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Abstract

Purpose—This study is to investigate whether measurement of arterial transit time (ATT) can
improve the accuracy of Arterial Spin Labeling (ASL) cerebral blood flow (CBF) quantification in
an elderly cohort due to the potentially prolonged ATT in the cohort.

Methods—We employed a 1 minute, low resolution (12 mm in plane), sequential multi-delay
ATT measurement (both with and without vessel suppression) approach to characterize and correct
ATT errors in CBF imaging of an elderly, clinical cohort. 140 non-demented subjects greater than
70 years old were imaged at 3 Tesla with a single delay, volumetric continuous ASL sequence and
also with the fast ATT measurement method. 9 healthy young subjects (28 + 6 years old) were also
imaged.

Results—ATT’s measured without vessel suppression (superior frontal: 1.51 + 0.27s) in the
elderly were significantly shorter than those with suppression (p<0.0001). Correction of CBF for
ATT significantly increased average CBF in multiple brain regions where ATT was longer than the
post-labeling delay (p < 0.01) and decreased inter-subject variability of CBF in frontal, parietal,
and occipital regions (p <1078). Measured ATT with vessel suppression was significantly longer in
the elderly subjects (e.g. superior frontal: 1.76 + 0.25s) compared to the younger adults (superior
frontal: 1.59 + 0.19s) in basal ganglia and frontal cortical regions (p < 0.05).

Conclusions—The ATT measurement is beneficial for imaging of elderly clinical populations.
If ATT mapping is not feasible or available, post-labeling delays of 2—2.3s should be used for
elderly populations based on longest measured regional ATTs.
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INTRODUCTION

Acrterial spin labeling (ASL) is a completely noninvasive magnetic resonance imaging (MRI)
technique capable of quantifying regional cerebral blood flow (CBF)(1-3). ASL has been
adopted to study a broad range of clinical disorders and has shown disease specific CBF
changes (see reviews (4,5)). Though validated in younger subjects, CBF measurement with
ASL may still suffer from systematic errors in clinical cohorts where age and disease can
alter blood flow dynamics. A major concern for using ASL in elderly populations is the
potentially slower transit from the labeling location to arrival in brain tissue caused by age-
related alterations of brain vasculature such as increased vessel tortuosity(6-8). Failure to
account for this longer Arterial Transit Time (ATT) may compromise the accuracy of the
CBF measurement and mask or confuse the interpretation of normal aging or pathologic
alterations of CBF.

Relatively few ASL CBF studies have been reported in subjects older than 70 and even
fewer have examined ATT effects. Most studies in the elderly have used a single post-
labeling delay after labeling and assumed the delay is longer than the ATTs for the whole
brain (e.g. the Alzheimer’s disease studies in the review (9)). Several ASL studies have
reported age related gray matter CBF reductions but are limited by using a broad age range
with only a small proportion of subjects over age 70 (10-13). In these studies, uncertainty in
ATT may combine with issues of subject exclusion for comorbidities to introduce variance
across studies in the slope of the age effects. ATTs have been reported to increase with
advancing age (10,14). Two pulsed ASL studies have reported increased ATT in older
subjects relative to younger subjects: one studied the age effects in ATT but mostly in
subjects below 70 years of age (10) and the other one reported optimized parameters for
pulsed ASL in their “elderly” group who were age 61-67 years old (14). Pulsed ASL
techniques have been used to measure several hemodynamic parameters including a measure
of ATT and have been applied to comparisons of Alzheimer’s disease groups with matched
elderly controls (15,16). Recently a flow dephasing continuous ASL approach(17) has been
used to characterize transit times and their variability in an elderly cohort with
hypertension(18).

A number of strategies for measuring ATT have been reported. All of them in some way
lengthen or degrade the signal-to-noise ratio (SNR) of the blood flow measurement. ATT
varies strongly across different brain regions (16,19-21) and therefore regional or voxel-
based ATT mapping is necessary to accurately measure ATT effects. ATT mapping requires
acquiring two or more images with different labeling timing, different gradient suppression
of vascular signal (17), or both (22-25). ATT measured without vascular suppression is
shorter because blood need only reach larger vessels in the voxel rather than pass all the way
through the microvasculature and into the tissue. If the vessels are large enough to flow back
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out of the voxel, however, the ATT can be inaccurate and will underestimate the tissue
arrival time. When a substantial number of different labeling delays are used to enable
measurement of a wide range of ATT’s, degradation of SNR is substantial, but can be
minimized by Hadamard time encoding of the labeling (26-28). Another strategy to
minimize the SNR and scan time penalties is to reduce the resolution of the imaging for the
ATT measurement, which reduces the additional time required (19).

