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ORIGINAL RESEARCH
BRAIN TUMOR IMAGING

Pseudo-Resting-State Functional MRI Derived from Dynamic
Susceptibility Contrast Perfusion MRI Can Predict Cognitive

Impairment in Glioma
Nicholas S. Cho, Chencai Wang, Kathleen Van Dyk, Francesco Sanvito, Sonoko Oshima, Jingwen Yao, Albert Lai,

Noriko Salamon, Timothy F. Cloughesy, Phioanh L. Nghiemphu, and Benjamin M. Ellingson

ABSTRACT

BACKGROUND AND PURPOSE: Resting-state functional MRI (rs-fMRI) can be used to estimate functional connectivity (FC) between
different brain regions, which may be of value for identifying cognitive impairment in patients with brain tumors. Unfortunately, nei-
ther rs-fMRI nor neurocognitive assessments are routinely assessed clinically, mostly due to limitations in examination time and cost.
Since DSC perfusion MRI is often used clinically to assess tumor vascularity and similarly uses a gradient-echo-EPI sequence for T2*-
sensitivity, we theorized a “pseudo-rs-fMRI” signal could be derived from DSC perfusion to simultaneously quantify FC and perfusion
metrics, and these metrics can be used to estimate cognitive impairment in patients with brain tumors.

MATERIALS AND METHODS: Twenty-four consecutive patients with gliomas were enrolled in a prospective study that included DSC
perfusion MRI, resting-sate functional MRI (rs-fMRI), and neurocognitive assessment. Voxelwise modeling of contrast bolus dynamics
during DSC acquisition was performed and then subtracted from the original signal to generate a residual “pseudo-rs-fMRI” signal.
Following the preprocessing of pseudo-rs-fMRI, full rs-fMRI, and a truncated version of the full rs-fMRI (first 100 timepoints) data, the
default mode, motor, and language network maps were generated with atlas-based ROIs, Dice scores were calculated for the resting-
state network maps from pseudo-rs-fMRI and truncated rs-fMRI using the full rs-fMRI maps as reference. Seed-to-voxel and ROI-to-
ROI analyses were performed to assess FC differences between cognitively impaired and nonimpaired patients.

RESULTS: Dice scores for the group-level and patient-level (mean6SD) default mode, motor, and language network maps using
pseudo-rs-fMRI were 0.905/0.689 6 0.118 (group/patient), 0.973/0.730 6 0.124, and 0.935/0.665 6 0.142, respectively. There was no
significant difference in Dice scores between pseudo-rs-fMRI and the truncated rs-fMRI default mode (P¼ .97) or language networks
(P¼ .30), but there was a difference in motor networks (P¼ .02). A multiple logistic regression classifier applied to ROI-to-ROI FC net-
works using pseudo-rs-fMRI could identify cognitively impaired patients (sensitivity¼ 84.6%, specificity¼ 63.6%, receiver operating
characteristic area under the curve (AUC)¼ 0.7762 6 0.0954 (standard error), P¼ .0221) and performance was not significantly different
from full rs-fMRI predictions (AUC¼ 0.8881 6 0.0733 (standard error), P¼ .0013, P¼ .29 compared with pseudo-rs-fMRI).

CONCLUSIONS: DSC perfusion MRI-derived pseudo-rs-fMRI data can be used to perform typical rs-fMRI FC analyses that may
identify cognitive decline in patients with brain tumors while still simultaneously performing perfusion analyses.

ABBREVIATIONS: ASL ¼ arterial spin-labeling; AUC ¼ area under curve; BOLD ¼ blood oxygenation level–dependent; FC ¼ functional connectivity; FDR ¼
false discovery rate; FWE ¼ family-wise error; MNI ¼ Montreal Neurological Institute; ROC ¼ receiver operating characteristic; rs-fMRI ¼ resting-state func-
tional MRI

Although management of brain tumor patients typically
involves assessing changes in tumor size on anatomic MRI

techniques (e.g., T2-weighted FLAIR and contrast-enhanced

T1-weighted images), the utilization of advanced MRI techni-
ques is becoming more common and may provide valuable new
insights into tumor biology and other important information
that may improve clinical management. For example, evidence
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suggests blood oxygenation level—dependent (BOLD) resting-
state functional MRI (rs-fMRI)1,2 may have clinical utility for
presurgical mapping (e.g., motor and language networks).3-7

Additionally, rs-fMRI measures of functional connectivity
(FC)—particularly within the default mode network8,9—may
be useful for studying neurocognition in patient populations,
including patients with brain tumors.10-14 Neurocognitive
assessment in patients with brain tumors is particularly impor-
tant for therapeutic response evaluation15 and is gaining con-
siderable attention because reduced neurocognition has a
profound impact on posttreatment morbidity and cancer
survivorship.16

