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Abstract Near-infrared spectroscopy (NIRS) can monitor
changes in cerebral regional oxygen saturation (rSO,) and
tissue hemoglobin content (HbT). The relation between
cerebral NIRS readings and vital parameters has not been
analyzed before at a fine temporal scale. This study ana-
lyzed this relation during cardiopulmonary bypass (CPB)
surgery in 10 children (0-9 years, 1,770 min of data
records) by using a novel random-coefficient model. The
analysis indicated that a small number of patients is suffi-
cient for obtaining significant results with this model.
Changes of vital parameters explained 84.7 % of rSO,
changes and 90.7 % of HbT changes. Cerebral rSO, cor-
related positively with perfusion pressure and inversely
with body temperature (P < 0.05). Cerebral HbT corre-
lated positively with perfusion pressure, central venous
pressure, and temperature and inversely with arterial oxy-
gen saturation (P < 0.05). During hypothermic circulatory
arrest, the half-life of the exponential rSO, decay corre-
lated to the rSO, reserve (P = 0.016). In conclusion, NIRS
readings of cerebral hemoglobin content and tissue oxygen
saturation correlate well to vital parameters during CPB
surgery in children. NIRS may therefore become a moni-
toring device for the neuroprotective optimization of those
vital parameters.
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Introduction

Neurological sequels are still observed in some children
after cardiopulmonary bypass (CPB) surgery. Among their
multifactorial causes may be periods of low cerebral oxy-
genation that are clinically not obvious from standard
monitoring technology [14]. Near-infrared spectroscopy
(NIRS) is being studied as novel monitor of cerebral oxy-
genation [11, 14]. In principle, NIRS measures the content
of oxygenated (HbO,) and deoxygenated (HbD) hemoglo-
bin within the vasculature underneath its sensor, which
allows monitoring of tissue hemoglobin content (HbT =
HbO, + HbD) and regional oxygen saturation (rSO, =
HbO,/HbT) [11]. Approximately 15-25 % of the cerebral
vasculature is arterial, and 75-85 % is venous [26]. cerebral
regional oxygen saturation (rSO,) is therefore weighted
toward its venous component, thus providing information
about the cerebral oxygen extraction. Current NIRS moni-
tors are best suitable for semiquantitative measurements
because their readings may deviate from true absolute
values due to estimation of optical pathlength, unknown
offsets, and other causes.

Among children undergoing reparative heart surgery, a
current study found that perioperative periods of diminished
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cerebral oxygenation, as indicated by NIRS-based rSO,, are
associated with neurodevelopmental abnormalities at 1-year
follow-up [14]. Preventing such hypoxemic periods requires
knowledge about their causative factors. Some NIRS studies
have correlated cerebral rSO, to procedural landmarks dur-
ing CPB, such as hypothermic circulatory arrest or
rewarming [10, 21]. However, the relation between NIRS
readings and vital parameters during pediatric CPB has
generally not been analyzed at a fine temporal scale. A
problem in doing so is that the optical pathlength, the influ-
ence of vital parameters, and unknown factors may vary
interindividually. Such differences can be considered by a
random-coefficient model that extends the well-known
multiple regression analysis by random effects for the slopes
and the intercept [15].

This study aimed at analyzing the relation of cerebral
NIRS readings to vital parameters during CPB surgery in
children at a minute scale by using a novel random-coef-
ficient model.

Materials and Methods
Patients and CPB

Ten consecutive children scheduled for CPB surgery were
prospectively included after obtaining informed parental
consent. The study had been approved by the university
hospital’s Ethics Committee on human research. The CPB
circuit used a membrane oxygenator and a nonpulsatile
roller pump (Stockert, Munich, Germany) with a standard
flow of approximately 120 ml kg min. To achieve isovo-
lemic hemodilution, the CPB circuit was primed with
crystalloid, human albumin, and mostly some erythrocyte
concentrate. In cases with hypothermic CPB, the hypo-
thermia was achieved by core and blood cooling, and
alpha-stat blood gas management was applied. General
anesthesia was performed with intravenous fentanyl and
midazolam and with inhaled isoflurane or sevoflurane.

