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Summary

Mechanical circulatory support (MCS) with an implantable left
ventricular assist device (LVAD) is an established therapeutic
option for advanced heart failure. Most of the currently used
LVADs generate a continuous stream of blood that decreases
arterial pulse pressure. This study investigated whether a change
of the pulse pressure during different pump speed settings would
affect cerebral autoregulation and thereby affect cerebral blood
flow (CBF). The study included 21 haemodynamically stable
outpatients with a continuous-flow LVAD (HeartMate II, Abbott,
USA) implanted a median of 6 months before the study
(interquartile range 3 to 14 months). Arterial blood pressure
(measured by finger plethysmography) was recorded
simultaneously with CBF (measured by transcranial Doppler
ultrasound) during baseline pump speed (8900 rpm [IQR 8800;
9200]) and during minimum and maximum tolerated pump
speeds (8000 rpm [IQR 8000; 8200] and 9800 rpm [IQR 9800;
10 000]). An increase in LVAD pump speed by 800 rpm [IQR
800; 1000] from the baseline lead to a significant decrease in
arterial pulse pressure and cerebral blood flow pulsatility (relative
change —24 % and —32 %, both p < 0.01), but it did not affect
mean arterial pressure and mean CBF velocity (relative change
1% and -1.7 %, p=0.1 and 0.7). In stable patients with

a continuous-flow LVAD, changes of pump speed settings within

a clinically used range did not impair static cerebral

autoregulation and cerebral blood flow.
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Introduction

Heart failure is one of the major causes of
morbidity and mortality, with an increasing prevalence of
1-2 %, burdened by an unfavorable 5-year mortality of
45-60 % (Pirk et al. 2019). Available therapeutic options
for refractory heart failure are heart transplantation or
mechanical circulatory support (MCS) implantation.
MCSs have been broadly adopted as a treatment based on
excellent survival rates and reasonable rates of adverse
events, both of which are linked to the rapid evolution of
these devices in recent years. Almost 95 % of todays’
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long-term MCS systems generate non-pulsatile, i.e.,
continuous flow (Kirklin et al. 2017), challenging the
physiological paradigm of pulsatility being indispensable
for proper end-organ function, including cerebral
autoregulation.

Cerebral autoregulation is a crucial mechanism
for managing the delivery of oxygenated blood to the
brain in response to blood pressure variations. This
complex regulatory mechanism consists of the following
determinants of cerebral blood flow (CBF): (a) metabolic
autoregulation, which is sensitive to changes in arterial
PO2 and PCO2, (b) myogenic autoregulation, which
alters arterial diameter, i.e., changes vascular resistance in
response to blood pressure changes, (c) matches local
blood flow to
(d) facilitates the need to extract large amounts of the
available oxygen (Kittnar et al. 2011, Willie et al. 2011).

Changes

localized metabolic needs, and

in cerebral circulation can occur
perioperatively during left ventricular assist device
(LVAD) implantation (e.g., ischemia or subsequent
microembolisation) or shortly after LVAD implantation
(e.g.,
periods of tissue hypoperfusion). Later on, changes in

cerebral hyperperfusion syndrome after long
cerebral circulation can be caused by disruption of the
baroreflex or the failure of cerebrovascular regulatory
mechanisms (Cornwell ef al. 2015).

The arterial pulse pressure is thought to be
an important determinant of cerebral autoregulation. The
rate of pulsatility in continuous-flow left ventricular assist
devices (CF-LVAD) closely correlates with pump speed
settings, i.e., the higher the pump speed, the lower the

Baseline pump speed

Decreased pump speed

observed pulsatility. Nevertheless, there is still a residual,
although non-physiological, pulse pressure regardless of
flow rate (Cornwell ef al. 2015). Published data suggest
that CF-LVAD patients are exposed to low-oscillatory
blood flows, which negatively affects physiological
hemodynamics. Thus, indicating that a modest increase in
arterial pulsatility to preserve cerebral autoregulation, i.e.,
to maintain normal brain physiology, may be beneficial
(Stohr et al. 2019).

Therefore, our study aimed to investigate the
effect of different LVAD pump speed settings on cerebral
perfusion, especially high-speed settings, which are
characterized by the greatest suppression of pulsatility.

Methods

The study was approved by the Institutional
Ethics Committee, and all patients signed informed
consent. The study population comprised
21  haemodynamically  stable outpatients  with
an implanted continuous-flow LVAD (HeartMate II,
Abbott, USA). All patients had international normalized
ratios (INR) within the therapeutic range (1.8-3.0)
maintained by warfarin.

