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ABSTRACT

Objectives: Real-time noninvasive monitoring of cerebral blood flow (CBF) during
surgery is key to reducing mortality rates associated with adult cardiac surgeries
requiring hypothermic circulatory arrest (HCA). We explored a method to monitor
cerebral blood flow during different brain protection techniques using diffuse cor-
relation spectroscopy (DCS), a noninvasive optical technique which, combined with
frequency-domain near-infrared spectroscopy (FDNIRS), also provides a measure
of oxygen metabolism.

Methods: We used DCS in combination with FDNIRS to simultaneously measure
hemoglobin oxygen saturation (SO2), an index of cerebral blood flow (CBFi), and
an index of cerebral metabolic rate of oxygen (CMRO2i) in 12 patients undergoing
cardiac surgery with HCA.

Results: Our measurements revealed that a negligible amount of blood is delivered
to the cerebral cortex during HCA with retrograde cerebral perfusion, indistinguish-
able from HCA-only cases (median CBFi drops of 93% and 95%, respectively) with
consequent similar decreases in SO2 (mean decrease of 0.6 � 0.1% and
0.9� 0.2% per minute, respectively); CBFi and SO2 are mostly maintained with an-
tegrade cerebral perfusion; the relationship of CMRO2i to temperature is given by
CMRO2i ¼ 0.052e0.079T.

Conclusions: FDNIRS-DCS is able to detect changes in CBFi, SO2, and CMRO2i with
intervention and can become a valuable tool for optimizing cerebral protection dur-
ing HCA. (JTCVS Techniques 2021;7:161-77)
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Intraoperative DCS monitoring
could offer insights into the
effectiveness of different
cerebral-protection methods in
delivering blood flow to the brain
during circulatory arrest.
PERSPECTIVE
Monitoring of cerebral blood flow index and he-
moglobin oxygen saturation in cardiac surgery
requiring HCA is possible with combined
FDNIRS-DCS. We show that RCP may be inade-
quate whereas ACP could overcompensate in
blood flow delivery to the cerebral cortex.
Further studies are needed to confirm the role
of FDNIRS-DCS in guiding optimization of cere-
bral blood perfusion to improve neurologic
outcomes.
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Abbreviations and Acronyms
ACP ¼ antegrade cerebral perfusion
CBFi ¼ cerebral blood flow (index)
CMRO2i ¼ cerebral metabolic rate of oxygen

(index)
CPB ¼ cardiopulmonary bypass
DCS ¼ diffuse correlation spectroscopy
EEG ¼ electroencephalography
FDNIRS ¼ frequency-domain near-infrared

spectroscopy
HCA ¼ hypothermic circulatory arrest
NIRS ¼ near-infrared spectroscopy
RCP ¼ retrograde cerebral perfusion
rSO2 ¼ regional oxygen saturation
SO2 ¼ hemoglobin oxygen saturation
TCD ¼ transcranial Doppler ultrasound
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Video clip is available online.

Neurologic injury is one of the most dreaded complications
in cardiac surgery. Maintenance of optimal brain blood flow
during cardiac surgery is an essential part of ensuring pa-
tients’ neurologic health. Among the cardiac surgical pro-
cedures, those imposing the greatest risk of neurologic
injury include procedures requiring episodes of circulatory
arrest. Hypothermia has been the mainstay of the surgical
strategies to prevent cerebral ischemic injury during circu-
latory arrest (ie, hypothermic circulatory arrest [HCA])1 by
lowering the brain’s metabolic rate. Moderate (20.1�C-
28�C) and deep (14.1�C-20�C) hypothermia levels help
minimize neurologic injury.2,3 However, hypothermia alone
doesn’t always provide sufficient brain protection, as shown
by the relatively high mortality rates during aortic arch sur-
geries.4 Thus, during HCA it has become common clinical
practice to provide cerebral blood perfusion. The most com-
mon methods are retrograde and antegrade cerebral perfu-
sion (RCP and ACP, respectively).5 During RCP, cold
blood is delivered to the brain via retrograde flow in the
venous system through a cannula placed in the superior
vena cava, to ensure delivery of blood to the brain paren-
chyma. In selective ACP, the brain is perfused in an ante-
grade fashion via the arterial system, often unilaterally
through the right axillary or innominate artery.

There is ongoing discussion regarding the best perfusion
strategy for optimal neuroprotection during HCA.6-8 This is
partially due to the complexity of clinical assessment of the
impact of strategies on neurologic function as an end point
and also to the limited ability to directly monitor cerebral
blood flow noninvasively. In animal models, invasive
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approaches have demonstrated that RCP delivers much
less blood to the cortex than ACP.9,10 These findings have
not yet been thoroughly validated in cardiac surgery pa-
tients. Currently available techniques for noninvasive intra-
operative brain monitoring in procedures include
electroencephalography (EEG), cerebral oximetry, and
transcranial Doppler ultrasound (TCD).While providing in-
sights into brain protection efficacy in real time, these moni-
toring techniques each presents limitations. During deep
HCA, EEG is used to ensure that hypothermia and anes-
thesia are maintaining complete suppression of electrical
activity.11 While EEG measures neuronal activity, it does
not provide a direct measure of oxygen metabolism, the
biomarker that hypothermia acts on. Cerebral oximetry us-
ing near-infrared spectroscopy (NIRS) estimates regional
hemoglobin oxygen saturation (rSO2) in the brain,12 but it
cannot distinguish between rSO2 changes due to oxygen
availability versus consumption. A drop in NIRS readings
may indicate inadequate cerebral blood flow (CBF), but it
could also indicate sustained oxygen consumption as a
result of insufficient hypothermia or anesthesia. TCD is a
powerful technique that measures blood flow velocity in
the large basal arteries of the brain.13 However, TCD is
not done routinely during HCA because of the requirement
of stable positioning and alignment that needs to be done by
a trained operator.14

