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ABSTRACT 
Aim: A radio-pathomic machine learning (ML) model has been developed to estimate tumor cell 
densit y, cytoplasm densit y (Cyt) and extracellular fluid density (ECF) from multimodal MR images 
and autopsy pathology. In this multicenter study, we implemented this model to test its ability to 
predict survival in patients with r ecurr ent glioblastoma (rGBM) treated with chemotherapy. 
M etho ds: Pre- and post -contr ast T 1 - weighted, FLAIR and ADC images w er e used t o generat e radio- 
pathomic maps for 51 patients with longitudinal pre- and post-trea tmen t scans. Univ aria te and 
multiv aria te Cox r egr ession analyses w er e used to test the influence of contr ast -enhancing tumor 
volume, t otal c ellularity, mean Cyt and mean ECF at baseline, immediately post-treatment and the 
pre- and post-trea tmen t ra t e of change in volume and c ellularity on overall survival (OS). 
Results: Smaller Cyt and larger ECF after trea tmen t w er e significant predictors of OS, independent of 
tumor volume and other clinical prognostic factors (HR = 3.23 × 10 -6 , p < 0.001 and HR = 2.39 × 10 5 , 
p < 0.001, r espectiv ely). Both post-tr ea tmen t v olumetric gr owth r ate and the r ate of change in 
cellularity w er e significantly corr elated with OS (HR = 1.17, p = 0.003 and HR = 1.14, p = 0.01, 
r espectiv ely). 
Conclusion: Changes in hist olog ical charact eristics estimat ed fr om a radio-pathomic ML model ar e 
a promising tool for ev alua ting trea tmen t response and predicting out c ome in rGBM. 

1

G  

a  

a  

f  

c  

n  

i  

q  

f  

 

 

 

 

 

 

 

 

 

 

C

©
T
p
p

. I ntro duction 

lioblastoma (GBM) is a highly aggr essiv e cancer with
 notably poor prognosis and almost all GBMs recur
fter initial therapy [ 1 , 2 ]. Standar d tr ea tmen t options
or r ecurr ent glioblastoma (rGBM) ar e limited [ 3 , 4 ], with
yt ot oxic therapies like lomustine used routinely and
ew therapies including an ti-angiogenic trea tmen ts and

mmunotherapy being t est ed in clinical trials . C onse-
uen tly, the iden tifica tion of noninv asive biomarkers

or predicting pa tien t responses to new therapies is
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imperativ e. Impr ov ed ov erall survival (OS), radiologic
pr ogr ession-fr ee survival (PFS) and objectiv e r esponse
rate (ORR) are all considered valid end points in brain
tumor clinical trials [ 5 , 6 ] with the use of the Response
A ssessment in Neuro-Onc ology (RANO) crit eria [ 7–10 ],
which is largely dependent on the use of contrast
enhancement on post -contr ast T 1 - weighted images as a
surrogate for tumor burden [ 11–14 ]. However, contr ast -
enhancing tumor volume may not always reflect the
true disease bur den. Pseudo-pr ogr ession can occur after
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 adiother apy or certain immunotherapies, which can
ause new or pr ogr essed con trast enhancemen t on MR

mages due to a local tissue response that includes
nflammation, edema and altered vascular permeabil-
ty [ 15 , 16 ]. On the other hand, anti-angiogenic therapies
an cause pseudo-r esponse, r esulting in a rapid decline

n contrast enhancement with a high 6-month PFS,
ut has r elativ ely little influence on OS [ 15 ]. Hence,

her e ar e inher en t limita tions in using con tr ast -enhanced
olumes t o det ermine the actual presenc e or prog ression
f tumors and imaging methods that can detect the
nderlying pathology more ac curat ely are needed. 

Given the challenges associated with obtaining biopsy
amples from brain tumors, non-invasive imaging tech-
iques that can provide hist olog ic information would
e particular ly valuable. R ecently, a machine-lear ning
ased radio-pathomic mapping approach was developed
 o estimat e tumor c ell density, cyt oplasm (Cyt) and
xtracellular fluid density (ECF) by training the algorithm
n anatomic MR images and corresponding post-mortem
utopsy tissue samples from pa tien ts with GBM, IDH
utant gliomas, brain metastases and lymphoma [ 17–

9 ]. In the current study, we extend use of this model to
est whether changes in histological characteristics can
e used as a response biomarker for predicting survival

n rGBM pa tien ts trea t ed with cyt ot oxic chemotherapies. 

