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ABSTRACT

BACKGROUND AND PURPOSE: Arterial spin labeled (ASL) MRI has gained recognition as a quantitative perfusion imaging method for
managing patients with brain tumors. Limited studies have so far investigated the reproducibility of ASL-derived perfusion in patients
with brain tumors. This study aims to evaluate intrasession repeatability and intersession reproducibility of perfusion measurements
using 3D pseudo-continuous ASL (pCASL) with Cartesian TSE (TSE-CASPR) in healthy volunteers (HV) and glioblastoma (GBM) patients
at 3 Tesla and compare against 3D pCASL with GRASE.

MATERIALS AND METHODS: This prospective study (NCT03922984) was approved by the institutional review board and written
informed consent was obtained from all subjects. HV underwent repeated pCASL evaluations 2-4 weeks apart between November
2021 and October 2022. GBM patients were recruited for longitudinal MRI from September 2019 to February 2023. Intrasession
repeatability (HV and GBM) and intersession reproducibility (HV only) of pCASL were assessed using linear regression, Bland-Altman
analyses, intraclass correlation coefficient (ICC) with 95% confidence interval (Cl), and within-subject coefficients of variation
(wsCV).

RESULTS: Twenty HV (9 men, age: 25.1+1.7 years, range 23-30 years) and 21 GBM patients (15 men; age: 59.8+14.3 years, range 28-
81 years) were enrolled. Within imaging session, 3D pCASL measured perfusion with TSE-CASPR and GRASE respectively achieved high
R? values (0.88-0.95; 0.93-0.96), minimal biases (-0.46 to 0.81; -0.08 to 0.35 mL/100g/min), high ICC [95% CI] (0.96-0.98 [0.94-0.98];
0.96-0.98 [0.92-0.99]), and low wsCV (6.64%-9.07%; 5.20%-8.16%) in HV (N=20) and GBM patients (N=21). Across imaging session, 3D
pCASL in HV (N=20) achieved high R? values (0.71; 0.82), minimal biases (-1.2; -0.90 mL/100g/min), high ICC [95% CI] values (0.85
[0.81-0.89]; 0.90 [0.87-0.93]), and low wsCV values (13.82%; 9.98%).

CONCLUSIONS: Our study demonstrated excellent intrasession repeatability of 3D pCASL measured cerebral perfusion in HV and GBM
patients and good to excellent intersession reproducibility in HV. 3D pCASL with GRASE performed slightly better than 3D pCASL with
TSE-CASPR in HV; however, in GBM patients, 3D pCASL with TSE-CASPR showed better performance in tumor regions with nearly
twofold higher SNR. ASL measured perfusion could serve as a non-contrast quantitative imaging biomarker to facilitate the
management of GBM patients.

ABBREVIATIONS: ASL = arterial spin labeling; pCASL = pseudo-continuous arterial spin labeling; GBM = glioblastoma; CBF = cerebral
blood flow; CASPR = Cartesian acquisition with spiral profile reordering; GRASE = gradient and spin echo; NAGM = normal-appearing
gray matter.
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SUMMARY SECTION

PREVIOUS LITERATURE: Previous studies have demonstrated the value of ASL measured perfusion in various neurological conditions,
showing potential for clinical use. While many studies have reported reliable and reproducible ASL perfusion measurements in healthy
subjects, there has been a scarcity of such research in patient populations. Some studies have shown notable intrasession
repeatability and moderate test-retest reproducibility of ASL in elderly patients with mild cognitive impairment and Alzheimer’s
disease. Nonetheless, studies that systematically investigated the reproducibility of ASL measured perfusion in patients with brain
tumors have been limited.

KEY FINDINGS: Within imaging session in healthy volunteers (N=20) and glioblastoma (GBM) patients (N=21), and across imaging
sessions in healthy volunteers (N=20), 3D pCASL measured perfusion with Cartesian TSE (TSE-CASPR) and GRASE achieved high R?
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values, minimal biases, high intraclass correlation coefficients, and low within-subject coefficients of variation.

KNOWLEDGE ADVANCEMENT: 3D pCASL with GRASE performed slightly better than 3D pCASL with TSE-CASPR in healthy volunteers.
In GBM patients, however, 3D pCASL with TSE-CASPR showed better performance in tumor regions with nearly twofold higher SNR,
bolstering 3D pCASL with TSE-CASPR as a quantitative non-contrast perfusion imaging biomarker in brain tumors.

INTRODUCTION

The utilization of quantitative imaging (QI) in radiology is gaining popularity for its improved precision in diagnosis, prognosis, and
evaluating therapy response.! QI provides objective measurements, aiding in identifying subtle and sometimes qualitatively imperceptible
changes in disease conditions. QI enables the correlation of accurately and precisely derived image metrics with relevant anatomical and
physiological parameters, encompassing treatment effects and patient outcomes. A critical factor for the clinical adoption of QI is the
demonstration of consistent repeatability and reproducibility of QI metrics, not only in healthy individuals but also in patient populations.