Diffuse correlation spectroscopy (DCS) is a noninvasive
optical technique that provides an index of cerebral blood
flow (CBFi) and has been shown to effectively monitor
blood flow in cardiac surgical procedures in neonates.15-17

DCS makes use of the speckle interference pattern formed
when coherent light travels through a scattering medium.
The pattern perturbs as the scatterers drift, and computing
the intensity autocorrelation function g2(t) estimates the
velocity of moving scatterers.18 Since red blood cells
form the overwhelming majority of moving scatterers in tis-
sue, DCS provides an index of blood flow in the illuminated
tissue (ie, scalp, skull, and brain).

Several studies have validated CBFi measures against
gold standards,19-23 and it holds promise for
differentiating pathologic conditions in adults.24,25 DCS
measurements are conducted via a flexible lightweight
patch probe that doesn’t disturb the patient, and monitoring
can be done continuously during surgery. Further, it is
possible to use both NIRS and DCS synergistically to, in
addition to CBFi and SO2, acquire an index of cerebral
metabolic rate of oxygen (index) (CMRO2i), a more
comprehensive measure of brain health.26 Simultaneous
monitoring of these 3 biomarkers offers a comprehensive
guide for optimizing brain protection during adult cardiac
surgery with HCA.

In this study, we use a hybrid instrument combining
frequency-domain near-infrared spectroscopy (FDNIRS)
and DCS26 to monitor cerebral perfusion and oxygen
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metabolism during HCA procedures in an adult population
(study outlined in Figure 1). This work demonstrates the
feasibility of acquiring SO2, CBFi, and CMRO2i changes
noninvasively during surgery and highlights the differences
in cerebral perfusion delivered during HCA-only, RCP, and
ACP.

METHODS
Subjects

We enrolled 12 patients (7 male, mean age 61.8� 19.4 years) scheduled

to undergo elective cardiac surgery with use of circulatory arrest between

February 2017 and December 2019 at the Massachusetts General Hospital.

Potential patients for HCAwere approached during their preoperative visit.

The study was explained to the patients by a physician, and they had until

the day of the surgery to decide whether to participate and sign the

informed consent. This study was reviewed and approved by the Partners

Healthcare Human Research Committee (institutional review board

#2016P001944; approved November 11, 2016).

Table 1 outlines the patients’ demographic and intraoperative character-

istics. Four patients underwent HCA-only, 3 RCP, and 5 ACP. The 3 groups

were not randomized, and the choice of protection method was based on

patients’ disease and surgeons’ preferences.
Using FDNIRS-DCS to measure real time cerebral p
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FIGURE 1. Real-time noninvasive cerebral blood flow monitoring during c
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undergoing HCA (4 HCA-only, 3 RCP, 5 ACP). We coacquired rSO2 from a ho

pharyngeal temperature. Our measurements revealed that during HCAwith RCP

is restarted, similar to the CBFi behavior found during HCA-only. As a consequ
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FDNIRS-DCS Device
For these measurements, we used a commercial combined FDNIRS-DCS

system, MetaOx (ISS Inc, Champaign, Ill). Details about this device can be

found in Carp and colleagues, and in Video 1.26 In 4 subjects, only the

DCS component was used, and in the rest both DCS and FDNIRS data

were acquired simultaneously. The DCS component employed a single

35 mW, 850 nm laser and 8 single-photon avalanche detectors. The FDNIRS

component included eight 2-mW lasers of wavelength ranging between 670

and 830 nm, and 4 photomultiplier tube detectors. The fiber-optic probe

used is shown in Figure 2.

Experimental Procedure
Electrocardiogram, pulse oximetry, cerebral oximetry (INVOS 5100c;

Medtronic [Minneapolis, Minn]; present in 7 patients), nasopharyngeal

temperature, and intra-arterial blood pressure were obtained from the

Epic (Verona, Wis) electronic medical record system. These signals were

co-registered with our data at one point per minute resolution. Arterial

blood pressure was also collected directly with our device at 10 Hz. The

optical probe was positioned on the patient’s forehead after induction of

general anesthesia. We secured the probe several centimeters above the

eyebrow and used surgical tape to secure the probe to the patient. Data

collection began immediately after anesthesia induction and ended after

chest closure.
erfusion during hypothermic circulatory arrests
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NIRS-DCS to measure hemoglobin SO2, CBFi, and CMRO2i in 12 adults

spital oximeter (INVOS; Medtronic, Minneapolis, Minn), MAP, and naso-

CBFi drops to almost zero and overshoots above baseline when circulation

ence of the low perfusion, with RCP and HCA-only SO2 decreases during
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TABLE 1. Demographics and intraoperative data of measured patients