. Materials & methods 

.1. Patients 

n this r etr ospectiv e study, w e included consecutive
a tien ts with first or second rGBM treated at our institu-

ion between 2004 and 2022. These pa tien ts underwen t
hemotherap y using lomustine, temo z olomide, or carbo-
la tin. All pa tien ts provided wr itten, infor med consent to
e included in our Neuro Oncology Database, which has
 eceiv ed appr oval fr om our IRB (IRB-10-0655, r eview ed by
CLA Medical IRB #2). The inclusion cr iter ia for pa tien t

election w er e as follows: a minimum of thr ee pr e-
rea tmen t scans obtained before initiating the next line
f therapy; r ecurr enc e oc cur r ing a t least 3 mon ths after

he completion of r adiation ther apy (RT); the earliest pre-
rea tmen t scan c onduct ed at least two weeks post-RT
ompletion; a baseline scan within 1 month before the
tart of second or third line trea tmen t; no an ti-angiogenic
herapy administered during the assessment; and no
urgical or therapeutic in terven tions car r ied out before
ANO-defined disease pr ogr ession [ 8 ] ( Figure 1 ). 

.2. MR data acquisition 

R images w er e obtained on 1.5- or 3-T scanners at our
nstitution or external institutions (Siemens Healthcare,
Er langen, Ger many; GE HealthCare, Waukesha, United
S tates; Phillips Healthcare, Best , Netherlands; Toshiba
Medical , Toky o, Japan). Pa tien ts r eceiv ed pr e- and
post -contr ast T 1 - w eighted , FLAIR and diffusion
weighted images. Detailed parameters are shown in
the Supplementary Table S1 . 

2.3. Radio-pathomic mapping 

A pr eviously dev eloped radio -pathomic mapping algo -
rithm trained and t est ed on imag ing and hist ology
acquired at the Medical College of Wisconsin was applied
to MRI data acquired at University of California, Los
Angeles. Pre- and post -contr ast enhanced T 1 - w eighted ,
FLAIR and ADC images w er e fed into the algorithm,
which then generated whole brain images of cell density,
Cyt and ECF ( Figure 2 ). The details of the algorithm,
including training and testing, are described in detail
elsewhere [ 17 ]. 

2.4. Feature extraction 

Contrast enhancing tumor volume was estimated NS-
HGlio v.2.0 deep learning algorithm (Neosoma Inc,
MA, United States) [ 20 ], supplemented by manual
adjustments as needed. For timepoints in which
this method was unsuc c essful, semi-aut omat ed
segmen ta tion of enhancing tumor w er e performed using
Analysis of Functional Neuroimages software (AFNI,
https://afni.nimh.nih.gov ) [ 21 ] by manually identifying
the r elativ e tumor r eg ion and det ermining thresholds on
the subtraction maps, which w er e cr eated by subtracting
pre-contr ast T 1 - weighted images from post -contr ast
T 1 -weighted images as described previously [ 22 ]. These
segmen ta tions w er e then edited by a neuroradiologist
(S.O., with 11- year -experience in neuror adiology). Total
tumor cellularity was estimated by summing the cell
density per voxel on radio-pathomic maps across the
entirety of the enhancing tumor volume . A dditionally,
mean Cyt and ECF within the contr ast -enhanced tumor
lesions w er e calcula ted and used for subsequen t analyses.

2.5. St atistical analy sis 

First, the prognostic value of various imaging features at
baseline along with the immediate post-treatment scan
(2 weeks–2 months after trea tmen t start) were ev alua ted.
We c onduct ed univ aria t e Cox reg ression analy sis t o assess
the effect of tumor volume, total cellularity, mean Cyt and
mean ECF on OS from the start of chemotherapy. We also
perfor med multivar iat e Cox reg ression analy sis t o adjust
for age, sex, MGMT promoter methylation status, number
of r ecurr enc es, c onc omitant RT and MRI paramet ers (echo
time [TE] for T 2 -weighted FLAIR images, whether above
or below 100 ms and whether T 1 -weighted images w er e

https://afni.nimh.nih.gov
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Histologically confirmed IDHWT GBM patients with 1st or 2nd recurrence
Informed consent obtained
N = 1,274

Final study cohort: N = 51

Not treated with a cytotoxic agent (Lomustine, Temozolomide, Carboplatin)
Less than 3 scans with post-contrast T1-weighted images prior to next treatment initiation
Recurrence within 12 weeks after completion of RT
Earliest pre-treatment scan < 2 weeks after completion of RT
Baseline scan >30 days prior to start of 2nd or 3rd line cytotoxic treatment
No adequate post-treatment scans to evaluate PFS6
Any anti-angiogenic therapy during evaluation
Surgery or treatment change before RANO 2.0-defined progression (w/ confirmation of PD)

