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Cerebral hemodynamics reflect cognitive processes and underlying physiological
processes, both of which are captured by functional near infrared spectroscopy (fNIRS).
Here, we introduce a novel parameter of Oxygenation Variability directly obtained from
fNIRS data —the OV Index—and we demonstrate its use in children. fNIRS data were
collected from 17 children (ages 4-8 years), while they performed a standard Go/No-Go
task. Data were analyzed using two frequency bands—the first attributed to cerebral
autoregulation (CA) (<0.1 Hz) and the second to respiration (0.2-0.3 Hz). Results indicate
differences in variability of oscillations of oxygen saturation (SO;) between the two
different bands. These pilot data reveal a dynamic relationship between chronological age
and OV index in CA associated frequency of <0.1 Hz. Specifically, OV index increased with
age between 4 and 6 years. In addition, there was much higher variability in frequencies
associated with CA than for respiration across subjects. These findings provide preliminary
evidence for the utility of the OV index and are the first to describe the relationship
between cerebral autoregulation and age in children using fNIRS methodology.
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INTRODUCTION

Due to its high metabolic demand and dynamic nature, the
brain requires a rapid yet precise mechanism of oxygen delivery.
Since oxygen is transported by means of binding to hemoglobin
molecules, local concentrations of hemoglobin species (i.e.,
both oxy- and deoxy-hemoglobin) represent the oxygen-carrying
capacity of corresponding regions of cerebral tissue. Temporal
variations in the concentration of these species can therefore
reveal the cerebral hemodynamics of functional brain activity. In
particular, these variations provide information about cerebral
autoregulation (CA), the mechanism that optimizes oxygen deliv-
ery to the brain. CA keeps cerebral blood flow (CBF) constant
regardless of changes in atrial blood pressure, and is a vital mech-
anism for brain function (Clarke and Sokoloff, 1999; Van Beek
et al., 2008; Cipolla, 2009).

Local changes in cerebral hemodynamic levels in the cor-
tex can be evaluated non-invasively by functional near infrared
spectroscopy (fNIRS) (Yodh, 2003; Boas et al., 2004; Gratton
et al., 2005; Huppert et al., 2009; Benavides-Varela et al., 2011;
Amyot et al., 2012). The NIR absorption spectrum of brain tis-
sue is sensitive to changes in the concentration of major tissue
chromophores, including hemoglobin species. Therefore, mea-
surements of temporal variations of backscattered NIR light can
capture functionally-evoked changes in the outermost cortex, and

thus, can be used to assess hemodynamic variation. Compared
to other well-established brain imaging modalities, such as fMRI
and positron emission tomography (PET), {NIRS offers unique
features, including higher temporal resolution (i.e., several mil-
liseconds), and spectroscopic information about temporal varia-
tions for both components of hemoglobin, (i.e., Oxy-[HbO] and
deoxy-[HDb]). fMRI BOLD signal is most sensitive to the magnetic
property of deoxy-hemoglobin [Hb]. Importantly for pediatric
applications, NIRS instruments are small and transportable, less
restraining compared to fMRI or PET, and can tolerate a large
degree of subject motion (Riley et al., 2012). These features make
the technique well- suited for young children who are not able to
remain still for long periods of time (Elwell et al., 2005; Nagamitsu
et al., 2006; Gervain et al., 2011).

