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Background: Whether the effect of post-labeling delay (PLD) on cerebral blood flow (CBF) is influenced
by age and sex in adults is unknown. In this study, we mainly aimed to explore the potential influence of age
and sex on the effect of PLD on CBE.

Methods: This prospective study enrolled 90 healthy adult volunteers (49.47+15.63 years of age; age range,
20-77 years; 47 female; 43 male). All participants underwent 3-dimensional (3D) pseudo-continuous arterial
spin labeling (ASL) imaging with 3 different PLDs (1,525, 2,025, and 2,525 ms). The CBF values for each
PLD, the arterial transit time (ATT), and the spatial coefficient of variation (spatial CoV) were computed for
21 regions of interest (ROIs) in every participant. Multivariate regression analysis was conducted to assess
the potential influence of age and sex on the effect of PLD on CBF and the relationships among CBE, ATT,
PLD, age, sex, and spatial CoV.

Results: The CBF increased for 7.32 to 9.87 mL/100 g/min as the PLD increased per 1 second in the
global gray matter, bilateral frontal, temporal lobes, the vascular territories of bilateral anterior and middle
carotid artery. When the age increased per 1 year, the speed of the changes for CBF decreased for 0.26 to
0.3 mL/100 g/min/s in these regions. However, the CBF decreased for 12 to 17 mL/100 g/min as the PLD
increased per 1 second in the bilateral limbic lobes, insula, and deep gray matter. In these regions, the speed of
the changes for CBF increased for 0.2 to 0.28 mL/100 g/min/s as the age increased per 1 year. Furthermore,
compared to the female, the speed of the changes for CBF decreased for 3.58 to 4.6 mL/100 g/min/s
for the male in global gray matter, bilateral frontal, limbic lobes, and the vascular territories of bilateral
anterior carotid artery, and the speed increased 4.49 to 5.09 mL/100 g/min/s for the male in the limbic lobes.
In addition, the CBF decreased with aging and the CBF tended to be higher in females compared to males.
At the same time, we found that the AT'T of all ROIs increased with age and manifested higher in males than
females. Moreover, we found that CBF decreased with the increase of AT'T, and the effect of AT'T on CBF
was less influenced by PLD. Finally, we found that the spatial CoV of ASL in certain regions increased with
the increase of AT'T and age, and was greater in males.

Conclusions: The effect of PLD on CBF can be influenced by age and sex. The relationships among CBE,
ATT, PLD, age, sex, and spatial CoV found in this study may have certain significance for the study of ASL
imaging in the future.

Keywords: Arterial spin-labeling; cerebral blood flow (CBF); post-labeling delay (PLD); arterial transit time
(ATT); interaction effect
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Introduction

Cerebral blood flow (CBF) refers to the rate at which
arterial blood is delivered to the capillary bed in brain
tissue (1). It serves as an important physiological indicator
of cerebral metabolism and functional activity (2) and
can be utilized as a biomarker for neurodegenerative
diseases (3) and neurological dysfunction (4-6). Arterial
spin labeling (ASL) is a noninvasive magnetic resonance
(MR) perfusion imaging technique that employs water in
the blood as an endogenous tracer for quantifying CBF
(7-9). The ASL MR imaging (MRI) has a wide range of
clinical availability and demand (10-12). The post-labeling
delay (PLD) and the inversion time are critical parameters
in ASL, representing the time between labeling and
acquisition, and directly impacting the accuracy of CBF
quantification (7,13-16).

The use of a single PLD is common (9) as it allows
for a short scanning time and robust and reliable CBF
measurements. Therefore, a single-PLD approach is
recommended as the clinical standard scanning protocol
in the guideline published in 2015 (9). Although 2 seconds
is the suggested PLD for the clinical adult population
in this guideline, previous studies have employed
various PLD protocols (9,17-19), and the commonly
used PLDs in recent studies have ranged from 1.5 to
2.5 seconds (11,18-23). In addition, a guidance published in
2023 states that many studies and clinical experiences have
shown that the 2015 consensus PLD of 1,800-2,000 ms
may not be sufficient for all the labeled blood to arrive in
the brain parenchyma (10). Given the importance of PLD
for quantifying CBF using ASL and the lack of uniformity
in PLDs in current research, several studies have aimed to
optimize the PLD for ASL imaging (7,9,24). Nonetheless,
there has been a paucity of research on optimizing PLD
based on age. van der Thiel ez a/. noted the challenge of
modifying the optimal PLD across the lifespan (7). A
possible reason for this challenge is the difficulty in recruiting
participants spanning all age groups. Therefore, it is crucial
to investigate whether there is an age range in which CBF
values are more sensitive to changes in PLD. Identifying
these specific age groups would enable researchers to focus
their attention on these critical periods. Another challenge in
choosing the optimal PLD may be that arterial transit time
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(ATT) changes depending on the region of the brain (25,26),
whereas in ASL imaging, the most ideal PLD is matched
with ATT. Therefore, the ideal PLD is a compromise, as we
are trying to image the brain at a time when enough labeled
spins have traveled to the tissue, and signal-to-noise ratio is
still high enough. Although there have been many studies to
measure AT'T (26-31), few studies have explored the effects
of age and sex on ATT using larger normal population
samples. In addition, due to the mismatch between ATT and
PLD, ATT artifacts usually appear in ASL imaging. The
spatial coefficient of variation (spatial CoV) in ASL. may be
used to evaluate and quantify ATT artifacts, because the
ASL signal is spatially homogeneous when there is no AT'T
artifact, whereas the ASL signal is different between vascular
and tissue regions when ASL tracer has not arrived in the
tissue yet (32).