Excluded

Figure 1. CONSORT diag r am. 
PFS: Pr ogr ession fr ee survival; RANO: Response assessment in neur o -oncology ; RT: Radiation therapy ; PD: Pr ogr essiv e disease. 
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cquired with inversion recovery [IR], details provided
n the following section). For total cellularity, ECF and
yt, tumor volume at baseline or 1st post-trea tmen t scan
as included as an additional c ovariat e t o evaluat e their

dded prognostic value. Log-rank comparison of Kaplan-
eier curves of pa tien ts stra tified based on the optimal

hreshold value of different imaging featur es w er e also
erformed. The optimal threshold of tumor volume, total
ellularity, mean Cyt and mean ECF w er e determined
y calculating the log-rank Mantel-Haenszel hazard ratio

HR) and p- v alues a t all possible thresholds, similar to
r evious appr oaches [ 23 ]. 

In addition to baseline and immedia te post-trea tmen t
xams, the time rate of change in these parameters before
nd after the start of trea tmen t were also ev alua ted. Pre-
rea tmen t ra tes of change w er e estimated fr om mea-
urements obtained prior to trea tmen t initia tion, while
ost-trea tmen t ra tes w er e estimated fr om da ta av ailable
ost-trea tmen t within the first 6 months after trea tmen t,
imilar to pr ocedur es described previously [ 24 ]. The
hange in the rate of these variables w er e determined by
alculating the difference in rates between pre- and post-
rea tmen t time poin ts. Univ aria t e Cox reg ression analy sis
as performed to assess the effect on OS for continuous

alues of pr e-tr eatment rates of change, post-treatment
ates of change and the change in rat es aft er trea tmen t
or measures of tumor volume, total cellularity, mean
yt and mean ECF. Multiv aria te Cox r egr ession analysis
as performed to adjust for age, sex, MGMT methylation

tatus, number of r ecurr ences, RT and the baseline value
f the metric of interest. For log-rank analysis, pa tien ts
 er e divided based on the optimal threshold value of
r e-tr ea tmen t ra tes of change, post-trea tmen t ra tes of
hange and the change in these rates after trea tmen t
or both tumor volume and total cellularity. The Kaplan-

eier survival curves of the stratified patient groups were
ompared using a log-rank test. 
 

Lastly, we ev alua t ed the effect of ac quisition parame-
t er het er ogeneity on the r esulting radio-pathomic maps
by performing quality assessments via visual inspection
of the resulting maps. We observed that the appearance
of radio-pathomic maps derived from FLAIR and T 1 -
weighted images acquired with significantly different
parameters showed v aria tion across differen t timepoin ts
( Supplementary Figure S1 ). To mitigate bias caused by
the acquisition heter ogeneity, w e included TE of FLAIR
acquisition ( > = 100 ms or < 100 ms) and T 1 -weighted
images acquisition sequence (with or without IR) as
additional cov aria tes in the cross-sectional multiv aria te
Cox r egr ession analy ses. For analy sis involving the time
rate of change, we further performed a supplementary
analysis of the derived radio-pathomic maps with a
more homogeneous dataset by excluding timepoints
classified as a smaller subset based on FLAIR and T 1 -
weighted images acquisition parameters for each subject,
in addition to the main analysis using all timepoints
from all subjects. This analysis was only performed with
sufficien t timepoin ts remained after the exclusion. 

p -value below 0.05 was considered as statistically
significant. We performed statistical analyses using
Pr ism (v8.2.0; GraphPad Software, C A, USA) and MATLAB
(r elease 2019b, Mathw orks, Inc ., M A, USA). The time
in terv al between the start of therapy and the date
of death from any cause was used t o calculat e OS.
Otherwise, OS was censored at the last clinical follow-up
date. 

