Can J Anesth/J Can Anesth (2017) 64:626-633
DOI 10.1007/s12630-017-0863-7

N
@ CrossMark

REPORTS OF ORIGINAL INVESTIGATIONS

Effects of an alveolar recruitment maneuver on subdural
pressure, brain swelling, and mean arterial pressure in patients
undergoing supratentorial tumour resection: a randomized

crossover study
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chez les patients subissant une résection de tumeur sus-tentorielle:
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Abstract

Purpose Although recruitment maneuvers have been
advocated as part of a lung protective ventilation
strategy, their effects on cerebral physiology during
elective neurosurgery are unknown. Our objectives were
to determine the effects of an alveolar recruitment
maneuver on subdural pressure (SDP), brain relaxation
score (BRS), and cerebral perfusion pressure among
patients undergoing supratentorial tumour resection.
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Methods In this prospective crossover study, patients
scheduled for resection of a supratentorial brain tumour
were randomized to undergo either a recruitment
maneuver (30 cm of water for 30 sec) or a ‘“‘sham”
maneuver (5 cm of water for 30 sec), followed by the
alternative intervention after a 90-sec equilibration period.
Subdural pressure was through a dural
perforation following opening of the cranium. Subdural
pressure and mean arterial pressure (MAP) were recorded
continuously. The blinded neurosurgeon provided a BRS at
baseline and at the end of each intervention. During each
treatment, the changes in SDP, BRS, and MAP were
compared.

Results Twenty-one patients underwent the study
procedure. The increase in SDP was higher during the
recruitment maneuver than during the sham maneuver
(difference, 3.9 mmHg; 95% confidence interval [CI], 2.2
to 5.6, P < 0.001). Mean arterial pressure decreased
further in the recruitment maneuver than in the sham
maneuver (difference, —9.0 mmHg; 95% CI, —12.5 to
—5.6; P < 0.001). Cerebral perfusion pressure decreased
14 mmHg (95% CI, 4 to 24) during the recruitment
maneuver. The BRS did not change with either maneuver.

measured

Conclusion Our results suggest that recruitment
maneuvers increase Ssubdural pressure and reduce
cerebral perfusion pressure, although the clinical

importance of these findings is thus far unknown. This
trial was registered with ClinicalTrials.gov,
NCT02093117.
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Résumé

Objectif Bien que les manceuvres de recrutement aient été
défendues dans le cadre de stratégies de ventilation
protectrices des poumons, leurs effets sur la physiologie
cérébrale pendant une neurochirurgie non urgente sont
inconnus. Nos objectifs étaient de déterminer les effets
d’une manceuvre de recrutement alvéolaire sur la pression
sous-durale (PSD), le score de relaxation cérébrale (SRC)
et la pression de perfusion cérébrale chez les patients
subissant une résection de tumeur sus-tentorielle.
Méthode Dans cette étude croisée prospective, les
patients devant subir une résection d’une tumeur
cérébrale sus-tentorielle ont été randomisés a recevoir
soit une manceuvre de recrutement (30 cm d’eau pendant
30 sec) ou une manceuvre fictive (5 cm d’eau pendant 30
sec), suivie de ’intervention alternative apreés une période
d’équilibration de 90 sec. La pression sous-durale a été
mesurée via une perforation durale réalisée aprés
lUouverture du crdne. La pression sous-durale et la
tension artérielle moyenne (TAM) ont été enregistrées en
continu. Le neurochirurgien a donné, en aveugle, un SRC
au début et a la fin de chaque intervention. Pendant chaque
traitement, les changements de PSD, de SRC, de TAM et de
fréquence cardiaque ont été comparés.

Résultats Vingt-et-un patients ont subi l'intervention a
I’étude. L’augmentation de la PSD était plus élevée
pendant la manceuvre de recrutement que durant la
manceuvre fictive (différence, 3,9 mmHg; intervalle de
confiance [IC] 95 %, 2,2 a 5,6, P < 0,001). La tension
artérielle moyenne a davantage diminué pendant la
manceuvre de recrutement que pendant la manceuvre
fictive (différence, —9,0 mmHg; IC 95 %, —12,5 a —5,6;
P < 0,001). La pression de perfusion cérébrale a baissé de
14 mmHg (IC 95 %, 4 a 24) pendant la manceuvre de
recrutement. Le SRC n’a pas changé avec I’une ou [’autre
manceuvre.

