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Arterial spin labeled (ASL) perfusion magnetic resonance imaging (MRI) is increasingly used to assess regional
brain activity and cerebrovascular function in both healthy and clinical populations. ASL perfusion imaging
provides a quantitative measure of regional brain activity by determining absolute cerebral blood flow (CBF)
values at a resting state or during task performance. However, the comparative reliability of these ASL measures is
not well characterized. It is also unclear whether the test-retest reliability of absolute CBF or task-induced CBF
change measures would be comparable to the reliability of task performance. In this study, fifteen healthy par-
ticipants were scanned three times in a strictly controlled in-laboratory study while at rest and during performing
a simple and reliable psychomotor vigilance test (PVT). The reliability of absolute CBF and task-induced CBF
changes was evaluated using the intraclass correlation coefficient (ICC) and compared to that of task performance.
Absolute CBF showed excellent test-retest reliability across the three scans for both resting and PVT scans. The
reliability of regional absolute CBF was comparable to that of behavioral measures of PVT performance, and was
slightly higher during PVT scans as compared with resting scans. Task-induced regional CBF changes demon-
strated only poor to moderate reliability across three scans. These findings suggest that absolute CBF measures are
more reliable than task-induced CBF changes for characterizing regional brain function, especially for longitu-
dinal and clinical studies.

1. Introduction primarily used in a qualitative manner, typically by providing informa-

tion about which area in the brain is activated based on a group-level

Functional magnetic resonance imaging (fMRI) offers a noninvasive
approach to localize neural responses to various stimuli and tasks in the
human brain, and has become the dominant imaging technique in clinical
and cognitive neuroscience research. Many fMRI studies used the blood
oxygenation level dependent (BOLD) contrast, which reflects a complex
interaction among changes in cerebral blood flow (CBF), changes in ce-
rebral blood volume (CBV), and changes in cerebral metabolic rate of
oxygenation (Buxton et al., 2004; Detre and Wang, 2002). BOLD signal is
also affected by a range of biophysical factors unrelated to brain physi-
ology. Due to its indirect and multifactorial nature, the BOLD signal is

analysis of imaging data, which has limited usage in clinical studies
(Pike, 2012). As more quantitative measurements are needed in basic and
clinical science, some strategies have been developed to relate the BOLD
signal to brain physiology in a quantitative manner (Pike, 2012; Shu
et al., 2010).

In addition to quantitative BOLD fMRI, regional CBF has been
increasingly used as a surrogate marker for brain function in both healthy
and clinical populations (Detre et al., 2009), due to its tight coupling with
regional brain activity, perfusion, and metabolism (Raichle, 1998). Using
magnetically labeled blood water as an endogenous perfusion tracer,
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arterial spin labeled (ASL) perfusion MRI can noninvasively quantify
cerebral blood flow (in mL/100 g tissue per minute) both at rest and
during the performance of cognitive or sensorimotor tasks. The close
coupling between regional CBF and brain activity makes ASL particularly
useful in longitudinal and clinical studies of brain function as it provides
a direct measure of alterations in regional CBF in disorders of perfusion
(Wolf and Detre, 2007). For instance, ASL perfusion imaging has been
used for evaluating cerebrovascular disease, detecting and tracking dis-
ease progression, and measuring pharmacological effects and therapeutic
responses for clinical trials (e.g. Alsop et al., 2015; J. J. Chen et al., 2011;
Y. Chen et al., 2011; Franklin et al., 2012, 2011; Kim et al., 2012; Teli-
schak et al., 2015).

Given the high potential of ASL in translational and clinical research,
especially for longitudinal studies, its test-retest reliability needs to be
carefully addressed. ASL provides absolute CBF measurements during
rest or task performance, as well as task-induced relative CBF changes in
different brain regions. In terms of resting-state CBF, high test-rest
reliability has been well-demonstrated, with intra-class correlation co-
efficients (ICC) values typically greater than 0.60, falling in the good to
excellent range (Y. Chen et al., 2011; Fazlollahi et al., 2015; Hodkinson
et al., 2013; Jahng et al., 2005; Jiang et al., 2010; Klomp et al., 2012; Li
et al., 2018; Mezue et al., 2014; Steketee et al., 2015; Tancredi et al.,
2015; Wang et al., 2011; Wu et al., 2014; Xu et al., 2010; Zou et al.,
2015). Test-rest reliability of resting-state CBF remains high across long
test-retest intervals (Jiang et al., 2010; Mezue et al., 2014), and with
data collected from different MRI centers (Gevers et al., 2011). How-
ever, the test-retest reliability of task-induced CBF changes remains
controversial. For example, Steketee et al. (2015) found comparable
reliability for absolute CBF at rest as well as CBF during task but much
lower reliability of task-induced CBF changes in the primary motor area
during a finger tapping task (ICC = 0.04-0.32). In contrast, Raoult et al.
(2011) showed good to excellent reliability (ICC > 0.70) of proportional
task-induced brain activity in the left primary motor cortex regardless of
ASL or BOLD imaging protocol. This discrepancy may be due to different
metrics of task-induced CBF changes. The present study used both
metrics to calculate the task-induced CBF changes and compared their
reliability.