Unfortunately, neither rs-fMRI nor neuropsychological test
batteries are routinely performed clinically, mostly due to limita-
tions in examination time and cost. As a result, there is a present
need to be able to conduct rs-fMRI analyses and to identify cog-
nitive decline in patients within current clinical workflows. Of
note, during a rs-fMRI scan, patients are scanned using a T2*-
sensitive sequence while at “rest,”1 precluding the need for task
paradigms. Based on MR physics principles, it may be conceiva-
ble to acquire “pseudo-rs-fMRI” data from a DSC perfusion MRI
scan. DSC perfusion MRI is also dynamically-acquired with a
T2*-sensitive gradient-echo-EPI sequence with strong BOLD-
weighting like BOLD rs-fMRI, except DSC is performed during
the injection of a contrast agent bolus. DSC perfusion MRI is also
used much more extensively in clinical settings than BOLD rs-
fMRI for brain tumors to assess tumor vascularity.17-20

We theorized a “pseudo-rs-fMRI” signal could be derived
from DSC perfusion to quantify FC and that these metrics can be
used to estimate cognitive impairment in patients with brain
tumors. We hypothesized that: (1) pseudo-rs-fMRI derived from

DSC perfusion MRI would yield similar qualitative network map-
ping results as rs-fMRI by investigating 3 commonly studied rest-
ing-state networks given their relevance to clinical care and
neuroscience research: the default mode, motor, and language
networks;8,9,21 and (2) there would be observable FC differences
between cognitively impaired-versus-nonimpaired patients, par-
ticularly of the default mode network, using rs-fMRI and pseudo-
rs-fMRI.

MATERIALS AND METHODS
Study Design
This study was performed in compliance with the Health
Insurance Portability and Accountability Act (HIPAA) and was
approved by our institutional review board. All patients provided
informed consent. Consecutive patients seen at our neuro-oncol-
ogy clinic that were previously diagnosed with diffuse glioma and
had completed all therapies/surgeries and were off-therapy for at
least 6months before enrollment in a prospective trial (IRB #17–
001500) assessing cognitive assessment using a neuropsychologi-
cal test battery were eligible for study.14 The inclusion criteria for
the present study were: (1) right-handed, (2) received rs-fMRI
scanning, and (3) received DSC perfusion MRI with near whole-
brain coverage within the same session. A total of 24 consecutive
patients with the above inclusion criteria were recruited. Clinical
data are summarized in Table 1 with further detailed diagnosis
provided in the Online Supplemental Data. A portion of patients
were assessed in a prior study.14

Cognitive Impairment Assessment
Cognitive function was assessed using a previously described neu-
ropsychological test battery14 informed by International Cognition
and Cancer Task Force recommendations,22 expert recommenda-
tions,23 and the authors’ prior clinical experience. The test battery
included learning, memory, attention, processing speed, working
memory, language, and visuospatial measures (see the Online
Supplemental Data for a detailed assessment list).14 Each score was
normalized to Z-scores using published normative data as a refer-
ence. Patients were categorized as “cognitively impaired” if 2 or
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SUMMARY SECTION

PREVIOUS LITERATURE: Resting-state network analyses from resting-state functional MRI (rs-fMRI) are of great interest in patient
populations for potential clinical utility in presurgical mapping and for studying neurocognition. However, rs-fMRI and neuropsy-
chological test batteries are not routinely performed clinically. We theorized that “pseudo-rs-fMRI” data can be derived from
the more widely performed dynamic susceptibility contrast perfusion MRI because of this imaging technique’s similar T2*-sensi-
tivity as in rs-fMRI. We compared the performance of our proposed pseudo-rs-fMRI approach and rs-fMRI in generating resting-
state network maps and predicting cognitive impairment status in patients with gliomas off-therapy.

KEY FINDINGS: Patient-level and group-average default mode, language, and motor network map Dice scores were similar
between pseudo-rs-fMRI and rs-fMRI. Additionally, both pseudo-rs-fMRI and rs-fMRI functional connectivity results were able to
predict cognitive impairment status in glioma patients (P, .05), and performance was not significantly different (P. .05).

