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Cerebral blood flow (CBF) is an important hemodynamic parameter to evaluate brain health. It can be obtained quantitatively
using medical imaging modalities such as magnetic resonance imaging and positron emission tomography (PET). Although
CBF in adults has been widely studied and linked with cerebrovascular and neurodegenerative diseases, CBF data in healthy
children are sparse due to the challenges in pediatric neuroimaging. An understanding of the factors affecting pediatric CBF
and its normal range is crucial to determine the optimal CBF measuring techniques in pediatric neuroradiology. This review
focuses on pediatric CBF studies using neuroimaging techniques in 32 articles including 2668 normal subjects ranging from
birth to 18 years old. A systematic literature search was conducted in PubMed, Embase, and Scopus and reported following
the preferred reporting items for systematic reviews and meta-analyses (PRISMA). We identified factors (such as age, gender,
mood, sedation, and fitness) that have significant effects on pediatric CBF quantification. We also investigated factors influenc-
ing the CBF measurements in infants. Based on this review, we recommend best practices to improve CBF measurements in

pediatric neuroimaging.
Level of Evidence: 1
Technical Efficacy: Stage 2

erebral blood flow (CBF) is essential for the delivery of
Coxygen, glucose, and nutrients to brain tissues.! It is also
an important hemodynamic parameter to identify many cerebro-
vascular and neurological disorders, such as stroke and
dementia.>™ Several medical imaging techniques have been
developed to quantfy CBF in absolute units (such as
mL/100 g/min) including the gold standard modality °O-water
positron emission tomography (PET), arterial spin labeling
(ASL) magnetic resonance imaging (MRI), dynamic susceptibil-
ity contrast (DSC) MRI, phase contrast (PC) MRI, and
'39Xenon SPECT. For example, Fig. 1 shows the CBF maps
acquired by these modalities from a healthy female subject
(19 years old) using a simultaneous PET/MRI system. In PET
and SPECT, a radiotracer is administered to the patient, and its
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dynamic is monitored using a time activity curve.”® In DSC
MR, a bolus of gadolinium-based contrast agent is administered
intravenously to allow the tracer to pass through the capillary
bed in the brain. MR images are acquired using T2*-weighted
sequences to derive such hemodynamic parameters as relative
CBF, cerebral blood volume (CBV), and transit time.” In ASL,
an endogenous tracer is created by magnetically labeling the
blood water and MR images in the brain are acquired to capture
the dynamics of the labeled blood water.® Voxel-wise CBF can
be quantified by fitting the acquired imaging data to kinetic
models.” In PC MRI, whole brain CBF can be measured by the
total flow volume in the internal carotid arteries (ICAs) and ver-
tebral arteries (VAs) scaled by the volume of the brain tissue.'”
While these techniques have been widely applied to measure
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FIGURE 1: CBF maps of a normal subject (female, 19 years old). (a) CBF measured by 150-water PET; (b) phase contrast map showing
right internal carotid artery (RICA), right vertebral artery (RVA), left vertebral artery (LVA), and left internal carotid artery (LICA). The
flow volume in these vessels is used to compute CBF; (c) CBF map measured using the flow volume values; (d) CBF map measured by
single-delay ASL; (e) CBF map measured by multi-delay ASL (five PLDs); (f) CBF measured by DSC MRI.

CBF in adults,""' there is a paucity of data on the assessment
of CBF in the pediatric population. Specifically, the normal
range of CBF in different ages and its relationship with normal
brain development remains to be elucidated. Although several
confounding factors, such as age, gender, and mood, have been
identified to affect CBF measurements in adults,'® their impact
on pediatric CBF measurements is unknown. CBF measure-
ment techniques and potential biases in imaging modalities
may also affect the accuracy of CBF measurements. Addition-
ally, the intrinsic characteristics of the pediatric population, such
as physical size, age, and brain development, may also affect the
choice of imaging technique to assess pediatric CBF. An under-
standing of how such factors affect pediatric CBF measurements
and its normal range is crucial to determine the optimal CBF

measuring techniques in pediatric neuroradiology.