Recording of Vital Parameters

During CBP surgery, rectal temperature (7iece), intravas-
cular mean arterial pressure (MAP), and intravascular cen-
tral venous pressure (CVP) from the patient’s routine
monitoring were manually recorded every minute. Central
perfusion pressure (CPP) was determined as CPP = MAP —
CVP. Every minute, arterial oxygen saturation (SaO,) was
recorded from the pulse oximetry monitoring (Radiometer,
Copenhagen, Denmark) while the heart was beating, and
during bypass circulation the SaO, was read from the blood
oxygenator. Arterial blood gas measurements (pCO,,
pH, and base excess; L2000, Eschweiler, Germany) were
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determined at 37 °C with additional hematocrit values (Hct)
at intervals of approximately 5-20 min. These measure-
ments were linearly interpolated to minute intervals. For
comparison, blood gas values with correction to the body
temperature were evaluated [4].

NIRS Monitoring

Regional cerebral rSO, and HbT at the patient’s forehead
was measured by an NIRS monitor (Critikon Cerebral
RedOx Monitor 2020; Johnson & Johnson Medical, UK).
This spatially resolved NIRS monitor emits continuous-
wave NIR laser light at four different wavelengths (776.5,
819.0, 871.4, and 908.7 nm) into the tissue underneath the
NIRS sensor [27]. Within the cerebral tissue, the emitted
NIR light is scattered and partially absorbed [27]. Due to
scattering, the effective pathlength of the 776.5 nm photons
is approximately five times longer than the direct emitter-
detector distance, which is considered by a differential
pathlength factor [25]. At longer wavelengths, scattering
and, subsequently, the effective photon pathlength decrea-
ses, which is considered by wavelength-dependent scatter-
ing factors [25, 27]. The attenuated NIR intensities at the
four different wavelengths are measured by two optodes that
are spaced 13 and 45 mm apart from the emitter. This dual-
optode construction accounts for potential changes in light-
coupling at the NIRS emitter. In addition, a NIR-light
emitting diode is placed equidistant between both optodes,
and its attenuated light is measured by the optodes. This
compensates for potential changes in light-coupling at the
optodes, thus making the NIRS monitoring more robust. The
principle of operation and the implemented algorithm to
convert the measured light attenuations into estimates of
oxygenated hemoglobin (HbO,) and deoxygenated hemo-
globin (HbD) concentrations have been described elsewhere
[27]. Estimates of HbT (HbT = HbO, + HbD) and rSO,
(rSO, = HbO,/HbT) were calculated and displayed by the
NIRS monitor. HbO,, HbD, and their sum HbT are hemo-
globin concentrations (umol/L), whereas rSO, is an oxygen
saturation parameter (% units). By way of RS232 interface
the readings of the NIRS monitor were electronically stored
at 1-second intervals by an attached computer, and were
then averaged to 1 dataset/min.

