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Purpose: To determine the trajectory of age-dependent cerebral blood flow (CBF) change in infants and young
children by fitting mathematical models to the imaging data.

Methods: In this retrospective study, we reviewed the arterial spin-labeling imaging studies of 49 typically de-
veloping infants and young children at postmenstrual age (PMA) ranging from 38 to 194 weeks. All patients had
normal structural MR imaging. Coregistration and gray matter segmentation were performed to extract whole-
brain CBF values. Regional CBF values were obtained using manual region-of-interest placement. Curve esti-
mation regression procedures with the corrected Akaike information criterion (AICc) were performed to de-
termine the mathematical model best fitting the relationship between the CBF (whole-brain and regional
measurements) and PMA of the patients.

Results: Whole-brain CBF trajectory was best fitted by a cubic model (AICc = 215.95; R? = 0.566; P < .001).
Whole-brain CBF at 1, 6, 12, and 24 months was estimated to be 36, 52, 58, and 55 mL/100 g/min, respectively.
Regional CBF trajectory was also best fitted by a cubic model in the frontal (AICc = 233.63; R? = 0.442;
P < .001), parietal (AICc = 229.18; R? = 0.614; P < .001), basal ganglion (AICc = 239.39; R? = 0.178;
P = .043), temporal (AICc = 236.01; R®> = 0.441; P < .001), and occipital (AICc = 236.46; R> = 0.475;
P < .001) regions.

Conclusions: In early childhood, the trajectory of CBF change was nonlinear and best fitted by the cubic model
for the whole brain and all brain regions.

1. Introduction

Brain development is significant in infancy [1] and early childhood.
The development involves structural changes including cortical gyra-
tion and white matter myelination [1,2], as well as physiological
changes that can be assessed by measuring glucose metabolism and
cerebral blood flow (CBF) [3,4]. These developmental processes may
follow certain patterns or trajectories of change. Non-linear trajectories
have been reported in studies evaluating age-related changes of cortical

gray matter volume [5] and thickness [6,7] in children. Because gray
matter (GM) growth is accompanied by increasing CBF during child-
hood [8], trajectories of CBF change can also be non-linear and vari-
able. Age-dependent increase in cortical CBF and cerebral glucose uti-
lization in early childhood have been reported, however these studies
have employed radioactive nuclear medicine methods such as positron
emission tomography or single-photon emission computed tomography
[3,9].

Arterial spin-labeling (ASL) perfusion imaging, a noninvasive
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magnetic resonance (MR) method not requiring the use of a contrast
agent or ionizing radiation, has been reported to allow direct mea-
surements of CBF. Using ASL perfusion imaging, age-dependent
changes in CBF were investigated in neonates by De Vis et al. [10,11].
Determination of the normal trajectory of CBF change during brain
maturation is a prerequisite to the accurate interpretation of CBF
measurements in children. Non-linear trajectories of the relationship
between age and GM CBF have recently been reported in children aged
6 months to 18 years [12,13]. However, to our knowledge, no studies
have systemically evaluated the trajectory of CBF change during brain
maturation in infants and young children. In the present study, we
measured the CBF in a group of typically developing infants and young
children and determined the trajectory of age-dependent CBF change in
these patients by systematically fitting mathematical models to the CBF
data.

2. Materials and methods
2.1. Patients

Institutional review board approval was obtained for this study. The
guardians of all patients provided informed consent before MR ex-
amination. Perfusion MR studies performed between 2012 and 2016 of
59 typically developing pediatric patients with normal conventional
MR imaging were retrospectively reviewed. The inclusion criteria for
this study were (a) age < 3years and (b) available ASL imaging. The
typically developing patients had normal structural MR imaging find-
ings and no developmental abnormalities, neuro-psychiatric disorders,
or motor deficits. Indications for clinical MR imaging were varied, as
expected from a retrospective analysis, and included transient cyanosis,
fever, gait disturbance, hypermelanosis, lethargy, nystagmus, ocular
disease, poor feeding, prematurity, scalp hematomas, suspected in-
tracranial vascular lesions, and suspected seizures. Eight patients were
excluded because they were subsequently discovered to have a history
of cardiopulmonary arrest or were diagnosed with cerebral vascular
malformation, encephalitis, meningitis, status epilepticus, or traumatic
head injury. Two patients were excluded because their ASL images were
degraded by motion artifacts. These criteria were selected in order to
exclude patients with known or suspected acute neurologic illness or
injury that could affect CBF velocity measurements. Overall, 49 patients
[gestational ages at birth (GA): 38 + 3.19 weeks, and postmenstrual
age (PMA): 38 to 194 weeks] were analyzed.