3. Results 

A total of 51 pa tien ts met the inclusion cr iter ia out
of 1,274 rGBM pa tien ts av ailable (age, 60.9 ± 9.2
[mean ± standard deviation]; 30 males). Among them, 4
pa tien ts had their first and second r ecurr ences ev alua ted.
As a result, 55 datasets w er e pr ocessed , comprising
42 cases following the first pr ogr ession and 13 cases
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In vivo MRI scans “Radiopathomic” ML model Post-mortem histology

T1

T1

T1+C

T1+C

FLAIR

FLAIR

ADC

ADC

Medical College of Wisconsin (training)

“Radiopathomic” ML model Radiopathomic maps

UCLA (testing)
Cellularity

Cytoplasm volume
fraction (Cyt)

Extracellular volume
fraction (ECF)

0 20 cell/mm2

0 1

0 1

A

B

Figure 2. Overview of the methods of this study. (A) Pre- and post -con trast T 1 - weigh ted, FLAIR and ADC images were used to train a 
“radiopathomic” machine learning (ML) model to predict histological characteristics using post-mortem brain tissue. (B) This model 
was then applied to an independent cohort of patients to testimate cellularity, cytoplasm volume fraction (Cyt) and extracellular 
volume fraction (ECF) before and after cytotoxic therapy. 
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ollowing the second r ecurr ence. The range of OS was
2–2085 days from the start of trea tmen t, with a median
f 479.3 days. Figure 3 shows r epr esen ta tive cases of

umors that responded and those that did not respond
o chemotherapy. Cellularity maps showed clear hyper-
ellularity within contr ast -enhancing tumor areas, but
mportantly areas of hypercellularity were also observed
ey ond ar eas of contrast enhancement in some cases
 Supplementary Figure S2 ). Additional patient char acter -

stics are described in Table 1 . 
3.1. Cross-sectional evaluation 

A total of 54 datasets w er e available to evaluate the
influence of baseline characteristics and 50 datasets
w er e available to evaluate the characteristics at the 1st
post-trea tmen t time poin t. Univ aria t e Cox reg ression
r ev ealed that baseline enhancing tumor volume and total
cellularity at both baseline and the 1st follow-up after
trea tmen t were associa ted longer OS ( Table 2 , volume at
baseline: p < 0.001, HR = 1.08, 95% CI 1.04–1.13; volume
a t 1st post-trea tmen t: p < 0.001, HR = 1.07, 95% CI 1.04–
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“Responder”

Enhancing volume

“Non-responder”

Pre-treatment

Day-126

T1+c

Cellularity map

0 20 cell/mm2

Day-42 Day 0
(baseline)

Day 56 Day 154 Day 206

Day-173

T1+c

Cellularity map

0 20 cell/mm2

Day-104 Day-5
(baseline)

Day 52 Day 113 Day 142

Post-treatment
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Figure 3. Repr esentativ e cases: (A) A 68-year-old female IDH wild-type glioblastoma patient who responded to chemotherapy as 
evidenced by a reduction in enhancing tumor volume and cellularity after the initiation of chemotherapy. (B) A 64- year -old female IDH 

wild-type glioblastoma patient who did not respond to chemotherapy and had increasing volume of enhancing tumor and cellularity 
after treatment. 
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.10; t otal c ellularity at baseline: p < 0.001, HR = 1.005,
5% CI 1.002–1.007; total cellularity at 1st post-treatment:
 < 0.001, HR = 1.004, 95% CI 1.002–1.005). Additionally,

arger ECF and smaller Cyt at the 1st post-treatment time
oint w er e also associated with longer OS (ECF: p = 0.001,
R = 2.43 × 10 -5 , 95% CI 3.94 × 10 -8 –0.02; Cyt: p = 0.001,
R = 3.01 × 10 4 , 95% CI 61.23–1.48 × 10 7 ). 

After adjusting for MGMT methylation, number
f pr evious r ecurr ences and use of c onc omitant RT,

umor volume at both the baseline and the 1st post-
rea tmen t time poin t nega tively impacted OS (baseline:
p = 0.01, HR = 1.07, 95% CI 1.01–1.14; 1st post-trea tmen t:
p < 0.001, HR = 1.07, 95% CI 1.03–1.11). Additionally, both
larger ECF and smaller Cyt at the 1st post-treatment time
point w er e also associated with longer OS (ECF: p < 0.001,
HR = 3.23 × 10 -6 , 95% CI 2.91 × 10 -9 –0.004; Cyt: p < 0.001,
HR = 2.39 × 10 5 , 95% CI 275.09–2.08 × 10 8 ). 

