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ABSTRACT

Objectives: During cardiopulmonary bypass (CPB), temperature, lactate, and NIRS-derived cerebral oxygen saturation (rSO,) are recorded simul-
taneously; however, whether they provide complementary or interchangeable information remains unclear. In adults undergoing elective on-
pump coronary artery bypass grafting (CABG), we examined their within-patient relationships across consecutive CPB phases and tested whether
temperature and lactate remained independently associated with rSO, after adjustment for hematocrit, mean arterial pressure (MAP), and PaCO,.
Methods: This prospective, single-center, observational study included 85 adults undergoing elective isolated on-pump CABG. MAP, esopha-
geal temperature, bilateral frontal rSO,, lactate, hematocrit, and PaCO, were recorded simultaneously at seven CPB-related phases, yielding
595 phase-level observations. Within-patient associations were evaluated using repeated-measures correlation. Adjusted associations were
assessed with a linear mixed-effects model and supported by active-CPB, hemisphere-specific, and interhemispheric-agreement analyses.
Results: Cerebral rSO, decreased after CPB onset, lactate increased progressively, and hematocrit declined. Within-patient correlations among
temperature, lactate, and rSO, were statistically significant but negligible (all ’<0.025). In the mixed-effects model, hematocrit (standardized
=1.66), MAP (3=1.05), and PaCO, (3=0.85) were independently associated with cerebral rSO, (all p<0.003), whereas temperature and lactate
were not. This pattern was preserved in active-CPB and hemisphere-specific analyses. Interhemispheric agreement was high, supporting the
use of the bilateral mean for this population-level analysis.

Conclusion: During CPB in elective CABG, temperature, lactate, and cerebral rSO, behaved as complementary, non-redundant signals rather
than interchangeable perfusion indices. Cerebral oxygenation was independently associated with hematocrit, MAP, and PaCO,, supporting

cautious multiparameter interpretation and multicenter outcome-based confirmation.
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Introduction

Coronary artery disease is one of the leading causes
of cardiovascular morbidity and mortality worldwide.
Coronary artery bypass grafting (CABG) is a widely used
and effective surgical method to restore myocardial blood
flow in severe coronary artery disease." In conditions such
as complex multivessel disease, left main coronary artery
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stenosis, or diabetes mellitus, CABG remains the gold-
standard revascularization strategy that improves long-
term survival and reduces major cardiovascular events.™?

Cardiopulmonary bypass (CPB) facilitates surgical exposure
by providing a bloodless operative field; however, CPB-
related physiological alterations may predispose patients
to various postoperative complications.®! During CPB,
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hypothermia, hemodilution, and non-pulsatile flow may
adversely affect cerebral oxygenation and increase the risk
of postoperative neurological complications. To monitor
perfusion intraoperatively, body temperature, arterial
blood lactate, and near-infrared spectroscopy (NIRS)-
derived cerebral oxygen saturation (rSO,) are routinely
recorded, and the relationships among these parameters
have been investigated.®

Several clinical studies have shown that blood lactate
concentration can serve as a prognostic marker across
various conditions, including adult cardiac surgery; early
recognition of hyperlactatemia and prompt correction of
its underlying causes may help prevent complications and
improve outcomes.%!

Hypothermia, applied during CPB for organ protection,
reduces oxygen consumption by slowing metabolic
activity, yet may substantially alter the balance between
cerebral oxygen supply and demand.”-

Despite the routine, simultaneous availability of these
three signals, they have most often been examined
individually or at isolated time points, and the literature
addressing their joint behavior across the distinct
physiological phases of CPB remains limited. Two
considerations complicate their interpretation. The first
is methodological: because each patient is measured
repeatedly during CPB, the way these signals co-vary
within a patient over time can be captured only by analyses
that respect this repeated-measures structure, such as
repeated-measures correlation; pooling all observations
as though they were independent can distort the true
associations. The second is physiological: cerebral rSO, is
governed chiefly by the determinants of arterial oxygen
delivery—above all hematocrit, mean arterial pressure,
and PaCO,—so any association of temperature or lactate
withrSO, mustbejudged only afterthese dominantfactors
have been taken into account. Clarifying which of these
routinely monitored signals genuinely track together
within a patient, and which are independently associated
with cerebral oxygenation, is clinically relevant: it informs
whether they may be interpreted as complementary, non-
redundant perfusion indicators during CPB and guards
against over-reliance on any single index.

Accordingly, in patients undergoing elective on-pump
CABG, the primary aim of this study was to determine
whether body temperature, arterial lactate, and cerebral
rSO, behave as complementaryratherthaninterchangeable
perfusion signals across seven consecutive phases of
CPB. We addressed this in two steps: first, by quantifying
the within-patient associations among the three signals
with repeated-measures correlation; and second—in

our primary multivariable analysis—by testing in a linear
mixed-effects model whether temperature and lactate
remain independently associated with cerebral rSO, after
mutual adjustment for hematocrit, mean arterial pressure,
and PaCO,. As a secondary analysis, we examined the
phase-specific (cross-sectional) associations among the
three signals at each surgical stage. Finally, as exploratory
analyses—and to justify the use of an averaged bilateral
rSO,—we assessed interhemispheric (right-versus-left)
agreement and summarized intraoperative hypotension
exposure for hemodynamic context.

We hypothesized that body temperature, lactate, and
cerebral rSO, would show statistically detectable but weak
within-patient associations during CPB, consistent with
their reflecting distinct, complementary facets of tissue
perfusion rather than interchangeable measures.

