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Test–retest reliability of
perfusion of the precentral
cortex and precentral
subcortical white matter
on three-dimensional
pseudo-continuous
arterial spin labeling
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Abstract

Objective: This study was performed to evaluate the test–retest reliability of perfusion of the

cortex and subcortical white matter on three-dimensional spiral fast spin echo pseudo-

continuous arterial spin labeling (3D-ASL).

Methods: Eight healthy subjects underwent 3D-ASL and structural imaging at the same time

each day for 1 week. ASL data acquisition was performed in the resting state and right finger-

tapping state. Cerebral blood flow (CBF) images were calculated, and the CBF values of the

precentral cortex (PCC) and precentral subcortical white matter (PCSWM) were automatically

extracted based on the structural images and CBF images.

Results: In the resting state, the intraclass correlation coefficient (ICC) of the bilateral PCC was

0.84 (left) and 0.81 (right) and that of the bilateral SCWM was 0.89 (left) and 0.85 (right). In the

finger-tapping state, the ICC of the bilateral PCC was 0.91 (left) and 0.87 (right) and that of the

bilateral PCSWM was 0.87 (left) and 0.92 (right). The CBF value of the left PCC and PCSWM was

not significantly different between the resting state and finger-tapping state on two ASL scans.

Conclusion: 3D-ASL provides reliable CBF measurement in the cortex and subcortical white

matter in the resting or controlled state.
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Introduction

Conventional arterial spin labeling (ASL) is
commonly used in clinical practice. ASL
techniques include continuous ASL,1 echo-
planar imaging and signal targeting with
alternating radio frequency (EPISTAR),2

the flow-sensitive alternating inversion
recovery (FAIR) sequence,3,4 and quantita-
tive imaging of perfusion using a single sub-
traction (QUIPSS).5 These techniques can
provide cerebral blood flow (CBF) informa-
tion in vivo without the need for exogenous
tracers.1,6,7 However, limitations include low
signal intensity, limited spatial coverage of
the brain, and rapid T1 decay of the labeled
spins.8

Three-dimensional (3D) spiral fast spin
echo (FSE) pseudo-continuous ASL
(3D-ASL) is a novel non-enhanced perfusion
sequence on the MR750 3.0T magnetic res-
onance imaging (MRI) system (GE
Healthcare, Milwaukee, WI, USA).
Advantages of this technique include 3D
acquisition, spiral k-space filling, and an
FSE pulse sequence, all of which further
expand the clinical application range of
ASL. Therefore, assessment of the reliability
of 3D spiral FSE ASL appears to be more
important before its large-scale application.

In previous studies, continuous pulsed
ASL and 3D pseudo-continuous ASL had
good test–retest reliability for CBF on 1.5T
scanners9,10 and a 3.0T scanner.11 A recent
study showed that 3D pseudo-continuous
ASL provided reliable whole-brain CBF
measurement in young and elderly adults
compared with [15O] water positron emis-
sion tomography in patients with

Alzheimer’s disease on a 3.0T scanner.12

However, these studies mainly focused on
voxel-wise comparisons throughout the
whole brain12,13 and did not discuss the
test–retest reliability in the cerebral cortex
and subcortical white matter.

Vessels on the brain surface and cerebro-
spinal fluid in the sulcus may contaminate
the CBF measurement of the adjacent
cortex and subcortical white matter.
Therefore, the reliability of CBF measure-
ment in the cerebral cortex and subcortical
white matter should be evaluated. In one
study, the reproducibility of pseudo-
continuous ASL was assessed at 1.5T and
3.0T.14 The researchers suggested that the
fluctuations in the perfusion signal seen
over the longer term at both 1.5T and
3.0T were likely to reflect genuine fluctua-
tions in resting-state perfusion and that the
physiological contributions to the variabili-
ty of the regional ASL perfusion signal
should be further clarified.