Conclusion Selon nos résultats, les manceuvres de
recrutement augmenteraient la pression sous-durale et
réduiraient la pression de perfusion cérébrale, bien que
Uimportance clinique de ces résultats soit encore inconnue
a ce jour. Cette étude a ¢été enregistrée au
ClinicalTrials.gov, NCT02093117.

Alveolar recruitment maneuvers involve the application of
high continuous positive airway pressure at regular
intervals to improve oxygenation, optimize alveolar
recruitment, and minimize sheer stress caused by
repeated opening of collapsed alveoli." Lung protective

ventilation using a combination of lower tidal volumes,
increased positive end-expiratory pressure, and regular
recruitment maneuvers reduces mortality in critically ill
patients with acute respiratory distress syndrome.””
Recently, lung protective ventilation has also been shown
to reduce complications in elective patients undergoing
abdominal surgery.* As neurosurgical patients represent a
high-risk population for respiratory failure,” lung-
protective ventilation represents a potential beneficial
intervention in this population.

Although these maneuvers may improve respiratory
outcomes, the effect of high airway pressures on
intracranial and cerebral perfusion pressure in elective
neurosurgical patients is not known and may be
detrimental. Previous studies on brain-injured patients in
the intensive care unit have shown increased intracranial
pressure and reduced cerebral perfusion pressure during
recruitment maneuvers.”’ Although evidence supporting
the benefits of lung protective ventilation during surgical
procedures is mounting, we have not yet defined the effect
of high levels of continuous airway pressure on the cerebral
physiology in neurologically intact patients undergoing
open neurosurgical procedures. Our primary objective was
to determine the effect of an intraoperative alveolar
recruitment maneuver on subdural pressure (SDP), a
surrogate  measure  of intracranial pressure, in
neurosurgical patients undergoing supratentorial tumour
resection. Our secondary objectives were to determine the
effect of an intraoperative alveolar recruitment maneuver
on 1) surgeon-assessed intraoperative brain relaxation
score (brain bulk score) and 2) cerebral perfusion pressure.

Methods

This study was conducted following approval from the
Clinical Research Ethics Board of the University of British
Columbia (Protocol H14-00009, approved March 24,
2014). The trial was performed at Vancouver General
Hospital, a tertiary care teaching hospital located in
Vancouver, BC. The study was registered with
ClinicalTrials.gov (NCT02093117)

Study design

Following written informed consent, participants were
enrolled in this prospective crossover study and randomly
allocated to undergo either a recruitment maneuver (30 cm
of water continuous airway pressure for 30 sec) or a
“sham” recruitment maneuver (5 cm of water for 30 sec)
(Fig. 1). After a brief 90-sec equilibration period—to
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Fig. 1 The randomized crossover study design involved two
treatment periods of either a recruitment maneuver of 30 cm H20
for 30 sec, or a sham procedures of 5 cm H,O for 30 sec, separated by

ensure normalization of carbon dioxide levels to baseline—
followed by a 30-sec baseline measurement, the participant
then underwent the alternative intervention. Once the
second maneuver and measurements were complete, the
study was terminated and the surgical procedure proceeded
as planned. Simple randomization of the treatment order
was achieved using an internet-based program (www.
sealedenvelope.com). The research assistant (R.A.)
recruited, enrolled, and randomized the participants.

Study population

Adult patients who were American Society of
Anesthesiologists’ class I-IIl and scheduled for
craniotomy for resection of a supratentorial brain tumour
were eligible to participate. We excluded patients with an
altered level of consciousness or unstable/deteriorating
neurologic status preoperatively, a tumour-related mass
effect that the neurosurgeon considered too great for safe
participation, baseline subdural pressure > 20 mmHg,
significant cardiac disease (e.g., left ventricular ejection
fraction < 40%, significant valvular disease, pulmonary
hypertension), sepsis, hypovolemia, prior lung resection, a
history of pneumothorax or prone positioning.