Methods

Study Design and Setting

This prospective, observational, single-center study was
conducted in adult patients undergoing elective coronary
artery bypass grafting (CABG) with cardiopulmonary
bypass (CPB) between 1 June 2024 and 1 June 2025. All
measurements were obtained within routine clinical
practice without interrupting standard care. The study is
reported in accordance with the STROBE statement for
observational studies.

Ethical Approval and Consent

The study was conducted in accordance with the principles
of the Declaration of Helsinki. Approval was obtained
from the Kiitahya Health Sciences University Non-Clinical
Research ethics committee (approval date: 15 January
2024; approval number: 2024/01-01). Written informed
consent was obtained from all participants.

Participants

Inclusion criteria: Adult patients (=18 years) scheduled for
isolated elective CABG with CPB.

Exclusion criteria: Emergency surgery, redo CABG,
concomitant cardiac procedures (e.g., valve surgery),
or inability to obtain the predefined target parameters
(temperature, NIRS, and lactate) at the designated time
points.

For eligible patients, demographic data (age, sex, body
mass index [BMI], weight, and height), comorbidities, and
perioperative measurements (arterial blood pressure, heart
rate, body temperature, and arterial blood gas parameters)
were recorded.
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Anesthesia and Perioperative
(Standard Care)

Patients were monitored according to American Society
of Anesthesiologists (ASA) standards. CPB was conducted
according to the institutional protocol, comprising
cooling/hypothermia and rewarming phases with a target
hypothermic temperature of 32°C. Acid-base status
during hypothermic CPB was managed using an alpha-
stat strategy, with arterial blood gases interpreted at 37°C
without temperature correction. Ventilation, fluid and
blood-product management, and vasopressor/inotrope
use were guided by clinical requirements.

Management

Measurements and Time Points

At each of the following surgical phases, mean arterial
pressure (MAP), body temperature, frontal NIRS (right and
left hemispheres), and arterial blood gas parameters were
recorded simultaneously:

+ Post-induction: After induction, prior to incision, once
hemodynamically stable.

+ CPB 100%: Within the first 5 minutes after initiation of
CPB and attainment of target indexed pump flow (2.2-
2.4 L/min/m?).

» Cooling phase: During cooling toward the target
temperature (32°C), at a body temperature of 33-34°C.

« Hypothermia phase: After reaching 32°C and
remaining stable for =10 minutes.

- Rewarming phase: After aortic cross-clamp removal,
during rewarming, at 34-35°C.

- CPB weaning: The final measurement at full pump flow
immediately before terminating CPB.

+ Post-decannulation: After cannula
stable on native circulation.

removal, once

Body temperature was measured with an esophageal
probe (°C). Cerebral oxygen saturation (rSO,) was
continuously monitored using NIRS sensors (INVOS 5100C,
Medtronic Inc., Dublin, Ireland) placed bilaterally over the
frontal region (%); baseline values were obtained prior to
induction. At each phase, the arithmetic mean of the right
and left hemispheric rSO, values was calculated as the
primary cerebral oxygenation index, while the individual
hemispheric values were retained for the hemisphere-
specific (lateralization) analysis. From the same arterial
blood gas sample at each phase, lactate, hematocrit, PaCO,,
Pa0,, and pH were obtained. Hemoglobin concentration
was not measured separately; therefore, hematocrit was
used as a pragmatic surrogate for hemoglobin and the
associated arterial oxygen-carrying capacity. Lactate was
reported in mmol/L. Pump flow was recorded during the
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active-CPB phases as absolute flow (L/min) and was used
only in the active-CPB sensitivity model.

Variables

Primary cerebral-oxygenation variable: Mean cerebral
rSO, (arithmetic mean of the right and left frontal values);
the separate right and left frontal values served as
dependent variables in the hemisphere-specific analyses.

Time-varying predictors: Body temperature, arterial
lactate, hematocrit, MAP, and PaCO,, with pump flow added
only for the active-CPB phases; PaO, and pH were treated
as additional physiological variables.

Baseline (time-invariant) characteristics: Age, sex, BMI,
diabetes mellitus, and hypertension.

Statistical Analysis

Descriptive statistics: Continuous variables are presented
as meanzxstandard deviation or median (interquartile
range, Q1-Q3) according to distribution; categorical
variables are presented as number and percentage (n [%]).
Normality was assessed using the Shapiro-Wilk test and
histogram/Q-Q plots.

Main analysis — independent determinants of cerebral
oxygenation (multivariable mixed-effects model):
A linear mixed-effects model was fitted to identify the
independent determinants of cerebral oxygenation
while accounting for the repeated-measures structure
of the data. Mean cerebral rSO, was the dependent
variable; body temperature, lactate, hematocrit, MAP,
and PaCO, were entered simultaneously as standardized
(z-transformed) fixed effects, with a patient-specific
random intercept. The random intercept was specified to
account for stable between-patient differences in baseline
cerebral oxygenation, so that the fixed effects reflect
phase-level variation in the physiological predictors. Time-
invariant characteristics (age, sex, BMI, diabetes mellitus,
hypertension) were summarized descriptively and were
not entered as fixed effects; accordingly, the fixed-effect
estimates were interpreted as mutually adjusted, phase-
level associations between the time-varying physiological
variables and cerebral rSO,, while accounting for the
clustering of repeated observations within patients, rather
than as causal effects. The intraclass correlation coefficient
(ICC) was reported to quantify between-patient variance.
Standardized coefficients were used to allow comparison
of the relative magnitude of associations across predictors
and were not interpreted as correlation coefficients.

