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Abstract

Purpose Cerebral desaturation occurs frequently in
patients undergoing one-lung ventilation for thoracic sur-
gery. The mechanism of this desaturation is unclear
regarding its etiology. The objective of this study was to
investigate whether or not decreases in cerebral oxygen
saturation associated with one-lung ventilation were a
consequence of decreased cardiac output.

Methods A blinded observational study was conducted in
23 patients undergoing one-lung ventilation with thoracic
surgery. Eighteen patients completed the study. Cerebral
oxygen saturation was monitored using near-infrared
spectroscopy (FORE-SIGHT® monitor). Invasive blood
pressure was monitored and hemodynamic variables were
interrogated using the FloTrac® system. Anesthesia was
maintained with sevoflurane with a F,0, of 1.0. Post-hoc
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analysis involved a comparison between baseline and
integrated changes in cerebral saturation, heart rate,
stroke index, cardiac index, and stroke volume variability.
Results All patients showed cerebral desaturation from a
baseline of two-lung ventilation in the lateral decubitus
position following institution of one-lung ventilation. The
cardiac index was stable at these times, but with one-lung
ventilation, the heart rate decreased and the stroke index
increased to maintain a stable product. The integral of
heart rate x time was inversely correlated with the inte-
gral of cerebral desaturation x time (linear regression
analysis; P = 0.02; (df) = 16)).

Conclusions Cerebral oxygen desaturation was uni-
versal during one-lung ventilation in this study. There was
no correlation between cerebral desaturation and cardiac
output or other hemodynamic variables.

Résumé

Objectif La desaturation cerebrale survient frequemment
chez les patients subissant une ventilation selective pendant
une chirurgie thoracique. L’etiologie du mecanisme de cette
desaturation n’est pas claire. L’objectif de cette etude etait
d’évaluer si les reductions de la saturation cerebrale en
oxygene associees d une ventilation selective etaient - ou non
- une consequence d’un debit cardiaque reduit.

Méthode Une ctude observationnelle en aveugle a ete
realisee aupres de 23 patients subissant une ventilation
sélective lors d’une chirurgie thoracique. Dix-huit patients
ont complete’l’etude. La saturation cerebrale en oxygene a ete’
monitorée d l'aide de spectroscopie proche infrarouge
(moniteur FORE-SIGHT®). La tension artérielle a ete
monitoree de facon effractive et les variables hemodynamiques
ont été interrogées d 'aide du system FloTrac®. L anesthésie a
ete’ maintenue d 'aide de sevoflurane avec une F,0, de 1,0.
L’analyse post-hoc comprenait une comparaison entre les
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valeurs de base et les changements integres de la saturation
cerebrale, la frequence cardiaque, I'index systolique, [’index
cardiaque, et la variabilite du volume d’ejection.

Résultats Tous les patients ont manifeste’ une desaturation
cerebrale apres la mise en place de la ventilation selective
par rapport au moment precedant l'intervention, ou ils se
trouvaient en ventilation bipulmonaire et en position de decubitus
lateral. L’index cardiaque etait stable d ces moments-la,
mais pendant la ventilation sélective, la frequence cardiaque
a diminue et 'index systolique augmente’ afin de maintenir
un produit stable. L’integrale de la frequence cardiaque x
le temps etait inversement correlee a [lintegrale de la
désaturation cerebrale x le temps (analyse de regression
lineaire; P = 0,02; (degres de liberte) = 16)).

Conclusion La desaturation cerebrale en oxygene etait
systematique pendant la ventilation selective dans cette
etude. Aucune correlation n’a ete observee entre la
désaturation cerebrale et le debit cardiaque ou d’autres
variables hemodynamiques.