Anesthetic and neurosurgical management

All participants were monitored in accordance with our
typical clinical practice, including noninvasive blood
pressure, continuous intra-arterial blood pressure (via the
radial artery), end-tidal carbon dioxide, and continuous
pulse oximetry monitoring. Monitoring was done using a
CARESCAPE™ Monitor B850 (GE Healthcare Canada,
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an equilibration period of 120 sec. Subdural pressure (SD) was
measured prior to and at the end of each treatment period

Mississauga, ON, Canada). Anesthesia was induced and
tracheal intubation was performed at the discretion of the
attending anesthesiologist. Anesthesia was maintained with
a combination of remifentanil 0.05-0.3 pg-kg™'-min™" and
either sevoflurane or desflurane 0.5-0.7 age-adjusted MAC.
Neuromuscular blockade was maintained with rocuronium.
Participants’ lungs were ventilated with a tidal volume of
6-8 mL-kg"' predicted body weight, with the respiratory
rate adjusted to maintain a PaCO, of 32-38 mmHg.
Predicted body weight (kilograms) was calculated based on
previous studies: males =50 kg + 0.91 kg-(height in cm-
152.4 cm) and females = 45.5 kg 4 0.91 kg-(height in cm-
152.4 cm).>* Prior to the study period and opening the
dura, the participants were given mannitol and
dexamethasone for clinical indications at the attending
neurosurgeon’s discretion. Participants were positioned
supine or with a lateral tilt, and their head was rotated at
the neurosurgeon’s discretion. Similarly, the craniotomy
incision and removal of the bone flap were performed at the
discretion of the neurosurgeon. The study was conducted
just prior to opening the dura, at which point, the
participant’s ventilation parameters and anesthetic levels
were maintained at stable levels.

Study participant data

We collected basic data (sex, age, height, and weight) and
data about tumour size, type, location, and local mass
effect (e.g., presence of midline shift evident on
preoperative imaging) from the participant’s medical
record. The arterial partial pressure of carbon dioxide
(PaCO,) was calculated from the end-tidal CO, during
each treatment period, and the difference between arterial
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and end-tidal CO, was determined from an arterial blood
gas taken after induction of anesthesia but prior to the study
period.

Primary outcome: subdural pressure measurement

Subdural pressure was measured using a previously
described technique.®>'® A sterile 22G/0.9-mm plastic
catheter  (Introcan SafetyTM, Braun, Melsungen,
Germany), connected to sterile fluid-filled pressure tubing
and a pressure transducer, was zeroed at the level of the
subsequent dural perforation, and the transducer was
positioned at the level of the craniotomy opening. The
arterial pressure transducer was positioned at the same
level. The catheter was introduced tangentially under the
dura and into the subdural space along the surface of the
brain until the appropriate cardiac and respiratory waves
were confirmed. The integrated mean value of the subdural
pressure was used to estimate subdural pressure and was
recorded electronically every five seconds throughout the
study period.

Secondary outcomes: brain relaxation score and
cerebral perfusion pressure

The neurosurgeon, blinded to the treatment group
allocation, assessed brain relaxation at baseline (after
insertion of the subdural pressure monitor but prior to any
study intervention) and at the end of each maneuver using a
previously described four-point scale”'": 1 = excellent with
no swelling; 2 = minimal swelling, acceptable; 3 = swollen
but no treatment required; and 4 = swollen, needing
treatment. Cerebral perfusion pressure was calculated
based on the difference between subdural pressure and
mean arterial pressure (MAP). Mean arterial pressure and
heart rate (HR) were monitored continuously via an
indwelling radial artery catheter and recorded
electronically every five seconds throughout the study
period.