Sensitivity analysis: The model was refitted using only the
active-CPB phases, with pump flow added as a fixed effect,
to assess the stability of the determinants under on-bypass
conditions.
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Within-patient correlation: Repeated-measures
correlation (rmcorr) characterized the overall within-patient
associations among temperature, lactate, and mean rSO,
across the repeated measurements; the coefficient of
determination (r?) was reported as an effect-size measure.!'"

Hemisphere-specific analysis: To examine cerebral
lateralization, right and left rSO, values were analyzed
separately (rmcorr with lactate and temperature).
Interhemispheric agreement between paired right and left
values was assessed using rmcorr together with Bland-
Altman analysis (mean bias and 95% limits of agreement),
andthe proportion of measurements with clinically relevant
asymmetry (absolute right-left difference >10%) was
reported. To directly address the use of averaged bilateral
rSO,, the main linear mixed-effects model was additionally
refitted with right and left frontal rSO, as the dependent
variables separately, and the independent determinants
were compared across hemispheres.

Phase-specific (instantaneous) associations: Spearman
rank correlations were computed within each surgical
phase for the temperature-rSO,, temperature-lactate, and
rSO,—lactate relationships. To control type | error inflation,
the Holm correction was applied within each relationship
family (across the seven phases), and adjusted p values
were reported.

Exploratory hypotension-exposure analysis: The
proportion of predefined phase-level measurements with
MAP<65 and <60 mmHg was summarized descriptively at
the phase and patient levels. This analysis was hypothesis-
generating and was not used for confirmatory inference.

Missing data and software: The physiological variables
included in the models (temperature, mean and
hemispheric rSO,, lactate, hematocrit, MAP, PaCO,) were
complete for all 595 phase-level observations (85 patients
X 7 phases). Statistical significance was set at p<0.05 (two-
sided). Analyses were performed in R (version 4.2.0 or later;
R Foundation for Statistical Computing, Vienna, Austria)
using the Ime4 and ImerTest packages for mixed-effects
modeling, the rmcorr package for repeated-measures
correlation, and base R for Spearman correlations and
Holm adjustment.

Sample size: An a priori power analysis was performed
using G*Power (version 3.1.9.7; Heinrich-Heine-
Universitat, Diisseldorf, Germany) based on an expected
correlation coefficient of approximately 0.30 for
comparable physiological parameters in cardiac surgery
(exact test, bivariate normal model, two-tailed a=0.05,
power=0.80). The minimum required sample size was 84
patients, and 85 were enrolled. Although each patient
contributed seven phase-level measurements, these

repeated observations were not treated as independent;
all repeated-measures analyses accounted for within-
patient clustering using either mixed-effects modeling or
repeated-measures correlation.

Results

Patient and Procedural Characteristics

A total of 85 patients undergoing elective on-pump CABG
were studied. The mean age was 62.80+11.16 years (range
38-88); 54 (63.5%) were men and 31 (36.5%) were women.
The mean body mass index was 27.38+4.02 kg/m’, the
mean weight was 76.47+12.47 kg, and the mean height
was 167.14+8.56 cm. At least one comorbidity in addition
to coronary artery disease was present in 70 patients
(82.4%), most commonly hypertension (48; 56.5%) and
diabetes mellitus (29; 34.1%). The mean total operative
time was 333.3+£71.7 min, cardiopulmonary bypass time
was 164.6+62.4 min, and aortic cross-clamp time was
131.7459.8 min. Packed red blood cells were transfused in
32 patients (37.6%) and fresh frozen plasma in 65 patients
(76.5%); among transfused patients, the mean amounts
were 1.7 and 4.6 units, respectively (Table 1).

Phase-wise Changes in Body Temperature,
Cerebral rSO,, and Lactate

Body temperature fell from 36.08+0.29°C after induction
to a nadir of 31.52+1.46°C during the hypothermia phase,

Table 1. Baseline and procedural characteristics

Characteristic Value

Demographic and clinical characteristics
Age (years), mean+SD 62.80+£11.16
Body mass index (kg/m?), mean=SD 27.38+4.02
Weight (kg), mean+SD 76.47+12.47
Height (cm), mean+SD 167.14£8.56
Sex — male, n (%) 54 (63.5)
Sex — female, n (%) 31(36.5)
Comorbidity other than coronary artery disease, n (%) 70 (82.4)
Diabetes mellitus, n (%) 29 (34.1)
Hypertension, n (%) 48 (56.5)

Procedural characteristics
Total operative time (min), mean+SD 333.3+71.7
Cardiopulmonary bypass time (min), mean+SD 164.6+62.4
Aortic cross-clamp time (min), mean+SD 131.7£59.8
Packed red blood cells transfused, n (%) 32 (37.6)
Fresh frozen plasma transfused, n (%) 65 (76.5)

Values are mean=SD or n (%); n=85. Among transfused patients, the mean number of
units administered was 1.7 (packed red blood cells) and 4.6 (fresh frozen plasma). SD:
Standard deviation.
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Table 2. Physiological variables across surgical phases
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Phase Temperature Mean rSO, Lactate MAP Hematocrit PaCoO, PaO, Pump flow
(°C) (%) (mmol/L) (mmHg) (%) (mmHg) (mmHg) (L/min)
Post-induction 36.08+0.29 64.5+9.4 1.00 (0.80-1.40) 74.5+12.5 39.6+5.1 37.7+43  125.2+67.8 —
CPB 100% 34.68+1.78 60.0+9.5 1.00 (0.80-1.30) 68.6+£13.5 31.245.5 40.8+5.5 207.3+81.0 4.2+04
Cooling 33.20+1.15 57.9+9.3 1.00 (0.70-1.40) 70.7+12.7 30.8+6.2 40.1£4.5 221.8+80.6 4.1+0.5
Hypothermia 31.52+1.46 58.3+8.9 1.20(0.90-1.70) 69.8+12.5 27.8+4.7 421459  234.6+67.9 4.2+0.5
Rewarming 34.30+1.12 58.0+8.5 1.40(1.00-2.20) 72.2+10.5 27.1+4.2 417456 22451726 4.1+0.5
CPB weaning 35.83+0.99 57.249.9 1.90(1.10-2.80) 69.6+11.1 27.4+4.0 404455  231.3+92.7 —
Post-decannulation ~ 35.96+0.38 59.2+8.5 2.00(1.20-3.10)  70.0+8.9 28.9+3.8 40.5£5.2  177.9+75.2 —

