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Predictors of cerebral blood flow
during surgery in the
Trendelenburg position, and their
correlations to postoperative
cognitive function
Fredrik Hoff Nordum1,2, Sjur Hansen Tveit1, Ane-Victoria Idland1,
Lill Anette Øyen1, Owen Matthew Truscott Thomas3,
Signe Søvik1,2* and Janus Adler Hyldebrandt4

1Department of Anesthesia and Intensive Care, Akershus University Hospital, Lørenskog, Norway,
2Institute of Clinical Medicine, Faculty of Medicine, University of Oslo, Oslo, Norway, 3Health Services
Research Unit, Akershus University Hospital, Lørenskog, Norway, 4Department of Anesthesiology,
Division of Emergencies and Critical Care, Oslo University Hospital, Oslo, Norway
Background: In robot-assisted laparoscopic prostatectomy surgery patients are
tilted 30°–40° head-down. Knowledge of cerebral autoregulation and
determinants of cerebral blood flow in this setting is limited, though
postoperative cognitive impairment has been reported. This observational
study describes the hemodynamic determinants of cerebral blood flow and
dynamics of cerebral perfusion pressure during surgery in the Trendelenburg
position and the correlations with postoperative cognition measures.
Materials and methods: We included patients scheduled for robot-assisted
laparoscopic prostatectomy without known cerebrovascular disease. Cardiac
index, mean arterial pressure, central venous pressure, optic nerve sheath
diameter as a surrogate for intracranial pressure, ultrasound-measured internal
carotid artery (ICA) blood flow and PaCO2 were recorded at six time points
(awake, anesthetized, immediately after tilt, 1 h of tilt, just before end of tilt,
and before emerging from anaesthesia). Comprehensive cognitive tests were
performed before surgery and 10 and 180 days post-surgery. Data was
evaluated using linear regression models.
Results: Forty-four males with a mean age of 67 years were included. Duration
of anesthesia was 226 min [IQR 201,266] with 165 min [134,199] in head-down
tilt. ICA flow decreased after induction of anesthesia (483 vs. 344 ml/min) and
remained lowered before increasing at return to horizontal position (331 vs.
407 ml/min). Cerebral perfusion pressure decreased after 1 h tilt (from 73 to
62 mmHg) and remained lowered (66 mmHg) also after return to horizontal
position. Optic nerve sheath diameter increased from mean 5.8 mm to
6.4 mm during the course of surgery. ICA flow correlated positively with
cardiac index (β 0.367. 1 L/min/m2 increase corresponding to 92 ml/min
increased ICA flow). PaCO2 had a positive effect on ICA flow (β 0.145. 1 kPa
Abbreviations

CO2, Carbon dioxide; ICA, internal carotid artery; ONSD, optic nerve sheath diameter; PaCO2, partial
pressure of arterial carbon dioxide; TAMEAN, time-averaged mean velocity inside; MOTML, Motor
Screening Task Mean Latency; PALFAMS, Paired Associates Learning First Attempt Memory Score;
PALTEA, Paired Associates Learning Total Errors Adjusted; RTIFMDRT, Reaction Time Task Median
Five-Choice Reaction Time; RVPA, Rapid Visual Information Processing A; RVPMDL, Rapid Visual
Information Processing Median Response Latency; RVPPFA, Rapid Visual Information Processing
Probability of False Alarm; SWMBE, Spatial Working Memory Between Errors; SWMS, Spatial Working
Memory Strategy.
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increase corresponding to 49 ml/min increased ICA flow), while mean arterial
pressure had a negative effect (β −0.203. 10 mmHg increase corresponding to a
29 ml/min decline in ICA flow). We found no evidence of postoperative
cognitive dysfunction.
Conclusion: ICA flow and cerebral perfusion pressure were significantly reduced
during robot-assisted laparoscopic prostatectomy surgery. ICA flow positively
correlated with cardiac index and PaCO2, but negatively with mean arterial
pressure. Postoperative cognitive function was not impaired.

KEYWORDS

cerebrovascular circulation, cerebral autoregulation, robot-assisted laparoscopic surgery,
Trendelenburg position, postoperative cognitive dysfunction
1 Introduction

Over the past decade, robot-assisted surgery has increasingly

become common practice for numerous surgical procedures (1,

2). Robot-assisted laparoscopic prostatectomy offers lower risk

of postoperative erectile dysfunction, incontinence and urethral

stricture, and it allows for more rapid postoperative recovery

(3). The procedure utilizes insufflation of the abdominal cavity

with CO2 (pneumoperitoneum) and steep Trendelenburg

position to improve surgical access to the prostate. This entails

significant changes in systemic and cerebral hemodynamics as

well as intrathoracic pressures and constitutes a challenge for

anesthesia providers. Knowledge of the determinants of cerebral

blood flow during this procedure is currently limited, and

several studies have reported substantial postoperative cognitive

deficits and visual field defects in the days immediately

following surgery (4–6). However, any long-term effects of

prolonged Trendelenburg positioning on cognitive function

have yet to be determined.

While the Trendelenburg position provides surgical

advantages, studies suggest that it induces increased intracranial

pressure (6, 7) and concomitant reduced cerebral perfusion

pressure (7–9) and possibly reduced cerebral blood flow.

Deterioration of cerebral autoregulation intraoperatively may

result in increased rates of postoperative cognitive dysfunction

(10). In a recent study by Yu et al. cerebral blood flow was

found to be reduced in the tilted phase during robot-assisted

laparoscopic prostatectomy (11). However, monitoring cerebral

blood flow changes peroperatively may be not clinically relevant

if not evaluated together with patient-centered outcomes like

long-term cognitive function. To optimize perioperative care of

an increasingly elderly surgical population it is important to

assess postoperative cognitive dysfunction and its possible

connections to changes in intracranial pressure and cerebral

blood flow during surgery.