QI has shown significant promise in evaluating response to treatment in cancers.?> Conventional radiological methods, such as the
Response Evaluation Criteria in Solid Tumors (RECIST)? or the modified Response Assessment in Neuro-Oncology (RANO),*? primarily
focus on measuring tumor size changes. However, these conventional techniques may not detect early therapy responses, as many cancer
treatments initially affect tumors at a microscopic level before any significant change in size becomes evident. QI techniques can identify
these early effects, providing a valuable window of opportunity to effectively manage cancer treatments. Notably, angiogenesis, a key
biological process that promotes aberrant tumor neovascularization,® is emerging as a vital perfusion imaging biomarker. Among all
perfusion weighted imaging techniques, arterial spin labeled (ASL) magnetic resonance imaging (MRI)7# has certain advantages. ASL
MRI is a non-contrast and non-invasive imaging method that provides absolute quantitative measures of perfusion, proven to be especially
valuable in brain imaging.

Based upon the recommendations from the International Society for Magnetic Resonance in Medicine ISMRM) ASL expert panel,
the early clinical adoption of ASL used 3D segmented acquisition techniques like 3D stack-of-spirals with multiple refocusing pulses or
3D gradient and spin echo (GRASE) for brain imaging.® Both acquisition methods, however, tend to suffer from image distortions in
regions with increased B0 inhomogeneities.'? This issue is particularly pertinent in patients with glioblastoma (GBM), an aggressive brain
tumor, especially those who have undergone craniotomy, those with pre or post treatment intra-tumoral hemorrhage, and those located
close to the skull base. To address this, alternate methods were developed using 3D turbo spin echo (TSE) using Cartesian acquisition with
pseudo-continuous ASL (pCASL) for robust non-contrast perfusion imaging with minimized image distortions.!!"!'> The purpose of this
study was to evaluate intrasession repeatability and intersession reproducibility of perfusion measurements using 3D pCASL with
Cartesian TSE in healthy volunteers and GBM patients at 3 Tesla and compare against 3D pCASL with GRASE.

MATERIALS AND METHODS

Participants

This prospective, single-institution study (ClinicalTrials.gov Identifier: NCT03922984) was approved by the institutional review board
and written informed consent was obtained prior to the subject participation in the study. Healthy volunteer cohort: Twenty subjects who
had no contraindications to standard MRI were enrolled between November 2021 and October 2022 (Table 1). Subjects with pregnancy
or any history of neurological or psychiatric diseases were excluded. GBM study cohort: Twenty-one subjects with GBM were enrolled
between September 2019 and February 2023 as part the clinical study (Table 1). The inclusion criteria were histologically proven GBM,
no prior treatment such as chemotherapy, radiation treatment, or anti-angiogenic therapy except for surgery, and planned receipt of
chemoradiation therapy. Since this is a repeatability and reproducibility study performed using repeated measurements at multiple visits,
the methodology proposed in the Strengthening the Reporting of Observational Studies in Epidemiology (STROBE) checklist was
followed.

Table 1: Demographic characteristics of healthy volunteers and patients with
glioblastoma (GBM) included in the study analysis.

Sample Characteristics Healthy Volunteers GBM Patients
(n=20) (n=21)
Male 9 (45%) 15 (71.4%)
Age, years (mean [SD]) 25.1 (1.7) 59.8 (14.3)
Age range, years 23-30 28 - 81
MR Imaging Protocol

All imaging sessions were performed on a 3T MR scanner (Ingenia, Philips Healthcare) using a 32-channel head coil. All healthy volunteers
were scanned twice with intersession time intervals of 2 to 4 weeks (Fig. 1A, top), matching the interval between the first two MRI time
points of GBM patients (Fig. 1A, bottom). For each visit, two imaging sessions were performed with a 15-min break in between
(Supplementary Figure 1A). In each imaging session, two runs of 3D pCASL with TSE using Cartesian acquisition with spiral profile
reordering (CASPR)'! and two runs of 3D pCASL with GRASE were performed. GBM patients were enrolled for longitudinal MR scans
before, during, and after chemoradiation treatment, according to the clinical study (Fig. 1A, bottom). Each imaging session for GBM
patients followed the recommended Brain Tumor Imaging Protocol (BTIP),'# with additional sequences including two runs of 3D pCASL