Task-induced CBF changes have been increasingly used for gauging
task-induced brain activation, and considered as an alternative to BOLD
activation. However, the reliability of task-induced relative CBF mea-
surements has not been well-established. Previous studies on BOLD fMRI
reliability have suggested that the test-retest reliability of task-induced
BOLD activation may be less stable when compared with task perfor-
mance (Plichta et al., 2012; Upadhyay et al., 2015) and vary signifi-
cantly with different statistical thresholds (Stevens et al., 2013).
Moreover, few studies have examined the whole brain voxel-wise reli-
ability, although it may be one of the most valuable metrics regarding
fMRI reliability (Bennett and Miller, 2010). In addition, although the
ability of ASL perfusion imaging to quantify CBF in the white matter
(WM) is still controversial (Van Gelderen et al., 2008), recent evidence
suggests that fMRI may be able to detect activation in the WM
(Gawryluk et al., 2014; Mandl et al., 2008; Yarkoni et al., 2009) and CBF
in the WM may be accurately quantified using ASL in a more
time-efficient manner (Zhang et al., 2016). In this study, we evaluated
the voxel-wise and region-of-interest (ROI) based reliability of absolute
CBF measurements and task-induced CBF changes in the gray matter
(GM), white matter, and task-related ROIs. CBF data both at resting-state
and during performing a simple and reliable psychomotor vigilance test
(PVT) (Drummond et al., 2005; Evranos et al., 2016; Lim and Dinges,
2008) were collected across three scanning sessions within 5 consecu-
tive days. Reliability among task-based CBF, resting-state CBF and
task-induced CBF changes, were compared quantitatively at voxel,
regional, and network levels. In addition, we investigated whether the
test-retest reliability of these absolute CBF measures or task-induced
relative CBF change would be comparable to the reliability of task
performance.
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2. Methods
2.1. Participants

We analyzed data from fifteen healthy right-handed adults (6 females,
mean age = 34.68 +9.03 yrs, years of education =14.87 +2.25, BMI:
25.01 +£4.15) who were recruited as control subjects for a strictly
controlled in-laboratory sleep deprivation study (for more details, see
Fang et al., 2015; Yang et al., 2018). Individuals reported normal sleep
timing and duration and no habitual napping or sleep disturbances,
assessed by questionnaire (Smith et al.,, 1989). Participants were
screened for acute or chronic medical and psychological conditions, as
well as drug and alcohol use by using questionnaires, physical exami-
nations, and blood and urine tests. Use of caffeine, alcohol, tobacco and
medications (except oral contraceptives) was not permitted in the week
before and during the laboratory study, and compliance was verified by
urine screenings.

The study was approved by the Institutional Review Board of the
University of Pennsylvania. All participants provided written informed
consent before enrollment, which was in accordance with the Declaration
of Helsinki. Participants were compensated for participating in the study.

2.2. Experimental design

Participants were screened on two occasions before joining the study
and participated in a mock MRI scanner training during the second
interview session. During the study, participants remained in the labo-
ratory at the Clinical Translational Research Center of Hospital of the
University of Pennsylvania for 5 consecutive days (4 nights). On day 1,
participants received about 9 h time-in-bed (2130 h-0630 h) to adjust to
the unfamiliar sleep environment in the laboratory. On days 2-5, par-
ticipants were permitted 8 h of sleep opportunity (2230 h - 0630 h). In-
dividuals were continuously monitored by research and hospital staff to
ensure adherence to the protocol. Each participant completed an MRI
scan section three times at the same time-of-day (between 0700 h and
1000 h) during the morning of days 2, 3, and 5. During each scan section,
each participant completed a 10-min PVT during the ASL scan to acquire
the task-based CBF data. Two additional ASL scans of 4-min resting-state
CBF were also acquired prior to (REST1) and following (REST2) the PVT
scan, respectively. During the resting-state scan, participants were
instructed to keep eyes open and look at a cross fixation displayed on the
screen. During the PVT scan, subjects were asked to perform a sustained
vigilant attention task (see below).

2.3. Psychomotor vigilance test (PVT)

The PVT is a reaction-time-based measure of sustained attention that
has long been used as a measure of vigilant attention (Drummond et al.,
2005; Evranos et al., 2016; Lim and Dinges, 2008). Participants are
instructed to press a button as fast as they can in response to a yellow
millisecond counter inside a red rectangular area in the center of a dark
screen, which is presented at a uniform random inter-stimulus interval
(2-10s) for a total of 10 min (Lim and Dinges, 2008). Upon a response,
the millisecond counter stops and remains on the screen for another
second to allow participants to view their reaction time (RT). Button
presses when the millisecond counter is not presented are counted as
false alarms. Reaction times exceeding 500 ms are counted as lapses of
attention. The following indexes were calculated as a measure of overall
level of PVT performance: mean RT, median RT, standard deviation (SD)
of RT, and mean of the fastest 10% of RT (FRT) (Gui et al., 2015; Lim and
Dinges, 2010, 2008).

