reliable
surrogate for CBF.12,13 Our method of autoregulation monitoring is based on time-domain
rather than frequency-domain methods such as those used in the study by Bellapart et al.11

An advantage of our approach is that, unlike frequency-domain monitoring, time-domain
autoregulation monitoring does not require assumptions of stationarity, a condition usually
not present during surgery or in the intensive care units.8 Further, our methods do not
require multiple abrupt episodes of hypotension for measuring CBF responses that would
not be well tolerated in patients after LVAD insertion. A limitation of time-domain
autoregulation monitoring is that the signal-to-noise ratio is less than with autoregulation
testing in which blood pressure is manipulated. Focusing on low-frequency (0.003 to 0.04
Hz) fluctuations in CBF velocity representative of autoregulatory compensations and
recording samples >30 minutes improve the signal-to-noise ratio.8 Our methods assess
autoregulatory compensations to mean blood pressure and therefore are not affected by a
nonpulsatile state. We have previously demonstrated high coherence between slow waves of
MAP and cerebral oximetry in animals and in patients during CPB.12,13 In this study we
confirmed the presence of slow waves as a necessary prerequisite for autoregulation
monitoring after surgery, supporting our methods in LVAD patients.

Our findings are associated with several limitations. More women were in the LVAD group
than in the CABG patients. Further, there was a trend toward a higher prevalence of
hypertension and peripheral vascular disease in the CABG group than in the LVAD group.
The effect of patient sex on autoregulation is not clearly defined, but the higher rate of
widespread atherosclerosis in the CABG patients may indicate that patients in this group had
a higher rate of cerebral vascular disease than patients in the LVAD group. Additionally,
during CPB, CBF velocity was higher in the CABG surgery patients than in the LVAD
patients. High TCD-detected velocity may indicate intracranial arterial stenosis in some of
these patients.29,30 Thus, the better preserved autoregulation observed in the LVAD group
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may indicate a higher prevalence of cerebral vascular disease in the CABG surgery patients.
Temperature during CPB was lower in the CABG surgery patients than in the LVAD
patients. Using methods similar to those used here, we previously found that autoregulation
was preserved during mild hypothermia, although the threshold was shifted to the left.31

Perhaps more important, we have previously found a high rate of autoregulation impairment
during patient rewarming on CPB.9 Thus, the lower body temperature in the CABG surgery
patients might have necessitated greater rewarming that in turn contributed to impaired
autoregulation at least during the CPB period. It seems unlikely that autoregulatory
dysfunction from intraoperative rewarming would extend into the first postoperative day;
however, most patients in both groups failed to return to their preoperative baseline for CBF
autoregulation. End-tidal CO2 and in-line arterial CO2 levels were monitored continuously
to maintain normocarbia during mechanical lung ventilation during anesthesia and during
CPB, respectively. We did not, however, measure CO2 levels after tracheal extubation
postoperatively. Mild hypercarbia on postoperative day 1 in spontaneously ventilating
patients might lead to impaired autoregulation. Regardless, while these differences between
groups might explain worse autoregulation in the CABG patients, it does not detract from
the principle finding that CBF autoregulation is preserved in the LVAD patients. Our
autoregulation measurements were from the superficial frontal lobe of the brain and
therefore represent regional, not global, cerebral autoregulation. It is possible that areas of
the brain with cerebral vascular disease might have impaired autoregulation despite normal
findings in the frontal lobe.

Finally, using the cutoff of Mx ≥ 0.4 or COx ≥ 0.3 to indicate abnormal autoregulation is
admittedly arbitrary. The exact Mx or COx indicating impaired autoregulation is not clear
but is likely between 0.3 and 0.5.8,9,13,19 Data from patients with traumatic injury, in fact,
revealed that Mx ≥ 0.3 had the highest sensitivity for predicting mortality and poor
outcomes.19 The COx cutoff used to denote abnormal autoregulation is based on data
combined from multiple experiments in piglets that showed that a COx of ≥0.3 has a
sensitivity of 89%, specificity 64%, and likelihood ratio 2.5 for detecting the lower limit of
autoregulation.32 Impaired autoregulation denotes a condition in which CBF is blood
pressure passive. Nonetheless, cerebral vasoreactivity that mediates autoregulation is not
totally absent even when blood pressure is below the autoregulation threshold.33 The
consequences of CBF that is pressure dependent ultimately depend on a myriad of factors
centered on the adequacy of cerebral blood oxygen supply versus demand, including the
presence of cerebral vascular disease.