with TSE-CASPR and at least one run of 3D pCASL with GRASE (Supplementary Figure 1B). All ASL acquisitions were performed
before the administration of gadolinium-based contrast agent.
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FIG 1. MR scan timelines and post-processing analysis pipelines for both healthy volunteers and patients with glioblastoma.
A) MR scan timelines. Top: Each healthy volunteer participated in two visits (V1 and V2) with a time interval of 2 to 4 weeks. At
each visit, there were two imaging sessions (51 and S2) performed with a 15-minute break. Two runs (R1 and R2) of 3D pCASL with
TSE-CASPR and two runs of 3D pCASL with GRASE were obtained in each imaging session with the imaging protocol shown in
supplementary Figure 1A. Bottom: Each GBM patient participated in longitudinal MRI performed before (T0), during (T3, T6), and
after (T10, T18, T26, T34) chemoradiation treatment, where the number after “T” represents the number of weeks from the
beginning of treatment. T3 and T6 had a +1 week range while T10-T34 had a +2 weeks range. In addition to the standard clinical
protocol for GBM, MRI was performed with 2 runs of 3D pCASL with TSE-CASPR and at least one run of 3D pCASL with GRASE, as
shown in the supplementary Figure S1B. B) ASL post-processing pipeline. DICOM images were first converted to NIfTI format. ASL
difference images and proton density (M0O) images were skull stripped for brain extraction, followed by co-registration to the SRI24
atlas, and cerebral blood flow (CBF) map calculation. Segmentations of grey matter, white matter, and regional ROIs from the
SRI24 atlas were used to extract CBF measurements in healthy volunteers. C) Structural MR post-processing pipeline. For GBM
patients, the ASL post-processing pipeline was the same as in healthy volunteers (B). All structural MR images were co-registered
to 3D T1 post-contrast images and manual tumor ROIs were drawn by an experienced neuroradiologist (M.C.P.), followed by co-
registration to the SRI24 atlas for tumor and normal appearing grey and white matter ROIs extraction.

ASL labeling was applied in an axial plane perpendicular to the cervical spine C2 to C3 area with label duration (LD) and post-label
delay (PLD) of 1.8 seconds each. A combination of several saturation and inversion pulses was used for background suppression (BGS)
followed by spatially selective inflow saturation to reduce post-labeled arterial signal in the major vessels. 3D pCASL with TSE-CASPR
was acquired in an axial plane with the following parameters: FOV = 220x220x110 mm?3, matrix = 64x64 with 42 slices, acquired
resolution = 3.5%3.5x6 mm?, reconstructed resolution = 3x3x3 mm?, TR/TE = 6000/14 ms, echo spacing = 2.8 ms, TSE factor = 80, shot
duration = 235 ms, number of signal average (NSA) = 1, and acquisition time = 3:10 minutes. A proton-density weighted image (M0) was
acquired using the same acquisition parameters but without labeling, BGS, or inflow saturation pulses in 1:30 minutes. For comparison,
ASL images were also acquired using the vendor-supplied 3D pCASL with GRASE, matching the same acquisition parameters as 3D
pCASL with TSE-CASPR, except for: TR/TE = 3955/14 ms, echo spacing = 14.1 ms, TSE factor = 19, EPI factor = 15, shot duration =
268 ms, NSA = 3, and acquisition time = 4:37 minutes (including the M0). Both 3D pCASL with TSE-CASPR and 3D pCASL with
GRASE had similar acquisition times of ~4:40 minutes, including MO.



Image Analysis

For healthy volunteers, the entire ASL processing pipeline included format conversion from DICOM to NIfTI with dem2nii,'® followed
by skull stripping using the brain extraction tool in FSL,'®"!® and co-registration to the SR124 structural atlas'® by ANTS? (Fig. 1B). After
alignment, ASL cerebral blood flow (CBF) maps were calculated using the single compartment model according to the following equation®:

AM A ePP/T
CBF = 6000 - —

M, 2aT, 1—etorn Mb/1008/min

where AM is the signal intensity of the perfusion difference image; A is the blood brain partition coefficient (0.9); T1 is the longitudinal
relaxation time of blood (1600 ms); PLD of 1800 ms; LD of 1800 ms; a is the net labeling efficiency of 0.6 including BGS.!!"?! Perfusion
measurements were then extracted from the grey matter, white matter, and regional regions of interest (ROIs) based on the SR124 atlas.

For GBM npatients, all images were first co-registered to T1 post-contrast images (Fig. 1C). The T1 pre- and post-contrast images
were then normalized based on the signal intensity histogram?? and subtracted to generate Delta T1 images. Using the structural T2, T2-
FLAIR, T1-pre, and Delta T1 images, ROIs of the tumor characteristics were manually drawn by an experienced neuroradiologist (M.C.P.)
including enhancing tumor, tumor core, whole tumor, necrosis, resection cavity, cyst, and hemorrhage. Subsequently, all non-baseline
images including ASL, MO0, and corresponding tumor ROIs were co-registered to the baseline MR images using ANTS. The CBF values
from the tumor ROIs and the normal appearing brain ROIs (by excluding the tumor ROIs) were extracted. The mean and standard deviation
of CBF values in mL/100 g/min were tabulated.

