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Abstract. We employ a hybrid diffuse correlation spec-
troscopy �DCS� and near-infrared spectroscopy �NIRS�
monitor for neonates with congenital heart disease
�n=33�. The NIRS-DCS device measured changes during
hypercapnia of oxyhemoglobin, deoxyhemoglobin, and
total hemoglobin concentrations; cerebral blood flow
�rCBFDCS�; and oxygen metabolism �rCMRO2�. Concur-
rent measurements with arterial spin-labeled magnetic
resonance imaging �rCBFASL-MRI, n=12� cross-validate
rCBFDCS against rCBFASL-MRI, showing good agreement
�R=0.7, p=0.01�. The study demonstrates use of NIRS-
DCS on a critically ill neonatal population, and the results
indicate that the optical technology is a promising clinical
method for monitoring this population. © 2010 Society of Photo-
Optical Instrumentation Engineers. �DOI: 10.1117/1.3425884�

Keywords: near-infrared spectroscopy; diffuse optics; diffuse correla-
tion spectroscopy; congenital heart disease; pediatrics; cerebral blood
flow.
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1 Introduction
Approximately 30,000 infants are born each year in the
United States with congenital heart disease �CHD�, with about
a third requiring major surgical repair in the first few months
of life.1 Recent advances in cardiac surgery for complex CHD
have minimized infant mortality. Thus, the current focus in
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he clinical community is oriented toward preventing neuro-
ogic injury and improving neurocognitive outcome in these
igh-risk babies who grow up to face various medical and
cademic challenges.2,3

Two key determinants of neurologic injury in babies with
omplex CHD are now believed to be damaged cerebral
utoregulation4 and low-baseline cerebral blood flow
CBFbl�.

5 Cerebral autoregulation6 is loosely defined as the
bility of a subject to maintain stable and adequate blood flow
o the brain at the microvascular level despite changes in ce-
ebral perfusion pressure. Damaged cerebral autoregulation
ay complicate the clinical management of sick newborns,
here the goal is to minimize periods of hypoxia and hypop-

rfusion. In fact, damaged cerebral autoregulation implies that
he local CBF may be passively dependent on external factors.
herefore, to achieve success with this approach to clinical
anagement, it is desirable to continuously monitor cerebral

utoregulation and local CBF at the bedside and optimize pa-
ient management accordingly.

Unfortunately, it is very difficult to measure cerebral auto-
egulation noninvasively at the bedside.7 The neonatal popu-
ation presents challenges different from those of adults. Tra-
itional modalities for measurement of CBF in adults �PET,
PECT, Xenon CT, ASL-MRI, Doppler ultrasound� often
ose safety risks, require patient transport, or are limited to
arge-vessel measurements.8–10 Thus, an unfilled niche exists
or a safe, noninvasive, continuous, bedside monitor of CBF
nd related hemodynamics in the infant microvasculature.

In this study, we focus on infants born with CHD. We
alidate a new diffuse optical diagnostic technique, diffuse
orrelation spectroscopy �DCS�, against a more established
odality, arterial spin-labeled magnetic resonance imaging

ASL-MRI�, for measurement of cerebral blood flow �CBF�.
hen, using an all-optical instrument that combines DCS with
ear-infrared spectroscopy �NIRS�, we derive changes in
xy- and deoxyhemoglobin concentrations, CBF, as well as a
alculated estimate of cerebral metabolic rate of oxygen
xtraction �CMRO2� during hypercapnia.