We performed the present study to (1)
investigate the reliability of 3D-ASL in the
precentral cortex and precentral subcortical
white matter in the resting state over a
1-week interval and (2) clarify the reliability
of 3D-ASL in the precentral cortex and pre-
central subcortical white matter with
respect to whether the technique is affected
by physiological fluctuations.

Methods

Subjects

This study included healthy adults
recruited from our medical school. All were
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righted-handed and highly educated. The

exclusion criteria were cranium trauma,

inflammatory disease of the central nervous

system, and use of psychoactive drugs or

hormones. No subjects were permitted to

perform heavy exercise or drink caffeinated

beverages within 1 hour of the scanning ses-

sion. Written informed consent was obtained

from all subjects, and the study was

approved by the ethics committee of the

local institutional review board.

MRI acquisition

All subjects were scanned twice at the same

time each day for 1 week. MRI data were

acquired on a DISCOVERY MR750 3.0T

MRI system (GE Healthcare), and a con-

ventional eight-channel phased-array head

coil was used. First, conventional MRI

data, including T2-weighted, T1-weighted,

and diffusion-weighted imaging data,

were obtained for general assessment.

The structural image data were acquired

by a high-resolution 3D T1-weighted fast

spoiled gradient recalled echo (3D

T1-FSPGR) sequence [repetition time/echo

time (TR/TE)¼ 8.6/3.5 ms, flip angle¼ 12�,
field of view (FOV)¼ 22� 22 cm, matrix¼
256� 256, slice thickness¼ 1.2 mm, number

of excitations¼ 1]. Volumetric perfusion

imaging was performed using a pseudo-

continuous ASL tagging scheme with a

3D interleaved spiral FSE readout with

the following parameters: TR/TE¼ 5128/

15.9ms, flip angle¼ 111�, FOV¼ 20�
20 cm, x,y matrix¼ 1024� 8 (spiral acquisi-

tion), slice thickness¼ 3.0 mm, slice

number¼ 50, number of averages¼ 3, and

acquisition time¼ 3min 22 s. The labeling

duration was 1.5 s, and the post-labeling

delay (PLD) was 1.5 s. The first ASL data

acquisition was performed with a PLD of

1.5 s in the resting state, and the second

ASL data acquisition was performed with

a PLD of 1.5 s and continuous tapping of

the right finger. All subjects underwent two
MRI scans using identical scan protocols.

CBF images calculation

All MRI structural and ASL data were
processed using Statistical Parametric
Mapping 8 (SPM8) running under
MATLAB 7.6 (MathWorks, Natick, MA,
USA), Advantage Windows workstation
(FuncTool; General Electric, Milwaukee,
WI, USA), and FreeSurfer (v5.0.0; http://
www.freesurfer.net/).

ASL data (including perfusion-weighted
images and proton density-weighted images)
were processed, and 50 axial CBF images
were acquired based on the following equa-
tion according to the reported literature:15–20

f ¼ k

2aT1b 1� e
s

T1b

� � � scon � Slbeð Þ 1� e
�tsat

T1b

� �

Sref

� e w

T1b

where f is flow; k¼ 0.9 (brain–blood partition
coefficient); a¼ 0.85 (labeling efficiency);
T1b¼ 1.6 s (T1 value of blood); T1g¼ 1.2 s
(T1 value of gray matter); s¼ 1.5 s (labeling
duration); Scon, Slbe, and Sref are the signals of
the control, label, and reference images,
respectively; tsat¼ 2 s (saturation time for
proton density images); and w is the PLD.

CBF quantitation of precentral region

Automatic CBF quantitation of the precen-
tral cortex and precentral subcortical white
matter were carried out as follows. (1) All
T1-weighted images were checked visually
for artifacts and then underwent volumetric
processing using FreeSurfer software.
A mask of each individual precentral
cortex and precentral subcortical white
matter was generated based on volumetric
labeling according to the aparc.a2009s
atlas,21 and each segment was inspected
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visually for the accurate segment and label-
ing (Figure 1). (2) CBF images were core-
gistered with 3D T1-FSPGR images, and
the CBF values of the precentral cortex
and precentral subcortical white matter
were extracted based on the CBF images
(Figure 2).