2.2. MR imaging acquisitions

All patients were scanned on a clinical 3T MR imaging scanner
(Discovery MR750, GE Healthcare, Milwaukee, WI, USA) with an eight-
channel transmit head coil. All MR examinations were performed fol-
lowing oral chloral hydrate administration and, if required, intravenous
midazolam. No study was performed under general anesthesia.
Conventional images including T1-weighted images (T1WIs), T2-
weighted images (T2WIs), fluid-attenuated inversion recovery images,
and diffusion-weighted images were obtained.

ASL imaging was performed using a pseudocontinuous ASL (PCASL)
sequence with a three-dimensional (3D) background-suppressed fast-
spin-echo stack-of-spiral readout module with eight in-plane spiral in-
terleaves (TR/TE = 4463 ms/10.2ms, labeling duration = 1500 ms,
postlabeling delay = 1525 ms for children and 2025 ms for neonates,
in-plane matrix = 128 x 128, number of excitations = 3, field of
view = 240 mm X 240 mm, slice thickness = 5mm) and an echo train
length of 23 to obtain 23 consecutive axial slices. The labeling plane
was 10 mm thick and was placed 20 mm inferior to the lower edge of
the cerebellum. The PCASL scan also included the acquisition of a re-
ference image after saturation recovery with a saturation time of 2s.
The total scan time was 4 min 19s.
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2.3. Data analysis

ASL perfusion data were analyzed with Matlab 7.8 (The MathWorks,
Inc., Natick, MA, USA). The CBF was calculated using a simplified
model [14] with the following assumptions: T1 of blood = 1.6, par-
tition coefficient = 0.9, and overall efficiency = 0.6 [product of la-
beling efficiency (0.80) and background suppression (0.75)]. ASL per-
fusion images were visualized and analyzed by an experienced pediatric
neuroradiologist with 7 years of experience in ASL imaging, using
Mango (Research Imaging Institute, University of Texas Health Science
Center, San Antonio, TX, USA). The perfusion images were reviewed to
ensure both a normal brain perfusion pattern and a perfusion sym-
metry. In infancy, the brain perfusion pattern was considered normal if
the CBF decreased in the expected order: that is highest in the basal
ganglia and thalami, then the cerebral cortex, and lowest in the cerebral
white matter [11,15]. The perfusion pattern was interpreted as ab-
normal if a region demonstrating a visibly different color from that of
the majority of the brain was present on the color-coded CBF maps. The
perfusion was interpreted as symmetrical if no color mismatch was
observed between the two cerebral hemispheres.

2.4. Gray matter CBF calculation

2.4.1. Whole-brain CBF calculation

Using SPM8 (http://www.fil.ion.ucl.ac.uk/spm), we coregistered
the T1-weighted image set of each subject to the UNC Infant 0-1-2
Atlases templates [16], and segmented the images into gray matter
(GM) probability maps. By using Mango, pixels with GM prob-
ability > 0.8 of the GM maps were used to create GM masks. These GM
masks were then coregistered to the control images of the ASL data set
using SPM8 to create GM-ASL masks, which were transformed to GM-
ASL region-of-interest (ROI) sets using Mango. Cerebral GM-ASL ROI
sets were created by manually excluding the ROI covering the brain-
stem and the cerebellum from the GM-ASL ROI sets. For each of the ASL
perfusion calculations, the cerebral GM-ASL ROIs, placed on the cor-
responding ASL-CBF images (Fig. 1A and B), were used to extract GM-
CBF values. These GM-CBF values were averaged to obtain a whole-
brain GM-CBF value for each patient.

