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Abstract
Background. Gliomas comprise the most common type of primary brain tumor, are highly invasive, and often fatal. 
IDH-mutated gliomas are particularly challenging to image and there is currently no clinically accepted method for 
identifying the extent of tumor burden in these neoplasms. This uncertainty poses a challenge to clinicians who 
must balance the need to treat the tumor while sparing healthy brain from iatrogenic damage. The purpose of 
this study was to investigate the feasibility of using resting-state blood oxygen level-dependent (BOLD) functional 
magnetic resonance imaging (fMRI) to detect glioma-related asynchrony in vascular dynamics for distinguishing 
tumor from healthy brain.
Methods. Twenty-four stereotactically localized biopsies were obtained during open surgical resection from ten 
treatment-naïve patients with IDH-mutated gliomas who received standard-of-care preoperative imaging as well 
as echo-planar resting-state BOLD fMRI. Signal intensity for BOLD asynchrony and standard-of-care imaging was 
compared to cell counts of total cellularity (H&E), tumor density (IDH1 & Sox2), cellular proliferation (Ki67), and 
neuronal density (NeuN), for each corresponding sample.
Results. BOLD asynchrony was directly related to total cellularity (H&E, P = 4 × 10–5), tumor density (IDH1, P = 4 × 
10–5; Sox2, P = 3 × 10–5), cellular proliferation (Ki67, P =  .002), and inversely related to neuronal density (NeuN, 
P = 1 × 10–4).
Conclusions. Asynchrony in vascular dynamics, as measured by resting-state BOLD fMRI, correlates with tumor 
burden and provides a radiographic delineation of tumor boundaries in IDH-mutated gliomas.
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Key Point

1. BOLD asynchrony quantitates tumor burden in IDH-mutated gliomas and 
elucidates infiltrating tumor undetectable on standard-of-care imaging.
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Current standard-of-care imaging for gliomas involves a 
number of structural magnetic resonance imaging (MRI) 
modalities that can elucidate gross anatomical abnormal-
ities and reveal areas of blood-brain-barrier breakdown 
with the use of gadolinium-based contrast. In IDH wild-type 
gliomas, standard of care involves maximal surgical resec-
tion of the contrast-enhancing portion of the tumor, which 
has been associated with improved survival.1,2 However, 
in IDH-mutated gliomas, which are typically lower in grade 
and non-contrast-enhancing, no such radiographic guide-
lines exist.3 The inability to visualize the spatial extent of 
tumor burden poses a challenge to clinicians who must bal-
ance the need to treat the tumor while protecting healthy 
brain from iatrogenic damage.4,5 Surgically ambiguous 
margins impede preoperative planning and intraoperative 
decision-making.3,5 Furthermore, post-resection uncertainty 
in tumor boundaries hampers accurate radiation field map-
ping and has led to significant variability across institutions 
in their guidelines for field placement.6

To address shortcomings in structural imaging, a variety 
of metabolic and functional imaging techniques have been 
employed to better characterize gliomas. Positron emis-
sion tomography (PET) has been used to identify metabol-
ically active regions of gliomas, and magnetic resonance 
spectroscopy has been used to detect the presence of clin-
ically relevant metabolites including D-2-hydroxyglutarate, 
which is upregulated in IDH-mutated tumors.7–12 However, 
both techniques have limited spatial resolution, and PET 
is further hampered by the low metabolic activity of IDH-
mutated gliomas, which can reduce clinical utility.8–10 
Perfusion weighted imaging (PWI) has also been used to 
characterize gliomas according to tumor grade and predict 
disease progression prior to contrast enhancement.13,14 
However, in IDH-mutated gliomas, perfusion features are 
often indistinguishable from that of normal brain, which 
limits the ability of PWI to delineate tumor boundaries.15,16

