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BACKGROUND AND PURPOSE: IDH and TERT mutations might infiltratively manifest within normal-appearing white matter with
specific phenotypes such as microstructural changes undetectable by standard MR imaging contrasts but potentially associable
with DTI variables. The aim of this retrospective glioma study was to statistically investigate IDH and TERT associations and classifi-
cations with DTI reported microstructure in normal-appearing white matter.

MATERIALS AND METHODS: Retrospective data from patients imaged between March 2012 and February 2016 were analyzed by
grouping them as IDH-TERT subgroups and by IDH and TERT mutation status. DTl variables in the IDH-TERT subgroups were first identi-
fied by the Kruskal-Wallis test, followed by Dunn-Sidék multiple comparisons with Bonferroni correction. IDH and TERT mutations were
compared with the Mann-Whitney U test. Classification by thresholding was tested using receiver operating characteristic analysis.

RESULTS: Of 170 patients, 70 patients (mean age, 4373 [SD, 15.32] years; 40 men) were included. Whole-brain normal-appearing white matter

fractional anisotropy (FA) and relative anisotropy (RA) (P = .002) were significantly higher and the contralateral-ipsilateral hemispheric differen-

ces, AFA and ARA, (P < .001) were significantly lower in IDHonly patients compared with TERTonly, with a higher whole-brain normal-appear-

ing white matter FA and RA (P = .01) and AFA and ARA (P = .002) compared to double positive patients. Whole-brain normal-appearing
white matter ADC (P = .02), RD (P = .001), A, (P = .001), and A (P = .001) were higher in IDH wild-type. Whole-brain normal-appearing
white matter A; (AD) (P = .003), FA (P < .001), and RA (P = .003) were higher, but AA; (P = .002), AFA, and ARA (P < .001) were lower in
IDH mutant versus IDH wild-type. AFA (P = .01) and ARA (P = .02) were significantly higher in TERT mutant versus TERT wild-type.

CONCLUSIONS: Axial and nonaxial diffusivities, anisotropy indices in the normal-appearing white matter and their interhemispheric

differences demonstrated microstructural differences between IDH and TERT mutations, with the potential for classification

methods.

ABBREVIATIONS: AD = axial diffusivity; AUC = area under the curve; DAl = diffusion anisotropy indices; DN = double negative; DP = double positive;
FA = fractional anisotropy; HMeD = hemispherical mean differences; LBTh = lower bound thresholding; mut = mutant; NAWM = normal-appearing white
matter; NPV = negative predictive value; PPV = positive predictive value; RA = relative anisotropy; RD = radial diffusivity; ROC = receiver operating charac-

teristic; UBTh = upper bound thresholding; WB = whole brain; wt = wild-type

lioma is the most common CNS tumor with overall survival
ranging from 12 to 15months to several years, depending
on tumor severity.' Recently, genotype information in clinical
workflow proved to be valuable’ and was integrated into the
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WHO classification.” Therein, isocitrate dehydrogenase (IDH)
mutation is associated with longer overall survival, around
57 months, and is commonly seen in low-grade (grade 2, grade
3) gliomas.>*® Telomerase reverse transcriptase (TERT) muta-
tion presents with a more aggressive disease course, eg, with
neutrophil infiltration,” leading to a lower overall survival of
11.5 months, mostly in high-grade (grade 4) tumors.>® Remarkably,
overall survival increases to 125 months when the tumor is both
IDH- and TERT-mutated.®
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FIG 1. Patient-selection flowchart.

Table 1: Cohort characteristics

Patient Demographics (n = 70)

Mean age (yr)
Sex (female/male)
Tumor characteristics
Mutation status wt/mut (No.) (%)
IDHmut
TERTmut
Tumor grade, mutation (No.) (%)
1, IDHmut/TERTmut
2, IDHmut/TERTmut
3, IDHmut/TERTmut
4, IDHmut/TERTmut

4373 (SD, 15.32)
30:40

29/41 (41%/59%)
33/37 (47%/53%)

1(1%), 0/0
29 (41%), 24/16
22 (31%), 15/8
18 (26%), 2/13

When identifying genotypes, biopsy might miss relevant loci
due to the notorious heterogeneity of gliomas.” Complete organ
coverage by MR imaging might provide a more accurate assess-
ment, especially by analyzing the normal-appearing white matter
(NAWM) for the diffuse properties of the disease such as infiltra-
tive tendencies to migrate through white matter fibers.'™"!

