
Received: 12 September 2024 Revised: 27October 2024 Accepted: 31October 2024

DOI: 10.1111/jon.13251

R E V I EW ART I C L E

Predicting glioblastoma progression usingMR diffusion tensor
imaging: A systematic review

FrancescaM. Cozzi Roxanne C.Mayrand YizhouWan Stephen J. Price

Cambridge Brain Tumour Imaging Laboratory,

Division of Neurosurgery, Department of

Clinical Neurosciences, Addenbrooke’s

Hospital, University of Cambridge, Cambridge,

UK

Correspondence

FrancescaM. Cozzi, MD, Cambridge Brain

Tumour Imaging Laboratory, Addenbrooke’s

Hospital, Hills Rd, Cambridge CB2 0QQ, UK.

Email: fmg39@cam.ac.uk

Funding information

AmmaKyei-MensahMedical Scholarship;

Stamps Scholarship; Cancer Research UK

Clinical Research Training Fellowship; CRUK

Cambridge Centre; National Institute for

Health and Care Research; Career

Development Fellowship, Grant/Award

Number: CDF-2018-11-ST2-003; NIHR

HealthTech Research Centre in Brain Injury;

NIHRCambridge Biomedical Research Centre,

Grant/Award Number: NIHR203312

Abstract

Background and purpose: Despite multimodal treatment of glioblastoma (GBM), recur-

rence beyond the initial tumor volume is inevitable. Moreover, conventional MRI has

shortcomings that hinder the early detection of occult white matter tract infiltration by

tumor, but diffusion tensor imaging (DTI) is a sensitive probe for assessing microstruc-

tural changes, facilitating the identification of progression before standard imaging. This

sensitivity makes DTI a valuable tool for predicting recurrence. A systematic review was

therefore conducted to investigate how DTI, in comparison to conventional MRI, can be

used for predicting GBMprogression.

Methods: We queried three databases (PubMed, Web of Science, and Scopus) using

the search terms: (diffusion tensor imaging OR DTI) AND (glioblastoma OR GBM) AND

(recurrenceORprogression). For included studies, data pertaining to the study type, num-

ber ofGBMrecurrence patients, treatment type(s), andDTI-relatedmetrics of recurrence

were extracted.

Results: In all, 16 studies were included, from which there were 394 patients in total.

Six studies reported decreased fractional anisotropy in recurrence regions, and 2 studies

described the utility of connectomics/tractography for predicting tumor migratory path-

ways to a site of recurrence. Three studies reported evidence of tumor progression using

DTI before recurrence was visible on conventional imaging.

Conclusions: These findings suggest that DTI metrics may be useful for guiding surgical

and radiotherapy planning for GBM patients, and for informing long-term surveillance.

Understanding the current state of the literature pertaining to these metrics’ trends is

crucial, particularly as DTI is increasingly used as a treatment-guiding imagingmodality.
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INTRODUCTION

Glioblastoma (GBM) is a fatally aggressive malignancy of the brain,

with most patients rapidly succumbing to this tumor given its pro-

gressive and heterogeneous nature.1 Since 2005, the Stupp protocol

has been pervasively used as the standard treatment regimen for
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GBM; subsequent to maximal safe surgical resection of the primary

tumor, a patient receives concomitant radiotherapy andTemozolomide

chemotherapy for 6 weeks, followed by maintenance chemotherapy

for 6 months.2–4 Despite this, the median survival of these patients

is less than 2 years.1 One of the critical reasons for this dismal prog-

nosis is the inexorable progression of GBM following initial therapy.4
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TABLE 1 Response Assessment in Neuro-Oncology resect group’s
categories for glioblastoma extent of resection.

Class CE nCE

1α 0 ≤5 cm3

2β 2Aδ 0 >5 cm3

2Bψ ≤1 cm3 n/a

3ω 3Aϕ
≤5 cm3 n/a

3Bγ >5 cm3 n/a

4φ n/a n/a

Note: Response Assessment in Neuro-Oncology category names:
α“supramaximal CE resection”; β“maximal CE resection”; δ“complete

CE resection”; ψ“near total CE resection”; ω“submaximal CE resection”;
ϕ“subtotal CE resection”; γ“partial CE resection”; φ“biopsy” with “no

reduction of tumor volume”.7

Abbreviations: CE, contrast-enhancing; cm3, cubed centimeters; n/a, not

applicable to the respective class or subclass definition; nCE, non-contrast-

enhancing.

Unfortunately, recurrence (used interchangeably with progression

herein) is not appreciable earlier on by conventional magnetic res-

onance imaging, which is the standard imaging modality used for

diagnosis and surgical planning.

Importantly, although the following should be taken into consid-

eration with the possible adverse effects from aggressive resection,

there is a growing body of evidence (although based upon retro-

spective, non-randomized data) demonstrating that the extent of

tumor resection correlates positively with prolonged survival in GBM

patients.5–7 Given the prognostic implications of extent of resection

of GBM, the Response Assessment in Neuro-Oncology (RANO) resect

group has defined several categories for resection extent based upon

contrast-enhancing (CE) and non-contrast-enhancing (nCE) residual

tumor observed on postoperativeMRI.7 TheRANOcategories are sep-

arated into fourmain classes (Classes 1-4), whereas Class 2 andClass 3

eachhave two sub-classes (Class 2A,Class 2B,Class 3A, andClass 3B).7

Table 1 details the breakdown of each class with respect to CE and nCE

post-resection.7

Notably, even supramaximal CE resection does not infer total nCE

resection, and so despite removal of all CE and potentially some

removal of nCE, tumor inevitably recurs, and it typically recurs locally,

relative to the initial tumor volume.7–11 It is well-recognized that

there is nCE tumor that contributes to recurrence, and this tumoral

region can be appreciated on the T2-weighted fluid-attenuated inver-

sion recovery (FLAIR) sequence.8,12 In fact, biopsies of non-enhancing

regions in patients with GBM have been shown to contain the highest

quantity of viable tumor cells compared to CE and necrotic regions.13

However, non-enhancing regions comprise both tumor and edema

and are typically only partially resected in a Class 1 “supramaxi-

mal CE resection” or Class 2A “complete CE resection,” given the

apprehension to damage eloquent domain and unnecessarily remove

regions that may be edema alone, but that cannot be distinguished

from infiltrating tumor on FLAIR.7,12,14 As of 2023, when the Euro-

pean Society for Radiotherapy andOncology–European Association of

Neuro-Oncology guideline on radiotherapy targets for GBM was pub-

lished, no consensus regarding the radiotherapy treatment margin for

the T2/FLAIR volumehad been reached, given the limited available evi-

dence and difficulty in distinguishing non-enhancing infiltrative tumor

from edema on this imaging sequence.14

Consequently, conventionalMRI has shortcomings that obscure the

early identification of infiltrating tumor, whereas imaging modalities

that are more sensitive to microstructural architecture and occult

tumor progression are needed to improve treatment potency and pre-

cision. In contrast to conventional MRI, diffusion tensor imaging (DTI)

