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Abstract
Purpose Surgery in the prolonged extreme Trendelenburg position may lead to elevated intracranial pressure and com-
promise cerebral hemodynamic regulation. We hypothesized that robot-assisted radical prostatectomy with head-down tilt 
causes impairment of cerebral autoregulation compared with open retropubic radical prostatectomy in the supine position.
Methods Patients scheduled for elective radical prostatectomy were included at a tertiary care prostate cancer clinic. Con-
tinuous monitoring of the cerebral autoregulation was performed using the correlation method. Based on measurements of 
cerebral oxygenation with near-infrared spectroscopy and invasive mean arterial blood pressure (MAP), a moving correla-
tion coefficient was calculated to obtain the cerebral oxygenation index as an indicator of cerebral autoregulation. Cerebral 
autoregulation was measured continuously from induction until recovery from anesthesia.
Results There was no significant difference in cerebral autoregulation between robot-assisted and open retropubic radical 
prostatectomy during induction (p = 0.089), intraoperatively (p = 0.162), and during recovery from anesthesia (p = 0.620). 
Age (B = 0.311 [95% CI 0.039; 0.583], p = 0.025) and a higher difference between baseline MAP and intraoperative MAP 
(B = 0.200 [95% CI 0.073; 0.327], p = 0.002) were associated with impaired cerebral autoregulation, whereas surgical tech-
nique was not (B = 3.339 [95% CI  1.275; 7.952], p = 0.155).
Conclusion Compared with open radical prostatectomy in the supine position, robot-assisted surgery in the extreme Tren-
delenburg position with capnoperitoneum did not lead to an impairment of cerebral autoregulation during the perioperative 
period in our study population.
Trial registration number: DRKS00010014, date of registration: 21.03.2016, retrospectively registered.
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1 Introduction

Radical prostatectomy is one curative treatment option for 
localized prostate cancer in patients with a life expectancy 
greater than 10 years [1]. With the increasing adoption of 
minimally invasive techniques, robot-assisted radical pros-
tatectomy (RARP) has become the predominant surgical 
approach for radical prostatectomy [2]. Compared with 
open retropubic surgery, the advantages of RARP include 
less blood loss and lower transfusion rates [3–5]. Moreover, 
RARP has been shown to enhance postoperative recovery 
and reduce hospital length of stay [3, 4]. Independently from 
these beneficial effects, however, RARP has not been shown 
to be superior in terms of urological and oncological out-
come or quality of life [6–10]. Notably, it is under debate, 
whether reduced health-economic expenses and benefits in 
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quality-adjusted life years outweigh the high costs associated 
with robot-assisted surgery [11, 12].

To allow for visual inspection of the surgical field, RARP 
requires peritoneal insufflation of carbon dioxide and the 
extreme Trendelenburg position with a 45-degree head-
down tilt [13]. In contrast with RARP, open retropubic radi-
cal prostatectomy (ORP) is performed in the supine posi-
tion. Although the head-down tilt with capnoperitoneum is 
well tolerated by the majority of patients, there are concerns 
about the effects on several organ systems, including cardio-
vascular and pulmonary function as well as cerebrovascular 
hemodynamic regulation [14, 15]. As a result of increased 
venous return and the effect of gravity in the head-down 
position, elevated intracranial pressure has been observed 
[16]. Moreover, observational studies report an increase in 
intraocular pressure and optic nerve sheath diameter in the 
steep Trendelenburg position compared with supine posi-
tioning [17–19]. Resulting from elevated intraocular pres-
sure visual loss due to ischemic optic neuropathy has been 
reported in single cases [20, 21]. Elevated intracranial pres-
sure during head-down position may affect cerebral perfu-
sion [22].