The migration process involves complex interactions with
extracellular matrix components and cytokines, which, in turn,
lead to displacement or, for grade 4, destruction of the white mat-
ter fibers.'”> TIWI and T2WI might not be sufficiently sensitive to
NAWM infiltration,"> whereas microstructural changes such as
neoplastic angiogenesis and elevated cellular density'®'" are
investigated with DTT and quantified by its eigenvalues and diffu-

sion anisotropy indices (DAIs).'
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In the past, decreased relative anisotropy (RA) found in the
NAWM of patients with high-grade gliomas,'”” and increased
ADC coupled with decreased N-acetylaspartate in the contralat-
eral NAWM suggested microstructural damage possibly caused
by infiltrating tumor cells.'® Tumor grades histopathologically
report microstructure;’® so low-grade and, therefore, IDH mutated
(IDHmut) tumors exhibit higher diffusion anisotropy and lower
ADC in the NAWM compared with high-grade'”** and IDH
wild-type (wt)*' tumors. In addition, DAI changes in the distal
NAWM have been reported for different glioma grades.”

Complementing tumor-site-focused past studies by investigating
regions outside the tumor might potentially be relevant because it
would inform on the diffuse nature of the disease. The aim of this
study was to investigate microstructural changes in the NAWM by
analyzing comprehensively the DTT variables within the whole brain
(WB) and between “healthy” and “pathologic” hemispheres, for stat-
istically associating them with IDH and TERT mutations.

MATERIALS AND METHODS
Clinical Data
In this institutional review board-approved retrospective study, the
cohort was gathered without recruitment from existing data of clin-
ical patients who had consented. Of 170 consecutive patients with
gliomas treated at Acibadem Hospitals (Istanbul, Turkey) between
March 2012 and February 2016, with written informed consent, 54
without T2WTI and/or DTI, 30 postoperative, 2 with unavailable
mutation data and 11 with unavailable TERT status, 2 with conflict-
ing genetic results, and 1 with a suboptimal NAWM DTI mask
were excluded (Fig 1), leaving 70 patients (mean age, 43.73 [SD,
15.32] years of age; female/male ratio: 30/40), with 1 grade 1, 29
grade 2, 22 grade 3, and 18 grade 4 gliomas and 41 patients with
IDHmut (29 IDHwt); 37 patients were TERTmut (33 TERTwt).
Histopathologic analysis was performed on surgically
removed tumor samples. IDH and TERT mutations were deter-
mined using either minisequencing or Sanger sequencing.
Patients were stratified into 4 molecular subgroups, hereafter
referred to as IDH-TERT subgroups (Table 1):

1
2
3
4

Double negative (DN): IDHwt, TERTwt (n = 9).
IDHonly: IDHmut, TERTwt (n = 24).

TERTonly: IDHwt, TERTmut (1 = 20).

Double positive (DP): IDHmut, TERTmut (n = 17).

O —

MR Imaging Data

MR imaging was performed on a 3T Magnetom Tim Trio MR
imaging scanner (Siemens) with a 32-channel head coil, 1-7 days
before the operation. The scanning protocol included T2WI
acquired using a 2D turbo spin-echo sequence with voxel dimen-
sions of 0.26 X 0.26 x 0.26 mm with 20 axial slices, TE/TR =
107/3470 ms, slice thickness/spacing = 5/6.5mm, flip angle =
120°. DTI data were acquired using a 2D diffusion EPI sequence
with 1.8 X 1.8 X 1.8 mm voxels, 60 axial slices, TE/TR = 107/
3470 ms, slice thickness/spacing = 1.8/2.34 mm, flip angle = 90°,
and b-value = 1000 ms/mm? with 20 diffusion gradient vectors.
Eigenvalue maps for the 3 eigenvalues (A ;=\ ,=A ;) were com-
puted by the console computer of the scanner.