No. Age, y Sex Operative procedure

Avg HCA

temp, �C
Cerebral

perfusion HCA length

Optical

modality INVOS

Monitoring

duration

1 57 M Valve-sparing aortic root

replacement þ AAHR

23.2 � 0.2 HCA-only 12 m DCS No 3 h, 30 min

2 78 M CABG 3 3 þ AVR þ ascending

aortic replacement

16.8 � 0.2 HCA-only 25 m DCS No 4 h, 52 min

3 59 F Right pulmonary

thromboendarterectomy þ left

lower lobe wedge resection

19.6 � 0.1,

19.4 � 0.03

HCA-only 19 m, 12 m FDNIRS-DCS Yes 4 h, 44 min

4 87 F AVR þ CABG 3 1 þ
pulmonary vein

isolation þ LAA

ligation þ AAHR

20.3 � 0.2 HCA-only 29 m FDNIRS-DCS* Yes 6 h, 56 min

5 26 M Valve-sparing aortic root

replacement þ AAHR

17.9 � 0.1 RCP 17 m DCS No 8 h, 02 min

6 85 F AVR þ pulmonary vein

isolation þ LAA

ligation þ AAHR

18.4 � 0.1 RCP 21 m FDNIRS-DCS Yes 5 h, 33 min

7 38 M AVR þ AAHR 18.2 � 0.1 RCP 22 m FDNIRS-DCS Yes 5 h, 30 min

8 77 M AVR þ AAHR 24.9 � 0.1 ACP 20 m DCS No 6 h, 53 min

9 49 F AVR þ AAHR 27.1 � 0.1 ACP 14 m FDNIRS-DCS No 4 h, 26 min

10 67 M AAHR 22.0 � 0.7 ACP 20 m FDNIRS-DCS Yes 3 h, 57 min

11 45 M Redo sternotomy þ total arch

replacement

20.2 � 0.1 ACP 48 m FDNIRS-DCS Yes 5 h, 57 min

12 73 M Redo

sternotomyþAVRþCABG34

þ ascending aortic þ Zone I

aortic arch replacement

18.8 � 0.1 ACP 47 m FDNIRS-DCS* Yes 10 h, 35 min

Monitoring duration started immediately after anesthesia induction and ended after the procedure concluded. Patient 3 had 2 circulatory arrests. In 8 patients, we used combined

FDNIRS-DCS, and only DCS in 4. Seven patients had bilateral cerebral oximetry (INVOS) acquired clinically. RCP flow rate was maintained at 300-400 mL/min to target a CVP

of 20-25 mm Hg. Circulatory arrest time refers to the length of time the cardiopulmonary bypass flow to the heart was stopped (with or without cerebral perfusion). HCA, Hy-

pothermic circulatory arrest;M, male; AAHR, ascending aortic and hemiarch replacement; DCS, diffuse correlation spectroscopy; CABG, coronary artery bypass grafting; AVR,

aortic valve replacement; F, female; FDNIRS, frequency-domain near-infrared spectroscopy; LAA, left atrial appendage; RCP, retrograde cerebral perfusion with HCA; ACP,

antegrade cerebral perfusion with HCA. *Interference with the INVOS made it so FDNIRS data are only available discontinuously.

VIDEO 1. Dr Jason Qu and Alexander Zavriyev discuss the relevance of

the study for the cardiac surgery community and introduce the current

stage of the research device. Ultimately, this exploratory study could

lead to a large-scale study directly correlating cerebral hemodynamics

with patient outcomes in hypothermic circulatory arrests. Video available

at: https://www.jtcvs.org/article/S2666-2507(21)00093-6/fulltext.
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Signal Processing and Analysis
Both DCS and FDNIRS signals were down-sampled from 10 to

0.2 Hz. FDNIRS raw data signal artifacts due to interference from

the INVOS cerebral oximeter were removed during preprocessing

(for more detail, see the Appendix 1). To compute the absorption

and scattering coefficients of measured tissue, we used the

frequency-domain multidistance method.27 From the absorption coeffi-

cient, we estimated SO2. Blood flow index at each source-detector sep-

aration was obtained from the DCS data using the semi-infinite

medium correlation diffusion equation.18 Fixed absorption and reduced

scattering coefficients at 850 nm (0.11 cm�1 and 8.5 cm�1, respec-

tively) obtained averaging across all the subjects measured with

FDNIRS, were used to quantify changes in CBFi with HCA. Actual

optical properties were used to calculate absolute CBFi in 6 patients

with continuous FDNIRS data.

CMRO2i before and after HCAwas calculated using Fick’s Principle28

(details available in the Appendix 1), and because of the need for measured

optical properties to quantify CBFi and SO2, only the 6 patients with

continuous FDNIRS data were included in this analysis.
164 JTCVS Techniques c June 2021
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FIGURE 2. A, Photograph of our optical probe on a patient: A ¼ FDNIRS-DCS optical probe, B ¼ hospital INVOS oximeter probe, C¼ processed elec-

troencephalogram probe. B, Schematic of the FDNIRS-DCS probe. NIRS and DCS light source fibers (dark red square) are colocalized and diffused over a

3.5-mm spot diameter to meet American National Standards Institute standard irradiance limits. A DCS short separation detector fiber (light blue) is located

5 mm from the source center and used to detect scalp blood flow. Remaining DCS detector fibers (green) were located at 25 and 30 mm from the source for

greater sensitivity to cerebral blood flow. For patients that also had FDNIRS measurements, in addition to the colocalized 25- and 30-mm detector fibers, we

had 2 detector fibers located at 20 and 35 mm from the source, except for patient 9, where the 2 extra detectors were at 15 and 20 mm from the source.

Multiple separations in FDNIRS allow for application of the multidistance method to calculate SO2. Note: our probe is small and lightweight and doesn’t

requires special training to correctly operate. FDNIRS-DCS, Frequency domain near-infrared spectroscopy and diffuse correlation spectroscopy.