Previous studies have demonstrated the impact of PLD
on CBF measurements (7,13). However, to date, there is a
dearth of research investigating whether the influence of
PLD on CBF is influenced by age and sex. Therefore, we
aimed to include a comprehensive sample of adults with a
relatively wide age range to examine the effect of PLD on
CBEF in the whole brain and specific brain regions, and to
explore the potential interactions between PLD and age,
as well as between PLD and sex. In addition, we calculated
the ATT of each brain region and explored the effects
of age and sex on AT'T and the effect of AT'T on CBF.
Furthermore, we investigated the effect of AT'T, PLD, and
age on the spatial CoV. We hope this study will provide
valuable insights for optimizing ASL imaging technique.
We present this article in accordance with the STROBE
reporting checklist (available at https://qims.amegroups.
com/article/view/10.21037/qims-23-1622/rc).

Methods
Participants

This prospective study was conducted in accordance
with the Declaration of Helsinki (as revised in 2013) and
approved by the Institutional Review Board of West China
Hospital of Sichuan University (No. 2021[818]), and
all participants provided written informed consent. We
conducted the Mini-Mental State Examination (MMSE)
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Table 1 Demographic data of our examined study sample

Hu et al. Age and sex influence the effect of PLD on CBF

Group Age range (years) N (%) Gender (F/M) Age (mean + SD) (years)
Youth group 20-45 31 (34.44) 16/15 31.10+8.19
20-25 11 (12.22) 6/5
26-30 7 (7.78) 3/4
31-35 3(3.33) 2/1
36-40 3(3.33) 1/2
41-45 7 (7.78) 4/3
Middle-aged group 46-60 33 (36.67) 17/16 53.09+4.29
46-50 12 (13.33) 5/7
51-55 10 (11.11) 6/4
56-60 11 (12.22) 6/5
Elderly group 61-77 26 (28.89) 14/12 66.77+4.73
61-65 14 (15.56) 7/7
66-70 6 (6.67) 3/3
71-77 6 (6.67) 4/2
Total 20-77 90 (100) 47/43 49.47+15.63
Data are the numbers of volunteers. F, female; M, male; SD, standard deviation.
and Mattis Dementia Rating Scale (MDRS) and selected MRI acquisition

individuals with scores above 24 on the MMSE and above
130 on the MDRS. A total of 103 individuals with normal
cognition, who had no history of brain tumor, trauma, brain
injury, cerebrovascular disorder, carotid stents or dentures,
neurologic or cardiac disease, hypertension, diabetes,
renal disease, alcoholism, or metal implants in the body,
were selected for this study. One participant was excluded
because of claustrophobia.

After the magnetic resonance imaging (MRI)
examination, 2 experienced neuro-radiologists inspected
the conventional MRI, MR angiography (MRA), and the
raw pseudo-continuous arterial spin labeling (pCASL)
images to identify any intracranial lesions (3 participants)
or vascular lesions (9 participants) or obvious motion or
ATT artifacts. Subsequently, a total of 90 right-handed
healthy adults (49.47+15.63 years of age; age range,
20-77 years; female: 47; male: 43) were enrolled in the
study. Additionally, these participants were divided into
3 age groups: the youth group, the middle-aged group,
and the elderly group. The age distributions of the
participants are listed in 7able 1. All participants refrained
from alcohol, caffeine, nicotine, and vigorous exercise for
24 hours prior to the MRI.
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Imaging was conducted using a 3.0-T MR scanner (Signa
HDxt; GE Healthcare, Chicago, IL, USA) equipped with an
8-channel head coil. Conventional MR sequences, including
axial T2-weighted, axial fluid-attenuated inversion recovery,
and axial 3-dimensional (3D) T1-weighted sequences were
acquired to identify participants with intracranial lesions.
Phase-contrast MRA was performed to exclude cases
with any cerebrovascular lesions. Perfusion images were
obtained using pCASL imaging with 3 PLDs. The imaging
protocol involved a 3D background-suppressed fast-spin-
echo acquisition with the following parameters: 3 PLDs of
1,525 ms, 2,025 ms, and 2,525 ms; repetition time of
4,521 ms (PLD 1,525 ms), 4,912 ms (PLD 2,025 ms), and
5,216 ms (PLD 2,525 ms); echo time of 9.8 ms; number
of excitations of 3; field of view (FOV) of 24x24 cm’;
reconstructed matrix of 64x64; section thickness of 4 mm;
number of sections of 30; sampling points on 8 spirals,
512; labeling duration of 1,525 ms; and acquisition times of
4 minutes and 22 seconds (PLD 1,525 ms), 4 minutes and
52 seconds (PLD 2,025 ms), and 5 minutes and 8 seconds
(PLD 2,525 ms). A proton density-weighted image (MO)

was acquired on participants using the same acquisition
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parameters as the pCASL and the pre-saturation pulse but
without the labeling.

MRI analysis

All imaging data analyses were conducted using MATLAB
R2014a (MathWorks, Natick, MA, USA), statistical
parametric mapping (SPM8) software (http://www.fil.ion.ucl.
ac.uk/spm/software/spm8/), ADW4.5 (GE workstation), and
WEFU Pickatlas (http://fmri.wfubmec.edu/software/PickAtlas).