KNOWLEDGE ADVANCEMENT: Our pseudo-rs-fMRI approach by using DSC perfusion MRI has significant clinical implication by
enabling simultaneous perfusion and rs-fMRI analyses from a single DSC perfusion MRI acquisition. The presented method can
be applied retrospectively or integrated prospectively into clinical workflows. Additionally, we propose a dually-optimized DSC
perfusion MRI for both analyses.
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more of their test scores were Z # �2 and as “cognitively nonim-
paired” if otherwise; criteria were based on the International
Cognition and Cancer Task Force recommendations and account-
ing for the number of tests to limit the likelihood of falsely identi-
fying chance impairment.22,24

Image Acquisition
MPRAGE T1 pre-/postcontrast MRI, T2-weighted FLAIR MRI,
DSC perfusion MRI, and rs-fMRI scans were acquired at 3T using
Prisma, Magnetom Skyra, or Vida scanners (Siemens). Rs-fMRI
was acquired during the same session as the anatomical and DSC
perfusion MRI and before the DSC perfusion MRI as per recom-
mended guidelines.21 Anatomical MPRAGE T1 pre-/postcontrast
MRI and T2-weighted FLAIR MRI were acquired in compliance
with the standardized brain tumor imaging protocol.25 All DSC
perfusion MRI was acquired after administration of a 0.1-mmol/
kg bolus of Gd-DTPA. Rs-fMRI and DSC perfusion MRI scan pa-
rameters are summarized in Table 2.

Image Preprocessing: Full and Truncated Resting-State
Functional MRI
Full rs-fMRI data were preprocessed in accordance with recently
published preprocessing recommendations21 using the CONN tool-
box (https://web.conn-toolbox.org/).26 In brief, the standard CONN
preprocessing pipeline steps of functional realignment/unwarp-
ing and slice-timing correction were performed. Next, outlier
identification, image registration to the Montreal Neurological
Institute space (MNI), and segmentation of gray matter, white
matter, and CSF were performed. Then, the full rs-fMRI data
were smoothed using an 8-mm full width at half maximum
Gaussian kernel and denoised by regressing motion-correction
parameters along with white matter and CSF signal and apply-
ing a bandpass filter of 0.01–0.1Hz. Because DSC perfusion
MRI is of shorter duration than typical rs-fMRI acquisitions, a
truncated rs-fMRI was created by taking the first 100 volumes
and preprocessing as described above to serve as a comparison.

Image Preprocessing: Pseudo-Resting-State Functional MRI
from DSC Perfusion MRI
DSC perfusion MRI was preprocessed by first performing
motion-correction using FSL’s MCFLIRT function (https://fsl.
fmrib.ox.ac.uk/fsl/fslwiki/MCFLIRT)27 and then applying a

bidirectional leakage-correction algorithm to obtain a leakage-
corrected signal.28-30 Pseudo-rs-fMRI data were then extracted by
performing voxelwise, Gamma-variate modeling of the contrast
agent bolus and then performing voxelwise subtraction of the
modelled contrast agent bolus from the leakage-corrected signal
to create a residual “pseudo-rs-fMRI” signal (Fig 1). Pseudo-rs-
fMRI data were then loaded into the CONN toolbox26 for further
standard rs-fMRI-related preprocessing as performed for the rs-
fMRI data in this study except for volume censoring.

Image Postprocessing: Generating Pseudo-/Resting-State
Seed-to-Voxel Network Maps
Default mode network, motor network, and language network
seed-to-voxel maps were generated for each patient in pseudo-rs-
fMRI, full rs-fMRI, and truncated rs-fMRI using consistent seed
ROIs selected from CONN’s built-in network ROI parcellations
in MNI atlas space.26 Specifically, the default mode network was
generated by seeding the medial prefrontal cortex ROI, the motor
network was generated by seeding the left lateral sensorimotor
cortex ROI, and the language network was generated by seeding
the left inferior frontal gyrus ROI. Group-level average network
maps were then created through the Analysis of Functional
NeuroImages (AFNI; https://afni.nimh.nih.gov/)31 3dttest11

command. Dice scores were used to evaluate the similarity
between rs-fMRI and pseudo-rs-fMRI. Dice scores range from 0
to 1, where a Dice score of 0 is no overlap and a Dice score of 1 is
perfect overlap. Dice scores were computed for each patient and
the group-average seed-to-voxel maps between the resting-state
network maps generated by (1) pseudo-rs-fMRI and full rs-fMRI
as well as (2) truncated rs-fMRI and full rs-fMRI using Matlab
(MathWorks). Network map Dice scores for each image pairing
were calculated within the overlap of perfusion slice coverage and
regions of full rs-fMRI activation with r. 0.3 for pseudo-rs-
fMRI versus full rs-fMRI and truncated rs-fMRI versus full rs-
fMRI assessments.