Random-Coefficient Analysis

Random-effects models are well-introduced in the litera-
ture; for instance they are used for bivariate meta-analysis
and meta-regression of sensitivity and specificity [16, 17,
20]. In this study, data were analyzed by a hierarchical
multivariate random-coefficient model [15]. In principle,
this is a multiple linear regression analysis where the offset
and the covariates’ slopes may deviate individually from
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the mean offset and the mean slopes, thus representing true
but unknown interindividual differences. In the hierarchical
modeling, these differences are assumed to be normally
distributed among the patients. Such random-coefficient
analysis was applied for the NIRS parameters, rSO, and
HbT, as dependent variables. In each analysis, the seven
vital parameters (i.e., CPP, CVP, Tiecra1, Sa0,, Het, pCO,,
and pH) were entered as the independent covariates. All
parameters were individually centered by subtracting their
mean. The NIRS parameter HbT and the blood pressure
parameter CPP were expressed as a percentage deviation
from their individual baseline. That baseline was obtained
from the time period between —20 and —10 min before
starting CPB. Per patient, any covariate was entered into
the model only if it showed sufficient variation (Table 1);
otherwise an according slope (e.g., ArSO, per ATiecar)
cannot be determined. The covariates were tested for col-
linearity that might affect the numerical stability of the
statistical results. Relevant collinearity was assumed if the
according variance inflation factor (VIF) exceeded ten [3].
The contribution of the different vital parameter to the
observed variation of rSO, and HbT within the study group
was determined by partial variances. Each partial variance
was obtained by dividing the vital parameter’s mean square
sum by the model’s mean square sum. The random-coef-
ficient analyses for rSO, and HbT were performed with
PROC MIXED from SAS 9.3 (SAS, Cary, NC). The data
were weighted by the number of data records per patient so
that all patients contributed equally to the model. Per
patient, covariates with too little variation (Table 1) were
replaced by zero in the data file. The significance level was
generally set to P < 0.05. Periods of hypothermic circu-
latory arrest were excluded from the random-coefficient
model, which is therefore limited to the perfused state.
These periods were analyzed specifically as described later
in the text. A first-order autoregressive term was not added

Table 2 Diagnoses and procedures

to the model since, at the temporal scale of minutes to
hours, HbT or rSO, were not assumed to have a major
influence from their past values such as height has in
repeated growth measurements [5, 7]. The effects of using
deep hypothermic arrest and effects of age and body weight
were studied by adding them as covariates to the model.

Subgroup Analysis of Circulatory Arrest

During hypothermic circulatory arrest, the cerebral rSO, is
known to exponentially decay to a nadir that represents the
deoxygenated state [1, 2, 6, 12, 13]. Per circulatory arrest,
the individual decay curve of rSO, was fitted by using
PROC NLMIXED from SAS 9.3 using the following
equation (Eq. 1) [13]:

180, = fy — (B x B[l — exp(—f, x 1)]) (1)

In this equation, rSO, is the fitted value after ¢ min, fy is
the initial rSO, at the start of the circulatory arrest, f3; is the
available rSO, reserve above the nadir, and the nadir
is fo — fi. The half-life of the exponential decay is
Ti» = In(2)/, = 0.693/f, [12]. Across the patients, this
half-life T, was correlated by regression analysis to the
cerebral rSO, reserve (P < 0.05).

Table 1 Minimum variation of vital parameters

Vital parameter Minimum (SD)

CPP (mm Hg)
CVP (mm Hg)
Trectar (°C)

Hct (%)

Sa0, (%)
(pCO, (mm Hg)
pH

O = = e e e e

SD standard deviation

Patient no. Age Body Diagnosis Surgical Hypothermia Hypothermic

weight (kg) procedure <30 °C (min) circulatory
arrest (min)

1 2 years 12 Ebstein anomaly Hemi-Fontan 90 -

2 6 years 21 Ventricular septal defect Closure - -

3 4 days 3.6 Transposition of great arteries Arterial switch 100 4

4 12 days 3.6 Complex heart defect Norwood I 102 7 and 44

5 9 years 23 Ventricular septal defect Closure - -

6 5 months 4.2 Ventricular septal defect Closure - -

7 9 years 27 Ascending aortic aneurysm Homograft patch - -

8 6 days 3.6 Hypoplastic left heart syndrome Norwood I 127 30

9 2 years 8.0 Coarctation of aorta Homograft patch 70 18

10 5 months 4.8 Atrioventricular canal Closure 16 -
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Results
Patients

The diagnoses and surgical procedures of the 10 children
are listed in Table 2. Their age ranged from 6 days to
9 years, and body weight ranged from 3.6 to 27 kg. During
CPB, hypothermia <30 °C was applied in 7 children and
hypothermic circulatory arrest in 4 patients. Patient no. 4
with complex heart defect died after surgery from cardiac
insufficiency. The other patients were discharged from
hospital without neurological sequelae.