Monitoring of cerebral oxygen saturation by near-infrared
spectroscopy (NIRS) is being used more frequently to aid
perioperative management of complex anesthesia and sur-
gery.' Reduced perioperative cerebral saturation correlates
with greater morbidity and mortality in patients undergoing
open heart surgery” and major abdominal procedures* and
also in patients following thoracic surgery.” Low cerebral
saturation correlates with postoperative delirium and post-
operative cognitive deficit.®

Thoracotomy is reported to be associated with a very high
incidence of cerebral desaturation when one-lung ventilation
(OLV) is instituted.>” The mechanism of cerebral desatu-
ration in this context is unclear because, in the majority of
cases, pulse oximetry indicates that arterial oxygen satura-
tion remains well within clinically acceptable levels.

The possible causes of cerebral desaturation during tho-
racic surgery include increases in cerebral oxygen utilization,
unlikely in the presence of general anesthesia, or a reduction in
cerebral oxygen delivery that could be due to a reduction
either in arterial oxygen content or in cerebral blood flow that
might also be related to a decrease in cardiac output. Under-
standing the cerebral hemodynamic consequences following
institution of OLV could aid in differentiating these causes.
The physiologic consequences of superimposing OLV on the
lateral decubitus position required for surgery include
increases in pulmonary vascular resistance and pulmonary
arteriovenous shunt, hypoxic pulmonary vasoconstriction,
and the activation of inflammatory pathways that may cul-
minate in a reduction in alveolar and arterial oxygen tension.®
With the increase in pulmonary resistance during collapse of
the whole lung, right ventricular (and subsequently left

ventricular) cardiac output would be expected to decrease,
especially under anesthesia where compensatory reflex
mechanisms may be blunted. Furthermore, with impaired
right ventricular performance, an increase in right-sided filling
pressures could increase cerebral venous blood volume and
affect cerebral saturation in this manner. Thus, in susceptible
patients, these mechanisms could contribute to the decreases
seen in cerebral oxygen saturation.

Recently, less invasive cardiac output monitors have
been interfaced with an indwelling arterial cannula (a
standard hemodynamic monitor during thoracic surgery) to
offer a means to facilitate continuous measurement of
cardiac output.” One of these monitors, the FloTrac® sys-
tem, calculates the variation of cardiac output and stroke
volume in real time.

Organs rely on both blood pressure and flow for optimal
function. Continuous and simultaneous measurements of
both cardiac output and cerebral oxygen saturation (AS-
ctO,) may provide insight into the nature of the cerebral
desaturation seen with OLV. Accordingly, we hypothe-
sized that cerebral desaturation would be a result of a
reduction in cardiac output that could then compromise
oxygen flow to the brain during OLV.

Methods

The Biomedical Research Ethics Board at the University of
Manitoba approved this prospective observational study,
and written informed consent was obtained from all par-
ticipants prior to surgery. From September 2010 to
December 2010, we recruited patients presenting for
elective video-assisted thoracoscopic surgery or open tho-
racotomy involving OLV with an anticipated duration
longer than 45 min. Twenty-three American Society of
Anesthesiologists physical class I-III patients enrolled in
the study. Exclusion criteria included patients weighing
more than 120 kg, those with significant aortic regurgita-
tion, or those with any cutaneous condition or otherwise
that interfered with the application of the cerebral oximeter
Sensors.

A thoracic epidural catheter was inserted in patients
undergoing an open thoracotomy so that a continuous
infusion of 0.25% bupivacaine at 4-8 mL-hr~' could be
administered throughout the operative procedure. Standard
monitors were applied, including a five-lead electrocar-
diogram and a noninvasive blood pressure cuff, and
peripheral oxygen saturation was measured using pulse
oximetry. A radial arterial cannula was placed, and an
arterial blood gas sample was then drawn with the patient
breathing room air. Monitoring with a FORE-SIGHT®
(CasMed, Branford, CT, USA) cerebral oximeter was
undertaken via bilateral sensors applied to the patient’s
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forehead. Prior to induction, cerebral saturation was noted
with the patient breathing room air. The FloTrac system
(Edwards Life Sciences, Irvine, CA, USA), which utilizes a
proprietary algorithm to calculate stroke volume based on
the arterial pulse contour, was used to measure cardiac
output.