Functional Connectivity Differences Based on Cognitive
Impairment Status
When performing quantitative analyses assessing connectivity
differences between cognitively impaired and nonimpaired
patients, voxels within any resection cavities were excluded from
the analyses. Resection cavity masks were segmented using AFNI

Table 2: DSC perfusion MRI and full resting-state functional
MRI parameters

Sequence
Patient Cohort (N= 24)

Full Rs-fMRI DSC Perfusion
No. of patients 24 24
Scanner model Prisma, Skyra, Vida
Field strength 3T 3T
TE 28 ms 17 ms
TR 2 sec 1.35–1.72 sec
Flip angle 77° 35°
No. of volumes 300 (265 for n¼ 1) 120
No. of slices 38 24–30
Slice thickness 4 mm 5 mm
Acquisition matrix 64 � 64 128 � 128
Field of view 220 mm 240 mm

Table 1: Patient data
Characteristic No.

Age (yr)
Average 45
Range 22–70

Sex
Male 16
Female 8

Cognitive impairment status
Impaired 13
Nonimpaired 11

Handedness
Right 24
Left 0

IDH Status
Mutant 19
Wild-type 2
Unknown 3
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software31 and the MNI-registered T1-weighted precontrast or
T2-weighted FLAIR MRI scans by a lab member with 2 years of
tumor segmentation experience (N.S.C.) and inspected by a radi-
ologist with 11 years of neuroimaging experience (S.O.), who
were blinded to the cognitive impairment status.

Both seed-to-voxel and ROI-to-ROI approaches were per-
formed to identify FC differences based on cognitive impairment
status using pseudo-rs-fMRI and full rs-fMRI. For the seed-to-
voxel approach, difference maps were generated using the AFNI
3dttest11 command. For the ROI-to-ROI approach, connectiv-
ity matrices were extracted for each individual patient using the
CONN toolbox. To further account for prior surgical resection
and larger rs-fMRI slice coverage compared with DSC perfusion
MRI in some brain regions, the network ROIs were refined at the
patient-level to exclude voxels outside the perfusion slice cover-
age and voxels within any prior resection cavities from quantita-
tive FC analyses. ROIs in the cerebellum, supplementary motor
area, and frontal eye fields were excluded from group analyses a
priori due to limited perfusion slice coverage. Then, patient-
specific ROIs were fed into CONN for signal extraction and
further group difference analyses.

Statistical Analysis
Paired t tests or Wilcoxon signed-rank tests were performed at a
threshold of P, .05 to compare Dice scores between pseudo-rs-
fMRI and full rs-fMRI and truncated rs-fMRI and full rs-fMRI

network maps depending on the normality of the data. The
potential relationship between tumor hemispheric lateralization
and cognitive impairment status was assessed using the Fisher
exact test. A multivariable general linear model was implemented
to identify functional differences between cognitively impaired
and nonimpaired patients for seed-to-voxel and ROI-to-ROI
analyses using pseudo-rs-fMRI and full rs-fMRI with age and TR
as covariates (see the Online Supplement Data for additional
details). The level of significance for seed-to-voxel and ROI-to-
ROI analyses for group differences was set at P, .05 with a false
discovery rate (FDR) of 0.05. Multiple logistic regression was per-
formed using ROI-to-ROI FC to predict cognitive impairment
status using pseudo-rs-fMRI and full rs-fMRI, and paired analy-
ses comparing the AUC of the resulting receiver-operating char-
acteristic (ROC) curves was performed using the Hanley &
McNeil’s paired statistical method.32

RESULTS
Individual and Group-Level Functional Connectivity
Three representative patients and their default mode, motor, and
language network map results using full rs-fMRI and pseudo-rs-
fMRI are shown in Fig 2. Patient 1 is a 38-year-old male patient
who is cognitively impaired and was diagnosed with IDH-mutant
astrocytoma, and the Dice scores for the default mode, motor,
and language networks were 0.873, 0.701, and 0.429, respectively
(Fig 2A). Patient 2 is a 38-year-old male patient who is not

FIG 1. Schematic of pseudo- and resting-state functional MRI processing pipeline. Pseudo-resting-state functional MRI is derived from DSC per-
fusion MRI through bidirectional leakage-correction and voxelwise modeling of the contrast bolus and then incorporated into typical resting-
state functional MRI preprocessing pipelines while still being able to simultaneously perform DSC perfusion MRI analyses. nrCBV indicates nor-
malized relative CBV; T2W, T2WI.
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cognitively impaired and was diagnosed with IDH-mutant astro-
cytoma, and the Dice scores for the default mode, motor, and lan-
guage networks were 0.612, 0.740, and 0.819, respectively (Fig 2B).
Patient 3 is a 41-year-old male patient who is not cognitively
impaired and was diagnosed with IDH-mutant astrocytoma, and
the Dice scores for the default mode, motor, and language net-
works were 0.472, 0.663, and 0.594, respectively (Fig 2C). The
Online Supplemental Data show the network maps from pseudo-
rs-fMRI and truncated rs-fMRI for comparison, the latter of
which are visually noisier than those from the full rs-fMRI.