Illustrative Case

Figure 1 illustrates the cerebral NIRS during monitoring
during CBP surgery. Additional monitoring traces of the
vital parameters are provided in the electronic Supple-
mentary Fig. 1.
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Fig. 1 Monitoring example. Cerebral NIRS monitoring in a 6-day-
old girl with hypoplastic left heart syndrome who underwent the
Norwood I procedure (patient no. 8). The horizontal X-axis indicate
the time lapsed since starting CPB. According to random-coefficient
modeling, vital parameters explained ~88 % of the rSO, variation
(a) and 77 % of the HbT variation (b). CPB was performed with deep
hypothermia lasting approximately 18 °C. Hypothermic circulatory
arrest was applied between the 33rd and 68th bypass minute. During
this period, the cerebral rSO, and HbT showed exponential decay
without reaching a nadir. In this patient, the lowest rSO, occurred
shortly after terminating CPB, and further rSO, minima occurred at
the start of CPB and at the end of the circulatory arrest. Additional
monitoring traces of the vital parameters are provided in Supple-
mentary Fig. 1
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Study Parameters Before and During CPB

In total, 14,160 data (1,770 1-min records of 8 study
parameters in 10 patients) were entered into the analysis.
The study parameters at baseline (during —20 to —10 min
before CPB) showed some interindividual variation
(Table 3). For example, Hct ranged from 26.9 to 50.2 %.
During CPB, vital parameters generally showed moderate
to strong variation except the following: Variation lower
than the thresholds listed in Table 1 was observed for Tec(a
in the 3 nonhypothermia patients, for arterial oxygen sat-
uration in three patients, for pCO, in one patient, and for
pH in four patients (Supplementary Table 1). Within the
total study group, the VIF of the vital parameters ranged
between 1.5 and 2.9, indicating no relevant collinearity
when using the hierarchical random-coefficient model.

Cerebral rSO, Versus Vital Parameters

Cerebral rSO, correlated strongly with perfusion pressure and
inversely with temperature (P < 0.05). These two vital
parameters contributed most to the observed rSO, variation,
whereas the other vital parameters showed only little influence
on 1S, (Table 4). Overall, 84.7 % of the cerebral rSO, vari-
ation was explained by variations of the vital parameters. The
model results were not much different when using temperature-
corrected pCO, and pH instead of 37 °C—adjusted values.

Cerebral HbT Versus Vital Parameters

Cerebral HbT correlated strongly with perfusion pressure,
central venous pressure, and temperature and inversely
with arterial oxygen saturation (P < 0.05). These four vital
parameters contributed most to the observed HbT variation,

Table 3 Study parameters at baseline

Parameters Mean (£SD) Range
Vital parameters at baseline®
MAP (mm Hg) 66.0 (16.2) 50-98
CVP (mm Hg) 9.9 (2.3) 5-12
CPP (mm Hg)" 56.1 (16.5) 38-85
Hct (%) 37.7 (6.9) 26.9-50.2
Sa0, (%) 96.8 (4.8) 86-100
pCO, (mm Hg)* 38.4 (4.2) 31.2-46.5
pH® 7.39 (0.04) 7.32-7.45
Cerebral NIRS parameters at baseline”
SO, (%) 60.0 (3.8) 54.9-65.4
HbT (umol/L) 134.3 (27.1) 94-177

* The baseline is the time period from —20 to —10 min before CPB
 CPP was determined by CPP = MAP — CVP

¢ pCO, and pH were obtained from arterial blood gas analyses
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Table 4 Relation of cerebral NIRS readings to vital parameters

Vital parameters Random-coefficient model for rSO,

Random-coefficient model for HbT?