Previously, optical monitoring using near-infrared light
NIRS� has been used for transcranial measurements of total
emoglobin concentration, blood oxygen saturation.11,12 NIRS
s particularly successful in infants due to their thin
kulls.13–20 NIRS has also been used for CBF monitoring us-
ng exogenous tracers such as indocyanine green or changes
n inspired gases.21,22 Unfortunately, this approach using trac-
rs is indirect at best and can be limited in certain physiologi-
al conditions.23

A recent advance in biomedical optics has been the devel-
pment and in vivo application of diffuse correlation spectros-
opy �DCS�.24–27 DCS measures microvascular blood flow in
eep tissue utilizing the temporal intensity fluctuations of
ultiply scattered light. DCS is based on physical principles

omewhat similar to those of NIRS and thus shares advan-
ages such as noninvasiveness and the ability to penetrate to
eep tissues. Additionally, DCS provides a direct measure of
BF without the need for exogenous tracers.28–30 DCS has
een validated against other modalities under a variety of
onditions,31–36 and concurrent use of DCS and NIRS in hy-
rid probes offers potential for continuous noninvasive esti-
ation of CMRO .28,29,35,37–39
2
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However, application of DCS in neonatal populations has
been very limited. For example, while NIRS-DCS has been
utilized in adults40 and premature infants33,35 in clinical set-
tings, it has not as yet been validated or even explored as a
monitor of cerebral hemodynamics in critically ill neonates
with low-baseline CBF.5

For this study, we measure CBF in infants with complex
forms of CHD. During the study, we employ increased carbon
dioxide �CO2� in the inspired gas mixture as an intervention
to study vascular reactivity in the population. Information
about vascular reactivity, in turn, permits us to assess the sta-
tus of cerebral autoregulation.5 Increased CO2 is a potent ce-
rebral arteriolar vasodilator. Healthy response to hypercapnia
is characterized by a slight increase in blood pressure, by a
drop in vascular resistance, and by an increase in CBF.41 The
CBF response to CO2 is a marker for physiologic reserve in
the cerebrovascular bed. CO2 reactivity �i.e., change in CBF
per change in partial pressure of CO2 �pCO2�� is of interest,
because impaired CO2 reactivity has been associated with
poor neurodevelopmental outcome and a higher risk of death
in all age groups.42–44

Neonates with complex forms of CHD are dependent on a
patent ductus arteriosus for systemic blood flow, including
CBF. In these neonates, management of the delicate balance
of pulmonary blood flow and systemic blood flow is critical.
Since CO2 is also a potent pulmonary arteriolar vasoconstric-
tor, its presence can alter this balance by limiting pulmonary
flow in favor of systemic circulation. Increased inspired CO2
�FiCO2� has been shown by NIRS to significantly increase
mixed venous oxygenation in neonates with hypoplastic left
heart syndrome �HLHS�45 and to increase CBF during hypo-
thermic cardiopulmonary bypass.46,47 Studies from our insti-
tution have demonstrated that periventricular leukomalacia
�PVL�, a form of white matter injury seen in this patient popu-
lation and in infants born prematurely, occurred in 28% of
CHD neonates and was associated with lower baseline CBF
values and a smaller change in cerebral blood flow with
hypercapnia—i.e., associated with reduced CO2 reactivity.5

We note that while the baseline CBF of term neonates born
with CHD as a group �10.2�4.4 ml /100 g /min� also
tends to be lower than healthy neonates48

�16.6�5.9 ml /100 g /min�, the key point we stress here is
that those with lower CBF among CHD neonates had a higher
occurrence of neurological injury.5

Very recently, we have demonstrated in a subpopulation of
infants with CHD that neurological injury was associated with
decreased blood oxygen saturation and increased time to sur-
gery, thus indicating the potential value for preoperative
monitoring.49 NIRS has also been used to follow hemody-
namic changes in CHD neonates after the Norwood proce-
dure, suggesting that cerebral hemodynamics were influenced
by external interventions and postoperative events.50 The
present feasibility study demonstrates potential for relating
neurological outcome and cerebral hemodynamics in this
early period after surgery by demonstrating the use of an all-
optical, bedside monitor during this presurgical period that
could safely be deployed at the bedside. We measure hemo-
dynamic CO2 reactivity in response to induced hypercapnia,
which, as mentioned earlier, could be related to the neurologi-
cal outcome �to be demonstrated in a future, larger study�.
May/June 2010 � Vol. 15�3�2
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urthermore, arguably, addition of a CBF measure and calcu-
ation of CMRO2 should further enhance this potential by
roviding a more complete picture of the cerebral oxygen
etabolism than currently available.
The present work is the first to report the use of such an

ll-optical instrument in neonates with complex CHD
n=33�. Furthermore, concurrent measurements with ASL-

RI �rCBFASL-MRI� in 12 �n=12� neonates cross-validate
CS �rCBFDCS� against rCBFASL-MRI. The optical data is

ompared to literature values of vasoreactivity to hypercapnia,
nd a calculated index that is approximately proportional to
hanges in CMRO2 during hypercapnia is determined.