Values are mean=SD, except lactate which is median (interquartile range). Pump flow was recorded only during the active-CPB phases (CPB 100% through rewarming). n=85 per
phase. rSO;: Regional cerebral oxygen saturation; MAP: Mean arterial pressure; PaCO,/Pa0O;: Arterial carbon dioxide/oxygen tension; CPB: Cardiopulmonary bypass.

then rose progressively during rewarming and weaning
to 35.96+0.38°C after decannulation (Table 2, Fig. 1a).
Mean cerebral rSO, declined after the initiation of CPB,
from 64.5+9.4% after induction to 60.0+9.5% at full
bypass, and remained around 57-58% throughout the
cooling, hypothermic, and rewarming phases, reaching its
lowest value at CPB weaning (57.2+9.9%) before a partial
recovery after decannulation (59.2+8.5%) (Table 2, Fig.
1b). Median arterial lactate was stable during early bypass
(1.00 mmol/L from induction through cooling) and rose
progressively thereafter, from 1.20 (0.90-1.70) mmol/L
during hypothermia to 2.00 (1.20-3.10) mmol/L after
decannulation (Table 2, Fig. 1c).

Phase-wise Changes in the Principal Physiological
Covariates

Reflecting progressive hemodilution during bypass,
hematocrit fell from 39.6+5.1% after induction to a nadir
of 27.1+4.2% during rewarming, partially recovering to
28.9+3.8% after decannulation, whereas mean arterial
pressure (68-75 mmHg), PaCO, (=40-42 mmHg), and
pump flow (4.1-4.2 L/min during the active-CPB phases)
remained stable (Table 2).

Phase-specific (Instantaneous) Correlations

Within-phase associations among the three signals were
assessed by Spearman correlation with Holm correction
across the seven phases (Appendix 1). Almost all phase-
specific correlations were weak and non-significant after
correction. The only association to survive adjustment
was a weak-to-moderate negative correlation between
body temperature and mean rSO, at CPB weaning (p=-
0.301; unadjusted p=0.005; Holm-adjusted p=0.036),
indicating that, at the point of bypass termination, higher
temperatures coincided with lower cerebral oxygenation;
no temperature-lactate or rSO,—-lactate correlation reached
significance at any phase.

Within-patient and Hemisphere-specific
Correlations

Across the repeated measurements, within-patient
correlations (rmcorr) were statistically significant but of
negligible magnitude for all three relationships (Table 3):

a 384
o
< 36
g
2
O 34+
0]
a
£
L 324 32 °C target
3
o
® 304
b 75 1
g 704
3
Q65
[
& 60
o
8 55
G
0 50
=

45 4
C
= 3.01
=
o
£ 2.5
£
3 2.0
S
9}
£ 154
s
o ]
2 1.0
<

0.5 1 .

I :
&9 Q%\QQ o 0\\& @e‘«\\@ " 0@ o« & ce&\o

N A

oo"\\ \&‘\QO <€ < e

Figure 1. Perioperative changes in body temperature, mean cerebral
rSO,, and arterial lactate across surgical phases. Phase-wise trends of
(a) body temperature (mean+SD), (b) mean cerebral rSO, (mean+SD),
and (c) arterial lactate (median, with interquartile range) across the
seven surgical phases of cardiopulmonary bypass. The dashed line in
(a) marks the 32 °C hypothermic target. n=85 per phase.

rSO,: Regional cerebral oxygen saturation; SD: Standard deviation.
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Table 3. Within-patient and hemisphere-specific correlation analyses

Relationship r 95% Cl r P
Panel A — Within-patient (repeated-measures) correlations, mean rSO,
Temperature <> Lactate 0.157 0.071 t0 0.241 0.025 <0.001
Mean rSO, <> Lactate -0.136 -0.220 to -0.050 0.018 0.002
Temperature <= Mean rSO, 0.131 0.045t00.216 0.017 0.003
Panel B— Hemisphere-specific correlations
Right rSO, <= Lactate -0.100 -0.185t0-0.014 0.010 0.023
Left rSO, <= Lactate -0.147 -0.230 t0 -0.061 0.022 0.001
Temperature <= Right rSO, 0.115 0.029 to0 0.200 0.013 0.009
Temperature <> Left rSO, 0.122 0.036 to 0.207 0.015 0.006
Measure Value

Panel C — Interhemispheric agreement (right vs left rSO,)
Right-Left correlation (rmcorr)
Mean difference (right — left)
Mean absolute difference
Bland-Altman limits of agreement
Clinically relevant asymmetry (Jright — left| > 10%)

r=0.632; p <0.001
+0.17%
4.46%
-13.2% to +13.5%
6.4% of measurements

rmcorr: Repeated-measures correlation; Cl: Confidence interval; r*: Coefficient of determination. All within-patient correlations are statistically significant but of negligible magni-

tude (r’<0.025). n=595 observations across 85 patients.