Since several imaging techniques have been used to measure
pediatric CBF, it is not surprising that a wide range of CBF
values has been reported in healthy children. We define the fac-
tors (such as the type of imaging modality and scanning parame-
ters) associated with the experimental design and facilities as
technological factors. In addition, CBF results may also depend
on other factors, such as the age and gender of the participants
and whether the subject is being sedated during the scan. We
define these intrinsic characteristics of the subjects as physiological
factors. It is important to understand the impact of these factors
to enhance the experimental design and improve the accuracy of
pediatric CBF measurements in clinical applications. This work is
a systematic review focused on factors affecting pediatric CBF in
normal subjects, using the preferred reporting items for systematic
reviews and meta-analyses (PRISMA) framework.
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Methods

The systematic review process followed the PRISMA guide-
line developed by Moher et al.'* Our literature search
included subject headings and keywords for two key concepts:
1) CBF and brain perfusion; 2) pediatrics, children, adoles-
cence, and teenagers. The search was developed in PubMed
and then adapted for the additional information sources
for other databases. The complete keywords of the search
strategy for each literature database can be found in Supple-
mentary Materials. The relevant search query was performed
in PubMed (https://pubmed.ncbi.nlm.nih.gov/),

and  Scopus

Embase
(hteps://

www.scopus.com/search/) on December 15, 2021. No date

(https://www.embase.com/#search),

limits were placed on the search. Animal studies, conference
papers and abstracts, editorials, narrative reviews, and studies
that were not written in English were excluded from the sea-
rch results.

Four steps were performed to select the relevant studies
from the search results. Step 1: all duplicated search results
were identified and merged. Step 2: the title and abstract of
each study were screened using the Covidence software
(Covidence, Melbourne, Australia) with the inclusion and
exclusion criteria shown in Table 1 independently applied by
two authors (MYZ and RDA) of this work. The criteria were
reviewed and confirmed by a board-certified pediatric neuro-
radiologist (ET) of this paper. Studies that did not satisfy
these criteria were excluded. If the two screening authors

TABLE 1. Inclusion and Exclusion Criteria

Inclusion Criteria Exclusion Criteria

Peer-reviewed journal ~ Conference abstracts,

articles conference papers, editorials,
review papers, and case

reports

Human studies Animal and phantom studies,
human studies including

patients

including normal
subjects

Age of subjects older than
18 years

Age of subjects
younger than
18 years

Subjects excluding full-term
infants

Subjects including
full-term infants

Sample size larger
than 2

Quantitative CBF
values reported

Sample size less than 2

Quantitative CBF values not

reported
English language Non-English language

Full text available Full text unavailable
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cannot decide the relevance of a particular study based on the
title and abstract information only, such a study would be
retained for further screening in the next step. Step 3: the full
text of the selected studies in Step 2 was screened using the
same inclusion and exclusion criteria. All conflicts of opinion
were resolved to decide the relevance of each study. The
number of papers excluded was recorded for each exclusion
criterion as shown in Table 1. Step 4: the studies selected
from Step 3 formed the collection of studies for data extrac-
tion. Information extracted from the selected studies included
the year of publication, name of the journal, the aim of the
study, demographic information of the study subjects, sample
size, experimental conditions, imaging modality, data analysis
method, CBF measurement, and conclusions.

Results

Summary of Literature Search

As shown in Fig. 2, after conducting the literature search
using the inclusion and exclusion criteria, we found 3875
papers, 1759 of which were duplicates and removed, resulting
in 2116 studies for the initial title and abstract screening.
Subsequently, we excluded an additional 2020 studies
because they were irrelevant to the aim of this systematic
review. The remaining 96 papers were screened by reading
their full text, and 64 were excluded for reasons such as no
CBF values reported, unknown sample size, and no access to
the original paper in the study. From this, there were 32 arti-
cles retained, and these formed the basis for the rest of this
systematic review, as shown in Table 2.

These selected 32 articles investigated the CBF in a
total of 2668 subjects (age at the time of scan ranging
from 1 day to 18 years old). All studies applied MRI
(at 1.5 T, 3 T, and/or both) to measure CBF in absolute
units (mL/100 g/min) using ASL and/or PC MRI. Among
the 31 studies that employed ASL MRI, 25 of them used a
single post-label delay while 6 studies used multiple post-
label delays. There were seven studies that used PC MRI
and one study that used 'O-water PET. Among the
28 studies that indicated the number of males and
females, there were 1233 males and 1271 females. There
were 11 studies that investigated CBF in subjects younger
than 1 year.