Materials and Methods
.1 Population
ith institutional review board approval, all newborn infants
ith complex CHD admitted to the cardiac intensive care unit

CICU� at Children’s Hospital of Philadelphia �CHOP� were
creened for study inclusion and were approached for partici-
ation if the admitting CHD diagnosis was hypoplastic left
eart syndrome �HLHS� or transposition of the great arteries
TGA�. All patients �n=33� were at full-term age
40�4 weeks gestation age� with pre- or postnatally diag-
osed CHD and were scheduled for surgery with with car-
iopulmonary bypass with or without deep hypothermic cir-
ulatory arrest. A full baseline neurologic examination was
arried out by a child neurologist �DJL� on the day prior to the
urgery. Table 1 shows detailed tabulation of the patient char-
cteristics.

.2 Study Protocol
ll procedures were approved by the Children’s Hospital of
hiladelphia Institutional Review Board. On the morning of
urgery, all patients were transported to the operating room
or induction of general anesthesia �fentanyl 5–10 �g /kg,
ancuronium 0.2 mg /kg�. Vital signs, including blood pres-
ure, electrocardiogram, transcutaneous oxygen saturations,
nd end-tidal CO2 �EtCO2� measurements, were monitored
uring the induction of anesthesia, in transport, and while in
he MRI. On arrival at the MRI suite, arterial and venous
lood samples were drawn for baseline arterial CO2 �PaCO2�
nd co-oximetry �quantitative venous and arterial oxygen
aturations�. The protocol has been previously described,5,49,51

nd a time line is outlined in Fig. 1.

Table 1 Tabulation of various characteristics of
of the mean. Admission CHD diagnosis of
+transposition of the great arteries �TGA� was re

Diagnosis Gender
Gestational Age

�week�
A

TGA 6M/5F 39.4±0.2

HLHS 13M/9F 38.8±0.2
ournal of Biomedical Optics 037004-
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2.3 Diffuse Optics: Background, Instrumentation, and
Analysis

In the near-infrared spectral region, light is multiply scattered
as it travels centimeters through deep tissue. Photon absorp-
tion in the near-infrared range also occurs mainly due to oxy-
and deoxyhemoglobin, water, and lipid. A detectable amount
of light scattering comes from red blood cells �RBCs�. If pho-
tons are scattered from moving RBCs, then the light intensity
interference pattern �i.e., the speckle pattern� on the tissue
surface will fluctuate in time. The resultant fluctuations of the
detected intensity are measured by DCS. NIRS, on the other
hand, measures the differential change in the transmitted light
intensity at multiple wavelengths due to absorption and scat-
tering, which, in turn, depend on concentrations of oxy- and
deoxyhemoglobin ��HbO2 and �Hb, respectively� among
other factors.

The present investigation employs a hybrid instrument
combining NIRS and DCS.28,38 For DCS, we employed a
long-coherence-length laser at 785 nm. Three lasers �690 nm,
785 nm, 830 nm� modulated at 70 MHz were used for NIRS.
For DCS, two high-sensitivity avalanche photodiode detectors
and a correlator board were used to calculate intensity auto-
correlation functions in real time. For NIRS, a homodyne de-
tection scheme with one detector channel was used.

As shown in Fig. 2, a probe with one source fiber �shared
by NIRS and DCS lasers�, two detector fibers for DCS, and
one detector fiber for NIRS was used. All detectors were
placed at 2.5 cm away from the source fiber. The probe thick-
ness was �2.5 mm, and fibers were 12 m long. All materials

jects. Values are quoted as mean+standard error
hypoplastic left heart syndrome �HLHS� or

for study inclusion.