2.4.2. Regional CBF calculation

Using Mango, two operators separately drew regional ROIs of the
basal ganglia, frontal, parietal, temporal, and occipital regions on the
corresponding ASL-CBF images (Fig. 1C-E) to calculate the regional
CBF values for each subject. The ROIs were carefully drawn to minimize
the partial-volume effects of the CBF measurements. After a consensus
was reached on the anatomical localization of the ROIs by the two
operators, the CBF values were obtained from these ROIs. The CBF
values from the left and right hemispheres were combined to obtain an
average CBF value for each region.

2.5. Statistical analysis

Curve estimation regression procedures were performed to de-
termine the best-fitting mathematical model to describe the relation-
ship between the CBF (whole brain and regional measurements) and the
PMA of the patients. Common regression models (linear, logarithmic,
quadratic, cubic, power, and exponential) were fitted to the data by
using SPSS (version 22.0; IBM, Armonk, NY, USA), and the first order
kinetic model [17] was fitted to the data by using Sigma Plot (version
13; Systat Software Inc., San Jose, CA, USA) to determine the coefficient
of determination (R?) and statistical significance of each model. A P
value of < 0.05 was considered statistically significant.

We compared the models by using the corrected Akaike information
criterion (AICc) to select the best-fit model [18-20]. The AICc calcu-
lations of the common models were performed with XLSTAT add-on
software (XLSTAT version 2017, Addinsoft, USA) in Microsoft Excel
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Fig. 1. Representative images of a baby girl born at
40 weeks postmenstrual age (PMA) and scanned at
99 weeks PMA. Whole-brain cerebral blood flow
(CBF) was measured, after coregistration and seg-
mentation of brain images to create gray matter re-
gions-of-interest (ROI) on ASL perfusion images (A,
B), with representative images shown at levels of the
centrum semiovale and the basal ganglia. Regional
CBF was measured with ROIs placed in the frontal
and parietal regions (C), the basal ganglia (D), and
the temporal and occipital regions (E).

2013 (Microsoft, WA, USA) and the AICc calculation of the first order
kinetic model was performed on Sigma Plot (version 13). The model
with the smallest AICc value was selected as the best regression with
PMA of that measurement. The Akaike information criterion (AIC) is a
method of model selection that compares non-nested models while
penalizing for model complexity [20]. The AIC has been modified as
AICc to correct for bias in small-sample application [18]. AICc is de-
fined as AIC+2K X (K+1)/(N-K—1), and AIC as N X In
(RSS) + 2K, where K is the number of parameters in the model, N is the
number of data points, and RSS is the residual sum of squares.

3. Results
3.1. Whole-brain analysis

The graph of correlation between whole-brain CBF and PMA re-
vealed that the CBF increased with increasing PMA before 90 weeks,
plateaued from 90 to 160 weeks, and increased with increasing PMA
thereafter (Fig. 2). The best-fitting model was the cubic model
(AICc = 215.95; R? = 0.566; P < .001), followed by the logarithmic
(AICc = 222.06; R>=0.448; P < .001) and the power
(AICc = 223.37; R% = 0.440; P < .001) models. (Table 1 and Supple-
mentary Tables 1 and 2). According to the cubic model, whole-brain
CBF at 1, 6, 12, and 24 months was estimated to be 36, 52, 58, and
55mL/100 g/min, respectively (Fig. 2 and Table 2).

3.2. Regional CBF analysis

The graphs of the correlation between CBF and PMA in the frontal,
parietal, basal ganglia, temporal, and occipital regions all showed that
the CBF increased with increasing PMA before 90 weeks, plateaued
from 90 to 160 weeks, and increased with increasing PMA thereafter
(Fig. 3). The cubic model was the best-fitting model for the frontal
(AICc = 233.63; R?=0.442; P < .001), parietal (AICc = 229.18;
R* = 0.614; P < .001), basal ganglion (AICc = 239.39; R* = 0.178;
P =.043), temporal (AICc = 236.01; R®>= 0.441; P < .001), and
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occipital (AICc = 236.46; R% = 0.475; P < .001) regions. The CBF at
1, 6, 12, and 24 months, estimated according to the best-fitting model
for each brain region, is presented in Table 2.