FIG 2. NAWM segmentations and masks. T2WI (A), semiautomatic NAWM boundary demarcations overlaid on T2WI (B), the coregistered B,
image (C), NAWM boundary demarcations on the coregistered B image (D), total NAWM mask on T2WI (E), on B, image (F), and the corresponding

right (G) and left (H) hemisphere masks.

All image volumes were transferred in DICOM format, then
anonymized using in-house-developed scripts based on the
Grassroots DICOM library*> and were converted to Neuroimaging
Informatics Technology Initiative (NIfIT) format using Medical
Image Processing, Analysis, and Visualization software (MIPAV;
http://mipav.cit.nih.gov).**

NAWM Segmentation and Coregistration

NAWM regions were selected on T2WI using semiautomatic
level set segmentation tools in MIPAV by 2 trainees with 2 years
of experience OG and OA, inspected by an imaging scientist with
25+ years of experience AO, and approved by a neuroradiologist
with 30+ years of experience, AD.

Images obtained without diffusion weighting (B, images)
were coregistered onto T2WI with the FSL software package
(http://www.fmrib.ox.ac.uk/fsl)*> using the mutual information
cost function with the trilinear interpolation method. The trans-
formation optimizing the Bo—T2WI coregistration problem was
applied for coregistering eigenvalue maps onto T2WI by interpo-
lating with the nearest neighbor method (Fig 2).

The distortion of NAWM masks caused by the difference of
total slice numbers among the MR imaging modalities while cor-
egistering was corrected with an in-house-developed Matlab
(MathWorks) code (KP, 2+ years of experience), which identifies
shared pixel coordinates in matching B, images mapped to T2WI
and the original B, image. The code infers mask pixels in the
“sandwich” slices from the “shell” slices.

Furthermore, an in-house-developed (KP, 2+ years of experi-
ence) Matlab code subdivided the mask images automatically into
left and right hemispheres, which were used for computing

contralateral and ipsilateral DAT and eigenvalue distributions (Fig 2).
Quality assurance for the image-processing routines was conducted
by HH, SK and KP, each with 2+ years of experience, and inspected
and approved as aforementioned.

Variables

For each patient, DAIs (Online Supplemental Data) were computed
from the eigenvalues (A ;=\ ,=A ;) on WB, contralateral, and ipsi-
lateral NAWM pixels. For each patient, each variable’s mean over
WB, Meanysg, and the hemispheres, Mean onratae Meanyygy, were
calculated. Each patient’s ipsilateral hemisphere mean was subtracted
from the contralateral hemisphere mean for obtaining in-patient
hemispherical mean differences (HMeD) of DATs and eigenvalues:

HMED(I) =Al= Mea”mnrmlur(l) - Mean[psilar(l) »

where I denotes any of the DTI variables. All of the computations
were implemented with in-house-developed Matlab code (HH,
2+ years of experience).

Statistical Analysis

Statistical power calculations indicate that with the exception of
ADC, whose results were nevertheless reported herein, all of the
variables had acceptable statistical power for the number of
included patients (Online Supplemental Data).

The Kruskal-Wallis test with a P < .05 threshold was used for
testing whether DAIs and eigenvalues could detect differences
among IDH-TERT subgroups. Variables with statistical significance
were then subjected to a Dunn-Sid4k multiple comparison analysis
with pair-wise subgroup comparisons for identifying differentiating
variables. Subsequently, P values of multiple comparison analysis
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Table 2: Comparison of WB-NAWM means and HMeD of diffusion parameters for IDH-