Statistical Analysis

All statistical analyses were performed with Prism (GraphPad, San Diego, CA). The normality of mean perfusion values was tested using
the D'Agostino & Pearson test, Anderson-Darling test, Shapiro-Wilk test, and the Kolmogorov-Smirnov test. A paired t-test was performed
to evaluate the difference between mean perfusion values from 3D pCASL with TSE-CASPR and 3D pCASL with GRASE. The
reproducibility was measured using linear regression, Bland—Altman analyses, and intraclass correlation coefficient (ICC). ICC estimates
and their 95% confidence intervals (CI) were calculated using the SPSS statistical package (SPSS, Chicago, IL) based on a single-
measurement, absolute-agreement, 2-way mixed-effects model. Within-subject coefficients of variation (wsCV), defined as the ratio of
the standard deviation (SD) of the difference between repeated measurements to the mean of the repeated measurements, were also
computed. Signal to noise ratio (SNR) was calculated in healthy volunteers using dual acquisitions (R1 and R2), according to the NEMA
methodology:?

mean (R1 + R2)
SNR= V2 SD(R1 —R2)

RESULTS
Healthy Volunteers

ASL perfusion maps were successfully acquired in all 20 healthy volunteers. Each healthy volunteer underwent two MR visits (V1, V2)
with four imaging sessions (V1S1, V1S2, V2S1, and V282) for a total of 80 imaging sessions. Within each imaging session, two runs (R1,
R2) of 3D pCASL with TSE-CASPR and two runs of 3D pCASL with GRASE were performed (Fig. 1A, top). The average perfusion
maps across all 20 healthy volunteers acquired at run 1 within each imaging session (i.e., VISIR1, VIS2R1, V2S1R1, and V2S2R1) and
at run 2 within each imaging session (i.e., VISIR2, V1S2R2, V2S1R2, and V2S2R2) showed good co-registration and similar perfusion
values demonstrating qualitative intrasession repeatability for both 3D pCASL with TSE-CASPR and 3D pCASL with GRASE (Fig. 2
left). Similarly, the average perfusion maps across all 20 healthy volunteers acquired at visit 1 (i.e., VISIRI, VISIR2, VIS2R1, and
V1S2R2) and at visit 2 (i.e., V2S1R1, V2S1R2, V2S2R1, and V2S2R2) demonstrated qualitative intersession reproducibility for both
readouts (Fig. 2 right).

Quantitative analyses also showed similar results for both 3D pCASL with TSE-CASPR (Fig. 3A) and 3D pCASL with GRASE (Fig.
3B), evaluated using linear regression (top row) and Bland-Altman analyses (bottom row). The intrasession repeatability measures of 3D
pCASL with TSE-CASPR were: slope (95% CI) of 0.94 (0.89-1.0), R? value of 0.88, ICC (95% CI) of 0.96 (0.94-0.97), wsCV of 7.21%,
and a minimal bias of 0.81 mL/100g/min (Fig. 3A, Table 2). The corresponding intrasession repeatability measures of 3D pCASL with
GRASE were: slope (95% CI) of 1.02 (0.98-1.05), R? value 0f 0.96, ICC (95% CI) of 0.97 (0.96-0.98), wsCV of 5.2%, and a minimal bias
of 0.35 mL/100g/min (Fig. 3B, Table 2). Overall, 3D pCASL with both readouts showed excellent intrasession repeatability with 3D
GRASE performing slightly better than 3D TSE-CASPR.

The intersession reproducibility measures of 3D pCASL with TSE-CASPR were: slope (95% CI) of 0.78 (0.70-0.85), R? value of
0.71, ICC (95% CI) of 0.85 (0.81-0.89), wsCV of 13.82%, and a minimal bias of -1.2 mL/100g/min (Fig. 3A, Table 2). The corresponding
intersession reproducibility measures of 3D pCASL with GRASE were: slope (95% CI) of 0.89 (0.82-0.96), R? value of 0.82, ICC (95%
CI) 0f 0.90 (0.87-0.93), wsCV of 9.98%, and a minimal bias of -0.9 mL/100g/min (Fig. 3B, Table 2). The intersession reproducibility was
good to excellent for 3D pCASL with both readouts with 3D GRASE performing better than 3D TSE-CASPR. Similar behavior of good
to excellent intrasession reliability was observed by both readouts at regional ROI levels, while the intersession reproducibility was
moderate (Supplementary Table 1).

The CBF measurements from both readouts showed normal distributions across all healthy volunteers (p>0.05 for all 4 normality
tests). The paired t-test for mean CBF values showed no significant differences between the two readouts (Supplementary Figure 2), for
both intrasession repeatability (p=0.91) and intersession reproducibility (p=0.32).