has been shown to detect occult white matter tract infiltration and

tumor progression at earlier timepoints compared to the former.15–17

DTI is a modified technique of diffusion-weighted imaging that is sen-

sitive to anisotropic diffusion, defined as the directional diffusion of

water molecules preferentially along axonal fibers, or white matter

tracts.18 When the diffusion of water molecules is captured by diffu-

sion MRI acquisition, the molecules have only had time to diffuse just

tens of micrometers, which is why this imaging modality is advanta-

geous for probing the local microenvironment.19 The sensitivity of DTI

for assessing microstructural integrity in vivo is invaluable, as it can

reveal subtle alterations to white matter tracts in a variety of disease

states, including brain tumors.18

In fact, a study by van den Elshout et al. reported that in a 14-day

timeframebetweenpreoperativeMRscans for a population of 78GBM

patients, tumor growth was found to be significantly more frequent in

the parallel, colinear orientation to white matter tracts compared to

the perpendicular orientation.20 This is key, for knowing that tumor

cells infiltrate surrounding tissue by migrating along these tracts (in

a related manner to how water molecules diffuse along these tracts)

may help to refine treatment approaches.17 The point of intrigue is to

capture—or predict—the occult infiltration of white matter as early as

possible, so as to inform primary treatment planning, preferentially, or

salvage treatment.

The aim of this study was thus to conduct a systematic review, in

adherence to the Preferred Reporting Items for Systematic reviews

and Meta-Analyses (PRISMA) 2020 guidelines, to investigate how DTI

can be used to detect GBM recurrence, with emphasis on DTI metrics

and features that have been associated with this tumor’s progression.

Amongst theseareDTI-pandDTI-q, whichare isotropic andanisotropic

components, respectively, of thedecomposeddiffusion tensor; this “p:q

decomposition” is a technique described by Peña et al.21 Two other

metrics that are most commonly derived from DTI’s tensor model are

mean diffusivity (MD) and fractional anisotropy (FA). MD is a quan-

tity that speaks to the diffusion average amongst every direction; to

note, a region with unimpeded diffusion would have a relatively high

MD, whereas the MD would be relatively low in areas where diffusion

is more incumbered.22 On the other hand, FA is a measure of the dif-

fusion variation amongst different directions, ranging in value from 0

(mainly isotropic) to 1 (mainly anisotropic).22 FA is low (closer to 0) in

areas where diffusion is unimpeded, and it is high (closer to 1) in areas

where diffusion is restricted in a directionally-dependent way.22 Rela-

tive values for the two most common metrics (MD and FA) in different

biological landscapes within the brain are summarized in Table 2.22
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TABLE 2 Common diffusion tensor imagingmetrics in different
biological landscapes within the brain.

Whitemattera Whitematterb Graymatter CSF

Mean diffusivity Moderate Moderate to low Moderate to

low High

Fractional

anisotropy

High High tomoderate Low Low

aWhitematter containing a single fiber.
bWhitematter containing crossing fibers.

Moreover, two additional DTI-derived scalar quantities that may

be measured are axial and radial diffusivity; the former pertains to

diffusion along the principal diffusion direction (ie, the axis aligned

with a fiber bundle’s direction), whereas the latter pertains to diffu-

sion perpendicular to the axis of the principal diffusion direction.22

Metrics presented in the “Results” section will either be standard

scalar parameters of DTI (ie, FA and MD) or metrics derived from

more advanced, higher orderDTImodels, such as free-water-corrected

(FWC) parameters.23 The purpose of investigating these metrics was

to consolidate reported patterns in the literature to date and to offer

a comprehensive understanding of similarities and differences across

multiple studies. Knowledge of these patterns may help to predict pro-

gression and recurrence ofGBMearlier on in the disease course, which

may impact both initial treatment planning (ie, extent of resection and

radiotherapy target volumes) and salvage treatment regimens.

Finally, there are instances when recurrence lies beyond the local

CE region and radiotherapy treatment margin, and occult infiltration

along white matter tracts in distant regions (ie, the contralateral hemi-

sphere) is initially undetectable on standard imaging.4,17,24 The use of

DTI to predict both distant progression and progression at all is impor-

tant, and understanding theways inwhich it has already been reported

to distinguish recurrencemay prove helpful in that endeavor. Although

there have been reviews on the use of DTI metrics to predict overall

survival in glioma patients, we asked a different question for a spe-

cific patient population: that is, how canDTI, compared to conventional

MR imaging, be used to predict recurrence in GBMpatients in order to

detect progression earlier in time?

METHODS

Search strategy and information sources

PubMed,Webof Science, and Scopuswere searched inApril 2024with

the following search terms: (diffusion tensor imaging OR DTI) AND

(glioblastomaORGBM) AND (recurrenceOR progression).

Inclusion criteria

The results of the initial search were systematically reviewed with the

following inclusion criteria:

1. Original articles (excluding reviews of any kind)

2. Written in the English language

3. Reported data specific to GBMpatients

4. Reported on the primary endpoint of DTI-related data for char-

acterizing and/or predicting GBM progression following initial

treatment

Exclusion criteria

Articles were excluded for the following reasons:

1. Focused on other endpoints without detailing how DTI metrics can

be used to predict/characterize progression

Of note, survival endpoints were not included in the focus here,

because a systematic reviewon the use of diffusionMRImetrics specif-

ically for predicting survival outcomes in GBM patients was published

in 2020 by Brancato et al.25

Selection process

Inclusionandexclusion criteriawereapplied systematically, as all popu-

lated articles were reviewed. Rayyan was used to screen automatically

for duplicate records.26

Data collection process and data items

Data were systematically extracted from the articles and included:

type of study; number of GBM patients with recurrence/progression;

treatment prior to recurrence/progression; and outcomes pertaining

to DTI-relatedmetrics and patterns.