All patients received a standardized anesthetic, including
pre-medication with midazolam 1-2 mg iv. After pre-oxy-
genation, anesthesia was induced with fentanyl 2-4 pg-kg™"
or sufentanil 0.2-0.4 pg-kg~', propofol 1-2 mg-kg™", and
rocuronium 0.6 mg-kg™'. A left-sided double-lumen endo-
tracheal tube was then placed under fibreoptic bronchoscope
guidance, and the patient was then placed in the lateral
decubitus position with the non-operative side dependent.
Anesthesia was maintained with sevoflurane (0.5-1.0 MAC)
on a F,0, of 1.0 for the duration of the procedure. Additional
narcotics and muscle relaxants were administered at the
discretion of the attending anesthesiologist. The baseline
measurement of the average ASctO, was considered the
highest cerebral saturation on 100% oxygen. These mea-
surements were taken after induction of anesthesia and
lateral decubitus positioning, during the period of two-lung
ventilation, and within ten minutes of commencing OLV.
The anesthesiologist was blinded to ASctO, and cardiac
output values. Blood gas analysis was performed at 15-min
intervals to a maximum of two hours. The following data
were recorded in one-second intervals using Trendface
Solo® (iExcellence, Germany) software on a laptop personal
computer: blood pressure, heart rate, calculated cardiac
output, calculated cardiac index, stroke volume, calculated
heart rate (calculated heart rate = calculated cardiac output/
stroke volume), stroke index, stroke volume variability, and
ASctO,.

Patients’ lungs were ventilated with a tidal volume of
8 mL-kg~' ideal body weight and then lowered to
4 mL-kg™' with initiation of OLV. Respiratory frequency
was titrated to maintain a PaCO, < 50 mmHg. If periph-
eral saturations decreased to < 90%, the anesthesiologist
intervened to improve oxygenation, including the use of a
positive end-expiratory pressure of 5 cm H,O.

Cerebral oxygen saturation (left-sided, right-sided, and
average) was measured continuously throughout the case.
A decrease from baseline during two-lung ventilation to a
cerebral saturation < 55% was deemed to be a major
cerebral desaturation. If such events persisted for more than
five minutes, they were communicated to the attending
anesthesiologist to allow for intervention.

Data were analyzed post hoc based on changes in AS-
ctO, derived from the second-by-second output from the
data acquisition system. Changes in ASctO, were indexed
to the baseline measurement. The nadir of ASctO, with
OLV was determined and established the maximal delta
ASctO, for that patient. Irrespective of the maximal
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difference, the integrated decrease in ASctO, was calcu-
lated second-by-second from baseline for the duration of
OLV. This integrated decrease for cerebral desaturation
was correlated with similarly derived integrated changes in
heart rate, stroke index, and cardiac index referenced to the
same time period as for maximal ASctO,. The integrated
changes were normalized to the patient with the shortest
period of OLV, i.e., 57 min (duration of OLV varied from
57-159 min). The normalized integrated changes for heart
rate and cardiac index were also compared. These analyses
were undertaken with a specially written program in Lab-
VIEW (National Instruments Canada, Vaudreuil QC,
Canada).

Statistical analysis

Mixed effects repeated measures models were used to assess
whether significant time trends existed. Post-hoc comparisons
were adjusted for multiplicity via a simulation approach; the
simulation adjustment computes adjusted P values and con-
fidence limits. SAS® version 9.2 (SAS Institute, Cary NC,
USA) was used for all analyses. Linear regression analysis
was undertaken to compare various integrated indices. P
values < 0.05 were considered significant.

Results

Twenty-three patients were enrolled in the study, and data
were analyzed on 18 patients. Four patients were excluded due
to protocol violations (three due to the standardized anesthetic
and one due to the duration of OLV being < 45 min). Patient
demographics and surgical procedure are summarized in the
Table.