Another method for visualizing vascular function is 
blood oxygen level-dependent (BOLD) functional MRI 
(fMRI). BOLD fMRI measures hemodynamic fluctuations 
and has traditionally been used to preoperatively map elo-
quent cortex using task-evoked signals.17 On resting-state 
BOLD fMRI, infiltrating glioma has been shown to induce 
alterations in neurovascular coupling18 and results in lo-
cally decreased cerebrovascular reactivity,19 which fun-
damentally alters the BOLD signal. Building upon these 
findings, we have recently developed a method that meas-
ures asynchrony in BOLD dynamics between tumor and 
normal cardiovascular fluctuations in healthy brain, and 
use this measure, termed BOLD asynchrony (BA), to quan-
tify glioma-related vascular dysregulation.20

In our previous work, we have shown that BOLD asyn-
chrony extends beyond tumor visible on standard-of-
care imaging and that the extent of BOLD asynchrony 
detectable in the peritumoral zone accurately predicts 
IDH mutation status.21 Furthermore, histologic anal-
ysis of MRI localized biopsies taken from patients with 
IDH wild-type gliomas has previously demonstrated that 
BOLD asynchrony is proportional to tumor burden.22 
This suggests that BOLD asynchrony may serve as a vi-
able biomarker for detecting infiltrating non-enhancing 
tumor in IDH wild-type gliomas. However, it is not known 
whether BOLD asynchrony can quantify tumor burden in 
IDH-mutated gliomas, which are typically non-enhancing 
and have boundaries that can be more difficult to dis-
cern using standard-of-care imaging. If BOLD asynchrony 
is similarly correlated to tumor burden in IDH-mutated 
gliomas, then BOLD fMRI could be used to generate tar-
gets for biopsy acquisition as well as margins for surgical 
resection and radiation field mapping.

Methods

Patient Selection

We prospectively collected MRI localized biopsies from ten 
treatment-naïve patients undergoing open surgical resec-
tion of pathology-proven IDH-mutated glioma at Columbia 
University Medical Center (CUMC). All patients included in 
the study provided consent as part of a CUMC institutional 
review board-approved study protocol. The mean patient 
age at the time of surgery was 43 years (range: 30–64) with 
4 men and 6 women. Additional diagnostic information re-
garding each patient’s tumor is shown in Supplementary 
Table 1.

Image Acquisition

All patients received standard-of-care preoperative im-
aging including T1-weighted pre-contrast, T1-weighted 
post-contrast, T2-weighted, T2-weighted fluid-attenuated in-
version recovery (FLAIR), diffusion-weighted imaging with 
apparent diffusion coefficient (ADC), and dynamic suscepti-
bility contrast PWI, as well as echo-planar resting-state BOLD 
fMRI. Imaging parameters are listed in Supplementary 
Table 2. Contrast-enhanced images were acquired with in-
travenous gadobenate dimegulmine (Gd) with a weight-
based dose of 0.2  mL per kilogram of body weight. The 
time between intravenous injection and contrast-enhanced 

Importance of the Study

IDH-mutated gliomas are invasive tumors of the central 
nervous system whose boundaries of infiltration are dif-
ficult to ascertain using standard-of-care imaging. In 
our current study, we show that asynchrony in vascular 
dynamics measured using resting-state BOLD fMRI 
allows us to quantify the degree of tumor burden and 

infiltration in IDH-mutated gliomas. Our study suggests 
that BOLD asynchrony may allow clinicians to person-
alize the treatment of brain cancer patients by providing 
objective coordinates for biopsy collection, boundaries 
for extent of resection, as well as targets for radiation 
field mapping that are specific to each patient.
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T1-weighted imaging was 5 minutes. BOLD images were 
obtained before contrast administration.