Cerebral blood flow is tightly regulated to ensure con-
stant cerebral perfusion by autoregulation of the cerebral 
circulation [23]. Vasoactive mediators induce vasodilation 
in response to hypotension to avoid cerebral hypoperfusion 
with the risk of ischemia or trigger cerebral vasoconstriction 
following hypertension to prevent cerebral hyperperfusion 
[24]. There are conflicting results on the influence of the 
steep Trendelenburg position in combination with pneumop-
eritoneum on the cerebral vasculature [17, 25, 26]. Previous 
studies have not compared perioperative changes of cerebral 
autoregulation between head-down and supine position, but 
assessed cerebral autoregulation during Trendelenburg posi-
tion only. We hypothesized that cerebrovascular autoregula-
tion might be impaired in patients undergoing RARP in the 
head-down position compared with patients scheduled for 
ORP in the supine position. Therefore, we performed con-
tinuous perioperative measurement of the cerebral autoregu-
lation in patients undergoing elective radical prostatectomy 
for prostate cancer with the robot-assisted or the open surgi-
cal technique.

2  Methods

2.1  Ethics, setting, and study design

This study was approved by the local Ethics Committee at 
Hamburg Medical Chamber (PV4782). All patients gave 
written informed consent before study participation. The 
study was performed in accordance with the 1964 Declara-
tion of Helsinki and its later amendments. This prospective 

observational study was performed at a tertiary care pros-
tate cancer clinic between June 2015 and March 2016. The 
choice for open versus robot-assisted surgery was based on 
surgical (i.e., prostate size and prior abdominal surgery) and 
oncological considerations, including Gleason score and T 
stage, patient-related risk factors, such as stenotic valvular 
disease or obesity, and patient preference.

2.2  Participants

Patients were chosen by convenience and were included if 
they were scheduled for elective radical prostatectomy for 
prostate cancer and were fluent in German in order to under-
stand the informed consent form. We did not include patients 
with a history of cerebrovascular or neurodegenerative dis-
ease or any other intracranial pathology. The Mini-Mental 
Status Examination was used to identify patients with mild 
cognitive impairment [27]. Patients in whom invasive blood 
pressure monitoring in the radial arteries was not feasible, 
for example because of severe atherosclerosis, were excluded 
from the study.

2.3  Blood pressure measurement

Before anesthesia induction, three blood pressure values 
were obtained by repeated oscillometric measurement in 
three-minute intervals with the patient in the supine posi-
tion. The baseline blood pressure was calculated as the mean 
of these three initial measurements.

Invasive blood pressure monitoring was performed in all 
patients from the beginning of anesthesia induction and was 
continued for one hour after arrival in the post-anesthesia 
care unit (PACU) or until the patient was considered hemo-
dynamically and respiratory stable for transfer to the nor-
mal ward. Under aseptic conditions, a 20G arterial cannula 
(BM™, BD Flowswitch™, BD Germany) was inserted in 
the left radial artery after local anesthesia with plain lido-
caine 1%. If placement of the cannula was not feasible in the 
left radial artery, the right radial artery was chosen for inva-
sive blood pressure measurement. The arterial cannula was 
connected to tubing filled with saline that transmits a pres-
sure wave to a transducer and a flushing system consisting 
of 500 ml saline pressurized to 300 mmHg. The transducer 
was placed at the level of the right atrium.

2.4  Monitoring of cerebrovascular autoregulation

Cerebral autoregulation was measured continuously using 
the time correlation method, which has been described in 
detail previously [28]. This approach is based on continu-
ous monitoring of the mean arterial blood pressure (MAP) 
and a cerebral blood flow surrogate. For this trial, we used 
non-invasive monitoring of the cerebral oxygenation with 
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near-infrared spectroscopy (INVOS™ 5100 Cerebral Oxi-
meter, Medtronic GmbH, Meerbusch, Germany) as a sur-
rogate for cerebral blood flow. A moving linear correlation 
between MAP and cerebral oxygenation was calculated 
based on a sliding 300-s window updated every 10 s (ICM + , 
Cambridge Enterprise Ltd, Cambridge, UK). This method 
provides the cerebral oxygenation index (COx), which has 
been shown to reliably mirror cerebral autoregulation [29, 
30]. A COx close to zero indicates no correlation between 
MAP and cerebral oxygenation and reflects cerebral blood 
flow within the autoregulatory range. By contrast, a more 
positive correlation is indicative for an impaired cerebro-
vascular autoregulation. COx levels > 0.3 are regarded as an 
indicator of a pathological cerebral autoregulatory response 
to systemic blood pressure fluctuations [31].