CONCLUSION
These data suggest that CBF autoregulation is preserved during and immediately after
surgery in patients undergoing LVAD insertion. Blood pressure across the autoregulatory
range would not likely increase the risk for cerebral ischemia with low blood pressure or
cerebral hyperemia at high pressures.
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Fig 1.
Slow wave activity is comparable in patients undergoing left ventricular assist device
(LVAD) insertion and those undergoing coronary artery bypass graft (CABG) surgery. Slow
wave power was approximated by change in mean arterial pressure (ΔMAP) within the slow
wave bandwidth. The distribution of epochs (% time) across ΔMAP is shown for LVAD
and CABG subjects separately (Group mean and S.D.). Presence of LVAD support did not
associate with any statistically significant change in ΔMAP.
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Fig 2.
Cerebral oximetry index (COx) results for patients undergoing left ventricular assist device
(LVAD) insertion or coronary artery bypass graft (CABG) surgery. COx values were
collected before, during, and after cardiopulmonary bypass (CPB) and on the first
postoperative day (POD1). COx is the linear correlation coefficient between cerebral
oximetry readings as a surrogate for cerebral blood flow and mean arterial pressure. When
autoregulated, COx approaches zero, but when autoregulation is impaired COx approaches
one, indicating a direct correlation between COx and MAP. The dashed line at a COx value
of 0.3 indicates the threshold for defining impaired autoregulation or the state where
cerebral blood flow is pressure passive. *p = 0.0906; †p = 0.0410.
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Table 1

Medical and surgical information for patients undergoing left ventricular assist device (LVAD) insertion or
coronary artery bypass graft (CABG) surgery

Variable LVAD Patients (n=15) CABG Patients (n=10) p Value LVAD vs. CABG

Age (years) (mean±SD) 60±10 62±10 0.8784

Gender 0.085

 Male 10 (67%) 10 (100%)

 Female 5 (33%) 0

Hypertension 7 (47%) 8 (80%) 0.211

Diabetes 6 (40%) 6 (60%) 0.428

Chronic obstructive pulmonary disease 4 (27%) 1 (10%) 0.615

Peripheral vascular disease 0 2 (20%) 0.150

Current tobacco smoker 1 (7%) 1 (10%) 1.0

Congestive heart failure 15 (100%) 2 (20%) <0.0001

Prior myocardial infarction 0 1 (10%) 0.400

Prior stroke 1 (7%) 0 1.0

Left carotid stenosis 0.559

 50–70% 11 (73%) 5 (50%)

 70–90% 1 (7%) 1 (10%)

 >90% 0 0

Right carotid stenosis 0.378

 50–70% 12 (80%) 6 (60%)

 70–90% 0 0

 >90% 0 0

Left ventricular ejection fraction <30% 15 (100%) 2 (20%) <0.0001

Medications

 Aspirin 7 (47%) 9 (90%) 0.040

 Beta-blockers 7 (47%) 3 (30%) 0.678

 “Statin” drugs 2 (13%) 6 (60%) 0.028

 Ca2+ channel blockers 1 (7%) 2 (20%) 0.543

 ACE inhibitors 4 (27%) 4 (40%) 0.667

 Dobutamine 2 (13%) 0 0.500

 Milrinone 9 (60%) 0 0.003

Prior cardiac surgery 4 (27%) 1 (10%) 0.615

Cardiopulmonary bypass duration (min) 79±33 89±24 0.4370

Aortic cross-clamp duration (min) - 56±16

Epinephrine Infusion During 10 1 0.014

Postoperative Day 1 Monitoring

Abbreviation: ACE, angiotensin-converting enzyme.
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Table 2