The effect of time on hemodynamic variables is shown
in Fig. 2. Heart rate decreased with initiation of anesthesia
and further decreased with institution of OLV. Mean
arterial pressure was maximal prior to induction of anes-
thesia, but not statistically significant, and it was essentially
stable over the course of the procedure. Stroke index
decreased post induction but then increased again with the
onset of OLV. Cardiac index did not differ when com-
paring the period of two-lung ventilation with that of OLV.
Higher values were seen prior to induction of anesthesia
and following reinstitution of two-lung ventilation. Stroke
volume variability decreased by approximately one-half
with the institution of OLV and remained diminished with
acute re-inflation of the lungs.

Prior to induction of anesthesia, the ASctO, (Standard
Deviation) as 72 4+ 5% while breathing room air. This
increased to 85 £ 5% after induction with a FO, of 1.0
during two-lung ventilation. The nadir ASctO; during OLV
was 72 £ 5%. This nadir was not significantly different
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Table Patient demographics

Total number of patients 18

Age (yr) 65 (11)
Body mass index 27 (5)
Male 8 (44.4%)
Female 10 (55.6%)
VATS 7 (38.9%)
Open procedures 11 (61.1%)
Length of OLV (min) 101 (33)

Data shown as n (%) or as mean (standard deviation)

VATS = video-assisted thoracoscopic surgery; OLV = one-lung
ventilation

from the awake room air saturation; however, it was a
mean reduction of 13% from the highest ASctO, during
two-lung ventilation in the lateral decubitus position
determined before commencing OLV (Figure 3). All 18
patients showed a decrease in ASctO, from the defined
baseline. In four patients, the decrease in saturation
was < 5%. In the other 14 patients, the decrease
was > 10% with a maximal decrease of 27% seen in one
patient. Five patients had a decrease in saturation
of > 20%. The lowest saturation was 62%, and there were
five patients with saturations of < 65%.

Post induction, with a FO, of 1.0, the mean peripheral
saturation was 99.6 (1)%. The mean peripheral saturation
at oxygen saturation (SctO,) nadir was 98 (4)%. The single
patient with a pulse oximetry desaturation to 94% was also
the patient with the lowest baseline peripheral saturation.
The arterial oxygen tension (PaO,) was 83 (10) mmHg
prior to induction of anesthesia. It increased to
397 £ 134 mmHg post induction with a FO, of 1.0, with a
nadir on OLV of 143 + 62 mmHg. When patients had
ventilation restored to two lungs with a FO, of 1.0, the
PaO, was 358 + 114 mmHg, which was not significantly
different from prior to OLV . The PaCO, increased
throughout the procedure from 36 + 3 mmHg pre-induc-
tion to 46 =4 mmHg post induction on two-lung
ventilation. During the period of OLV, carbon dioxide
tension was essentially unchanged from that seen with both
lungs ventilated, i.e., 47 = 6 mmHg.

The normalized integral of % change x time of decrease
in ASctO, following OLV was 26,731 £ 15,858 %-sec”!
(range 796-56,974) (all decreases were measured from
baseline). The normalized integral in the same time period for
heart rate was -34,447 &+ 36,922 beats-sec ! (range -118,269
to 15,810), a negative value representing a decrease in heart
rate from baseline. The normalized integral in the same time
period for stroke index was 244,833 + 65,877 mL-m >
sec” ' (range 164,398-467,529), a positive value representing
an increase in stroke index from baseline. Correlations
between the various computed integrated changes are shown

in Fig. 1. A significant inverse correlation was seen between
the integral for change in ASctO, and the integral for change
in heart rate (Fig. 1A). There was no significant correlation
seen between the integrals relating changes in ASctO, and
stroke index (Fig. 1B). As well, there was no significant
correlation seen between the integrals of changes in ASctO,
and calculated cardiac index (Fig. 1C).

Discussion

Our findings confirm prior work indicating that cerebral
desaturation occurs with the onset of OLV during thoracic
surgery. We observed a decrease in cerebral oxygen satu-
ration in all patients, whether they were undergoing open
procedures or video-assisted thoracotomy. Given the rec-
ommended implementation of lower inspired concentrations
of oxygen during thoracic surgery,'? this recommendation
needs to be weighed against the evidence of cerebral desat-
uration with a F,O, of 1.0 during OLV, as described in this
study and in prior work.