Statistical analysis

We based our sample size calculation on our primary
outcome, subdural pressure. Using a previous report on a
similar population of patients undergoing resection of
supratentorial brain tumoulrs,12 the mean (standard
deviation [SD]) subdural pressure for patients under
general anesthesia was 7.0 (5.5) mmHg. Assuming a type
I error of 0.05, a type II error of 0.2, and a two-sided
significance testing, a study of approximately 22 patients
would be able to detect a difference of 3.5 mmHg in
subdural pressure. The definition of a clinically meaningful
increase in intracranial pressure is subjective and not well

defined in the neurosurgical population; however, previous
publications have suggested that increases in intracranial
pressure < 3 mmHg are likely clinically insignificant.'*'

We used the Shapiro-Wilk W-test to determine the
normality of the primary and secondary outcome variables.
Changes in subdural pressure, MAP, HR, and brain
relaxation score were analyzed similarly and in the
following way. We first looked at the overall direction of
change for each outcome variable (e.g., increase vs
decrease). We then determined the baseline subdural
pressure, MAP, and HR as the highest subdural pressure/
lowest MAP/lowest HR recorded during the 30 sec
immediately preceding the treatment period. We then
determined the highest subdural pressure/lowest MAP/
lowest HR recorded during each 30-sec treatment period
for comparison. Finally, the changes in subdural pressure
(ASDP), AMAP, and AHR were calculated as the
difference between the baseline values and treatment
values. The change in brain relaxation score (ABRS) was
calculated as the difference between the baseline and
treatment values. The ASDP, AMAP, and AHR were
compared between the two treatment groups (recruitment
vs sham maneuver) using a paired Student’s ¢ test and
Wilcoxon signed-rank test for normally distributed and
skewed data, respectively. The ABRS was compared using
the Wilcoxon signed-rank test.

We explored correlations between continuous patient
variables (age, body mass index [BMI], tumour diameter,
baseline PaCO,) and ASDP during the recruitment
maneuver using a Spearman’s rank correlation
coefficient. We used a Student’s ¢ test to analyze the
relationship between ASDP during the recruitment
maneuver and 1) undergoing the recruitment maneuver
first and 2) the presence of midline shift.

All statistical tests were two-sided with a significance
level of 0.05. All data analysis was performed with Stata®
12.1 (StataCorp, College Station, TX, USA).

Results

Twenty-two patients provided informed consent for the
study and were randomized during September 15, 2014 to
September 2, 2015. The study was abandoned in one
participant as the tumour was invading the dura and
subdural  catheter placement was not reliable.
Consequently, 21 patients remained in the final analysis.
The characteristics of the study participants are provided in
Table 1. Anesthesia was induced in all patients with a
combination of fentanyl, lidocaine, propofol, and
rocuronium. One participant was maintained on propofol
and remifentanil (considered indicated for postoperative
nausea and vomiting), and the rest were maintained with
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Table 1 Characteristics of the study population

Recruitment Maneuver Sham Maneuver

Variable Overall (n=21)
Age, mean (SD) 52 (17)
Body mass index, mean (SD) 27 (11)
Tumour diameter (mm) mean (SD) 35 (22)
Midline shift present, n (%) 6 (29)
Recurrent tumour, n (%) 5 (24)
Right-sided tumour, n (%) 10 (50)
Tumour type, n (%)
Glioblastoma 2 (9.5)
Glioma 9 (42.9)
Meningioma 6 (28.6)
Metastasis 4 (19)
Recruitment maneuver first, n (%) 11 (52)

Baseline Measurements

Baseline PaCO, (mmHg), mean (SD)
Baseline SDP (mmHg), mean (SD)
Baseline BRS, median [IQR]
Baseline MAP (mmHg), mean (SD)
Baseline HR (beats-min‘l), mean (SD)

36 (3) 35 (3)
12 (4) 12 (4)
2 [1-2] 2 [1-2]
67 (8) 67 (9)
58 (7) 58 (7)

BRS = brain relaxation score; HR = heart rate; IQR = interquartile range; MAP = mean arterial pressure; PaCO, = arterial partial pressure of

carbon dioxide; SD = standard deviation;SDP = subdural pressure

Table 2 Effects of the recruitment and sham maneuvers on outcome variables

Variable Recruitment Sham Difference (95% CI) P value
SDP change, mean (SD) 4.7 (3.6) 0.8 (1.8) 3.9 (2.2 to 5.6) <0.001
BRS change, median [IQR] 0 [0-0] 0 [0-0] 0(—1tol) 1.00

MAP change, mean (SD) —-9.2 (7.2) —0.2 (1.5) —9.0 (—12.5 to —5.6) <0.001
HR change, mean (SD) -55 (.1 0.8 (1.1) —6.3 (—8.7 to —3.9) <0.001