2.4. Imaging data acquisition and analyses

Imaging data were collected using a Siemens 3.0 T Trio whole-body
scanner (Siemens AG, Erlangen, Germany). Structural T1-weighted 3D
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magnetization-prepared rapid gradient-echo (MPRAGE) images were
obtained using a sequence with the following parameters: TR = 1.62 s,
TE = 3.09 ms, FOV = 187 * 250 mmz, matrix size = 192 * 256, slice
thickness = 5 mm, inter-slice gap = 1 mm. ASL perfusion images were
acquired by using a pseudo-continuous ASL (pCASL) sequence with a 2D
gradient echo planar imaging (EPI) readout with the following parame-
ters: TR = 4 s, TE = 18 ms, FOV = 220 * 220 mmz, matrix size = 64 * 64,
number of slices = 20, slice thickness = 5 mm, inter-slice gap = 1 mm,
labeling time = 1.5s, post-labeling delay time = 1.0 s.

The quantitative CBF measurements were preprocessed using fMRI
Grocer toolbox (https://www.nitrc.org/projects/fmri_grocer/). The pipe-
line consisted of correction of head motion, voxel-wise CBF quantification,
spatial normalization with resampling to 2 x 2 x 2mm? and smoothing
with an 8 mm full-width half maximum (FWHM) kernel, similar to a pre-
vious test-retest study (Jann et al., 2015). We also tried the same analyses
with a 6 mm FWHM smoothing kernel and the results did not change (data
not shown). The mean CBF map was obtained by averaging preprocessed
CBF images across the time series. In order to eliminate noise from pro-
cessing, we created a mask for CBF-mean higher than 5 (ml/100 g/min)
and lower than 150 (ml/100 g/min) in all absolute CBF-mean maps. Based
on this mask, images of task-induced CBF change (ACBF) between task-
and resting-state were calculated in two separate ways: (1) absolute CBF
changes (ACBFpsolute): the result of subtracting task-based CBF from the
average CBF of the two resting-states [ACBFupsolute = CBFrask
(CBFiest1 + CBFrest2)/21, (2) proportional CBF changes (ACBFproportional):
the result of dividing ACBF,psolute Dy the average of the two resting-states
[(ACBFproportional = ACBFbsolute/ (CBFrest1 + CBFrest2)/2 1.

To assess CBF reliability in regions related to the PVT, regions of in-
terest (ROIs) were defined a priori based on the activation map of an
independent sample of 43 adults who completed the resting and PVT
scans as a part of the larger study at baseline (Yang et al., 2018).
Voxel-wise differences between PVT performance and the two rest states
were assessed using SPM8 and limited at p < 0.001 without correction for
multiple comparison (see Fig. 2, row six for un-thresholded t-value map).
Clusters larger than 50 voxels were binarized to create exclusive ROI
masks (see Table S1). GM and WM masks were generated from gray.nii
and white.nii with a threshold of 10% and 90% probability, respectively.
Absolute CBF was also calculated for the 12 resting-state networks
defined from Zhu et al. (2013), which include: Default mode network
(DMN), limbic system network, auditory network, dorsal medial pre-
frontal network, executive network, left attentional network, ventral
medial prefrontal network, primary visual network, right attentional
network, salience network, second visual network, and sensorimotor
network.

Test-retest reliability of CBF data and PVT performance was assessed
using the interclass correlation coefficient (ICC) as defined in the previ-
ous study (McGraw and Wong, 1996), where BMS and JMS are the be-
tween- and within-subjects errors respectively, EMS is the mean residual
error, k is the number of repeated sessions (k = 3) and n is the sample size
(n=15).

BMS — EMS

ICC(A—1) =
A== s (k — 1)EMS + (JMS — EMS)~

There are multiple methods to calculate ICC (McGraw and Wong,
1996). Here we used ICC(A-1) rather than the more widely used ICC(C-1)
because ICC(A-1) assesses absolute agreement between measurements
and takes session effects into account while ICC(C-1) assesses the
agreement of ranks between measurements and does not taken session
effects into consideration. Since the current study focused more on the
absolute CBF values rather than the rank of CBF measurements, it was
more appropriate to use ICC(A-1) instead of ICC(C-1). ICC values were
characterized as follows: 0-0.39 (poor), 0.40-0.59 (fair), 0.6-0.74
(good), and 0.75-1.0 (excellent) (Hodkinson et al., 2013). All ICC values
and their corresponding p values and 95% confidence intervals (CI) were
calculated based on MATLAB 8.0 (The Mathworks Inc.) and the fMRI
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Grocer toolbox (https://www.nitrc. org/projects/fmri_grocer/).