CBF Measurements in Children Older Than 1 Year

Figure 3 shows the whole brain CBF measurements in chil-
dren older than 1 year from seven studies. The remaining
25 studies reported regional CBF only. Overall, the whole
brain CBF values in these seven studies were between 22 and
141 mL/100 g/min. The lowest CBF measurement reported
was 22 mL/100 g/min in a study that compared the effects of
sedation using propofol and a combination of propofol and
ketamine on pediatric CBE*  while the highest CBF

3
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3875 studies found for screening

|

2116 studies screened

|

96 full-text studies assessed for eligibility

\4

32 studies included

— 64 studies excluded

32 No absolute CBF values reported
21 Wrong population
(preterm infants and adults)
3 Conference abstracts
2 Duplicates
2 No access to original paper
2 Unknown sample size
1 Review paper
1 Wrong study outcomes

FIGURE 2: Literature search and screening results from three databases PubMed, Embase, and Scopus. After removing the
duplicated papers, the title, abstract, and full text of each study were assessed using the inclusion and exclusion criteria.

measurement (141 mL/100 g/min) was found in a study that
investigated the hemodynamics during developmental trajec-
tory in children aged between 7 and 18 years using PC MRL*
Two studies reported the whole brain CBF for subjects aged
between 7 and 17 years, with ranges between 40 and
87 mL/100 g/min*' and 30 and 103 mL/100 g/min.**

Figure 4 shows the gray matter (GM) CBF measure-
ments in children aged older than 1 year. The distribution of
GM CBF in these between 20 and
109 mL/100 g/min. In a study that investigated the effect of
puberty on perfusion during adolescence from 10 to 18 years,
the GM CBF in 922 subjects of the Philadelphia Neu-
rodevelopmental Cohort was reported to be between 33 and
109 mL/100 g/min using ASL.*® In another study that inves-

studies was

tigated 23 subjects in a similar age range (9-18 years,
N = 23), the GM CBF was between 20 and 60 mL/100 g/
min measured by multi-delay ASL.”°

Figure 5 shows the white matter (WM) CBF distribu-
tion in children aged 1 year or older. The range of WM CBF
values in five selected studies was between 15 and
50 mL/100/min. Among these results, Leung et al showed
that WM CBF measured by multi-delay ASL demonstrated
the largest range: 15-50 mL/100/min in 23 subjects aged
between 9 and 18 years.’® In another study that reported the
pediatric WM CBF in a broader age group but a similar sam-
ple size (N=123), WM CBF was between 21 and
27 mL/100 g/min measured by single-delay ASL.'® Due to
the intrinsic low SNR of ASL signal in WM, care should be
taken when interpreting WM CBF data obtained by ASL.

Among the various factors affecting CBF, age was the
appeared  in

most  frequently  investigated  and

11 studies. these studies

found that CBF increased with age from birth to around 7-

4,15,16,18-20,27,30,40,41,43 In general
o

10 years and then it declined steadily until 18 years old.
However, another study reported that CBF measured by ASL
was not significantly related to age among subjects between
1 month and 10 years."” In terms of the ASL CBF difference
between males and females, Taki et al showed that GM CBF
in females aged between 5 and 18 years was significantly
higher than in males after partial volume correction.”” In a
study that investigated the effect of puberty on CBF using
the Philadelphia Neurodevelopmental Cohort, it was found
that after reaching its peak at around 10 years old, CBF in
males declined until adolescence while in females it declined
until mid-adolescence but increased thereafter.”® Regional
CBF decreases in the medial frontal gyrus and insula were
linked with the consumption of cannabis among teenagers
aged 16-18 years.”® Hunger or starvation for at least 6 hours
was found to decrease CBF in the bilateral posterior insula
among both male and female adolescents aged between
13 and 15 years; CBF in these regions increased significantly
after food consumption.*?

In terms of CBF measurements across multiple modali-
ties, Jog et al found that whole brain CBF was between
37 and 141 mL/100 g/min and between 46 and
98 mL/100 g/min measured by PC and single-delay ASL
respectively among 91 subjects in the Philadelphia Neu-
rodevelopmental Cohort.” Although Makki et al reported
whole brain CBF between 23 and 82 mL/100 g/min mea-
sured using MRI at 1.5 T and 3 T, there was no direct com-
parison of CBF measured at different field strengths on the

same cohort.*®

85UB017 SUOWILLIOD dAIRR1D) 3]G jdde au A pausenoh a1e sojplie O ‘8sn Jo Sa|ni 1oy Afeid18U1|UO /8|1 UO (SUORIPUOD-PUR-SWBHWI0D" A8 | 1M Afeid 1 fou|UO//SARY) SUOIIPUOD PUe SWd | 8U3 39S *[£202/50/2T] Uo Ariqiauliuo A8|im ‘AiseAIUN plojuels Ag 85,82 11L(/200T 0T/10p/Loo"A3| 1M Aiq 1 jpuljuo//Sdiy Loy papeojumod ‘0 ‘985¢22ST