Synthesis methods and effect measures

All included studies contained information on the aforementioned

data items and were therefore eligible for synthesis and presentation

within the “Results” section. Summary tables were tabulated from the

extracted data and are presented in the “Results” section.

Risk of bias assessment

Risk of bias was assessed for the included studies, and findings as to

the overall quality of the included articles and their associated risk

of bias are reported in the “Results” section. Level of evidence for

each article was assessed and determined using the Oxford Centre for

Evidence-Based Medicine Levels of Evidence Working Group’s “Lev-

els of Evidence Table” as a reference guide.27 When assessing each

article, reference was made to the table’s diagnostic question row,

which aligned most closely with the question posed in this article,
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F IGURE 1 Preferred Reporting Items for Systematic reviews andMeta-Analyses flow chart of the sequence of steps taken in this systematic
review to ascertain articles meeting inclusion criteria.Note: n, number.

pertaining to the utility of DTI (a diagnostic imaging instrument) for

predicting/characterizing GBM recurrence.

RESULTS

General findings

The search yielded 389 total results, of which 16 studies met inclusion

criteria. The sequential process of this systematic review is presented

in the PRISMA (2020) flow diagram in Figure 1.28 From these 16

studies, there was a total of 394 patients with reported GBM recur-

rence. Of what was reported: 42 patients underwent surgery alone;

228 patients underwent surgery and chemoradiotherapy; 26 patients

had surgery and radiotherapy; and 36 patients had radiotherapy alone.

In 2 studies, patients underwent surgery in addition to a single or a

combination of adjuncts or supportive care, but the adjunct/supportive

care was unspecified for the recurrence patients specifically; these

patients totaled 62 across the 2 studies. Moreover, 6 of the included

studies were prospective, and 10were retrospective. The studies were

published between 2004 and 2023 (inclusive), most (n = 9, or 56%)

of which were published just within the last 5 years (Table 3). The

following sections address some of the most commonly described

DTI-related metrics (summarized in Table 4) and associated trac-

tography/connectomics, with comprehensive findings for all included

articles detailed in Table 5.

Fractional anisotropy

Several DTI parameters were reported across the included studies.

With respect to FA in particular, 6 studies reported decreased FA

values in areas of recurrence and/or for progressors compared to non-

progressors (Table 4). Specifically, there were reports of: significantly

lower mean FA at recurrence compared to pre-recurrence (all post-

radiotherapy)15; significant percent change in normalized FA from
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TABLE 3 Summary characteristics of included articles.

Author Study type Level of evidencea NRecurrence patients Treatment pre-recurrence

Wei et al.17 Prospective 4 2 Surgery

Feng et al.33 Prospective 4 31 Surgery

CRTx

Yan et al.32 Retrospective 4 37 (Training)

20 (Test)

Surgery

CRTx+Adjuvant TMZ

Metz et al.30 Prospective 4 35 Surgery

Jin et al.15 Retrospective 4 30 RTx

Witulla et al.39 Retrospective 4 7 Surgery

RTx

Kim et al.35 Retrospective 4 59 (Training)

24 (Test)

Surgery

CRTx

Li et al.36 Prospective 4 57 (115 in Total Cohort) Surgery+CRTx+ adjuvant

TMZ (N= 84/115)

Surgery+RTx (N= 20/115)

Surgery+ supportive care

(N= 11/115)

Peeken et al.41 Retrospective 4 14 Surgery

RTx

Wang et al.34 Retrospective 4 21 Surgery

CRTx

Stecco et al.31 Prospective 4 17 Surgery

CRTx

Khayal et al.29 Prospective 4 19 Surgery

CRTx

PKC-β inhibitor

Li et al.40 Retrospective 4 5 Surgery+CTx and/or RTx

Krishnan et al.38 Retrospective 4 6 Stereotactic RTx

Price et al.37 Retrospective 4 9 Surgery+RTx (N= 4)

Surgery/biopsy+ no adjunct

(N= 5)

Price et al.16 Retrospective 4 1 Surgery

RTx

Abbreviations: CRTx, chemoradiotherapy; CTx, chemotherapy;N, number; PKC, protein kinase C; RTx, radiotherapy; TMZ, Temozolomide.
aThe level of evidencewas determined using theOxfordCentre for Evidence-BasedMedicine Levels of EvidenceWorkingGroup’s “Levels of Evidence Table,”

with use of the table’s diagnostic question row. This rowwasmost related to the question posed in this article, regarding the utility of diffusion tensor imaging,

a diagnostic imaging instrument, for predicting/characterizing glioblastoma recurrence.

mid- to post-radiotherapy, with a larger percent decrease in progres-

sors versus non-progressors29; significantly lower FWC FA in regions

with eventual recurrence compared to non-recurrence regions30;

decreased FA in peritumoral areas16; significantly decreased FA val-

ues in perilesional tissue from pre-radiotherapy to the time of tumor

progression31; and FA values lower in an area of progression compared

to non-progression.32 Additionally, Feng et al. reportedFAvalues being

higher in regions of tumor recurrence compared to radiation necro-

sis, and Wang et al. reported significantly higher FA values in areas

of true tumor progression versus pseudoprogression.33,34 Kim et al.

found that when FA and cerebral blood volume (CBV) radiomics for

peritumoral regions were combined, this joint model demonstrated a

better predictive value for local progression compared to FA or CBV

alone.35

DTI-p and DTI-q abnormalities

Amongst the included studies, there was some variability in reports on

DTI-p and DTI-q components for recurrence (Table 4). Li et al. reported

that decreased p and increased q in the non-enhancing region corre-

lated positively and significantly with the rate of tumor progression,

whereas an increased p and decreased q in the non-enhancing region

correlatednegativelywith the rateof progression.36 Similarly, Yanet al.

reported that in areas of progression, p was significantly decreased

compared to non-progression regions (and q did not demonstrate a dif-

ference betweenprogression andnon-progression regions).32 Another

study reported that a case of GBM recurrence, compared to controls,

had low q values and increased p values for recurrence, with the p com-

ponent increased in tumor-infiltrated regions.16 Price et al. additionally
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TABLE 4 Summary of common diffusion tensor imaging related
metrics reported amongst included articles.