Study
y�

Head Circumference
�cm�

Birth Weight
�kg�

0.5 34.8±0.2 3.6±0.1

0.3 34.3±0.2 3.3±0.1

Fig. 1 Measurement time line consists of two periods: �1� Baseline,
where the subject is breathing room air equivalent mixture with zero
CO2 concentration, and �2� Hypercapnia, where CO2 is added to the
mixture. There is an intermediate transition period until significant
changes are recorded in the EtCO2 measurements. Optical data is
obtained continuously throughout the study. Structural MRIs are ob-
tained in both periods prior to ASL-MRI measurements.
the sub
either

quired

ge at
�da

4.5±

3.7±
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ere thoroughly tested for MRI compatibility. Fiducial mark-
rs were placed over the probe to locate fiber positions in the
RI images.
Optical data was analyzed using a semi-infinite, homoge-

eous medium model that is expected to be fairly accurate
iven the thin neonate skulls. We have verified this assump-
ion with simulations based on a two-layer model.28 Any
ariation in the tissue optical properties or tissue dynamics
ithin the probed volume, such as those resulting from a CBF

hange due to CO2 inhalation, are detectable in the decay rate
f the intensity autocorrelation function �g2���� and in the
mplitude and phase of the NIRS signal. Figure 2 shows two
epresentative g2��� measurements wherein changes in decay
ime due to increased CBF during hypercapnia are clearly
isible. The semi-infinite model was iteratively fit to the mea-
ured autocorrelation functions, and a flow-index from the
ecay time for each hemisphere was extracted every 8 s. For
IRS, a modified Beer-Lambert equation with assumed pho-

on path lengths from the literature was used.52–54 NIRS cal-
ulations report HbO2 and Hb concentration changes relative
o the baseline �i.e., �HbO2, �Hb, �THC�. Note that mea-
ured changes in absorption from NIRS data were used to
mprove the DCS fits. DCS flow indices from two detectors
ere divided by the baseline values and averaged, providing a
easure of rCBFDCS versus time. All analysis procedures

ave been previously described.40

Changes in CMRO2 �rCMRO2� can be calculated from a
ynthesis of rCBF, �Hb, and �THC utilizing a relatively
imple model.37,55–57 In particular, a compartmentalized model
f the vasculature is assumed, and an equation that relates
hese measurable quantities is derived using Fick’s law:
MRO =OEF�CBF�C �Ref. 41�. OEF is the normalized

Source: NIRS + DCS
(shared)

Detector: NIRS

Detector: DCS (X2)

Side-Firing
Fibers

Optical Probe:
Face View

Side-View

2.5
cm

Example ASL-MRI scans
Baseline Hypercapnia

Intensity Autocorrelation Measurements by DCS

Concurrent ASL-MRI &
Optical Measurement

Optical Fibers
to DCS/NIR

Vitals
Monitors

ig. 2 Measurement schematic showing optical probe details, probe
lacement, and the concurrent measurement. Typical ASL-MRI im-
ges �brighter red/orange indicating higher blood flow� and autocor-
elation functions measured by DCS during baseline and hypercapnia
re also shown.
2 a
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oxygen extraction fraction—i.e., the difference between oxy-
gen concentrations in arterial �Ca� and venous ends of the
vasculature. Since diffuse optical signal mainly originates
from the microvasculature, further assumptions are made to
relate the microvascular blood oxygenation to the percentage
of blood in the venous and arterial components. These as-
sumptions lead to an equation that has been used28,29,37,38 to
estimate rCMRO2:

rCMRO2 = rOEF � rCBF ,

=� SaO2 − StO2

SaO2bl − StO2bl
���blSaO2bl

�SaO2
�rCBF ,

�� SaO2 − StO2

SaO2bl − StO2bl
��SaO2bl

SaO2
�rCBF . �1�

StO2=HbO2 / �THC� is the microvascular blood oxygen satu-
ration measured by NIRS. Subscript bl is used throughout this
paper to indicate baseline values of a parameter. Baseline
StO2 �StO2bl� was assumed from literature values for neonates
to be 65%.58–62 THCbl is also assumed from baseline values
reported in the literature as 53 �M.58–62 Changes in HbO2
and Hb concentrations were then used to calculate the hyper-
capnic values for StO2 and THC. Note that we do not estimate
THC from systemic measures of hemoglobin concentration,
since it has been previously shown that NIRS values in CHD
populations may not be directly correlated to systemic mea-
sures of hemoglobin.62