The mean and SD Dice scores between (1) pseudo-rs-fMRI
and full rs-fMRI and (2) truncated rs-fMRI and full rs-fMRI are
shown in Fig 3 and the Online Supplemental Data. The mean
and SD Dice scores between pseudo-rs-fMRI and full rs-fMRI for
the default mode, motor, and language networks were 0.689
(0.118), 0.730 (0.124), and 0.665 (0.142), respectively. There was
no significant difference in Dice scores between pseudo-rs-fMRI
and full rs-fMRI and truncated rs-fMRI and full rs-fMRI for the
default mode network (P¼ .97, mean difference of pseudo-rs-
fMRI minus truncated rs-fMRI Dice scores¼ 0.002, Fig 3A) or
language network (P¼ .30, mean difference¼ 0.036, Fig 3C), but
there was a significant increase in Dice scores for pseudo-rs-fMRI
and full rs-fMRI compared with truncated rs-fMRI and full rs-
fMRI for the motor network (P¼ .02, mean difference¼ 0.085,
Fig 3B).

The averaged group maps of the default mode, motor, and
language networks from full rs-fMRI and pseudo-rs-fMRI at

thresholds of r. 0.2 and r. 0.3, respectively, for visualization,
are shown in Fig 4. The default mode network in pseudo-rs-fMRI
and full rs-fMRI shows FC in the medial prefrontal cortex, left/
right inferior parietal lobule, and posterior cingulate cortex. The
motor network in pseudo-rs-fMRI and full rs-fMRI shows FC in
the left and right sensorimotor cortex and the anterior cingulate
cortex, although the anterior cingulate cortex is not visualized in
the full rs-fMRI-derived motor network map at a higher, matched
threshold of r. 0.3 (Online Supplemental Data). Similarly, the
language network in pseudo-rs-fMRI and full rs-fMRI shows FC
in the left and right inferior frontal gyrus and left Wernicke area,
although the left Wernicke is not visualized in the full rs-fMRI-
derived language network map at a higher, matched threshold
of r. 0.3 (Online Supplemental Data). The Dice scores for the
group maps are also presented in Fig 3 and the Online
Supplemental Data, which ranged between 0.905 and 0.973 for
pseudo-rs-fMRI and full rs-fMRI network maps.

Relationship between Functional Connectivity and
Cognitive Impairment
Seed-to-voxel analyses did not show any significant cluster differ-
ences after family-wise error (FWE)-correction between cogni-
tively impaired and nonimpaired patients when seeding the medial
prefrontal cortex of the default mode network. Additionally, no
significant differences were found in the results of seed-to-voxel
analyses between full rs-fMRI and pseudo-rs-fMRI using an inter-
action model assessing for significant differences between the 2

FIG 2. Three representative cases of default mode, motor, and language network maps using full rs-fMRI and pseudo-rs-fMRI. Patient 1 (A) is a
38-year-old male patient who is cognitively impaired and was diagnosed with IDH-mutant astrocytoma. Patient 2 (B) is a 38-year-old male
patient who is not cognitively impaired and was diagnosed with IDH-mutant astrocytoma. Patient 3 (C) is a 41-year-old male patient who is not
cognitively impaired and was diagnosed with IDH-mutant astrocytoma. See the Online Supplemental Data for network maps using truncated rs-
fMRI. L indicates left; R, right.
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techniques after FWE-correction. To further explore potential sim-
ilarities between full rs-fMRI and pseudo-rs-fMRI results, the clus-
ter threshold for full rs-fMRI was empirically chosen to select for
the top�5% largest clusters, which corresponded to a threshold of
300 mm3. At this lowered threshold, full rs-fMRI revealed some
significant functional differences between cognitively impaired and
nonimpaired patients (voxels P, .05) that were also observed
using pseudo-rs-fMRI with the same cluster threshold (voxels
P, .05) (Online Supplemental Data). Upon seeding the medial
prefrontal cortex of the default mode network, both full rs-fMRI
and pseudo-rs-fMRI identified weaker connectivity to clusters in
the bilateral precuneus in cognitively nonimpaired patients com-
pared with the cognitively impaired patients (left precuneus: P ¼
.0050 for full rs-fMRI, P¼ .0193 for pseudo-rs-fMRI, right precu-
neus: P ¼ .0064 for full rs-fMRI, P ¼ .0260 for pseudo-rs-fMRI,
Online Supplemental Data) as well as stronger connectivity to

clusters in the right rostral middle frontal cortex (P¼ .0007 for full
rs-fMRI, P ¼ .0068 for pseudo-rs-fMRI, Online Supplemental
Data) and right superior frontal cortex (P ¼ .0002 for full rs-fMRI,
P¼ .0121 for pseudo-rs-fMRI, Online Supplemental Data).