2.5  Anesthetic procedures

General anesthesia was induced using sufentanil 0.3–0.7 µg/
kg, propofol 2–3 mg/kg and rocuronium 0.5–0.6 mg/kg. 
Anesthesia was maintained using sevoflurane at MAC 
0.8–1.2 in combination with sufentanil 0.1–0.2 µg/kg. Anes-
thesia depth was monitored with the bispectral index.

Muscle relaxation was performed intermittently with 
rocuronium 0.15 mg/kg when the anesthesiologist deemed 
it necessary. Intraoperative hypotension (MAP < 65 mmHg 
or a decrease in MAP > 20% of baseline for more than 5 min) 
was managed with a bolus application of norepinephrine 
5–10 µg followed by an incremental administration of con-
tinuous norepinephrine infusion. End-tidal carbon dioxide 
 (CO2) was continuously monitored and maintained between 
32 and 42 mmHg.

2.6  Positioning

Patients undergoing ORP remained in the supine horizontal 
position throughout the surgical procedure. In patients who 
had RARP, the head-down position was established after 
peritoneal insufflation of  CO2. The steep Trendelenburg 
position was maintained with a 45-degree head-down tilt. 
Intraabdominal pressure was measured continuously and 
was maintained at 10 mmHg.

2.7  Statistical analysis

Mean arterial blood pressure and COx values were obtained 
in one-minute intervals. Mean MAP and mean COx were 
calculated for predefined time periods of interest: (1) from 
bolus administration of sufentanil for anesthesia induction 
until the patient was transferred from the anesthesia induc-
tion room to the operating theater (induction), (2) from 
incision to closure (intraoperative), (3) from incision until 
the start of capnoperitoneum (before capno, RARP patients 

only), (4) 20 min from the start of capnoperitoneum (capno 
start, RARP patients only), (5) during the Trendelenburg 
position (RARP patients only), (6) 10 min following bolus 
application of norepinephrine, (7) during the first 60 min of 
PACU stay and (8) throughout the entire monitoring period 
(from the start of anesthesia induction until 60 min after 
arrival in the PACU). Variability of MAP and COx were cal-
culated as the variance of all MAP/COx values throughout 
the measurement period. Impaired cerebral autoregulation 
was defined as a COx > 0.3. The percentage of the entire 
monitoring period with the COx > 0.3 was calculated for 
each patient and defined as primary endpoint.

Data are presented as median (interquartile range) or 
n (%) unless stated otherwise. Continuous variables were 
compared between groups with the Mann–Whitney U test. 
For categorical variables, the Chi-square test or the Fisher’s 
exact test was used as appropriate. Mean COx levels during 
different perioperative episodes (induction, intraoperative, 
and PACU for ORP; induction, before capno, head-down, 
and PACU for RARP) were compared with the Wilcoxon 
signed-rank test and Bonferroni corrected for multiple 
comparisons.

To determine the influence of surgical technique on cere-
bral autoregulation, an analysis of covariance was performed 
with the time with COx > 0.3 in % as the dependent variable. 
Augmented stepwise backward elimination was used to iden-
tify factors associated with impaired autoregulation. Surgi-
cal technique and clinically relevant parameters that did not 
fulfill the criteria for collinearity were included as fixed fac-
tors (categorical variables: surgical technique [robot-assisted 
vs. open surgery], cardiovascular risk factors [0–1 vs. ≥ 2], 
high vasopressor support,) or covariates (continuous vari-
ables: age, mini-mental status examination score, duration 
of surgery, estimated blood loss, MAP variability throughout 
the perioperative period, difference between pre-induction 
and intraoperative MAP). Subsequently, variables that were 
significant on a 0.2 level were eliminated to create a pre-
liminary model. Using a stepwise approach eliminated vari-
ables were included in the preliminary model and checked 
for a change in parameter estimate (B for surgical technique) 
of > 10%.

All data were analyzed with SPSS 22 (IBM SPSS® Sta-
tistics, IBM Corporation). Figures were designed with 
GraphPad Prism 8.2 (GraphPad Software Inc., San Diego, 
California).