Zavriyev et al Adult: Mechanical Circulatory Support
Statistical Analysis
All statistical analyses were carried out using IBM SPSS (version 25.0;

IBM Corp, Armonk, NY). Using a one-way analysis of variance test, we

compared the ratio of CBFi and SO2 during versus pre-HCA among the

3 groups, followed by a Dunnett T3 post hoc test for pairwise comparisons.
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considered significant. The temporal correlation between FDNIRS-DCS

and physiological measures was calculated using an in-house MATLAB

pipeline using the corrcoef function.
RESULTS
The average total HCA time across subjects was

24� 12minutes. The average nasopharyngeal temperatures
in patients during HCA-only, RCP, and ACP were
19.9� 2.3�C, 18.1� 0.3�C, and 22.6� 3.4�C, respectively.
CBFi, CMRO2i, and SO2 Perioperative Monitoring
Figure 3 shows a characteristic measurement of a patient

undergoing HCA-only from start to finish (patient 3). We
identified 6 phases: precardiopulmonary bypass (CPB),
CPB, cooling, HCA, rewarming, and post-CPB. A wide
range in CBFi (Figure 3, A, left axis) can be seen throughout
the surgery. Under CPB and cooling, CBFi decreases sub-
stantially following the temperature decrease (Figure 3,
E), whereas SO2 (Figure 3, B) remains constant, consistent
with the reduction in CMRO2i (Figure 3, A, right axis). The
most drastic change in CBFi and SO2 happens during circu-
latory arrest. This patient underwent 2 HCAs with no perfu-
sion, and on both occasions CBFi dropped to near zero
within 30 seconds and SO2 gradually decreased at an
average rate of 1% per minute. The FDNIRS SO2 and the
INVOS rSO2 (Figure 3, C) show differences in the absolute
values due to the different assumptions made with the 2 de-
vices, but exhibit the same trends.

Across all subjects, the average correlation between
FDNIRS SO2 and the INVOS rSO2 was 0.8 � 0.1. On
average, the correlation coefficient between CBFi and
166 JTCVS Techniques c June 2021
mean arterial pressure was weak (0.3 � 0.2, P<.01). We
also did not find any significant correlation between CBFi
and SO2 (correlation coefficient –0.2 � 0.4, P < .01).
Both CBFi and CMRO2i were strongly positively related
with temperature during cooling and rewarming periods
(correlation coefficient 0.9 � 0.1, P<.01 for both).

Figure 4 shows the temperature dependency of CMRO2i

normalized with respect to the rewarming 35.5�C value.
Each data point represents the average CMRO2i values for
the cooling/rewarm periods at the temperature
value � 1�C. Points during HCA were excluded. Since
linear fits during cooling and rewarming were nearly iden-
tical, we combined them into one fit. The relationship be-
tween the natural log of normalized CMRO2i and
temperature is described by the linear function: ¼ 0.08T –
3.0 (correlation coefficient ¼ 0.8, P<.01).

CBFi and SO2 Behavior at Circulatory Arrest
Figure 5 shows the CBFi and SO2 time traces for an

HCA-only case, an RCP case, and an ACP case, focusing
on the period of HCA. These 3 representative cases high-
light the cerebrovascular dynamics observed during the 3
procedures. In HCA-only and RCP, CBFi dropped sharply
to near zero at HCA onset and overshot at the end of
HCA. At the same time, SO2 gradually decreased during
HCA and after HCA gradually recovered. With ACP,
CBFi, and SO2 were maintained to values close to
pre-HCA.

To examine cerebral perfusion and oxygenation changes
during circulatory arrest, we quantified the ratios of CBFi
and changes in SO2 during versus pre-HCA for each patient
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(Figure 6). Patients who received HCA-only experienced a
CBFi median drop of 95% (range, 94%-98%) and patients
receiving RCP experienced a median drop of 93% (range,
87%-94%), whereas patients receiving ACP experienced
a median increase in CBFi of þ3% (range: 12% to
þ58%). There was a statistically significant difference in
the ratio of CBFi during versus pre-HCA among the 3
cerebral-protection methods (F2,10 ¼ 51.75, P ¼ .001).
We confirmed the significantly lower CBFi ratio in HCA-
only (0.05 � 0.01) and RCP (0.08 � 0.03) cases with
respect to ACP (1.1 � 0.3) cases, with statistically signifi-
cant mean differences of P ¼ .003. There were no statisti-
cally significant differences between the CBFi drops in
HCA-only and RCP cases (P ¼ .5).

Figure 6, B, reports the SO2 drop at the end of HCAwith
respect to pre-HCA and Figure 6, C, reports the drop-rate in
the 8 patients that had FDNIRS measurements. The SO2 to-
tal drops and drop-rates for HCA-only and HCAwith RCP
cases were similar, with total mean drops of 18� 4% (mean
drop-rates of 0.9� 0.2%) in HCA-only and 13% (0.6%) in
RCP. Meanwhile, HCA with ACP mostly maintained SO2

throughout the HCA, with a mean total drop of 3 � 2%
and a mean drop-rate of 0.2 � 0.2% per minute.

We also quantified the overshoots at the end of circula-
tory arrest with respect to the post-HCA recovery values.
The median CBFi overshoots in the HCA-only and RCP
cases were 2.4 (range, 1.8-2.9) and 2.6 (range, 1.8-3.3)
times greater than recovery levels, respectively. There
were no significant overshoots in the ACP cases and no
overshoot of SO2 in any cases.
DISCUSSION
This is the first report using FDNIRS-DCS to evaluate the

changes in CBFi and hemoglobin oxygenation throughout 3
common brain-protection strategies in adult cardiac surgery
with HCA. In the 30 years since deep HCA (<20�C) was
first successfully introduced during aortic arch surgery, clin-
ical outcomes have improved significantly.29 However,
aortic arch surgery is still associated with a high incidence
of neurologic complications, including permanent and tem-
porary neurologic dysfunctions.30 EEG and NIRS are often
used as intraoperative brain-monitoring tools to optimize
individual protection strategies during HCA. And while
these modalities provide valuable information to the surgi-
cal team, they cannot directly assess the cerebral blood
perfusion provided by ACP and RCP. This stimulated us
to employ DCS, which is an easy-to-use method that allows
continuous and noninvasive monitoring of an index of cere-
bral blood flow.