Log-rank analyses applied to optimized thresholds
suggested enhancing tumors < 5.5 cc at baseline
( Figure 4 A, Log-Rank test; p = 0.001, median OS = 470.5
v s 314 day s) and enhancing tumors < 19 cc at the 1st
post-trea tmen t follow -up were associa ted with a longer
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Table 1. Patient characteristics. 

n = 51 a 

Age, y (mean ± SD) 60.9 ± 9.2 
Sex (M/F) 30/21 
MGMT promoter 
(meth ylated/unmeth ylat ed/unkno wn) 

24/22/5 

Number of r ecurr ences (1st/2nd) 42/13 
Treatment 

Lomustine 18 
Temozolomide 18 
Carboplatin 2 
Lomustine + RT 6 
Temozolomide + RT 8 
Carboplatin + RT 1 
Carboplatin + pembrolizumab 1 

a Four patients w er e analyzed for both 1st and 2nd r ecurr ences. 
RT: Radiation therapy; SD: Standard deviation. 
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S ( Figure 4 C, p < 0.001, median OS = 470.5 vs 171 days).
dditionally, cellularity < 1.7 × 10 9 cells at baseline
 Figure 4 B, p < 0.001, median OS = 467 vs 250 days) and
ellularity < 2.0 × 10 9 cells at the 1st post-trea tmen t scan
 er e associated with longer OS ( Figure 4 D, p < 0.001,
edian OS = 508 vs 222 days). Mean ECF > 24.9% at the

rst 1st post-trea tmen t time poin t ( Figure 4 E , p < 0.001,
edian OS = 805 vs 336.5 days) and mean Cyt < 73.5% at

he 1st post- trea tmen t time poin t w er e also associated
ith longer OS ( Figure 4 F, p < 0.001, median OS = 632.5

s 307 days). 

.2. Rate of change in enhancing volume & mean 

cellularity 

 total of 52 datasets w er e available for investigation into
he impact of the rate of change in enhancing volume
nd cellularity on surviv al. Univ aria t e analy sis indicat ed
hat lower pre-trea tmen t enhancing tumor growth rate,
ow er post-tr ea tmen t enhancing tumor growth ra te and a
arger decrease in volumetric growth rat e aft er trea tmen t
 er e associated with longer OS ( Table 3 , pr e-tr eatment
 rowth rat e: p < 0.001, HR = 3209.3, 95% CI 36.38–
.83 × 10 5 ; post-trea tmen t growth ra te: p < 0.001,
R = 26.16, 95% CI 5.31–128.79; change in growth rate:
 < 0.001, HR = 16.27, 95% CI 3.54–74.77). Similarly,
he pr e-tr ea tmen t ra te of change, post-trea tmen t ra te
f change and difference in the rate of change in total

umor cellularity within the enhancing tumor after treat-
ent w er e associated with pr olonged OS (pr e-tr ea tmen t
 rowth rat e: p < 0.001, HR = 1.70, 95% CI 1.29–2.25; post-

rea tmen t growth ra te: p < 0.001, HR = 1.22, 95% CI 1.11–
.34; change in growth rate: p = 0.006, HR = 1.17, 95% CI
.05–1.31). 

Multivariable Cox r egr ession contr olling for MGMT
ethylation, number of r ecurr ences, use of RT and base-

ine measurements confirmed that lower post-trea tmen t
 rowth rat e and larger decr ease in enhancing v ol-
umetric g rowth rat e w as associa ted with longer OS
(post-trea tmen t growth ra te: p < 0.001, HR = 16.91,
95% CI 3.41–83.81; change in growth rate: p = 0.002,
HR = 12.00, 95% CI 2.49–57.90). Additionally, a lower
post-trea tmen t ra te of change in total tumor cellularity
and larger decrease in the rate of change in cellularity
with respect to pre-trea tmen t ra tes w er e associated with
a significant survival advantage (post-treatment growth
rate: p = 0.003, HR = 1.17, 95% CI 1.05–1.30; change
in growth rate: p = 0.01, HR = 1.14, 95% CI 1.03–1.27).
Of note, pr e-tr ea tmen t enhancing tumor growth ra te
and pr e-tr ea tmen t ra t es of change in t otal tumor c ell
density w er e not sta tistically significan t after accoun ting
cov aria tes ( p = 0.25). 

Log-rank analyses applied at the optimal thresh-
olds show survival advantages in patients with a pre-
trea tmen t enhancing tumor volumetric growth rate
< 0.03 cc/day ( Figure 5 A; p = 0.005; median OS = 467
v s 297 day s), post-trea tmen t growth ra tes < 0.15 cc/day
( p < 0.001, median OS = 470.5 vs 161.5 days) and
decr ease in gr owth rat e < + 0.1 c c/day ( p < 0.001, median
OS = 467 vs 167 days). Similarly, log-rank analyses
applied at the optimal thresholds confirmed that pre-
trea tmen t ra t e of change in tumor c ellularity < 4.9 × 10 7

cells/day ( Figure 5 B; p = 0.003, median OS = 470.5
vs 317 days), post-trea tmen t ra te of change in tumor
cellularity < 3.0 × 10 7 cells/day ( p < 0.001, median
OS = 464 vs 156 days) and change in the cellularity
g rowth rat e < + 1.7 × 10 7 cells/day ( p = 0.004, median
OS = 442.5 vs 180 days) w er e significantly associated with
a significant survival advantage. 