TERT molecular subgroups

eigenvalues (P < .05), with the excep-
tion of ADC (P = .10 for WB-NAWM

ADC 2, (AD) RD A, FA RA ADC) (Table 2). In pair-wise IDH-
IDH-TERT subgroup Kruskal- TERT subgroup comparisons, WB-
Wallis test £ values . . . . . NAWM radial diffusivity (RD) was
WB-NAWM 10 .03 .01 .01 .01 .001 .001 . . .
HMeD 10 o 04° 0447 0 <O00F <.001 higher in TERTonly patients compared
IDH-TERT subgroup multiple to IDHonly (P = .01), with higher val-
comparisons P values ues in TERTonly compared to DP
SEARLELY. patients (P = .04) (Fig 3). WB-NAWM
DN vs IDHonly - .59 64 61 74 .52 .58 . .
DN vs TERTonly _ 99 87 88 86 82 77 fractional anisotropy (FA) and RA were
DN vs DP _ 70 8 91 79 68 69 significantly higher in IDHonly patients
IDHonly vs TERTonly - 04? 0P .007° 0 .002° .002°  compared to TERTonly (P = .002 for
'TDEE?nlYl vs D;P - >~]909 >~gza ~3§ >-(9)§a >‘g;9a >‘g;’a both), with a higher WB-NAWM FA
HMeDon Vs - ' ' ' ’ ’ ' and RA compared to DP (P = .01 for
DN vs IDHonly - 02° 6 26 9 86 79 both). WB-NAWM axial diffusivity
DN vs TERTonly - .89 047 .04° .06 21 30 (AD) had higher values in the IDHonly
DN vs IDP l - 25 g 75 >99 %6 & subgroup compared with TERTonly
IDHonly vs TERTonly - .07 44 .87 .07  <.001 <001 _ !
IDHonly vs DP - 87  >99 96 >99 >99  >99 (P=04), whereas WB-NAWM A, had
TERTonly vs DP - 75 2 4 08  .002° 002°  significantly higher values (P = .007)

Note:—En dash indicates that multiple comparisons were not performed due to lack of statistical significance in

the Kruskal-Wallis test.
2P < .05.
°p<.008.

were adjusted with the Bonferroni correction (P < .008). Anisotropy
differences between IDH and TERT mutation status were compared
using the Mann-Whitney U test with a threshold of P < .05.

Statistical analysis was performed with Matlab Statistics and
Machine Learning Toolbox (https://www.mathworks.com/products/
statistics.html) by HH under the supervision of AO with 6+ and
25+ years of experience, respectively.

Classification by Thresholding
For investigating genotype classification as proof of principle, deci-
sion by thresholding was tested on each variable for separating
each mutation group from the rest. Classifier performance was
investigated with the receiver operating characteristic™® (ROC)
curve’s area under the curve (AUC)* (with AUC = 1 as the best
performance indicator) and positive and negative predictive values
(PPV, NPV) at the optimal operating threshold identified by deter-
mining on each ROC curve the closest point to the top left corner
(False Positive Rate = 0, True Positive Rate = 1), corresponding to
sensitivity = 1 and specificity = 1 (Online Supplemental Data).

The steps were applied using each threshold as a lower bound
(Value = Threshold) and as an upper bound (Value < Threshold).
Therein, AUC values for these decision criteria add up to 1, leading
to select the thresholding criterion (upper or lower bound) with a
higher AUC for a given variable. By contrast, an AUC close to 0.5
indicates poor classification capability of the variable (Online
Supplemental Data).

ROC analysis and reporting were implemented with in-house
Matlab code developed by AO with 25+ years of experience.

RESULTS

IDH-TERT Subgroups

Whole Brain. Among IDH-TERT subgroups, in the WB-NAWM,
there was a statistically significant difference in all DAIs and
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and WB-NAWM A ; showed higher val-
ues (P = .01) in the TERTonly gliomas
compared to IDHonly. WB-NAWM A 5
also had higher values in TERTonly
patients compared to DP (P = .03).

Interhemispheric Differences. When comparing hemispheres
within IDH-TERT subgroups, there was a statistically significant dif-
ference in the interhemispheric mean differences of all DAIs and
eigenvalues (P < .05), with the exception of ADC (P = .10 for
AADC) (Table 2). With the exception of DN and DP groups,
AADC distributions completely shifted to negative values, indicating
that in the presence of only a single mutation, ADC values on the
“healthy” (contralateral) side tend to be lower than those of the tu-
mor (ipsilateral) side.

For all IDH-TERT subgroups, A ,, A 3, and thus RD had larger
values ipsilaterally. TERTonly had the largest shift, followed by
IDHonly. HMeD medians in DN and DP were negative but
closer to zero. With the exception of A, (AD) of the DN, all the
diffusivities had higher values ipsilaterally for the IDH-TERT sub-
groups. This finding might potentially indicate an overall disrup-
tion of the microstructure in the tumor hemisphere.