Zhao et al.: A Systematic Review on Pediatric CBF

TABLE 2. Pediatric CBF Studied Included in This Review

Study
15T

3T

Authors

Wang et al’®

Lo 16
Biagi et al ®

Wang et al'’

Hales et al'®

Carsin-Vu et al*?

aZun et al*°

*Miranda et al*'
Taki et al*
Taki et al*
Kilroy et al**
Jain et al®
Jacobus et al*®
*Duncan et al*’

. 28
Satterthwaite et al

Kandel et al*’

Jog et al*

Leung et al®®

Chaddock-Heyman
et al®!

Forkert et al*?

*Tortora et al*>®

“Bouyssi-Kobar et al**
*Ouyang et al”
Pontifex et al*®

“Liu et al’’

*bAndersen et al*®

*Wang et al®

*Wong et al®

Paniukov et al*!

Study Cohort

N = 7; age: 1 month to 10 years; 6
males

N = 23; age: 4-18 years; 10 males

N = 19; age: 7-13 months; no sex
information

N = 16; age: 8-18 years; 7 males

N = 84; age: 6 months to 15 years; 40
males

N = 22; age: 40-44 weeks; 13 males

N = 6; age: 2 days; no sex information
N = 202; age: 5.7-18.4 years; 95 males
N = 202; age: 5.7-18.4 years; 95 males
N = 39; age: 7-17 years; 14 males

N = 22; age: 717 years; 15 males

N = 46; age: 16-18 years; 36 males

N = 61; age: 110136 days; 37 males
N = 922; age: 1018 years; 404 males

N = 88; age: 7—18 years; no sex
information

N = 91; age: 718 years; 44 males
N = 23; age: 9-18 years; 7 males
N = 73; age: 7-9 years; 32 males

N = 100; age: 4 months to 18 years;
39 males

N = 11; age: 4041 weeks; 5 males
N = 104; age: 4042 weeks; 58 males
N = 30; age: 40-43 weeks; 10 males
N = 41; age: 9-11 years; 23 males

N = 25; age: 34—114 weeks; 22 males
N = 4; age: 1-3 days; 4 males

N = 605 age: 1-15 days; 34 males

N = 49; age: 0-3 years; no sex
information

N = 96; age: 1.97-6.9 years; 50 males

Imaging Modality

ASL

ASL
ASL

ASL
ASL

ASL

ASL
ASL
ASL
ASL
ASL and PC
ASL
ASL
ASL
ASL

ASL and PC
ASL
ASL

ASL

ASL

ASL

ASL and PC
ASL

PC

ASL and "’O-water
PET

ASL
ASL

ASL

ASL
Technique

Multi delay

Single delay
Single delay

Multi delay
Multi delay

Single delay

Single delay
Multi delay
Multi delay
Single delay
Single delay
Single delay
Single delay
Single delay
Single delay

Single delay
Multi delay
Single delay

Single delay

Single delay
Single delay
Single delay
Single delay

Single delay

Single delay
Single delay

Single delay
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TABLE 2. Continued
ASL

Study Authors Study Cohort Imaging Modality Technique
Charroud et al* N = 15; age: 13-15 years; 8 males ASL Single delay
Zou et al*? N = 97; age: 13—14 years; 58 males ASL and PC Single delay
Qi et al** N = 9; age 38-42 weeks: 7 males ASL and PC Single delay

1.5 T and
3T
Makki et al*® N = 81; age: 3 months to 10 years; 35  ASL and PC Single delay
males
*Indicates studies including infants.
®Indicates studies using both MRI and PET.

Range of Whole Brain CBF in Subjects Older than 1 Year

Wang et al. 2003 (1 month to 10 years, N=7) q ° °
Makki et al. 2019 (3 months to 10 years, N=81)1 e °
Carsin-Vu et al. 2018 (6 months to 15 years, N = 84) { ° °
Paniukov et al. 2020 (2 to 7 years, N = 96) 1 ° °
Kilroy et al. 2011 (7 to 17 years, N = 39) 1 ° °

Jain et al. 2012 (7 to 17 years, N = 22) 1 ° °

Jog et al. 2016 (7 to 18 years, N =91) 1 ° °
20 40 60 80 100 120 140

CBF (mL/100g/min)

FIGURE 3: Distribution of mean whole brain CBF in subjects older than 1 year. Overall, the whole brain CBF in these studies is
between 24 and 141 mL/100 g/min.