Intrasession Repeatability Intersession Reproducibility

SRI24
atlas 3D TSE-CASPR 3D GRASE 3D TSE-CASPR 3D GRASE
m m 0 "

»
oy
9
[z i
0
'-."-2 50 8
& 3
% E
[7p]
o
o
% @ @ @ 0

Run1 Run 2 Run1 Run2 Visit1 Visit 2 Visit 1 Visit 2

FIG 2. Co-registration between ASL measured perfusion maps and standard SRI24 atlas qualitatively shows good intrasession
repeatability and intersession reproducibility in healthy volunteers. Representative slices of averaged perfusion maps among
20 healthy volunteers and corresponding SRI24 T1-weighted atlas slice for intrasession (left) and intersession (right) comparisons

between two runs of 3D TSE-CASPR and 3D GRASE readouts. The unit of perfusion values are in mL/100g/min.
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FIG 3. Quantitative analyses show good intrasession repeatability and intersession reproducibility of ASL measured perfusion
in healthy volunteers. Linear regression (top) and Bland Altman analyses (bottom) in healthy volunteers. Mean perfusion values
(ml/100g/min) in grey matter and white matter, measured using 3D pCASL with TSE-CASPR (left) and 3D pCASL with GRASE (right),
were utilized for intrasession and intersession reproducibility evaluations.

Table 2: Statistical analyses demonstrate intrasession repeatability and intersession reproducibility of CBF measurements in
healthy volunteers.

Linear Regression Analyses

Intra-session

Inter-session

Slope (95% Cl) R? Slope (95% Cl) R?
3D TSE-CASPR 0.94 (0.89-1.00) 0.88 0.78 (0.70-0.85) 0.71
3D GRASE 1.02 (0.98-1.05) 0.96 0.89 (0.82-0.96) 0.82
Intra-Class Correlation Coefficient (ICC) Intra-session Inter-session

ICC (95% Cl) wsCV ICC (95% Cl) wsCV
3D TSE-CASPR 0.96 (0.94-0.97) 7.21 0.85 (0.81-0.89) 13.82
3D GRASE 0.97 (0.96-0.98) 5.20 0.90 (0.87-0.93) 9.98

GBM Patients

Representative slices of perfusion maps covering the tumor along with corresponding structural MR images for one representative GBM
patient are shown in Fig. 4 at multiple time points. All images demonstrated good co-registration across different time-points. The GBM
patients were all treated with chemoradiation, which results in the adverse effect of global brain perfusion reduction over the duration of
the therapy.?*?> Hence, we limited our evaluation to only intrasession repeatability in GBM patients.
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FIG 4. Significant reduction of global cerebral perfusion measurements in one GBM patient following chemoradiation,
demonstrated by longitudinal MR scans. Representative slices of perfusion maps and corresponding structural MR images (SRI24
atlas slice and Delta T1) of a 71-year-old female GBM patient, shown at different time points before (top, T0), during (middle,
T6) and after (bottom, T34) chemoradiation treatment. Two runs of 3D pCASL with TSE-CASPR were acquired for all three
timepoints. Two runs of 3D pCASL with GRASE were performed for TO and T6, while one run was performed at the T34 time point.
The units of perfusion values are in mL/100g/min.

All 21 enrolled GBM patients underwent two runs of 3D pCASL with TSE-CASPR for a total of 88 imaging sessions. Across all 88
imaging sessions, linear regression and Bland-Altman analyses revealed excellent intrasession repeatability in both normal appearing brain
regions (slope [95% CI] of 0.99 [0.95-1.02], R? value of 0.95, ICC [95% CI] of 0.98 [0.97-0.98], wsCV of 6.64%, and a minimal bias of -
0.35 mL/100g/min) and in tumors (slope [95% CI] of 1.03 [0.97-1.09], R? value of 0.94, ICC [95% CI] of 0.97 [0.95-0.98], wsCV of
8.56%, and a minimal bias of -0.03 mL/100g/min) (Fig. 5, Table 3). Among the 21 GBM patients, 9 patients were also imaged with two
runs of 3D pCASL with GRASE in addition to two runs of 3D pCASL with TSE-CASPR for a total of 32 imaging sessions. Hence, the
intrasession repeatability comparison between the two readouts was performed in this sub-cohort analysis of 32 imaging sessions. Linear
regression and Bland-Altman analyses revealed excellent intrasession repeatability for 3D pCASL with TSE-CASPR in both normal
appearing brain regions (slope [95% CI] of 0.97 [0.90-1.03], R? value of 0.94, ICC [95% CI] of 0.97 [0.95-0.98], wsCV of 7.94%, and a
minimal bias of -0.46 mL/100g/min) and in tumors (slope [95% CI] of 0.98 [0.89-1.07], R? value of 0.94, ICC [95% CI] of 0.97 [0.94-
0.98], wsCV of 9.07%, and a minimal bias of -0.22 mL/100g/min) (Fig. 6A, Table 3). The corresponding intrasession repeatability for 3D
pCASL with GRASE was also excellent in both normal appearing brain regions (slope [95% CI)] of 1.03 [0.95-1.10], R? value of 0.96,
ICC [95% CI] of 0.98 [0.96-0.99], wsCV of 5.55%, and a minimal bias of -0.08 mL/100g/min) and in tumors (slope [95% CI)] of 0.94