During quality control evaluation of the resulting
radio-pathomic maps, we noticed that some time points
appeared to show erroneously high cell density through-
out the brain. After investigation, this appeared to be
relat ed t o variability in the TE of the FLAIR images
and use of IR of the T 1 -weighted images. Therefore,
we c onduct ed a sub-analy sis on cases using only the
time points with homogeneous acquisition parameters.
A fter remo ving problematic time points, 40 datasets
w er e available to estimate pr e-tr eatment gr owth rate
parameters, 47 datasets w er e av ailable for ev alua tion of
post-trea tmen t growth rate parameters and 39 datasets
had both pre- and post-trea tmen t da ta av ailable for ev al-
uation of growth rate changes. Results of this sub-analysis
w er e similar to multiv aria te Cox r egr ession and log-rank
analy ses applied t o the en tire da taset ( Supplemen tary
Figure S3 & Supplementary Table S3 ). 

4. Discussion 

Iden tifica tion of the early trea tmen t response and the
time of trea tmen t failure continues to be important
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Table 2. Results of cox r egr ession analysis in cross-sectional study. 

Univariate analysis Multivariate analysis 

Hazard ratio (95% CI) p -value Hazard ratio (95% CI) p -value 

Volume (per 1 cc) 
Baseline scan 1.08 (1.04–1.13) < 0.001*** 1.07 (1.01–1.14) 0.01* 
1st post -treatmen t scan 1.07 (1.04–1.10) < 0.001*** 1.07 (1.03–1.11) < 0.001*** 

Total cellularity (per 10 7 cells) 
Baseline scan 1.005 (1.002–1.007) < 0.001*** 1.005 (0.998–1.01) 0.14 
1st post -treatmen t scan 1.004 (1.002–1.005) < 0.001*** 1.003 (0.995–1.01) 0.44 

Mean ECF (per 1 unit) 
Baseline scan 0.10 (0.0004–27.55) 0.42 0.09 (8.01 × 10 -5 –112.29) 0.51 
1st post -treatmen t scan 2.43 × 10 -5 (3.94 × 10 -8 –0.02) 0.001*** 3.23 × 10 -6 (2.91 × 10 -9 –0.004) < 0.001*** 

Mean Cyt (per 1 unit) 
Baseline scan 1.37 (0.26–7.26) 0.71 0.81 (0.10–6.67) 0.84 
1st post -treatmen t scan 3.01 × 10 4 (61.23–1.48 × 10 7 ) 0.001*** 2.39 × 10 5 (275.09–2.08 × 10 8 ) < 0.001*** 

Adjusting for age , sex, MGMT meth ylation, number of r ecurr enc es, radia tion therapy, TE of FLAIR ac quisition ( > = 100 ms or < 100 ms) and T 1 - weigh ted 
ac quisition sequenc e (with or without inv ersion r ecov ery). 

For Total cellularity, ECF and Cyt, baseline (or 1st post-Tx) tumor volume was also included as a c ovaria te. 
CI: Confidence interval; Cyt: Cytoplasm fraction; ECF: Extracellular fraction. * P < 0.05; ** P < 0.01; *** P < 0.001 

Cross-sectional evaluation of baseline and 1st follow-up
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Figure 4. Kaplan-Meier curves for overall survival at baseline and first post -treatmen t follow -up. Patien ts with smaller enhancing tumor 
volume and total cellularity at baseline (A & B) and 1st post -treatmen t scans (C & D) , as well as those with smaller Cyt and larger ECF at 
the 1st post -treatmen t scan (E & F) , demonstrated significantly longer OS. 
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actors for drug development and clinical care in glioblas-
 oma. While anat omic MRI paramet ers have been used for
ecades to describe response to a variety of therapies, MR
haracteristics can be non-specific and lead to ambiguity

n the in terpreta tion of the underlying biological or
tructural changes. To ov er come these issues, a radio-
athomic machine learning model was developed to

elat e MRI charact er istics with the under lying cellular
haracteristics based on post-mortem human tissue
nd in vivo MRI scans prior t o death 

28 . Rec ent multi-
institutional data using stereotactic biopsies have verified
tha t these radio-pa thomic maps accura tely estima te
cellularity within various areas of tumor [ 18 ], suggesting
this approach might provide the much needed clarity into
the true biologic changes in the tumor associated with
therapeutic perturbation. 