Histograms of voxel-wise ICC values were calculated to qualitatively
compare CBF images. Paired Wilcoxon's signed-rank tests (Yan et al.,
2013) were used to examine the differences between distributions of ICC
values between CBF images. The median ICC (MedICC), an ROI reliability
measured by the median of the ICC distributions within a region, was
used in further voxel-wise analyses due to its stability under various
conditions of smoothing and cluster size (Caceres et al., 2009). The 95%
confidence interval of the MedICC for each ROI was calculated from the
binomial distribution according to Bland (2000). Since the medians have
large number of observations, assuming they are normally distributed,
we performed two sample t-tests between ROIs to evaluate which regions
have higher stability. We also performed the power calculation.
Assuming a difference of 0.2 for between ICC distributions and 0.2 for the
ICC standard deviation (Raoult et al., 2011; Steketee et al., 2015), the
power calculation (using a Java Application available at https://home
page.divms.uiowa.edu/~rlenth/Power/) indicated that the null hy-
pothesis (i.e., the ICC reliability did not differ between absolute CBF
measurements and task-induced CBF changes) could be rejected with a
power of 0.95 with a sample size of 15 subjects.

3. Results
3.1. Test-retest reliability of behavioral measurements

Outcomes for the primary measures of PVT performance are shown in
Table 1. The mean RT, median RT, SD of RT and mean FRT demonstrated
excellent reliability (ICC>0.8) across the three scans.

3.2. Test-retest reliability of absolute CBF measurements

For each absolute CBF measure, group mean maps were highly similar
across the three scans (Fig. 1 Panel A, B, & C). Consistent with previous
test-retest reliability studies (Hodkinson et al., 2013; Zou et al., 2015),
ICC values ranged from good to excellent (ICC > 0.6) for nearly all brain
voxels for the mean absolute CBF maps of PVT, REST 1, and REST 2 scans
(Fig. 2). Voxel-wise-level test-retest reliability of absolute CBF mea-
surements was evaluated using median ICCs and ICC distributions.
Consistent with a previous study (Zou et al., 2015), median ICC value of
REST 1 in gray matter was slightly higher than that in white matter (see
Table 2). In contrast, median ICCs of PVT and REST 2 scans in gray matter
were significantly lower than those in white matter (p < 0.001).

Fig. 3 shows the number of voxels against ICC values. Marked by
negative skew, the profiles for PVT, REST 1, and REST 2 scans are similar.
Wilcoxon signed-rank tests revealed that ICC values were significantly
higher for the PVT scans than for REST 1 and REST 2 scans within gray
matter, white matter and all ROIs combined (all p < 0.001). Median ICC
values of PVT, REST 1 and REST 2 scans within gray matter, white matter
and 8 task-related ROIs are shown in Fig. 4. Median ICC for the PVT scans
was significantly higher than that of REST 1 (p < 0.001) in all ROIs except
for right lateral occipital gyrus (rLOG) and left lateral Occipital gyrus
(ILOG). Similarly, CBF during the PVT scan was more stable than REST 2
(p < 0.001) in all ROIs except for right lateral occipital gyrus (rLOG), left
lateral occipital gyrus (ILOG), right middle frontal gyrus (rMFG), and
orbital part of right superior frontal gyrus (ORBsup).

Table 1
Reliability measures for participants’ behavioral performances on PVT.
Mean RT Median RT SD RT Mean FRT

Scan 1 301.9 (14.6) 280.7 (10.0) 102.9 (27.7) 221.9 (7.3)
Scan 2 322.9 (28.4) 286.3 (12.1) 138.7 (62.6) 225.4 (7.4)
Scan 3 297.0 (22.0) 274.3 (10.3) 104.5 (51.1) 217.9 (6.2)
ICC 0.812 0.820 0.823 0.830
95% CI 0.622-0.926 0.637-0.929 0.643-0.930 0.655-0.933

Note. Standard errors are reported in parentheses.
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Fig. 1. Group mean maps of five metrics across three scans. Absolute CBF mean
map across threes scans during PVT (panel A), REST 1 (panel B) and REST 2
(panel C). For delta CBF changes (Panel D and E), additional mask was applied
to avoid noise (see method 2.5). Panel D denotes delta CBF,psojute, While Panel E
illustrates delta CBFpropotional-
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Of the 12 networks generated by in our previous study (Zhu et al.,
2013), the default mode network (DMN), primary and secondary visual
networks demonstrated the highest reliability during both task and
resting states (median ICC > 0.80) (Fig. 5). In general, CBF during PVT
performance was more stable than during REST 1 and REST 2 scans in a
majority of these networks, especially in auditory and limbic networks.