body temperature with lactate (r=0.157; 95% Cl 0.071-
0.241; r*=0.025; p<0.001), body temperature with mean
rSO, (r=0.131; 95% Cl 0.045-0.216; r*=0.017; p=0.003),
and mean rSO, with lactate (r=—0.136; 95% Cl —0.220 to
-0.050; r’=0.018; p=0.002). Each signal explained less
than 3% of the within-patient variance in the others.
Hemisphere-specific analyses were concordant with the
pooled results, with identically weak right- and left-sided
correlations (all ’<0.022). Right and left rSO, were closely
correlated (rmcorr r=0.632; p<0.001), with a negligible
mean right-left difference of +0.17% and a mean absolute
difference of 4.46%; clinically relevant asymmetry (|right—
left|>10%) occurred in only 6.4% of measurements.
Although the Bland-Altman limits of agreement (-13.2% to
+13.5%) indicate that the two hemispheres are not strictly
interchangeable at the level of an individual reading,
the negligible systematic bias and the rarity of clinically
relevant asymmetry support the pragmatic use of the
bilateral mean rSO, as the summary cerebral oxygenation
index in the primary analysis.

Primary  Analysis: Physiological Factors
Independently Associated with Cerebral rSO,
(Linear Mixed-Effects Model)

In the primary linear mixed-effects model (595 observations
from 85 patients, with a random intercept per patient),
hematocrit (standardized (=1.66; 95% Cl 0.90-1.41;
p<0.001), MAP (B=1.05; 95% Cl 0.56-1.54; p<0.001),

and PaCO, (B=0.85; 95% Cl 0.30-1.40; p=0.003) were
independently associated with mean cerebral rSO,, whereas
body temperature (3=—0.21; p=0.614) and lactate (=-0.40;
p=0.267) were not significant after mutual adjustment
(Table 4, Fig. 2). The intraclass correlation coefficient was
0.60, indicating that a substantial proportion of the variance
in rSO, reflected stable between-patient differences. In a
sensitivity model restricted to the four active-CPB phases
(CPB 100% through rewarming) in which steady pump
flow was recorded (n=340), the pattern of associations
was unchanged—hematocrit (3=1.57; p<0.001), MAP
(=1.09; p<0.001), and PaCO, (f=0.86; p=0.018) remained
independently associated with cerebral rSO,—while
temperature, lactate,and pump flow (3=0.46; p=0.446) were
non-significant (ICC=0.69). When the model was refitted
separately for the right and left frontal rSO,, hematocrit
and MAP remained significant in both hemispheres, and
temperature and lactate were non-significant on both
sides, while the PaCO, association reached significance for
the right but not the left hemisphere.

Intraoperative Hypotension Exposure

Because MAP was independently associated with cerebral
oxygenation, it was retained as a time-varying physiological
predictor in the mixed-effects model; the corresponding
exposure to low intraoperative pressures was summarized
descriptively (Appendix 2). Seventy of 85 patients (82.4%)
had at least one phase with MAP<65 mmHg, and 57 (67.1%)
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Table 4. Linear mixed-effects models of mean cerebral rSO,
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Predictor B (std) SE 95% CI p Independent

Primary model — 7 phases, n=595 observations / 85 patients (pump flow excluded)
Hematocrit 1.66 0.38 0.90 to 2.41 <0.001 Yes
Mean arterial pressure 1.05 0.25 0.56 to 1.54 <0.001 Yes
PaCO, 0.85 0.28 0.30to 1.40 0.003 Yes
Temperature -0.21 043 -1.05 to 0.62 0.614 No
Lactate -0.40 0.36 -1.11t0 0.31 0.267 No

Random intercept SD=6.66 - residual SD=5.43 - ICC=0.60

Sensitivity model — active-CPB phases only, n=340 (pump flow added)
Hematocrit 1.57 0.40 0.78t0 2.36 <0.001 Yes
Mean arterial pressure 1.09 0.31 0.491t0 1.69 <0.001 Yes
PaCO, 0.86 0.37 0.15t0 1.58 0.018 Yes
Temperature 0.25 0.40 -0.55to0 1.04 0.542 No
Lactate -0.53 0.48 -1.47 t0 0.40 0.265 No
Pump flow 0.46 0.60 -0.72to 1.64 0.446 No

1CC=0.69

Dependent variable, mean cerebral rSO,. Predictors were entered simultaneously as standardized (z-transformed) fixed effects with a patient-specific random intercept; stan-
dardized coefficients are not interpreted as correlation coefficients. B: standardized fixed-effect coefficient; SE: Standard error; Cl: Confidence interval; ICC: Intraclass correlation

coefficient; CPB: Cardiopulmonary bypass.

had at least one phase with MAP<60 mmHg. Across all 595
measurements, MAP was <65 mmHg in 27.6% and <60 mmHg
in 15.5% of measurements, with low-MAP measurements
being most frequent during full bypass (CPB 100%: MAP<65
mmHg in 38.8% and MAP<60 mmHg in 27.1%).