Cerebral blood flow is regulated by a complex combination of

physiological responses and feedback mechanisms (12). A

prevalent belief is that these autoregulatory mechanisms will

ensure constant cerebral blood flow if mean arterial pressure is

between 60 and 150 mmHg with stable PaCO2 levels (13, 14).

However, studies have shown that changes in cardiac output may

elicit significant changes in cerebral blood flow despite a mean

arterial pressure within the believed “autoregulatory range”
02
(15–17). Previous studies have been contradictory on whether

cerebral autoregulation is affected during surgery in the

Trendelenburg position, with one study reporting progressive

attenuation of cerebral autoregulation during prolonged steep

Trendelenburg position (18), and another reporting no

impairment (19).

This observational study aimed to investigate the changes in

cerebral circulatory physiology during robot-assisted laparoscopic

prostatectomy and describe the determinants of cerebral blood

flow. Specifically, we wanted to compare the effects of cardiac

output and mean arterial pressure on cerebral blood flow.

Further, we employed a comprehensive state-of-the-art cognitive

testing with a substantial follow-up time, to detect whether

cognition was impaired following surgery.
2 Methods and materials

2.1 Study design and eligibility criteria

The study was designed as a prospective, non-randomized

observational study. We invited all patients who were scheduled

for robot-assisted laparoscopic prostatectomy surgery at Akershus

University Hospital from June 10th to December 23rd, 2022.

Patients who met the exclusion criteria listed in Supplementary

Table S1 were not included.

After oral and written information, written consent was

obtained before the first presurgical cognitive test. Our

recruitment process and protocol were in accordance with the

Declaration of Helsinki and approved by the Regional Ethics

Committee (Oslo, Norway; ref. No.: 230764) and the Institutional

Data Protection Officer (ref. No.: 2021_14).
2.2 Anesthesia procedure

The study was purely observational. Premedication, anesthesia,

mechanical ventilation, and postoperative analgesia were given

according to our department’s standard regime for robot-assisted

laparoscopic prostatectomy. Oral premedication was given

approximately 60 min before surgery, consisting of paracetamol

(2 g, 1.5 g if age ≥75 years or weight ≤60 kg), dexamethasone
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(16 mg, 12 mg if age ≥75 years or weight ≤60 kg), oxycodone,
prolonged release formulation (10 mg, 5 mg if age ≥75 years or

weight ≤60 kg). Dexamethasone was omitted in patients with

diabetes mellitus unless they were deemed well-regulated with

HbA1C≤ 48 mmol/mol or had type II diabetes regulated by low-

dose metformin (500 mg × 2–3/day) or managed by dietary

restrictions alone.

Anesthesia was induced with fentanyl, 100–150 µg,

remifentanil and propofol using target control anesthesia. Muscle

relaxation was provided using rocuronium (0.6 mg/kg).

Anesthesia was maintained with an infusion of propofol and

remifentanil, targeting a Bispectral IndexTM (BISTM, Medtronic

Inc, Dublin, Ireland) of 40–60. Bolus doses of rocuronium were

used to maintain deep neuromuscular blockade throughout the

procedure (TOF = 0 and PTC ≤4). Sugammadex was used as

reversal agent if TOF < 90% at the end of surgery. Bolus doses of

ephedrine 5–10 mg i.v. and phenylephrine 0.05–0.1 mg i.v. were

given in the event of hypotension. In select cases, an infusion of

norepinephrine was started. Parecoxib 40 mg i.v. was

administered approximately 30 min before extubation unless

contraindicated. Ondansetron 4 mg i.v. was administered to

patients with a high risk of developing postoperative nausea and

vomiting. Normovolemia was maintained with an infusion of

isotonic Ringer’s Acetate with a rate of 3 ml/kg.
2.3 Recordings

Baseline measurements and recordings were obtained before

induction of anesthesia (T1). Further measurements and

recordings were taken immediately after induction of anesthesia

and mechanical ventilation (T2), after the introduction of

pneumoperitoneum and tilting the patient in the Trendelenburg

position (T3), after 60 min in Trendelenburg position (T4), just

before the end of surgery (T5), and after the patient was tilted

back to horizontal position, but still under general anesthesia and

mechanical ventilation (T6) (Table 1).

Standard anesthesia monitoring for the procedure included an

arterial catheter for continuous blood pressure measurements,

continuous electrocardiogram, finger pulse oximetry and

measurements of end-tidal CO2, oxygen concentrations, and

mean airway pressure from the ventilator circuit (Zeus,

Drägerwerk AG & Co. KGaA, Lübeck, Germany).
TABLE 1 Protocol for measurement time points and associated patient cond

Ultrasound measurements
of ICA blood flow

T1 T2

Baseline Anesthesia La

Patient position Horizontal Horizontal T

Consciousness Awake Anesthetized A

Respiration Spontaneous
breathing

Mechanical
ventilation

Pneumo-peritoneum None None

Surgery Not started Not started

Standardized time points for research measurements in 37 males undergoing robot-assisted lapa
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Results from arterial blood gas analyses collected for study

purposes were concealed from the treating anesthesia team if

values did not exceed predetermined safety thresholds

(Supplementary Table S2).

Central venous pressure was measured through a short 1.1 mm

diameter cannula placed in the left external jugular vein (20).

Standard breath-to-breath spirometry from the ventilator circuit

provided tidal volumes, ventilatory minute volumes (L/min),

peak airway pressures, and mean airway pressures. The

laparoscope (AirSeal® iFS, CONMED Corporation, Largo. USA)

continuously measured and displayed intraabdominal pressure.

The degree of tilt of the operating table was electronically

controlled and displayed on the table panel.