Similarly, in ROI-to-ROI analyses, neither the full rs-fMRI
nor pseudo-rs-fMRI yielded significant differences in FC after
FDR-correction between cognitively impaired and nonimpaired
patients. Nevertheless, some reproducible ROI-to-ROI connectiv-
ity patterns were observed in the FDR-uncorrected results that
were in line with the FWE-uncorrected seed-to-voxel results
(Online Supplemental Data). Specifically, there was stronger con-
nectivity from the medial prefrontal cortex of the default mode
network to the right rostral prefrontal cortex of the salience net-
work in cognitively nonimpaired patients compared with the cog-
nitively impaired patients (P ¼ .0013 for full rs-fMRI, P ¼ .053
for pseudo-rs-fMRI, Online Supplemental Data). Analogous find-

ings to the left rostral prefrontal cortex
were only observed in full rs-fMRI (P¼
.0004 for full rs-fMRI, P ¼ .58 for
pseudo-rs-fMRI, Online Supplemental
Data) as in the seed-to-voxel analyses
(Online Supplemental Data). Additionally,
there were trends for weaker connectiv-
ity from the medial prefrontal cortex of
the default mode network to the poste-
rior cingulate cortex of the default
mode network in cognitively nonim-
paired patients compared with the cog-
nitively impaired patients (P ¼ .18 for
full rs-fMRI, P ¼ .10 for pseudo-rs-
fMRI, Online Supplemental Data).

When combining these 3 individ-
ual ROI-to-ROI FC results into a mul-
tiple logistic regression to predict
cognitive impairment status, both full
rs-fMRI and pseudo-rs-fMRI classified
impairment status with significant
AUCs (full rs-fMRI: AUC ¼ 0.8881;

FIG 3. Comparison of Dice scores of network maps from pseudo-rs-fMRI and truncated rs-fMRI
with full rs-fMRI. At the patient-level, no significant differences in Dice scores were observed for
the default mode network (A) or language network (C), but there was a significant increase in
Dice scores for pseudo-rs-fMRI compared with truncated rs-fMRI for the motor network (B).
Boxplots of the patient-level data and singular Dice score values of the group-average maps (red
squares) are also overlaid for visualization. The asterisk indicates statistical significance.

FIG 4. Group-average maps of default mode, motor, and language network maps using full rs-fMRI and pseudo-rs-fMRI. Network maps are pre-
sented using full pseudo-rs-fMRI (A) and pseudo-rs-fMRI (B). See the Online Supplemental Data for the network maps of full rs-fMRI at a
matched r. 0.3 threshold. L indicates left; R, right.
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95% CI, 0.7445–1.000; P¼ .0013; pseudo-rs-fMRI: AUC ¼
0.7762; 95% CI, 0.5892–0.9633; P¼ .0221, Fig 5), and there was
no statistically significant difference between the 2 AUCs for
classification (P ¼ .29). There was also no significant relation-
ship between tumor hemispheric lateralization and cognitive
impairment status (P. .99).

DISCUSSION
Amajor barrier for the widespread use of clinical rs-fMRI outside
of select institutions for presurgical planning3-7 and functional
mapping of patients with brain tumors is the additional time and
cost requirements. Results from the current study suggest that
pseudo-rs-fMRI derived from DSC perfusion MRI may be useful
for performing network mapping, seed-to-voxel, and ROI-to-
ROI resting-state analyses similar to rs-fMRI in patients with
gliomas and cognitive assessment. The novelty and potential clin-
ical utility of our method is that our pseudo-rs-fMRI approach
using DSC perfusion MRI may theoretically preclude the need
for an additional rs-fMRI scan because DSC perfusion MRI can
provide combined advantages of assessing FC related to network
mapping and cognition, while simultaneously providing perfusion
estimates of tumor vascularity. The observation that alterations in
rs-fMRI correspond with functional impairment is consistent with
traditional rs-fMRI studies in developmental disorders,33 aging,34

and other neurologic diseases,35,36 but the ability to estimate these
rs-fMRI metrics quickly and concurrently with DSC perfusion
MRI metrics within clinical workflows using the proposed DSC
postprocessing technique opens up the possibility of estimating a
wide range of rs-fMRI parameters in patients with brain tumors,
including graph theory metrics,10,12 within-tumor connectivity,37

and BOLD asynchrony,38 as well as broad applicability to other
neurologic disorders that require evaluation of DSC perfusion,
including stroke.