The impact of longer ATT’s on ASL CBF studies in elderly subjects and the best strategies
to minimize them have not been fully investigated. Therefore, the primary goal of this study
was to investigate whether the ATT measurement in the elderly can increase the CBF
quantification accuracy and reduce the variance of CBF. The secondary goal of this study
was to explore whether the elderly had longer ATT compared to the young. In addition, we
have explored the effect of vessel suppression on ATT measurements because it has not been
studied rigorously regarding its advantages or disadvantages when applied to ATT
measurements. In the study, ATT maps with and without vessel suppression, were measured
using the recently proposed quick and low-resolution ATT methods (19) in an elderly,
presurgical cohort.

METHODS

Subjects

One hundred and forty elderly subjects (57 males and 83 females, 70-95 years old with 76
+/-4.45 years) were studied with the ATT mapping and ASL imaging sequences. The
subjects were part of the Successful Aging after Elective Surgery (SAGES) cohort study, an
ongoing prospective cohort study of older adults undergoing major elective surgery. The
study design and methods have been described in detail previously (29). In brief, eligible
participants were age 70 years and older, English speaking and able to communicate
verbally, scheduled to undergo elective surgery at two academic medical centers with an
anticipated length of stay of at least 3 days, and available for in-person follow-up interviews.
Subjects older than 70 are at disproportionate risk for dementia (30) and stroke (31) and
many other age-related disorders, including post-surgical delirium (32). Eligible surgical
procedures were: total hip or knee replacement, lumbar, cervical, or sacral laminectomy,
lower extremity arterial bypass surgery, open abdominal aortic aneurysm repair, and open or
laparoscopic colectomy. Exclusion criteria included evidence of dementia, delirium, prior
hospitalization within 3 months, legal blindness, severe deafness, terminal condition, history
of schizophrenia or psychosis, and history of alcohol abuse or withdrawal. A total of 566
patients met all eligibility criteria and were enrolled between June 18, 2010 and August 8,
2013.

A subset of approximately one-third of the enrolled SAGES study participants was recruited
to undergo MRI one month prior to surgery (n=147). Additional exclusion criteria for the
nested cohort MRI study included contraindications to 3 Tesla MRI (such as pacemakers,
and certain stents and implants). Of the MRI cohort, only 140 subjects were studied after the
ATT sequence was added to the protocol and the presurgical scans from these subjects are
reported here. The entire MRI substudy including image acquisitions and analysis were
approved as part of the overall study IRB. An additional written informed consent for study
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participation was obtained from all participants in the MRI substudy according to
procedures approved by the institutional review boards of Beth Israel Deaconess Medical
Center and Brigham and Womens’s Hospital, the two study hospitals, and Hebrew
SeniorLife, the study coordinating center, all located in Boston.

Nine young healthy subjects (6 males and 3 females, 21-40 years old with 27.9+6.3 years
old) were studied with the ATT mapping from a previous study (19). The young subjects

were included for comparison purpose between the elderly and the young regarding their

spatial distribution of the ATT map and regional ATT values.

In vivo Measurements

All 140 elderly subjects were scanned on the same GE 3.0 Tesla HDxt scanner using the
receive-only 8-channel head array coil and the body transmit coil. Each subject was scanned
following an identical CBF imaging protocol: Pseudo-continuous arterial spin labeling
(PCASL) (33) was used for CBF acquisition with 3.5 s labeling and 1.5 s post-labeling
delay. An additional reference image was appended after the ASL sequence to provide
necessary Mg values for quantification. A low-resolution transit time acquisition with
labeling duration of 2 s and five post-labeling delays of 0.7's, 1.3 5, 1.9, 255, 3.0 s was
performed both with vessel suppression (34) and without vessel suppression. T1 images
were acquired with a 3D modified driven equilibrium Fourier transform (MDEFT) sequence
(TR of 7.9 ms, a TE of 3.2 ms, a 15° flip angle and 32 kHz bandwidth, a coronal acquisition
plane with 24x19 cm field of view, 0.94 mm in plane resolution, 1.4 mm slices, a
preparation time of 1100 ms with repeated saturation at the beginning of the preparation
period, and an adiabatic inversion pulse 500 ms before imaging).