Range of GM CBF in Subjects Older than 1 Year
Wang et al. 2003 (1 month to 10 years, N=7) ° °

Carsin-Vu et al. 2018 (6 months to 15 years, N = 84) ° °
Biagi et al. 2007 (4 to 18 years, N=23) ° °
Jain et al. 2012 (7 to 17 years, N=22) 1 oo
Pontifex et al. 2018 (9 to 11 years, N=41) 1 ° °

Leung et al. 2016 (9 to 18 years, N=23)1 e °

Satterthwaite et al. 2014 (10 to 18 years, N=922) 1 ° °
20 40 60 80 100 120 140
CBF (mL/100g/min)
FIGURE 4: Distribution of mean GM CBF in subjects older than 1 year. Overall, the whole brain CBF in these studies is between
20 and 108 mL/100 g/min.
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Range of WM CBF in Subjects Older than 1 Year

Wang et al. 2003 (1 month to 10 years, N=7) -

Carsin-Vu et al. 2018 (6 months to 15 years, N =84) 1

Biagi et al. 2007 (4 to 18 years, N =23) 1

Jain et al. 2012 (7to 17 years, N=22) 1

Leung et al. 2016 (9 to 18 years, N=23)1 e

® [ )
® L ]
® [ )
[ ] L ]
L ]
15 20 25 30 35 40 45 50

CBF (mL/100g/min)

FIGURE 5: Distribution of mean WM CBF in subjects older than 1 year. Overall, the WM CBF in these studies is between 15 and

50 mL/100 g/min.

CBF Measurements in Children Younger Than

1 Year

Among the selected papers, seven studies investigated CBF in
normal subjects younger than 1 year, as shown in Fig. 6.
Among the three studies that reported whole brain CBF less
than 5 days after birth, the range was between 4 and
23 mL/100 g/min. The whole brain CBF in four infants youn-
ger than 3 days was between 15 and 22 mL/100 g/min mea-
sured by the gold standard '>O-water PET modality.*® For the
studies that reported age in gestational weeks, CBF of the
whole brain appeared to be much higher—ranging from 17 to
90 mL/100 g/min in subjects aged between 34 and 114 gesta-
tional weeks.”** Several studies included both full and early-
term infants and demonstrated that CBF in pre-term infants
was significantly lower than those born in full-term.>*%”%4
Regarding the factors affecting CBF in infants, only one study
found that CBF (ranging between 17 and 90 mL/100 g/min)
measured by PC MRI increased with age among infants

between 34 and 114 gestational weeks at the time of scan.””

Discussion

In this work, we reviewed multiple studies that investi-
gated CBF in healthy children using PET and MRI. This
systematic review compared factors affecting CBF mea-
surements such as age, gender, mood, and sedation. We
identified 32 articles from 3 databases with a total of 2668
normal subjects. Among the factors affecting CBF mea-
surements, the physiological factors associated with the
experimental subject included age, gender, and use of rec-
reational drugs; the technological factors associated with
the design and implementation of the CBF measurements
included: type of imaging modality and sedation. The pri-
mary findings of this paper were: 1) CBF increases with
age after birth until pre-adolescent years and then
declines; 2) CBF in males declines more rapidly after
puberty than in females; 3) consuming cannabis increases
regional CBF among teenagers of both genders; 4) CBF in
pre-term infants is lower than the value in children born
in full term.

Range of Whole Brain CBF in Subjects Younger than 1 Year

Andersen et al. 2019 (1 to 3 days, N =4)

Miranda et al. 2006 (2 days, N=6) °

Liu et al. 2018 (34 to 114 gestational weeks, N = 25) 1
Wong et al. 2019 (35 to 41 gestational weeks, N = 49) 1
Tortora, et al. 2017 (5 days, N=11)1 e °

Zun et al. 2021 (40 to 44 gestational weeks, N = 22)1 [

Duncan et al. 2014 (110to 136 days, N =61)

0

[ ]
® [ ]
[ ] o
® L J
20 40 60 80

CBF (mL/100g/min)

FIGURE 6: Distribution of mean GM CBF in subjects younger than 1 year. Overall, the whole brain CBF in these studies is between

4 and 90 mL/100 g/min.
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Impact of Age on Pediatric CBF