We chose to ev alua te the use of cyt ot oxic chemother-
apies with or without r adiother apy in r ecurr ent glioblas-
toma using radio-pathomic maps to benchmark perfor-
mance of this biomarker in a well-characterized class of
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Table 3. Results of cox r egr ession analysis in growth rate study. 

Univariate analysis Multivariate analysis 

Hazard ratio (95% CI) p -value Hazard ratio (95% CI) p -value 

Volume (cc/day) 
Pr e-tr eatment gr o wth rat e 3209.3 (36.38–2.83 × 10 5 ) < 0.001*** 8993.3 (0.11–7.56 × 10 8 ) 0.12 
Post -treatmen t growth rate 26.16 (5.31–128.79) < 0.001*** 16.91 (3.41–83.81) < 0.001*** 
Change in growth rate 16.27 (3.54–74.77) < 0.001*** 12.00 (2.49–57.90) 0.002** 

Total cellularity (10 7 cells/day) 
Pr e-tr eatment gr o wth rat e 1.70 (1.29–2.25) < 0.001*** 1.48 (0.76–2.87) 0.25 
Post -treatmen t growth rate 1.22 (1.11–1.34) < 0.001*** 1.17 (1.05–1.30) 0.003** 
Change in growth rate 1.17 (1.05–1.31) 0.005** 1.14 (1.03–1.27) 0.01* 

Total cellularity after excluding timepoints with 
different MR parameters (10 7 cells/day) 

Pr e-tr eatment gr o wth rat e 1.15 (0.81–1.62) 0.43 0.78 (0.48–1. 26) 0.31 
Post -treatmen t growth rate 1.30 (1.15–1.46) < 0.001*** 1.21 (1.07–1.38) 0.002** 
Change in growth rate 1.27 (1.11–1.44) < 0.001*** 1.20 (1.06–1.37) 0.005** 

Adjusting for age, sex, MGMT methylation, number of r ecurr ences, radiation therapy and baseline values. 
CI: Confidence interval. * P < 0.05; ** P < 0.01; *** P < 0.001. 

Enhancing tumor growth rate & cellular rate of change
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Figure 5. Kaplan-Meier curves for overall survival stratified by volumetric growth rate or the rate of change in cellularity. Patients with 
smaller pr e-tr eatment (A & D) growth or cellular rates of change, (B & E) post -treatmen t growth or cellular rate of change, or (C & F) a 
larger decrease in growth rate or cellular rate of change had significantly longer OS. 
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herapies often used as a r efer ence or control arm in
linical tr ials. As theor ized , both the v olume of contrast
nhancing tumor and the total cellularity defined as
he summation of cell density across the entirety of
he enhancing tumor at baseline and the 1st post-
rea tmen t time point were prognostic for survival. This is
 onsist ent with previous data demonstrating the contrast
nhancing tumor contains the most cellular and dense
egions of the tumor [ 25 ] and consistent with the over-
helming data suggesting contrast enhancing tumor is,
for the most part, a strong sur rogate under lying tumor
bur den [ 24 , 26 ]. How ev er, it should be noted tha t an ti-
angiogenic ther apies, immunother apies and other novel
trea tmen ts may not induce the same changes in cell den-
sity as cyt ot oxic agents, as the mechanism of action for
cyt ot oxic agents directly impacts TPM parameters such as
cellularity and ECF. Future studies should investigate the
utility of TPM across various therapeutic approaches to
assess its broader applicability as a pr edictiv e biomarker.
This will be essential to determining whether the radio-
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athomic model can be generalized beyond traditional
yt ot oxic reg imens and used t o ev alua t e responses t o
ewer, targeted therapies. 

Additionally, our da ta demonstra te tha t both the ra te
f change in total enhancing tumor size as well as
 otal estimat ed c ellular ity a ft er trea tmen t, in addition
o the rate of change in volume and cellularity, are
tr ong pr edictors of survival in pa tien ts with r ecurr ent
lioblast oma treat ed with cyt ot oxic trea tmen ts. While
 e pr eviously show ed a decr ease in enhancing tumor
 olumetric gr owth rates after trea tmen t were associa ted
ith a prolonged survival in an overlapping pa tien t

ohort [ 24 ], the curr ent r esults including radio-pathomic
ap data appears to suggest this may be due to the

nhancing tumor reflecting the majority of cellularity in
 ecurr ent glioblastoma. 