Statistical analysis

The reliability was evaluated using the

intraclass correlation coefficient (ICC) and

Bland–Altman plot for the CBF variance of

the precentral cortex and precentral subcor-

tical white matter at the same PLD over a

1-week interval during the same session.

The paired t test was applied to compare

the CBF values of the left precentral

cortex and left precentral subcortical white

matter during the same session. The statis-

tical analysis was performed using SPSS

18.0 (SPSS Inc., Chicago, IL, USA).

Results

Subjects

The subjects of this study were eight healthy

adults (six men and two women) with an

age ranging from 21 to 33 years (mean

age, 23.8 years).

Reliability of CBF measurement of

precentral cortex and precentral

subcortical white matter

Table 1 shows that good reliability of CBF

measurement was obtained in the bilateral

precentral cortex (ICC: left, 0.84; right, 0.81)

and precentral subcortical white matter (ICC:

left, 0.89; right, 0.85) in the resting state for

the two measurements. In the finger-tapping

state, good test–retest measurement reliability

was also confirmed in the bilateral precentral

cortex (ICC: left, 0.91; right, 0.80) and precen-

tral subcortical white matter (ICC: left, 0.87;

right, 0.92) (Figure 3).

Comparison of CBF value of left

precentral cortex and precentral

subcortical white matter in resting state

and finger-tapping state

Hyperperfusion of the left precentral gyrus

was demonstrated in one subject in the

Figure 2. The cerebral blood flow values of the
bilateral precentral cortex and precentral subcor-
tical white matter were extracted. Red, left pre-
central cortex; green, left precentral subcortical
white matter; blue, right precentral cortex; pink,
right precentral subcortical white matter.

Figure 1. Masks of the bilateral precentral cortex
and precentral subcortical white matter were
obtained from volumetric labeling. Red, left pre-
central cortex; green, left precentral subcortical
white matter; blue, right precentral cortex; pink,
right precentral subcortical white matter.
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Table 1. Test–retest reliability of cerebral blood flow in precentral cortex and
precentral subcortical white matter in resting state and finger-tapping state over a
1-week interval

Cerebral blood flow (mL/100 g/min)

ICC (95% CI)

First

measurement

Second

measurement

Resting state

PCC

Left 49.29� 9.13 54.58� 7.37 0.84 (0.22–0.97)

Right 52.4 5 �2.4 56.28� 6.12 0.81 (0.06–0.96)

PCSWM

Left 42.95� 7.28 48.13� 7.02 0.89 (0.43–0.98)

Right 45.10� 5.08 46.95� 4.87 0.85 (0.27–0.97)

Finger tapping

PCC

Left 47.83� 10.87 54.05� 15.99 0.91 (0.53–0.98)

Right 55.58� 9.76 55.58� 13.20 0.87 (0.33–0.97)

PCSWM

Left 41.62� 8.17 47.22� 13.55 0.87 (0.34–0.97)

Right 48.15� 7.91 47.48� 7.64 0.92 (0.61–0.99)

PCC, precentral cortex; PCSWM, precentral subcortical white matter; ICC, intraclass

correlation coefficient; CI, confidence interval.

Figure 3. Bland–Altman plot of CBF difference in cerebral blood flow (CBF) of the left precentral cortex
(PCC) and precentral subcortical white matter (PCSWM) for the normal subjects in the resting state and
right finger-tapping state over a 1-week interval. FM, first measurement; SM, second measurement; X-axis,
average of CBF value for FM and SM, respectively; Y-axis, the different CBF values for two measurements;
circle, the subject; brownish-red dotted line, 1.96 standard deviation; purple dotted line, regression line of
difference; light yellow dotted line, 95% confidence interval.
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finger-tapping state on two 3D-ASL scans

(Figure 4); the other subjects showed no

significant hyperperfusion in the finger-

tapping state. Table 2 shows that the CBF

value of the left precentral cortex and pre-

central subcortical white matter was not

significantly different between the resting

state and finger-tapping state on two

ASL scans.