Consistent with previous findings (Y. Chen et al., 2011; Hodkinson
et al., 2013; Zou et al., 2015), ROI-wise analyses further revealed that
both task- and resting-state CBF demonstrated good to excellent reli-
ability in both gray matter and white matter (ICC: 0.73-0.88; Table 3).
Absolute CBF in the right inferior occipital (rIOG) and left inferior oc-
cipital (IIOG) gyri demonstrated the greatest reliability (ICC: 0.89-0.91)
among the eight a priori defined ROIs. While CBF reliability for PVT,
REST1 and REST2 scans was comparable in the rIOG and lIOG
(ICCs > 0.87), reliability during PVT performance was higher as
compared with either resting scan in the other six ROIs.

2.3. Test-retest reliability of task-induced relative CBF changes

For each task-induced relative CBF change (ACBFgpsolute and
ACBFproportional), §roup mean maps across the three scans are shown in
Fig. 1 Panel D & E. The reliability for task-induced CBF changes was
much lower than for task- and resting-state absolute CBF measurements
(Fig. 2).

For voxel-wise analyses, the reliability of task-induced CBF changes
was poor in gray matter, white matter, and all eight ROIs (ICC < 0.4;
Fig. 6). The superior temporal gyrus (rSTG) and 110G yielded the highest
ICC values, but the reliability remained poor (ICC < 0.4). Notably,
ACBFproportional Was more stable than ACBFpsolute in ILOG (p < 0.01),
while in other task-related ROIs, including GM and WM, ACBFpso1ute had
a slightly higher median ICC value. However, these ICC values are too
low to be meaningful and will be excluded from further discussion.

For ROIl-based analyses, the reliability of ACBFgpsoiute and
ACBFproportional Was also poor with confidence intervals almost double
those of absolute CBF measurements (see Table 3). Only three out of the
eight a-priori ROIs reached statistical significance (right superior tem-
poral gyrus, right inferior occipital gyrus, and left inferior occipital gyrus)
but reliability remained poor (ICC < 0.4) with the exception that
ACBFproportional in 110G showed fair reliability across scans (ICC = 0.45).

3. Discussion

Using both voxel-wise and ROI-based analyses, we compared the test-
retest reliability of task-based and resting-state absolute CBF measure-
ments, as well as task-induced relative CBF changes during the PVT task.
Consistent with Jewett et al. (1999), the behavioral performance of PVT,
as measured by four different indices, were highly stable across three
scans.

The reliability of resting-state CBF across scans was slightly but
significantly lower than that of PVT task-based CBF in gray matter and
white matter. Consistent with Zou et al. (2015), gray matter regions had
higher reliability than white matter regions during a pre-task resting
state. Surprisingly, during the post-task resting state and the task, reli-
ability was higher in whiter matter regions, despite the fact that white
matter has a much lower temporal signal to noise ratio as compared with
gray matter. Although there have been reports of task-induced activation
in white matter (Gawryluk et al., 2014; Mandl et al., 2008; Yarkoni et al.,
2009), few studies have investigated the reliability of white matter re-
gions. While our data indicate stability of white matter CBF across scans,
it is possible that the relative lack of activation in white matter in general
driving the stability of findings. Further research incorporating
multi-modal analysis is needed to clarify the role of white matter acti-
vation and inter-scan reliability during task scans and resting-states.

Task-based absolute CBF measurement demonstrated the highest
reliability in gray matter, particularly in several task-related ROIs
including the right superior temporal gyrus, right hippocampus, right
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Fig. 2. ICC metrics and activation map. First three rows denote ICC map of PVT, REST 1 and REST 2. For illustration purposes, ICC values were thresholded at 0.6
(ICC>0.6 represents good to excellent reliability). Fourth and fifth row illustrate ICC value of two task-induced CBF changes. ICC values ranges from —1 to 1, although
negative ICC values are meaningless. Sixth row represents activation map of PVT (t-value).

Table 2
Median ICCs of absolute CBF measurements in GM and WM.
REST 1 PVT REST 2
median ICCs in GM 0.7527 0.7995 0.7484
median ICCs in WM 0.7420 0.8430 0.7839
t-value (GM-WM) —4.52%%* * 20.99%**

Note. ***p < 0.001.

median cingulate gyrus, and right supramarginal gyrus. This pattern of
high reliability in task-based CBF parallels the high reliability of
behavioral measures of PVT performance.

To further explore the difference between reliability of task-based and
resting-state CBF, we conducted voxel-wise comparisons within the 12
networks defined by Zhu et al. (2013). In all networks, test-retest reli-
ability during PVT was greater than that of the pre- and post-task resting
states. The largest difference among the three states were observed in the
limbic network, which has been previously associated with PVT perfor-
mance (Drummond et al., 2005). This finding not only provides found
that the reliability was comparable between absolute CBF and task per-
formance, but also suggests that studies dependent on reliability of limbic
activation across sessions may benefit from using task-based CBF as

161

opposed to resting-state CBF.