Doppler ultrasound measurements were obtained using a high-

frequency linear probe over the right internal carotid artery (ICA)

(VenueTM, General Electric Company, Boston, USA). We obtained

time-averaged mean frequency (TAMEAN) and luminal cross-

sectional area in both systole and diastole. All ultrasound

measurements were repeated 3 times at each measurement time

point (T1-T6). As recordings were of maximum 4 s, the ventilator

frequency was set to a minimum of 15 breaths per minute during

the recording to ensure that the ultrasound measurements

included a full ventilatory cycle. The ventilation frequency was

returned to their prior setting as soon as ultrasound

measurements were completed. Arterial line signals were analyzed

using LiDCO RapidTM (Masimo Corporation), which provided a

nominal cardiac output, pulse pressure variation, nominal stroke

volume, and stroke volume variation.

Optic nerve sheath diameter (ONSD) was measured

using ultrasound after induction of anesthesia (T2) and near the

end of surgery (T5). We measured ONSD in the transverse and

sagittal plane in both eyes, the median value was reported.

Data was collected and stored using an electronic database

(REDCap®, Vanderbilt University, Nashville, USA).
2.4 Cognitive testing

Cognitive testing was performed using the Cambridge

Neuropsychological Test Automated Battery (CANTAB®)

(Cambridge Cognition Ltd) software, which tests different

domains of cognitive function (attention, memory, visuo-spatial

processing, language and executive functions) (21). Testing was

performed at least one day before surgery and repeated
itions.

T3 T4 T5 T6

paroscopy Tilted
60 min

Prior to end
of surgery

Prior to
extubation

rendelenburg Trendelenburg Trendelenburg Horizontal

nesthetized Anesthetized Anesthetized Anesthetized

Mechanical
ventilation

Mechanical
ventilation

Mechanical
ventilation

Mechanical
ventilation

Applied Applied Applied None

Started Ongoing Close to end Ended

roscopic prostatectomy.
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approximately 10 and 180 days after surgery. Cognitive testing was

performed in a controlled and quiet environment at our hospital or

at a healthcare facility closer to the patient’s residence. The

principal investigator or dedicated research staff had oversight

over the entire test routine to ensure proper execution and

standardization of testing conditions. Both the principal

investigator and the research staff had received training from a

neuropsychiatrist.

A total of 11 cognitive variables from the testing were

analyzed. We analyzed Motor Screening Task Mean

Latency, Paired Associates Learning First Attempt Memory

Score, Paired Associates Learning Total Errors Adjusted,

Reaction Time Task Median Five-Choice Reaction Time,

Rapid Visual Information Processing, Rapid Visual

Information Processing Median Response Latency, Rapid

Visual Information Processing Probability of False Alarm,

Spatial Working Memory Between Errors and Spatial

Working Memory Strategy.

Variables were chosen based on recommendations from the

CANTAB Connect Research: Test Administration User Guide

(22), recommendations from the CANTAB® team and review of

previous studies using CANTAB® to test for postoperative

cognitive dysfunction (21, 23).
2.5 Endpoints

Our primary endpoints were changes in ICA flow, cerebral

perfusion pressure, ONSD and postoperative changes in the

cognitive testing variables. Secondary endpoints were correlations

between ICA flow and other hemodynamic variables.
2.6 Calculations

For time-averaged mean frequency and ICA cross-sectional

area in systole and diastole, the median value of all three

measurements at each time point was used. For ONSD, the

median value of the ONSD for all four measurements was used.

ICA flow (ml/min) was calculated by multiplying the median

time-averaged mean frequency (cm/sec) by the average cross-

sectional area (cm2) of the internal carotid artery (median

diastolic area · 0.67 +median systolic area · 0.33), multiplied by

60. Cerebral perfusion pressure was calculated by subtracting the

central venous pressure from mean arterial pressure. Cardiac

index was calculated as cardiac output/body surface area. Ideal

body weight (kg) was calculated as patient height in cm – 100.
2.7 Statistical analysis

The study was by design a non-randomized prospective

observational study. No formal sample size calculation was

performed. Temporal changes in ICA flow, ONSD,

cardiorespiratory variables and outcomes from cognitive testing

were assessed using a linear mixed model analysis fit by REML
Frontiers in Anesthesiology 04
with t-tests using Satterthwaite’s method. Participant ID was set

as the random effect to account for inter-subject correlation and

measurement time was set as the fixed effect.

Independent variables potentially associated with changes in

ICA flow in the timeframe T2–T6 were analyzed in a linear

mixed model. They were chosen a priori and included age, body

mass index, cardiac index, heart rate, stroke volume index, mean

arterial pressure, central venous pressure, mean airway pressure,

PaCO2, and tidal volume divided by ideal body weight. Partial

pressure of arterial oxygen (PaO2) was not used in this analysis,

as we deemed it heavily influenced by pre-oxygenation before

induction and extubation. A forward stepwise regression

procedure set to minimize BIC was run to select important

predictors. These were subsequently included in a linear mixed

model with participant ID as a random effect. The underlying

relationships among the contributing variables were also

integrated in a Structural Equation Model (SEM) and presented

as a path diagram.

We performed a linear mixed model analysis for variables

potentially associated with changes in cognitive outcomes,

modeling the variation in each endpoint with time as a fixed

effect, the first cognitive test as a reference point, and study ID

as a random effect. Secondly, we performed a mixed model

regression including the following fixed effects: Total tilt time,

the integral of cerebral perfusion pressure between T3 and T5,

the integral of ICA flow between T3 and T5, the time between

T2 and T6 (corresponding to the duration of anesthesia), the

difference in ONSD between T2 and T5, and the CANTAB

testing time point.