The raw pCASL images were checked for gross head
motion: translations greater than 3 mm and rotations
greater than 3° as defined by Wang ez al. (33). Then, the raw
ASL data was realigned to the MO volume which presents
equilibrium magnetization using SPM8. The raw images
were then smoothed with an isotropic Gaussian kernel
(6 mm full width at half maximum). The T1-weighted
images were skull stripped using FSL (FMRIB Software
Library, Oxford, United Kingdom) and segmented using
the unified segmentation method (34).

We calculated the ATT using a weighted-delay (WD)
method (27) as follows:

> oAV (5.

WD(5)=+—— (1]

2 AM (8,w;)

i=1
where w;, (i=1,...,n) is the PLD of each scan and AM (3, w,)
is the ASL signal of each bolus with a transit time delay § at
the PLD w,. Previous studies have shown that the WD was
found to be a simple monotonic function of assumed delay.
The transit delay, ATT, could be calculated numerically
inverted from WD (27).

CBF maps were generated from raw ASL images using
ADWH4.5 (GE workstation). The quantitative CBF map was
acquired after the pair-wise subtraction of labeled and non-
labeled images. The CBF quantification (in mL/100 g/min)
was calculated with the equation (32,35):

A(1-exp(-2.0s/1.25))eexp(PLD /Ty, ) AS

CBF =
20T 504 (1 —€&xXp (*TL ! Tvtona )) Sy

2]

where A is the tissue blood partition coefficient of water
(0.9 mL/g), PLD is the post-label delay, T',.q is the arterial
blood water relaxation time at 3T (1.664 s), o is the labeling
efficiency (0.85), TL is the labeling duration, AS is the ASL
difference signal, and S, is the proton-density signal intensity.
The term (1-exp(-2.0 s/1.2 s)) in the numerator reflects the
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presence of a saturation pulse that is applied in the proton-
density images and allows conversion between measured MR
signal (S0) and the unperturbed longitudinal gray matter
magnetization (36,37). The 2 s in this term indicates the
saturation, the 1.2 s in this term is the T1 of grey matter.

The CBF maps were registered to their respective
skull-stripped T1-weighted images using a rigid body
transformation and spatially normalized to the Montreal
Neurological Institute template. Finally, the CBF maps
were smoothed with an isotropic Gaussian kernel (6 mm
full width at half maximum). The masks of global gray
matter, bilateral frontal, parietal, temporal, occipital, limbic
lobes, insula, and deep gray matter were generated using
WFU Pickatlas. In addition, we generated the masks for
the vascular territories of the bilateral anterior, middle, and
posterior carotid artery (38-41). Finally, the CBF of the
above 21 regions of interest (ROIs) were extracted from the
preprocessed CBF maps using the corresponding masks.

The spatial CoV for the global gray matter, bilateral
frontal lobes, bilateral parietal lobes, bilateral temporal
lobes, bilateral occipital lobes, bilateral limbic lobes,
bilateral deep gray matter, and the vascular territories of the
anterior, middle, and posterior carotid artery were obtained
using the method described in previous study (32). The
spatial CoV was defined as the standard deviation of CBF
divided by the mean CBE, within an ROI:

CBF,
Spatial CoV,y, = (CBFar) 1000 3]
H ( CBFpo )
Statistical analysis

The statistical analysis was conducted using Stata
(version 15.0; StataCorp, College Station, TX, USA). We
performed multivariate linear regression to investigate the
potential influence of age and sex on the effect of PLD on
CBE. The dependent variable was CBF; the independent
variables included PLD, the interaction term between
PLD and age (PLD multiplied by age), and the interaction
term between PLD and sex (PLD multiplied by sex). Sex
and age were included as control variables. In addition, we
evaluated the ATT changes due to age and sex, the effect
of AT'T on CBE, and the association of AT'T, PLD and age
with the spatial CoV.

The statistical analysis equations were expressed as
follows:

CBF =B,PLD +,age +f;sex + p,PLD *age (4]

+B,PLD *sex + constant

Quant Imaging Med Surg 2024;14(7):4388-4402 | https://dx.doi.org/10.21037/qims-23-1622


http://www.fil.ion.ucl.ac.uk/spm/software/spm8/
http://www.fil.ion.ucl.ac.uk/spm/software/spm8/
http://fmri.wfubmc.edu/software/PickAtlas)

4392

Hu et al. Age and sex influence the effect of PLD on CBF

The pCASL scans with three PLDs for 90 healthy adults

!

!

The ATT for 21 ROIs were
calculated in every subject

The CBF for 21 ROIs were extracted for each
PLD in every subject

The spatial CoV for 21 ROIs
were obtained in every subject

v

All subjects assessed:

(1) The effect of PLD, age, sex on CBF
v (2) The influence of age and sex on
the effect of PLD on CBF

The statistical analysis equation:

CBF= ,PLD+ p,age + fssex + f,PLD*age +

All subjects assessed:
(1) The effect of age, sex on ATT

The statistical analysis equation: B,PLD sex + constant

(3) The slopes of CBF with age and
sex under each PLD

ATT= page + ,sex+ constant

The statistical analysis equation:

CBF= p,age+constant; CBF= f§;sex+constant

All subjects assessed:

(1) The effect of ATT on CBF

The statistical analysis equation:

CBF = B,ATT + BATT'PLD + B,PLD+ f,age + fssex + constant

!

Grouped based on age

! \ !