Postoperative in-hospital outcomes for patients undergoing left ventricular assist device LVAD) insertion or
coronary artery bypass graft (CABG) surgery

Variable LVAD Patients (n=15) CABG Patients (n=10) p Value

Stroke 1 (7%) 0 1.0

Encephalopathy 3 (20%) 0 0.250

Mechanical ventilation > 72 h 2 (13%) 0 0.500

Acute kidney injury within 48 h of surgery 1 (7%) 3 (30%) 0.267

Mortality 1 (7%) 0 1.0

Postoperative atrial fibrillation 1 (7%) 1 (10%) 0.267
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Table 3

Laboratory results obtained during surgery for LVAD and CABG surgery patients. Data are presented as mean
±SD.

LVAD Group (n=15) CABG Group (n-10) P-Value

pH during CPB 7.40±0.03 7.37±0.02 0.0284

pH after CPB 7.41±0.04 7.34±0.03 0.0343

PaCO2 during CPB (mmHg) 42±3 42±2 0.8066

PaCO2 after CPB (mmHg) 37±4 39±5 0.3699

PaO2 during CPB (mmHg) 254±38 252±14 0.7706

PaO2 after CPB (mmHg) 318±92 192±91 0.0020

Hemoglobin during CPB (gm/dL) 9.0±1.1 9.2±1.1 0.7454

Hemoglobin after CPB (gm/dL) 8.8±1.0 8.9±1.2 0.8193
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Table 4

Cerebral blood flow (CBF) velocity and cerebral oxygen saturation (rSO2) for patients undergoing left
ventricular assist device (LVAD) insertion or coronary artery bypass graft (CABG) surgery. Data are listed as
mean±SD.

LVAD Patients (n=15) CABG Patients (n=10) p Value

Average Mean Arterial
Blood Pressure (mmHg)

 Before CPB 78±10 83±9 0.2071

 During CPB 66±9 70±10 0.1971

 After CPB 86±8 72±9 0.0001

 Postoperative day 1 84±16 69±13 0.0351

Average CBF velocity (cm/sec)

 Before CPB 30.1±6.3 34.4±10.6 0.2456

 During CPB 31.8±7.4 41.1± 5.9 0.0045

 After CPB 40.8±12.6* 47.8±7.3** 0.1364

Average rSO2 (%)

 Before CPB 54.4±10.7 63.2±11.6 0.0686

 During CPB 53.6±9.7 51.7±10.9 0.6528

 After CPB 57.82±7.4 51.8±10.1 0.1072

 Postoperative day 1 60.3±8.8 51.0±11.3 0.0351

Abbreviation: CPB, cardiopulmonary bypass.

*
p = 0.054 vs before CPB;

**
p = 0.007 vs before CPB.
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Table 5

Transcranial Doppler autoregulation monitoring results during surgery

LVAD Patients (n=15) CABG Patients (n=10) p value

Mx before CPB 0.04±0.09 0.10±0.13 0.1781

Mx during CPB 0.30±0.13* 0.42±0.14* 0.0551

Mx after CPB
0.08±0.14

†#
0.31±0.13

‡§ 0.0009

NOTE: Mean velocity index (Mx) refers to the correlation coefficient between mean arterial pressure and cerebral blood flow velocity. When
cerebral blood flow is autoregulated, Mx approaches zero; impaired autoregulation is indicated by an Mx that approaches 1. Abnormal
autoregulation in this study was defined as an Mx ≥ 0.4 at all blood pressures.

Abbreviations: LVAD, left ventricular assist device; CABG, coronary artery bypass graft; CPB, cardiopulmonary bypass.

*
p<0.0001 vs before CPB;

†
p=0.001 vs during CPB;

#
p=0.878 vs before CPB;

‡
p= 0.295 vs during CPB;

§
p=0.008 vs before CPB.
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