The assumptions of normal distribution and equal variance

were assessed using quantile-quantile plots and a frequency

distributions test. Normally distributed data are reported as

means with 95% confidence interval shown in round brackets

(x-y), and otherwise as medians and quartiles shown in square

brackets [x,y]. The analyses were considered exploratory in

nature, and therefore claims of significance are made cautiously.

Statistical analyses were performed using dedicated statistical

software (R Foundation for statistical Computing, Vienna,

Austria), using the “lmer” package for linear mixed models and

“lavaan” for Structural Equation Modeling. Preparation of the

data, stepwise regression procedure, analysis on means, medians,

distributions and preparation of figures were done using JMP

(JMP Pro17 ®, JMP Statistical Discovery, Buckinghamshire, UK).
3 Results

3.1 Participants

Eighty-four males were screened for eligibility, of which 44

were enrolled in the study. Of the 40 patients who were screened

but not enrolled, 17 were excluded due to logistical reasons, and

nine were excluded as they had a non-Scandinavian language as

their native language. Nine did not consent to participate or

failed to respond to contact from the principal investigator. Five

were excluded due to known cerebrovascular or carotid disease.
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No patient was excluded because of findings of carotid stenosis

after enrollment.

Of the 44 included patients, we performed intraoperative

recordings on 37, the remaining seven undergoing cognitive

testing only. Of the patients undergoing cognitive testing only,

five were excluded from intraoperative measuring due to

logistical reasons. The remaining two patients were excluded due

to intraoperative complications. One due to hypotension and

bradycardia, the other due to subcutaneous emphysema affecting

the neck. Of the 37 patients who had intraoperative

measurements, 32 also completed cognitive tests 1 and 2, and 25

patients completed all three tests. Reasons for incomplete follow-

up were logistical reasons (n = 4), failure to respond to contact

(n = 3), or illness/surgical complications hindering cognitive

testing (n = 5).
3.2 Patient characteristics

The mean age of the included patients was 67 years (65–69),

mean BMI was 27 kg/m2 (26–28) and median ASA physical

status was 2 [2,2]. The most prevalent co-morbidities were

hypertension (43%), coronary artery disease (16%), and diabetes

mellitus (7%). Sixty-one percent had other co-morbidities.

Supplementary Table S3 provides additional patient characteristics.
3.3 Outcome data

The total time with head-down tilt during surgery was 165 min

[134,199], the duration of operation was 182 min [161,225], while

general anesthesia lasted 226 min [201,266]. The total propofol and
TABLE 2 Peroperative measured variables.

Measurement time T1 T2
ICA flow (ml/min) 483 [366, 689] 344 [224, 417] 316

ICA CSA (cm2) 0.43 (0.37–0.48) 0.38 (0.33–0.44) 0.39

TAMEAN (cm/s) 20.3 [15.3, 26.9] 15.7 [12.7, 19.5] 13.1

ONSD (mm) 5.8 (5.6–5.9)

CPP (mmHg) 98 [88, 106] 73 [64, 80] 72

MAP (mmHg) 102 [94, 112] 79 [70, 85] 91

CVP (mmHg) 5.0 [4.0, 9.5] 7.0 [6.0, 10.0] 21

CI (L/min/m2) 3.10 [2.70, 4.00] 2.40 [1.93, 2.98] 2.05

HR (beats/min) 72 [60, 74] 66 [59,75] 60

Tidal volume (ml) 590 [465, 760] 500 [463, 520] 485

Tidal volume/IBW (ml/kg) 7.3 [5.7, 9.6] 6.1 [5.8, 6.5] 5.9

PEEP (mBar) 0 [0,0] 5 [5,5] 8

EtCO2 (kPa) 4.3 [4.0,4.7] 4.8 [4.4, 5.1] 4.8

PaCO2 (kPa) 5.1 (4.9–5.2) 5.6 (5.4–5.7) 5.5

Paw (mBar) 0 [0, 0] 8 [7, 8.5] 12

Peritoneal pressure (mmHg) 0 [0, 0] 0 [0–0] 12

BISTM 100 [100, 100] 39 [34, 53] 37

Table tilt (degrees) 0 (0, 0) 0 [0, 0] 30

Peroperative physiological variables, as median [interquartile range] or mean (95% CI). Values dif

p-values. T1: awake, T2: anesthetized horizontal position, T3: immediately after head-down tilt,
emerging from anaesthesia, horizontal position. BIS, bispectral-index; CI, cardiac index; CPP, c

end-tidal CO2; HR, heart rate; IBW, ideal body weight; ICA, internal carotid artery; MAP, mea

carbon dioxide; Paw, mean airway pressure; PEEP, positive end expiratory pressure; SVI, stroke
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remifentanil doses were 4.9 mg/kg/h [4.5, 5.3] and 0.16 µg/kg/min

[0.14, 0.18] respectively. Vasopressors were used in 78% of patients

at T3, 16% at T5, and 73% at T6. Body temperatures were 36.2 C°

[35.7, 36.6] and 36.5 C° [36.1, 36.9] at the start and end of the

surgery respectively.

Descriptive statistics and results of a linear mixed model of

variation of observed peroperative variables with time are

presented in Tables 2, 3. There was a significant approximately

30% decline in ICA flow after induction of anesthesia and onset

of mechanical ventilation. In the period from established head

down tilt to end of surgery we observed no further changes in

ICA flow, but there was a moderate increase in ICA flow when

the patients were tilted back to horizontal position.

Cerebral perfusion pressure declined significantly following

induction of anesthesia and did not change further immediately

upon tilting. However, at all following timepoints cerebral

perfusion pressure was lowered compared to immediately after

tilting (Tables 2, 3). ONSD increased significantly over the

course of the surgery.

We observed a significant decrease in ICA cross-sectional area

from the awake state to after induction of anesthesia, with no

significant changes in any of the subsequent time points.