For TERTonly and DP, the median of AA; was negative but
closer to zero, indicating a higher A ; ipsilaterally. A ; was lower in
IDHonly gliomas compared to DN (P = .02). DN and TERTonly
distributions point to higher contralateral anisotropy significantly in
TERTonly and mildly in DN. ARD and AA , had higher values in
DN patients in comparison to TERTonly (P = .04 for both).

Distributions of AFA and ARA from IDHonly and DP had me-
dian values close to zero, indicating anisotropy resemblance of the
hemispheres for these mutations. AFA and ARA were significantly
higher in TERTonly gliomas compared to IDHonly (P < .001 for
both) and DP (P = .002 for both) (Fig 4 and Table 2). Lastly, distri-
butions of DN and TERTonly point to higher contralateral anisot-
ropy significantly in TERTonly and mildly in DN.

IDH and TERT Mutation Status
Whole Brain. Among IDHwt and IDHmut gliomas, WB-NAWM
ADC (P = .02), RD (P = .001), A, (P = .001), and A 5 (P = .001)


https://www.mathworks.com/products/statistics.html
https://www.mathworks.com/products/statistics.html

WHOLE-BRAIN NAWM

IDH-TERT Subgroups IDH Mutation TERT Mutation
* =IDHw| x 1200 =TERTwl —_ ¥
1200 ¥ A 1200 IDHmut — 1 TERTmut o
———— L e
1100 i"'g-L 1100 —r— 1100 =
2 B Double neg. Q 2
on 1000
g e g oo e
Double pos.
E 900 . . £ 900 £ 900 :
<ol B = 800} .
800 = == 800 ==
== e ===
700 700 700t
A ADC ,\1 B ADC /\1 C ADC /\1
I IDHwt
800 .,__*—,- * 800 B IDHmut x ; 800}
w700 it EEEEE w700 == !- » 700( ]
~ - TN gl = A o H 3 ~ +
£ 600 , T £ 600 -= =t S S0 -
o a = . : L ' 1= T !
o gy o T e 1 -
nl 4 . 1 1
400 fjmmm bouve . = . 400 == 400} rm
D RaD A, Ay E RaD Ay Ay F RaD A, /\3
: w' ; 0.8 w‘ — ——
=1 s = — iy
o Sm el g=l HeE
» : 7 n
$os ™ i Bl | fos .
Sos ek L 1] Sos £ -~ Cos|———— e
-~ N Double neg. —— --
oo MBS SEEE) | o 04 S
als _L I Double pos. el ! _:_
0.3 0.3 0.3
G FA RA H FA RA | FA RA

FIG 3. Boxplots of WB-NAWM means of ADC, Ay, RD, A5, A3, FA, and RA grouped by IDH-TERT subgroups (A), IDH mutation (B), and TERT (C)
mutation statuses, respectively. The asterisk indicates P <.05, and double asterisks indicate P < .008 according to the Bonferroni correction for
multiple-comparison analysis. The plus sign indicates outlier values, whiskers indicate minimum and maximum values, the box limits are 25th and
75th percentiles, and the midline shows the median. Neg. indicates negative; pos., positive.

were higher in the IDHwt group (Table 3). In contrast, WB-
NAWM A, (P = .003), FA (P < .001), and RA (P = .003) were
higher in IDHmut gliomas compared to IDHwt.

When TERTwt and TERTmut gliomas were compared, none
of the WB-NAWM DAIs and eigenvalues demonstrated a statisti-
cally significant difference (P > .05).

In consequence, similar relative median levels presented in all of
the variables when comparing IDHwt and TERTmut versus their
respective counterparts (eg, lower AD and higher RD for IDHwt
and TERTmut versus IDHmut and TERTwt, respectively) demon-
strated a common phenotype for these aggressive genotypes.

Interhemispheric Differences. For wild-type and mutant pairs,
all of the diffusivity variables for all of the genotype pairs showed
higher values ipsilaterally. AADC, ARD, and AA, were leveled;
A\, differed more for IDHmut and TERTwt, and, likewise, AA 5
for IDHwt and TERTmut. IDHmut and TERTwt did not show
interhemispheric difference for any anisotropy index, whereas

IDHwt and TERTmut had higher values contralaterally for RA
and FA.