Nine young healthy subjects were scanned using the same low-resolution ATT acquisition
sequence (same labeling duration of 2 s and five post-labeling delays) as the elderly subjects.
The ATT acquisitions were from a previous study (19) and scanned with vessel suppression
only. Therefore, the vessel-suppressed AT Ts from the elderly subjects were used to compare
with those obtained from the young subjects.

All ASL and reference images were acquired with a 3D stack of spirals RARE imaging
sequence (33,35). Each preparation sequence was followed by a 90° excitation pulse and
then a series of 44 spin echoes encoded with the same spiral gradient but different slice
encoding phase encode gradients. 44 slices of nominally 4 mm thickness were encoded with
a centric phase encode order. The resolution was determined by the number of spiral
interleaves selected. The ASL and low-resolution ATT acquisitions used 8 spiral interleaves
and 1 spiral interleave, producing an estimated spatial resolution of 3.07 mm and 12.08 mm
respectively.

Image Analysis

ATT maps were derived voxel-by-voxel by applying a non-iterative algorithm to the ASL
data with five post-labeling delays (19). Compared to an iterative algorithm for fitting the
ASL signal as a function of five different post-labeling delays, the non-iterative algorithm
provides more robust analytical solution by taking advantage of the monotonic relationship
between transit time and signal weighted post-labeling delay. CBF maps were calculated

J Magn Reson Imaging. Author manuscript; available in PMC 2018 February 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Dai et al.

Page 5

both with a standard quantification method without ATT correction and the method with
ATT correction (19) using the one-compartment CBF kinetic model (22, 36-37), Eq. [1]. For
the standard quantification method, the applied post-labeling delay of 1.5 s is assumed to be
same as the ATT in the entire brain. For the method with ATT correction, the perfusion map
was calculated with the derived low-resolution ATT map according to the equation.

_ max(w—4,0) _ max(7+w—4,0)
e Tt —e T1¢

A (1]

_d_
AM=2M -B-a -Ty-f-€ T -

where AM is the PCASL difference signal, fis the perfusion rate, and 7;,and 7;;are the
longitudinal relaxation times of blood and tissue (assumed to be 1.66s (38) and 1.5s (39)

respectively),. 177 is the fully relaxed equilibrium magnetization of brain tissue, a is the
efficiency of the labeling sequence (assumed to be 0.8 (33)), A is the tissue-to-blood
partition coefficient of water (assumed to be 0.9 ml of blood/g of tissue (40)), &§is the transit
time, zis the labeling duration and wis the post-labeling delay. Suppression of vascular
signals is assumed in this model. g is any static tissue signal loss caused by the vessel
suppression pulses (8= 1 because no vessel suppression was applied for the PCASL
perfusion sequence).

For each subject, the CBF maps were normalized to the a priori gray matter template of
SPM8 (http://www.fil.ion.ucl.ac.uk/spm/). To allow for better alignment with the template,
T1 images, which can provide the detailed structural information, were used for the
normalization. T1 images were first segmented by the “new segment” algorithm (41) in
SPMB8, which output gray matter images and other images in the original image space. The
subtraction images (between label and control) were co-registered to gray matter images and
the gray matter images were normalized to the gray matter template in SPM8. The combined
warping parameters from the coregistration and normalization were used to warp the
quantitative CBF maps and the transit time maps from that subject to the SPM8 template
space. Quantitative CBF maps were smoothed using a Gaussian kernel with full-width at
half maximum (FWHM) of 8 mm, and transit time maps were not smoothed further because
the maps have low spatial resolution of 12 mm. Voxel-based statistical analyses were
performed to compare the ATT maps with/without vessel suppression and a fixed delay of
1.5 s using a one-sample t test. To investigate the effect of the ATT on CBF, CBF maps with
correction using the ATT maps were compared with those without ATT correction using a
paired t test. Both tests were thresholded with voxel-level p value of 0.01 and multiple-
comparison corrected with cluster-level threshold of P = 0.01.