Our findings are also consistent with a recent study investigating the
reliability of CBF under four different resting-state/task conditions (Li
et al., 2018). Using a PVT paradigm with a much lower task demand
(about 16 stimuli in 8 min PVT in that study compared to about 80
stimuli in 10 min PVT in the current study), significantly higher global
CBF reliability was also found for the PVT condition than the fixation
condition. Notably, the observed ICC values of CBF during the PVT and
resting-state scans from our study were higher than those from Li et al.
(2018) study, which may be due to the much more strictly controlled
study protocol, laboratory environment, and sleep history, activity, and
food intake of subjects in the current study.

Task-induced changes in regional CBF during PVT performance
demonstrated poor to moderate reliability across the 8 a-priori defined
ROIs using both voxel-wise and ROI-wise analyses. Several studies
investigated test-retest reliability of task-induced CBF changes with
mixed results. While an earlier study reported good to excellent reli-
ability of proportional task-induced brain activity in the primary motor
cortex (Raoult et al., 2011), a more recent study showed poor reliability
in absolute task-induced CBF changes in a similar brain region (Steketee
et al., 2015). It should be noted that the findings of good to excellent
reliability were obtained using a “maximum amplitude flexion-extension



F.N. Yang et al.

A ICC distributions of task- and resting-states CBF (gray matter)
9000

8000

—PVT

70001 REST 2

6000

50001

4000

Voxel Count

3000

2000

1000

85

»Wwﬂ;‘.’;‘
. .
-0.25 0 0.25

ICC

ICC distributions of task- and resting-states CBF (white matter)
B 18001

1600

0.5 0.75

i
| ]
o
<
-l

1400

1200

\
i
i
i
I
i
i
i
i
|
i
i
i

1000

Voxel Count

4001

2001

-0.25 0 0.5 0.75

e PVT

2001 REST 2

Voxel Count

501

s 05

0.25
ICC

-0.25 0

Fig. 3. The ICC distributions of task and two resting-state CBF within GM (panel
a), white matter (panel b) and all ROIs combined network (panel c). PVT has
higher ICC distributions than REST 1 and REST 2 in all three condi-
tions (p < 0.001).

task”, which is known to yield high blood flow changes in robust
somatotopy of activated brain areas (59% as compared to about 1-15%
in the current study). This suggests that inter-scan reliability of
task-induced CBF changes may be proportional to the magnitude of
task-induced activation in target brain regions. In the PVT task that
induced smaller changes of CBF activation, the task-induced CBF differ-
ences (calculated by subtracting resting-state CBF from task-based CBF)
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only reflected a small proportion (—3.7%-13.8%, see Table 3) of absolute
CBF, and therefore may contain greater noise and show reduced
signal-to-noise ratio (SNR) and decreased reliability across sessions.
Indeed, a range of previous studies have consistently suggested that
pre-task resting brain activity may contain valuable task-related infor-
mation and be able to predict task performance (e.g., Baldassarre et al.,
2012; Gui et al., 2015; Lim et al., 2010; Sala-Llonch et al., 2012). It is not
surprising that we observed task-induced CBF activation to be less stable
than task-based absolute CBF since the task-related information in the
resting CBF was largely abandoned by calculating the differences be-
tween resting state and task performance.

To our knowledge, this is the first study examining the test-retest
reliability of task-induced brain function changes using both whole
brain voxels-wise, ROI- and network-based analyses. The present data
demonstrate comparable median voxel-wise and ROI-wise reliability of
CBF changes. Median ICC values of proportional CBF changes were
higher than absolute CBF changes in 1I0G. The same pattern was also
found in the ROI-wise analysis, which supports that proportional CBF
changes may be more precise and reliable than absolute CBF changes,
likely due to the fact that proportional CBF changes control for effects of
basal perfusion variations (Steketee et al., 2015).

The current study has some limitations. First, the test-retest intervals
among three scan sessions were 1 or 2 days in the current study, which
are relatively short time periods when compared to many other test-retest
reliability ASL studies (e.g. Chen et al., 2011; Hodkinson et al., 2013;
Jiang et al., 2010; Klomp et al., 2012; Li et al., 2018; Mezue et al., 2014;
Steketee et al., 2015; Wang et al., 2011; Wu et al., 2014; Zou et al., 2015).
The test-retest reliability of CBF across days may be higher than the
reliability across longer test-retest intervals. Further studies are necessary
to compare the test-retest reliability of task-based and resting-state ab-
solute CBF measurements as well as task-induced CBF changes with much
longer intervals across weeks, months, or even years.

Second, we used a 2D EPI based pCASL sequence to acquire CBF data
with a 1s post-labeling delay time, which is quite short compared to
typical ASL imaging parameters recommendation (Alsop et al., 2015).
The 1.0 s delay time was chosen to be consistent with our previous pCASL
study which obtained high quality of mean CBF maps with concurrent
BOLD signal available for functional connectivity analysis (Zhu et al.,
2013). Such short post-labeling delay time, however, may limit the ac-
curacy of absolute quantification of regional CBF, especially for white
matter. Future studies using a longer post-labeling delay time, such as
1.8, should be able to quantify white matter CBF more accurately, since
it is close to the 1.7 s arterial transit time of white matter measured by a
sensitive single voxel spectroscopic approach (Zhang et al., 2016).