Author

Metrics

MD

FWC-

MD FA FWC-FA p q

Feng et al.33 ↑a

Yan et al.32 ↓ ↓ ND

Metz et al.30 ↓ ↓ ↓ ↓

Jin et al.15 ↑b ↓b

Li et al.36 ↓c ↑c

Wang et al.34 NDa ↑a

Stecco et al.31 ↓

Khayal et al.29 ↓

Price et al.16 ↓d ↑ ↓

Abbreviations: FA, fractional anisotropy; FWC, free-water-corrected; MD,

meandiffusivity;ND, nodifferenceor variationbetweenprogression versus

non-progression; p, DTI-p isotropic metric; q, DTI-q anisotropic metric.
aRecurrence compared to radiation necrosis or pseudoprogression.
bComparison of metrics at time of recurrence to other timepoints prior to

recurrence.
cIn non-enhancing region, positively associatedwith rate of progression.
dIn peritumoral area.

defined patterns of invasion, with local recurrence defined as when

tumor progression occurs along one direction in which the abnormal-

ity of p exceeds that of q, and diffuse recurrencewhen p exceeds q in all

directions with a global increase in tumor size.37

Connectomics, tractography, and other DTI metrics

Three studies reported white matter degeneration visible on DTI

before recurrence became apparent on conventional imaging.15–17

Price et al. reported DTI abnormalities at a site of recurrence 6 weeks

before recurrent tumor in the same location became visible on a CT

scan.16 Krishnan et al. reported diffusion paths from the primary tumor

site to the site of progression.38 In 1 patient from this study, when a

path was reconstructed from the primary tumor, the path predicted

the tumor’s direction of spread.38 Similarly, Wei et al. “found that

the higher distant region [connectome] disruption was positively cor-

related with the furthest recurrence distance from tumor centroid,”

with two cases in which “the disrupted distant regions indicated occult

tumor invasion invisible on the preoperative MRI.”17 One study was

more doubtful about the utility of DTI and tractography, finding only

1 of 7 patients to have fiber tracking that delineated a clear connec-

tion between primary and recurrent tumor that was able to be used

for setting the planning target volume for radiotherapy.39 Another

study showed tumor to definitively grow in regions with faster dif-

fusion (ie, along white matter tracts), as diffusion time around tumor

was reported to be higher in the region of recurrence, with GBM

recurrence and DTI diffusion patterns correlating.40 One other report

defined a new volume area based upon tissue volume and FWC-FA

maps, where recurrent tumor was shown to intersect with this newly

defined region.41

Other DTI metrics that were reported amongst the 16 studies

included axial diffusion coefficient, radial diffusion coefficient, andMD.

Compared to radiation necrosis, axial diffusion coefficient and radial

diffusion coefficient values were reported to be significantly lower

in regions of tumor recurrence.33 Tumor progression, compared to

pseudoprogression, has also been shown to have significantly higher

linear anisotropy and planar anisotropy, with significantly decreased

spheric anisotropy and no significant difference in median MD.34

Another study reported that MD values with free water correction

demonstrated a significant difference between regions with eventual

recurrence and regions of pure edema at the 90th percentile, with

lower MD values in regions of later recurrence.30 Two studies showed

regions of tumor progression to have higher relative CBV compared to

pseudoprogression or non-progression regions.32,34

Risk of bias in included studies

The overall quality of the 16 included studies was poor, with risk of

bias stemming from single-center populations from which data were

predominantly collected. Additionally, in most of the included studies,

sample sizewas relatively small. Retrospective study designs and small

cohort sizes limited the generalizability of results and the statistical

power of some of the reported data.35 Time constraints and costswere

also reported as possible limitations on data acquisition and results.33

Moreover, there were some technical inconsistencies, including the

acquisition ofMR imaging at different magnetic strengths.15

DISCUSSION

The findings in this systematic review elucidate how DTI may be

used for identifying, describing, and predicting progression patterns

of GBM, with metrics that could be considered when planning surgi-

cal and radiotherapy treatment regimens.15–17,30,32,34–41 Although the

overall quality of evidence amongst the included studies is low, the sev-

eral patterns and trends identified in this review speak to the potential

utility of DTI metrics (ie, MD, FA, p, and q) and associated tractogra-

phy/connectomics for elucidating occult tumor infiltration beyond the

CE primary lesion. Some metrics have been shown to offer insight into

the path to recurrence before progression is visible on conventional

imaging. Nonetheless, in order to effectively discuss these metrics and

findings in a digestible way, it is first important to understand the

fundamentals of DTI and how thesemetrics are derived.

To start, DTI is an advanced magnetic resonance imaging modality

coupled with the addition of magnetic field gradients for rendering an

image that captures the diffusion of water molecules in one direction;

this technique is then applied in many directions for engendering a 3-

dimensional tensor model.42 The tensor is a symmetric, 3 × 3 matrix

with components that represent 3-dimensional displacements.43 This

model assumes a Gaussian distribution of diffusion per voxel.43



DIFFUSIONMRI FOR PREDICTINGGBMPROGRESSION 7 of 14

TABLE 5 Detailed outcomes across all included studies.

Author Standard DTImetrics Higher order DTImetrics and tractography/connectomics

Wei

et al.17
n/a Furthest distance of recurrence from tumor centroid positively

correlatedwith disruption of distant region connectome (p< .001)

Distant recurrencewas identified on follow-up scans in 2 cases,

whereas preoperativeMRI did not reveal the occult tumor

infiltration of these distant regions

Distant lesions in both cases traced throughwhitematter

connections to the primary lesion

Preoperative T1c images did not show any lesion at the location of

recurrence

Feng

et al.33
FA values for tumor recurrence significantly higher than radiation

necrosis (p= .001)

Axial diffusion coefficient and radial diffusion coefficient values

significantly lower for tumor recurrence vs. radiation necrosis

(p= .003 for both)

FA best distinguished tumor recurrence vs. radiation necrosis:

AUC, 0.798; sensitivity, 80.6%; specificity, 66.6%

n/a

Yan et al.32 FA lower in region of progression vs. 5 mmof non-progression

(p= .041)

Significant decrease in DTI-p component in region of progression

vs. 5 and 10mmof non-progression (p< .001)