Different physiological processes result in hemodynamic oscil-
lations at specific characteristic frequencies (Sassaroli et al., 2012).
For example, low frequency oscillations (LFO) at 0.07-0.1 Hz are
known to be associated to CA in adults (Obrig et al., 2000; Van
Beek et al., 2008; Sassaroli et al., 2012), while higher frequency
oscillations at 0.2-0.3 Hz are known to be related to respira-
tion (i.e., they result from corresponding vascular variations and
blood pooling). However, the frequency range associated with
autoregulation in children and infants likely ranges from 0 to
0.1Hz (Bassan et al., 2005; Wong et al., 2008). Moreover, this
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broader frequency range also captures the influence of cerebral relationship between OV Index in these two bands and age in a
vasomotion and oscillation of CBF (Zhang et al., 1998; Miillerand  group of typically developing children. We hypothesize that the
Osterreich, 2014). Finally, the effect of end-tidal CO, (EtCO;) OV index, measured with the non-invasive and patient-friendly
at lower frequency bands (<0.07) has been demonstrated dur- fNIRS modality, will reveal differences based on chronological
ing hypercapnia, although during normocapnia the changes in  age as seen in the extant literature on cerebral hemodynamics in
cerebral autoregulation may not be influenced by EtCO, (Panerai  children.
et al., 2005; Liu et al., 2010; Maggio et al., 2014). Spontaneous
oscillations, induced by CA in tone of blood vessels (due to MATERIALS AND METHODS
vasomotion), are not related to heart pulsation (1-1.5Hz) or PARTICIPANTS
respiration (0.2-0.3 Hz) (Naseer and Hong, 2013; Pierro et al.,  Seventeen typically developing children between the ages of 4
2014), and they can potentially become a predictor of degree of and 8 (Female = 8, mean age = 5.99 + 1.04) were recruited
autoregulation and its impairment. from the community for this IRB approved study. All children
CA has been a focus of several recent studies, due to its had non-verbal and verbal IQ scores of 80 or above. Exclusion
importance in brain function and metabolism, and its ability to  criteria included contraindications for wearing the NIRS equip-
predict both normal and abnormal autoregulation (Bassan et al., ment, diagnosed psychiatric disorder, specific current medica-
2005; Wong et al., 2008). For example, Tsuji et al. (2000) and  tions for neuropsychiatric disorders, history of vascular disease,
Caicedo et al. (2011) used NIRS to monitor cerebral circulation conditions affecting cerebral anatomy, head trauma, neurological
and blood flow in infants with impaired CA. These studies found or neurogenetic disorders, or premature birth. Subjects’ par-
high correlations between cerebral intravascular oxygenation and  ents/guardians consented to their child’s participation. Subjects
mean atrial blood pressure (MAP), a marker of autoregulation were first screened for inclusion and exclusion criteria by par-
impairments. ent interview, parent report, and cognitive testing, (i.e., either the
Age-related changes in cerebral hemodynamics have been Differential Abilities Scale, 2nd edition (DAS, Elliott, 2007) or the
reported in other modalities that measure cerebral blood flow Wechsler Preschool and Primary Scale of Intelligence, 4th edition
(CBE i.., Chiron et al, 1992; Schoning and Hartig, 1996; (Wechsler, 2012), depending on subject age).
Takahashi et al., 1999; Biagi et al., 2007; Kilroy et al., 2011).
For instance, Schoning et al. used color duplex sonography of TASK
the internal carotid and vertebral arteries to investigate cerebral ~ Children completed the Go/No-Go task, a well-known response
hemodynamics. This study found an increase in CBF from age inhibition task that elicits functional activity in pre-frontal cortex
3 up until 6.5, and a subsequent decline that reached a constant  (Simmonds et al., 2008). This task is simple enough for young
level at approximately 15 years. Other studies using arterial spin  children and also required significant attention. Subjects were
labeling (ASL) have also found that CBF decreases with age in asked to press a button only in response to the Go stimuli (green
children over 7. Moreover, the decrease in CBF appears to con-  spaceships) and refrain from pressing when the No-Go stimuli
tinue throughout adolescence and adulthood (Biagi et al., 2007;  (red spaceships) were presented. Alternating blocks of Go and
Kilroy et al., 2011). PET measurements in children also reveal No-Go (total of eight blocks) were used (see Figure 1). During
an increase in regional CBF with children’s age peaking at the the Go blocks, a series of green spaceships were shown, whereas
age of 7 and a subsequent decline in older children (Takahashi during the No-Go blocks both red and green spaceships were
et al., 1999), with similar results using [!**Xe]- SPECT tech- presented randomly with a green to red ratio of 10:4. Stimulus
nology (Chiron et al., 1992). While PET studies use injections duration was 500 ms with 1000 ms of interstimulus interval. Each
of radioactive contrast to measure changes in blood flow, the block was followed by resting period of 10s. The task related
present study of children uses the more suitable and feasible non-  frequency was chosen at 0.66 Hz to prevent the overlap with
invasive fNIRS method to measure changes in hemodynamics at  frequency bands of interest (<0.1 Hz and 0.2-0.3 Hz).
frequencies related to cerebral autoregulation.
In the current study, we use frequency analysis of oscillatory ~ DATA ACQUISITION AND ANALYSIS
patterns from fNIRS to formulate a new metric of variations in  In this study we used a continuous wave fNIRS system (fNIR
local oxygen saturation. To characterize this metric, we introduce  Devices LLC, Potomac, MD). The instrument consists of an array
an Oxygen Variability Index (OV Index) and analyze two fre- of 4 sources and 10 detectors, with a total of 16 source-detector
quency bands (<0.1 Hz and 0.2-0.3 Hz). We then examine the pairs (see Figure 2). It collects data at two wavelengths—730 and