[0.84-1.04], R? value of 0.93, ICC [95% CI] of 0.96 [0.92-0.98], wsCV of 8.16%, and a minimal bias of -0.06 mL/100g/min) (Fig. 6B,
Table 3). Overall, the intrasession repeatability in GBM patients was excellent with both readouts in normal appearing brain regions, while

the performance of 3D TSE-CASPR was slightly better in tumors compared to 3D GRASE.
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FIG 5. Quantitative analyses show good intrasession repeatability in tumor ROIs and normal appearing brain ROls, for
measured perfusion using 3D pCASL with TSE-CASPR among 21 GBM patients across 88 imaging sessions. Linear regression and
Bland-Altman analyses were performed in GBM patients. Mean perfusion values (ml/100g/min) in tumor ROIs (left) and normal
appearing grey matter and white matter (right), measured using 3D pCASL with TSE-CASPR, were used to evaluate intrasession
reproducibility of ASL.
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FIG 6. Comparison of quantitative analyses for ASL measured perfusion between 3D pCASL with TSE-CASPR and 3D pCASL
with GRASE among 9 patients across 32 imaging sessions. Results shows good intrasession repeatability for both readouts in
tumor ROIs and normal appearing brain ROIs of GBM patients. Linear regression and Bland-Altman analyses were performed in GBM
patients. Mean perfusion values (ml/100g/min) in tumor ROIs (left) and normal appearing grey matter and white matter (right),
measured using 3D pCASL with TSE-CASPR and 3D pCASL with GRASE, were used to evaluate intrasession reproducibility of ASL.

Table 3: Statistical analyses demonstrate intrasession repeatability of normal appearing grey and white matter and tumors in GBM

patients.
Linear Regression Analyses Tumor Normal Appearing Gray/White Matter
Slope (95% Cl) R? Slope (95% Cl) R?
3D TSE-CASPR (88 imaging sessions) 1.03 (0.97-1.09) 0.94 0.99 (0.95-1.02) 0.95
3D TSE-CASPR (32 imaging sessions only)  0.98 (0.89-1.07) 0.94 0.97 (0.90-1.03) 0.94
3D GRASE (32 imaging sessions) 0.94 (0.84-1.04) 0.93 1.03 (0.95-1.10) 0.96




Intra-Class Correlation Coefficient (ICC) Tumor Normal Appearing Gray/White Matter

ICC (95% Cl) wsCV ICC (95% Cl) WsCV
3D TSE-CASPR (88 imaging sessions) 0.97 (0.95-0.98) 8.56 0.98 (0.97-0.98) 6.64
3D TSE-CASPR (32 imaging sessions only)  0.97 (0.94-0.98) 9.07 0.97 (0.95-0.98) 7.94
3D GRASE (32 imaging sessions) 0.96 (0.92-0.98) 8.16 0.98 (0.96-0.99) 5.55

3D TSE-CASPR has Higher SNR and Increased Robustness to Image Distortions than 3D GRASE

Figure 7 demonstrated the comparative image quality of perfusion maps acquired using 3D pCASL with TSE-CASPR and 3D pCASL
with GRASE. In healthy volunteers, both readouts generated comparable quality perfusion maps without significant image distortions, as
evident from the overlay on the anatomical T2-weighted images (Fig. 7A). However, in GBM patients, 3D TSE-CASPR provided more
robust image quality and reduced image distortions compared to 3D GRASE, particularly in areas with increased B0 inhomogeneities as
observed near surgical craniotomy locations (Fig. 7B). Similar behavior was also observed in healthy volunteers near areas with increased
B0 inhomogeneities such as in the caudate, where 3D TSE-CASPR outperforms 3D GRASE in terms of intrasession repeatability and
intersession reproducibility (Supplementary Table 1). CBF maps generated by 3D TSE-CASPR also demonstrated better tumor to normal
background tissue contrast (Fig. 7B). Moreover, 3D TSE-CASPR had higher (~2 folds) SNR compared to 3D GRASE in grey matter
(6.31+1.39 vs. 3.5440.63, p<0.0001) and white matter (6.37+1.61 vs. 3.54+0.65, p<0.0001) (Fig. 7C).
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FIG 7. 3D TSE-CASPR has increased robustness to image distortions and higher SNR than that of 3D GRASE. A) Overlays of ASL
images on T2 weighted structural images of a 25-years old female healthy volunteer with 3D TSE-CASPR on the left and 3D GRASE
on the right. B) Overlays of ASL images on T2 weighted structural images of a 56-year-old male GBM patient with 3D TSE-CASPR
on the left and 3D GRASE on the right. C) SNR values of ASL perfusion images using 3D pCASL with TSE-CASPR and 3D pCASL with
GRASE, calculated with dual acquisitions across 20 healthy volunteers.