Among all the studies reviewed, age was the most frequently
considered physiological factor to demonstrate variation in
CBF. Several studies revealed that pediatric CBF increases
after birth and peaks at pre-adolescent age using ASL and PC
MRI*37441 11 3 Jongitudinal study, Paniukov et al investi-
gated the change in CBF measured at least 6 months apart in
96 children (50 males and 46 females) aged 27 years using
single-delay ASL.*" Results indicated a statistically significant
positive linear relationship between CBF and age in such
regions as the prefrontal, temporal, parietal, and occipital cor-
tex. Although the study focused on CBF measurements only,
the increase in CBF occurs in parallel with changes in brain
tissue volume and function found in other studies.**” Since
substantial expansion in cortical surface and network connec-
tivity occurs during early childhood, increases in CBF may
reflect the growing demand for nutrients and enable the
expected structural and functional changes. As the brain
becomes mature during teenage years, CBF is shown to
decrease steadily and then plateau in early adulthood.'®*
Such changes in CBF also mirror the change in the cerebral
metabolic rate of oxygen (CMRO,), a metric reflecting neu-
ronal functions and working memory.® These data suggest
that the decline in cerebral oxidative metabolism and CBF in
older children may be in response to changing working mem-
ory tasks. Another possible explanation is synaptic pruning
occurring during adolescence and early adulthood where extra
synapses are eliminated as a way of maintaining efficient brain
function in normal developments of brain circuits, which
alters CBF indirectly.*® In addition to CBF in children older
than 1 year, CBF in healthy infants born full-term was also
included in this review. Since some of these studies included
CBF values in pre-term infants, we have found that whole
brain CBF in full-term infants was generally higher than
those born pre-term measured by ASL and PC
MRI 3%37:3944 Taken together, the CBF alterations between
birth and early adulthood may reflect energy consumption
during different stages of brain development, both structurally
and cognitively.

Several studies attempted to model the relationship
between CBF and age by fitting a function to the CBF-age
pair data and evaluating the prediction error of such func-
tion. The cubic polynomial function was found to be the
best fit model in two studies that investigated the whole
brain CBF in children older than 6 months based on the
Akaike information criterion (AIC).'”*° In essence, AIC
favors models with a lower number of parameters and dis-
courages overfitting. Since the sample size of these two
studies (V= 84 and 49) was relatively large, AIC was an
acceptable metric to assess goodness of fit. However, a
major limitation of this technique was that neither of these
studies investigated the fitting errors of the selected func-
tions when new data are presented. Thus, future studies
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should include a test dataset to examine the performance of
the derived model for understanding the relationship
between CBF and age.

Impact of Gender on Pediatric CBF
Although many studies have shown that CBF in adult females

o_
49751 the same trend was less

is generally higher than in males,
frequently observed in the pediatric population except for one
study that compared the effect of partial volume correction
on CBF in males and females.” Specifically, female subjects
aged between 5 and 18 years showed significantly higher
CBF (by 13%) measured by ASL than males in the bilateral
medial regions of the parietal lobes while no regions in males
were seen that show higher CBF than in females. However, it
should be noted that results in this study were derived using
the model-free method for QUASAR ASL (a type of multi-
delay ASL), which has been shown to underestimate CBF
due to the deconvolution method applied.’> Another possible
explanation is the differences in hematocrit between male and
female participants, which could affect the T1 relaxation of
the arterial blood during CBF quantification.”® Other studies
did not find significant differences in CBF between genders
measured by ASL and/or PC MRI.'®'??> Puberty is a unique
factor for wvariations in pediatric CBF, during which,
according to one study, males and females demonstrate diver-
gent trajectories in CBF with age.28 In particular, CBF in
such regions as the insula, thalamus, and precuneus declines
steadily in both genders in early puberty but the trend devi-
ated in mid-puberty, with CBF in females increasing slightly
while it continued to decline in males until late adolescence.*®
This observation might explain the CBF differences in adult
males and females. Given the limited and mixed accounts of
CBF variations due to gender, it is inconclusive if gender is a
determinant factor for pediatric CBF. Based on the data in
the selected studies, a rule of thumb would be to consider
gender differences only for investigating CBF in subjects dur-
ing years of puberty.