BRS = brain relaxation score; CI = confidence interval; HR = heart rate; IQR = interquartile range; MAP = mean arterial pressure; SD = standard

deviation; SDP = subdural pressure. SDP and MAP reported in mmHg; HR reported in beats per minute

volatile anesthesia (desflurane or sevoflurane). Fourteen
participants (67%) received mannitol prior to the study
intervention, and all participants received dexamethasone.
Baseline subdural pressure, BRS, MAP, HR, and PaCO,
were similar between the two treatment groups (Table 1).
The recruitment maneuvers were not abandoned in any
participants because of elevated subdural pressure or
excessive swelling.

The effects of the recruitment maneuver on the primary
and secondary outcomes are summarized in Table 2. The
ASDP was significantly higher during the recruitment
maneuver than during the sham maneuver (mean
difference, 3.9 mmHg; 95% confidence interval [CI], 2.2
to 5.6; P < 0.001) and was reduced to 4.7 mmHg (95% CI,
1 to 12) during the recruitment maneuver. Median brain
relaxation score did not change with either maneuver.

@ Springer

Mean arterial pressure decreased significantly more in the
recruitment maneuver compared with the sham maneuver
(mean difference, —9.0 mmHg; 95% CI, —12.5 to —5.6; P
< 0.0001). As a result of the increased subdural pressure
and decreased MAP, the calculated cerebral perfusion
pressure (MAP-SDP) decreased an average of 14 mmHg
(95% CI, 4 to 24) during the recruitment maneuver. Heart
rate decreased during the recruitment maneuver when
compared with the sham maneuver (mean difference, —6.3
beats~min71; 95% CI, —8.7 to —3.9; P < 0.0001). As seen
in Fig. 2, the effect of the recruitment maneuver on
subdural pressure, MAP, and HR was largely limited to the
duration of the intervention.

On further exploratory analysis, the change in SDP
during the recruitment maneuver was not significantly
correlated with age (robustness of coherence [rho], —0.28;



Recruitment maneuver during brain tumor resection

631

90

Start sham Start recruitment

3
;5 80
[0}
5
€ 70
1S
o 60
(o}
(%]
2
S s0
o
—
© 40
o = MAP
8 - HR
o 30 SDP
<C
=
— 20
an
T
E 10

0

0 30 60 90 120 150 180 210 240

Time (seconds)

Fig. 2 Illustration of the effects of the sham and recruitment
maneuvers on subdural pressure (SDP), mean arterial pressure
(MAP), and heart rate (HR) in one study participant

P =0.28), BMI (rho, 0.14; P = 0.53), tumour diameter (rho,
0.06; P = 0.80), or presence of midline shift (P = 0.18). The
increase in subdural pressure during the recruitment
maneuver was similar between those who underwent the
recruitment maneuver first and those who underwent the
sham procedure first (mean difference, —1.2 mmHg; 95%
Cl, —4.5t02.2; P = 0.47).

Discussion

Our study presents novel data on the effects of an
intraoperative  recruitment maneuver in  patients
undergoing elective supratentorial tumour resection. Our
results show that the recruitment maneuver increased
subdural pressure and decreased mean arterial pressure
and heart rate. Together, these changes resulted in an
average reduction in cerebral perfusion pressure of 14
mmHg (95% CI, 4 to 24), although we did not observe a
change in surgeon-assessed brain relaxation score. The
long-term impact of this transient reduction in cerebral
perfusion pressure should be investigated and weighed
against the potential benefits of these maneuvers.