The experiment was performed with patients in
asupine position, in a quiet, darkened room, after
a resting period of at least 10 minutes. Arterial blood
measured continuously using finger
plethysmography  (Finometer™,  Finapres Medical
Systems, Amsterdam, The Netherlands). Cerebral blood
flow in both middle cerebral arteries was measured

pressure  was
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Fig. 1. An example of hemodynamic data measured during different pump speed. CBF=cerebral blood flow; CO=pump flow.
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continuously using transcranial Doppler ultrasound fixed
to the temples (Rimed Rigi-Lite ™ version 16, Rimed
Ltd., Ra’anana, Israel). All signals were simultaneously
recorded at 1 kHz by a data acquisition system
(PowerLab 16/35, ADInstruments, Sydney, Australia).
The first recording was obtained at the default pump
speed (i.e., baseline; 8900 rpm [IQR 8800; 9200]).
A second recording was obtained for pump speeds that
were decreased by —800 rpm [IQR 800; 1000] from
baseline (MIN; 8000 rpm [IQR 8000; 8200]), all while
taking into consideration the patient’s hemodynamic
tolerance. A third recording was obtained for pump
speeds increased by 800 rpm [IQR 800; 1000] above
baseline (MAX; 9800 rpm [IQR 9800; 10 000]) while
avoiding suction of the emptied left ventricle by the
LVAD inflow cannula. Each recording was 2 minutes
long. Each recording was preceded by a 2-minute
stabilisation period. An example of the recorded blood
pressure and CBF signals at different pump speed settings
is shown in Figure 1.

The recorded signals were processed offline using
a  dedicated (LabChart 7,
ADInstruments). Analyzed parameters included beat-by-

software  package
beat mean arterial pressure (MAP), arterial pulse pressure,
mean CBF velocity, CBF pulsatility (maximum—minimum
CBF velocity), and heart rate. MAP and CBF were
obtained from the electronic mean of the signal curves.
Pump flow, expressed in l/min, was estimated by the
LVAD control console (software algorithm based on actual
electrical power consumption and pump speed). For each
2-minute segment, the beat-by-beat values were averaged
to a single value. Values of CBF and CBF pulsatility from
both cerebral arteries were averaged.

Statistical analyses were performed in R 3.4
(R-project.org, Vienna, Austria). Continuous normally
distributed variables are expressed as mean + standard
deviation, non-normally distributed variables as median
and interquartile range. The significance of hemodynamic
changes for the three pump speed settings was analyzed
using one-way ANOVA. Comparisons of hemodynamic
parameters between any two different pump speed settings
were analyzed using a paired t-test. Group comparisons
were performed using the Student’s t-test, chi-square test,
and the Fisher’s test, as appropriate. Correlations among
continuous variables were analyzed using Pearson’s test.
A p-value < 0.05 was considered statistically significant.
A non-significant change of mean CBF velocity after
asignificant change of the pump flow was considered
a sign of preserved static cerebral autoregulation.

Results

The study protocol was completed in all
21 patients. The patients’ clinical characteristics are
summarised in Table 1; the measured hemodynamic
parameters are summarised in Table 2. The average patient
age was 47 + 13 years, and 19 patients (91 %) were males.
The median time on the LVAD support at the time of the
study was 167 days [IQR 81; 411]. Although one-third of
the patients had a history of atrial fibrillation, all of them
were in sinus rhythm at the time of the study. Eight
patients (38 %) had a previous history of a cerebrovascular
accident (TIA, n=3; stroke, n=5). All patients were on
chronic therapy with beta-blockers. At baseline, the pump
speed was set to 8900 rpm [IQR 8800; 9200], which
generated a pump flow of 4.1 £ 0.8 L/min (Table 2).
A decrease in the pump speed from baseline by 800 rpm
[IQR 800; 1000] led to a decrease in the pump flow by
=15 % ([IQR —26; —15]; p < 0.001) and a decrease in MAP

pressure by —3.4 % ([IQR —6.5; —1.2]; p=0.1).