Impact of Mood on Pediatric CBF

In this review, we identified three factors affecting the mood
of individuals during CBF measurements including the use of
cannabis, hunger, and satiety (food consumption). In the
study performed by Jacobus et al, chronic marijuana con-
sumption decreased CBF in the medial frontal gyrus and
insula among 23 healthy teenagers of both genders aged
between 16 and 18 years who had consumed marijuana for
an average of 398.6 days prior to the study.”® This observa-
tion contradicted previous beliefs that cannabis was consid-
ered a vasodilator due to its effect to reduce heart rate and
blood pressure in animal studies.”*>> Since the evidence in
human subject studies is sparse, it remains unclear regarding
the acute and long-term cerebrovascular effects of cannabis.
In terms of the effect of hunger and satiety on CBF measured
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by ASL, it was found that CBF in the insula reduced signifi-
cantly by 4% after 6 hours of hunger but increased signifi-
cantly in both insula and precuneus after satiety (meal
consumption).”” Since these regions are associated with
satisfaction,’® it is believed that satiety and/or the anticipation
of an upcoming meal has a direct impact on CBF. Based on
these studies, participants should avoid cannabis, long periods
of fasting, or consuming a large meal before neuroimaging
studies.

Impact of Sedation on Pediatric CBF

Among the two studies reviewed regarding sedation, different
types of sedation and anesthesia were applied to pediatric sub-
jects up to 12 years old. Makki et al compared the effect on
CBF measured by PC and ASL MRI using propofol only and
a combination of propofol and ketamine.” No significant
CBF differences were found between subjects (between 4 and
12 years old) sedated by propofol only and those by both
propofol and ketamine. Similarly, subjects sedated by prop-
ofol or halogen also showed no significant differences in CBF
compared to those awake during the scan.'® Based on these
data, sedation type seems to have no impact on the whole
brain CBF in the healthy pediatric population, but it should
be noted that no studies were done that compared sedation
to no sedation.

A previous study found that patients sedated by a com-
bination of propofol and ketamine experienced significantly
shorter recovery times and higher blood pressure,”” but no
significant differences in respiratory rate were found. Since
CBF is affected by the change in end-tidal CO,, monitoring
respiratory rate and end-tidal CO, during pediatric neuroim-
aging scans may provide further evidence about the impact of
sedation on pediatric CBF. Nevertheless, the selected studies
in this review demonstrated that pediatric CBF is not signifi-
cantly affected by using ketamine at induction, providing
additional insights that the combining propofol and ketamine
should be used to sedate pediatric patients to reduce motion
artifacts during neuroimaging scans.

Impact of Brain Tissue Volume on Pediatric CBF

In a study that evaluated the impact of GM tissue volume
change on CBF during normal brain development, the
authors found that CBF increased with rapid GM volume
growth among 100 healthy children aged between 4 months
and 18 years.”> These data implied that continuous growth
ASL CBF measured by ASL during childhood and teenage
years revealed a protracted period of structural and functional
development in brain maturation. Additionally, the cerebral
volume peaked at 14.5 years for males and 11.5 years for
females while changes in subcortical gray matter volume

showed regional heterogeneity between the two genders.
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Impact of Exercise on Pediatric CBF

The effect of aerobic exercise on CBF was examined in two
studies by Chaddock-Hayman et al and Pontifex et al,®"*°
but they drew different conclusions as to the impact of exer-
cise on pediatric CBF. While one group found that aerobic
fitness was linked with a higher hippocampal CBF in children
between 7 and 9 years,”" the other found no significant CBF
change between active exercise (running on a treadmill) and
active control (normal pace of walking on a treadmill) among
healthy children aged between 9 and 11 years.>® Since the
effect of aerobic exercise on CBF remains unclear, it is rec-
ommended that a resting period should be included before
CBF imaging studies to minimize the impact of different fit-
ness levels among individuals.

Impact of Imaging Modality on Pediatric CBF

Only one of the selected studies reported whole brain CBF
measured by 2D PC and single-delay ASL MRI* as part of
the analysis as to the impact of age on CBF and CMRO, *
The results obtained by these two modalities were fitted using
linear regression to derive the following relationship
CBFpc =1.14 X CBFs51, — 0.19, implying that CBF mea-
sured by PC was consistently higher than the values obtained
by ASL in children aged between 7 and 18. Similar observa-
tions were reported in healthy adults where CBF of PC was
consistently higher than that measured by pseudo-continuous
ASL.>® Tt should be noted that the CBF results may be
affected by limitations of the imaging modalities. For exam-
ple, The CBF quantification using PC depends on precise
segmentation of the arteries and the measurement of the total
brain tissue volume. The segmentation can be challenging
due to non-laminar flow and an oblique angle of the scanning
plane. CBF measured by ASL may be limited by variations in
labeling efficiency due to different labeling techniques and
abnormal hematocrit levels such as in patients with sickle cell
disease.” Regarding comparisons between different ASL tech-
niques (such as PASL, CASL, and PCASL), since none of the
selected studies measured CBF in the same cohort using mul-
tiple ASL techniques, we were unable to compare the differ-
ent CBF
Nevertheless, in a study that compared the reproducibility of