DISCUSSION

Arterial spin labeled (ASL) MRI has gained recognition as a quantitative imaging (QI) method for the measurement of cerebral blood flow
(CBF), showing potential for diagnosis, response assessment and surveillance of brain tumor patients. For QI methods to be reliably
adopted in clinical practice, high precision is essential. Our study has demonstrated excellent intrasession repeatability of 3D pCASL
measured CBF in both healthy volunteers and GBM patients, evidenced by high R? values (TSE-CASPR: 0.88-0.95; GRASE: 0.93-0.96),
minimal biases (TSE-CASPR: -0.46 to 0.81 mL/100g/min; GRASE: -0.08 to 0.35 mL/100g/min), high ICC [95% CI] values (TSE-CASPR:
0.96-0.98 [0.94-0.98]; GRASE: 0.96-0.98 [0.92-0.99]), and low wsCV values (TSE-CASPR: 6.64%-9.07%; GRASE: 5.20%-8.16%).
Notably, this excellent repeatability was observed in both normal appearing brain regions and tumor ROIs for both TSE-CASPR and
GRASE. Additionally, our study established good to excellent intersession reproducibility in healthy volunteers, as shown by high R?
values (TSE-CASPR: 0.71; GRASE: 0.82), minimal biases (TSE-CASPR: -1.2 mL/100g/min; GRASE: -0.90 mL/100g/min), high ICC
[95% CI] values (TSE-CASPR: 0.85 [0.81-0.89]; GRASE: 0.90 [0.87-0.93]), and low wsCV values (TSE-CASPR: 13.82%; GRASE:
9.98%). These findings strongly support the clinical translation of ASL as a non-contrast, noninvasive, and quality-controlled QI method
for managing GBM patients.

Our data showed that 3D pCASL with GRASE performed slightly better than 3D pCASL with TSE CASPR for both intrasession
repeatability and intersession reproducibility in healthy volunteers. In GBM patients, however, the performance of both readouts was
equivalent in normal appearing regions, while 3D pCASL with TSE-CASPR showed slightly better performance in tumor ROIs. Our
protocol acquired 3D GRASE with 3 NSAs and 3D TSE-CASPR with 1 NSA, maintaining equivalent acquisition times for both sequences.
The better performance of 3D GRASE in healthy volunteers might be attributed to the averaging out of signal variations with increased
NSAs. Conversely, 3D TSE-CASPR exhibited nearly twofold higher SNR, enhanced contrast between tumor and background tissue,
improved robustness to BO inhomogeneity, and fewer artifacts compared to 3D GRASE. These benefits likely contributed to the superior
repeatability of 3D TSE-CASPR in GBM patients, particularly in tumor ROIs. Moreover, the increased resilience of 3D TSE-CASPR to



image distortions allows for precise co-registration of CBF maps to structural images such as T1, T2, and T2-FLAIR (e.g., Fig. 7B). This
facilitates accurate tumor perfusion measurement using automated segmentations that are often performed using structural images. These
advancements bring ASL closer to routine clinical use.

Previous studies have demonstrated that ASL can provide valuable perfusion information in various neurological conditions, showing
potential for clinical use.??” However, a significant hurdle has been the difficulty in achieving consistent ASL measured perfusion across
different subjects and over time for the same subjects, which has hindered its clinical adoption. While many studies have reported reliable
and reproducible ASL perfusion measurements in healthy subjects,?®?° there has been a scarcity of such research in patient populations.
Some studies have shown notable intrasession repeatability and moderate test-retest reproducibility of ASL in elderly patients with mild
cognitive impairment and Alzheimer’s disease.>*3! Nonetheless, studies that systematically investigated the reproducibility of ASL
measured perfusion in patients with brain tumors have been limited. Zhou et. al. has demonstrated high intrasession repeatability of pCASL
measured perfusion in a small group of GBM patients, focusing on normal appearing grey matter and tumor regions.3? Following this,
Alsaedi et al.33 has shown high repeatability for both pulsed ASL and pCASL for the assessment of perfusion parameters in a cohort of
adult glioma patients. Our study corroborates these findings, showcasing high intrasession repeatability and intersession reproducibility of
pCASL measured perfusion in both healthy volunteers and a larger group of GBM patients at multiple time points.