Importantly and c onsist ent with previous observa-
ions [ 17 ], some radio-pathomic maps showed regions of
ypercellularity outside the areas of c ontrast enhanc e-
ent likely r epr esenting non-enhancing tumor. While

on-enhancing tumor volume of GBM can impact OS [ 27 ],
verwhelming data suggests the enhancing tumor has
he highest density and current response cr iter ia rec-
mmend ignoring areas of suspected tumor outside of
 ontrast enhanc ement due t o difficulty distinguishing
umor from other mechanisms that influence T 2 /FLAIR
ignal in gliobastoma including post -r adiation changes,
ost-surgical changes, vasogenic edema [ 7 ]. Regardless,

urther investiga tion in to the added v alue of including
ellularity within the T 2 hyperintense regions is war-
anted. 

The present study has several limitations. First, not
very case in our dataset had the IDH mutation status
onfirmed because a large number of cases occurred
efore the IDH mutant subtype was identified . How ev er,
ll pa tien ts w er e patholog ically c onfirmed as WHO g rade

V at the time of diagnosis, which included histologic
eatures of traditional glioblastoma including vascular
roliferation, high mitotic index and pseudopalisading
ecr osis. Nev ertheless, it is possible that some IDH mutant
liomas w er e pr esen t and tha t they had an effect on both
S and imaging r esponse. The div erse image acquisition
rot oc ol presents another limitation. Data included in

he current study dated back to 2004, before the current
c quisition rec ommendations [ 5 , 11 ], so this ma y ha ve

ed to under-estimation of the model’s performance
nd erroneous results. Importantly, we noticed systemic
ifferences in cellularity that w er e dependent on the
c quisition paramet ers and charact eristics of the T 2 -
eighted FLAIR images that w er e used at each time point.
ow ev er, this variability better r epr esents a more “real
or ld” scenar io of use in the neuro-onc ology c ommunity

nd ther efor e confirms the r obustness of this appr oach.
Additionally, while our study demonstra tes tha t post-
trea tmen t tumor cellularity and ECF are significantly
associated with OS, we acknowledge that these mea-
surements may not fully capture all biological processes
influencing long-term trea tmen t durability. Other fac-
tors such as the chemistry of the tumor microenvi-
ronment, metabolic behavior, immune modulation and
adaptiv e r esistance mechanisms likely play critical roles,
particularly in the c ont ext of newer therapies such as
immunotherapy or targeted trea tmen ts. Lastly, our study
didn’t compare the radio-pathomic model results with
other advanc ed imag ing t echniques for depicting the
pa thologic fea tures of GBM, such as perfusion MRI, pH-
weighted chemical exchange saturation transfer echo-
planar imaging, or amino acid PET. Future studies will
be necessary to either compare or in tegra te the curren t
radio-pathomic model with these techniques. 

5. Conclusion 

The current study utilized a radio-pathomic machine
lear ning algor ithm tr ained to map MRI char acteristics
t o hist olog ical features t o ev alua te the response charac-
ter istics of recur ren t glioblastoma pa tien ts trea ted with
cyt ot oxic therapies. Results suggest smaller initial tumor
v olume, r eduction in gr owth rat e, smaller t otal c ellularity,
reduction in the rate of change in cellularity over time, as
w ell as post-tr ea tmen t cyt oplasm and extrac ellular fluid
density are predictive of survival. 

Article highlights 

• A “radio-pathomic” machine learning model was previously 
developed to estimate tumor cell density, cytoplasm density and 
extracellular fluid density from patien t -specific MRI images and 
ma tching pa thology a t aut opsy. Ho w ev er, it has not been 
evaluated as a tool for serial monitoring glioblastoma patients 
during treatment active trea tment . 

• This study r ev ealed that smaller cytoplasm density and larger 
extracellular fluid density after treatment were associated with 
better survival, independent of tumor volume and other clinical 
factors, in patients with r ecurr ent glioblastoma treated with 
cyt ot oxic chemotherap y with or without radiation. 

• Post -treatmen t volumetric contrast enhancing growth rate on MRI 
and the rate of change in cellularity on radio-pathomic maps w er e 
independently associated with survival, suggesting this model 
may be a valuable tool for evaluating treatment response and 
predicting outcome in recurrent glioblastoma. 
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