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ABSTRACT

Background: Differentiating pseudoprogression (PsP) from true progression (TP)
in high-grade gliomas (HGGs) is challenging, as conventional Magnetic Resonance
Imaging (MRI) lacks sufficient specificity. Intravoxel incoherent motion (IVIM) MRI,
may improve diagnostic performance by providing insights into tumor microstructure.

Objective: To evaluate the diagnostic performance of [IVIM MRI derived param-
eters histogram in distinguishing PsP from TP in HGG patients.

Material and Methods: In a prospective study, 30 patients with WHO grade
III or IV gliomas, previously treated with standard therapy, underwent IVIM MRI.
Parametric maps (D, D*, f, and Apparent Diffusion Coefficient (ADC)) were normal-
ized to contralateral white matter, and histogram features were extracted from enhanc-
ing lesions. Univariate analysis identified significant features, and multivariate logistic
regression assessed their combined diagnostic performance. The model’s diagnostic
performance was evaluated using receiver operating characteristic (ROC) curve analy-
sis, with Area Under Curve (AUC), sensitivity, specificity, and accuracy.

Results: Histogram analysis revealed significant differences in most histogram
features of the D-ratio, D*-ratio, and ADC-ratio between PsP and TP groups. The 50
percentile of the D-ratio and the 99" percentile of the D*-ratio were identified as inde-
pendent predictors in the final model, with AUC values of 0.79 and 0.728, respectively.
The final model achieved an AUC of 0.853, demonstrating high sensitivity (93.8%),
specificity (64.3%), and overall accuracy (80%), outperforming individual parameters.
Conclusion: The 50" percentile of the D-ratio and the 99" percentile of the D*-
ratio demonstrated significant discrimination power between PsP and TP. Their combi-
nation further enhanced diagnostic accuracy, making them valuable metrics for clinical
decision-making in HGG management.
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Introduction
igh-grade gliomas (HGG) are among the most aggressive brain
tumors, characterized by rapid progression, extensive heteroge-
neity, and poor survival outcomes despite multimodal treatment
approaches [1]. The current standard of care advocates for maximal or
supramaximal surgery, followed by a combination of radiotherapy and
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temozolomide chemotherapy [2]. Following
chemoradiotherapy, a critical challenge in the
management of HGG patients is differentiat-
ing between pseudo-progression (PsP) and
true progression (TP). PsP is characterized by
a temporary rise in contrast enhancement re-
sulting from treatment-related inflammation
and necrosis, mimicking tumor progression on
standard MRI. In contrast, TP signifies actual
tumor growth and requires prompt therapeutic
intervention [3].

Traditional imaging techniques, such as con-
trast-enhanced T 1-weighted MRI, provide lim-
ited information for distinguishing PsP from
TP due to their reliance on the blood-brain bar-
rier integrity, which can be disrupted in both
conditions [4, 5]. The overlap in imaging char-
acteristics of PsP and TP on conventional MRI
can result in diagnostic uncertainty, potential-
ly leading to mismanagement [6]. Advanced
MRI techniques, including diffusion-weighted
imaging (DWI), perfusion-weighted imaging
(PWI), and magnetic resonance spectroscopy
(MRS), have been proposed to address these
limitations. Each method offers unique in-
sights into tumor biology: DWI reflects cellu-
larity, PWI measures vascular parameters, and
MRS evaluates metabolic changes within the
tumor microenvironment [7-9].

Diffusion MRI is a cornerstone in neuro-
oncology, assessing the microstructural en-
vironment of brain tissues by tracking water
molecule motion, known as Brownian motion.
It provides insights into cellular density with
apparent diffusion coefficient (ADC) measure-
ments aiding the differentiation of different tis-
sues. However, the mono-exponential model
used in conventional diffusion MRI may over-
simplify complex tissue structures. Intravoxel
incoherent motion (IVIM) imaging, a branch
of diffusion MRI, enhances tissue character-
ization by distinguishing between diffusion
and perfusion effects [10]. It models DWI sig-
nal decay as a combination of true molecular
diffusion and perfusion-related pseudo-diffu-
sion, extracting parameters like the diffusion

coefficient (D), perfusion fraction (f), and
pseudo-diffusion coefficient (D*). These met-
rics provide detailed insights into tissue mi-
crostructure, with D reflecting tissue’s water
molecule diffusion, f representing the fraction
of the signal attributed to microcirculation,
and D* representing perfusion-related inco-
herent microcirculation [11, 12]. By isolating
these components, IVIM offers a more com-
prehensive assessment of tumor heterogeneity
compared to conventional diffusion MRI.