(20< age =45 years)

Youth Middle-aged Elderly
(46< age <60 years) (60 years< age)

' ' '

The ANOVA analysis was performed to compare the
CBF differences among the three PLDs in all subjects,
young group, middle-aged group, and elderly group
respectively

'

All subjects assessed:

(1) The effect of ATT, PLD, age, sex on spatial CoV of ASL
The statistical analysis equation: Spatial Cov = ,ATT + ,PLD + fsage + f,sex + constant

Figure 1 Study process. pCASL, pseudo-continuous arterial spin labeling imaging; PLD, post-labeling delay; AT'T] arterial transit time;
RO, region of interest; CBE, cerebral blood flow; spatial CoV, spatial coefficient of variation; ANOVA, analysis of variance.

ATT =,age + 3,sex + constant [5]

CBF =B,ATT +B,ATT *PLD +B,PLD

+B,age + B;sex + constant [6]

Spatial CoV =B,ATT +f,PLD +f,age

+p,sex + constant

[7]

In the regression analysis, B(n) represents the regression
coefficients. Sex was coded as 0 for female and 1 for male. A
P value less than 0.05 was considered statistically significant.

In addition, to compare the changes of CBF with age
and sex under different PLD, we used regression analysis
to calculate the slopes of CBF with age and sex under each
PLD. Furthermore, we compared the mean CBF across the
3 PLDs to determine the approximate trend of CBF for each
region. Differences among the CBF values of the 3 PLDs
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were assessed using one-way analysis of variance (ANOVA)
with Scheffe post hoc analysis. The ANOVA was conducted
for all participants regardless of age group, as well as for the
young group (20-45 years), middle-aged group (46-60 years),
and elderly group (>60 years), respectively.

We used the Bonferroni adjustment method to correct
the multiple comparisons (42). The Bonferroni adjustment
requires the alpha level for each individual comparison
be equal to 5% divided by the total number of the
comparisons (43). Therefore, to get a more conservative
result, in this study, a P value less than 0.01 was considered
statistically significant in the multivariate linear regression
and ANOVA, and a P value less than 0.005 was considered
to indicate a statistically significant difference in the
Scheffe post hoc analysis. The detailed analysis process is
illustrated in Figure 1.
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Table 2 The results of regression analysis about the effect of PLD on CBF

ROIs PLD Age

Sex PLD*age PLD*sex

Global GM 0.00732 (0.005) -0.69182 (<0.001)

Frontal lobe_L 0.00893 (0.003) -0.83804 (<0.001)

Frontal lobe_R 0.00971 (0.001) -0.8439 (<0.001)

Parietal lobe_L 0.00514 (0.074) -0.67939 (<0.001)

Parietal lobe_R 0.00614 (0.046) -0.66904 (<0.001)

Temporal lobe_L 0.00987 (0.002) —-0.80725 (<0.001)

Temporal lobe_R 0.00877 (0.006) —-0.78684 <0.001)

Occipital lobe_L 0.00406 (0.208) -0.54782 (<0.001)
Occipital lobe_R 0.00244 (0.453) -0.52795 (<0.001)
Limbic lobe_L -0.01344 <0.001)  -0.65760 (<0.001)
Limbic lobe_R -0.01208 (<0.001)  -0.56707 (<0.001)
Insula_L -0.0173 (<0.001)  —0.84812 (<0.001)
Insula_R -0.01862 (<0.001)  —0.94827 (<0.001)
Deep GM_L -0.01679 (<0.001)  —0.60387 (<0.001)
Deep GM_R -0.01727 (<0.001)  -0.64652 (<0.001)
ACA_L 0.00948 (0.001) -0.77552 (<0.001)
ACA_R 0.00973 (0.001) -0.81679 (<0.001)
MCA_L 0.00884 (0.003) -0.77442 (<0.001)
MCA_R 0.00875 (0.002) -0.7511 (<0.001)
PCA_L 0.0076 (0.016) -0.580 (<0.001)

PCA_R 0.00584 (0.042) -0.5336 (<0.001)

~15.67818 (<0.001)
~14.82482 (<0.001)

~5.90463 (0.06820)

~10.24805 (0.001) -0.00026 (<0.001) -0.00389 (0.002)

-9.49887 (0.008) -0.0003 (<0.001) -0.00358 (0.002)

-11.32288 (0.003) -0.0003 (<0.001) -0.0046 (0.002)

~10.97641 (0.006) -0.00023 (<0.001) -0.00467 (0.013)

-12.38452 (0.002) ~0.00025 (<0.001) -0.00533 (0.004)

-8.28237 (0.008) ~0.00029 (<0.001) ~0.00278 (0.109)

-10.07556 (0.005) -0.00028 (<0.001) -0.00392 (0.019)

~0.00022 (<0.001) -0.00547 (0.004)

~0.0002 (0.001) -0.00531 (0.002)

-12.16350 (0.003) -0.00023 (<0.001) -0.00449 (0.001)

-13.14530 (0.001) -0.0002 (<0.001) —0.00509 (0.004)

-3.39832 (0.465) ~0.00026 (<0.001) -0.00117 (0.58)
-4.29838 (0.364) -0.00028 (<0.001) -0.00177 (0.409)
-5.59111 (0.07908)  —0.00025 (<0.001)  -0.00228 (0.13837)

~0.00026 (<0.001)  0.00249 (0.11159)

~10.1879 (0.004) ~0.00027 (<0.001) -0.00389 (0.003)
-11.332 (0.002) -0.00028 (<0.001) ~0.0046 (0.009)
-8.9891 (0.004) ~0.00028 (<0.001) 0.00326 (0.059)

-11.301 (0.001) -0.00027 (<0.001) —0.0044 (0.018)

-14.606 (<0.001) -0.00023 (<0.001) -0.00513(0.006)

-14.106 (<0.001) -0.0002 (<0.001) ~0.0051 (0.003)

The regression coefficients listed in the form are non-standardized regression coefficients (the statistical analysis equation was as follows:
CBF = B,PLD + B,age + Bssex + B,PLD*age + BsPLD*sex + constant). The P values of the regression coefficients are listed in parentheses
in this table. P<0.01 is statistically significant. “L” stands for the left lateral of the brain; “R” stands for the right lateral of the brain. PLD,
post-labeling delay; CBF, cerebral blood flow; ROIs, regions of interest; GM, gray matter; ACA, anterior carotid artery; MCA, middle carotid

artery; PCA, posterior carotid artery.