3  Results

A total of 189 patients were enrolled. Data on cerebral 
autoregulation were available from 183 patients. Of these, 
102 (55.7%) patients underwent RARP in the steep Tren-
delenburg position, and 81 (44.3%) patients had ORP in 
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the supine position. The flow of study participants is pre-
sented in Fig. 1. The median age of the study population 
was 63 years (range 45–76). Apart from dyslipoproteinemia 
and coronary heart disease, which was present more often in 
patients undergoing open surgery, the two surgical groups 
did not differ significantly with regard to comorbid condi-
tions. For details on demographic and clinical characteristics 
of the study population, see Table 1. All patients fulfilled 
the criteria for categories 1 to 3 of the American Society 
of Anesthesiologists physical status classification system. 

Estimated blood loss, requirement of fluid resuscitation, 
and vasopressor support were significantly higher during 
ORP (Table 1). Patients who had robot-assisted surgery 
received significantly higher doses of sufentanil and had 

longer procedures compared with those undergoing ORP. 
For urologic oncological features, see Online Resource 1.

3.1  Blood pressure

The mean MAP during anesthesia induction did not dif-
fer significantly between groups. Mean MAP values from 
incision to closure, during the PACU stay, and throughout 
the monitoring period were significantly lower in ORP 
patients compared with RARP patients. Changes from 
baseline MAP to intraoperative MAP and from baseline 
MAP to PACU MAP differed significantly between sur-
gical groups. For details on blood pressure levels, see 
Table 2.

Fig. 1  Flow of study partici-
pants throughout the study



895Journal of Clinical Monitoring and Computing (2021) 35:891–901 

1 3

3.2  Cerebrovascular autoregulation

There was no statistically significant association between 
surgical technique (RARP vs. ORP) and time with impaired 
autoregulation in the multivariable model (Table 3). Age 
and ΔMAPbaseline—intraoperative were associated with reduced 
cerebral autoregulatory function (Table 3).

We did not find a significant difference in mean COx val-
ues during anesthesia induction, during the intraoperative 
period from incision to closure, during the PACU stay or 
during the entire measurement period between RARP and 
ORP (data are displayed in Table 4 and Fig. 2). Cerebral 
autoregulation did not differ significantly between surgi-
cal groups following bolus application of norepinephrine 
(Table 4). In the RARP group, the mean COx was calculated 
before the onset of capnoperitoneum, during the first 20-min 
period after peritoneal insufflation of  CO2 and during the 
head-down position (Fig. 3). Mean COx was below the 
pathologic threshold of 0.3 during each of these episodes, 
indicating preserved cerebral autoregulation. COx levels 

before capnoperitoneum and during head-down tilt were 
significantly higher compared with COx during anesthesia 
induction and during the PACU stay in patients undergoing 
RARP. In RARP patients, COx did not differ significantly 
between induction and PACU stay.

In the ORP group, intraoperative COx was significantly 
higher than COx during anesthesia induction and COx dur-
ing the PACU stay. Postoperative COx during PACU was 
significantly lower compared with induction COx in ORP 
patients. For comparisons of COx between episodes, see 
Online Resource 2.

3.3  Subgroup analysis

About one-half of the study population (n = 94/183, 
51.4%) had a history of arterial hypertension. We com-
pared COx levels during anesthesia induction, from inci-
sion to closure, during the PACU stay, and after bolus 
administration of norepinephrine between patients with 
and without arterial hypertension. In the RARP group, 

Table 1  Baseline characteristics 
and variables related to 
anesthesia and surgery

Categorical data are displayed as n (%), continuous data are presented as median (interquartile range)
a Continuous infusion of norepinephrine > 75% of surgical time. ASA American Society of Anesthesiolo-
gists