\ J | J\ /
Y Y Y

Go trials (15 sec) X4 Rest (10 sec) X4 No-Go trials (15 sec) X4

FIGURE 1 | Go/No-Go Task. The task included 4 Go blocks and 4 No-Go blocks with alternating presentation as shown above.
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FIGURE 2 | Schematic of fNRIS sensor, using 4 sources and 10 detectors.

850 nm—with an acquisition frequency of 2 Hz. The device is
equipped with low pass filter for the analog signal to prevent
aliasing problems, where higher frequencies can be aliased into
the lower band. Light is delivered at the source position, and
backscattered light is measured at the position of the detector,
with a fixed source-detector distance of 2.5cm. Therefore, the
same source-detector distance was used across all subjects. Using
two wavelengths allows one to probe regional cortical changes in
both Oxy- and Deoxy-hemoglobin concentrations.

The sensor was positioned on each child’s forehead covering
the prefrontal cortex (PFC) area of BA 9 and 10, and the amount
of activation was characterized by changes in concentration of
oxy- and deoxy-hemoglobin. Due to smaller head size in children
only the 8 middle channels (5-12) were used for data collection.

The NIR light intensities at two wavelengths were then con-
verted to changes in oxy- and deoxy-hemoglobin concentration
using NIRSOFT software (Ayaz, 2010). Here, the modified Beer-
Lambert law (Cope, 1991) was used for calculating the changes in
oxy- and deoxy-hemoglobin using the 10 s of baseline measure-
ment before the task’s onset.

To analyze cerebral hemodynamics at specific frequency bands,
we applied IIR frequency filters (butterworth, order 10) to the
whole raw continuous temporal Oxy- and Deoxy-hemoglobin
signals. Then, using the filtered data, blocks of Go, No-Go, and
rest were separately averaged over the duration of task. Blocks
were visually inspected and those containing motion artifacts,
characterized by high amplitude spikes, were excluded from
averaging. Such exclusion happened for three subjects, with a
total of one block per subject. Instantaneous amplitude A(f)
and phase ¢(t) of Oxy- and Deoxy-hemoglobin variations were
obtained from the filtered NIRS data (in a given narrow frequency
band) using an algorithm, based on an analytic signal continu-
ation approach that can be described by the following formula
(Boashash, 1992):

v(t) = S(t) +jH S (1) = A (1) e #D

where S (¢) is the real signal, H denotes the Hilbert transform and
v(#)indicates complex signal in the time domain.

Combining the data for both hemoglobin species we were
able to quantify instantaneous oxygen saturation SO (t) : SO, =
%, where [HbO] and [Hb] are amplitudes of analytic
signal in the given frequency band, corresponding to both
hemoglobin species. Hence, the value of oxygen saturation is
based on ratio of changes in oxy- and deoxy-hemoglobin. We

applied this technique to both <0.1 Hz and respiration induced
oscillations in the frequency range of 0.2—0.3 Hz.

To quantify oscillations in oxygen saturation, we used the
oxygenation variability index (OV index) as the dimension-
less ratio OV = Zggi;, where o (SO;) and u (SO,) are the
standard deviation and mean values of the evaluated oxy-
gen saturation signal (SO,), respectively. In other words,
the OV index characterizes the level of variability of the
oxygen saturation (SO;) for both <0.1Hz and 0.2-0.3Hz
frequency bands.

Statistical analyses included paired ¢-tests for behavioral data,
regression analyses to determine the relationship between the OV
and age, and repeated measures ANOVA to analyze the effect of
condition on OV index.