In this study, we used PASS (version 21.0.3; NCSS, LLC,
East Kaysville, UT, USA) software to estimate the sample
size. For sample size estimation of multiple regression,
we set the following parameters in PASS software: power
calculation method: Conditional (Recommended)-Uses R%;
Power =0.9; Alpha =0.01; K=1; R*(T/C) =0.2425; L=4;
R*(C) =0.1844. The sample size required for multiple
regression analysis was estimated to be 40. For sample size
estimation of ANOVA, we set the following parameters in
PASS software: Power =0.9; Alpha =0.005; G (Number of
Groups) =3; Group Allocation Input Type: Equal; pl: 37.23,
39.76, 44.29; 6=5.86. The sample size required for multiple
regression analysis was estimated to be 84.

© Quantitative Imaging in Medicine and Surgery. All rights reserved.

Results
The effect of PLD on CBF

The CBF for all ROIs is expressed as the mean * standard
deviation in Table S1. The result of the regression analysis
indicated that the CBF increased with the increase of
PLD in the global gray matter, bilateral frontal, temporal
lobes, and the vascular territories of bilateral anterior and
middle carotid artery (B ranged from 0.00732 to 0.00987).
In this regression analysis, p was a non-standardized
regression coefficient. Therefore, in these ROIs, among
the ranges of PLDs we adopted, the CBF increased for
7.32 to 9.87 mL/100 g/min as the PLD increased per
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Table 3 The summary of ANOVA

Hu et al. Age and sex influence the effect of PLD on CBF

Rough trends of CBF
changing

Group ROls with statistical significant in ANOVA

CBF1 < CBF2 < CBF3

ALL Global GM, Frontal lobe_L, Frontal lobe_R, Parietal lobe_L Parietal lobe_R, Temporal lobe_L, Temporal

lobe_R, Occipital lobe_L, Occipital lobe_R, ACA_L, ACA_R, MCA_L, MCA_R, PCA_L, PCA_R

Y -

M Global GM, Frontal lobe_L, Frontal lobe_R, Parietal lobe_L, Parietal lobe_R, Temporal lobe_L, Temporal
lobe_R, Occipital lobe_L, Occipital lobe_R, ACA_L, ACA_R, MCA_L, MCA_R, PCA_L, PCA_R

(0] Global GM, Frontal lobe_L, Frontal lobe_R, Parietal lobe_L, Parietal lobe_R, Temporal lobe_L, Temporal
lobe_R, Occipital lobe_L, Occipital lobe_R, ACA_L, ACA_R, MCA_L, MCA_R, PCA_L, PCA_R

CBF3 < CBF2 < CBF1 ALL -

Y Limbic lobe_L, Limbic lobe_R, Insula_L, Insula_R, Deep GM_L, Deep GM_R

0O -

CBF2 < CBF3 < CBF1 ALL Insula_L, Insula_R, Deep GM_L, Deep GM_R

Y -
M Deep GM_L, Deep GM_R
O -

“ALL” indicates all participants (age range, 20-77 years). “Y” indicates youth group (age range, 20-45 years). “M” indicates middle-
aged group (age range, 46-60 years). “O” indicates elderly group (age range, 61-77 years). unit: mL/100 g/min. GM, gray matter. “L”
stands for the left lateral of the brain; “R” stands for the right lateral of the brain. CBF1 is the CBF when the PLD is 1,525 ms; CBF2
is the CBF when the PLD is 2,025 ms; CBF3 is the CBF when the PLD is 2,525 ms. ANOVA, analysis of variance; CBF, cerebral blood
flow; ROls, regions of interest; ACA, anterior carotid artery; MCA, middle carotid artery; PCA, posterior carotid artery; GM, gray matter;

PLD, post-labeling delay.

1 second. However, the CBF decreased with the increase of
PLD in bilateral limbic lobes, insula, and deep gray matter
(B ranged from -0.017 to -0.012). Thus, in these ROIs,
among the ranges of PLDs we adopted, CBF decreased for
12 to 17 mL/100 g/min as the PLD increased per 1 second.
The detailed regression coefficients for PLD in all ROIs are
listed in Table 2.

When the participants were not grouped, ANOVA
revealed significant differences of CBF among different
PLDs in all ROIs except bilateral limbic lobes. For the
youth group, the ANOVA analysis showed significant
differences of CBF among different PLDs in bilateral
limbic lobes. The mean values of CBF in global gray
matter, bilateral frontal, parietal, temporal, occipital lobes,
the vascular territories of bilateral anterior, middle, and
posterior carotid artery roughly demonstrated a pattern as
follows: CBFyp 1525 ms < CBFpip 5,025 ms < CBFpLp 1 525 mee
The other pattern showed lower CBF with PLD of 2,025 ms
compared to the CBF with PLD of 1,525 and 2,525 ms.
The brain regions that showed this pattern included the

© Quantitative Imaging in Medicine and Surgery. All rights reserved.

bilateral insula, deep gray matter, and limbic lobes. Tuble 3
displays the ROIs with statistically significant results in
the ANOVA. Table S1 provides detailed ANOVA analysis
results and approximate trend of CBF. Figure 2 displays
boxplots of CBF for some brain regions.