Similarly, blood velocity (time-averaged mean frequency)

decreased 23% following induction of anesthesia, with no further

changes apart from a trend towards recovery. Figure 1 provides

an overview of changes in hemodynamic variables during surgery.
3.4 Correlations and associations

Cardiac index and mean arterial pressure were the predictors of

ICA flow selected in the forward stepwise regression procedure set
T3 T4 T5 T6
[262, 385] 291 [230, 452] 331 [221, 439] 407 [276, 531]

(0.34–0.44) 0.39 (0.34–0.44) 0.40 (0.34–0.45) 0.40 (0.35–0.46)

[11.6, 17.4] 14.9 [11.3, 17.9] 13.4 [11.6, 18.0] 16.8 [12.1, 23.5]

6.4 (6.1–6.6)

[68,77] 62 [57, 67] 61 [57, 65] 66 [60, 71]

[85, 96] 79 [74, 85] 78 [73, 82] 71 [68, 80]

[17, 25] 19 [15, 22] 18 [16, 22] 9.0 [6.8, 12]

[1.80, 2.48] 1.80 [1.47, 2.20] 1.90 [1.51, 2.30] 2.60 [2.00, 3.10]

[51, 68] 57 [53, 64] 62 [54, 67] 66 [60, 73]

[455, 510] 485 [463, 510] 490 [470, 515] 500 [478, 540]

[5.8, 6.1] 6.0 [5.8, 6.2] 6.0 [5.9, 6.2] 6.2 [5.9, 6.4]

[7, 8] 8 [8,8] 8 [8,8] 8 [8,8]

[4.5, 5.0] 4.7 [4.5, 5.0] 4.7 [4.6, 5.1] 5.1 [4.8, 5.4]

(5.4–5.7) 5.6 (5.5–5.8) 5.7 (5.6–5.9) 5.8 (5.6–6.0)

[11, 13] 13 [12, 13] 13 [12, 13] 11 [10, 11]

[12, 13] 12 [12, 13] 12 [11, 13] 0 [0, 0]

[35, 44] 40 [33, 45] 42 [35, 47] 45 [41, 53]

[29, 32] 30 [29, 32] 30 [29, 32] 0 [0, 0]

fering significantly from T2 (p < 0.05) marked in bold font; confer Table 3 for effect sizes and

T4: one hour of head-down tilt, T5: immediately before end of head-down tilt, T6: before
erebral perfusion pressure; CVP, central venous pressure; CSA, cross sectional area; EtCO2,

n arterial pressure; ONSD, optic nerve sheath diameter; PaCO2, partial pressure of arterial

volume index; TAMEAN, time-averaged mean blood velocity.
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TABLE 3 Changes in peroperative physiological variables.

Measurement time T1 T2 T3 T4 T5 T6
ICA flow (ml/min) 169.2 (32.9) <0.001 Ref. −36 (32.9) 0.255 −24 (32.9) 0.486 −30 (32.9) 0.372 72 (32.9) 0.027

ICA CSA (cm2) 0.05 (0.02) 0.021 Ref. 0.00 (0.02) 0.873 0.01 (0.02) 0.687 0.01 (0.02) 0.582 0.02 (0.02) 0.344

TAMEAN (cm/s) 4.77 (1.12) <0.001 Ref. −1.80 (1.11) 0.108 −1.49 (1.11) 0.181 −1.76 (1.12) 0.119 2.11 (1.11) 0.060

ONSD (mm) Ref. 0.06 (0.02) <0.001

CPP (mmHg) 26 (2.4) <0.001 Ref. 0.1 (2.3) 0.968 −10 (2.3) <0.001 −12 (2.3) <0.001 −7.3 (2.3) 0.002

MAP (mmHg) 26 (2.1) <0.001 Ref. 14 (2.1) <0.001 1.5 (2.1) 0.491 0.2 (2.1) 0.940 −5.1 (2.1) 0.016

CVP (mmHg) −1.3 (0.8) 0.098 Ref. 13 (0.8) <0.001 11 (0.8) <0.001 11 (0.8) <0.001 1.9 (0.8) 0.015

CI (L/min/m2) 0.91 (0.01) <0.001 Ref. −0.36 (0.10) <0.001 −0.07 (0.10) <0.001 −0.65 (0.10) <0.001 −0.00 (0.10) 0.990

HR (beats/min) 3.3 (1.7) 0.052 Ref. −6.0 (1.6) <0.001 −8.3 (1.6) <0.001 −5.9 (1.6) <0.001 −0.1 (1.6) 0.943

EtCO2 (kPa) −0.40 (0.10) <0.001 Ref. 0.04 (0.10) 0.655 0.03 (0.10) 0.800 0.12 (0.10) 0.225 0.44 (0.10) <0.001

PaCO2 (kPa) −0.51 (0.10) <0.001 Ref. −0.05 (0.10) 0.601 0.05 (0.10) 0.584 0.14 (0.10) 0.152 0.23 (0.10) 0.021

Paw (mBar) −8.0 (0.3) <0.001 Ref. 4.2 (0.3) <0.001 4.5 (0.3) <0.001 4.8 (0.3) <0.001 2.6 (0.3) <0.001

Mixed model regression results comparing cardiorespiratory variables at various time points during surgery with the time immediately after anesthesia induction, as reference (T2). Values are

the beta regression coefficient for the difference relative to T2, (standard error), and p-value. Statistically significant differences from T2 are marked in bold font.