Here, � is the percentage of blood in the venous compart-
ment. In the last step, we assume that � does not change with
hypercapnia in accordance with previous observations of neo-
nates and children with CHD that hypercapnia does not alter
the proportion of arterial to venous blood in the brain.63

Last, in order to report a single-relative change per param-
eter per subject, we have used the EtCO2 data to define a
stable baseline and a stable hypercapnic period. The latter was
defined as the time period during increased CO2 administra-
tion where EtCO2 was at a plateau. All the reported changes
in both optical and systemic data are calculated according to
these time periods. All % changes are reported as % of base-
line.

2.4 MRI Imaging Protocol
Due to various technical problems, either with ASL-MRI or
optical data acquisition, high-quality data were acquired con-
currently with custom pediatric ASL-MRI sequences in 12 of
the 33 neonates.5,64–66 Figures 1 and 2 show the time line and
representative pre- and during hypercapnia ASL-MRI images.
All MRIs were acquired on a Siemens 3.0T Trio at Children’s
Hospital of Philadelphia. In particular, MRI sequences in-
cluded multiplanar reconstructed �MPR� volumetric T1 and
T2 SPACE �short for sampling perfection with application-
optimized contrasts using different flip-angle evolutions� se-
quences acquired in the axial plane and later reconstructed in
the sagittal and coronal planes. Axial fluid attenuated inver-
sion recovery �FLAIR�, susceptibility �both standard echo
gradient and susceptibility weighted imaging�, and diffusion
weighted imaging �DWI� sequences were also acquired. Clini-
May/June 2010 � Vol. 15�3�4
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al MRI interpretations were performed by a single pediatric
euroradiologist �RAZ� blinded to the patient’s clinical infor-
ation. Imaging parameters of the ASL-MRI scan were
OV=20 cm, 64�64 matrix, TR /TE=3000 /19 ms, slice

hickness=5 mm and 1 mm gap. Eight slices were acquired
sing a gradient echo-planar imaging �EPI� sequence. A delay
ime �1.2 s� was applied between the saturation and excitation
ulses to reduce transit artifacts. Because of large voxel sizes
f ASL-MRI images of CBF, whole brain averages were used
o compare against DCS.

.5 Overall Study Protocol
RI-compatible optical probes were designed with
12-m-long optical fibers mounted on a flexible pad. The

robe was placed on the neonate’s forehead �Fig. 2�. Concur-
ent baseline optical and baseline MRI perfusion measure-
ents were obtained �Fig. 1�. After completion of the baseline
SL-MRI measurements, supplemental CO2 was added to the

resh gas mixture to achieve an inspired CO2 �FiCO2� of
.7% as measured by capnometry. Continuous optical data
as acquired throughout the study. Structural brain MRI se-
uences were acquired for �10 to 15 min after the initiation
f supplemental CO2 and its equilibration. At the end of this
eriod, a second set of ASL-MRI sequences were run to re-
ect the hypercarbic CBF. Blood gas samples were then
rawn and analyzed to confirm a higher PaCO2. The hyper-
arbic gas mixture was discontinued after the completion of
he hypercarbic CBF measurement, and the patient was trans-
orted back to the operating room directly for the surgery.
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2.6 Statistical Analysis
Data from each subject was collected as a time series and
normalized to a stable pre-hypercapnia period. In order to
assess the hemodynamic changes during hypercapnia, the
time period where end-tidal CO2 was stable was identified,
and all optical data during that period were averaged. All data
are reported as mean�SEM �standard error of the mean�
when averaged over the population and as mean�� �stan-
dard error� when averaged over time for a single subject.
Standard box-plots67 were used to visually explore the data.