Utility of CBFi and SO2 Measures in HCA-Only and
HCAWith RCP Procedures
The rationale of RCP is to provide metabolic support,

maintaining brain hypothermia while preventing embolism.
One question concerning this technique is whether the brain
tissue receives enough blood. The efficacy of RCP to pro-
vide nutritive brain perfusion has been challenged by a
few invasive studies in animals9,10 and nonhuman pri-
mates,31 demonstrating a low and uneven distribution of
blood flow to the brain, especially in the cortex. We were
able to reproduce these results in humans, noninvasively
JTCVS Techniques c Volume 7, Number C 167
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2-minute period because of artifacts). During-HCA was defined as the average from 1 minute into HCA to the HCA stop time. B, Percent drop of SO2
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temperature during HCA. C, Average drop-rate of SO2 through HCA. HCA durations were determined using electronic records and are precise to the minute
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in patients undergoing ACP than those who are undergoing HCA-only and RCP. CBFi, Cerebral blood flow index; HCA, hypothermic circulatory arrest;

RCP, retrograde cerebral perfusion; ACP, antegrade cerebral perfusion; SO2, oxygen saturation.

Adult: Mechanical Circulatory Support Zavriyev et al
with DCS. The negligible amount of blood flowwe detected
during RCP may suggest the efficacy of RCP as a neuropro-
tective method may be only partial and attributed to mech-
anisms other than flushing of emboli and provision of
nutrients.29 Theminimal perfusion during RCP is consistent
with the reduction in SO2 that we measured in these pa-
tients, which is very similar to the reductions observed in
patients receiving HCA-only.

Our results also show a CBFi overshoot in patients with
HCA-only and HCA with RCP when cerebral blood flow
was restored at the end of circulatory arrest, which was
not observed in patients undergoing HCA with ACP. This
hyperperfusion did not show up in SO2 monitoring. The
mechanism and potential consequences of these transient
hyperperfusion events in HCA patients are unknown. In
168 JTCVS Techniques c June 2021
carotid endarterectomy and in carotid angioplasty with
stenting, a similar reperfusion is known to cause cerebral
hyperperfusion syndrome, a rare but severe complication
characterized by headaches, neurologic deficits, and sei-
zures.32 The rapid and large (140% above post-HCA re-
covery) increase of blood flow in patients with HCA-only
and RCP may put them at a similar risk. FDNIRS and
DCS monitoring during HCA-only and HCA with RCP
may allow surgeons to adjust CPB flow to minimize the ce-
rebral hyperperfusion circulation is resumed and the end of
HCA.
CBFi and SO2 in HCAWith ACP Procedure
Because it provides oxygenated blood in a more physio-

logical manner, ACP has become more popular than RCP
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over the past 15 years. Most surgeons choose the right axil-
lary artery for ACP, titrating ACP flow to a pressure of 50 to
70 mmHg and flow of 6 to 10 mL/kg/m to provide adequate
brain perfusion.33 However, these established flow rates are
largely based on the empiric data and retrospective studies,
with no direct cerebral perfusion measurements supporting
it. Also, older patients may have a partially degraded circle
of Willis, potentially compromising contralateral brain
perfusion.34 If the contralateral SO2 levels drop during
HCA with ACP, the clinicians may ask to raise perfusion
pressure or increase CPB flow to facilitate left brain hemi-
sphere perfusion. This can raise ipsilateral brain blood flow
without improving contralateral perfusion. DCS could be a
valuable tool to warn if flow is not reaching the contralateral
side and to detect high flow ipsilaterally. In the current
study, we were able to monitor only one side, and in 1 pa-
tient (10), we saw a large increase of CBFi in the right hemi-
sphere and a drop in INVOS rSO2 in the left side (see
Figure E3). Both FDNIRS and INVOS failed to detect a sig-
nificant increase is SO2 in the ipsilateral side. It is plausible
that in this patient the circle of Willis was unable to perfuse
the contralateral side during ACP. This kind of situation
poses the patient both at risk of stroke in the hypoperfused
left hemisphere as well at risk of postoperative delirium if
luxury perfusion is sustained in the right hemisphere.33,35,36

A bilateral measurement of CBFi would allow moni-
toring of ACP efficacy in both brain hemispheres and help
identify patients who will benefit from institution of bilat-
eral cerebral perfusion. Moreover, because of the heteroge-
nicity of patients undergoing surgeries with HCA, a direct
measure of CBFi could be used to individualize adjustment
of ACP flow rates for each patient. Further studies are
needed to confirm that regulating blood flow with DCS
could provide better brain protection and allow optimiza-
tion of ACP flow rates during HCA.

Temperature Dependence of CMRO2i

Reliable monitoring of CMRO2 during cooling is crucial
to achieving the target metabolic reduction with hypother-
mia. With our noninvasive CMRO2i measurements, we
found a linear relationship between the log of CMRO2

and temperature (0.08T–3) similar to that measured by
Croughwell and colleagues37 with a xenon-clearance
method (0.11T–3.83).