values measured by different techniques.
CBF in a cohort of healthy young adults (19-29 years) mea-
sured by different ASL techniques, it was found that CASL-
based methods (continuous and pseudo-continuous ASL)
were more reproducible than PASL based method due to
higher SNR (within-subject coefficients of variation = 3.5%

vs. 7.5%).%°

Advantages and Disadvantages of the Imaging
Modalities Reviewed

The reported CBF values in this review were obtained using
three major types of imaging techniques: ASL MRI, PC
MRI, and ">O-water PET; each modality has its advantages
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and disadvantages. Whilst most studies applied ASL MRI due
to its ability to map regional brain CBF non-invasively, CBF
measurements have been shown to be affected by transit time
artifacts.®! A systematic study comparing the impact of differ-
ent post-labeling delays is desired to identify the optimal
pediatric ASL method. Although PC MRI allows whole brain
CBF measurements, it relies on the careful selection of
encoding velocities and precise segmentation of the ICAs and
VAs for CBF quantification in different age groups. An open
question is how these factors influence the reproducibility of
CBF measurements using PC MRI. In this context, it is
worth including PC MRI as part of neuroimaging protocols.
Despite O-water PET being considered the gold standard
CBF modality, its application on the pediatric population is
limited due to radiation (1.9 mSv in the study by Andersen
et al)"* and complexity in quantification. As the sensitivity of
PET detector improves, however, a possible solution is com-
bining PC MRI and low-dose '°O-water PET for CBF quan-
tification using simultaneous PET/MRI systems.

Limitations

Regarding the rigor of this review, since no clinical trials were
included, the quality of the selected papers was not evaluated
using critical appraisal tools to assess the reproducibility,
importance, and applicability of clinical evidence. CBF mea-
surements in infants have been challenging due to motion,
posture, and other unexpected factors such as the need for
feeding during scanning. The data captured in our review are
limited because the conditions of infants during and after
scans were not well documented. It is valuable to include
questionnaires to develop optimal and comfortable imaging
conditions for CBF in infants. Among all the studies
reviewed, no attempts were made to evaluate the pediatric
CBF measurements across multiple locations and the effect of
data harmonization. Due to the paucity of multi-center stud-
ies, the versatility and consistency of the imaging protocols
across different imaging centers have not been confirmed. To
date, it is still unclear which neuroimaging modality and tech-
nique is best for measuring CBF in pediatrics. Although a
larger number of studies have employed this approach, no
direct comparison was made between different post-labeling
delay times. Furthermore, there were several studies that
adopted multi-delay ASL to measure pediatric CBF in this
review. Although multi-delay ASL was less widely applied,
there was no evidence in our selected studies that indicated
whether single-delay or multi-delay should be the favorable
technique. Therefore, it is inconclusive for us to recommend
that we should limit ASL imaging studies and favor a single-
delay approach. Additionally, blood T1 may affect the precise
quantification of CBF using ASL. However, no studies
involving normal pediatric subjects were found in this review.
A rapid blood test measuring hematocrit levels may be per-
formed before imaging sessions to investigate the impact of
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blood T1 on CBF. Other open questions include the sensitiv-
ity of CBF measurements to different vendors and protocols
and whether the different neuroimaging methods applied to
the same cohort are more or less favorable than each other for
pediatric CBF measurements. These questions may be
addressed in future studies using similar experimental designs
Connectome

as those in Human

Studies.®> %

Project

Lifespan

Conclusions

Based on the physiological factors reviewed, pediatric CBF at
resting state in normal physiological conditions should be
measured without the influence of hunger, mood, and canna-
bis and considerations should be taken regarding age and gen-
der. To minimize the impact due to technological factors,
CBF should be obtained using similar scanning parameters
on the same modality. Gestational age at birth should be con-
sidered in neonate CBF measurements. Future pediatric CBF
studies should recognize these factors to minimize their
impact. More systematic investigations are desired to evaluate
rigorously other potential confounds such as sedation and
cerebral macurity.
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