Pearson’s correlation coefficient �R� and corresponding
p-value �with p�0.05 considered as significant� were used to
investigate correlations between modalities or parameters.
Bland-Altman analysis68 was used to assess agreement be-
tween modalities �ASL-MRI and DCS measures of CBF� vi-
sually by identifying those measurements that lie outside the
two standard-deviation range from the mean difference be-
tween results, and the slope is not significantly different from
zero �with p�0.05 considered significant�. Last, Lin’s con-
cordance correlation coefficient was used to investigate the
accuracy of the agreement.69,70

A student’s t-test was used to asses whether the estimated
population mean of a hemodynamic change was significantly
different from zero. p�0.05 was considered as the threshold
for rejection of the null hypothesis.

3 Results
Figure 3 shows the time series of FiCO , EtCO , and the

20 25 30

Expired CO
2

FiCO
2

EtCO
2

20 25 30

lood Flow

rCBF

20 25 30
(Min)

oncentrations

∆Hb
∆HbO

2

ebral hemodynamics during baseline and hypercapnia.
15

d and

15

ebral B

15
Time

lobin C

nd cer
2 2

May/June 2010 � Vol. 15�3�5

: http://spiedl.org/terms



o
l
s

a
C

O
n
C

n
s
a
B

F
w
q
w

F
i

Durduran et al.: Optical measurement of cerebral hemodynamics and oxygen metabolism in neonates…

J

Downloaded Fro
ptical data from a representative subject. Increased InCO2
ed to increases in EtCO2, rCBFDCS and �HbO2. Blood pres-
ure and arterial oxygen saturation remained relatively stable.

Figure 4 shows box-plots of population-averaged optical
nd MRI data. Significant increases were measured in
BFDCS �158�6%, p�0.001, n=33�, HbO2 �11�1 �M,

p�0.001, n=33�, and THC �9�1 �M, p�0.001, n=33�.
n the other hand, Hb decreased �−2�0.4, p�0.001,
=33�, and CMRO2 was unaltered �98�8%, p=0.8, n=33�.
oncurrent measurements of rCBFASL-MRI �190�15%,

p�0.001, n=12� and rCBFDCS �164�12%, p�0.001,
=12� demonstrated �Fig. 5� that rCBFDCS and rCBFASL-MRI
howed good correlation �R=0.7, p=0.01, n=12� and good
greement �concordance correlation coefficient, Rc=0.6�.
land-Altman plots confirmed that all points lie within two
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standard deviations from the mean difference between the re-
sults and that the slope is zero �p=0.33�.

We have also investigated whether NIRS measures of
�THC are related to rCBFDCS. As expected, a weaker
�R=0.5�, but significant �p=0.007� correlation between the
two parameters was observed. The so-called Grubb
exponent,71 which is the ratio of THC changes to CBF
changes, was 0.39�0.04, in reasonable agreement with the
literature.38,71,72 We note that this value depends on the as-
sumed baseline value for THC of 53 �M.58–62

Vascular reactivity, defined as percent change in CBF per
mmHg change in PaCO2, was measured to be 3.1�1.9%
CBF change/mmHg CO2, well within the literature values of
1 to 9% CBF change/mmHg CO2 in sick neonates.43,73–76 Vas-
cular reactivity to CO2 was not found to depend on baseline
CBFASL-MRI or baseline PaCO2 �p=0.1 for both�. The NIRS
data was also in good agreement with previous NIRS studies
on hypercapnia-induced changes in neonates.45,77,78