RESULTS

BEHAVIORAL DATA

All trials with reaction times between 100 and 1000 ms were
included in analyses. Table 1 displays reaction times (RT) for both
the Go and No-Go blocks along with means and standard devi-
ations for true hit percentage, false alarm percentage, and overall
accuracy. Subjects’ reaction times were significantly slower during
No-Go than Go blocks [statistics performed with 1/x transformed
values due to expected positive skew of RT data, t(16) = 5.7, p <
0.001]. False alarm percentage was higher than zero [#;6) = 8.1,
p < 0.001], and lower than correct Go hits for the No-Go blocks
[t16) = —13.8, p < 0.001].

Table 1 | Descriptive Statistics for Go/No-Go task for all subjects.

Measure Mean (SD) Measure Mean (SD)
[range] [range]
Go RT (ms) 448 (83) No-Go Green hit (%) 91 (11)
[338-560] [65-100]
No-Go RT (ms) 487 (86) No-Go False Alarm (%) 26 (13)
[378-637] [6-62]
No-Go Accuracy (%) 84 (9.6)
[61-95]

RT reaction time. Accuracy is calculated as number of correct green hits plus
correct red misses divided by total number of trials. False alarm percent is total
red hits divided by the number of red trials. Green hit percent is the number of
green hits divided by the number of green trials presented.
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FIGURE 3 | Histogram of Oxygenation Variability Index (OV index)
based on Coefficient of Variation for 17 subjects, corresponding
to (A) Frequency range (<0.1Hz) during performance of the task,
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(B) Frequency range (0.2-0.3Hz) corresponding to respiration
during the task and (C) for Frequency range (<0.1Hz) during
rest period.

OV INDEX AND AGE

Data across all conditions were examined for normality
and homogeneity of variance. The Shapiro-Wilk test for
non-normality revealed distributions of the OV index, for fre-
quencies <0.1 Hz, during the task and for the respiration fre-
quency did not violate assumptions of normality (p = 0.45 and
p = 0.31, respectively) (see Figure3). The test also revealed
a non-normal distribution for the OV index for frequencies
<0.1Hz during rest (p = 0.041). Further, variance did not
differ among the conditions (Go, No-Go, and Rest) for the
OV Index, for frequencies <0.1 Hz, (Levene Statistic = 0.27,
p=0.76). ANOVA is robust to departures from normality
when the assumption of homogeneity of variance is not vio-
lated, so parametric tests were used when investigating these
conditions.

We first investigated the relationship between age and OV
Index, for frequencies <0.1 Hz, across the Go, No-Go, and rest
conditions, and did not find a significant linear effect for age
[F(15) = 0.19, p = 0.67]. We then examined the relationship
between age and OV Index for nonlinear trends, and found a sig-
nificant quadratic relationship, for frequencies <0.1 Hz, across
all conditions [F(14) = 10.6, p = 0.006]. We investigated both
linear and nonlinear trends for the respiration frequencies, and
found no significant effect of age [Linear: F(;5) = 0.98, p = 0.34;
Quadratic: F(14) = 0.01, p = 0.91].

In order to determine the relative effects of the quadratic
effect of age and condition, we then used a repeated measures
ANOVA with age as the between subjects-factor and condition
(Go, No-Go, and Rest) as the within-subjects factor. There was
no condition by age interaction [F(14) = 0.73, p = 0.5]. Thus,
we removed the non-significant interaction from the model and
found a significant main effect for condition after accounting
for the quadratic effect of age [F(16) = 5.0, p = 0.02]. Post-hoc
comparisons showed higher OV Index, for frequencies <0.1 Hz,
for both No-Go and Go conditions when compared to rest
[F(16) = 5.3, p = 0.04, F(16) = 8.3, p = 0.01, respectively], but
no difference in OV Index between No-Go and Go conditions
[F16) = 0.25, p = 0.62].

After establishing a statistically similar OV index values for the
Go and No-Go conditions, we combined the two into one condi-
tion, “Task,” and reanalyzed the relationship with age. Across all
conditions (task, rest), the quadratic effect of age remained sig-
nificant [F(14) = 9.94, p = 0.007]. We also investigated whether
representing data in this way would reveal a different relationship
between condition, age, and OV index, but found no signifi-
cant interaction between condition (task vs. rest), age, and OV
index [F(14) = 1.16, p = 0.30]. The above quadratic fit reveals
a maximum at 5.94 years; therefore, we examined linear trends
for children above and below 6 years. OV index increased signifi-
cantly with age for children between the ages of 4 and 6 years (r =
0.68, p = 0.039) and showed a trend toward decreasing with age
for children ages 6-8 years (r = —0.62, p = 0.1, see Figures 4, 5).
The OV index did not show a significant correlation with age for
either age group during rest (below 6, r = 0.34, p = 0.35; ages
6-8,r = —0.09, p = 0.81).