Discussion

In this prospective, observational study of 85 adult
patients undergoing elective on-pump coronary
artery bypass grafting (CABG), we examined how three
routinely  available perfusion indices—esophageal
temperature, arterial lactate, and frontal NIRS-derived
cerebral oxygen saturation (rSO,)—behaved across seven
predefined phases of cardiopulmonary bypass (CPB) and,
more importantly, which physiological variables were
independently associated with cerebral oxygenation once
the repeated-measures structure of the data was taken
into account. Three findings define the study. First, the
three indices followed distinct phase-specific trajectories:
rSO, fell after the onset of CPB and remained below its
post-induction value throughout bypass, reaching its
lowest mean at CPB weaning before a partial recovery
after decannulation; lactate rose progressively and peaked
in the post-decannulation period; and temperature
followed the imposed cooling-rewarming profile. Second,
the within-patient associations among the three indices
were statistically detectable but of negligible magnitude
(all r’<0.025). Third—and central to this analysis—in a
linear mixed-effects model that mutually adjusted for the

principal physiological determinants, cerebral rSO, was
independently associated with hematocrit, mean arterial
pressure (MAP), and PaCO,, whereas temperature and
lactate were not. Taken together, these results indicate
that temperature, lactate, and cerebral rSO, are non-
redundant signals reporting on different physiological
compartments rather than interchangeable surrogates of
a single “perfusion” state.

Physiological factors independently associated with mean cerebral rSO:
Standardized B - n = 595 observations / 85 patients - random intercept per patient

Hematocrit P p<0.001

MAP —a—

p<0.001

PaCO:2 p=0.003

Temperature = —O—} —] p=0.61
B Independently associated (p < 0.05)
O Not significant 1

Lactate p———0——
|

-1.5 -1.0 =05 0.0 0.5 1.0 115 2.0 25
Standardized B coefficient (95% Cl)

Figure 2. Physiological factors independently associated with mean
cerebral rSO,. Forest plot of the physiological factors independently
associated with mean cerebral rSO, in the primary linear mixed-ef-
fects model (595 observations from 85 patients; random intercept per
patient). Points are standardized B coefficients with 95% confidence
intervals; hematocrit, mean arterial pressure and PaCO, are inde-
pendently associated with cerebral rSO, (intervals excluding zero),
whereas temperature and lactate are not significant after adjustment.

rSO,: Regional cerebral oxygen saturation; PaCO,: Arterial carbon dioxide/oxygen tension.
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The apparent paradox between weak pairwise correlations
and the presence of strong, specific determinants in
the adjusted model is itself informative and merits
emphasis. Bivariate and phase-specific correlations
treat each measurement in isolation and are dominated
by between-patient heterogeneity; in our cohort, the
intraclass correlation coefficient was 0.60, indicating
that approximately 60% of the variance in rSO, reflected
stable, between-patient differences in baseline cerebral
oxygenation rather than dynamic within-patient change.
Under these conditions, simple correlation coefficients may
obscure the physiological association that operates within
an individual patient over time—a recognized divergence
between within- and between-subject associations.'!
Our phase-specific (instantaneous) correlations were
correspondingly weak and, after Holm correction, largely
non-significant—a pattern that closely mirrors the
pediatric CPB study of Haydin and colleagues,' who,
using an almost identical five-stage sampling scheme and
frontal NIRS, found no significant per-stage correlation
between cerebral rSO, and hematocrit, pump flow, MAP,
or PaCO, despite a clear progressive rise in lactate. The
convergence of these two datasets reinforces that cross-
sectional, instantaneous correlations are an insensitive lens
for relationships better resolved within patients over time.
The mixed-effects model, by partitioning between-patient
variance into a random intercept and estimating mutually
adjusted within-patient effects, recovers the associations
that marginal correlations obscure; this is why temperature
and lactate, which show weak unadjusted correlations with
rSO,, contribute little once oxygen-carrying capacity and
perfusion pressure are accounted for.

Among the determinants identified, hematocrit had
the largest standardized effect ($=1.66), followed by
MAP (3=1.05) and PaCO, ($=0.85), and this hierarchy
was preserved in the on-bypass sensitivity model that
additionally included pump flow.The primacy of hematocrit
is physiologically coherent: during CPB, hemodilution is
the principal modifiable threat to the oxygen-carrying
capacity of arterial blood, and in our cohort, hematocrit
declined progressively to its lowest values during
rewarming (corresponding to an estimated hemoglobin
concentration of approximately 9 g/dL), substantially
reducing this capacity. Because cerebral oxygen delivery
is the product of cerebral blood flow and arterial oxygen-
carrying capacity, a fall in hematocrit directly lowers the
oxygen available to the brain unless compensated by
increased flow. This finding aligns closely with Eisner and
colleagues,[10] who reported that intraoperative changes
in cerebral oxygen saturation during CABG tracked
oxygen-transport  parameters—hemoglobin,  arterial

oxygen content, and oxygen delivery—more closely than
temperature, and with the 2024 EACTS/EACTAIC/EBCP
guidance,™ which positions oxygen delivery, and its
dependence on hematocrit and pump flow, as a central
determinant of end-organ protection during bypass. It also
directly addresses the proposition that NIRS values cannot
be interpreted without reference to oxygen-carrying
capacity: in our data, oxygen-carrying capacity, indexed by
hematocrit, was not a background covariate but the single
strongest independent correlate of cerebral oxygenation.