Our finding of a universal cerebral oxygen desaturation
with the onset of OLV may be due in part to our choice of
baseline, which was the maximal cerebral saturation on
two-lung ventilation in the lateral decubitus position within
ten minutes prior to lung collapse. We chose this baseline
for several reasons. First, it represents a baseline compar-
ison while the patient remains in the same position under
stable anesthetic conditions and on the same inspired
concentration of oxygen; therefore it permits an accurate
assessment of the single intervention of lung collapse. In
addition, prior work has indicated that meaningful altera-
tions in cerebral saturation can be determined in this
manner, for example, pre- and post-carotid cross-clamping
with carotid endarterectomy.'®'" Lastly, establishing an a
priori agreed upon baseline permits true comparisons
across the maximal number of studies.’

In these experiments, we show desaturations using the
same type of cerebral oximeter (i.e., CasMed FORE-
SIGHT) used by Hemmerling et al.” This oximeter claims
absolute cerebral oximetry, not just documentation of
trends. The magnitude of the mean decrease in cerebral
saturation from baseline in this study is similar to that
which correlated to the increased morbidity seen with
carotid cross-clamping.'® While not equivalent to an ipsi-
lateral occlusion of blood flow to a cerebral hemisphere,
the magnitude of the cerebral desaturation suggests that it
is important to have a better understanding of the problem.

Also, similar to the work by Hemmerling et al.,7 we
observed a worrisome disconnect between peripheral sat-
uration and cerebral saturation. This observation is of
particular concern as pulse oximetry is a standard monitor
used as a surrogate for tissue and cerebral oxygenation.
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Fig. 1 A comparison of
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Fig. 3 Pulse oximetry and cerebral saturation over time. SpO, =
peripheral saturation (%); ASctO, = cerebral oxygen saturation (%).
Data shown as mean (standard error)
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Indeed, the majority of the cerebral desaturations occurred
with arterial pulse oximetry readings of > 98% while on a
F,0; of 1.0. We point out that current management of OLV
calls for a titration to lower FO, values as long as
peripheral saturation is acceptable.'” Such a strategy raises
the potential concern that cerebral hypoxia may be initiated
or exacerbated with this approach.

The continuous measurement of cardiac output and its
index showed an interesting association with OLV. While
mean cardiac index was unaltered when transitioning from
two-lung to OLV, the heart rate x stroke index changed
inversely to maintain the product relatively constant, that
is, heart rate decreased and stroke index increased by
approximately similar magnitudes. The uniformity of
changes for the integral of heart rate response during OLV
(with 14/18 patients with a negative integral from baseline)
as well as for the integral of stroke index (with 18/18
patients with a positive integral from baseline), suggests
the presence of a reflex mechanism in response to lung
collapse. Our observations imply that the potential for
cerebral ischemia with OLV is indeed present and mani-
fests incrementally as shown with the inverse correlation
between changes over time in heart rate response and the
magnitude of cerebral desaturation (Fig. 1A). No such
correlations were seen with integral changes in stroke
index or cardiac index for the integral changes in cerebral
saturation (Figs. 1B and 1C). There was a non-significant
relationship between an increased integral of cardiac index
over time with the integral of cerebral desaturation over
time (P = 0.24). The study is underpowered if such a
relationship is present. If the R? value of the correlation
were unaltered, 47 patients would need be studied for this
relationship to be significant at the P = 0.05 level. Our
initial hypothesis was the converse, i.e., that cerebral
desaturation could be a consequence of decreased cardiac
output. Either way, the possibility of a beta error based on
small sample size must be a consideration.