DISCUSSION

Functional brain studies can potentially serve as a guide for
understanding the dynamics of the brain function and cere-
bral autoregulation. We focused our analysis on two frequency
bands, <0.1Hz and 0.2-0.3Hz, which are related to cere-
bral autoregulation and respiration, respectively. To quantify
the observed hemodynamic oscillations in the above frequency
bands, we have introduced the Oxygenation Variability Index (OV
index) as a metric to assess degree of CA in this sample of 4-8
year old children. In this study, we saw more variation in the OV
index than in the respiration frequency. A tighter distribution in
the respiration frequency band likely indicates similar breathing
patterns across subjects.

Variations in OV index in children indicated a dynamic rela-
tionship between age and hemodynamic CA oscillations in fre-
quency band below 0.1 Hz. Specifically, there was a significant
quadratic effect of age that included a parabola peaking just
before 6 years of age (5.94 years). The linear fit for the group
of children below age 6 also indicated a strong linear correla-
tion between age and OV index for ages 4-6. The significant
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FIGURE 5 | Average value for OV Index across age groups
corresponding to the frequency band <0.1 Hz during performance of
the task. The OV index increases with age between 4 and 6 years and is
followed by subsequent decrease with age.

relationship between age and OV index is in line with studies
using other modalities showing a similar relationship between
CBF and age. Specifically, those studies show CBF increasing until
about 6-7 years and decreasing afterward and eventually reach-
ing a plateau. (Chiron et al., 1992; Schoning and Hartig, 1996;
Takahashi et al., 1999; Biagi et al., 2007; Kilroy et al., 2011).
Here, we characterize that pattern further by showing a quadratic
trajectory of change in OV index in frequencies related to CA.
Additional data, particularly longitudinal data, is needed to
improve the power to model this effect. Expanding the sample to
children over age 6 will also be important, in order to characterize
this trajectory across development. Finally, future studies should
include simultaneous measurement of other physiological pro-
cesses related to CA, including breathing, heart rate, and ETCO5.
This is necessary in order to investigate the role these processes
play in CA, including variations in CA with increasing mental
load.

The physiological reasons for an increase in CA peaking at
age 6 are not fully understood. Peak values of the OV index
at around age 6 years may be related to other neurophysiologi-
cal changes occurring at that time requiring increased regulation
of CBE. Future studies should examine the relationship between
cerebral autoregulation and other measures of brain anatomy
during development (e.g., structural changes in gray matter and
white matter). It will also be important to measure CA in chil-
dren younger and older than those in the current sample in order
to further clarify the relationship between age and the OV index.

The task and rest were used in conjugation to see whether CA
would show any differences related to performance of functional
task conditions. Though the OV index, for frequencies <0.1 Hz,
was similar during Go and No-Go conditions, OV Index was
lower during rest. This finding is in line with those showing
increases in efficiency of CA during completion of cognitive tasks
(Panerai et al., 2005). While the current study focuses on the pre-
frontal cortex, future studies should include other functional tasks
known to elicit activity in other brain regions in order to further
investigate the link between OV index, age, and task. Such analy-
ses might reveal a significant role for frequencies <0.1 Hz across
a broad range of tasks/stimulus types and brain regions.

Overall, results of this pilot study indicate that the variability
in OV Index is related to developmental changes of CA in chil-
dren. Increasing the number of subjects and extending to older
children, as well as additional measurements, such as heart rate,
breathing and ETCO; are necessary to improve validation of the
results. In future studies, this index may ultimately be used to
elucidate the relationship between CA development and brain
function. Further, we show that the choice of frequency plays a
crucial role in understanding physiological processes at different
stages of physiological development. While analysis of hemody-
namic oscillations originating from cerebral autoregulation does
not provide a full picture of this complicated phenomenon, the
non-invasive and patient-friendly fNIRS method can be used to
monitor brain development and possibly detect impairments of
cerebral autoregulation.

ACKNOWLEDGMENTS
We thank the families that dedicated their time to make this
research happen. This research was supported by the Intramural

www.frontiersin.org

December 2014 | Volume 8 | Article 393 | 5


http://www.frontiersin.org
http://www.frontiersin.org/Brain_Imaging_Methods/archive

Anderson et al.