The advantage of our DCS measurements resides in the
ability to measure continuously, and, more importantly,
the fact that it uses nonionizing radiation (light), as opposed
to the positron emission tomography method’s need of a
radioactive tracer. Ko and colleagues38 have observed dif-
ferences in CMRO2i temperature dependence during cool-
ing and rewarming in an HCA neonatal swine model,
finding significantly lower CMRO2i values after rewarming.
We, however, found the same CMRO2i relationship during
cooling and rewarming, with CMRO2i returning to the
precooling levels after rewarming. Differences in these re-
sults are likely due to differences in experimental proced-
ures. Our results are also in agreement with our previous
work, where DCS was used at 5 discrete timepoints during
CPB in infants.20

Study Limitations and Additional Comments
One of the limitations of this pilot study is small number

of patients recruited. Another limitation of our study is the
lack of bilateral measurements, which is particularly inter-
esting when ensuring bilateral brain perfusion during unilat-
eral ACP. It is worth noting the disparity between the SO2

values measured by the INVOS versus FDNIRS. The IN-
VOS rSO2 shows greater values and drops than the FDNIRS
values, likely because of the strong assumptions made with
the continuous wave device.39 Nevertheless, the correlation
between the 2 measurements is very high.
The measured CBFi during HCA-only does not reach ab-

solute zero. While in normal physiological states, DCS
measurements are driven by red blood cell movement,
when blood flow is stopped, the residual thermal (Brow-
nian) motion will result in a nonzero DCS perfusion esti-
mate. This Brownian motion contribution is �1% of the
signal in normal conditions and relevant only when CBFi
drops more than 90% from physiological levels.
DCS, like in NIRS, brings the challenge of ensuring that

the signals are representative of the brain and not the scalp.
We acquired data at both short and large separations, and
these signals were compared to determine the sensitivity
of the large separation to cerebral blood flow. In all data
sets, we observed differences in relative signal changes be-
tween the short and long separations. Also, expecting brain
blood flow to be greater than scalp blood flow, in 10 of our
12 measurements we observed larger CBFi values in the
long separations, with some periods reporting almost 2
times the value of the short separation. We therefore believe
that our longer separations are sensitive to the brain blood
flow. For the 2 measurements (IDs 1 and 6) where the short
separation blood flow index was greater, we believe the
probe may have been placed directly over or near to a super-
ficial vessel, causing short separation DCS to report greater
than normal flow. The conclusions of our data analysis did
not change based on the inclusion or exclusion of these 2
data sets, so we kept both in our analysis.

CONCLUSIONS
We have shown that combined DCS and FDNIRS pro-

vide new useful information during cardiac surgical proced-
ures using circulatory arrest. In particular, DCS reliably
measures CBFi and identifies periods of brain hypoperfu-
sion and hyperperfusion, as shown in the low CBFi values
measured during RCP, and its overshoot at the end of the
procedure, similar to the values measured during HCA-
only. Variability of CBFi levels across patients during
JTCVS Techniques c Volume 7, Number C 169
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ACP reflect important individual differences. Overall, DCS
alone or combined with NIRS can potentially guide brain
protection to help clinicians achieve patient-tailored
optimal brain perfusion.
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APPENDIX 1
Frequency-Domain Near-Infrared Spectroscopy
(FDNIRS)-Diffuse Correlation Spectroscopy (DCS)
Device

DCS and FDNIRS detectors acquire data in parallel, with
the DCS laser at 850 nm always on and the 8 FDNIRS lasers
(wavelengths ranging from 670 to 830 nm) turned on
sequentially in rapid succession (10-Hz cycle with each
laser on for 12 milliseconds).1 In patients 1, 5, and 8, the
DCS operated at 2 Hz. In all other patients, the device oper-
ating software was updated, and DCS was run at 10 Hz.
Crosstalk between the DCS and FDNIRS components is
eliminated by optical filters in front of the detectors. To
comply with the American National Standards Institute’s
standards, the DCS laser power was set at below 34 mW,
the FDNIRS laser power between 2 and 3 mW, and the light
at the probe was diffused over an area>1 mm. The FDNIRS
system needs to be calibrated to account for different re-
quirements for detector gains and fiber transmission at
different distances (farther distances require higher gain).
For the 8 patients measured with FDNIRS, we calibrated
the FDNIRS detectors using 3 calibration blocks of
known-optical properties immediately after data collection.
Measurements in patient 2 were done with a DCS-only de-
vice with the same design and laser as the DCS portion of
the MetaOx system, but with only 4 photon-counting detec-
tors, as described in a study by Selb and colleagues.2

Optical Probe
Light sources and detectors from the device were con-

nected via fiber optics to a soft rubbery 3-dimensional
printed probe attached to the patient’s head. All of the fibers
at the probe end were terminated with prisms to allow for a
low probe profile. For light transmission to the patient, we
used a single-fiber cable that included the fiber bundle
from the FDNIRS lasers and a 200-mm multimode fiber
from the DCS laser. One single-mode fiber located at
5 mm from the source collected the short separation DCS
light. Four fiber bundles at distances of 2, 2.5, 3, and
3.5 cm from the source collected photons back to the FD-
NIRS detectors. In 1 patient (9) 1.5, 2, 2.5, and 3 cm dis-
tances were used for FDNIRS. Fiber bundles at 2.5 and
3 cm also included DCS single-mode detection fibers for
a colocalized acquisition (Figure 2). The probewas attached
with tape to the patient’s forehead, and to shield from
ambient light, a soft black craft cloth was taped over the
probe. In most patients, the optical probe was positioned
on the right forehead. In 3 patients (2, 6, 11), cerebral oxim-
etry and electroencephalography were placed on the right
side of the forehead in a way that did not leave enough
room for the optical probe, so we placed the probe on the
left side.
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FDNIRS Data Preprocessing
The FDNIRS data had interference from the hospital IN-