RARP (n = 102) ORP (n = 81) p

Baseline demographic and clinical characteristics
 Age (years) 63 (58–67) 63 (60–68) 0.223
 Body Mass Index 26.4 (24.3–29.4) 25.7 (24.5–28.4) 0.451
 Obesity (BMI ≥ 30) 25 (24.5) 19 (23.5) 0.868
 Arterial hypertension 53 (52.0) 41 (50.6) 0.857
 Diabetes 5 (4.9) 5 (6.2) 0.752
 Dyslipoproteinemia 22 (21.6) 29 (35.8) 0.033
 Current smoking status 14 (13.7) 9 (11.1) 0.596
 Coronary heart disease 6 (5.9) 14 (17.3) 0.014
 Sleep apnea syndrome 7 (6.9) 2 (2.5) 0.302
 Chronic obstructive pulmonary disease 5 (4.9) 5 (6.2) 0.752
 Mini-mental status examination score 29 (28–30) 29 (27–29) 0.001

Anesthesia & surgery
 ASA Physical Status Classification System 0.094
  I 16 (15.7) 21 (25.9)
  II 71 (69.6) 44 (54.3)
  III 15 (14.7) 16 (19.8)

 Total amount of fluids administered (ml) 2500 (2000–3000) 2500 (2000–3000) 0.257
 Crystalloid fluids (ml) 2500 (2000–3000) 2500 (2000–2500) 0.017
 Colloid fluids (ml) 0 (0–0) 500 (0–500)  < 0.001
 High vasopressor  supporta 85 (83.3) 80 (98.8)  < 0.001
 Duration of surgery (min) 193 (165–220) 165 (145–185)  < 0.001
 Estimated blood loss (ml) 275 (200–400) 800 (600–1100)  < 0.001
 Sufentanil (µg) 100 (90–120) 90 (80–100)  < 0.001
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COx levels before capnoperitoneum, 20 min after the 
beginning of capnoperitoneum and in the head-down posi-
tion were compared between patients with and without 
arterial hypertension. There was no significant differ-
ence in COx levels during any of these episodes (Online 
Resource 3a). Eighty-eight patients (54.0%) for whom 

baseline MAP values were available suffered from arte-
rial hypertension. In these patients, baseline MAP was 
significantly higher (109 mmHg [IQR 101–116]) than in 
patients without arterial hypertension (104 mmHg [IQR 
96–114], p = 0.040). Accordingly, ΔMAPbaseline – induction 
(24  mmHg [IQR 16–31] vs. 21  mmHg [IQR 14–27], 

Table 2  Average blood pressure 
levels during anesthesia 
induction, from incision to 
closure, during the first 60 min 
of PACU stay, and during the 
entire monitoring period

Baseline MAP was calculated as the average of three non-invasive blood pressure measurements prior to 
induction of anesthesia. ΔMAP was defined as the difference between mean induction, intraoperative, or 
PACU MAP from baseline. Data are presented as median (interquartile range)
RARP robot-assisted radical prostatectomy, ORP open retropubic radical prostatectomy, MAP mean arterial 
blood pressure, SBP systolic blood pressure, PACU  post-anesthesia care unit

RARP ORP p

Blood pressure from induction to recovery of anesthesia
n = 102 n = 81

 MAP (induction) 86 (78–94) 84 (76–89) 0.074
 SBP (induction) 124 (113–133) 121 (115–133) 0.922
 MAP (intraoperative) 83 (80–86) 76 (73–79)  < 0.001
 SBP (intraoperative) 114 (110–120) 112 (107–118) 0.056
 MAP variability (intraoperative) 90 (61–122) 81 (50–107) 0.030
 MAP (PACU) 98 (89–107) 92 (83–103) 0.006
 SBP (PACU) 156 (137–170) 149 (140–174) 0.730
 MAP variability (PACU) 21 (13–47) 24 (11–44) 0.991
 MAP (entire measurement period) 86 (83–89) 81 (76–85)  < 0.001
 SBP (entire measurement period) 123 (117–129) 121 (116–127) 0.460
 MAP variability (entire measurement period) 160 (113–202) 142 (93–208) 0.206

Mean arterial blood pressure before anesthesia induction and difference from baseline
n = 90 n = 72

 Baseline MAP 106 (100–115) 106 (100–115) 0.772
 ΔMAP (baseline—induction) 20 (11–31) 24 (19–29) 0.06
 ΔMAP (baseline—intraoperative) 24 (16–33) 31 (26–39)  < 0.001
 ΔMAP (baseline—PACU) 11 (− 3to 23) 16 (7–24) 0.047