In progression regions, DTI-q did not demonstrate variation

between progression and non-progression

rCBV higher in regions of progression vs. 15-20mmof

non-progression

n/a

Metz

et al.30
n/a Compared to non-correctedmaps, there was a significantly higher

AUC in a generalizedmixed-effect model using FWC-FAmaps

(p< .001)

FA values were significantly lower for areas that eventually

contained tumor recurrence vs. areas of wholly recurrence-free

edema

In 3 percentiles (10th, 50th, and 90th) of tissue-volume-fraction

values, there were significant differences in FWC-FAmaps in

regions of recurrence vs. recurrence-free edema (p= .00112,

.00314, and .00007, respectively)

Non-corrected FAmaps demonstrated significant differences

between the 2 regions in the 90th percentile only (p= .0003)

ForMD values after FWC, only the 90th percentile showed a

significant difference between regions with edema and later

recurrence vs. regions with pure edema, with regions of eventual

recurrence having lowerMD (p= .04648400)

Jin et al.15 At recurrence, mean FA significantly lower than: 1mo post-RTx, 4

mo pre-recurrence, and 2mo pre-recurrence (p< .05), with a

decrease of 30.8%, 22.9%, and 19.2% from 1mo post-RTx, to 4mo

pre-recurrence, and to 2mo pre-recurrence, respectively

Over time,MD, axial diffusivity, and radial diffusivity values

showed an increasing trend

FA images demonstratedwhitematter degeneration at area of

recurrent tumor at 4 and 2mo pre-recurrence, whereas tumor

was not visible at these pre-recurrence timepoints on T1WI

n/a

Witulla

et al.39
n/a In 1/7 patients, fiber tracking showed clear connection from

primary tumor to distant recurrence

6/7 patients with distant recurrence showedweak connections

not usable for defining the RTx planning target volume

Kim

et al.35
Training set: For the prediction of 6-mo progression, FA+ nCBV

had the best performance (sensitivity, 94.1%; specificity, 57.1%);

better than FA or nCBV alone

Test set: FA+ nCBV similarly yielded the best performance

(sensitivity, 80.0%; specificity, 63.2%), compared to FA or nCBV

alone

n/a

(Continues)



8 of 14 DIFFUSIONMRI FOR PREDICTINGGBMPROGRESSION

TABLE 5 (Continued)

Author Standard DTImetrics Higher order DTImetrics and tractography/connectomics

Li et al.36 Decreased DTI-p and increasedDTI-q components in

non-enhancing area was significantly and positively associated

with rate of progression (p= .010)

IncreasedDTI-p and decreased DTI-q components in

non-enhancing area was negatively associatedwith rate of

progression (p= .040)

n/a

Peeken

et al.41
n/a In 13/14 patients, volumes containing recurrent tumor overlapped

with infiltrative gross tumor volumes (defined using tissue volume

and FAmaps that were FWC)

Wang

et al.34
For tumor progression compared to pseudoprogression:

No significant difference inmedianMD (p> .05)

Significantly higher rCBVmax (p= .007)

Significantly higher FA (p= .008)

Significantly higher linear anisotropy (p= .04)

Significantly higher planar anisotropy (p= .002)

Significantly decreased spheric anisotropy (p= .004)

n/a

Stecco

et al.31
Over time, low FA in enhancing regions did not change; however,

FA in hyperintense perilesional tissue showed a significant

decrease from post-op/pre-RTx to time of tumor progression

n/a

Khayal

et al.29
For progressors vs. non-progressors, no significant difference in

median nFA at pre-, mid-, or post-RTx in contrast-enhancing lesion,

non-enhancing lesion, and T2 hyperintense regions

Frommid- to post-RTxwithin both contrast-enhancing and

non-enhancing lesion areas, significant percent change in nFA

(p= .0396 and .0421, respectively), with a greater percent

decrease observed in progressors compared to non-progressors

(−13% and−9% vs.−5% and−2%, respectively)
Frommid- to post-RTx, significant median nFA change in the

contrast-enhancing lesion in progressors (p= .001); no observed

significant differences in the non-enhancing and T2 hyperintense

lesions

Mid-RTx contrast-enhancing lesion normalized eigenvalues 1 and

2 significantly higher in non-progressors vs. progressors (not seen

in non-enhancing lesion and T2 hyperintense lesion)

n/a

Li et al.40 Diffusion time for peri-tumoral volume of interest was higher than

diffusion time in region of tumor recurrence, suggesting that

tumor is inclined to grow in a faster diffusion area (ie, along white

matter tracts)

GBM recurrence patterns andDTI diffusion patterns were shown

to be correlated

n/a

Krishnan

et al.38
n/a In 4 of these patients, paths of diffusion identified from the

primary tumor site to the secondary site of progression

In one of these patients, reconstructed diffusion path from

primary tumor location predicted location of spread/progression

(tractography useful for predicting tumormigration)

Results support that tumor cells migrate in the direction along DTI

pathways

Price

et al.37
3/9 had diffuse recurrence, with global increase in tumor size

(diffuse pattern defined as when the abnormality of DTI-p
exceededDTI-q in all directions)
6/9 had local recurrence, with tumor progression in the direction

alongwhich the abnormality of DTI-p exceeded that of DTI-q

n/a

(Continues)
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TABLE 5 (Continued)

Author Standard DTImetrics Higher order DTImetrics and tractography/connectomics

Price

et al.16
Initial primary tumor identified in right frontal lobe, with recurrent

tumor 9-mo post-resection appearing in the contralateral left

frontal lobe

At time of recurrence, no apparent tumor infiltration of corpus

callosum on T1WI and T2WI, but FAmaps at this timepoint did

show effects in the corpus callosum, specifically the genu

(predominant at higher slices)

Decrease in FA in peritumoral area

Compared to controls, patient had lowDTI-q values (p= .03) and

increasedDTI-p values (p= .05) in higher slices of genu of corpus

callosum

In tumor-infiltrated regions, DTI-pwas increased
DTI abnormalities in corpus callosum appeared 6weeks prior to

recurrent tumor in that region becoming visible on CT scan

n/a

Abbreviations: AUC, area under the curve; DTI, diffusion tensor imaging; DTI-p, isotropic DTI component; DTI-q, anisotropic DTI component; FA, fractional

anisotropy; FWC, free water correction; GBM, glioblastoma; MD, mean diffusivity; mm, millimeter(s); mo, month(s); n/a, not applicable; nCBV, normalized

cerebral blood volume; nFA, normalized FA; rCBV, relative cerebral blood volume; RTx, radiotherapy; T1c, T1-weighted contrast; T1WI, T1-weighted imaging;

T2WI, T2-weighted imaging; vs., versus.