While our results suggested default mode, motor, and lan-
guage network maps generated using pseudo-rs-fMRI derived
from DSC perfusion were similar to maps using full rs-fMRI
based on the Dice scores shown in the Online Supplemental
Data, the pseudo-rs-fMRI-derived maps appeared noisier com-
pared with rs-fMRI-derived maps at the patient-level, while the
group-average network maps appeared more similar as quantified
by the higher Dice scores for the group maps. This observation
may be explained by the fact that DSC perfusion MRI is typically
acquired for at least 2minutes39 (typically on the order of 2–
3minutes, �3minutes in the current study), while a traditional
rs-fMRI is recommended to be acquired longer for at least
6minutes (�10minutes in the current study),21,40 directly lead-
ing to increased noise in the estimation of connectivity from a
decreased signal-to-noise ratio using pseudo-rs-fMRI. In support
of this primary source of noise, truncating the full rs-fMRI to the
first 100 timepoints (�3minutes) resulted in similar Dice scores
between pseudo-rs-fMRI and truncated rs-fMRI compared with
the full rs-fMRI data set. However, there was variation in the
Dice scores, and for the motor network, the Dice scores for
pseudo-rs-fMRI were significantly higher than those of truncated
rs-fMRI, perhaps due to variations in noise, so other factors
beyond scan duration must be considered.

One additional source of this variation could be contributions
to the DSC perfusion experiment itself, even after the contrast
agent bolus is subtracted from the signal. It should be noted that
even for rs-fMRI, even a slight variation in the patient’s “rest”
scanning condition such as simply whether patients keep their
eyes open and fixated or keeps their eyes closed can impact the
BOLD signal and the quality of rs-fMRI results.40 Recent rs-fMRI
guidelines for presurgical planning now even recommend eyes
being kept open and fixated for the standardization of rs-fMRI.21

However, in DSC perfusion MRI, patients are not instructed
regarding eye fixation as it is not relevant for perfusion analyses,
and there are additional sensory stimulations of the intravenous
catheter and the delivery of contrast agent bolus during a DSC
perfusion MRI that are not present during a typical rs-fMRI scan
that may theoretically impact the resulting BOLD signal.

Another source of variation is likely related to differences in
acquisition parameters between rs-fMRI and DSC perfusion
MRI. Rs-fMRI scanning protocols are optimized to detect the
BOLD signal, while DSC perfusion MRI protocols are optimized
to quantify CBV and other perfusion metrics. Furthermore, the
current study had variation in DSC perfusion MRI protocols, but
some of these effects may have been mitigated through the use of
leakage correction.29,30 However, the methodology and results
presented demonstrate the ability to generate FC network maps
and identify patients with cognitive impairment despite these
potential sources of contamination.

Of note, our proposed pseudo-rs-fMRI method involves post-
processing of DSC perfusion MRI that can be conducted retro-
spectively in institutional patient image databases, as done in the
present study, as well as integrated into prospective image-acqui-
sition workflows optimized for DSC perfusion MRI and pseudo-
rs-fMRI analyses. Ideally, a DSC perfusion MRI protocol that is
dually-optimized for pseudo-rs-fMRI and perfusion analyses in
brain tumors may involve (i) increasing the scan acquisition to

FIG 5. Combining ROI-to-ROI connectivity alterations to predict
cognitive impairment status. Multiple logistic regression ROC curve
analyses combining ROI-to-ROI connectivity differences between
cognitively impaired and nonimpaired patients demonstrated an AUC
of 0.8881 (P¼ .0013) using full rs-fMRI and 0.7762 (P¼ .0221) using
pseudo-rs-fMRI for cognitive impairment status classification. The dif-
ference in AUC for pseudo-rs-fMRI and rs-fMRI was not statistically
significant (P¼ .29). The asterisk indicates statistical significance.
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6minutes to be compliant with rs-fMRI guidelines21 but (ii)
within the suggested maximal 8-minute delay between contrast
agent injection and 3D postcontrast T1-weighted MRI in the
standardized Brain Tumor Imaging Protocol41 and then (iii)
cropping the signal to a shorter duration for perfusion analyses,
to be compliant with DSC perfusion MRI guidelines.39 Increasing
the slice coverage of DSC perfusion MRI to consistently cover
the entire brain, such as with simultaneous multislice techni-
ques,42 could allow further FC investigation of the uppermost
superior regions such as the supplementary motor area43 and
lowermost inferior regions such as the cerebellum,44 both of
which were unable to be explored in the present ROI-to-ROI
analyses using pseudo-rs-fMRI. It is also conceivable that the
proposed pseudo-rs-fMRI method can be utilized with multie-
cho DSC perfusion MRI protocols for further flexibility in
sequence parameters.45