Table 1. Baseline characteristics of the study population

Characteristic 21 (100)
Male gender 19 (91)
Mean Age (years) 47+13
Ischemic cardiomyopathy 8 (38)
Non-ischemic cardiomyopathy 13 (62)
Duration of heart failure, days 599 [393; 2049]
History of atrial fibrillation 7 (33)
Transient ischemic attack or

8 (38)
stroke
Stroke 5(24)
Transient ischemic attack 3(14)
Stenosis of carotid artery >70 % 0 (0 %)
Arterial hypertension 5(24)
Diabetes mellitus 4 (19)
Smoking history 13 (62)
LVAD as a b.rldge to 20 (95)
transplantation
LVAD as a destination therapy 1(5)
Time on LVAD, days 167 [81; 411]
Beta-blockers 21 (100)
ACEI/ARB 17 (81)

The values are mean + standard deviation, median [inter-quartile
range] and frequency (percentage). ACEI/ARB=angiotensin-
converting enzyme inhibitor/angiotensin receptor blocker;
LVAD=left ventricular assist device.
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Table 2. Hemodynamics at the different pump speed settings
Variable Baseline Min Max P-value
setting (decreased (increased Baseline Max vs.  Maxvs.
pump speed) pump speed) vs. Min baseline Min
Pump speed, 8929 + 222 8048 + 108 9819 + 244 <0.001 <0.001 <0.001
revolutions/min
Pump flow, l/min 51+0.8 4.1+£0.8 6.0£0.9 <0.001 <0.001 <0.001
Heart rate, beats/min 76 £ 15 78+ 15 76+ 16 0.3 0.2 0.5
Mean arterial 98 £ 15 94 + 15 99 + 16 <0.001 0.1 <0.001
pressure, mmHg
Arterial pulse 18 + 80 22+ 10 13 +£60 <0.001 <0.001 <0.001
pressure, mmHg
Mean CBF, cm/s 71+16 67+ 16 74+ 18 <0.01 0.7 <0.001
CBF pulsatility, cm/s 23+11 32415 18+9 <0.001 <0.001 <0.001
The p-values were obtained by paired t-test. CBF=cerebral blood flow
Table 3. Hemodynamics according to the history of a previous cerebrovascular accident
No history of CVA History of CVA*
P-value
(n=13) (n=8)
Baseline pump speed (8900 rpm [IQR 8800; 9200])
Heart rate, beats/min 82+ 16 73+13 0.2
Pump flow, l/min 5.1+£0.7 52+09 0.8
Mean arterial pressure, mmHg 99 +18 95+ 16 0.6
Arterial pulse pressure, mmHg 169 21+6 0.2
Mean CBF, cm/s 6010 69 +22 0.3
CBF pulsatility, cm/s 22+ 10 27+ 13 0.4
Minimal pump speed (8000 rpm [IQR 8000; 8200])
Heart rate, beats/min 83+ 16 72+12 0.1
Pump flow, I/min 4.0+09 43+0.6 0.5
Mean arterial pressure, mmHg 96+ 17 90+ 14 0.4
Arterial pulse pressure, mmHg 21+ 12 26+ 5 0.2
Mean CBF, cm/s 57+8 66 + 20 0.3
CBF pulsatility, cm/s 30+ 13 35+ 15 0.5
Maximal pump speed (9800 rpm [IQR 9800; 10 000])
Heart rate, beats/min 80+ 17 70+ 12 0.1
Pump flow, I/min 6.0+£0.9 59+1.1 0.8
Mean arterial pressure, mmHg 101 £ 18 97+ 16 0.7
Arterial pulse pressure, mmHg 11+5 14+4 0.09
Mean CBF, cm/s 62+10 68 +20 0.5
CBF pulsatility, cm/s 14+5 20+ 12 0.2

CBF=cerebral blood flow; CVA=cerebrovascular accident; The table shows no significant differences in the systemic hemodynamics and
cerebral blood flow in patients with a history of CVA (transient ischemic attack, n=3; stroke, n=5) compared to the rest of the study population.

As a result of the greater contribution of the native left
ventricular contractions, the pump flow decrease was
accompanied by a significant increase in arterial pulse

pressure by 19 % ([IQR 10; 40]; p < 0.001) and CBF
pulsatility by 31 % ([IQR 21; 50]; p <0.001) (Table 2).
However, the decrease in MAP led to systemic
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hypoperfusion with a decrease in the mean CBF velocity
by =8 % ([IQR —11; —1.6]; p < 0.01) (Table 2).