T1: awake, T2: anesthetized horizontal position, T3: immediately after head-down tilt, T4: one hour of head-down tilt, T5: immediately before end of head-down tilt, T6: before emerging from anaesthesia,

horizontal position. CI, cardiac index; CPP, cerebral perfusion pressure; CVP, central venous pressure; CSA, cross sectional area; EtCO2, end-tidal CO2; HR, heart rate; ICA, internal carotid artery; MAP,
mean arterial pressure; ONSD, optic nerve sheath diameter; PaCO2, partial pressure of arterial carbon dioxide; Paw, mean airway pressure; TAMEAN, time-averaged mean blood velocity.

FIGURE 1

Overview of peroperative physiological changes. Peroperative variables at different stages of robot-assisted laparoscopic prostatectomy in 37 males.
Values are means and 95% confidence intervals. T1: awake, T2: anesthetized horizontal position, T3: immediately after head-down tilt, T4: one hour of
head-down tilt, T5: immediately before end of head-down tilt, T6: before emerging from anaesthesia, horizontal position. CI, cardiac index; CPP,
cerebral perfusion pressure; CVP, central venous pressure; HR, heart rate; IBW, ideal body weight; ICA, internal carotid artery; MAP, mean arterial
pressure PaCO2, partial pressure of arterial carbon dioxide; SVI, stroke volume index.

Nordum et al. 10.3389/fanes.2024.1395973

Frontiers in Anesthesiology 06 frontiersin.org

https://doi.org/10.3389/fanes.2024.1395973
https://www.frontiersin.org/journals/anesthesiology
https://www.frontiersin.org/


Nordum et al. 10.3389/fanes.2024.1395973
to minimize BIC. In a final multivariate linear mixed model,

cardiac index was the strongest predictor of ICA flow. Its positive

association had a log worth of 4.82 (p < 0.0001), more than twice

the 2.30 log worth (p < 0.0005) of the negative association

between mean arterial pressure and ICA flow.

We found that cardiac index had a moderate positive effect on

ICA flow (β 0.367, p < 0.0001) with 1 L/min/m2 increased cardiac

index corresponding to 92 ml/min increased ICA flow. PaCO2

had a small positive effect (β 0.145, p = 0.045), a 1 kPa increase

in PaCO2 corresponding to 49 ml/min increased ICA flow,

while mean arterial pressure had a small negative effect (β

−0.203, p = 0.007), a 10 mmHg increase corresponding to a

decline in ICA flow of 29 ml/min. In Figure 2, the predicted ICA

flow response to changes in cardiac index and mean arterial

pressure is illustrated for each individual and on a group level

based on mixed-model multiple regression.

Structural Equation Modeling also found ICA flow to have a

significant positive relationship with cardiac index and PaCO2,

while having a significant negative relationship with mean

arterial pressure (Figure 3). The general structural equation

model had a moderate fit (Chi-Squared/df = 8.995, CFI = 0.882,

RMSEA = 0.213), the analysis potentially being limited by

heterogeneity due to unaccounted-for variation in time present

in the data. The proportion of variance of ICA flow not

explained by the effect of other variables was 0.83.
FIGURE 2

Associations between internal carotid artery flow blood flow, cardiac
index and mean arterial pressure. Data from 37 males undergoing
robot-assisted laparoscopic prostatectomy. Blue regression lines
show individual patients’ change in ICA flow; black regression lines
represents the overall group response with a 95% confidence fit
for the slope. Upper panel: Relationship between ICA flow and
cardiac index, 1 L/min/m2 increased cardiac index corresponding
to 92 ml/min increased ICA flow. Lower panel: Relationship
between ICA flow and mean arterial pressure, 10 mmHg increased
mean arterial pressure corresponding to a decline in ICA flow of
3.5 Cognition

Focus and outcomes of the employed cognitive tests

are shown in Table 4. We observed improvements 10 days

after surgery in Rapid Visual Information Processing (1.1%,

p = 0.015) and Motor Screening Task Mean Latency 10.7%,

p < 0.001), and at 180-days for Rapid Visual Information

Processing (2.2%, p < 0.001), Motor Screening Task Mean

Latency (10.8%, p = 0.001), Reaction Time Task Median

Five-Choice Reaction Time (4.3%, p = 0.003) and Spatial

Working Memory Between Errors (28%, p = 0.043).

Total time spent under anesthesia and total Trendelenburg

time were respectively negative and positive predictors of Spatial

Working Memory Strategy, but these results should be

interpreted with a high degree of caution considering the large

number of tests and exploratory nature of the analysis. Data are

presented in Supplementary Table S4.

29 ml/min. ICA, internal carotid artery; MAP, mean arterial pressure.
4 Discussion

The main findings in this observational study of patients

undergoing robot-assisted laparoscopic prostatectomy surgery

were a significant decline in ICA flow and cerebral perfusion

pressure after induction of anesthesia. While ICA flow thereafter

remained stable, a further reduction in cerebral perfusion

pressure was found after one hour in Trendelenburg position,

remaining so throughout the procedure. There was a significant

increase in optic nerve sheath diameter (ONSD) in the
Frontiers in Anesthesiology 07
head-down tilted position, indicating an increase in intracranial

pressure. ICA flow showed a moderate positive association to

cardiac index and to a smaller degree with PaCO2, while

interestingly, a negative association was found between ICA flow

and mean arterial pressure. There were slight improvements in

some cognitive testing outcomes after 10 and 180 days, however,

none of the variables observed during surgery predicted cognitive

outcomes with certainty.
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The observation of reduced cerebral flow after induction of

anesthesia is well-established and can be explained by the

reduced cerebral oxygen demand induced by propofol (24). Our

finding of preserved ICA blood flow after tilting supports
FIGURE 3

Determining factors of blood flow and their underlying relationships.
Structural equation model of relationships between internal carotid
artery flow, mean arterial pressure, cardiac index, airway pressure
and partial pressure of CO2 in the arterial blood. Arrows indicate
regression effects and directions of how one variable affect
another. Red numbers indicate a negative relationship and blue
numbers indicate a positive relationship between variables.
Double-headed arrows represent variances in the unit of the
variable not explained by relations to other variables. ***: p < 0.0001,
**: p < 0.01, *: p < 0.05.