Table 3  Multivariable 
analysis of covariance with 
the percentage of monitoring 
time with impaired cerebral 
autoregulation (COx > 0.3) as 
dependent variable

Augmented backward elimination of cardiovascular risk factors (0–1 vs. ≥ 2, p = 0.942) and variability of 
mean arterial blood pressure (MAP) throughout the entire monitoring period (p = 0.839)
aContinuous infusion of norepinephrine < 75% of surgical time vs. > 75%. MMSE Mini-mental status 
examination score, RARP robot-assisted radical prostatectomy, ORP open retropubic radical prostatectomy

B 95% CI t p

Surgical technique (RARP vs. ORP) 3.339 − 1.275;7.952 1.431 0.155
Vasopressor  supporta − 5.038 – 10.715;0.639 − 1.755 0.082
Age (per year increase) 0.311 0.039;0.583 2.259 0.025
MMSE (per point increase) 0.778 − 0.212;1.768 1.554 0.122
Duration of surgery (per 30 min increase) 0.997 − 0.335;2.329 1.480 0.141
Estimated blood loss (per 100 ml increase) 0.315 − 0.028;0.659 1.816 0.072
ΔMAPbaseline—incision to closure (per mmHg increase) 0.200 0.073;0.327 3.121 0.002
Mean  MAPentire monitoring period (per mmHg decrease) − 0.082 − 0.344;0.180 − 0.617 0.539
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p = 0.035) and ΔMAPbaseline – intraoperative (29 mmHg [IQR 
21–39] vs. 25 mmHg [IQR 14–33], p = 0.013) differed 
significantly between patients with and without arterial 
hypertension.

When analyzing COx in hypertensive patients only, we 
did not find a significant difference between RARP and ORP 
during any perioperative episode (Online Resource 3b).

4  Discussion

The aim of this prospective observational study was to com-
pare continuous analyses of cerebrovascular autoregulation 
between RARP in the Trendelenburg position and ORP in 
the supine position. (1) We found that cerebral autoregula-
tion did not differ between robot-assisted and open surgery 
during the perioperative period. (2) Increasing age and a 

Table 4  Average cerebral 
oxygenation index (COx, 
minimum − 1 to maximum + 1) 
during various perioperative 
episodes, beginning from 
induction of anesthesia until 
the first 60 min of the post-
anesthesia care unit (PACU) 
stay

Impaired cerebral autoregulation was defined as COx > 0.3. Data are presented as median (interquartile 
range)
RARP robot-assisted radical prostatectomy, ORP open retropubic radical prostatectomy

RARP (n = 102) ORP (n = 81) p

COx (induction) 0.07 (− 0.13;0.24) 0.03 (− 0.16;0.11) 0.089
COx (intraoperative) 0.18 (0.12;0.28) 0.22 (0.12;0.33) 0.162
COx (PACU) 0.07 (0.00;0.13) 0.07 (0.02;0.15) 0.620
COx (after norepinephrine bolus) 0.14 (− 0.04;0.29) 0.14 (0.02;0.28) 0.517
COx (entire measurement period) 0.15 (0.09;0.22) 0.17 (0.09;0.25) 0.537
COx (before capnoperitoneum) 0.22 (0.02;0.42) – –
COx (20 min from abdominal  CO2 insuf-

flation)
0.17 (0.03;0.28) – –

COx (during head-down position) 0.17 (0.11;0.27) – –
COx variability 0.16 (0.14;0.19) 0.16 (0.13;0.19) 0.345
COx > 0.3 (% of monitoring time) 38.1 (31.8;44.4) 40.1 (32.4;46.8) 0.253
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Fig. 2  Cerebral oxygenation index as an indicator of cerebral autoreg-
ulation in patients with robot-assisted (RARP) and open retropubic 
radical prostatectomy (ORP) during anesthesia induction, intraop-
eratively from incision to closure, and during recovery from anes-
thesia in the post-anesthesia care unit (PACU). A cerebral oxygena-
tion index above 0.3 (dotted line) denotes an impairment of cerebral 
autoregulation. Data are presented as median (horizontal line) with 
Tukey whiskers
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an impairment of cerebral autoregulation. PACU: post-anesthesia 
care unit. Data are presented as median (horizontal line) with Tukey 
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high difference between pre-induction and intraoperative 
MAP were associated with impaired cerebral autoregula-
tion. (3) Compared with anesthesia induction and recovery 
from anesthesia, intraoperative cerebral autoregulatory func-
tion was reduced in both surgical groups independently from 
positioning.