Discussion

Good reliability of CBF measurement was

observed in the bilateral precentral cortex

and precentral subcortical white matter

with an ICC of >0.8 in the resting

state. This finding suggests that the CBF

value was reliable for both the cortex and

subcortical white matter. Although the

cerebrospinal fluid and small vessels in

the adjacent sulcus might affect the mea-

surement of the CBF in the cerebral

cortex and subcortical white matter, volu-

metric labeling prevents subjective measure-

ment errors. Therefore, the measurement

method used to obtain the CBF value

might be an important factor for evaluation

of test–retest reliability, especially for mea-

surement of the CBF in the cerebral cortex,

and is worth investigating in future. Our

results also indicate that measurement of

the CBF in the cortex and subcortical

white matter would expand the clinical

application range of 3D-ASL because of

its high reliability.
Additionally, the right finger-tapping

test demonstrated good test–retest reliabili-

ty of CBF measurement in the precentral

cortex and precentral subcortical white

matter (ICC: 0.87–0.92). This finding indi-

cates that physiological effects do not

Figure 4. Hyperperfusion of the left precentral
gyrus was demonstrated in a 23-year-old woman in
the finger-tapping state on two three-dimensional
spiral fast spin echo pseudo-continuous arterial
spin labeling scans.

Table 2. Comparison of cerebral blood flow in left precentral cortex and pre-
central subcortical white matter in resting state and finger-tapping state in the
same session

Cerebral blood flow (mL/100 g/min)

t value P valueResting state Finger tapping

First measurement

PCC 49.29� 9.13 47.83� 10.87 1.21 0.27

SCWM 42.95� 7.28 41.62� 8.17 1.04 0.34

Second measurement

PCC 54.58� 7.37 54.05� 15.99 0.16 0.88

SCWM 48.13� 7.02 47.22� 13.55 0.33 0.75

PCC, precentral cortex; PCSWM, precentral subcortical white matter.
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contribute to the CBF measurement variabil-
ity and that the CBF values of the cortex and
subcortical white matter were reliable.

Although hyperperfusion of the left pre-
central gyrus was observed in one subject,
the CBF values showed no statistically sig-
nificant difference between the resting state
and finger-tapping state. A previous study22

demonstrated that finger tapping could
increase the blood oxygenation level-
dependent (BOLD) signal, which might be
associated with gradient echo planar imag-
ing applied in functional MRI. The
increased BOLD signal could be acquired
at a high temporal resolution to adequately
sample the BOLD response in functional
MRI. In the current study, FSE was applied
in 3D-ASL, which might not be sensitive to
the T2* effect and had relative temporal
resolution. This indicates that the BOLD
effect is not a general manifestation in
3D-ASL.

High reliability of 3D-ASL in the cortex
and subcortical white matter is important for
the clinical application of this new sequence.
However, this study included only healthy
subjects. More reliability studies that include
different factors, such as different controlled
states, ages, disease entities, and scanning
locations, should be performed.

In the present study, the volume-labeling
method was used to generate masks of the
bilateral precentral cortex and precentral
subcortical white matter based on the indi-
vidual structure images, and the CBF mea-
surement was automatically obtained from
the CBF images by the mask. This CBF
measurement method could exactly match
the target brain regions and acquired all
CBF values of all voxels in the target
brain regions, thus avoiding the subjective
errors of the regions-of-interest method.

One limitation of this study is that the
sample was relatively small. Another limita-
tion is that the reliability of a more controlled
state (cognitive state, visual stimulation, etc.)
and different disease entities was not

evaluated; this should be performed in

future studies.
In conclusion, the current study demon-

strated that 3D-ASL had good reliability of

CBF measurement in the cortex and sub-

cortical white matter in both the resting

state and a controlled state, truly reflecting

the perfusion state of the brain.
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