An increase in pump speed by 800 rpm
[IQR 800; 1000] above baseline caused an increase in
pump flow by 15 % ([IQR 11; 22]; p < 0.001), a decrease
in arterial pulse pressure by —24 % ([IQR —29; —13];
p < 0.001), and a decrease in CBF pulsatility by —18 %
([IQR —34; —6]; p < 0.001), but it did not affect the MAP
or the mean CBF velocity (Table 2).

There was a strong correlation only between
CBEF pulsatility and pump flow and arterial pulse pressure
but not between the mean CBF velocity and pump flow
and arterial pulse pressure (Fig. 2).

Based on the analysis of variance, pump speed
settings were only associated with changes in pump flow,
arterial pulse pressure, and CBF pulsatility but were not

CBEF vs. arterial pulse pressure
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associated with significant changes in HR, MAP, or mean
CBF velocity (Fig. 3).

Discussion

This study investigated the acute effect of
different LVAD pump speed settings on static cerebral
autoregulation. An important finding was that even at the
maximum tolerated pump speed, measurable arterial
pulsatility, and CBF pulsatility remained. Additionally,
the study found that CBF did not change significantly at
the increased pump speeds. The latter finding suggests
that within the clinically feasible range of pump speed
settings, experimental changes in blood flow do not affect
static cerebral autoregulation and CBF, despite significant
changes in arterial pressure pulsatility.

CBF vs. pump flow
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Fig. 2. Correlation between mean cerebral blood flow velocity and pulsatility relative to pump flow and arterial pulse pressure.

CBF=cerebral blood flow. The datapoints were pooled from all continuous-flow left ventricular assist device patients at the three
different pump speeds (MIN=8000 rpm [IQR 8000; 8200]; baseline=8900 rpm [8800; 9200]; MAX=9800 rpm [9800; 10 000]). The
graphs show constant mean cerebral blood flow velocity despite variable arterial pulse pressure and pump speed, pump flow
respectively.
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Fig. 3. Systemic Hemodynamics and cerebral blood flow at different pump speeds. CBF=cerebral blood flow. The graphs show the
change in the hemodynamic parameters at different pump speeds. The colored dotted lines represent data from each patient. The thick

black lines represent the average values with the standard error.

CF-LVADs represent the majority of long-term
MCS implants in the current era (Kirklin et al. 2017).
Although CF-LVADs have several advantages over
pulsatile devices, controversy remains over the effects of
CF-LVADs on end-organ function due to the reduction in
pulsatility, particularly as it relates to cerebral perfusion
and autoregulation (Ono et al. 2012). There are few
published papers concerning cerebral autoregulation in
CF-LVAD patients; however, unambiguous conclusions
are missing. Katherine Lietz ef al. described for the first
time in 2009, the relationship between LVAD high
and the
occurrence of neurologic dysfunction in the early post-

speeds, i.e., high pump flow, increased
implant period. The reported prevalence reached 27 % of
LVAD implanted patients in the first 30 days. In 87 % of
affected patients, the neurologic deficit was transient and
reversed after reducing LVAD flow. The authors of this
article suggested that this was due to the sudden
hyperperfusion, after LVAD implantation, of long-term
hypoperfused cerebral tissue, which is typical with
heart Cerebral
mechanisms cannot adequately correct for a precipitous

chronic failure. autoregulatory

increase in cardiac output (Lietz ef al. 2009).

Another study dealing with cerebrovascular
dysregulation in LVAD patients was conducted by Judith
a definite conclusion

Bellapart et al. However,

concerning the possible failure of cerebrovascular
regulation was not reached even though the authors of the
study were leaning towards some degree of
dysregulation. The study's main limitations were the low
number of study subjects (n=5) and the use of pulsatile
devices (Bellapart et al. 2011). On the other hand,
Masahiro Ono et al. reported preserved cerebrovascular
regulation in a cohort of 15 patients implanted with
CF-LVADs (Ono et al. 2012). However, the patients
were only followed during the early post-implant period,
which limits long-term conclusions. A recent study by
Cornwell et al. investigated 14 LVAD patients (9 of
whom had CF-LVADs) and compared them to ten
healthy controls. The authors also assessed the dynamic
part of cerebral autoregulation. They found that cerebral
blood flow was comparable, suggesting that the reduction
in pulsatility associated with CF-LVADs does not impair
normal autoregulatory processes (Cornwell ef al. 2014).
Impaired cerebral autoregulation goes hand in
hand with adverse neurological outcomes (Bellapart et al.
2011, Bozkurt 2018, Caldas et al. 2018, Lietz et al. 2009,
Pham et al 2015). other than
malfunctions of the autoregulatory processes can be
in CF-LVAD