The MNI Automated Anatomical Labeling (AAL) atlas (42) was used to generate regional
masks for the following regions of interest: superior, middle and inferior regions of frontal,
temporal, and occipital cortex, superior and inferior regions of parietal cortex and basal
ganglia. Each anatomical mask was projected onto the ATT map to calculate the average
transit times.

J Magn Reson Imaging. Author manuscript; available in PMC 2018 February 01.
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Paired t tests were used to compare the regional ATT difference of the elderly cohort
between with and without vessel suppression. Mann-Whitney U-tests were used to compare
the regional vessel-suppressed ATT difference between the elderly and the young subjects (p
< 0.05). Mann-Whitney U-tests instead of two-sample t tests were used because the smaller
number of young subjects might make results more sensitive to violation of the normality
assumption. To evaluate the regional ATT distributions in the elderly subjects, histograms of
ATT values were plotted for all the cortical regions and basal ganglia. Jarque-Bera tests were
performed to test for whether the ATT values from the regions come from a normal
distribution. In addition, skewness values were also calculated to show the tendency of
asymmetry for each regional ATT values.

Our hypothesis is that CBF variability across subjects would be reduced after the ATT
correction if the ATT correction is beneficial to the CBF measurement. Therefore, CBF
variability across subjects was compared between the CBF maps without and with ATT
corrections. CBF variability was defined as the coefficient of variation (CV = standard
deviation/mean) map across subjects. Standard deviation and mean maps were calculated
across subjects for the CBF maps with and without ATT correction. The effect of ATT
correction on CBF variability was then tested using Pitman’s t tests (43-45). Pitman’s t tests
were used instead of F tests because the CBF maps are from the same subjects and are
therefore correlated. Pitman’s t tests were performed on both the region with reduced and
the region with increased CBF variability. All the region-wise statistical tests were
performed using MATLAB 8.5 (The MathWorks Inc., Natick, MA).

RESULTS

All subjects successfully completed the low resolution ATT mapping and higher resolution
CBF scans. Demographic variables for the subject groups are tabulated in table 1. Example
multi-delay and ATT images results from a representative subject are shown in Fig. 1.

Consistent with prior studies with young subjects, ATT in the elderly varied considerably
across brain regions (Fig. 2a). The spatial pattern was similar for elderly and young subjects
(Fig. 2), although younger subjects had significantly shorter transit times (Mann-Whitney
tests with p < 0.05) for all the frontal regions and the basal ganglia (Table 2). Specifically,
Mann-Whitney two-tailed tests showed the significantly different ATT values between the
elderly and the young for the superior frontal (p = 0.031), middle frontal (p = 0.029), inferior
frontal (p = 0.017), and basal ganglia (p = 0.0019) regions. Generally, shorter delays were
measured in the center of major artery territories with longer delays in the borderzone
regions. Delays to the basal ganglia were the shortest of any region in the brain. Although
some subjects demonstrated somewhat altered spatial distributions, the stereotypical spatial
distribution was apparent in all individual subject scans, regardless of age.

ATT values of the elderly subjects were substantially larger in the vessel suppressed images
than the unsuppressed images (Fig. 1). ATT values were significantly longer (p<0.0001) for
all investigated brain regions with vessel suppression than without, with most regions
showing approximately 300 ms longer ATT with vessel suppression.
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ATT values were often substantially longer than the 1.5 s assumed by our selection of post-
labeling delay for the CBF imaging. To better display the frequency with which a delay of
1.5 s was exceeded, histograms of ATT values, with vessel suppression and without vessel
suppression, were plotted across all subjects for all the cortical regions and basal ganglia
(Fig. 3a and Fig. 3b). The ATT histograms suggest a non-Gaussian distribution, especially
for the vessel-suppressed ATT histograms, and appeared to skew to the higher ATT values
for except in the basal ganglia region. The frontal, occipital, parietal, and temporal regions
showed negative skewness values of —0.38, —0.79, —0.46 and -0.27 respectively while basal
ganglia showed positive skewness value of 0.45, which is consistent with the asymmetry
tendency for the visual appearance of the regional ATT distributions in the elderly. However,
only the ATT values at the occipital region and basal ganglia region followed non-Gaussian
distribution according to the Jarque-Bera tests (p < 0.05). Although similar ATT ranges were
observed in all regions between without vessel suppression and with vessel suppression, the
centers of the distributions shifted to the right, which confirms the longer ATT values in the
vessel-suppressed images. In the frontal, occipital, parietal, temporal and basal ganglia
regions respectively, 35.00%, 77.14%, 67.14%, 28.57%, 9.29% of subjects have non-vessel-
suppressed regional ATTs longer than 1.5s, while 78.57%, 97.14%, 95.71%, 73.57%,
22.14% of subjects have vessel-suppressed ATTs longer than 1.5s.