Concern about the steep Trendelenburg position with cap-
noperitoneum is in part attributable to case reports of post-
operative visual loss because of ischemic optic neuropathy 
[20, 21, 32]. Several trials have reported on the effects of 
the Trendelenburg position on intraocular and intracranial 
pressure as a result of decreased return of cerebral venous 
blood [16, 17, 19, 33, 34].

Elevated intracranial pressure during Trendelenburg posi-
tion may compromise cerebral perfusion and the regulation 
of cerebral blood flow [22]. Interestingly, we did not find a 
difference in cerebral autoregulation between RARP in the 
head-down tilt and ORP in supine position. Our results are 
in contrast to findings from a previous trial. Schramm and 
colleagues observed impaired cerebrovascular autoregula-
tion during RARP in the Trendelenburg position [26]. In 
a prospective observational study, they measured cerebral 
autoregulation using transcranial Doppler sonography in 
23 patients. They found decreasing function of the cerebral 
autoregulation corresponding to the duration of extreme 
positioning. Conversely, after repositioning a return to base-
line levels of cerebral autoregulatory function was observed. 
This effect is in line with our results of decreased intraopera-
tive cerebral autoregulation in RARP patients. However, in 
contrast with Schramm et al. we included patients undergo-
ing ORP in addition to RARP patients and found similar 
patterns of perioperative changes of cerebral autoregulation 
in both surgical groups.

Under physiological conditions, adequate cerebral blood 
flow is preserved independently from systemic blood pres-
sure, if cerebral perfusion pressure is between 50 and 
150 mmHg, referred to as the lower and upper limits of 
cerebral autoregulation [28]. If systemic blood pressure 
is higher or lower than the autoregulatory limits, cerebral 
blood flow becomes more dependent on perfusion pressure, 
ultimately resulting in a linear flow-pressure relationship 
[35]. These cerebral autoregulatory limits are not fixed and 
may be subject to interindividual and intraindividual varia-
tion depending on age or comorbid conditions [36, 37]. One 
well-studied example is the right shift of the autoregulatory 
curve in individuals with arterial hypertension, rendering 
cerebral blood flow more susceptible to low systemic blood 
pressure [38].

In the present study, arterial hypertension was not associ-
ated with prolonged perioperative impairment of the cerebral 
autoregulation. However, patients with a history of arterial 
hypertension had more elevated pre-induction blood pres-
sure levels, and the difference between pre-induction MAP 

and intraoperative MAP was significantly associated with 
the duration of impaired autoregulation.

We found increasing age to be associated with impaired 
cerebral autoregulation during the perioperative period in 
patients undergoing radical prostatectomy. This effect was 
present regardless of surgical technique. There are conflict-
ing results regarding age-dependent alterations in cerebro-
vascular autoregulation. Inducing changes of MAP and 
arterial  CO2, Oudegeest-Sander and colleagues showed 
that cerebral autoregulation and reactivity to  CO2 were pre-
served in healthy elderly individuals [39]. Interestingly, in 
comparison with young patients, no clinically relevant dif-
ference in the regulation of cerebral blood flow has been 
observed in patients older than 65 years during general anes-
thesia [40]. Conversely, cerebral perfusion has been shown 
to be differentially regulated after posture change in elderly 
patients compared with young participants [41]. Intraocular 
pressure and optic nerve sheath diameter, as a surrogate for 
intracranial pressure, were monitored in 51 patients undergo-
ing RARP in the head-down position [17]. Compared with 
younger participants, elderly patients had reduced compli-
ance for the steep head-down tilt with impaired adaptation 
to prolonged positioning.