VOS cerebral oximeter, which had to be removed during
preprocessing. The INVOS oximeter employs 730 nm and
810 nm LEDs, which are switched on and off at<30 Hz,
whereas our FDNIRS employs 8 wavelengths turned on in
sequence at 10 Hz per cycle. The optical cross-talk of be-
tween the 2 devices results in spurious peaks in the FDNIRS
AC and phase shift signals, which appear at different wave-
lengths and different times throughout data collection. We
used Fourier analysis to find and discard contaminated
data segments, typically lasting under 1 minute. Specif-
ically, in 6 patients (3, 6, 7, 9-11), we discarded up to
10% of each FDNIRS raw data due to the interference.
We linearly interpolated across the discarded periods to
obtain continuous AC and phase time traces. The raw signal
for one of these patients is shown in Figure E1. In patients 3,
6, and 11 we didn’t use the data from the 3.5-cm separation
because the INVOS interference was too strong and to
calculate optical properties and hemoglobin parameters
we use only 2-, 2.5-, and 3-cm source-detector separations.
Because the INVOS interference only affected 0-3 of 8
wavelengths at any given time, and in principle 2 wave-
lengths are sufficient to estimate oxy and deoxy-
hemoglobin (HbO and HbR, respectively), these artifacts
did not affect the final hemoglobin concentration and oxy-
gen saturation (SO2), and for these quantities we were
able to recover continuous time traces.

In patients 4 and 12, our probe was very close to the hos-
pital oximeter’s probe, which resulted in a stronger interfer-
ence, affecting longer segments of data and up to 4
wavelengths at a time. In these 2 subjects, we had to discard
all the data at 3 and 3.5 cm, and at 2 and 2.5 cm we either
discarded or interpolated 30% of each remaining raw
data. So, for these 2 patients, we were only able to calculate
discrete optical properties and hemoglobin parameters at
sparse timepoints. An example of the stronger interference
is shown in Figure E2.

Because the DCS light is so much stronger (DCS laser
�34 mW vs FDNIRS lasers �2 mW) and coherent, the IN-
VOS noncoherent light added very little background noise
to the DCS data and had no effect on the autocorrelation
function results.

The doctors’ occasional manipulations of the patient’s
head and adjustments of the hospital electroencephalog-
raphy and NIRS probes produced artifacts in the collected
data and a very small percent (<0.1%) of both DCS and
FDNIRS data had to be discarded.

Finally, after artifact removal in preprocessing, we
smoothed the 10 Hz FDNIRS AC and phase shift data
using a 50-point averaging window, down-sampling to
0.2 Hz.
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Calculation of Optical Properties and Hemoglobin
Oxygen Saturation With FDNIRS

After preprocessing, the raw FDNIRS data were analyzed
using the frequency domain multidistance method3 to
compute the optical properties of the measured tissue at
each wavelength. Following this method, the AC and phase
shift slopes versus distance were used to quantify the ab-
sorption and scattering coefficients, ma and ms

0, respectively.
After calculating ma and ms

0 at all wavelengths, we used the
absorption coefficients at 5 or morewavelengths to estimate
oxy and deoxy hemoglobin concentrations (HbO and HbR,
respectively) assuming a constant water fraction in tissue of
0.75.4 Total hemoglobin concentration (HbT) and hemoglo-
bin SO2 were derived from HbO and HbR concentrations
using the following equations:

HbT ¼HbOþHbR; SO2 ¼ HbO=HbT :

Quantifying the SO2 changes during circulatory arrests.
We calculated the difference in SO2 1 minute before HCA
and 1 minute right before reperfusion. The SO2 drop rate
was calculated by dividing the total drop by the length of
the HCA, as recorded by the clinical team.
DCS Data Analysis
During preprocessing, the DCS intensity autocorrelation

functions (g2) were smoothed by taking the median of a 10-
point window for patients 1, 5, and 8 (acquired at 2 Hz), and
a 50-point window for all other patients (acquired at 10 Hz)
to achieve a final sampling rate of 0.2 Hz in all patients.

We analyzed the DCS data using the semi-infinite medium
boundary condition for correlation diffusion equation.3 In all
subjects, we reported data at 25-mm separation except for pa-
tient 2, for which we only had the measure at 30 mm.

Optical properties at 850 nm are needed to calculate blood
flow index (BFi). For 6 of the 12 patients, we had continuous
FDNIRS optical properties at 5 to 8 wavelengths and were
able to quantify the absorption and reduced scattering coef-
ficient at 850 nm by interpolation. For these subjects we used
these time-varying ma and ms

0 values to calculate absolute
values of cerebral blood flow index (CBFi) and cerebral
metabolic rate of oxygen (index) (CMRO2i; described in
later section “Quantification of Cerebral Metabolic Rate of
Oxygen and Its Relationship With Temperature”). Since in
4 patients we didn’t have FDNIRS data and tissue optical
properties, and in 2 patients we only had intermittent
FDNIRS data and optical properties, in all subjects, for the
calculation of relative CBFi changes with HCA, we used
fixed optical properties. Specifically, we used
ma ¼ 0.11 � 0.03 cm�1 and ms

0 ¼ 8.5 � 1.4 cm�1,
obtained by averaging absorption and scattering across the
whole surgery, and performing a grand average across the
8 patients with FDNIRS measurements.
For each subject, we quantified the CBFi drops at HCA
by calculating the ratio of CBFi between the duration of
HCA and the pre-HCAvalues. The pre-CAvalues were ob-
tained by averaging 5 minutes of CBFi data immediately
before the HCA onset, with one exception, patient 2, in
whom we had to use a 2-minute period because of a gap
in the data acquisition between 4 and 2 minutes before
HCA. The during-HCA values were obtained by averaging
CBFi from 1 minute into HCA to the HCA stop time.
We also quantified the CBFi overshoot at reperfusion

post-HCA as the ratio between the value at the greatest re-
perfusion peak (there were multiple peaks in some cases
where the surgeon asked to have the pump started and
stopped several times) and the resting value several minutes
after the overshoot.