4 Discussion
This work demonstrates the feasibility of the DCS and NIRS
hybrid method to measure blood flow, blood oxygenation, and
total hemoglobin concentration in neonatal brains. NIRS is
widely used, albeit mostly as a research tool11,12—for ex-
ample, a series of pioneering studies at our
institution45,61,77,79,80 and others46,81–84 showed that NIRS
could play a role in monitoring cerebral oxygenation before,
during, and after surgical interventions to patients with CHD.
The application of DCS represents a new approach, adding
noninvasive and direct measures of microvascular CBF to the
arsenal of optical tools. Taken together, NIRS and DCS enable
estimation of rCMRO , thereby providing further insight into
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rain metabolism in CHD neonates. By studying a population
f babies with complex congenital heart defects, we were able
o utilize hypercapnia as a challenge to alter hemodynamics
nd validate DCS against ASL-MRI. If deployed during the
resurgical period, these technologies should enable large-
cale studies of the relationship between cerebral autoregula-
ion, CO2 reactivity, and other important physiological factors
nd neurological outcome.

ASL-MRI has recently been commercialized and validated
gainst a large array of techniques.85 ASL-MRI is currently
he only modality that can be utilized in neonates for mi-
rovascular CBF measurements. ASL-MRI provides full-brain
mages and can be applied repeatedly with minimal safety
oncerns. On the other hand, it is not a technology suitable for
ontinuous monitoring, since it requires patient transport
way from the safe confines of the intensive care unit.

Diffuse optical technologies in general, and DCS in par-
icular, provide a promising alternative for continuous and
edside hemodynamic cerebral monitoring. Currently, DCS
as been limited to measurements of relative CBF in cortex
rom few positions on the head. On the other hand, DCS
ccuracy does not depend on baseline CBF, and the method
oes not require risky patient transport and appears capable of
ontinuous monitoring for hours and even days. Therefore,
CS could provide complementary information to that avail-

ble from ASL-MRI—e.g., DCS has the potential to study
arger populations and healthy babies with minimal risk �e.g.,
ithout injection of a contrast agent, patient transfer, or anes-

hesia� in order to ferret out subtle differences between
ealthy and diseased response.

A somewhat surprising, although not entirely unexpected,
esult of this study is the demonstrated ability of these sick
abies to respond to increased CO2. Our data agree with ex-
sting neonate data in the literature,43,73–76 but generally, these
ther studies measuring CO2 reactivity were performed on
ther sick neonates with various clinical conditions, since it is
thically difficult to justify the use of methods requiring con-
rast agents or anesthesia to measure local CBF and also the
rtificial induction of hypercapnia. Thus, we are unable to
ompare our data to the responses of healthy neonates. In the
uture, it should be possible to derive healthy neonate re-
ponses, since our optical methods are noninvasive and can be
eployed at the bedside. We note that in comparison to
ealthy adults,86 our data show a wider range.

The NIRS data were also in agreement with the literature
f hypercapnia-related changes in neonates with CHD45,77,78

nd shows a well-behaved spread. �THC was previously
hown to be correlated to blood flow changes measured by
enon-CT in neonates during hypercapnia.43 However, in

omparison, we have observed only a weak correlation of
THC with rCBFDCS.

Combined NIRS and DCS use is beneficial for two rea-
ons: DCS analysis is improved by incorporating NIRS
hanges, and a more complete picture of cerebral well-being
s derived by measuring CBF in combination with NIRS-

easured cerebral blood volume and oxygenation without the
eed for external tracers, without relying on assumptions that
ranslate total hemoglobin concentration to cerebral blood
olume, and without assumptions about how cerebral blood
olume is then related to CBF. The combined data can be used
ournal of Biomedical Optics 037004-
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to measure changes in cerebral metabolic rate of
oxygen;28,29,37,38 in fact, it has recently been demonstrated that
NIRS and DCS combination provides a better estimate of
changes in CMRO2 in premature infants than NIRS alone.35