TABLE 4 Cognitive testing results.

Test focus CANTAB® Test Description Preope
baselin

Sensorimotor function
and comprehension

MOTML
(ms)

874 [739,

Visual memory and
new learning

PALFAMS Correct first attempt 9.5 [5.75,

PALTEA Total errors 27.0 [11.5

Reaction time RTIFMDRT (ms) 371 [336,

Ability of sustained
attention

RVPA Detecting a number
sequence correctly

0.89 [0.85

RVPMDL (ms) Response latency to
correct answer

499 [463,

RVPPFA Incidence of
incorrect detection

0.0052 [0.

Spatial working
memory

SWMBE Working memory
errors

21.0 [13.0

SWMS Strategy 9.0 [8.0, 1

Cognitive testing outcomes using Cambridge Cognition CANTAB®. Focus for clusters of tests w

Second line: Results from linear mixed model regressions. Format: Beta regression coefficient

significantly from preoperative values (p < 0.05) are marked in bold font. MOTML, Motor Scr
Score; PALTEA, Paired Associates Learning Total Errors Adjusted; RTIFMDRT, Reaction Time

RVPMDL, Rapid Visual Information Processing Median Response Latency; RVPPFA, Rapid Vi

Between Errors; SWMS, Spatial Working Memory Strategy.
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previous work on patients in Trendelenburg position, blood

velocity in the median cerebral artery being preserved or

increased after tilting (18). At first look our findings contradict

the observation of reduced ICA flow after tilting reported by Yu

et al. (11). However, in their study PaCO2 was actively held

between 30 and 35 cmH2O, and a decrease in cardiac index was

observed over time. In the present study ICA flow was positively

correlated to cardiac index but also to PaCO2, which increased

during surgery from 5.6 kPa (42 mmHg). Therefore the results by

Yu et al. concur with the findings in the present study.

The increase in ONSD points toward a significant increase in

intracranial pressure during the procedure (25). Our finding is in

line with most previous robot-assisted laparoscopic prostatectomy

studies (26–29). One study has reported unchanged ONSD after

robot-assisted laparoscopic prostatectomy (30), however, they did

not apply positive end-expiratory pressure during anesthesia.

Positive end-expiratory pressure has been shown to increase

intracranial pressure in animals during head-down tilting (7).

Also, intrathoracic pressure will increase because of the

abdominal content shift during head-down tilt, increasing central

venous pressure with a concomitant increase in hydrostatic

venous pressure on the brain, reducing venous return. This

changes the relationship between hydrostatic and osmotic

pressures in the brain. An increase in extracellular fluid will

occur and over time institute cerebral edema.

In patients undergoing robot-assisted laparoscopic

prostatectomy, intracranial pressure estimated by the zero flow

pressure method, calculated from transcranial doppler velocity

measurements, showed a close relationship between cerebral

perfusion pressure calculated as mean arterial pressure minus

central venous pressure and mean arterial pressure-estimated
rative
e

10 days
postoperative

180 days
postoperative

Sense

1,018] 780 [677, 933]
−134.1 (38.68) < 0.001

779 [672, 1,000]
−111.8 (42.20) 0.010

Lower better

13.0] 10.5 [7.0, 13.3]
0.926 (0.609) 0.133

10.5 [6.75, 14.0]
0.602 (0.665) 0.369

Higher better

, 42.3] 17.5 [11.0, 33.5]
−4.58 (2.29) 0.049

19.0 [10.0, 40.0]
−3.48 (2.50) 0.169

Lower better

409] 383 [349, 421]
0.233 (5.43) 0.966

355 [325, 400]
−18.16 (5.95) 0.003

Lower better

, 0.91] 0.90 [0.86, 0.93]
0.019 (0.008) 0.015

0.91 [0.88, 0.94]
0.035 (0.008) < 0.001

Higher better

578] 500 [455, 559]
−25.31 (20.19) 0.214

475 [440, 551]
−42.82 (21.94) 0.055

Lower better

0014, 0.0144] 0.0039 [0, 0.012]
−0.0035 (0.025) 0.887

0.004 [0.002, 0.010]
−0.011 (0.027) 0.690

Lower better

, 23.25] 18.5 [8.75,24.0]
−1.36 (1.40) 0.333

14.5 [6.75,21.0]
−3.14 (1.52) 0.043

Lower better

0.0] 9.0 [7.0, 11.0]
−0.209 (0.424) 0.624

9.0 [6.0, 10.0]
−0.740 (0.463) 0.114

Lower better

ith individual description of each test. First line: Distribution of values are medians [IQR].

for the difference relative to preoperative test, (standard error), p-value. Values differing

eening Task Mean Latency; PALFAMS, Paired Associates Learning First Attempt Memory
Task Median Five-Choice Reaction Time; RVPA, Rapid Visual Information Processing A;

sual Information Processing Probability of False Alarm; SWMBE, Spatial Working Memory
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intracranial pressure by the Belfort formula (8), even after extended

time spent in the Trendelenburg position. Reducing mean airway

pressures either by reducing positive end-expiratory pressure or

tidal volumes may reduce intracranial pressure in the head-down

tilted patient. In our observational study, positive end-expiratory

pressure during tilt was moderate (8 mBar) and tidal volumes

were low (6 ml/kg Ideal body weight).