Image Processing of Structural Data

All structural images were skull stripped and co-registered 
to each patient’s T1-weighted post-contrast sequence using 
a linear transformation with 6 degrees of freedom in FSL 
(FMRIB Software Library).23 To standardize voxel inten-
sity values of T1-weighted pre-contrast, T1-weighted post-
contrast, T2-weighted, and T2-FLAIR images among patients 
who underwent structural imaging with different scanning 
parameters, we implemented a histogram-matching al-
gorithm.24 Histogram matching was performed between 
the contralesional, radiologically normal hemisphere (the 
target) and the equivalent hemisphere of a radiologically 
normal patient (the template), and then applied to the 
whole image. For each target image, the histogram of voxel 
intensities was first converted to a cumulative distribution 
function (CDF). Then the CDF was scaled and offset using a 
two-parameter linear model, such that the correlation be-
tween the image CDF and template CDF was maximal:

 
max

a∈R, b∈R
{corr (a CDFtarget + b, CDFtemplate)}    (1)

where corr represents Pearson correlation.

Mask Generation

Masks for visible tumor and T2-FLAIR hyperintensity were 
hand-drawn by a board-certified neuroradiologist (C.I.H.) 
on high-resolution structural images. In this cohort of 
IDH-mutated, non-enhancing tumors, the visible tumor 
was defined as T1 hypointensity. To create control masks, 
each patient’s T1-weighted post-contrast image was regis-
tered to Montreal Neurologic Institute 152 (MNI-152) space 
using affine registration with 12 degrees of freedom in FSL. 
Then an MNI-152 mask of the contralesional hemisphere 
was transformed to the patient’s functional space using 
nearest-neighbor interpolation. Any portion of the visible 
tumor or T2-FLAIR hyperintensity that extended into the 
contralesional hemisphere was removed from the control 
mask.

Image Processing of Perfusion Data

Each perfusion scan was rigid-body motion-corrected, slice 
time corrected, spatially smoothed (full width at half max-
imum = 3 mm), and high-pass filtered (50 seconds) using 
FEAT in FSL. Multiple linear regression was performed 
using a four-parameter gamma model of the form:

 
y (t) = a

Å
tk...n
tmax

ãb×tmax
e(tmax−t)×b   

 
(2)

where tmax is time of maximum response, a is amplitude 
of the response, b is the shape parameter of the gamma 
function, and t = k to n seconds where k is the bolus ar-
rival time and n is the total acquisition time in seconds. For 

each voxel’s time series, the free parameters were tmax, a, 
b, and k. The fitted response was converted to a percent 
signal change by normalizing to the mean of the base-
line i.e. the first 15 seconds post-infusion. Cerebral blood 
volume (CBV) was computed by integrating the fitted re-
sponse; relative CBV (rCBV) was computed by dividing the 
CBV estimate for each voxel by the mean CBV response in 
the contralesional white matter mask.

Image Processing of BOLD Data

Processing was performed as described in Chow et  al20 
using FSL and MATLAB (MathWorks). In brief, each func-
tional image was motion-corrected, slice time corrected, 
and skull stripped. To minimize the effect of head motion 
on BOLD signal intensity, the motion correction param-
eters (12 motion regressors consisting of three trans-
lations, three rotations, and the first derivative of each) 
were regressed out of the data. MELODIC-FIX in FSL was 
then used to remove independent components related to 
scanner noise and head motion.25

For each patient, the BOLD images were co-registered 
to the T1-weighted post-contrast image and the tumor 
mask and the contralesional control mask were trans-
formed to functional space to extract the respective 
BOLD time series. The two time series were used as 
regressors in a multiple linear regression model. Two 
Z-statistic images were generated to describe how syn-
chronous each voxel was with the tumor mask (Ztumor) 
and contralesional control mask (Zcontrol). These two im-
ages were subtracted (Ztumor–Zcontrol) to create a map of 
BOLD asynchrony. Applying this method on a voxel-by-
voxel basis to the whole brain resulted in a broad range 
of BOLD asynchrony values with most ranging from Z ≈ 
–10 to +10, where voxels with values closer to -10 having 
temporal signatures closely resembling that of the global 
mean signal from the contralesional hemisphere and 
voxels with values closer to +10 having temporal signa-
tures closely resembling that of visible tumor. Since all 
biopsies were collected from the diseased hemisphere 
within the normal surgical plan, the distribution of cor-
responding BOLD asynchrony values was positively 
skewed towards greater degrees of BOLD asynchrony.