Mean regression slope P MSq  Partial Mean regression slope ~ P° MSq  Partial
mean (95 % CI) variance (%)° mean (95 % CI) variance (%)%
CPP* (%) 0.05 (0.02-0.07) <0.01 1076 573 0.09 (0.02-0.16) 0.016 1254 19.1
CVP (mm Hg) 0.10 (—=0.10 to —0.30)  0.32 7.2 38 0.40 (0.01-0.79) 0.044 876 133
Trectar (°C) —0.33 (—0.60 to —0.07)  0.014 434  23.1 0.84 (0.17-1.51) 0.014 131.0 199
Hct (%) 0.05 (—0.18 to 0.27) 0.69 1.1 0.6 0.58 (—0.09 to 1.24) 0.09 62.3 9.5
Sa0, (%) 0.05 (—0.13 to 0.24) 0.56 2.4 1.3 -0.45 (—=0.73 to —0.17) <0.01 2125 324
pCO, (mm Hg)" 0.08 (—0.05 to 0.21) 0.23 10.2 5.4 0.04 (—0.36 to 0.44) 0.85 0.9 0.1
pH® 22.7 (—7.1 to 52.6) 0.14 16.0 20.2 (—10.0 to 50.4) 0.19 37.2 5.7
Sum 187.9 100 656.9 100
SO, HbT?*
SD of residuals (%) 2.68 (2.59-2.77) 4.65 (4.49-4.82)
R 0.92 0.95
R (%) 84.7 90.7

The relation of the cerebral NIRS parameters rSO, and HbT to seven vital parameters was analyzed by a multivariate random-coefficient model
that accounts for interindividual differences in the multivariate regression slopes. This table summarizes the pooled estimates of the study group

MSq mean square of the rSO,, HbT changes related to changes in the according vital parameter

% HbT and CPP were expressed as percentage change from the individual baseline, which was the period of —20 to —10 min before CPB

® Significant P values (P < 0.05) are printed in bold. The according regression slopes were significantly different from zero

¢ The partial variance indicates the contribution of the corresponding vital parameter to the observed variation of rSO, (or HbT, respectively)
within the study group. Each partial variance was obtained by dividing the corresponding MSq value by the sum of MSq values

d pH and pCO, from arterial blood gas analyses determined at 37 °C

whereas the other vital parameters showed only little
influence on HbT (Table 4). Overall, 90.7 % of the cere-
bral HbT variation was explained by variations of the vital
parameters. The model results were not much different
when using temperature-corrected pCO, and pH instead of
37 °C-adjusted values.

Other Covariates

Age, body weight, and deep hypothermic arrest showed no
significant effect (P > 0.05) and therefore did not represent
a significant source of heterogeneity.

Hypothermic Circulatory Arrest

Five periods of hypothermic circulatory arrest were applied
in four patients. With some interindividual differences, the
nadir of complete cerebral rSO, deployment was estimated
as 46.7-52.9 %. Patients no. 3, 8, and 9 started at a rela-
tively high rSO, of 64-69 %, with consequently high rSO,
reserve, and did not reach their estimated nadir during
circulatory arrest (Fig. 2). In these three patients, the half-
life T/, of the exponential rSO, decay ranged from 5.2 to
9.0 min. Patient no. 4 required two periods of hypothermic
circulatory arrest during CPB surgery. Both periods started
at a relatively low rSO; of 53.6 % with a consequently low
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Fig. 2 Cerebral rSO, during hypothermic circulatory arrest. The
rSO, showed an exponential decay during five episodes of hypother-
mic circulatory arrest in four patients. In a case (closed circles) with a
core temperature of 22.5 °C and a relatively low rSO, at the start of
the circulatory arrest, the nadir was reached after ~ 15 min. In the
other cases, the nadir was not reached because the rSO, reserve (the
difference between the starting value and the nadir) was sufficiently
high and/or the circulatory arrest time was sufficiently short. Among
the patients, half-life T,, of the exponential rSO, decay was
significantly correlated to rSO, reserve (P = 0.016)

oxygen-extraction reserve. In the second period with
44 min’ duration, the nadir was reached after approxi-
mately 15 min with no further cerebral rSO, deployment
during the remaining 29 min. In this patient, half-life 7'/,
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Table 5 Individual minimum of cerebral rSO,