Third, the task-induced CBF reliability assessment in this study was
related to average CBF value changes across the complete task-block and
included many time-points, and thus might involve different cognitive,
motor and affective processes during the 10-min task performance.
However, the reliability of PVT behavior performance was also based on
performance measures (i.e., mean RT, median RT, SD RT, and mean FRT)
averaged across the complete PVT-block, therefore also involving
different cognitive, motor and affective processes during the 10-min task
performance. Thus, we cannot draw a conclusion from our findings that a
single and simple motor outcome may be more reliable than the
temporally varying cognitive and affective processes before, after and
during such a response. Unfortunately, the SNR of CBF signal from a
single time-point of the current pCASL sequence was not good enough
and we could not conduct the CBF analysis examining the relevant time
frames of each motor response during the PVT. Future studies are needed
to address this important question with significantly improved SNR for
CBF signal from a single time-point, for example by using the 3D
background-suppressed pCASL techniques.

Fourth, although participants’ activity and the experimental protocol
were strictly controlled before and during the three scan sessions when
they stayed in the laboratory across the five days and four nights in this
study, we were not able to acquire physiological signals such as heart rate
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Fig. 4. Median ICCs of task- and resting-state CBF. Median ICC value of PVT was significantly higher than that of REST 1 in six out of eight task-related ROIs but not in

but not in the rLOG, ILOG, rMFG and rORBsup. Note. Error bar

rSMG, rSTG and rHIP,

the rLOG and ILOG. Similarly, PVT were more stable than REST 2 in the rSMG,

denotes standard error. *** denotes p < 0.001.
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Fig. 5. Median ICCs of task-based and resting-state CBF in 12 brain networks. PVT was more stable than both REST 1 and REST 2 in majority of those 12 networks,

especially in auditory and limbic network. Note. Error bar denotes standard error. ***, ** denotes p < 0.001,

respectively.

p<0.01,

hemodynamic and metabolic responses to modulations in brain function

and respiration data during the fMRI scans. Future studies may include

and activity (for a review, see Pike, 2012), such as the calibrated BOLD,
quantitative BOLD, imaging of cerebral metabolic rate of oxygen con-

physiological data collection during the ASL scans for noise correction

which may further

measurements.

increase the test-retest reliability of CBF

sumption (CMRO2), and vascular space occupancy (VASO) imaging of
cerebral blood volume (CBV). It will be very interesting to examine

Finally, the presented study only examined the test-retest reliability of

CBF signals quantified by ASL perfusion imaging. A number of other

whether the test-retest reliability of these quantitative MRI methods will
similarly show advantages over task-induced hemodynamic and metabolic

quantitative MRI techniques have also been developed to assess the
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Table 3
ROI-wise ICC values.
GM WM All ROIs 1STG rHIP rIOG 110G rDCG rORBsup rSMG rMFG