CBF increased after ATT correction in most regions, and especially in parietal and occipital
regions (Fig. 4a). Regions with CBF increase upon correction are consistent with those
where ATTs were longer than the applied post-labeling delay of 1.5s (Fig. 4b). This
confirms that without ATT maps, CBF was systematically underestimated in the regions
with significantly longer ATT values (corrected p<0.01). The ATT was significantly shorter
than 1.5 s in only the basal ganglia region on the ATT maps with vessel suppression
(corrected p<0.01), Fig. 4c. Without vessel suppression, ATT was underestimated around the
circle of Willis, where large vessels contaminate the ATT estimate, Fig. 4d. Therefore, the
accuracy of CBF measurement using the non-vessel-suppressed ATT maps will be
compromised in regions with large vessels. Because the regions with large arterial vessels
tend to have short ATT anyway and there is little effect from underestimation of ATT as long
as the true ATT is shorter than the post-labeling, the effect of ATT underestimation on the
accuracy of flow quantification is expected to be small (Fig. 4a).

With ATT correction, CBF variability across subjects was reduced in frontal regions and
even more in parietal and occipital regions, but was increased in the cerebellum and pons
regions (Fig. 5). Both the region with reduced and the region with increased CBF variability
were chosen as masks on the CBF variability map with a threshold shown on Fig. 4,
corresponding to the regions with red-yellow color or green color. CBF variability decrease
was significant (p<1078) but the increased variability was not significant (p = 0.43). These
results indicate that ATT measurement can improve the reliability and accuracy of CBF
measurement in elderly populations.

DISCUSSION

We have shown the feasibility of the vessel suppressed and non-vessel suppressed ATT
mapping methods in elderly populations. Multi-delay low resolution ATT mapping
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sequences were sufficient to quantify ATT in subjects as old as 95 years old. ATT values
measured with both methods are heterogeneous across different brain regions but vessel
suppressed ATT values are significantly longer than non-vessel suppressed ATT values. This
is consistent with the longer time required for blood to reach smaller vessels or tissue rather
than higher up in the vascular supply. Compared to the young, vessel-suppressed ATT values
in the elderly are significantly longer in the frontal regions and basal ganglia. Cortical
vessel-suppressed ATT values in the elderly have broader but more skewed distribution to
long ATT values. The more skewed distribution ATT values in the elderly suggests that
transit times do not uniformly increase with age but rather a fraction of subjects have a
substantial increase, perhaps reflecting the distribution of cerebrovascular disease or other
ATT modifying factor in the population.

In this study, non-vessel suppressed ATT maps were used to correct the CBF difference
maps because the ASL images were acquired without vessel suppression. However, it is
preferable to acquire the ASL images with vessel suppression to minimize the intravascular
signals. As shown in the study, non-vessel suppressed ATT values were underestimated in
regions with large vessels and therefore using the ATT values should cause small but
systematic error to CBF measurement. To avoid the systematic error, it is generally
preferable to obtain vessel suppressed ATT maps and vessel suppressed ASL CBF difference
images. It is worth noting that the vessel suppression sequence may cause some static tissue
signal loss. If the vessel suppression sequence is performed before the ASL acquisition, the
vessel suppression should preferably be performed before the reference image acquisition
also so they should have a comparable attenuation. Hence CBF quantification will be
accurate because the static tissue signal loss with the vessel suppression preparation, p in
Eq. [1], cancels out upon division by the reference image. Quantification of vessel
suppressed ATT map will still be accurate because the static tissue signal loss factor p also
cancels out due to ASL signals at different post-labeling delays appearing both on the
denominator and numerator of ATT calculation formula (19).