The independent contribution of MAP is consistent with
pressure-dependent cerebral perfusion under the partially
impaired autoregulation that characterizes hypothermic,
non-pulsatile bypass and echoes the bilateral NIRS analysis
of Candan and colleagues,"in which mean arterial pressure
was a principal determinant of both right and left cerebral
rSO, during pediatric CPB. Importantly, hypotensive
exposure in our cohort was not trivial—82.4% of patients
experienced at least one phase with MAP<65 mmHg, with
the greatest burden during the CPB 100% phase—so the
association between MAP and SO, is unlikely to be anartifact
of anarrow pressure range. The positive association between
PaCO, and rSO, reflects the expected cerebral vasodilatory
response to carbon dioxide, whereby higher PaCO,
augments cerebral blood flow and thus oxygen delivery. In
our institution, acid-base management during hypothermic
bypass followed an alpha-stat strategy, in which blood gases
are interpreted at 37°C without temperature correction;
alpha-stat preserves cerebral pressure—flow autoregulation
and flow-metabolism coupling rather than inducing the
pressure-passive luxury perfusion characteristic of pH-
stat. That PaCO, remained an independent determinant of
cerebral oxygenation even under a strategy that does not
deliberately manipulate CO, to augment cerebral blood
flow underscores the physiological robustness of preserved
CO, vasoreactivity during CPB.

That temperature and lactate were not independent
determinants of rSO, after adjustment should not be
read as evidence that they are physiologically irrelevant,
but rather that their influence on cerebral oxygenation
is largely indirect and mediated through the dominant
delivery variables. Hypothermia lowers cerebral metabolic
rate and oxygen consumption—an effect demonstrated
experimentally by Sasakiand colleagues,™—soits principal
action is to modify oxygen demand rather than to shift
the measured saturation in a simple monotonic fashion.
Consistent with this, the only phase at which temperature
showed a statistically robust association with rSO, was CPB
weaning, where higher temperature coincided with lower
cerebral oxygenation (p=-0.301; Holm-adjusted p=0.036).
This pattern may reflect a transient supply-demand
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imbalance during rewarming and separation from bypass,
when increasing cerebral metabolic demand may not be
fully matched by restoration of oxygen delivery—the
vulnerability highlighted in the 2024 EACTS/EACTAIC/EBCP
guidance™ and mirrored by the progressive lactaterise that
peaked in the same post-bypass window. Because oxygen
delivery and cerebral metabolic rate were not directly
measured, however, this association should be interpreted
as physiologically plausible rather than as direct evidence
of cerebral oxygen debt. Our lactate findings similarly
accord with the view that intraoperative hyperlactatemia in
cardiac surgery is multifactorial—driven by hemodilution,
catecholamine and inflammatory responses, and altered
hepatic and renal clearance in addition to anaerobic
metabolism!'®—so that lactate behaves as a delayed,
systemic integrator of metabolic stress rather than a real-
time mirror of regional cerebral oxygenation.

The dissociation between a regional optical measurement
and a systemic metabolic marker is expected on first
principles and is supported by the broader literature. NIRS
reports the cerebral oxygen supply-demand balance within a
small frontal cortical volume, whereas lactate reflects whole-
body oxygen debt and clearance dynamics; the two need not
move together. Evans and colleagues!'” demonstrated organ-
specific divergence in oxygenation responses—cerebral
versus renal—to altered perfusion during experimental
CPB, and Wang and colleagues'® found that renal, rather
than cerebral, NIRS desaturation was most closely coupled
to perioperative lactate elevation and acute kidney injury.
The weak negative within-patient correlation we observed
between cerebral rSO, and lactate is therefore consistent
with the interpretation that frontal cerebral NIRS, by design,
captures only a fraction of systemic metabolic stress.

A specific methodological question concerns our use of
the mean of the right and left frontal rSO, values as the
primary cerebral-oxygenation index. We addressed this
directly rather than by assumption. When the right and
left hemispheres were analyzed separately, the correlation
results were concordant in direction and magnitude: lactate
correlated weakly and negatively, and temperature weakly
and positively, with each hemisphere (all ’<0.022). In the
hemisphere-specific mixed-effects models, hematocrit and
MAP remained significant for both hemispheres, whereas
temperature and lactate were non-significant on both
sides; the PaCO, association was directionally consistent
but reached statistical significance only for the right
hemisphere. Interhemispheric concordance was acceptable
for the present population-level association analysis:
right and left values were correlated (rmcorr r=0.632),
the mean right-left difference was negligible (+0.17%;
mean absolute difference 4.46%), and clinically relevant
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asymmetry (|right—left|>10%) was present in only 6.4%
of 595 paired measurements, although the Bland-Altman
limits of agreement (-13.2% to +13.5%) indicate that the two
hemispheres are not strictly interchangeable at the level of
an individual reading. Therefore, for this elective isolated
CABG cohort and for the present population-level research
question, the bilateral mean rSO, was a pragmatic and
defensible summary index; however, it should not replace
real-time side-specific interpretation in individual patients,
particularly when unilateral desaturation is observed.

Clinically, these findings carry a measured but practical
message. Because temperature, lactate, and cerebral rSO, are
only weakly inter-related and report on distinct physiological
domains—thermal management and metabolic demand,
systemic anaerobic balance and clearance, and regional
cerebral oxygen delivery, respectively—no single index can
be regarded as a sufficient proxy for the others, and the value
of monitoring lies in their complementarity rather than their
redundancy. Our determinant analysis further suggests that,
when cerebral desaturation is observed during CPB, the
most productive immediate response is to interrogate the
modifiable determinants of oxygen delivery—hematocrit,
perfusion pressure, pump flow, and PaCO,—rather than
temperature or lactate, which are better understood as
markers of demand and systemic metabolic state. This
delivery-oriented interpretation is consistent with strategies
of metabolically guided, individualized perfusion explored
in cardiac surgery and with the integrated, multimodal
monitoring approach advocated in contemporary perfusion
practice.'>*? We are careful, however, not to overstate these
implications: the study was confined to the intraoperative
period and did not examine postoperative outcomes, and
the determinant associations we report are within-patient
and observational. They define physiologically plausible
targets for monitoring and future interventional studies, not
validated thresholds for clinical action.