4. Discussion

Our results showed that the cubic model was the best-fitting model
(AICc = 215.95; R%? = 0.566; P < .001) for the regression between
whole-brain CBF and PMA. In this model, whole-brain CBF increased
with increasing PMA before 90 weeks, plateaued from 90 to 160 weeks,
and increased with increasing PMA thereafter (Fig. 2). The trend of the
correlation between age and CBF was positive for all mathematical
models. For regional CBF measurements, the best-fitting models for
various regions are listed in Table 1, with the cubic model for all cer-
ebral cortical regions (R% = 0.441-0.614, P < .001). For the basal
ganglia, the best-fitting model was the cubic model, but with an ex-
ceptionally low R? (0.178; P = .043). The cubic model was character-
ized by an initial rapid increase, followed by a slow increase or plateau,
and finally a rebound. The rapid increase in CBF within the first year of
age (PMA = 90 weeks) agreed with the results of a longitudinal study of
CBF measurements over the first 30 months [21], in which a con-
siderable increase in CBF was noted during the first 6 months and fol-
lowed by a slow increase in CBF until approximately 24 months. This
considerable increase in perfusion during infancy may reflect physio-
logical and structural changes of the brain during maturation, including
glucose consumption, myelination, and gray matter volume change
[21]. Cerebral glucose consumption can increase with age during ma-
turation in infancy and early childhood [4,22]. Increased neural sy-
naptic density and intracortical myelination have been observed during
maturation [23]. Nonlinear trajectories of gray matter volume change
were initially reported by Giedd et al. [5] and further reported by Shaw
et al. to show cubic and quadratic trajectories in high-order association
cortical areas [7]. Studies have demonstrated positive correlations be-
tween CBF and factors, namely brain glucose consumption [24] and
synaptic density or myelination [22] in children, therefore contributing
toward increased perfusion. The different phases of the cubic curve in
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Fig. 2. Graph of whole-brain cerebral blood flow as a function of postmenstrual age in weeks. The line represents the correlation adopting the best-fitting math-

ematical model.

infancy and early childhood could be explained by different rates of
these maturational processes. Studies have reported an increasing trend
of CBF with age in infants [9,10]. By using pulsed ASL imaging, two
studies have reported CBF in children aged through 6 months to
18 years and assessed the trajectory of age-related CBF change through
mathematical modeling [12,13]. However, with a focus on the period of
infancy and early childhood, the trajectory of CBF change during ma-
turation has not been investigated through ASL perfusion imaging.
Therefore, we performed modeling of CBF changes with PMA to de-
termine the best-fitting model for CBF change during infancy and early
childhood. Formulas were generated to enable prediction of CBF based
on PMA. Moreover, the widely recommended ASL perfusion sequence,
the PCASL sequence with 3D readout and background suppression [14],
was employed to measure the CBF of our subjects.

The trends of perfusion changes with respect to age have been re-
ported in different brain regions in neonates and infants. In the neonatal
period, relative CBF can exhibit a 5%-30% increase in the frontal re-
gions and a 25%-50% increase in the occipital regions, but a 3%-40%
decrease in the basal ganglia and thalami [4,10]. Using Xenon-

Table 1

Table 2

Cerebral blood flow (mL/100g/min) of brain regions at postnatal ages in
months (postmenstrual age in weeks) of 1 (43), 6 (65), 12 (91), and 24 (144)
estimated according to the best-fitting model.