In addition to a matrix, which will be summarized shortly, the tensor

model can be visualized as an ellipsoid, particularly when describ-

ing diffusion in an anisotropic medium.43 In such a medium, there is

one principal direction along which the diffusion of water molecules

is fastest, and the elongated axis of the diffusion ellipsoid indicates

this preferred direction, from which white matter tract orientations

can also be deduced.42,43 From amathematical perspective, the tensor

takes the followingmatrix form:21

D =
⎡⎢⎢⎢⎣
Dxx Dxy Dxz

Dyx Dyy Dyz

Dzx Dzy Dzz

⎤⎥⎥⎥⎦
Of these 9 components within the matrix, there are 6 independent

components of the tensor, because of the symmetrical components

on either side of the tensor’s principal diagonal (ie, Dxz = Dzx).
21 In

other words, there are 6 off-diagonal components altogether, but of

these are 3 symmetrical pairs. Moreover, the 3 left-to-right diagonal

components in the matrix above (Dxx, Dyy, and Dzz) highlight the dif-

fusion coefficients along the primary axes (x, y, and z), whereas the

3 off-diagonal components (Dxy, Dxz, and Dyz) represent the covari-

ance of diffusion between two perpendicular axes (ie, x and y for

Dxy).
21,43

When diffusion is only along the primary axes, however, these off-

diagonal components are equal to zero (given zero correlation with

respect to diffusion between the axes), and the only nonzero com-

ponents are those lying along the primary axes themselves (the 3

left-to-right diagonal components in the aforementioned matrix).43 In

this instance, there are 3 eigenvalues that represent diffusivity along

each of the primary axes, whereas the 3 eigenvectors represent the

orientation of each of these primary axes.43 Additionally, the eigenvec-

tor corresponding to the largest eigenvalue represents the principal

(preferred) direction of diffusion, meaning that in a voxel, the tensor

orientation given by the principal eigenvector is taken to lie in paral-

lel to the predominant fiber orientation.43 Overall, from these values,

several commonmetrics can be derived.

Regarding the several metrics reported amongst the 16 included

articles in this systematic review, 6 studies reported that FA values are

lower in areas of recurrence.15,16,29–32 FA is a DTI measure with high

sensitivity for microstructural changes.44 It is defined by the formula:

FA =
√

3
2

√
(𝜆1 −MD)

2 + (𝜆2 −MD)
2 + (𝜆3 −MD)

2√
𝜆2
1
+ 𝜆2

2
+ 𝜆2

3

,

where MD is the mean diffusivity, and λ1, λ2, and λ3 are the 3 eigen-

values of the diffusion tensor.21 MD is calculated as the quotient of the

trace (sum of the three eigenvalues) divided by 3, as follows:21

MD =
𝜆1 + 𝜆2 + 𝜆3

3

Like MD, FA is a scalar. Therefore, FA does not describe the

shape/distribution of the tensor, and it is not highly specific to the type

of microstructural change that is occurring: that is, axial or radial.44

Nonetheless, amongst the several DTI scalars available, FA is the most

commonly used, and its utility stems from its elevated sensitivity to

changes in axonal fiber microstructure.45 Although FA is limited in its

specificity for discerning what kind of change is occurring amongst

pathological states, its high sensitivity to change in and of itself offers

valuable information to the observer.44,45

Interestingly, Jin et al. showed that the mean FA value at the time-

point of recurrence was significantly lower than the mean FA values

at three timepoints beforehand: that is, 1 month post-radiotherapy, 4

months pre-recurrence, and 2 months pre-recurrence.15 Additionally,

the mean FA value 2 months pre-recurrence, compared to 1 month

post-radiotherapy, was significantly lower by 11.2%; moreover, white

matter deterioration was apparent on FA images at both 4 and 2

months pre-MR-visible recurrence.15 Moreover, recurrence occurred
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at the intersection of the internal capsule and geniculocalcarine tract,

both of which are predominant white matter tracts.15 This speaks to

the utility of FA for identifying recurrence before it is appreciable on

conventional MR imaging.

In a similar vein, Price et al. discussed a case of GBM in the right

frontal lobe that later recurred in the corpus callosum, which con-

tains the highest density of white matter.16,46 Following an initial

excisionof tumor, thepatient underwent radiotherapy,with recurrence

9 months later revealed by CT imaging and MRI in the contralateral

left frontal lobe, with no evidence of tumor in the corpus callosum on

T1- and T2-weighted imaging.16 DTI at that time, however, produced

an FA map that showed abnormalities in the genu of the corpus cal-

losum, with a decrease in FA in peritumoral areas; there were also

abnormalities in the p and q maps, with low q values and increased

p values in the higher slices of the corpus callosum.16 Similar signa-

tures were found in the recurrent tumor.16 The patient underwent

a second resection, but several weeks following the identification of

the first recurrence on imaging that prompted a second operation, the

patient became symptomatic again, and a CT scan revealed tumor in

the corpus callosum in the same region where diffusion tensor abnor-

malitieswere discovered 6weeks earlier.16 This is yet another example

of the utility of DTI for detecting recurrence earlier than conventional

imaging.