patients. There are several views on this topic, with most

However, things
responsible for neurological deficits

of them emphasizing, to some degree, the importance of
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altered pulsatility. Impairment of microcirculation
oxygen kinetics due to low pulsatile, diastolic-dominant
Hemodynamics was postulated by Stohr et al. (Stohr
et al. 2019). On the other hand, Cornwell et al. found
adverse neurologic events to be a consequence of other
LVAD-related complications, such as gastrointestinal
bleeding, pump thrombosis, infection, and atrial
fibrillation (Cornwell et al. 2019), which diminished the
influence of lower pulse pressures.

Of note, eight patients (38 %) had a previous
history of a cerebrovascular accident, but none of them
had any apparent residual neurological symptoms at the
time of the study. There was also no difference in the
hemodynamics between the patients with previous
cerebrovascular history and the rest of the patients
(Table 3).

Since

improvements in the morbidity and

mortality of LVAD-implanted patients are always
warranted, more studies on this topic need to be
conducted. We focused on the possible effect of variable
LVAD pump speed settings on neurological disturbances
because of its potential to impair cerebral autoregulation.
Our findings should be of great interest to clinicians since
the optimization of LVAD pump speed settings is crucial
for implanted patients. Adequate unloading of the failing
ventricle accompanied by loss of native contractility
results in a substantial loss of pulsatility in LVAD-
implanted patients, potentially leading to cerebral
autoregulation disturbances.

Optimal pump speed settings should lead to
sufficient unloading of the ventricle and enable the
intermittent opening of the aortic valve to prevent blood
stasis and provide adequate cardiac output. Maintaining
the patient’s INR within the therapeutic range is
a precondition for any change in pump speed. In our
department, echocardiographic guidance is routinely used
to optimize LVAD parameters so that patients are
discharged in an optimized hemodynamic condition. The
optimised LVAD settings described above represent the
baseline condition of the patients in our study.

In our study, LVAD pump speeds were reduced
to accentuate the residual contractility of the
dysfunctional ventricle, thus increasing systolic-diastolic
differences. Increasing the pulsatile element of blood
pressure mimics physiological conditions, i.e., there is no
cerebral autoregulation impairment, which is the expected
finding. Conversely, increasing LVAD revolutions per
minute (rpm) simulated total loss of pulsatility. This

adjustment of LVAD settings led to a substantial increase

in blood flow, while the mean arterial pressure and mean
CBF velocity remained stable. In our opinion, the
constancy of these particular parameters leads to the
preservation of cerebral vascular resistance. In other
words, stable mean CBF velocity maintains adequate
tension variability in vascular smooth muscle cells in
response to intraluminal pressure changes.

It is noteworthy that even at maximally tolerated
pump speeds, the average pulse pressure was still around
13 mmHg. This phenomenon has been well-described in
previously published papers and is often referred to as
20 mmHg)
(Cornwell et al. 2015). It results from the left ventricle

a non-physiological pulse (i.e., approx.
ejecting blood through the LVAD pathway (Pagani
2008). It results from fluctuations in the intra-ventricular
pressures during each cardiac cycle (Pham et al. 2015).
Regardless of LVAD pump speeds, the permanent
presence of residual pulsatility in CF-LVAD patients
might be beneficial in the sense of a reduction in adverse
events (Stohr ef al. 2019).

Our findings from a relatively large group of
patients with continuous-flow LVAD suggest that static
cerebral autoregulation is preserved when pulsatility is
LVAD pump
speed optimization is a routine and safe procedure

experimentally reduced. Additionally,

performed during the post-implant period and is not
associated with neurological disturbances.

Limitations

Due to safety considerations, the study evaluated
only the static component of cerebral autoregulation.
Evaluation of dynamic autoregulation would require
periodic manipulation of blood pressure using manoeuvres
such as synchronized deep breathing. However, sudden
changes in blood pressure in LVAD patients often lead to
suction events with an increased risk of ventricular
arrhythmias. Furthermore, it should be highlighted that the
study evaluated only acute hemodynamic changes in
otherwise stable LVAD patients. Long-term manipulation
via pump speed settings would impose an unacceptable
risk of hemodynamic decompensation or symptomatic
suction events. The majority of patients were young males
with non-ischemic etiologies of chronic heart failure and
more likely to have intact reflexes such as cerebral
autoregulation than elderly patients or patients with
ischemic chronic heart failure. This study primarily reflects
male physiology since women were only 9 % of the cohort.
A major part of the patients in our study cohort were using



838 Konarik et al. Vol. 70

beta-blockers, angiotensin-converting enzyme inhibitors,  Conflict of Interest

or angiotensin-receptor blocker antagonists at the time of  There is no conflict of interest.
the study. The possible influence of these medications on

study results cannot be ruled out.