Patient no. Minimum CPP (%) Trectal Hct (%)° Procedural landmark Duration of
SO, (%)* (°0)* SO, <50 % (min)

1 494 26.3 36.0 34 10 min before terminating CPB 1

2 47.4 31.2 36.5 20 14 min after starting CPB 10

3 59.0 62.8 33.1 28 20 min before terminating CPB -

4 44.5 54.9 36.9 27 77 min after terminating CPB 147

5 47.9 22.7 37.7 19 15 min before terminating CPB

6 49.2 28.0 36.3 27 5 min after starting CPB

7 522 24.8 35.7 19 1 min after starting CPB -

8 50.3 71.2 33.0 33 10 min after terminating CPB -

9 52.1 0.0 18.7 25 At end of circulatory arrest -

10 47.2 55.6 335 23 21 min before terminating CPB 25

# Individual minimum rSO, with rSO, <50 % printed in bold
> Central perfusion pressure, given as percentage of its baseline value
¢ CPP, Tyectar, and Het at minimum rSO,

was 1.8 min during the first and 2.1 min during the second
circulatory arrest. Rectal temperature was 22-23 °C during
this time. Among the patients, half-life T, was signifi-
cantly correlated to the rSO, reserve (P = 0.016), i.e., the
greater the rSO, reserve, the longer the time to nadir.

Individual Minimum of Cerebral rSO,

In six patients, cerebral rSO, decreased to <50 % during or
after CPB (Table 5). In five patients, this occurred during
episodes of arterial hypotension (CPP 26.3-55.6 % of
baseline), whereas the patients were normothermic (7yectal
>36 °C). One case (patient no. 4) showed a prolonged
period of 1SO, <50 % after CPB, with the minimum rSO,
being <45 % (Table 5).

Discussion

The current literature contains no studies that closely relate
cerebral NIRS to vital parameters. This pilot study evaluated
methodologies for monitoring and interpretation of cerebral
NIRS readings during cardiovascular bypass surgery in
children. Although the number of patients was small, the
study showed significant results because of the detailed data
(1,770 1-min-records with 14,160 data) and the close relation
of the NIRS readings to the vital parameters. Even on an
individual basis the NIRS readings could be interpreted in
relation to the vital parameters, which is a prerequisite for
NIRS-based optimization of the vital parameters.

The patients were enrolled prospectively and consecu-
tively, and thus represented a random sample of pediatric
patients who required CPB surgery. This study provides
evidence that the relations between cerebral rSO, and HbT
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can be derived from purely observational and noninvasive
NIRS measurements when using a hierarchical random-
coefficient model that accounts for unknown but true dif-
ferences among the patients. The applied spatially resolved
NIRS represents advanced technology with its readings
being stabilized by using four lasers at different wavelengths
and a sensor-coupling compensation. Its measurements are
well reproducible specifically in trend monitoring [18]. In
experimental studies, its cerebral rSO, correlated well to
jugular venous oxygen saturation during CPB [2]. Currently
cerebral NIRS monitoring is not fully quantitative because
the readings may be affected by an offset and slope; how-
ever, semiquantitative changes can be well studied. This
study focused on such changes in relation to vital parame-
ters. The results indicate that NIRS could be used to assess
the overall effect of vital parameter changes on mixed
cerebral oxygenation during CPB surgery. Because body
temperature, Het, and other vital parameters are modifiable
during CPB, the cerebral NIRS response to optimizing these
vital parameters could be monitored and analyzed. The
observed relations between NIRS readings and vital param-
eters are discussed in detail in the following text.