AFA, ARA (P < .001 for both), and AA; (P = .002) were
higher in the IDHwt group compared to IDHmut. AADC (P =
48), ARD (P = .32), AA, (P = .73), and AA; (P = .055) had no
statistically significant difference among IDH mutation statuses.

With a remarkable resemblance, AFA (P = .01) and ARA (P =
.02) were higher in TERTmut patients compared to TERTwt.
AADC (P = .73), AX, (P = .31), ARD (P = .14), AA, (P = 27),
and AA 5 (P = .054) had no statistically significant difference among
TERT mutation statuses.

Classification by Thresholding
Numeric results in this section are fully presented in the Online
Supplemental Data.

IDH-TERT Subgroups. For WB-NAWM, the best PPV was
obtained for TERTonly by FA and RA (0.6842 for both) with
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FIG 4. Boxplots of HMeD (contralateral-ipsilateral) of ADC, A3, RD, A5, A3, FA, and RA grouped by IDH-TERT subgroups (A), IDH mutation (B),
and TERT mutation (C) statuses, respectively. Fig 3 and Fig 4 legends are the same.

upper bound thresholding (UBTh); overall, PPVs were low (min-
imum 0.1429 DN with RA lower bound thresholding [LBTh],
and 0.1464 DN ADC with UBTh). In contrast, NPVs had higher
values with the highest from 0.9355 for DN with RD LBTh. DN
had higher NPVs for all variables for LBTh and UBTh, followed
by DP, TERTonly, and IDHonly (Online Supplemental Data).

AUC values from WB-NAWM reported TERTonly classifica-
tion as the best for RA (0.7800), FA (0.7760), and A, (AD)
(0.7030) with UBTh and RD (0.7470), A 5 (0.7460), A, (0.7400),
and ADC (0.670) with LBTh. DN had the worst performance
with AUC values close to 0.5, which was also supported by the
poor PPV performance for LBTh. A; (AD), FA, and RA had
above-average performance on IDHonly and DP using LBTh
(Online Supplemental Data).

The WB-NAWM findings are aligned with the results of the
“Whole Brain” section of the “IDH-TERT Subgroups” section.
Overall poor classification performance on DN agreed with its
lack of a statistically significant difference from the other groups.
FA and RA, which showed the most statistically significant differ-
ences among subgroups, especially for TERTonly classification
(Fig 3A,-D, -G), had the best classifier performances.
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Interhemispheric differences had poor PPVs for LBTh with the
highest 0.7895 for ARA on TERTonly followed by 0.6296 for AFA
on TERTonly, then followed by a substantial drop to 0.4324. For
UBTh, ARA provided for TERTonly PPV = 1; however, the sec-
ond highest value was 0.5667, which is a significant drop reflecting
on overall performance. Interhemispheric NPVs had much higher
values over different variables and genotypes, and higher values
were concentrated on DN (maximum = 0.9750 from AADC and
AA , for LBTh; maximum = 0.9167 from AFA for UBTh), present-
ing with high values overall (minimum = 0.5750 for LBTh, 0.6304
for UBTh) (Online Supplemental Data).

Interhemispheric differences demonstrated the best AUC values
on TERTonly from AFA (0.8330) and ARA (0.8280) with LBTh.
DN has good performance for AA; (AAD) (0.7377), AADC
(0.7341), AX 5 (0.7341), and ARD (0.7013) with LBTh. Performance
on DP and IDHonly was poor with the exception of AFA (DP:
0.6349, IDHonly: 0.6902) and ARA (DP: 0.6448, IDHonly: 0.6866)
performing better for both, and AA; (AAD) (0.6975), for IDHonly
(Online Supplemental Data), all using UBTh.