Emerging evidence suggests that IVIM pa-
rameters can capture distinct pathological
differences in brain tumors by providing a
nuanced characterization of tumor microenvi-
ronments. IVIM diffusion MRI has been ex-
tensively applied in glioma grading [13, 14],
distinguishing primary brain tumors from me-
tastases [15], and characterizing diverse brain
tumors [16]. Importantly, IVIM diffusion MRI
is particularly well-suited for differentiating
PsP from TP in high-grade glioma patients be-
cause TP lesions often exhibit distinct differ-
ences in cellularity and vascularity compared
to PsP lesions. IVIM parameters provide indi-
rect yet detailed information about these char-
acteristics by quantifying true diffusion (cellu-
larity) and perfusion-related pseudo-diffusion
(vascularity) [17, 18].

Despite these capabilities, the application
of IVIM diffusion MRI in differentiating PsP
from TP remains limited, as only a few stud-
ies have explored this technique in this con-
text [19-21]. This highlights the need for fur-
ther research to address this critical diagnostic
challenge.

This study employs IVIM diffusion MRI
to differentiate PsP from TP in HGG patients
by analyzing first-order histogram features of
IVIM-derived parameters between PsP and TP
cases. Through the integration of IVIM diffu-
sion MRI into clinical workflows, the objec-
tive is to identify robust IVIM parameters that
can refine the accuracy of treatment assess-
ment and decision-making in the management
of HGG.
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Material and Methods

This prospective and single-center study was
conducted in accordance with the ethical stan-
dards of the Declaration of Helsinki and was
approved by the Ethics Committee of Tehran
University of Medical Sciences. Between De-
cember 2020 and March 2023, patients diag-
nosed with WHO grade III and IV high-grade
gliomas, who had completed standard treat-
ment (surgery, radiotherapy, and chemother-
apy), were enrolled in our study. This study
initially enrolled 41 patients. However, 11
participants were excluded due to failing to
meet the inclusion criteria. Inclusion criteria
mandated a pre-treatment histopathological
diagnosis of high-grade glioma, completion
of the standard treatment regimen, an IVIM
diffusion MRI performed within 6 months of
finalizing standard therapy, and the presence
of an enhancing lesion on MRI images ob-
tained within this time frame. Exclusion crite-
ria encompassed inadequate image quality at-
tributable to motion or susceptibility artifacts,
absence of enhanced lesion, and patient non-
adherence with follow-up MRI scans. Follow-

Patients with WHO Grade
11I/IV Glioma Completed
Standard Treatment (n=41)

I

MRI Acquisition & Preprocessing

/\

Excluded (n=11)
* Image Quality
(Motion/Artifact)
* No Enhancing Lesion
* Lost Follow-up

Included in Final Study
Population (n=30)

up MRI examination repeated at 2- to 4-month
intervals. A total of 30 patients (16 females,
14 males; mean age £SD: 47+15.58 years)
met the inclusion criteria and were enrolled in
the study. Based on pathological confirmation
in 5 patients and follow-up MRI findings in
the remaining 25 patients, participants were
classified into two groups: PsP (n=14) and TP
(n=16). The overall study workflow, including
patient selection, MRI data processing, statis-
tical analysis, and model performance evalua-
tion, is summarized in Figure 1.

MRI Acquisition: Brain imaging was per-
formed on a 3T scanner (Discovery MR750W;
GE Healthcare, Milwaukee, USA) and includ-
ed both conventional and advanced MRI se-
quences. Conventional MRI consisted of pre-
and post-contrast T1-weighted, T2-weighted,
and fluid-attenuated inversion recovery
(FLAIR) sequences, with detailed settings
provided in Table 1. Post-contrast T1-weight-
ed imaging followed the intravenous injection
of 0.1 mmol/kg gadolinium-DOTA (DOTA-
REM; Guerbet, France). The IVIM diffusion
MRI sequence was set up in accordance with

IVIM Parametric Map Generation

!

Histogram Feature Extraction

Statistical Analysis & Model

Pseudoprogression (PsP) True Progression (TP)
(n=14) (n=16)
Based on Serial MRl or
Pathological Confirmation

Development

Based on Serial MRl or
Pathological Confirmation

Comparison of Model
Performance with Patient
Categorization

Figure 1: Study workflow, including patient selection, Magnetic Resonance Imaging (MRI) ac-
quisition, data processing, and model evaluation. Patients with WHO grade Ill/IV gliomas who
completed standard treatment were initially considered. A total of 11 patients were excluded
due to poor image quality, absence of enhancing lesions, or loss of follow-up. The final study
population consisted of 30 patients, categorized into pseudo-progression (PsP, n=14) and true
progression (TP, n=16) based on follow-up MRI findings or pathological confirmation. The IVIM
diffusion MRI data underwent preprocessing, parametric map generation, and histogram fea-
ture extraction. Statistical analysis was performed to develop a diagnostic model, whose per-
formance was compared against patient categorization based on follow-up MRI and pathology
findings.
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the study by Hu et al. [22] and acquired before
contrast injection, using 11 b-values (0, 20,
40, 60, 80, 100, 200, 400, 600, 800, and 1000
s/mm?) in three orthogonal directions. The
number of signal averages for each b-value
was adjusted to optimize signal to noise ratio
(SNR), with 1 average for b-values between
0 and 200 s/mm?, 2 for 400 s/mm?, 3 for 600
s/mm?, and 4 for 800 and 1000 s/mm?.