Historically, it has often been assumed that CMRO2 does
not change during hypercapnia.87 In fact, unchanging CMRO2
is assumed during hypercapnia and is used in functional MRI
�fMRI� studies to calibrate the blood oxygen level dependent
�BOLD� signals for measurement of CMRO2 during a func-
tional task.88,89 However, several studies indicate increased or
even reduced CMRO2 during hypercapnia in both healthy and
disease states, leading to a continuing debate �see Ref. 90 and
references therein�. Very recently, for example, it was shown
that spontaneous neuronal activity was reduced during hyper-
capnia, hinting at the possibility that CMRO2 may be reduced
during hypercapnia.91 During surgical procedures with car-
diopulmonary bypass where brain CO2 levels are managed
according to different pH strategies, it was shown that differ-
ent responses of CMRO2 to hypercapnia can be observed.92

During this artificially lowered baseline CMRO2 state, hyper-
capnia led to reductions in CMRO2 in one group but not in
the other. In head injury patients, it was shown that CMRO2
was dependent on cerebral CO2 levels.93 Cerebral maturity is
a known confounding factor, and studies have shown a direct
correlation with cerebral CO2 and CMRO2 in immature
animals.94 In immature rats, CBF was improved in response to
hypercapnia during hypoxic-ischemic conditions. Presumably,
the oxygen delivery was also improved under these
conditions.95 This led to observed increases in glucose utili-
zation and oxidative metabolism, and it was suggested that
CMRO2 was lowered during the hypoxic-ischemic baseline
as a neuroprotective action. In fact, it has been suggested that
mild hypercapnia may be permissible for intensive care man-
agement of neonates in order to improve cerebral blood flow,
oxygen delivery, oxygen consumption, and neurological
outcome.96 Overall, the CMRO2 response to hypercapnia is
very complex, and its measurement throughout the last de-
cades relied on a multitude of modalities with their own
strengths and weaknesses.

Our observations are in general agreement with the as-
sumption of unchanged CMRO2. A weakness of our study
was our reliance on literature data and other estimates for
baseline values of StO2 and THC, which have influenced our
findings. To establish the effect of these assumptions on our
estimates of rCMRO2, the baseline values were varied over a
large range by assuming StO2bl to be correlated to baseline
arterial concentration measured by co-oximetry for each neo-
nate. We observed that small changes ��10�4%� in
rCMRO2 cannot be ruled out. Despite this weakness, the hy-
brid DCS and NIRS instrumentation is a relatively simpler
and inexpensive device that could be readily deployed in hos-
pital wards and clinics. From a diffuse optical technology de-
velopment standpoint, further studies with an NIRS device
capable of measuring absolute baseline values and potential
studies to validate the assumptions that go into rCMRO2 cal-
culations are now in place.

Last, we note that, to the best of our knowledge, no studies
have been carried out on infants wherein anesthesia was var-
ied and CO2 administration was repeated. Since it is expected
that the relationship of hemodynamic response to CO and
2
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nesthesia is a mechanism that is species, age, and clinical
ondition dependent, it may be inaccurate to extrapolate from
tudies on animals.97,98 Therefore, in our conclusions, we rely
n the fact that all infants were anesthetized in the same man-
er. Our work is accurate for comparison to other studies with
his limitation.

Conclusion
e have recruited a cohort of neonates with complex con-

enital heart defects to study the cerebrovascular reactivity to
ncreased CO2 �hypercapnia�. By employing a hybrid diffuse
orrelation spectroscopy and near-infrared spectroscopy, we
ave measured changes during hypercapnia of oxyhemoglo-
in, deoxyhemoglobin, and total hemoglobin concentrations,
erebral blood flow �rCBF�, and oxygen metabolism. In a sub-
opulation, we were able to obtain concurrent ASL-MRI data
o validate the optical measurements of rCBF.

We have shown that rCBF measurements by both modali-
ies exhibit reasonable agreement. Hence, we have provided
alidation that diffuse correlation spectroscopy provides reli-
ble measurements of changes in CBF in neonates. Further-
ore, this population of neonates were shown to retain their

erebrovascular reactivity to hypercapnia. Combination of
IRS and DCS allowed us to study cerebral oxygen metabo-

ism, which was unaltered in response to hypercapnia. Over-
ll, the study demonstrates the potential to use hybrid diffuse
ptical probes on a critically ill neonatal population.
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