The effect of PLD on CBF was influenced by age

The interaction term (PLD*Age) was negatively correlated
with CBF in all ROIs. The regression coefficients of this
interaction term ranged from -0.0003 to -0.00026 in
global gray matter, bilateral frontal, temporal lobes, and the
vascular territories of bilateral anterior and middle carotid
artery. Within these brain regions, PLD was positively
correlated with CBE. Therefore, in these brain regions,
individuals with elder age exhibited a smaller increase
in CBF with PLD increasing. Specifically, when the age
increased per 1 year, the speed of the changes for CBF
decreased by 0.26 to 0.3 mL/100 g/min/s.

The regression coefficients of the above interaction
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Figure 2 The boxplot of CBF values in some brain regions under three PLDs. The figure shows the CBF of global gray matter (A),
left frontal lobe (B), right temporal lobe (C), right parietal lobe (D) showed a gradually increasing trend in the 3 PLDs (1.525, 2.025,
2.525 s); the RCs in these regions were positive and statistically significant; and the ANOVA of cerebral blood flow under the 3 PLDs in

these regions were statistically significant. The black dots in this figure were discrete values. CBE, cerebral blood flow; RC, regression

coefficient; ANOVA, analysis of variance; PLD, post-labeling delay.

term ranged from -0.00028 to -0.0002 in bilateral limbic
lobes, insula, and deep gray matter. Conversely, PLD was
negatively correlated with CBF in these regions. Thus, in
these brain regions, individuals with elder age exhibited a
larger decrease in CBF with PLD increasing. Specifically,
when the age increased per 1 year, the speed of the changes
for CBF increased by 0.2 to 0.28 mL/100 g/min/s. The
detailed regression coefficients for PLD*age in all ROIs are
listed in Table 2. Figure 3 displays the scatter plots for the
changes of CBF with the interaction term (PLD*age) in
some brain regions.

The effect of PLD on CBF was influenced by sex

The interaction term (PLD*sex) was negatively correlated
with CBF in the global gray matter (8=-0.00389), bilateral

© Quantitative Imaging in Medicine and Surgery. All rights reserved.

frontal (B=-0.0035 and -0.0046), limbic lobes (B=-0.00449
and -0.00509), and the vascular territories of bilateral
anterior carotid artery (B =-0.00389 and -0.0046). The
PLD was positively correlated with CBF in global gray
matter, bilateral frontal, and the vascular territories of
bilateral anterior carotid artery. In this study, males were
coded as 1 and females as 0. Therefore, compared to the
female, the speed of the changes for CBF decreased by
3.58 to 4.6 mL/100 g/min/s for the male in the above brain
regions. However, The PLD was negatively correlated
with CBFE. Thus, compared to the female, the speed of the
changes for CBF increased by 4.49 to 5.09 mL/100 g/min/s
for the males in the limbic lobes. The detailed regression
coefficients for PLD*sex in all ROIs are listed in Table 2.
Figure 4 presents the box plots of CBF at different values of
the interaction term (PLD*sex) in some brain regions.
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Figure 3 The Scatterplot of CBF values in some brain regions under different values of the interaction term (PLD*age). In this study, the
relationship between CBF and PLD can be expressed by the following equation: CBF = B,PLD + B,PLD*age + B;PLD*sex. Therefore,
for the same sex, the variation of CBF with PLD is determined by the regression coefficient B, plus B, and age. The figure shows that the
regression coefficient B, in the global gray matter (A), left frontal lobe (B), right temporal lobe (C), right limbic lobe (D) is positive, and the

regression coefficient B, were negative, so in these brain regions, the changes of CBF with PLD in younger were greater than that of older.

CBE, cerebral blood flow; PLD, post-labeling delay; RC, regression coefficient.

The effect of age and sex on CBF

The regression analysis results indicated that the CBF decreased
with aging in all ROIs (B ranged from -0.948 to -0.528).
Therefore, we simply speculated that with the age increase
per year, CBF decreased by 0.528 to 0.948 mL/100 g/min. In
addition, the CBF tended to be higher in females compared to
males in all ROISs (B ranged from -15.678 to -8.282) except for
the bilateral insula and deep gray matter.

In addition, we calculated the slopes of CBF with age and
sex under different PLDs. We found that the slopes of CBF
with age were statistically significant in almost all ROIs
when the PLD was 1,525 and 2,025 ms, and the slopes
of CBF with age were largest with the PLD of 1,525 ms
among the 3 PLDs (1,525, 2,025, 2,525 ms). However, the
slopes of CBF with sex were statistically significant when
the PLD was 1,525 ms and were not statistically significant
when the PLD were 2,025 ms or 2,525 ms in most ROIs.
This may indicate that the measurement results of the
slopes for CBF with age were more susceptible to PLD

© Quantitative Imaging in Medicine and Surgery. All rights reserved.

changes compared to the slopes for CBF with sex.