Recent work by Suehiro and Okutai'® suggests that
magnitude and duration of cerebral desaturation seen with
OLV may have clinical relevance. Their work showed a
significant decrease from baseline in mini-mental state
examination scores in those patients with longer periods of
desaturation. Kazan et al.” also showed cognitive problems
with a decrease in cerebral oxygen saturation as measured
from a baseline post induction on a F,O, of 1.0. Further, an
intraoperative decrease in cerebral saturation of > 12%
with cross-clamping during carotid endarterectomy under
general anesthesia is associated with increased patient
morbidity."”

This study combined two fairly recent approaches
designed to provide continuous data output for patient
monitoring, i.e., cerebral oximetry and cardiac output. A
number of competing technologies exist. Our findings

confirm those of Hemmerling et al. using the FORE-
SIGHT cerebral oximeter in both studies.” We have also
used this monitor to document changes in cerebral satura-
tion with cross-clamping during carotid endarterectomy
under general anesthesia.'' Cardiac output measurement
utilizing the FloTrac system has been recently reviewed.'*
This device has been found to provide a good estimate of
cardiac output compared with pulmonary artery thermodi-
lution, which is considered the gold standard; however,
other work highlights the potential limitation of the cur-
rently available minimally invasive cardiac output devices
when compared with thermodilution.'”> The ability to
monitor cardiac output in a minimally invasive manner was
beneficial for this study.

One limitation of this study and others currently in the
literature is a critical lack of an index of cerebral blood
flow. Given our finding of well-oxygenated arterial blood
during the period of OLV, one mechanism our observations
suggest is that cerebral desaturation results from an altered
supply/demand ratio. This would mean that cerebral blood
flow is decreased more that the metabolic demand, which is
depressed with general anesthesia. An intraoperative
measure of cerebral flow or its surrogate, cerebral blood
flow velocity, by Doppler ultrasonography is necessary to
provide further insight. Also of importance, especially if
reflex mechanisms are involved, is a quiescent period
without surgical intervention for careful study of the tran-
sition from two-lung to OLV. Only then, with the caveats
of a stable depth of anesthesia and stable end-tidal oxygen
and carbon dioxide tensions, can the mechanisms and
hemodynamic responses responsible for cerebral desatu-
ration be delineated. As stated above, an agreed upon
baseline to allow comparison and contrast between studies
is also necessary. The choice of a baseline is critically
important because the magnitude of the various integrated
changes varies dramatically depending on the choice. It
may well be that a full study of the mechanisms involved
may require an animal model for rigid control of the
experimental paradigm.

With respect to the desaturations that occur during OLYV,
other causative explanations are possible. For example,
there is the potential of central venous pressure increases
during OLV, which could result in increased back pressure
for the cerebral venous circulation, a possibility yet to be
examined. The cerebral oximeter employs an algorithm
that assumes a 70% contribution from the venous blood
such that an increased cerebral venous blood volume could
potentially account for the desaturation signal seen.
Nonetheless, in their study in dogs, Cohen et al.'® did not
find an increase in central venous pressure with OLV. More
recent work indicates an inverse correlation between stroke
volume variability and right ventricular diastolic volume
index.'” We observed a marked decrease in stroke volume
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variation with the onset of OLV, implying a fuller pul-
monary vasculature, perhaps associated with increased
Venous pressure.

Additionally, there would be merit in studying the
incidence of cerebral desaturation with decreases in F,O,,
which have been proposed and clinically implemented with
the goal of lung protection. Given the lack of correlation
between peripheral and cerebral saturation, perhaps
increased cerebral desaturation with lower F,0, would go
undetected and put patients at further risk of non-pul-
monary complications.

In summary, we confirm that OLV is associated with
cerebral oxygen desaturation. We report that the magnitude
of cerebral desaturation is correlated with increasing bra-
dycardia. Given the lack of correlation between peripheral
oxygen saturation and cerebral oxygen saturation shown in
this and other studies, we suggest that it may be prudent to
monitor cerebral oxygenation for protection of the brain
when anesthetizing patients in cases where lung protection
strategies utilizing F,O, limitation are deemed important.
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