Biopsy Acquisition

A total of twenty-four localized biopsies were obtained 
from the ten patients included in the study and were col-
lected by one of four board-certified neurosurgeons 
(S.A.S., G.M.M., M.B.S., J.N.B.). All samples were taken 
within the planned surgical trajectory and obtained before 
surgical debulking, use of mannitol, cerebrospinal fluid 
diversion, or hyperventilation to minimize the effects of 
brain shift and deformation. Frameless stereotactic guid-
ance was provided using the T1-weighted post-contrast se-
quence uploaded to a neuro-navigation interface (Brainlab 
Curve). Biopsy location was recorded by screen captures 
of the neuro-navigation interface and co-registered to the 
MRI using a semi-automated MATLAB screen capture reg-
istration tool, allowing for the downstream determination 
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of the Cartesian coordinates of each biopsy with spatial ac-
curacy to within 3 mm as described in Chang et al.26

Histologic Analysis

Samples were formalin-fixed and paraffin-embedded for 
histologic analysis. Five-micrometer sections were stained 
with H&E (hematoxylin and eosin), IDH1 (a mutated enzyme 
specific for tumor cells in this cohort), Sox2 (a transcription 
factor overexpressed in malignant glioma), Ki67 (a nuclear 
protein necessary for cell division), and NeuN (a nuclear 
protein expressed in neurons). Cell counts for total cellu-
larity, tumor density, cellular proliferation, and neuronal 
density were calculated using an automated cell-counting 
algorithm and visually inspected by a board-certified neuro-
pathologist (P.C.) to ensure accuracy.26 Briefly, H&E-stained 
sections were digitized using a Leica scn400 system (Leica 
Biosystems, Buffalo Grove, Illinois), with hematoxylin-
stained nuclei counted in iteratively processed high-power 
field (HPFs), defined by a 2.25 × 2.25 mm square (900 × 900 
pixels). Total cellularity was counted as the mean number 
of hematoxylin-stained cells across all HPFs that contained 
at least 1 nucleus. Each immunoperoxidase-stained slide 
(IDH1, Sox2, Ki67, NeuN) was digitized using the same 
setup as above and identification of positively stained cells 
was established with user-determined RGB (3-channel) 
thresholding during visual inspection of 9 randomly gen-
erated HPFs. Cell counts of tumor density, cellular prolif-
eration, and neuronal density were counted as the mean 
number of immunoperoxidase-stained cells across all HPFs 
that contained at least 1 positively stained nucleus.

Statistical Analysis of Histologic and Radiologic 
Correlations

The MRI intensity of each biopsy was taken from single 
voxels identified from intraoperative stereotactic registra-
tion to MRI using the surgical Brainlab software. A single 
voxel rather than a cube of voxels centered on the biopsy 
was chosen because it provided the strongest relationship 
between histological features and MRI for standard-of-care 
imaging (Supplementary Figure 1).

All statistical tests were performed using the Statistics 
Toolbox in MATLAB and statistical significance was set at 
P < .05. We used linear regression to model the relation-
ship between histological features (total cellularity, tumor 
density, cellular proliferation, and neuronal density) and 
MR imaging (T1, T2, FLAIR, ADC, rCBV, and BA). The rela-
tionship between BOLD asynchrony and histological fea-
tures was exponential, thus for H&E, IDH1, Sox2, and Ki67 
we performed regression using an exponential model of 
the form,

 H(i) = H0 + k × (1− e−λi)     (3)

where i represents the BA intensity, k is a scaling constant, 
λ is the rate of change, and H is the histological count. For 
NeuN we used an exponential model of the form,