For interhemispheric differences, good performance of AFA
and ARA for the TERTonly classification was in line with the



Table 3: Comparison of WB—NAWM means and HMeD of diffusion parameters for IDH

and TERT mutation status

NPVs were all below 0.5625 (AA 3). The
highest NPVs for TERTmut were all

ADC 1, (AD) RD &,

b FA RA from LBTh for AAD (0.6333), AFA

IDHmut Mann-Whitney test P values

(0.6279), and ARA (0.6042), with AFA

WB_NAWM 027 003 00F 00F 00F <.007 03® and ARA being the only variables with
HMeD 48  002° 32 73 055 <.001° <.001 statistically significant differences in Fig
TERTmut Mann-Whitney test P values 4C, -F, -I.
WB-NAWM 222 09 057 12 '075\ -07a The AUC classifier performance
p HAQ:D 73 3 1 27 04 0 02 agreed with the predictive value and sta-
P <.05.

results of the “Interhemispheric Differences” section under the
“RESULTS” section (Fig 4G), while AUC values of AADC, AAD,
ARD, and A\, for classifying DN aligned with the separation of
DN from the other subgroups in Fig 44, -D.

IDH and TERT Mutation Status. For WB-NAWM, PPVs were
higher compared with NPVs. The highest PPV (0.7714) was
obtained with LBTh of FA on IDHmut followed by A, (AD)
(0.7500) and RA (0.7381), while A, (0.7647), RD (0.7632), ADC
(0.7576), and A 5 (0.7568) also performed well using UBTh. PPVs
for the TERTmut classification were modest with RD (0.6897)
and FA (0.4828) providing maximum and minimum PPVs for
LBTh, and A ; (AD) (0.6563) and A, (0.4545), for UBTh. NPVs,
on the other hand, had poor values with maximum values from
RA (0.6429) using LBTh and RD (0.6250) using UBTh for
IDHmut, and A5 (0.5882) using LBTh and FA (0.5833) using
UBTh for TERTmut, with minimum values from RD (0.3333)
using LBTh and RA (0.2778) using UBTh for IDHmut, and RA
(0.4359) using LBTh and A, (0.4054) using UBTh for TERTmut
(Online Supplemental Data).

AUC values from WB-NAWM indicated good performance
for IDHmut: FA and RA (0.7653 both) and A ; (AD) (0.7115) for
LBTh, and RD (0.7359), A 5 (0.7325), and A , (0.7283) for UBTh. In
contrast, TERTmut had mediocre performance with A, (0.6331),
RD (0.6200), and A 5 (0.6077) using LBTh and FA (0.6282) and RA
(0.6274) using UBTh (Online Supplemental Data).

The better classifier performance of WB-NAWM on IDHmut
was in line with its statistically significant difference from IDHwt
present for all variables, shown in Fig 3B, -E, -H, whereas the lack
of statistical significance for TERTmut depicted in Fig 3C, -F, -I
reflected a mediocre classifier performance.

Interhemispheric difference PPVs had the highest values for
IDHmut with AAD (0.8519), AFA (0.8250), and ARA (0.8158)
using UBTh which agrees with Fig 4A-H where the IDHmut dis-
tributions for the aforementioned variables lie below the IDHwt
distributions. These variables also had statistically significant dif-
ferences. The highest PPV for TERTmut occurred for ARA
(0.8182) followed by AFA (0.7778), both using LBTh, in accord-
ance with Fig 41, where the AFA and ARA distributions of
TERTmut were placed slightly higher than TERTwt distributions;
also, AFA and ARA were the only variables presenting a statisti-
cally significant difference (Fig 4C, -F, -I).

IDHmut NPVs for AFA and ARA were both equal to 1 for
LBTh, which was in accordance with Fig 4H where IDHmut AFA
and ARA distributions were below IDHwt distributions and pre-
sented statistically significant differences. However, the remaining

tistical findings: ARA (0.7830), AFA

(0.7788), and AAD (0.7149) had the best
values for IDHmut all using UBTh; likewise, the best AUC values
of TERTmut were AFA (0.6732), ARA (0.6618), and AAD
(0.5717) all using LBTh.

DISCUSSION

In this study, DTT variables from the WB-NAWM of patients with
gliomas and their interhemispheric differences were investigated
for their association with IDH-TERT-based genotypes. DTI varia-
bles were analyzed as indicators of microstructural integrity in the
NAWM for associating them as phenotypes of the mutations.