Prefrontal cortex hemodynamics in children

Program of the National Institute of Mental Health and Eunice
Kennedy Shriver National Institute of Child Health and Human
Development and was completed as part of NIMH protocol
2013-M-0007.

REFERENCES

Amyot, F, Zimmermann, T., Riley, J., Kainerstorfer, J. M., Chernomordik,
V., Mooshagian, E., et al. (2012). Normative database of judgment of
complexity task with functional near infrared spectroscopy—application
for TBL Neuroimage 60, 879-883. doi: 10.1016/j.neuroimage.2012.
01.104

Ayaz, H. (2010). Functional Near Infrared Spectroscopy Based Brain Computer
Interface. Ph.D., Drexel University, Philadelphia, PA.

Bassan, H., Gauvreau, K., Newburger, J. W., Tsuji, M., Limperopoulos, C.,
Soul, J. S., et al. (2005). Identification of pressure passive cerebral perfusion
and its mediators after infant cardiac surgery. Pediatr. Res. 57, 35-41. doi:
10.1203/01.PDR.0000147576.84092.F9

Benavides-Varela, S., Gémez, D. M., Macagno, E, Bion, R. A., Peretz, 1., and
Mehler, J. (2011). Memory in the neonate brain. PLoS ONE 6:27497. doi:
10.1371/journal.pone.0027497

Biagi, L., Abbruzzese, A., Bianchi, M. C., Alsop, D. C., Del Guerra, A., and Tosetti,
M. (2007). Age dependence of cerebral perfusion assessed by magnetic reso-
nance continuous arterial spin labeling. J. Magn. Reson. Imaging 25, 696—702.
doi: 10.1002/jmri.20839

Boas, D. A., Dale, A. M., and Franceschini, M. A. (2004). Diffuse optical imag-
ing of brain activation: approaches to optimizing image sensitivity, resolu-
tion, and accuracy. Neuroimage 23, S275-5288. doi: 10.1016/j.neuroimage.2004.
07.011

Boashash, B. (1992). Estimating and interpreting the instantaneous frequency
of a signal-part 1: fundamentals. Proc. IEEE 80, 520-538. doi: 10.1109/5.
135376

Caicedo, A., De Smet, D., Naulaers, G., Ameye, L., Vanderhaegen, J., Lemmers, P.,
etal. (2011). Cerebral tissue oxygenation and regional oxygen saturation can be
used to study cerebral autoregulation in prematurely born infants. Pediatr. Res.
69, 548-553. doi: 10.1203/PDR.0b013e3182176d85

Chiron, C., Raynaud, C., Maziere, B., Zilbovicius, M., Laflamme, L., Masure, M. C.,
et al. (1992). Changes in regional cerebral blood flow during brain maturation
in children and adolescents. J. Nucl. Med. 33, 696-703.

Cipolla, M. J. (2009). The Cerebral Circulation. San Rafael, CA: Morgan & Claypool
Life Sciences.

Clarke, D. D., and Sokoloff, L. (1999). “Circulation and energy metabolism of the
brain,” in Basic Neurochemistry: Molecular, Cellular and Medical Aspects, eds B.
W. Agranoff, G. J. Siegel, R. W. Albers, S. K. Fisher, and M. Uhler (Philadelphia,
PA: Lippincott-Raven), 637-670.

Cope, M. (1991). The Application of Near Infrared Spectroscopy to non Invasive
Monitoring of Cerebral Oxygenation in the Newborn Infant. Ph.D., University
College London, London.

Elliott, C. D. (2007). Differential Ability Scales: Introductory and Technical
Handbook, 2nd Edn. San Antonio, TX: Psycholoogical Corporation/A Harcourt
Assessment Company.