As for the slope of CBF with age, the differences of the
slopes among the 3 PLDs were larger in frontal, temporal,
and the territories of anterior and middle cerebral arteries
(the differences of the absolute value for the slopes ranged
from 0.267 to 0.3) than that in the parietal, occipital, and
the territories of posterior cerebral arteries (the differences
of the absolute value for the slopes ranged from 0.197 to
0.262). The slopes of CBF with age and sex under different
PLDs are listed in Table S2.

The effect of age and sex on ATT

The results of the regression analysis showed that the AT'T
of all ROIs were positively significant related to the age
(B ranged from 0.364 to 0.597). The ATT were higher
in males than the females in all ROIs except for bilateral
insula (B ranged from 0.137 to 0.371). Detailed results of
regression analysis can be found in Table S3.

Quant Imaging Med Surg 2024;14(7):4388-4402 | https://dx.doi.org/10.21037/qims-23-1622


https://cdn.amegroups.cn/static/public/QIMS-23-1622-Supplementary.pdf
https://cdn.amegroups.cn/static/public/QIMS-23-1622-Supplementary.pdf

Quantitative Imaging in Medicine and Surgery, Vol 14, No 7 July 2024 4397

A Global gray matter B Frontal_L
60 + —— 60
RC=-0.00389 (P=0.012) RC=-0.00358 (P=0.028)
50 :
£ 50 £ 50 4
E E :
> >
o o
2 40 2 40
| 3
€ €
@ @
O 30 O 30 A
20 - 20
0 1.525 2.025 2.525 0 1.525 2.025 2.525
PLD*sex, s PLD*sex, s
C Temporal_R D Parietal_R
. 60 - —
70 RC=-0.00533 (P= 0 004)
RC=-0.00392 (P=0.019)
£ 60 £ 50
£ " E .
(@2} o
8 50 8 40 -
2 2
£ £ a0
o (&)
30
20 ==
20 S
0 1.525 2.025 2.525 0 1.525 2.025 2.525
PLD*sex, s PLD*sex, s

Figure 4 The boxplot of CBF values in some brain regions under different values of the interaction term (PLD*sex). In this study, the
relationship between CBF and PLD can be expressed by the following equation: CBF = B,PLD + p,PLD*age + p;PLD*sex. Females are
assigned a value of 0 and males are assigned a value of 1. Therefore, for females, the relationship between CBF and PLD can be expressed as:
CBF = B,PLD + B,PLD*age; for males, the relationship between CBF and PLD can be expressed as: CBF = B,PLD + B,PLD*age + B,PLD.
Thus, for the same age, the variation of CBF with PLD in female is determined by the regression coefficient B, and the variation of CBF
with PLD in male is determined by the regression coefficient B, plus B;. The figure shows that the regression coefficient B, in the global gray
matter (A), left frontal lobe (B), right temporal lobe (C), right parietal lobe (D) were positive, and the regression coefficient p; were negative,
so in these brain regions, the changes of CBF with PLD in females were greater than that of males. The black dots in this figure were
discrete values. CBE, cerebral blood flow; PLD, post-labeling delay; RC, regression coefficient.

the interaction term (ATT*PLD) was much smaller than
the regression coefficient of AT'T. The detailed regression
coefficients are listed in Table S4.

The effect of ATT on CBF

In this study, we found that CBF decreased with the increase
of AT'T in global gray matter (B=-208.635), all brain lobes
(B ranged from -196.674 to -267.869) and the vascular
territories of the anterior, middle, and posterior carotid
artery (B ranged from -1.236 to -3.502). The interaction
term (AT'T*PLD) was positively significant in the above

The effect of ATT, PLD, age, and sex on spatial CoV’

The spatial CoV in the global gray matter (B=11.614),
bilateral frontal and temporal lobes (B ranged from 10.693

regions (B ranged from 0.000205 to 0.1135). Therefore,
we may think that the effect of AT'T on CBF was less
influenced by PLD, because the regression coefficient of

© Quantitative Imaging in Medicine and Surgery. All rights reserved.

to 15.552), bilateral vascular territories of anterior carotid
artery, and left vascular territory of middle carotid artery
(P ranged from 0.089 to 0.136) were increased with the
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increase of AT'T. The spatial CoV in all brain lobes and the
vascular territory of anterior, middle, and posterior carotid
artery were decreased with the increase of PLD (B ranged
from -0.02 to -0.00007). In addition, the spatial CoV in
bilateral frontal, limbic lobes, left lateral occipital lobe,
and left territory of posterior carotid artery were increased
with age (B ranged from 0.051 to 0.091). The spatial CoV
in bilateral temporal and right lateral occipital lobes were
positively related to sex (B ranged from 1.445 to 2.354). The
detailed regression coefficients are presented in Table S5.

Discussion

In this study, we conducted 3D pCASL imaging with
3 commonly used PLDs and performed multivariate
regression analysis to investigate the potential influence
of age and sex on the effect of PLD on CBF. Our findings
demonstrated that among the ranges of PLDs we adopted,
the CBF in the global gray matter, bilateral frontal,
temporal lobes, and the vascular territories of bilateral
anterior and middle carotid artery increased with PLD
increasing, and younger individuals and females showed a
more pronounced increase in CBF with PLD increasing.
However, the CBF in the bilateral limbic lobes, insula,
and deep gray matter decreased with PLD increasing, and
older individuals and males exhibited a more pronounced
decrease in CBF with PLD increasing.