Our study bears similarities to the recent study of Mutsaerts et al.(18) that used a gradient
dephasing approach to estimate ATT in an elderly cohort with hypertension. Qualitatively
similar spatial distributions of transit time were observed and some improvement in
coefficient of variation was observed with ATT correction. The flow encoding arterial spin
tagging (FEAST) technique (17) used in that study requires that all ATT’s without vessel
suppression be shorter than the post-labeling delay and all ATT’s with vessel suppression be
longer than the post-labeling delay. With their selected post-labeling delay of 1.5-1.9's,
shorter transit times such as in the basal ganglia could not be measured. Indeed, our results
suggest that no post-labeling delay precisely meets this criterion across regions and subjects.
Continued innovation in ATT transit time measurement and correction methods suggests
both our method and that of Mutsaerts et al. will be improved in future studies, but the
qualitative conclusions regarding ATT and its contribution to variation in studies of elderly
cohorts will likely be confirmed.

We have shown that ATT measurement can decrease the CBF variability in frontal regions
and even more in parietal and occipital regions. The regional distribution is consistent with
the distribution of ATT, i.e. the regions with longer ATTs have lower precision and accuracy
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than regions with shorter ATT’s. The mean CV across the whole brain pixels decreased
10.17% with the ATT correction compared to without the ATT correction. When performing
cross-sectional group comparisons, CBF maps are frequently normalized by global CBF to
reduce the cross-subject variations (46,47). We therefore compared the CBF variability
without and with ATT correction after global normalization (divided by the mean CBF over
the brain mask). Reduced CBF variability was no longer observed in the regions with longer
ATTs, which suggests that global normalization diminishes the need for ATT correction. If
the change of absolute CBF is not of interest, obtaining an extra ATT map may not be
necessary for cross-sectional group comparison. To more accurately estimate the regional
CBFs for all the elderly subjects without transit time mapping, the post-labeling delay
should be set to the maximum ATT values across the regions and the subjects: 2.31s without
vessel suppression and 2.36s with vessel suppression. This will assure that the post-labeling
delay is longer than the transit times for all regions and subjects, a necessary condition for
accurate CBF quantification without individual subject ATT mapping (22). Consistent with
recent consensus guidelines (35), we suggest using a longer post-labeling delay (between 2—
2.3s) in elderly cohorts to reduce the sensitivity to ATT when ATT mapping is unavailable or
too time consuming.

We have compared the regional ATT difference between the elderly subjects and the young
subjects and shown significant longer ATT values for the elderly in the frontal regions and
basal ganglia region compared to the young using nonparametric statistical comparison.
Although gender distributions are not well matched between the two groups, it does not
invalidate the findings of significantly longer ATT values for the elderly relative to the
young in certain regions. We have compared regional ATT values between the female and
male group in the elderly group and found that females have significant shorter ATT values
than males for all the investigated regions, which is consistent with the literature (10). With a
matched gender distribution in the young group, we would expect to obtain even shorter
ATT values for the young group in the frontal regions and basal ganglia region and thus
more regional ATT difference between the young and elderly groups for the regions.

Our study is not without limitations. First, the number of subjects in the young group is
small and therefore some comparison results between the young and the elderly may not
generalize well. For example, the unobserved ATT differences between the young and
elderly in the temporal, parietal and occipital regions may be obscured by unmatched gender
distribution between the two age groups. Second, some of the elderly patients may still have
co-morbid vascular conditions although we have tried to limit the vascular conditions known
by the patients, and therefore we could not completely rule out the ATT difference partially
caused by vascular co-morbidities We consider the changes to be age associated but the
association may well be mediated by age associated pathology rather than normal aging.

We have shown the feasibility of the ATT mapping methods with and without vessel
suppression in an elderly clinical population. Measured ATT was significantly longer in the
elderly subjects compared to younger adults in basal ganglia and frontal cortical regions.
ATT’s measured without vessel suppression were significantly shorter than those with
suppression, but suffered from underestimation of ATT near major vessels. Correction of
CBF for ATT significantly increased average CBF in multiple brain regions where ATT was
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longer than the post-labeling delay and decreased inter-subject variability of CBF in frontal,
parietal, and occipital regions.

We especially recommend the ATT correction when absolute CBF is of interest: such as in
cross-sectional analyses if change in absolute CBF is of interest, in longitudinal analyses
when change over time is of interest, or in regional analysis when the absolute CBF of
certain regions (e.g. frontal, parietal, and occipital regions which are more affected by ATT
variability) is of interest. If ATT mapping is not available, post-labeling delays of 2-2.3s
should be used in broad elderly populations.
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