Elwell, C., Henty, J. R,, Leung, T. S., Austin, T., Meek, J. H., Delpy, D. T.,et al.
(2005). Measurement of CMRO; in neonates undergoing intensive care using
near infrared spectroscopy. Adv. Exp. Med. Biol. 566, 263—268. doi: 10.1007/0-
387-26206-7_35

Gervain, J., Mehler, J., Werker, J. E, Nelson, C. A., Csibra, G., Lloyd-
Fox, S., et al. (2011). Near-infrared spectroscopy: a report from the
McDonnell infant methodology consortium. Dev. Cogn. Neurosci. 1, 22—46. doi:
10.1016/j.dcn.2010.07.004

Gratton, E., Toronov, V., Wolf, U., Wolf, M., and Webb, A. (2005). Measurement
of brain activity by near-infrared light. J. Biomed. Opt. 10, 11008. doi:
10.1117/1.1854673

Huppert, T. J., Diamond, S. G., Franceschini, M. A., and Boas, D. A. (2009).
HomER: a review of time-series analysis methods for near-infrared spec-
troscopy of the brain. Appl. Opt. 48, D280-D298. doi: 10.1364/A0.48.
00D280

Kilroy, E., Liu, C. Y., Yan, L., Kim, Y. C., Dapretto, M., Mendez, M. E, et al. (2011).
Relationships between cerebral blood flow and IQ in typically developing
children and adolescents. J. Cogn. Sci. (Seoul) 12, 151-170.

Liu, J., Simpson, D. M., and Allen, R. (2010). “Tracking the dynamics of the
cerebral autoregulation response to sudden changes of PaCO,,” in Paper
Presented at the World Congress on Medical Physics and Biomedical Engineering
(Munich).

Maggio, P, Salinet, A. S., Robinson, T. G., and Panerai, R. B. (2014). Influence of
CO3 on neurovascular coupling: interaction with dynamic cerebral autoreg-
ulation and cerebrovascular reactivity. Physiol. Rep. 2:¢00280. doi: 10.1002/
phy2.280

Miiller, M. W., and Osterreich, M. (2014). A comparison of dynamic cerebral
autoregulation across changes in cerebral blood flow velocity for 200s. Front.
Physiol. 5:327. doi: 10.3389/fphys.2014.00327

Nagamitsu, S., Nagano, M., Yamashita, Y., Takashima, S., and Matsuishi,
T. (2006). Prefrontal cerebral blood volume patterns while playing video
games—a near-infrared spectroscopy study. Brain Dev. 28, 315-321. doi:
10.1016/j.braindev.2005.11.008

Naseer, N., and Hong, K. S. (2013). Classification of functional near-infrared spec-
troscopy signals corresponding to the right- and left-wrist motor imagery for
development of a brain—computer interface. Neurosci. Lett. 553, 84-89. doi:
10.1016/j.neulet.2013.08.021

Obrig, H., Neufang, M., Wenzel, R., Kohl, M., Steinbrink, J., Einhdupl, K,
et al. (2000). Spontaneous low frequency oscillations of cerebral hemo-
dynamic and metabolism in human adults. Neuroimage 12, 623-639. doi:
10.1006/nimg.2000.0657

Panerai, R. B., Moody, M., Eames, P. J., and Potter, J. F. (2005). Dynamic cerebral
autoregulation during brain activation paradigms. Am. J. Physiol. Heart. Circ.
Physiol. 289, H1202-H1208. doi: 10.1152/ajpheart.00115.2005

Pierro, M. L., Hallacoglu, B., Sassaroli, A., Kainerstorfer, J. M., and Fantini, S.
(2014). Validation of a novel hemodynamic model for coherent hemodynam-
ics spectroscopy (CHS) and functional brain studies with fNIRS and fMRI.
Neuroimage 85, 222-233. doi: 10.1016/j.neuroimage.2013.03.037

Riley, J. D., Amyot, E, Pohida, T., Pursley, R., Ardeshirpour, Y., Kainerstorfer, J.
M., et al. (2012). A hematoma detector-a practical application of instrumental
motion as signal in near infra-red imaging. Biomed. Opt. Express 3, 192-205.
doi: 10.1364/BOE.3.000192

Sassaroli, A., Pierro, M., Bergethon, and Fantini, S. (2012).
Low-frequency  spontaneous cerebral hemodynamics
investigated with near-infrared spectroscopy: a review. IEEE ]. Select.
Top. Quantum Electron. 18, 1478-1492. doi: 10.1109/JSTQE.2012.21
83581

Schéning, M., and Hartig, B. (1996). Age dependence of total cerebral blood flow
volume from childhood to adulthood. J. Cereb. Blood Flow Metab. 16, 827—-833.
doi: 10.1097/00004647-199609000-00007

Simmonds, D. J., Pekar, J. J., and Mostofsky, S. H. (2008). Meta-analysis
of Go/No-go tasks demonstrating that fMRI activation associated with
response inhibition is task-dependent. Neuropsychologia 46, 224. doi:
10.1016/j.neuropsychologia.2007.07.015

Takahashi, T., Shirane, R., Sato, S., and Yoshimoto, T. (1999). Developmental
changes of cerebral blood flow and oxygen metabolism in children. AJNR Am.
J. Neuroradiol. 20, 917-922.