 H (i) = k × e−λi
      (4)

Tumor Burden Model

The parameter estimates from the tumor density (IDH1 
or Sox2) versus BA relationship were used in conjunction 
with a distance function to estimate the voxel-wise tumor 
burden across the entire brain. The distance of each bi-
opsy to the nearest voxel in the visible tumor mask was 
computed and the distances of all biopsies in the cohort 
were used to fit to an exponential decay based on previous 
work.22

 H (i) = H0 + k × e−λi
     (5)

This exponential function was normalized to 1 and the 
value of the exponential at each voxel was multiplied 
by the tumor burden estimated from BA to produce a 
distance-adjusted tumor burden estimate.

Results

Representative T1 post-contrast, T2, FLAIR, ADC, as well as 
maps of rCBV and BOLD asynchrony (BA) are shown from 
two patients with grade II IDH-mutated gliomas (Figure 
1A) and two patients with grade III IDH-mutated gliomas 
(Figure 1B). In all cases, abnormalities in rCBV were diffi-
cult to discern in the tumor-infiltrated hemisphere when 
compared to the contralesional hemisphere. By contrast, 
the maps of BA were clearly demarcated in both grade II 
and III IDH-mutated gliomas, highlighting regions of vas-
cular dysregulation that extended beyond structural ab-
normalities seen on standard-of-care imaging.

Biopsies within and around the tumor were acquired 
with a broad range of BA (Z  =  –3 to 13)  and were com-
pared to the underlying histologic characteristics within 
individual tissue samples. Figure 2A shows an example 
biopsy with low BA (Z = –3) demonstrating low cellularity 
(H&E), low tumor density (IDH and Sox2), low cellular pro-
liferation (Ki67), and high neuronal density (NeuN). By con-
trast, a biopsy with high BA (Z = 10.5) demonstrates high 
cellularity, high tumor density, high cellular proliferation, 
and low neuronal density. To summarize the histological-
radiographic relationships, we performed a regression of 
each histological feature against each MR imaging mo-
dality (Figure 2B). BA showed a significant relationship to 
total cellularity (H&E, P  =  4 × 10–5), tumor density (IDH1, 
P = 4 × 10–5; Sox2, P = 3 × 10–5) and cellular proliferation 
(Ki67, P = .002). This analysis also demonstrated a signifi-
cant inverse relationship between BA and neuronal density 
(NeuN, P = 1 x 10–4). rCBV showed no significant relation-
ship with any of the histological markers.

Repeating this analysis with standard-of-care structural 
imaging showed that T1 pre-contrast signal intensity was 
inversely related to cellularity (H&E, P =  .03), tumor den-
sity (IDH1, P = .05; Sox2, P = .04), and cellular proliferation 
(Ki67, P = .03). T2 signal intensity was directly related to cel-
lularity (H&E, P = .02), tumor density (IDH1, P = .02; Sox2, 
P  =  .02), and cellular proliferation (Ki67, P  =  0.02). ADC 
signal intensity was directly related to cellularity (H&E, 
P = 2 × 10–4), tumor density (IDH1, P = 6 × 10–5; Sox2, P = 6 × 
10–4), cellular proliferation (Ki67, P  =  .002), and inversely 
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related to neuronal density (NeuN, P =  .01). Interestingly, 
the predictive value of FLAIR, though previously proposed 
to be a proxy for non-contrast-enhancing tumor,27 was not 
significant for any histological features. Table 1 shows a di-
rect comparison of the proportion of histological variance 
explained by each imaging modality: BA explained the lar-
gest proportion of variance whereas rCBV and FLAIR ex-
plained the least.