Likewise, Wei et al. reported two cases where distant GBM recur-

rencewas undetected by preoperative T1 contrast (T1c) images.17 Wei

et al. studied the structural connectome in patients with GBM, with

white matter connection strengths derived by joining a white mat-

ter connection template with a skeletonized FA map (produced by

combining diffusion MRIs with a tensor model using the FMRIB Soft-

ware Library [v6.0, Oxford, UK, https://fsl.fmrib.ox.ac.uk/fsl]).17 Two

patients showed a primary tumor on preoperative T1c images, with dif-

fusely infiltratedwhitematter connections,whereas the recurrence for

each patient was in a distant region not visible on preoperative T1c

imagesbut linked to theprimary tumor viawhitematter connections.17

Jin et al., Price et al., and Wei et al. are 3 studies in particular that

reported the detection of recurrence using DTI, or a derivative of a

diffusion tensor model (ie, skeletonized FA maps in Wei et al.), before

the recurrence was visible on conventional imaging.15–17 Similar to

Wei et al., with focus on the use of connectomes to trace occult tumor

invasion, Krishnan et al. reported diffusion paths from the site of the

primary tumor to secondary sites of progression, with a diffusion path

reconstructed from the primary tumor in 1 patient that predicted the

site of progression.38 Wei et al. andKrishnan et al. provide evidence for

the importance of connectomics and tractography for predicting tumor

spread, both locally anddistantly,while also reiterating that tumor cells

migrate along white matter tracts.17,38

In addition to Jin et al. and Price et al., 4 additional studies (Khayal

et al., Metz et al., Stecco et al., and Yan et al.) reported lower FA values

in regions of recurrence.15,16,29–32 From a different angle, compared to

radiation necrosis and pseudoprogression (treatment-related changes,

ie, gliosis and/or radiation-induced reactions), 2 studies found the FA

values of true progression to be higher.33,34 The collective findings

from these studies suggest that FA values are typically lower in regions

of recurrence/progression but are higher in recurrence regions com-

pared to areas of radiation necrosis/treatment-induced changes. First,

to explain the reduction of FA in the presence of tumor, there is less

anisotropicwater diffusion in the setting of disrupted axonal fibers and

white matter tracts caused by such a lesion.16 In GBM patients, lower

FA values have also been shown to be associated with a reduced fiber

density index in peritumoral regions.47 FA is a measure of both the

directionality and the integrity of white matter tracts, correlated with

cell density and proliferation; lower FA values are therefore seen in

regions with aggressive, devastating tumor invasion and growth.48 In a

study that fell outsideof thearticles returnedbyour search, themedian

FA value in non-enhancing peritumoral regions with later tumor recur-

rence was lower than in non-enhancing regions without later tumor

recurrence.48

Notably, our review findings also show that FA is even lower in

the presence of radiation necrosis than it is in the presence of recur-

rent tumor, and this is explained by the fact that in necrotic areas,

nearly all axonal fibers and cells are defaced, and diffusion direc-

tions are at a minimum.49 This has been clinically demonstrated by

Xu et al., who conducted a study on glioma patients who under-

went postoperative radiotherapy.50 These patients had a new CE

lesion on conventional MRI at the site of a previously postoperative

radiotherapy-treated glioma.50 Compared to those patients in whom

this new CE lesion was diagnosed as recurrent tumor, the FA was

significantly lower in patients diagnosed instead with radiation injury

at that site.50 Kashimura et al. similarly found lower FA values in

enhancing areas in a case of radiation necrosis compared to two cases

of recurrent tumor in glioma patients, following postoperative radio-

therapy treatment.51 These findings corroborate the explanation in

theory for a lower FA in the presence of radiation injury compared to

recurrent tumor.

Additionally, compared to the FA metric, there was more variabil-

ity in reported findings for p and q values in regions of recurrence.

This can be explained by likely differences amongst regions of interests

analyzed, or simply due to the complexity of p and q in tumor regions

overall. DTI-p is a representative metric of MD, with MD sensitive to

the diffusion of water molecules and thereby decreased in the setting

of diffusion restriction by increased tumor cellularity.52 The p value can

be formulized as follows 21:

p =
√
3 (MD)

Yan et al. reported significantly decreased p values in regions of

tumor progression versus non-progression, and Metz et al. reported

lower MD values in regions of recurrence.30,32 Li et al. also reported

that lower p values in non-enhancing regions were positively and sig-

nificantly associated with rate of tumor progression.36 In contrast,

DTI-q is a metric associated with FA, and it can be represented

mathematically as follows21:

q =
√
(𝜆1 −MD)

2 + (𝜆2 −MD)
2 + (𝜆3 −MD)

2

https://fsl.fmrib.ox.ac.uk/fsl
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Notice similar terms in the formulae for q and FA. As several studies

reported a lower FA in regions of recurrence, Price et al. also reported

a low q in recurrent tumor.16 This can be explained by the disrup-

tion to white matter tracts, whereas both the integrity of the tracts

and directionality along the tracts are encumbered upon by infiltrating

tumor.16

Finally,Metz et al. andPeekenet al. demonstrated the improvedutil-

ity of FWC FA in predicting recurrence.30,41 Metz et al. reported that

FWC-FA maps show significant distinctions between regions of recur-

rence and those of recurrence-free edema, whereas these differences

are less pronounced with non-corrected FA maps.30 Peeken et al. also

demonstrated the benefit of FWCDTI scans, using an FWC-FAmap to

define an infiltrative area of tumor that was shown to overlap with an

area of GBM recurrence.41 This is likely due to the fact that correcting

for free water minimizes the effects of both edema and CSF presence,

making DTI analyses more specific for pathologic tissue damage.53

Overall, DTI is sensitive to microstructural changes in white mat-

ter and offers practical utility for applications in various pathologies,

including (but not limited to) brain tumors, multiple sclerosis, amy-

otrophic lateral sclerosis, stroke, Parkinson’s disease, traumatic brain

injury, and Alzheimer’s disease.45 However, there are several lim-

itations to DTI and tractography analyses that preclude a robust

integration of thismodality into clinical workflows, principally the vari-

ability in howDTI data is acquired and processed.54 Another limitation

from the standpoint of fiber tracking is that the diffusion tensor model

assumes a Gaussian distribution of fibers per voxel: that is, each voxel

contains one population of fiber.55 However, we know that this is not

universally true, as complex microstructural environments, such as a

tumor microenvironment, are non-Gaussian, where several crossing

fibers and complex architecture can exist per voxel.55

With respect to fiber tracking, there are twomain categories of trac-

tography: deterministic and probabilistic. In deterministic streamline

tractography, tracts are seeded at one point and grown along the local

vectors in a stepwise fashion; a streamline is stopped when it reaches

a point of high uncertainty.56 This high uncertainty can be thresholded

based upon FA values, and when a streamline encounters a point that

falls below a certain FA value, it stops in order to avoidmounting errors

with each next step in building the streamline trajectory.56 Notably,

areas with low FA values typically correlate with areas of large uncer-

tainty with respect to the principal diffusion direction.56 As we found

in this systematic review, areas of tumor recurrence have relatively

low FA values. With tumor areas having relatively low anisotropy val-

ues in general, deterministic tractography becomes suboptimal and

unreliable in the presence of such pathology.57

Onepossiblemitigatingmechanim, however, is the use of streamline

atlases. In the literature, for example, Salvalaggio et al. used an average

streamlinemap constructed fromaHumanConnectomeProject (HCP)