It is important noting that the present study appeared to be
underpowered, in that we consistently observed FWE-/FDR-
uncorrected FC differences between cognitively impaired and
nonimpaired patients using full rs-fMRI and pseudo-rs-fMRI,
and no differences after traditional FWE-/FDR-correction. For
example, without FWE-/FDR-correction, there were consistent
FC difference patterns in the default mode network, notably a
finding of increased connectivity between the medial prefrontal
cortex and the rostral prefrontal cortex of the salience network in
nonimpaired patients versus impaired patients as observed in a
prior study14 and increased connectivity between the medial pre-
frontal cortex and precuneus and posterior cingulate cortex of
the default mode network in impaired versus nonimpaired
patients. The latter finding of increased default mode network
connectivity in impaired patients may reflect a compensatory
mechanism that has been previously observed in patients with
brain tumors46 and mild cognitive impairment compared with
healthy controls.47 The slight differences in seed-to-voxel and
ROI-to-ROI results may be due to the lost spatial specificity of
small clusters when performing ROI-to-ROI analyses. While the
present results should be interpreted with caution because of the
lack of FWE-/FDR-correction and limited sample size, these find-
ings demonstrate the potential of pseudo-rs-fMRI for FC group
analyses using seed-to-voxel and ROI-to-ROI approaches that
should be validated in studies with larger sample sizes, which may
also resolve the slight differences in seed-to-voxel and ROI-to-
ROI results and usage of empiric cluster thresholds. Nevertheless,
the multiple logistic regression results utilizing a combination of
FC measures demonstrate that our DSC perfusion MRI-derived
pseudo-rs-fMRI approach may potentially have clinical utility in
developing FC-based models for assessing a patient’s cognitive
status, and that these models would yield statistically similar
results if rs-fMRI was acquired.

This study has some limitations that should be addressed.
First, the sample size was limited. It should be recognized that the
present study utilized a unique study cohort that underwent DSC
perfusion MRI, rs-fMRI, and cognitive assessment because this
cohort would be valuable for a first demonstration of the pro-
posed pseudo-rs-fMRI approach. Future studies with increased
sample size and a fully-balanced impaired-versus-nonimpaired
distribution would be beneficial to validate the present study’s

observations and to longitudinally explore any associations of
cognitive impairment with treatment. Additionally, although
there are efforts in the standardization of DSC perfusion MRI
protocols,39 there remains much heterogeneity in DSC perfusion
MRI protocols across institutions, which may impact the general-
izability of our findings. A multicenter assessment of our pro-
posed pseudo-rs-fMRI technique with various DSC perfusion
MRI protocols (e.g., sequence parameters, imaging systems, con-
trast agent amount, preload) would be very valuable. Resting-
state analyses have also been previously explored utilizing arterial
spin-labeling (ASL) perfusion MRI,48 which is an exogenous con-
trast agent-less perfusion MRI technique with T2*-weighting.
However, some advantages of our proposed DSC-derived tech-
nique are that DSC perfusion MRI has higher spatial resolution
and is more widely used in patients with gliomas than ASL perfu-
sion MRI. Of course, DSC perfusion MRI involves a contrast
agent bolus while ASL perfusion does not, similar to rs-fMRI,
which is why we performed voxelwise bolus modeling after leak-
age-correction to generate pseudo-rs-fMRI data from DSC perfu-
sion MRI to minimize the impact of contrast agent. Nevertheless,
future studies may consider exploring other strategies to remove
the contrast agent effect on the DSC perfusion MRI signal as well
as comparing ASL perfusion MRI-derived and DSC perfusion
MRI-derived rs-fMRI FC analyses. Lastly, a future study utilizing
both pseudo-rs-fMRI and task-based fMRI may be interesting, as
done similarly in a prior study using rs-fMRI and task-based
fMRI for assessing language dominance.3

CONCLUSIONS
Pseudo-rs-fMRI data derived from DSC perfusion MRI can be
used to perform typical rs-fMRI FC analyses that may identify
cognitive decline in patients with brain tumors while still simulta-
neously performing perfusion analyses.

Disclosure forms provided by the authors are available with the full text and
PDF of this article at www.ajnr.org.
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