Baseline recordings of ONSD in the present study were higher

than previously reported from normal populations (31). This is

likely explained by the fact that male sex, advanced age and

positive end-expiratory pressure, factors universal in our study

population, all significantly increase ONSD (32). We observed

that cerebral perfusion pressure after 1 h in Trendelenburg

position was reduced, and remained lowered, from a median of

73 mmHg after induction to 61 mmHg right before the patient

was tilted back to horizontal position. The decline in cerebral

perfusion pressure was due to a decreasing mean arterial

pressure, as central venous pressure was unchanged during tilt

(Table 2). However, values varied markedly between individuals

during tilting, central venous pressure ranging from 10 to

28 mmHg and cerebral perfusion pressure from 49 to 99 mmHg.

With the patient under general anesthesia, subjected to

pneumoperitoneum and in the Trendelenburg position we found

a significant positive association between cardiac index and

cerebral blood flow, with a moderate effect size. Although this

association has previously been described in both anesthetized

and non-anesthetized individuals in the supine or anti-

Trendelenburg position (16, 17) it is a novel finding for patients

in the Trendelenburg position. This underscores the importance

of optimizing patients’ cardiac output during surgery.

With a stable mean arterial pressure within the classically

perceived “autoregulatory range” (13) in all patients, we found a

negative association between mean arterial pressure and cerebral

blood flow during general anesthesia, although with a small effect

size. Skytioti et al. and Olesen et al. reported the opposite during

minor and major gastrointestinal surgery, in reverse

Trendelenburg and horizontal position, respectively (17, 33, 34).

The major difference between those and the present study is the

utilization of the extreme Trendelenburg position.

Previous studies have provided contradictory conclusions on

cerebral autoregulation during robot-assisted laparoscopic

prostatectomy, depending on methodology. Schram et al.

observed disturbed cerebral autoregulation during robot-assisted

laparoscopic prostatectomy when estimated by an autoregulation

index using median cerebral artery blood velocity, i.e., not

cerebral blood flow (18). In contrast, Beck et al. found no

significant reduction in cerebral autoregulation during robot-

assisted laparoscopic prostatectomy when estimated by a cerebral

oxygenation index, calculated from a moving correlation

coefficient between near-infrared spectroscopy measurements and

mean arterial pressure (19). Results from the present study, using

ICA flow to estimate cerebral blood flow and external jugular

venous pressure to estimate central venous pressure, suggest an

at least in part functioning cerebral autoregulation (preserved

cerebral blood flow despite declining cerebral perfusion pressure,

Figure 1), limiting the effects of hydrostatic pressure in the brain.
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While a large variation in older adults’ ability to autoregulate

cerebral blood flow during changes in blood pressure has been

demonstrated (35), cerebral autoregulation has been found to be

mostly intact during propofol and remifentanil anesthesia when

maintaining normal PaCO2 (36). However, hypercapnia during

anesthesia increases cerebral CO2 reactivity (33). We found ICA

flow to be positively associated with PaCO2, an increase of 1 kPa

CO2 corresponding to an increase in ICA flow of 49 ml/min. A

decline in PaCO2 would however also reduce the hydrostatic

pressure of the cerebral capillary system, potentially reducing the

risk of cerebral oedema.

We correlated intraoperative cardiorespiratory measurements

with data on long-term cognitive outcomes after robot-assisted

laparoscopic prostatectomy, using a formalized test battery

including tests of reaction time, visual memory, spatial working

memory and ability of sustained attention - all necessary abilities

in daily life. Mainly small changes in cognitive outcomes from

preoperative baseline values were detected at postoperative day

10 and 180, and only the test for spatial working memory

changed to a degree of clinical relevance. Evidence of a learning

effect has been reported for this specific test (37, 38).

Previous studies showing postoperative cognitive dysfunction

following robot-assisted laparoscopic prostatectomy performed

their testing one to seven days post-surgery (4, 5, 39). Two of the

studies reported a correlation between intraoperative pulsatility

index and ONSD, surrogate markers for intracranial pressure,

and incidence of postoperative cognitive dysfunction (4, 5). Our

data suggests a complete return to baseline cognition before the

10-day mark and sustained cognitive abilities in patients tested at

the 180-day mark, despite major changes in intracranial pressure,

cerebral blood flow and cerebral perfusion pressure during robot-

assisted laparoscopic prostatectomy surgery. We further found no

consistent correlation between any of the cognitive outcomes and

any data recorded during surgery.
4.1 Limitations

Although ICA has no extracranial branches, they only

supply 80% of the cerebral blood flow, the remainder coming

from the vertebral arteries. Our study utilized unilateral

measurements of the ICA since the contralateral side was

used for central venous pressure measurements. All analyses

of ultrasound images, which require some manual evaluation,

were done in a non-blinded fashion. Vasopressors were not

administered by protocol but at the discretion of the

attending doctor or nurse anesthetist.

The choice to exclude non-Scandinavian native language

speakers due to the cognitive testing may limit external

validity. Further, the first cognitive test was performed only

days before surgery, when the cancer diagnosis and

anticipation of surgery may have contributed negatively to the

results. Selection bias may have played a role at the 180-day

testing as we had a substantial loss to follow up. This

observational study may have been underpowered for statistical

analyses of cognitive test results.
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5 Conclusion

This study demonstrated that ICA flow and cerebral perfusion

pressure in patients undergoing robot-assisted radical

prostatectomy decrease significantly after induction of anesthesia.

No further decline in ICA flow was observed after application of

pneumoperitoneum or head down tilt to 30 degrees, despite

cerebral perfusion pressure continuing to decline. ICA flow was

strongly positively predicted by changes in cardiac index and

PaCO2, while the correlation between ICA flow and mean

arterial pressure was slightly negative. To prevent reduced

cerebral blood flow during surgery in the Trendelenburg

position, monitoring of patients’ cardiac output seems more

important than the traditional sole focus on mean arterial

pressure. No apparent decline in cognitive test results were

observed 10 and 180 days after surgery.
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