Patients undergoing neurosurgical procedures are at
higher risk of postoperative respiratory failure compared
with the broader surgical population. A previous study
found a nearly threefold increased risk of reintubation and
prolonged ventilation in neurosurgical patients compared
with the general surgical population.'® Furthermore,
neurosurgical patients undergoing intracranial tumour

resection have an overall 4.4% incidence of severe
respiratory failure or death when undergoing intracranial
tumour resection.” Several hypothetical reasons for this
increased risk have been proposed, including impaired
level of consciousness, prolonged surgical procedures,
and the need for prone positioning with airway edema and
brainstem dysfunction.'” Importantly, postoperative
respiratory failure is associated with increased mortality,
patient morbidity, and resource consumption.'® '

The clinical benefits of lung protective ventilation have
been shown in randomized clinical trials that included
regular alveolar recruitment maneuvers in both critically ill
and elective surgical patients.”* Although recruitment
maneuvers has been advocated as part of a lung
protective ventilation strategy,”® the effects of these
maneuvers on the cerebral physiology may include an
increase in intracranial pressure and a reduction in cerebral
perfusion pressure. Determining the precise role of
intraoperative recruitment maneuvers in improving
patient outcomes is challenging, as clinical trials in the
perioperative patient population have included different
types of recruitment maneuvers bundled with other
interventions (e.g., positive end-expiratory pressure
[PEEP], low tidal Volume).z“ The contribution of the
recruitment maneuver is difficult to determine; however,
the available data suggest that low tidal volumes, rather
than PEEP and recruitment maneuvers, are primarily
responsible for lung protection.?*' Currently, this
uncertain benefit, together with the unclear effects of the
transient reduction in cerebral perfusion pressure seen in
our study, highlights the need for further investigation into
the safety of these maneuvers in the neurosurgical
population.

Our results confirm that elective neurosurgical patients
experience effects on intracranial pressure (ICP) and MAP
during recruitment maneuvers which are similar to those in
critically ill brain-injured patients with a closed cranium. A
study of critically ill patients with subarachnoid
hemorrhage showed a 7-mmHg increase in ICP and a 13-
mmHg decrease in MAP during a recruitment maneuver of
35 cmH,O for 40 sec.” The larger magnitude of increase in
ICP and reduction in MAP were likely due to the higher
pressure and duration of the recruitment maneuver as well
as the patient population. Interestingly, another study of
neurologically impaired mechanically ventilated patients
found a similar increase in ICP (3 mmHg) and reduction in
MAP (11 mmHg) using a much higher pressure for their
recruitment maneuver (60 cmHZO).6 Overall, our results
suggest that patients with supratentorial brain tumours
behave similarly to patients with significant brain injuries
when a recruitment maneuver is performed, even if they
present electively without evidence of neurologic
decompensation. Interestingly, the open cranium/closed
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dura conditions of our study did not appear to attenuate the
effect of a recruitment maneuver on subdural pressure,
although our study did not directly examine the effect of an
open vs closed cranium.

Our study has several limitations. We measured
subdural pressure, a surrogate measure of intracranial
pressure, and these values may not reflect either the true
intracranial pressure—as the bone flap was removed—or
the brain conditions when the dura is opened.
Similarly, our results do not apply to other contexts,
for example, patients with infratentorial tumours, patients
in the prone position, other intracranial pathology, or
other recruitment maneuver parameters. Patients with
more severely reduced intracranial compliance may have
greater increases in subdural pressure during recruitment
maneuvers. Not all patients received mannitol, and this
may have influenced the effects of the study intervention.
In addition, we were not able to show a difference in
brain relaxation score, although we were underpowered
to detect changes in this outcome and assessment may be
highly subjective.?” Similarly, our study was not powered
or designed to detect the relationships between patient
variables and magnitude of change in subdural pressure.
The two-minute washout period may not have been
sufficient to allow all conditions to return to baseline,
although we did not observe an effect of treatment order
on our primary outcome. Finally, although we showed a
significant reduction in cerebral perfusion pressure, we
do not know if this finding correlates with long-term
clinically meaningful outcomes. This is a potential area
for future research.

In conclusion, our study results show that a recruitment
maneuver of 30 cmH,0 for 30 sec results in an average
increase in subdural pressure of 4.7 mmHg (95% CI, 1 to
12), leading to a mean reduction in cerebral perfusion
pressure of 14 mmHg (95% CI, 4 to 24). Although
recruitment maneuvers have recently been advocated as
part of a lung protective ventilation strategy in elective
surgery, our results suggest that these maneuvers are
associated with a transient decrease in cerebral perfusion
pressure. Whether this finding correlates with long-term
clinically meaningful outcomes is a potential area of future
research that should be investigated prior to recommending
routine use of these maneuvers.
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