Use of Fixed Versus Actual Optical Properties for
DCS CBFi Calculations
In the 8 patients with FDNIRS, we evaluated the error

due to the assumption of fixed optical properties in calcu-
lating CBFi and CBFi relative changes versus using the
actual measured optical properties. As described in Irwin
and colleagues,5 absolute CBFi values are strongly affected
by ms

0, and to a lesser extent by ma. Using fixed instead of
measured optical properties induced an average
16 � 11% change in the absolute CBFi values.
Because relative changes in ms

0 during surgery were rela-
tively small (the maximum change across the entire proced-
ure was 13 � 6% across subjects, which, in most subjects,
happened after the patient was taken off of CPB), the use of
fixed versus actual optical properties had little effect on the
relative CBFi changes during versus pre- or post-HCA re-
sults. By comparing fixed versus measured optical proper-
ties, we found that the ratios of CBFi during versus pre-
HCA across the 8 subjects changed by 6 � 6%, the ratios
of post-HCA overshoot changed by 2 � 1%, and that the
difference in the relative CBFi through the entire measure-
ment was only 4 � 5%.

Quantification of Cerebral Metabolic Rate of Oxygen
and Its Relationship With Temperature
To calculate oxygen consumption, we used the following

equation: CMRO2i ¼ HGB
MWHb

� CBFiðSaO2 � SO2Þ,6 where
HGB is the patient’s hemoglobin concentration in the blood
(units g/dL) andMWHb is the molecular weight of hemoglo-
bin (65,400 g/Mol). HGB was collected at 30-minute
intervals by the clinical team, and we linearly interpolated
over the points to get a continuous variable. In all 8
patients, arterial oxygenation was maintained at 100% by
the cardiopulmonary bypass during cooling and rewarming.
As described previously, SO2 was measured with the
FDNIRS and CBFi was calculated using actual optical
properties.
JTCVS Techniques c Volume 7, Number C 173
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For each patient, CMRO2i averages for cooling and re-
warming periods were calculated separately. We averaged
CMRO2 values over 2�C associated with up to 7 evenly
spaced temperature windows, from 20.5�C to 34.5�C. We
normalized each patient’s CMRO2i values with respect to
the average CMRO2i in the window between 34.5�C-
36.5�C, taken during each patient’s rewarming period.
Data with significant artifacts in CBFi caused by CPB
flow rate adjustments were excluded from calculations. To
estimate the CMRO2i relationship with temperature, we fit
a linear regression for all patients’ normalized CMRO2i

(log scale) with respect to the mean temperature windows.

Other Parameters of Interest at Circulatory Arrests
We also quantified group averages for drops in the INVOS

regional oxygen saturation (rSO2; Table E1). Themedian IN-
VOS rSO2 right side drop was 23% (range, 18%-37%) in
HCA-only, 12% in RCP, and 0% (range, –2.5% to 9%) in
ACP cases. The median INVOS rSO2 left side drop was
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20% (range, 23%-38%) in HCA-only, 7% in RCP, and
5% (range, 3%-23%) in ACP cases.
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TABLE E1. Group-level quantification of CBFi, hemoglobin SO2, the hospital INVOS oximeter, and MAP behavior with circulatory arrests

Perfusion

group

CBFi

drop from

baseline, %

CBFi

overshoot, %*

SO2 baseline

(FDNIRS, %)

SO2 drop

(FDNIRS, %)

INVOS left

baseline, %

INVOS left

drop, %

INVOS right

baseline, %

INVOS right

drop, %

MAP

baseline,

mm Hg

HCA-only 95 � 1% 240 � 50 59 � 7% 18 � 4% 77 � 7% 27 � 10% 70 � 0.6% 26 � 10% 64 � 4

RCP 91 � 3% 250 � 70 70.2%y 13%y 95%y 7%y 95%y 12%y 64 � 7

ACP –12 � 28% N/A 59 � 14% 3 � 2% 91 � 3% 10 � 11% 83 � 7% 2 � 6% 73 � 28

Baseline is equivalent to the pre-HCAwindow defined for CBFi and SO2 previously. CBFi overshoot is calculated by comparing the maximum value reached at reperfusion with

the mean value reached 1-3 minutes after reperfusion. All data are expressed as mean � standard deviation. CBFi, Cerebral blood flow index; SO2, oxygen saturation; FDNIRS,

frequency-domain near-infrared spectroscopy; MAP, mean arterial pressure; HCA, hypothermic circulatory arrest; RCP, retrograde cerebral perfusion; ACP, antegrade cerebral

perfusion. *The percentage here represents the overshoot’s value as a percentage of the baseline value. Hence, an overshoot that is twice as high as the baselinewould have a value

of 200%. yStandard deviation not estimated since �2 patients had this measurement.
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