Age WB Frontal Parietal BG Temporal Occipital
1m 36 41 35 49 40 43
6m 52 58 59 62 57 62
12m 58 65 67 63 67 69
24m 55 61 59 52 60 63

WB denotes whole-brain and BG basal ganglia.

enhanced computed tomography (CT) to measure perfusion changes
within the first 6 months of infancy, Chiron et al. reported a 10% and
8% increase of relative CBF in the frontal and occipital regions, re-
spectively, but a 12% decrease in the thalamus. Our results revealed an
11% and 16% increase of CBF in the frontal and occipital regions, re-
spectively, in the neonatal period, and a 27% and 44% increase in the
frontal and occipital regions, respectively, in 2-6 months of PMA (Fig. 3

Mathematical model fitting of regression between the cerebral blood flow (mL/100 g/min) and postmenstrual age (weeks) in the whole brain and other brain regions.

Region Top 3 well-fitted models (best-fitted) Best-fitting model
AlCc R? P Regression

Whole brain Cubic, Log, power 215.954 0.566 <.001 Y = —45.64 + 2.85X-.025X> + 7.04 % 10~ °X>
Frontal Cubic, Log, first order kinetic 233.634 0.442 <.001 Y = —36.93 + 2.71X-.023X2 + 6.32 %10~ °Xx®
Parietal Cubic, Log, first order kinetic 229.176 0.614 <.001 Y = —80.92 + 3.94X-.034X? + 9.17 + 10 °X>
Basal ganglion Cubic, first order kinetic, Log 239.393 0.178 .043 Y = —21.49 + 2.55X-.024X* + 6.73 % 10~ °X>
Temporal Cubic, first order kinetic, power 236.009 0.441 <.001 Y = —44.57 + 2.87X-.024X2 + 6.37 % 10~ °X°
Occipital Cubic, first order kinetic, Log 236.462 0.475 <.001 Y = —50.26 + 3.21X-.028X? + 7.57 % 10~ °X°®

In each region, the models are listed with R, P value and estimated equations with X denoting postmenstrual age and Y denoting the CBF. Log denotes logarithmic

and AICc corrected Akaike information criterion.
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and Table 2). However, unlike previous reports, our results did not
reveal a decrease of CBF in the basal ganglia; rather, a 9% increase of
CBF was observed in the basal ganglia in the neonatal period and a 27%
increase during 2-6 months of PMA (Fig. 3). These discrepancies may
be attributed to the underlying differences between our and previous
studies. First, we reported the absolute CBF instead of normalizing the
regional CBF measurements to those of other regions. Normalization of
the CBF in the brain regions to the whole-brain CBF not only reduced
the individual variations, but also largely reduced, if not eliminated, the
effect of age-related maturational change on the CBF (Supplementary
Fig. 1 and Supplementary Table 3). Absolute CBF quantification by
using ASL imaging may thus capture important information of CBF
measurement, such as age-related variations. Furthermore, the vascu-
larized basal ganglia may be subject to variable contribution of the
vascular signal during perfusion measurement [11], reducing the re-
liability of CBF measurement using ASL imaging. Unlike the neonatal
study reported by De Vis et al. [11], our study investigated a population
comprising neonates, infants, and young children, the trajectory results
were based on mathematical fitting of the data obtained from all pa-
tients and not only from the neonates. Moreover, only common models
were selected to fit the CBF measurements in our study, a more com-
plicated model that better fit the measurements may exist that was not
selected for our analysis. These features may also explain the low
coefficient (R?) of the cubic model fitting the regional CBF measure-
ments in the basal ganglia.

Knowledge of reference CBF values and age-related changes is es-
sential to interpreting perfusion imaging results. However, only a few
studies have reported CBF values of the whole brain in the neonatal
period and during early infancy. In the neonatal period, whole-brain
CBF has been reported to range from 21 to 29 mL/100 g/min by using
ASL perfusion imaging [11,25] and approximately 50 mL/100 g/min by
using Xenon-enhanced CT [9]. Our study revealed a whole-brain CBF
value of 36 mL/100 g/min, estimated from the cubic curve as the best-
fitting model for the data (Fig. 2 and Supplementary Table 1), and our
results were in line with those obtained by ASL perfusion studies. The
lower CBF values measured with ASL imaging, when compared with
those measured with Xenon-enhanced CT, may be explained by the
intrinsically low signal-to-noise ratio of the neonatal brain on ASL
imaging [11]. Notably, while both previous ASL studies have not
mentioned how the whole-brain CBF values were calculated, we mea-
sured the whole-brain CBF with ROIs created through coregistration of
images to neonatal templates [16] and segmentation of gray matter.