Tsuji, M., Saul, J. P, du Plessis, A., Eichenwald, E., Crocker, R., and Volpe,
J. J. (2000). Cerebral intravascular oxygenation correlates with mean arte-
rial pressure in critically ill premature infants. Pediatrics 106, 625-632. doi:
10.1542/peds.106.4.625

Van Beek, A. H., Claassen, J. A., Rikkert, M. G., and Jansen, R. W. (2008). Cerebral
autoregulation: an overview of current concepts and methodology with spe-
cial focus on the elderly. J. Cereb. Blood Flow Metab. 28, 1071-1085. doi:
10.1038/jcbfm.2008.13

Wechsler, D. (2012). Wechsler Preschool and Primary Scale of Intelligence, 4th Edn.
San Antonio, TX: Psychological Corporation.

Wong, E Y, Leung, T. S., Austin, T., Wilkinson, M., Meek, J. H., Wyatt, J. S.,
et al. (2008). Impaired autoregulation in preterm infants identified by using
spatially resolved spectroscopy. Pediatrics 121, e604—e611. doi: 10.1542/peds.20
07-1487

Yodh, A. G., and Boas, D. A. (2003). “Functional imaging with diffusing light,” in
Biomedical Photonics Handbook, Chapter 21, ed T. Vo-Dinh (Boca Raton, FL:
CRC Press), 1-45.

Zhang, R., Zuckerman, J. H., Giller, C. A., and Levine, B. D. (1998). Transfer func-
tion analysis of dynamic cerebral autoregulation in humans. Am. J. Physiol. 274,
H233-H241.

P. R,
oscillations  of

Frontiers in Neuroscience | Brain Imaging Methods

December 2014 | Volume 8 | Article 393 | 6


http://www.frontiersin.org/Brain_Imaging_Methods
http://www.frontiersin.org/Brain_Imaging_Methods
http://www.frontiersin.org/Brain_Imaging_Methods/archive

Anderson et al.

Prefrontal cortex hemodynamics in children

Conflict of Interest Statement: The authors declare that the research was con-
ducted in the absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Received: 18 May 2014; accepted: 17 November 2014; published online: 15 December
2014.

Citation: Anderson AA, Smith E, Chernomordik V, Ardeshirpour Y, Chowdhry F,
Thurm A, Black D, Matthews D, Rennert O and Gandjbakhche AH (2014) Prefrontal
cortex hemodynamics and age: a pilot study using functional near infrared spec-
troscopy in children. Front. Neurosci. 8:393. doi: 10.3389/fnins.2014.00393

This article was submitted to Brain Imaging Methods, a section of the journal Frontiers
in Neuroscience.

Copyright © 2014 Anderson, Smith, Chernomordik, Ardeshirpour, Chowdhry,
Thurm, Black, Matthews, Rennert and Gandjbakhche. This is an open-access arti-
cle distributed under the terms of the Creative Commons Attribution License
(CCBY). The use, distribution or reproduction in other forums is permitted, pro-
vided the original author(s) or licensor are credited and that the original publi-
cation in this journal is cited, in accordance with accepted academic practice. No
use, distribution or reproduction is permitted which does not comply with these
terms.

www.frontiersin.org

December 2014 | Volume 8 | Article 393 | 7


http://dx.doi.org/10.3389/fnins.2014.00393
http://dx.doi.org/10.3389/fnins.2014.00393
http://dx.doi.org/10.3389/fnins.2014.00393
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://www.frontiersin.org
http://www.frontiersin.org/Brain_Imaging_Methods/archive

	Prefrontal cortex hemodynamics and age: a pilot study using functional near infrared spectroscopy in children
	Introduction
	Materials and Methods
	Participants
	Task
	Data Acquisition and Analysis

	Results
	Behavioral Data
	OV Index and Age

	Discussion
	Acknowledgments
	References