Because of the widespread use of FLAIR to demarcate 
tumor boundaries, we evaluated whether FLAIR could 
still be used as a binary marker for the presence or ab-
sence of tumor, despite its lack of correlation to tumor 
burden. A  t-test comparing FLAIR normo-intense versus 
hyperintense biopsies for detecting tumor showed no sig-
nificant differences between the two groups for any of the 
histological measures (P > .05). We then assessed whether 
BA can detect tumor burden outside of FLAIR hyperintense 
regions using 10 of the 24 biopsies that had normal FLAIR 
intensities. Figure 3 shows an example biopsy with high 
tumor burden in which standard-of-care imaging was ra-
diographically normal, yet BA was abnormally high. 

A  regression analysis between the histological features 
and each MR imaging modality for this subset of biopsies 
confirmed that BA can detect tumors outside of conven-
tional tumor boundaries (Supplementary Figure 2).

Although BA has the strongest relationship to histolog-
ical features, it is possible that by combining imaging mo-
dalities one could further improve the prediction of tumor 
burden. We, therefore, performed a stepwise regression 
using BA in the first step and each of the standard-of-care 
imaging modalities in the second to predict histological 
features. None of the standard-of-care imaging modal-
ities could explain a significant proportion of the histo-
logical variance after first regressing out BA (P > .05). In 
contrast, when we performed a stepwise regression with 
standard-of-care imaging in the first step, we found that 
BA still explained a significant proportion of the variance in 
most cases (Table 2). This demonstrates that BA provides 
significantly more predictive power than standard-of-care 
imaging for elucidating underlying histology.

These results suggest that BA can be used to generate a 
predictive model of tumor burden. We used the IDH1 model 
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Fig. 1 Pre-operative scans of pathology-proven IDH-mutated grade II (A) and grade III (B) gliomas displaying both structural MRI (T1 post-
contrast, T2, FLAIR, and ADC) in the first four columns and functional MRI (rCBV and BA) in the last two columns. There were no obvious rCBV 
abnormalities near the tumor. In comparison, well-demarcated areas of vascular dysregulation were captured using BA. 
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Fig. 2 (A) Two representative biopsies are displayed from radiographically distinct areas with low BA (Z = –3) in the top row and high BA 
(Z = 10.5) in the bottom row. The top row depicts low cellularity (H&E), low tumor density (IDH1 and Sox2), low cellular proliferation (Ki67), and high 
neuronal density (NeuN) whereas the bottom row depicts high cellularity, high tumor density, high cellular proliferation, and low neuronal density 
with the same markers. (B) Red lines represent significant regression fits between histologic and radiographic data. BA and ADC were signifi-
cantly predictive of all histological features. In contrast, rCBV and FLAIR showed no significant relationship to histology.
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parameters (Eq. 3: λ = 4.1, k = 95.5, H0 = –5.3) from the BA re-
gression model in Figure 2B to calculate voxel-wise estimates 
of tumor burden across the whole brain. To minimize false 
positives, we modeled the effect of distance on tumor infil-
tration (Figure 4A) (Eq. 5: λ = 10.1, k = 1, H0 = 0), normalized 
to 1, then multiplied the value of the exponential at each 

voxel by the tumor burden estimated from Eq. 3 to produce 
a distance-adjusted tumor burden estimate. After applying 
a minimum tumor density threshold of 10 cells per HPF, our 
model predicted that infiltrative margins extend beyond vis-
ible tumor by an average of 4.6 ± 1.4 mm and that 99% of the 
tumor detected by BA is within 18.4 mm of the tumor visible 

  
Table 1  Proportion of Variance Explained (R2) for BA and Standard-of-Care Imaging for Predicting Histological Counts of Sample Cellularity (H&E), 
Tumor Density (IDH1 and Sox2), Cellular Proliferation (Ki67), and Neuronal Density (NeuN) Using the Models Illustrated in Figure 2B

Proportion of Variance Explained

H&E IDH1 Sox2 Ki67 NeuN

BA 0.61 0.67 0.61 0.43 0.57

ADC 0.50 0.66 0.42 0.36 0.22

T2 0.46 0.54 0.38 0.28 0.18

T1 0.29 0.28 0.21 0.17 0.05

FLAIR 0.01 0.00 0.01 0.10 0.04

rCBV 0.01 0.00 0.02 0.01 0.02

  

  
T1post T2 FLAIR IDH1

Sox2ADC rCBV BA

Fig. 3 A representative biopsy acquired from radiographically normal brain on standard-of-care imaging but with high BA and tumor burden as 
measured by IDH1 and Sox2.
  