This study has several limitations. First, our healthy volunteers were relatively young (aged 23-30 years) compared to GBM patients
(aged 28-81 years). Although major differences in the reproducibility of pCASL are not expected due to age, minor variations could still
occur. Future studies will aim to align the age ranges of healthy volunteers with those of GBM patients to better facilitate clinical
applicability. Second, pCASL sequences were acquired with a single PLD due to shorter scan time, ease of acquisition, post-processing,
and clinical implementation. This single PLD may not be sufficient for accurate CBF quantification, especially in the elderly who may
exhibit longer arterial transit times (ATT), including GBM patients. Nevertheless, ATTs are unlikely to change significantly within a single
imaging session, thus not affecting intrasession repeatability. Similarly, ATT variations in healthy volunteers are not anticipated over short
intervals (~3 weeks) and hence would not affect intersession reproducibility. Future studies will explore repeatability of 3D pCASL with
multiple PLDs. Lastly, we did not assess intersession reproducibility in GBM patients due to the potential effects of chemoradiation therapy
on normal brain regions. Future studies will consider normalization techniques and relative CBF measurements (34), similar to relative
cerebral blood volume (rCBV) metrics used routinely in dynamic susceptibility contrast (DSC) imaging for brain tumors.>*

CONCLUSIONS

In conclusion, our study demonstrated excellent intrasession repeatability of 3D pCASL measured cerebral perfusion in both healthy
volunteers and GBM patients, along with good to excellent intersession reproducibility in healthy volunteers. Our study also demonstrated
that 3D pCASL with GRASE performed slightly better than 3D pCASL with TSE-CASPR in healthy volunteers. In GBM patients,
however, 3D pCASL with TSE-CASPR showed better performance in tumor regions with nearly twofold higher SNR. These findings
bolster the potential of non-contrast, noninvasive, and quality-controlled ASL-measured perfusion particularly using 3D pCASL with TSE-
CASPR as a QI biomarker in brain tumors. The application of ASL in clinical settings can aid in the diagnosis, prognosis, and the
longitudinal assessment of treatment responses in managing GBM patients.
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SUPPLEMENTAL FILES

Supplementary Fig 1. Imaging protocol for healthy volunteers (A) and patients with GBM (B). A) For healthy volunteers, each
visit had two imaging sessions with a 15 mins coffee break in between. There were two runs of 3D pCASL with TSE-CASPR and two
runs of 3D pCASL with GRASE for each imaging session. B) For GBM patients, two runs of 3D pCASL with TSE- CASPR and at least
one run of 3D pCASL with GRASE were included into the existing clinical MR routine protocol.

First session Second Session Survey
Survey Survey 3D T1 MP-RAGE
3D T1 MP-RAGE 3D pCASL with TSE-CASPR {Run 1)
3D pCASL with TSE-CASPR (Run 1) |3D pCASL with TSE-CASPR (Run 1) 3D pCASL with GRASE (Optional)
3D pCASL with TSE-CASPR (Run 2) |3D pCASL with TSE-CASPR (Run 2) 3D T2 FLAIR
3D pCASL with GRASE (Run 1) 3D pCASL with GRASE (Run 1) 2D T2 TSE
3D pCASL with GRASE (Run 2) 3D pCASL with GRASE {Run 2) 3D SwWi
2D DwiI
3D T2 FLAIR 3D pCASL with TSE-CASPR (Run 2)
2D T2 TSE 3D pCASL with GRASE
2D DCE
2D DSC
3D T1 MP-RAGE (post-contrast)
2D T1 FLAIR (post-contrast)

Supplementary Fig 2. Violin plots of mean perfusion values of grey matter (orange) and white matter (green) from healthy
volunteers for both 3D pCASL with TSE-CASPR and 3D pCASL with GRASE. The units of perfusion values are in mL/100g/min.
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Supplementary Table 1. Linear regression R? parameter, intra-class correlation coefficient (ICC) and its 95% confidence interval
(Cl), and within-subject coefficient variation (wsCV) analyses among mean perfusion values extracted from perfusion maps
generated by 3D pCASL with TSE-CASPR and 3D pCASL with GRASE using SRI24 regional ROIs atlas in healthy volunteers.
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putamen 073 0.36 773 o037 %% 1418  0.63 072 1077 032 0:56 14.59
0.785 - 0.905 0.427-0.716 0.684 - 0.857 0.385 - 0.690
0.91 0.64 0.81 057
hi 84 7.4 42 16.4 167 82 34 14.01
(BROSmP 084 866-0.942 9 042, es-07s0 84 067 oop0-0874 2% O34 gu0ii0701 40
0.90 0.61 0.88 0.76
cerebellun 082 gasa.0e37 32 9% Gusogzan %% 978 ggpi-0gpn P 080 gons ggan B33
Mean 0.81 0.89 766 048 068 1546  0.80 0.89 751 055 0.73 11.99
sD 0.07 0.04 123 008 0.6 243 0.09 0.06 159 0.4 0.10 1.50
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