CBFpyr
Scan 1 57.7(3.8) 22.1(1.9) 62.7(4.6) 63.5(3.2) 53.7(2.7) 64.2(6.9) 62.3(5.9) 59.6(3.5) 46.6(3.2) 68.6(4.4) 68.5(5.1)
Scan 2 53.9 (3.0) 20.7(1.8) 58.3(3.7) 61.8(2.5) 53.4(2.8) 57.7 (5.7) 56.6 (5.4) 56.1(2.9) 45.1 (2.9) 64.5 (3.2) 64.4 (4.2)
Scan 3 53.8(2.9) 20.0(1.6) 57.4(3.7) 58.5(2.9) 55.9(3.0) 57.6(5.7) 57.8(5.0) 54.6(3.0) 41.6(3.7) 61.8(3.5) 61.7(3.8)
ICC 0.88%** 0.91%** 0.90%** 0.82%** 0.77%%* 0.90%** 0.88%** 0.82%** 0.78%*x 0.88%** 0.84%**
95%CI 0.73-0.96 0.78-0.97 0.75-0.97 0.61-0.93 0.56-0.91 0.76-0.96 0.74-0.95 0.62-0.93 0.57-0.91 0.65-0.96 0.65-0.94
CBFRrEsT 1
Scan 1 58.5(4.0) 23.3(1.9) 60.5(4.4) 67.6(4.3) 56.7(2.9) 59.2(6.2) 56.5(5.7) 60.2 (3.7) 45.9(3.8) 66.5 (4.2) 68.5(4.8)
Scan 2 54.1 (3.4) 20.0(1.5) 56.0(3.8) 64.5(2.5) 55.6(2.9) 54.1(6.0) 51.8(5.5) 55.2(2.7) 43.9(2.5) 62.6(3.4) 61.4(4.3)
Scan 3 53.6(3.2) 19.5(1.8) 54.1(3.8) 59.8(2.9) 53.0(3.1) 52.8(5.7) 53.0(4.9) 51.4(2.6) 41.8(3.3) 59.6(3.9) 61.2 (4.1)
ICC 0.87%** 0.82%** 0.89%** 0.66%** 0.72%%** 0.91%** 0.90%*** 0.75%** 0.65%** 0.78%** 0.80%***
95%CI 0.70-0.95 0.55-0.94 0.70-0.96 0.37-0.86 0.48-0.89 0.80-0.97 0.78-0.96 0.38-0.91 0.38-0.85 0.55-0.91 0.57-0.92
CBFgest 2
Scan 1 57.8(4.1) 21.7(2.3) 61.4(4.9) 65.5(3.8) 56.2(3.1) 62.1(7.3) 59.3(6.5) 59.5(3.6) 48.1(3.2) 65.9(4.9) 67.4(5.1)
Scan 2 54.7(3.1) 21.62(1.6) 57.2(3.6) 61.3 (3.0) 53.9(2.5) 55.9 (5.7) 53.8(5.5) 56.8(2.5) 44.8(2.7) 63.2(3.1) 64.5(3.8)
Scan 3 52.7(3.5) 21.1(1.7) 54.5(3.9) 60.3(2.8) 55.9(3.2) 51.1(5.8) 50.6(5.4) 54.3(3.0) 43.1(4.0) 61.1(3.3) 63.7(4.3)
IcC 0.88%%* 0.89%#* 0.89%%* 0.75% % 0.70%+* 0.89%%* 0.88%%* 0.78%#* 0.79%#* 0.79% %% 0.84%%*
95%CI 0.72-0.96 0.76-0.96 0.69-0.96 0.51-0.90 0.44-0.88 0.67-0.96 0.71-0.96 0.56-0.91 0.58-0.92 0.59-0.92 0.67-0.94
ACBFyps
Scan 1 —0.4(0.6) - 1.9(0.9) -3.1(1.2) -2.7(1.2) 3.6(1.8) 4.5(1.4) —0.3(1.3) —0.4(1.4) 2.4(1.3) 0.5(2.3)
Scan 2 —0.5(0.6) - 1.7(0.6) -1.1(1.1) -1.3(2.1) 2.7(1.0) 3.8(1.1) 0.1(0.9) 0.8(1.2) 1.6(1.3) 1.4(1.5)
Scan 3 0.6(0.9) - 3.1(0.7) —1.6(1.4) 1.5(1.3) 5.7(1.0) 6.0(1.2) 1.8(1.6) —0.9(1.1) 1.4(1.3) -0.7(1.8)
ICC 0.26 - 0.32* 0.30* 0.01 0.34* 0.34* —0.07 0.11 —0.28 —0.15
95%CI —0.04-0.61 - 0.02-0.65 —0.01-0.64 —0.22-0.37 0.04-0.66 0.03-0.66 —0.29-0.30 —0.17-0.49 —0.42-0.02 —0.35-0.20
ACBFpr,
Scan 1 -.003(.01) - .036(.02) -.037(.02) -.044(.02) .069(.03) .102(.03) .001(.02) .004(.03) .042(.02) .016(.04)
Scan 2 -.005(.01) - .031(.01) -.016(.02) -.018(.04) .062(.02) .090(.03) -.001(.02) .016(.02) .030(.02) .026(.03)
Scan 3 .020(.02) - .064(.01) -.026(.02) .029(.02) .128(.03) .138(.03) .037(.03) -.021(.04) .029(.02) -.001(.03)
ICC 0.12 - 0.28* 0.28* 0.07 040** 0.45%* —0.12 —0.02 —0.28 —0.14
95%CI —0.15-0.48 - —0.01-0.61 —0.03-0.63 —0.17-0.43 0.10-0.70 0.13-0.73 —0.32-0.24 —0.27-0.36 —0.42-0.02 —0.35-0.22

Note. Means of CBF of each scan are reported with standard errors in parentheses.

*p < 0.05 **p < 0.01 ***p < 0.00.
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Fig. 6. Median ICCs of task-induced CBF changes. The highest ICC value was
found in the right superior temporal gyrus (rSTG) and 110G, with ICC values
around 0.3. In particular, delta CBFoportional Were more stable than delta
CBFapsolute in the ILOG. Note. Error bars denote standard errors.

changes, which may provide a potentially more valuable set of tools for
exploring pathophysiological conditions in future clinical applications.

In summary, here we show that absolute CBF measures have
excellent reliability across three neuroimaging scans both at resting
states and during performance of a simple vigilance task, which was
comparable to the reliability of behavioral measures of task perfor-
mance. In contrast, the reliability of task-induced CBF changes was
much lower, demonstrating poor to moderate test-retest reliability.
These findings suggest that absolute CBF measures, particularly during
task performance, are a more reliable biomarker than task-induced CBF
changes for characterizing brain function for future longitudinal and
clinical studies.
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