IVIM Parametric Maps: Figure 2 shows
IVIM parametric maps, generated using

MITK Diffusion software (version 2.0.1) by
fitting the IVIM data to Equation 1:
& _ fef(be ) +(1—f)ef(bXD) (1]
SO
Where S, is MRI signal intensity at a given
b-value, S is the signal intensity at a b-value
equal to 0, f is the perfusion fraction, repre-
senting the fraction of the signal attributed to
microcirculation, D* is pseudo-diffusion co-
efficient (or Dp), representing the perfusion-
related incoherent microcirculation, and D is

Table 1: Magnetic Resonance Imaging (MRI) acquisition parameters for T2-weighted (T2-w),
T1l-weighted (T1-w), Fluid-Attenuated Inversion Recovery (FLAIR), and Intravoxel Incoherent

Motion (IVIM) MRI sequences used in the study.

TRI/TE/TI (ms) FOV (mm) Slice thickness/gap (mm) Matrix size Flip angle® *b-values
T2-w 5500/100/- 220x220 384x384 90
T1-w 600/10/- 220x220 352x224 90
FLAIR 9000/136/2468 220x220 320x224 90
IVIM MRI 3000/90/- 240x240 96x96 90 11

TR: Time of Repetition, TE: Time of Echo, TI: Time of Inversion, FOV: Field of View

number of b-values

Figure 2: Anatomical images and parametric maps derived from Intravoxel Incoherent Motion
Magnetic Resonance Imaging (IVIM MRI) for a representative case. The top row, arranged from
left to right, displays anatomical images, including T2-weighted, Fluid-Attenuated Inversion
Recovery (FLAIR), T1-weighted, contrast-enhanced T1-weighted (T1CE). The bottom row, also
arranged from left to right, presents IVIM-diffusion maps: true diffusion coefficient (D), pseudo-
diffusion coefficient (D*), perfusion fraction (f), and apparent diffusion coefficient (ADC). The
red overlay highlights the region of interest (ROI) within the enhancing lesion, which was used

for quantitative histogram analysis.
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true diffusion coefficient (or D), representing
the tissue’s water molecule diffusion [10].

This model employs a two-step fitting pro-
cess to produce IVIM parametric maps. In the
first step, data points at higher b-values (great-
er than approximately 200 s/mm?) are used
to estimate the D and the f. These estimated
values are then held constant while the model
calculates the D*.

The mono-exponential model was used to
generate the ADC map using Equation 2:

Sb _ SOe—(beDC) 2]

Based on an exponential relationship be-
tween signal intensity and diffusion weighting
(b-value), this model estimates the ADC of
water molecules within tissues. To accomplish
this, it was fitted to IVIM data acquired at two
specific b-values: 0 s/mm? and 1000 s/mm?.

Image registration: Anatomical images
(FLAIR, T1-w, T1-w CE) and IVIM-diffusion
parametric maps were meticulously regis-
tered to the T2-w images for each patient us-
ing ITK-SNAP 4.2.0. A rigid transformation
model, including translation and rotation, was
applied to preserve the shape and size of the
images. Registration was performed in auto-
matic mode, with anatomical images as the
fixed reference and IVIM maps as the moving
images. After registration, the aligned images
were visually inspected to ensure proper ana-
tomical correspondence, verifying that regions
of interest were accurately matched.

IVIM parametric maps normalization:
To calculate normalized IVIM parametric
maps, a region of interest (ROI), sized 25 to
30 mm?, was drawn in the normal-appearing
white matter (NAWM) on an axial slice of the
T2-weighted images in the hemisphere con-
tralateral to the lesion for each case. Careful
attention was given to avoid regions affected
by susceptibility artifacts and brain ventricles.
The NAWM ROI served as a reference for
normalization, facilitating inter-patient com-
parisons by accounting for individual varia-
tions in baseline diffusion characteristics.
Normalization was automatically performed

using the freely available software package
FireVoxel (build 456; https://FireVoxel.org).
FireVoxel divided all pixel values of the reg-
istered IVIM parametric maps by the corre-
sponding NAWM mean values.