References

BELLAPART J, CHAN GC, TZENG YC, AINSLIE P, BARNETT AG, DUNSTER KR, BOOTS R, FRASER JF: The
effect of ventricular assist devices on cerebral autoregulation: a preliminary study. BMC Anesthesiol 11: 1-8,
2011. https://doi.org/10.1186/1471-2253-11-4

BOZKURT S: Effect of cerebral flow autoregulation function on cerebral flow rate under continuous flow left
ventricular assist device support. Artif Organs 42: 800-813, 2018. https://doi.org/10.1111/aor.13148

CALDAS JR, HAUNTON VI, PANERAI RB, HAJJAR LA, ROBINSON TG: Cerebral autoregulation in
cardiopulmonary bypass surgery: a systematic review. Interact Cardiovasc Thorac Surg 26: 494-503, 2018.
https://doi.org/10.1093/icvts/ivx357

CORNWELL WK 3rd, TARUMI T, AENGEVAEREN VL, AYERS C, DIVANIJI P, FU Q, PALMER D, DRAZNER
MH, MEYER DM, BETHEA BT, HASTINGS JL, FUIIMOTO N, SHIBATA S, ZHANG R, MARKHAM
DW, LEVINE BD: Effect of pulsatile and nonpulsatile flow on cerebral perfusion in patients with left
ventricular assist devices. J Heart Lung Transplant 33: 1295-1303, 2014.
https://doi.org/10.1016/j.healun.2014.08.013

CORNWELL WK 3rd, TARUMI T, STICKFORD A, LAWLEY J, ROBERTS M, PARKER R., FITZSIMMONS C,
KIBE J, AYERS C, MARKHAM D, DRAZNER MH, FU Q, LEVINE BD: Restoration of pulsatile flow
reduces flow sympathetic nerve activity among individuals with continuous-flow left ventricular assist devices.
Circulation 132: 2316-2322, 2015. https://doi.org/10.1161/CIRCULATIONAHA.115.017647

CORNWELL WK 3rd, TARUMI T, LAWLEY J, AMBARDEKAR AV: Crosstalk opposing view: Blood flow
pulsatility in left ventricular assist device patients is not essential to maintain normal blood physiology.
J Physiol 597: 357-359, 2019. https://doi.org/10.1113/JP276730

KIRKLIN JK, PAGANI FD, KORMOS RL, STEVENSON LW, BLUME ED, MYERS SL, MILLER MA, BALDWIN
JT, YOUNG JB, NAFTEL DC: Eight annual INTERMACS report: Special focus on framing the impact of
adverse events. J Heart Lung Transplant 36: 1080-1086, 2017. https://doi.org/10.1016/j.healun.2017.07.005

KITTNAR O: Medical Physiology. LOMICEK J, Grada, Prague, 2011, pp 241-242.

LIETZ K, BROWN K, ALI SS, COLVIN-ADAMS M, BOYLE AJ, ANDERSON D, WEINBERG AD, MILLER LW,
PARK S, JOHN R, LAZAR RM: The role of cerebral hyperperfusion in postoperative neurologic dysfunction
after left ventricular assist device implantation for end-stage heart failure. J Thorac Cardiovascular Surg 137:
1012-1019, 2009. https://doi.org/10.1016/].jtcvs.2008.11.034

ONO M, JOSHI B, BRADY K, EASLEY RB, KIBLER K, CONTE J, SHAH A, RUSSELL SD, HOGUE CW:
Cerebral blood flow autoregulation is preserved after continuous-flow left ventricular assist device
implantation. J Cardiothorac Vasc Anesth 26:1022-1028, 2012. https://doi.org/10.1053/j.jvca.2012.07.014

PAGANI FD: Continuous-flow rotary left ventricular assist devices with "3rd generation" design. Semin Thorac
Cardiovasc Surg 20: 255-263, 2008. https://doi.org/10.1053/j.semtcvs.2008.08.002

PHAM P, BINDRA J, CHUAN A, JAEGER M., ANEMAN A: Are changes in cerebrovascular autoregulation
following cardiac arrest associated with neurological outcome? Results of a pilot study. Resuscitation 96:
192-198, 2015. https://doi.org/10.1016/j.resuscitation.2015.08.007

PIRK J: Cardiac surgery (in Czech). SPICKOVA M, KRATOCHVILOVA I, PATKOVA V (Eds.), Maxdorf, Prague,
2019, pp 192-193.