atlas, containing average white matter streamline counts per voxel

within theHCP template; they thenoverlaid patientGBMtumormasks

onto this map and calculated the average streamline count per voxel

in the tumor area, which they termed a “tract density index.”58 Sal-

valaggio et al. showed that in patients with GBM, overall survival was

prolonged when GBM populates areas with a low tract density index,

and this relationship was found to be significant.58 This is particularly

intriguing, in light of both contemporary and historical evidence (dat-

ing back to Scherer in the 1930s and 1940s) for the infiltration ofwhite

matter byGBMand other gliomas, aswell as the growth of GBMalong-

side white matter tracts.20,59–68 Given the evidence for white matter

tract invasion by GBM, Salvalaggio et al.’s finding that GBM growth in

areas with a lower tract density index correlates with amore favorable

prognosis is especially interesting.58

Furthermore, probabilistic tractographyovercomes someof the lim-

itations of deterministic tractography; it is intended for handling areas

of high uncertainty and representing that uncertainty by quantify-

ing the confidence of a streamline trajectory from one region to any

number of endpoint regions.56 Barajas et al. used probabilistic stream-

line tractography to generate track density maps for patients with

GBM, finding that in areas with “aggressive histopathologic features,”

there was an increased likelihood of higher track density, whereas

“relative track density” was significantly associated with architectural

disturbance.69 Additionally, Kis et al. used probabilistic tractography in

high-grade glioma patients (including GBM patients) to investigate the

breadth of tumor infiltration at diagnosis; they found that the results

of probabilistic tractography, when thresholded at 5% and overlapped

with the recurrence region, had a sensitivity and specificity of 81% and

90%, respectively, for predicting the initial breadth of tumor.57

Overall, probabilistic tractography is a prudent choice for complex

environments, such as brain tumors with aggressive histopathology

or regions with crossing fibers and not one single fiber population.57

Although probabilistic tractography algorithms are not without their

own limitations in the presence of tumor, as is the case with deter-

ministic tractography, these fiber-tracking techniques are a promising

mechanism for investigating disrupted tracts in the presence of infil-

trating pathology, and they can provide us with prognostic foresight

into clinical outcomes.57 The utility of tractography invites additional

exploration of how these algorithms can be improved and used for

predicting tumor progression and guiding treatment.

Finally, and despite certain limitations, there is ample literature

reporting the clinical value and potential of DTI overall, as supported

here and in a multitude of other studies and systematic reviews.

Brancato et al., for example, conducted a systematic review of DTI

metrics used to predict survival in patients with GBM, where metrics

such as MD, FA, and q were shown to be useful for predicting overall

and/or progression-free survival.25 In this present study, however, we

instead focused on the specific question of how DTI can be useful for

predicting progression in patients with GBM. Although a minority of

GBMpatients have leptomeningeal dissemination and distant progres-

sion (5.3% and 6.1% of 247 isocitrate dehydrogenase-wildtype GBM

patients, respectively, reported in a study by Jiang et al.) compared to

local progression (75.3% in the same study), wherein leptomeningeal

progression may limit the utility of DTI given that white matter does

not reside there, most patients do progress locally.10 Overall, hav-

ing insight into the local and even distant white matter infiltrative

trajectory that this devastating tumor will take may better inform

and guide the treatment regimen. With that, a remote objective for

DTI use is its standardized integration into surgical and radiotherapy
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protocols and planning, wherein training inDTI acquisition, processing,

and interpretation may make that a more feasible endeavor and

prove instrumental for clinicians in the field. In order to facilitate this

goal, however, a refinement and robust validation of DTI acquisition,

processing methodologies, analysis, and interpretation are essential,

so that a more ubiquitous understanding of its clinical applicability is

achieved for systematic integration into practice.

Limitations

The primary limitation of this systematic review is the overall poor

quality of articles included, all of which had a level of evidence of 4.

The included articles were limited themselves, predominantly, by small

sample sizes, single-center patient populations, retrospective designs,

as well as time, cost, and technical constraints. Furthermore, some of

the included studies did not provide extensive details about the treat-

ment administered pre-recurrence, and so we could only include the

information that was reported.Moreover, the utility of DTI for predict-

ing/characterizing recurrencewasmade in comparison to the standard

imaging modality for diagnosing GBM and monitoring GBM response

to treatment, which is conventional MR imaging. Discussion of other

advanced imaging techniques was not includedwithin the scope of this

review.

Additionally, althoughwe could opine on the utility of DTI for earlier

detection of recurrence/progression of GBM compared to conven-

tional imaging, we could not comment on the precise time interval

between first treatment and the DTI study that detected recur-

rence/progression for all studies, as this information was not reliably

available amongst all included articles. Moreover, a standard definition

of recurrence/progression did not exist across the 16 included arti-

cles, whereas some studies defined progression according to changes

on surveillance MR imaging, histopathological confirmation during

a second resection, Macdonald criteria, clinico-radiological changes

assessment and treatment response monitoring as per RANO criteria,

or symptomatic recurrence imaging. This serves as another limitation

with respect to variation in how recurrence/progression may have

been defined, reported, and assessed across studies.

CONCLUSIONS

GBM recurrence is an inevitable reality for many patients, irrespective

of multimodal treatment. DTI has been shown to detect and predict

recurrence pathways prior to recurrent tumor becoming visible on

conventional imaging, with certain patterns that can be predictive of

progression. This systematic review unveiled several common trends

throughout the literature pertaining to DTI metrics and associated

tractography/connectomics. This valuable information may help guide

both surgical and radiotherapy planning with the aim of prolonging

progression-free and overall survival. Of particular interest is the use

of DTI in predicting and distinguishing local versus distant tumor pro-

gression, which may offer additional insight into a patient’s individual

and heterogeneous GBM profile. The increasing evidence in the liter-

ature of DTI’s utility for diagnostic and prognostic purposes is a call to

consider its standardized implementation into clinical workflows and

training in the future.
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