Venous-Weighted Cerebral r1SO,

The venous-weighted cerebral rSO, contains information
about the brain’s oxygen extraction. Detecting extensive
cerebral rSO, decreases is clinically relevant as has been
observed in children undergoing CPB surgery [14]. In this
study, perfusion pressure and body temperature were the
most relevant determinants of rSO,. At greater perfusion
pressure, cerebral blood flow may increase so that less
oxygen must be extracted from the circulating blood, and
venous-weighted rSO, may increase. This is indicated by
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the observed significant positive relation of rSO, to CPP
(Table 4). At lower body temperature, the cerebral metab-
olism is decreased and requires less oxygen such that the
venous-weighted rSO, may increase. This is indicated by
the significant inverse relation of rSOy—Ti e (Table 4).
Considering the additive effects of perfusion pressure and
body temperature, the lowest rSO, may be expected during
normothermic arterial hypotension. Consistent with this, in
our study five of six rSO, minima >50 % occurred during
such episodes (Table 5). This also explains why the pre-
bypass and early postbypass periods are vulnerable times
for provision of adequate cerebral oxygenation because
these periods may be characterized by blood-pressure
instability while the brain is not protected by hypothermia
[6]. Due to wide confidence intervals, the other model
coefficients were not significant. However, their trends were
reasonable: In the absence of right-heart failure, greater
central venous pressure mostly indicates the presence of
more blood volume in the vasculature, which may facilitate
cerebral perfusion and thus increase rSO,. The presence of
more oxygen carriers in the blood at greater Hct may also
increase rSO,. At greater arterial SaO,, hemoglobin both in
the arteries and veins will have greater oxygen saturation if
other factors of cerebral oxygen metabolism are constant
(e.g., oxygen extraction and blood flow), thus increasing
rSO,. Hypocapnia can cause cerebral vasoconstriction and
subsequent hypoxemia with low rSO,, e.g., during hyper-
ventilation. Acidosis may occur during low-perfusion states
that require increased oxygen extraction from the blood.
Apart from some differences regarding the slopes and sig-
nificance levels of the model coefficients, the observed
relations between rSO, and the vital parameters were con-
sistent with findings of other studies [2, 8, 10, 19, 22, 24].

NIRS Parameter HbT

Compared with rSO,, the NIRS parameter HbT is also of
scientific interest, but is not mandatory. HbT is propor-
tional to regional cerebral blood volume and Hct within the
tissue underneath the NIRS sensor [19]. The random-
effects model accounts for changes in Hct such that the
following also refers to the regional cerebral blood volume:
In this study, perfusion pressure, central venous pressure,
body temperature, and arterial oxygen saturation were
major determinants of HbT. At greater perfusion pressure,
cerebral blood volume increases as indicated by the sig-
nificant positive relation of HbT-CPP (Table 4). In the
absence of right-heart failure, greater central venous pres-
sure mostly indicates the presence of more blood volume in
the vasculature, which may explain the positive relation to
HbT. During hypothermia, cerebral oxygen consumption
decreases such that the cerebral blood flow may decrease.
Because cerebral blood flow and cerebral blood volume are

in general positively correlated, and because HbT is pro-
portional to cerebral blood volume, the observed positive
relation of HbT—T}..,; can be explained. The significant
inverse HbT-Sa0, relation indicates that an SaO, decrease
is associated with an HbT increase, i.e., the hypoxemia was
a potent cerebral vasodilator (Table 4). Due to wide con-
fidence intervals, the other model coefficients were not
significant. However, their trends were reasonable: At
greater Hct, hemoglobin content in the cerebral vasculature
is greater. Hypercapnia can cause cerebral vasodilatation
with subsequently increased cerebral blood volume. Aci-
dosis may occur during hypovolemia with subsequently
decreased cerebral blood flow and blood volume. The
presented HbT results are novel because most NIRS
monitors do not provide HbT readings.