Strengths

This study has several strengths. The prospective design
and the acquisition of synchronized measurements at
seven clinically meaningful, sequential phases permitted
phase-resolved characterization of a dynamic physiological
process that cross-sectional sampling would miss. The
analytic strategy was explicitly matched to the repeated-
measures structure of the data: repeated-measures
correlation, a linear mixed-effects model with mutual
adjustment for the principal physiological confounders,
an on-bypass sensitivity model incorporating pump flow,
and effect-size reporting (r’) together provide a more
rigorous and confounder-aware account than unadjusted
correlation alone. The prespecified hemisphere-
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specific and interhemispheric-agreement analyses add
methodological transparency, and the variables entered
into the primary model were complete for all 595 phase-
level observations; therefore, no imputation was required.
Finally, the parameters studied are inexpensive, routinely
available, and readily integrated into existing practice,
which enhances the external relevance of the findings.

Limitations

Several limitations temper these conclusions. First, the
single-center, observational design precludes causal
inference and limits generalizability; institutional
differences in CPB protocol, target temperature, and
perfusionstrategy mayinfluencethe determinantstructure.
Second, although the mixed-effects model adjusted for the
major determinants of cerebral oxygen delivery, residual
confounding cannot be excluded: vasopressor and
inotrope dosing were not modeled, and arterial oxygen-
carrying capacity was indexed by hematocrit rather than
by directly measured hemoglobin and co-oximetric arterial
oxygen content. Acid-base management was uniform
(alpha-stat) throughout the cohort and therefore could not
act as a within-study confounder; however, this uniformity
also means that the findings cannot be extrapolated to
pH-stat management. Third, cerebral NIRS interrogates
a limited frontal cortical region and may not represent
global, posterior, or somatic oxygenation, which other data
suggest may be more tightly coupled to systemic lactate.
Fourth, the analysis was restricted to the intraoperative
period; therefore, postoperative neurocognitive, renal, and
other clinical outcomes were not assessed, and outcome
prediction cannot be inferred. Finally, the inclusion of
only elective, isolated CABG cases—while strengthening
internal consistency—Ilimits extrapolation to emergency,
redo, or combined procedures and to patients with
significant carotid or cerebrovascular disease, in whom
hemispheric asymmetry and pressure dependence may
be more pronounced.

Conclusion

In this prospective observational cohort of adult patients
undergoing elective on-pump CABG, esophageal
temperature, arterial lactate, and cerebral rSO, followed
distinct phase-specific trajectories and were only weakly
inter-related within patients. In mutually adjusted mixed-
effectsmodels, cerebralrSO,wasindependently associated
with hematocrit, MAP, and PaCO,—key components of
cerebral oxygen delivery—whereas temperature and
lactate were not independently associated with cerebral
oxygenation. Rather than diminishing the role of these
monitors, this pattern supports their interpretation

as complementary, non-redundant indices reflecting
different physiological compartments. During CPB,
cerebral desaturation may therefore be mostinformatively
interpreted by considering modifiable oxygen-delivery
variables, including hematocrit, perfusion pressure,
pump flow, and PaCO,, while lactate and temperature
provide broader metabolic and thermal context.
These intraoperative, observational findings require
confirmation in larger multicenter studies incorporating
directly measured oxygen-transport variables and
postoperative clinical outcomes before translation into
monitoring or treatment algorithms.
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Appendix 1. Phase-specific Spearman correlation coefficients

Phase Temperature <> rSO, Temperature <> Lactate rSO, <> Lactate

Post-induction -0.086 (0.432; 1.000) 0.051 (0.645; 1.000) 0.072(0.511; 1.000)
CPB 100% -0.060 (0.585; 1.000) 0.140 (0.202; 1.000) 0.128 (0.243; 1.000)
Cooling -0.072 (0.515; 1.000) 0.020 (0.856; 1.000) -0.080 (0.464; 1.000)
Hypothermia 0.006 (0.957; 1.000) -0.001 (0.991; 1.000) 0.037 (0.736; 1.000)
Rewarming 0.017 (0.878; 1.000) -0.121 (0.269; 1.000) -0.057 (0.604; 1.000)
CPB weaning -0.301 (0.005; 0.036)* -0.004 (0.973; 1.000) 0.044 (0.693; 1.000)
Post-decannulation -0.031 (0.777; 1.000) -0.016 (0.884; 1.000) -0.031 (0.780; 1.000)

Each cell shows p (unadjusted p; Holm-adjusted p). *: Statistically significant after Holm correction applied within each relationship family (across the seven phases). p: Spearman
correlation coefficient. n=85 per phase. CPB: Cardiopulmonary bypass.

Appendix 2. Intraoperative hypotension exposure by surgical phase

Phase n MAP<65 mmHg, n (%) MAP<60 mmHg, n (%)
Post-induction 85 16 (18.8) 9(10.6)

CPB 100% 85 33(38.8) 23 (27.1)
Cooling 85 25 (29.4) 13(15.3)
Hypothermia 85 25(29.4) 13(15.3)
Rewarming 85 20 (23.5) 11(12.9)

CPB weaning 85 24 (28.2) 16 (18.8)
Post-decannulation 85 21 (24.7) 7 (8.2)

All measurements 595 164 (27.6) 92 (15.5)

Patient level: 70/85 patients (82.4%) had at least one phase with MAP<65 mmHg; 57/85 (67.1%) with MAP<60 mmHg. MAP: Mean arterial pressure; CPB: Cardiopulmonary bypass.