By probing the diffuse nature of the disease, which was scarcely
studied in the past, this investigation complemented the studies
focusing solely on the tumor region characteristics. In fact, there
are very few glioma NAWM investigations with limited basis and
scope: limited coverage of NAWM, relating interhemispheric FA
differences to neurometabolites with contralateral FA increase,”’
positively correlating ADC to tumor grades,”” and suggesting
radiation-induced fiber damage for reducing interhemispheric FA
difference.®® In contrast, for this study, NAWM data were
obtained comprehensively from the WB, the hemispheres, and
interhemispheric computations for radiogenomics analysis.

First, while lacking statistical significance in this study, if AD
and A, can also differentiate between TERTonly and DP for a
larger cohort in the future, DTI variables might be considered as
markers separating TERTonly from groups containing IDHmut.

In aggressive gliomas, ie, IDHwt and its subset TERTonly,
WB-NAWM exhibited higher ADC. However, this observation
does not necessarily grant a relevance to WB-NAWM ADC due
to the canceling by AD and nonaxial diffusivities when comput-
ing ADC as their sum. Nevertheless, in the literature, NAWM
ADC increase in patients with IDHwt has been related to vaso-
genic edema and tumor infiltration-related tissue damage.'®***°
Our results for IDHmut matched those in a recent study that
showed lower NAWM FA and higher NAWM ADC and RD in
IDHwt versus IDHmut,*! but a decrease in AD reported therein
contradicts our observations. This issue potentially stems from
using the analysis variable FA in the skeletonization algorithm®'
for NAWM masking in Jiitten et al*' versus our comprehensive
nonselective NAWM masking,

Taking the AD and RD are markers for axonal integrity,”” in
agreement with the findings of this study, a decrease in AD and
FA and an increase in RD after radiation therapy were reported
as resulting from radiation-related NAWM damage.” A recent
study found lower FA, and AD as well as higher ADC and RD in
regions with high tumor infiltration.*® Furthermore, histopatho-
logic studies also agree with higher ADC and lower FA of more
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aggressive genotypes, suggesting tumor infiltration-related dam-
age with increasing infiltration.”>*® This also agrees with the ob-
servation where lower FA and RA for TERTonly indicate a
tendency for molecular-motion isotropy in the WB-NAWM.
However, pinpointing the microstructural changes behind the
observations reported herein, especially in TERT subgroups,
requires further histopathologic investigations.

In the IDHonly group, mostly negatively valued AAD distri-
bution showed that AD tends to be larger on the ipsilateral side,
arguing that the deformation/pressure caused by the tumor might
be pushing the molecular motion in the direction of the major
axis of the microstructure. In contrast, in the DN subgroup, the
contralateral side tended to have larger AD, accordingly, AAD
differentiates between only DN and IDHonly. Without notable
physical deformation in the contralateral side, the causes behind
major axis directional preference in groups with IDHwt are an
open problem.

The interhemispheric observations, especially in aggressive
genotypes such as IDHwt and TERTmut, including TERTonly,
suggest that molecular motion was more isotropic in the ipsilat-
eral hemisphere, potentially indicating loss of microstructural in-
tegrity therein. This suggestion agrees with findings in previous
studies of decreasing microstructural organization in distal
NAWM near the tumor.”” The observation in more aggressive
genotypes may link the increased NAWM damage to higher-
grade tumors where IDHwt and TERTmut genotypes are more
prevalent.”

This investigation was limited by a construct of its methodol-
ogy. Summarizing the properties of large ROIs such as the WB or
the hemispheres with a single number, ie, the mean, is suitable
for statistical analysis but limits their rich information content.
Differing distributions from different patients might have the
same mean, which raises the concern of hampering classification
and thereby genotype prediction when the ROI means are used
as features. By contrast, the full properties of distributions might
better characterize microstructural phenotypes associated with
the mutations, resulting in more accurate prediction thereof.

CONCLUSIONS

For NAWM, statistical analysis indicated that axial and nonaxial
diffusivities, anisotropy indices, and interhemispheric differences
proved to be the most associating variables for subgroups of IDH
and TERT mutations. Additionally, the most basic classification
methodology, ie, thresholding, provided optimistic classification
performance despite its shortcoming as an one dimensional deci-
sion criterion. In the future, full distributions of the DTI variables
from the WB, hemispheres, and their interhemispheric differen-
ces should be analyzed with machine learning methods for fully
taking advantage of their richer information content residing in
high-dimensional data spaces.
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