Hypothermic Circulatory Arrest

Hypothermic circulatory arrest represents a specific situa-
tion during CPB where the cerebral oxygen supply is
stopped. However, even during deep hypothermia, the
cerebral oxygen demand persists as indicated by the arte-
rio-venous oxygen saturation difference during active
bypass flow. In patients during hypothermic circulatory
arrest, this and other studies observed an exponential decay
of rSO, toward a nadir [1, 2, 6, 12, 13]. This decay may
indicate successive oxygen extraction from the locally
available HbO,, and its half-life T, may indicate how well
cerebral oxygen metabolism is maintained during the
arrest. In three of our patients, half-life T}, was within the
normal values of another study [12], whereas one patient
with low rSO, reserve consequently had a small half-life
T/ and reached the rSO, nadir. Except from observational
NIRS research monitoring, this decrease in cerebral oxygen
saturation was not evident from any other measure. Jugular
bulb oximetry would not have been a solution because it
cannot assess cerebral oxygenation when cerebral perfu-
sion is stopped. Other investigators have observed that
deep hypothermia of 13—16 °C at onset of circulatory arrest
is associated with a much slower rSO, decay than hypo-
thermia >20 °C, and this might be studied further [6].

Some other studies have correlated NIRS-based cerebral
rSO, to procedural landmarks during CPB, such as hypo-
thermic circulatory arrest or rewarming [10, 21]. However,
the relation between cerebral NIRS readings and vital
parameters during CPB in children has generally not been
analyzed at a fine temporal scale. A prerequisite for such
analysis is a suitable statistical model that has been applied
in this study.

There are some minor limitations to this study. The
number of 10 patients was small; however, the number of
data (14,160) was large. The study indicates that a small
patient number is sufficient for obtaining significant results
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such that small-sized subgroups could be compared in future
studies. Among such subgroups (for example, neonates vs.
older children), the relation between NIRS and vital
parameters might differ somewhat. The results of the present
study did not intend to investigate such subgroups; however,
they provide results that may be generally expected in chil-
dren during CPB surgery. The applied NIRS monitor was
semiquantitative, which was sufficient because the study
focused on changes rather than on absolute values. A fixed
differential pathlength factor was used, although it may vary
interindividually with age or other variables. This was sta-
tistically considered by the random effects. The bypass flow
rate was not included into the statistical model because
otherwise the cardiac output in mL/min before and after CPB
should also be included; however, this parameter was
unknown. However, the model included the central perfu-
sion pressure that is related to the body’s perfusion. A
catheter-based jugular venous saturation was not added to
the analysis because cerebral rSO, was used instead. Arterial
blood gas sampling was intermittent with interpolation to
1-min intervals. Sampling at 1-min intervals might have
shown closer 95 % confidence intervals for pH and pCO,
coefficients and thus more significant correlations to rSO,
and HbT; however, doing so would be impractical. Contin-
uous in-line blood gas monitoring with comparison to
intermittent blood gas samples could be a valuable solution
for having real-time blood gas results at 1-min intervals [23].
Hct sampling was also intermittent; however, according
changes are more predictable because they are predomi-
nately related to hemodilution at the start of CPB and to
intraoperative transfusions.

In the future, cerebral NIRS monitoring should become
more quantitative to facilitate intraindividual follow-up and
interindividual comparisons. For this purpose, the hemo-
globin-dominated NIRS measurements at 700-900 nm
could perhaps be normalized by an additional water-domi-
nated NIRS measurement at the small spectral window
around 1,064 nm, where the scattering is approximately
30 % lower than at 700 nm [9, 25]. In addition, time-
resolved NIRS could be further developed for differentiating
between light scattering and absorption.

In conclusion, NIRS readings of cerebral hemoglobin
content and tissue oxygen saturation correlate well to vital
parameters during CPB surgery in children. NIRS may
therefore become a monitoring device for the neuropro-
tective optimization of those vital parameters.
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