In addition to patient-related factors such as age and 
hypertension, extrinsic factors may affect cerebral autoreg-
ulation. Anesthetics may have an impact on the cerebro-
vascular tone, alter autoregulatory limits and narrow the 
autoregulatory plateau [42]. Lower limits of autoregulation 
during inhalational anesthesia with sevoflurane have been 
reported to be around 73 mmHg (± 14) in patients older 
than 65 years [36]. Individual variation of autoregulatory 
limits may compromise cerebral perfusion at blood pressure 
levels, which would traditionally be considered sufficient for 
organ perfusion. These findings suggest that lower autoregu-
latory limits of 90 mmHg might occur in some patients, who 
would require blood pressure targets substantially higher 
than 65 mmHg to maintain cerebral autoregulatory func-
tion during general anesthesia.

We found decreased cerebral autoregulation during the 
intraoperative period, compared with anesthesia induction. 
The transient decrease of cerebral autoregulation intraop-
eratively was observed in both RARP and ORP patients, 
suggesting that factors other than positioning may have 
contributed to the impairment of cerebral autoregulation. 
General anesthesia was maintained with sevoflurane in both 
surgical groups. Sevoflurane has a dose-dependent cerebral 
vasodilatory effect [43]. Cerebral vasodilation induced by 
sevoflurane may have contributed to the reduced autoregula-
tory function during the intraoperative period observed in 
our study. COx levels decreased after recovery from anes-
thesia similar to baseline levels, supporting the assump-
tion of transient anesthetic-induced impairment of cerebral 
autoregulation.



899Journal of Clinical Monitoring and Computing (2021) 35:891–901 

1 3

This study has several strengths and limitations that 
should be addressed. Different blood pressure measurement 
techniques were used throughout the perioperative period. 
Baseline blood pressure before anesthesia induction was 
measured non-invasively with the oscillometric method, 
whereas invasive blood pressure monitoring was used 
from induction to recovery from anesthesia. However, both 
methods for blood pressure measurement were consistently 
applied in both groups.

We defined baseline blood pressure based on pre-induc-
tion measurements, which may be influenced by anxiety and 
may not be representative of ambulatory blood pressure in 
the resting sedentary position.

Arterial  CO2 is a potent regulator of the cerebral vascular 
tone [44]. We did not draw routine blood gas analyses but 
used end-tidal  CO2 values as a surrogate for arterial partial 
pressure of  CO2. Provided that ventilation and perfusion are 
stable, arterial partial pressure of  CO2 and end-tidal  CO2 are 
highly correlated in mechanically ventilated patients [45]. 
Moreover, a high correlation between arterial and end-tidal 
 CO2 has been shown during RARP in the Trendelenburg 
position [46]. By accepting end-tidal CO2 values between 
32 and 42 mmHg a potential effect of mild to moderate 
hypercapnia on the cerebral vasculature has to be taken into 
account.

In order to rule out impaired cerebral autoregulation 
because of cerebrovascular disease, we did not include 
patients with a history of stroke, transient ischemic attack, or 
carotid and/or vertebral artery disease. These strict exclusion 
criteria limit the generalizability of our results, since pat-
terns of cerebral autoregulation in patients with preexisting 
cerebrovascular disease may react differently to head-down 
positioning, capnoperitoneum, and anesthesia.

One strength of this trial is the continuous monitoring 
of cerebrovascular autoregulation during different episodes 
throughout the perioperative period, including anesthesia 
induction, posture changes, and recovery from anesthesia. 
Rather than assessing patients only in the steep Trendelen-
burg position, we performed additional monitoring during 
open surgery in the supine position and compared a homog-
enous patient population exposed to two surgical techniques 
for radical prostatectomy.

5  Conclusions

Based on these observational data an estimate of the cer-
ebral autoregulation is unaffected by the position in patients 
undergoing radical prostatectomy. Our findings suggest that 
particularly older patients with comorbid conditions such 
as arterial hypertension may be at risk of undercutting 
autoregulation limits during general anesthesia. Patients 
at risk might require blood pressure targets substantially 

higher than 65 mmHg to maintain cerebral perfusion pres-
sure above their individual lower autoregulatory limit and 
to ensure adequate regulation of cerebral blood flow. The 
time correlation method for the continuous measurement of 
cerebral autoregulation may support perioperative care of 
high-risk patients in the future.
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