  
Table 2  Stepwise Regression Revealed That BA Has Significantly More Predictive Power for all Histological Features Compared to T1, rCBV, and 
FLAIR and More Predictive Power for Some Histological Features Compared to ADC and T2

BA Significance  
After Removing

H&E IDH1 Sox2 Ki67 NeuN

R2 P-Value R2 P-Value R2 P-Value R2 P-Value R2 P-Value

ADC 0.10 .2331 0.12 .2528 0.16 .1186 0.08 .2851 0.26 .0432

T2 0.17 .1082 0.25 .0801 0.25 .0487 0.10 .2362 0.33 .0194

T1 0.41 .0075 0.57 .0027 0.46 .0037 0.30 .0294 0.49 .0024

rCBV 0.54 .0011 0.65 .0008 0.54 .0012 0.38 .0104 0.50 .0023

FLAIR 0.63 .0002 0.67 .0006 0.64 .0002 0.56 .0009 0.63 .0003

All the P-values in this table refer to the BOLD significance after removing the effect of a standard of care imaging modality.
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BA Significance  
After Removing

H&E IDH1 Sox2 Ki67 NeuN

R2 P-Value R2 P-Value R2 P-Value R2 P-Value R2 P-Value

ADC 0.10 .2331 0.12 .2528 0.16 .1186 0.08 .2851 0.26 .0432

T2 0.17 .1082 0.25 .0801 0.25 .0487 0.10 .2362 0.33 .0194

T1 0.41 .0075 0.57 .0027 0.46 .0037 0.30 .0294 0.49 .0024

rCBV 0.54 .0011 0.65 .0008 0.54 .0012 0.38 .0104 0.50 .0023

FLAIR 0.63 .0002 0.67 .0006 0.64 .0002 0.56 .0009 0.63 .0003

All the P-values in this table refer to the BOLD significance after removing the effect of a standard of care imaging modality.

  

on standard-of-care imaging (Figure 4B). A similar result was 
obtained using Sox2 (Supplementary Figure 3).

Discussion

The intratumoral heterogeneity and diffusely infiltrative pat-
tern of IDH-mutated gliomas pose significant challenges to 
using current standard-of-care imaging for elucidating tumor 
burden and underlying histopathological changes induced 
by these neoplasms.28 Our results using T1-weighted pre-
contrast imaging affirm the conventional notion that areas 
of T1 hypointensity represent the bulk of visible tumor.29 
Interestingly, T2-weighted hyperintensity but not FLAIR 
hyperintensity was found to be correlated with tumor burden. 
In our cohort of WHO grade II and III IDH-mutated tumors, this 
result may be a consequence of T2-FLAIR mismatch where T2 
signal appears homogenous but FLAIR appears inhomoge-
neous and typically displays a penumbra of hyperintensity 
along the periphery of visible tumor (see the first example 
in Figure 1A).30 While the mechanisms driving this highly re-
ported imaging finding remain unknown, our results suggest 
that FLAIR hyperintensity may not be optimal for guiding 
treatment in this subset of gliomas.