Quantification of CBF by using ASL imaging requires mathematical
modeling, practically adopting assumed adult parameters, may affect
the accuracy of CBF quantification in neonates. Perfusion inaccuracies
in neonates may arise from adopting age-related parameters including
the T1 of blood (T1b) and the blood-brain partition coefficient of water
(M) [26], because neonates have a longer T1b [26,27] and higher A
[26,28] than adults have. However, simulation studies in neonates
using adult values of T1b have resulted in CBF overestimation by ap-
proximately 10% [26,29], with adult values of A causing a 5% CBF
underestimation of CBF [26,28], leading to a combined 5% CBF over-
estimation if adopting both sets of adult parameters. Incorporating
developmental changes in other physiological parameters, such as the
T2 of blood, T1 and T2 of brain tissue, and equilibrium blood magne-
tization, has a negligible effect on CBF quantification [30,31].

Studies have addressed the effect of midazolam sedation on CBF. In
a study including 10 very-low-birthweight infants on ventilator, mean
CBF measured by transcranial Doppler ultrasound decreased from
baseline by 12% at 5 min before returning to predose values, suggesting
a transient effect of sedation on CBF [32]. A recent study of 100 healthy
children aged 4 months to 18 years reported no significant CBF differ-
ences in any brain regions between sedated (n =7, mean
age = 7.6 years) and non-sedated (n = 4, mean age = 7.9 years) chil-
dren [8]. We therefore believed that sedation should not substantially
alter CBF, and even if sedation mildly reduced CBF in the present study,
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the effect should have been transient enough to not significantly affect
our results.

The clinical implications of the present study should be emphasized.
We reported the CBF data of typically developing patients including
neonates, infants, and young children obtained through ASL perfusion
imaging. Our results can serve as a reference for interpreting CBF data
given that only a few studies have focused on the perfusion of children
within these age groups [9,11,25]. More importantly, we investigated
the relationship between CBF and age in these children by assessing the
goodness of fit of the mathematical models to the perfusion data. By
combining the information theory and the maximum likelihood theory,
the AIC is an estimator for model selection that balances the goodness
of fit and the complexity of the tested model [20]. In our study, the
corrected AIC, a modified version of the AIC more accurate in model
selection for finite sample sizes [18,19], was used to select the best-
fitting model for the age-related CBF change. Although age-related
changes of CBF in neonates and infants have been studied previously,
most studies have assumed a linear relationship of the CBF change. The
current study is a preliminary step toward further investigation of
maturation changes, which requires confirmation in a larger series and
among children in other age ranges.

The limitations of this study include inclusion of typically devel-
oping patients, rather than healthy volunteers, because typically de-
veloping patients were more readily available. However, these typically
developing patients were imaged under clinical settings similar to those
of most patients in daily clinical practice; this thus produced a more
clinically generalizable experience. An additional limitation was that
our GM CBF measurements may have been affected by partial-volume
effects, although the effects would be less obvious on the regional CBF
measurements (using manual ROI placement) than on the whole-brain
CBF measurement. Finally, our study was a cross-sectional retrospective
study. Although difficult to perform, a cohort study would be more
appropriate to investigate the longitudinal age-related CBF change in
each subject in order to reduce inter-subject variation.

5. Conclusion

By using mathematical model fitting, we determined the trajectory
of the age-related CBF change in a group of typically developing infants
and toddlers. The cubic model was the best-fitting trajectory of the age-
related CBF change for the whole brain and for all brain regions.
Generated formulas from our results can be employed to estimate the
CBF using the PMA of typically developing children within the afore-
mentioned age range.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.mri.2019.03.016.
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