Previous studies have also shown that the PLD affected
CBF (42,43). However, the specific effect of PLD on CBF
remains to be fully elucidated, as previous related studies
are scarce and have often relied on the group comparisons
(24,43). However, the interpretability of the results
obtained from group comparisons was limited because this
method does not control for variables such as age and sex.
Therefore, in this study, we employed a combined regression
analysis with ANOVA to investigate the effect of PLD on
CBF. Previous studies have emphasized that the impact
of PLD on CBF may be influenced by age and sex (33).
However, there was scanty research analyzing how the
effect of PLD on CBF was influenced by age and sex. The
results of our study indicated that the increase of CBF with
PLD was more pronounced in younger individuals and
females in most brain regions, whereas the decrease of CBF
with PLD was more pronounced in elderly individuals and
males in few brain regions. Hence, optimizing the PLD for
ASL may hold greater significance for young individuals
and females.

© Quantitative Imaging in Medicine and Surgery. All rights reserved.
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In addition, the ANOVA showed that the among the
3 PLDs we used, most cortical brain regions showed the
highest CBF value when the PLD was longest (2,525 ms),
whereas the limbic lobes, insula, and deep gray matter
showed the highest CBF value when the PLD was shortest
(1,525 ms). This may be due to the AT'T changes depending
on the region of the brain. The ATT in most cortical
regions is longer than the limbic lobe, insula, and deep gray
matter (25,44). Hendrikse et /. also reported an increase in
ATT in the cerebral border zone regions, extending from
the frontal and occipital horns of the lateral ventricle to
the frontal and parietooccipital cortices, relative to AT'T in
non-border zone regions (26).

Ideally, in ASL imaging, we want the PLD to match the
ATT. If PLD < AT, the labeled spins are still in the arteries
and the images do not reflect tissue perfusion. If PLD >
ATT, the labeling decay may result in lower signal-to-
noise ratio. Therefore, when the PLD is shorter or longer
than the ATT, the CBF may be underestimated (45,46);
only when CBF initially increases and then decreases, with
a turning point corresponding to the maximum CBE, can
we accurately determine the optimal PLD. However, in
our research, only the CBF gradually increased as the PLD
increased, or the CBF gradually decreased as the PLD
increased, or CBF showed the trend of lowering first and
then increasing. Therefore, we could only speculate that
2,525 ms may be the best PLD for the ASL imaging in most
cortical brain regions, especially among the middle-aged
and elderly people. In addition, we speculated that 1,525 ms
may be the best PLD for the ASL imaging in limbic lobe,
insula, and subcortical brain regions, especially among the
young people. More longer and shorter PLDs need to be
included to verify the optimal PLD which we speculated in
our study.

Our study demonstrated that the CBF in all brain
regions decreased with aging and the CBF was higher for
females compared to males. These findings are consistent
with previous research (47-53). In previous research (54),
we found that CBF in the global gray matter and most
brain regions exhibited a non-linear decrease with age, and
the rate of CBF reduction decreased with aging. Since this
study primarily focused on whether age affects the impact
of PLD on CBFE, age was included as a control variable and
as one of the interaction terms. Therefore, the study did not
specifically investigate the nonlinear relationship between
age and CBE. Previous studies have indicated that an age-
related CBF decrease is mainly or exclusively a consequence
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of reduced metabolic needs (55-57). The reasons for sex
differences in CBF were not fully understood, yet several
possible explanations have been proposed. A possible
explanation was the variation in hematocrit levels between
sex (47,58,59). Another explanation is related to differences
in metabolic rate and brain size. It has been suggested
that females have higher metabolic rates and relatively
smaller brain sizes compared to males, which may result in
higher CBF per 100 g of brain tissue in females (60,61). In
addition, the effects of age and sex on CBF may attribute
to the effects of age and sex on ATT. We found that the
ATT of all brain regions increased with aging, and the
AT'T of most brain regions was higher in males. Also, our
study showed that the CBF decreased with the increase of
ATT in all brain regions. This may be due to the fact that
the longer the AT'T, the less labeling blood flow arriving to
the imaging level under the same PLD, thus resulting in a
lower CBF (45,46).

In our study, the spatial CoV increased with the increase
of ATT, decreased with the increase of PLD, increased with
aging, and was greater in males. Many studies show ASL
image heterogeneity between participants that is attributed
to AT'T artifacts that usually appeared due to the mismatch
of ATT and PLD (32). Therefore, our results may indicate
that more serious ATT artifacts may occur with the increase
of AT'T, age, the decrease of PDL, and for males.

This study has some limitations. First, this study only
included adults; the conclusions of this study may not be
applicable to children. Second, we included only healthy
volunteers; patients such as those with impaired blood
flow were not included. Third, we only performed 3 PLDs
because our total acquisition time was nearly half an hour
which was the longest imaging time many volunteers
could accept. Based on our preliminary experiments, it
was observed that most volunteers were able to maintain
a stationary position for up to 30 minutes. However, it is
important to note that the 3 PLDs used in this study are
commonly employed in current research. Nevertheless,
to further validate the results of this study, it would be
beneficial to include additional PLDs. Another limitation
is that MRI scanning was performed on only 1 machine in
our study. Due to the impact of multi-vendor variations,
the reproducibility of our findings on other vendors needs
to be further studied. Finally, although we did our best
to collect a relatively large sample of normal adults, the
sample size of each subgroup was relatively small after
these participants were divided into young, middle-aged,
and elderly groups.
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Conclusions

When using ASL imaging, the obtained CBF is affected
by the PLD. Furthermore, the impact of PLD on CBF is
influenced by age and sex, with younger individuals and
females showing a greater effect of PLD on CBF in most
brain regions. Therefore, young individuals and females are

more sensitive to changes in PLD when measuring CBF
using ASL.
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