ADC signal intensity has been shown to be inversely 
correlated with tumor burden in WHO grade IV glioblast-
omas,31 but in our cohort of grade II and III IDH-mutated 
gliomas, we demonstrated that ADC was directly cor-
related to tumor burden. This finding is consistent with 
Stadlbauer et al32 who used MRI localized biopsies to dem-
onstrate that tumor burden is correlated to ADC in patients 
with grade II and III gliomas. Similarly, purely radiographic 
studies have also demonstrated that grade II and III IDH-
mutated tumors have a higher mean ADC than their IDH 
wild-type counterparts.33 The discrepancy in ADC findings 
between glioblastomas and lower grade gliomas may be 
related to the slow-growing nature of the latter, which do 
not achieve the hypercellularity34 that is likely required to 
reduce ADC. We also found that rCBV did not reveal any 

obvious abnormalities near the tumor nor was it predic-
tive of any underlying histologic features, a result that may 
be related to the low angiogenic potential of IDH-mutated 
tumors.35,36

In contrast to standard-of-care imaging, resting-state 
BOLD fMRI allowed for the generation of BOLD asyn-
chrony maps that clearly demarcated regions of vascular 
dysregulation in IDH-mutated gliomas. Histological anal-
ysis of MRI localized biopsies confirmed that the vascular 
dysregulation was caused by local tumor infiltration and 
not indirectly caused by mass-effect or edema. More im-
portantly, the degree of BOLD asynchrony was found to be 
directly correlated with tumor burden, a result that is analo-
gous to what we have previously demonstrated in IDH wild-
type gliomas.22 Furthermore, our BOLD asynchrony model 
predicted that the bulk of detectable tumor (>99%) is within 
1.84 cm of the margins visible on standard-of-care imaging, 
which is similar to the 2 cm estimated by Pallud et al.37

The mechanisms by which invading glioma cells perturb 
cerebrovascular function remain poorly understood but sev-
eral theories exist. For example, mouse models have shown 
that glioma infiltration severely changes neurovascular cou-
pling and stimulus-evoked hemodynamic responses.38 In 
humans, BOLD fMRI has shown glioma-related impairments 
in vascular reactivity, particularly within gray matter.39–43 
Additionally, infiltrating glioma cells may release chemical 
mediators that directly modulate astrocyte vascular respon-
siveness or interfere with the function of normal signaling 
molecules.44 Further studies will be necessary to elucidate 
whether any of the aforementioned mechanisms are re-
sponsible for the BOLD asynchrony signal.

There are, however, several limitations to BOLD asyn-
chrony. Like PWI, BOLD asynchrony has lower spatial res-
olution than structural MRI and should always be used in 
tandem with standard-of-care imaging. Furthermore, con-
sideration of anatomical landmarks is necessary to minimize 
the effect of false positives. Importantly, it is possible that 
at the margins of infiltration, BOLD asynchrony may under-
estimate tumor burden either because tumor burden is too 
low to disrupt vascular function or because there is a delay 
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Fig. 4 Tumor infiltration decreases exponentially as a function of distance (A) and can be used in conjunction with BA to generate a predictive 
model of tumor burden (B) that extends beyond what is visible on standard-of-care imaging.
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between infiltration and vascular dysregulation. Therefore, 
other advanced techniques such as intraoperative fluores-
cein,45 5-ALA,46 or stimulated Raman histology47 should also 
be used to augment BOLD asynchrony.

In conclusion, our findings suggest that preoperative 
maps of BOLD asynchrony may be useful for guiding 
surgery in patients with IDH-mutated gliomas in light of 
growing evidence advocating for their aggressive initial 
resection.27,48 In fact, supra-total resections of low-grade 
gliomas, which are typically IDH-mutated, have been 
shown to provide a significant survival benefit to pa-
tients, likely due to excision of tumor that is not visible on 
standard-of-care imaging.49,50 Furthermore, BOLD asyn-
chrony could be useful for guiding tissue sampling for 
more accurate and timely histological diagnoses as well as 
for improving radiation field placement, which would max-
imize dosing of tumor while minimizing damage to healthy 
brain. Clinical trials will ultimately be needed to further val-
idate the utility of this imaging method.

Supplementary Material

Supplementary material is available at Neuro-Oncology 
online.
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