STOHR EJ, MCDONNELL BJ, COLOMBO PC, WILLEY JZ: Crosstalk proposal: Blood flow pulsatility in left
ventricular assist device patients is essential to maintain normal brain physiology. J Physiol 597: 353-356,
2019. https://doi.org/10.1113/JP276729




2021 Cerebral Hemodynamics in LVAD Patients 839

WILLIE CK, COLINO FL, BAILEY DM, TZENG YC, BINSTED G, JONES LW, HAYKOWSKY MJ, BELLAPART
J, OGOH S, SMITH K1J, SMIRL JD, DAY TA, LUCAS SJ, ELLER LK, AINSLIE PN: Utility of transcranial
doppler ultrasound for the integrative assessment of cerebrovascular function. J Neurosci Methods 196:
221-237,2011. https://doi.org/10.1016/j.jneumeth.2011.01.011





<<

  /ASCII85EncodePages false

  /AllowTransparency false

  /AutoPositionEPSFiles true

  /AutoRotatePages /None

  /Binding /Left

  /CalGrayProfile (Dot Gain 20%)

  /CalRGBProfile (sRGB IEC61966-2.1)

  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)

  /sRGBProfile (sRGB IEC61966-2.1)

  /CannotEmbedFontPolicy /Error

  /CompatibilityLevel 1.4

  /CompressObjects /Tags

  /CompressPages true

  /ConvertImagesToIndexed true

  /PassThroughJPEGImages true

  /CreateJobTicket false

  /DefaultRenderingIntent /Default

  /DetectBlends true

  /DetectCurves 0.0000

  /ColorConversionStrategy /CMYK

  /DoThumbnails false

  /EmbedAllFonts true

  /EmbedOpenType false

  /ParseICCProfilesInComments true

  /EmbedJobOptions true

  /DSCReportingLevel 0

  /EmitDSCWarnings false

  /EndPage -1

  /ImageMemory 1048576

  /LockDistillerParams false

  /MaxSubsetPct 100

  /Optimize true

  /OPM 1

  /ParseDSCComments true

  /ParseDSCCommentsForDocInfo true

  /PreserveCopyPage true

  /PreserveDICMYKValues false

  /PreserveEPSInfo true

  /PreserveFlatness true

  /PreserveHalftoneInfo false

  /PreserveOPIComments true

  /PreserveOverprintSettings true

  /StartPage 1

  /SubsetFonts true

  /TransferFunctionInfo /Apply

  /UCRandBGInfo /Preserve

  /UsePrologue false

  /ColorSettingsFile ()

  /AlwaysEmbed [ true

  ]

  /NeverEmbed [ true

  ]

  /AntiAliasColorImages false

  /CropColorImages true

  /ColorImageMinResolution 300

  /ColorImageMinResolutionPolicy /OK

  /DownsampleColorImages false

  /ColorImageDownsampleType /Bicubic

  /ColorImageResolution 300

  /ColorImageDepth -1

  /ColorImageMinDownsampleDepth 1

  /ColorImageDownsampleThreshold 1.50000

  /EncodeColorImages true

  /ColorImageFilter /DCTEncode

  /AutoFilterColorImages true

  /ColorImageAutoFilterStrategy /JPEG

  /ColorACSImageDict <<

    /QFactor 0.15

    /HSamples [1 1 1 1] /VSamples [1 1 1 1]

  >>

  /ColorImageDict <<

    /QFactor 0.15

    /HSamples [1 1 1 1] /VSamples [1 1 1 1]

  >>

  /JPEG2000ColorACSImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 30

  >>

  /JPEG2000ColorImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 30

  >>

  /AntiAliasGrayImages false

  /CropGrayImages true

  /GrayImageMinResolution 300

  /GrayImageMinResolutionPolicy /OK

  /DownsampleGrayImages false

  /GrayImageDownsampleType /Bicubic

  /GrayImageResolution 300

  /GrayImageDepth -1

  /GrayImageMinDownsampleDepth 2

  /GrayImageDownsampleThreshold 1.50000

  /EncodeGrayImages true

  /GrayImageFilter /DCTEncode

  /AutoFilterGrayImages true

  /GrayImageAutoFilterStrategy /JPEG

  /GrayACSImageDict <<

    /QFactor 0.15

    /HSamples [1 1 1 1] /VSamples [1 1 1 1]

  >>

  /GrayImageDict <<

    /QFactor 0.15

    /HSamples [1 1 1 1] /VSamples [1 1 1 1]

  >>

  /JPEG2000GrayACSImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 30

  >>

  /JPEG2000GrayImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 30

  >>

  /AntiAliasMonoImages false

  /CropMonoImages true

  /MonoImageMinResolution 1200

  /MonoImageMinResolutionPolicy /OK

  /DownsampleMonoImages false

  /MonoImageDownsampleType /Bicubic

  /MonoImageResolution 1200

  /MonoImageDepth -1

  /MonoImageDownsampleThreshold 1.50000

  /EncodeMonoImages true

  /MonoImageFilter /CCITTFaxEncode

  /MonoImageDict <<

    /K -1

  >>

  /AllowPSXObjects false

  /CheckCompliance [

    /None

  ]

  /PDFX1aCheck false

  /PDFX3Check false

  /PDFXCompliantPDFOnly false

  /PDFXNoTrimBoxError true

  /PDFXTrimBoxToMediaBoxOffset [

    0.00000

    0.00000

    0.00000

    0.00000

  ]

  /PDFXSetBleedBoxToMediaBox true

  /PDFXBleedBoxToTrimBoxOffset [

    0.00000

    0.00000

    0.00000

    0.00000

  ]

  /PDFXOutputIntentProfile ()

  /PDFXOutputConditionIdentifier ()

  /PDFXOutputCondition ()

  /PDFXRegistryName ()

  /PDFXTrapped /False



  /CreateJDFFile false

  /Description <<



    /BGR <>

    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>

    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>

    /DAN <>

    /DEU <>

    /ESP <>

    /ETI <>

    /FRA <>

    /GRE <>



    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)

    /HUN <>

    /ITA <>

    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>

    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>

    /LTH <>

    /LVI <>

    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)

    /NOR <>

    /POL <>

    /PTB <>

    /RUM <>

    /RUS <>

    /SKY <>

    /SLV <>

    /SUO <>

    /SVE <>

    /TUR <>

    /UKR <>

    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)

    /CZE <>

  >>

  /Namespace [

    (Adobe)

    (Common)

    (1.0)

  ]

  /OtherNamespaces [

    <<

      /AsReaderSpreads false

      /CropImagesToFrames true

      /ErrorControl /WarnAndContinue

      /FlattenerIgnoreSpreadOverrides false

      /IncludeGuidesGrids false

      /IncludeNonPrinting false

      /IncludeSlug false

      /Namespace [

        (Adobe)

        (InDesign)

        (4.0)

      ]

      /OmitPlacedBitmaps false

      /OmitPlacedEPS false

      /OmitPlacedPDF false

      /SimulateOverprint /Legacy

    >>

    <<

      /AddBleedMarks false

      /AddColorBars false

      /AddCropMarks false

      /AddPageInfo false

      /AddRegMarks false

      /ConvertColors /ConvertToCMYK

      /DestinationProfileName ()

      /DestinationProfileSelector /DocumentCMYK

      /Downsample16BitImages true

      /FlattenerPreset <<

        /PresetSelector /MediumResolution

      >>

      /FormElements false

      /GenerateStructure false

      /IncludeBookmarks false

      /IncludeHyperlinks false

      /IncludeInteractive false

      /IncludeLayers false

      /IncludeProfiles false

      /MultimediaHandling /UseObjectSettings

      /Namespace [

        (Adobe)

        (CreativeSuite)

        (2.0)

      ]

      /PDFXOutputIntentProfileSelector /DocumentCMYK

      /PreserveEditing true

      /UntaggedCMYKHandling /LeaveUntagged

      /UntaggedRGBHandling /UseDocumentProfile

      /UseDocumentBleed false

    >>

  ]

>> setdistillerparams

<<

  /HWResolution [2400 2400]

  /PageSize [595.276 841.890]

>> setpagedevice