Enhanced lesion segmentation: The sub-
traction tool in FireVoxel was used to segment
the enhanced lesion. To improve visualiza-
tion of the enhancing lesion, subtracted T1-
weighted images were obtained by subtracting
pre-contrast from post-contrast T1-weighted
scans. Then a volume of interest (VOI) was
drawn on the enhanced region of the lesion
in subtracted images using the ROI draw-
ing tool. Areas with necrosis, hemorrhage, or
large blood vessels (visible on post-contrast
T1-weighted or T2-weighted FLAIR images)
were excluded from the VOI. The VOI was
then transferred to the registered normalized
IVIM parametric maps.

Histogram Features Calculation: Follow-
ing the transfer of the VOI onto the registered
normalized IVIM parametric maps, histogram
features were calculated and extracted within
VOI using the radiomics feature analysis tool
within FireVoxel. Histogram features included
minimum, maximum, mean, and various per-
centiles (1%, 5%, 10", 25% 50" [median], 75™,
90%, 95M and 99™), reflecting the distribution
of voxel intensities within the VOI.

Statistical Analysis: Statistical analysis was
performed using IBM SPSS Statistics for Win-
dows, version 27.0. The Shapiro-Wilk test was
used to evaluate the normality of each IVIM
MRI parameter’s histogram features within
the patient groups. Group comparisons were
conducted using univariate analysis: indepen-
dent samples t-tests for normally distributed
features, and Mann-Whitney U tests for non-
normally distributed features. Statistically sig-
nificant differences (P-value<0.05) were iden-
tified for all histogram features of each IVIM
parameter. To assess the discriminative ability
of'individual features within each IVIM param-
eter, receiver operating characteristic (ROC)
curve analysis was performed. Features with

J Biomed Phys Eng
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the highest area under the curve (AUC) were
selected as those with the greatest discrimina-
tive potential for further analysis. Multivariate
logistic regression analysis was subsequently
employed to evaluate the combined diagnostic
performance of these selected features in dif-
ferentiating PsP from TP cases. The diagnostic
performance of the final regression model was
assessed using ROC analysis.

Results

A comparison of IVIM parameter ratios be-
tween PsP and TP cases, performed using uni-
variate analysis, revealed significant differenc-
es across multiple histogram-derived features.

For the ADC-ratio, most features, exclud-
ing the maximum and 99" percentile, were
elevated in the PsP group compared to the TP
group. Significant differences were observed
in the minimum (P-value=0.031), maximum
(P-value=0.046), mean (P-value=0.014), and
percentiles at the 1 (P-value=0.046), 5" (P-
value=0.034), 10" (P-value=0.022), 25" (P-
value=0.017), 50" (P-value=0.013), and 75%
(P-value=0.028).

For the D-ratio, significant differences were
found in the minimum value (P-value=0.011),
mean value (P-value=0.008), and percentiles
at the 1% (P-value=0.010), 5" (P-value=0.008),
10" (P-value=0.008), 25" (P-value=0.010),
50" (P-value=0.005), 75" (P-value=0.011),
and 90™ (P-value=0.047). Most features were
higher in the PsP group, while the maximum
value and 99™ percentile were elevated in the
TP group.

For the D*-ratio, significant differences
were observed in the maximum value (P-
value=0.014) and percentiles at the 75" (P-
value=0.037), 90" (P-value=0.014), 95" (P-
value=0.012), and 99" (P-value=0.010). All
histogram features of the D*-ratio were con-
sistently higher in the TP group.

For the f-ratio, all histogram features were
higher in the TP group compared to the PsP
group, but only the maximum value dem-
onstrated a borderline significant difference

(P-value=0.0507).

These findings provide a foundation for sub-
sequent multivariate analysis to evaluate the
collective diagnostic efficacy of these histo-
gram features and identify the most discrimi-
native parameters for differentiating between
PsP and TP cases. Based on the AUC metrics
calculated for the significantly different his-
togram features, the following features were
selected for multivariate analysis: the 50" per-
centile of the D-ratio (AUC=0.79, 95% CI:
0.612 to 0.968), the 99th percentile of the D*-
ratio (AUC=0.728, 95% CI: 0.532 to 0.923),
the maximum value of the f-ratio (AUC=0.71,
95% CI: 0.524 to 0.896), and the mean value
of the ADC-ratio (AUC=0.763, 95% CI: 0.576
to 0.950). Figure 3 illustrates the comparison
of these selected histogram features of nor-
malized IVIM parameters between the patient
groups.

Alogistic regression analysis using a forward
selection procedure identified the 50th percen-
tile of the D-ratio (P-value=0.025, SE=0.777)
and the 99" percentile of the D*-ratio (P-val-
ue=0.045, SE=0.293) as significant predictors
for distinguishing PsP from TP cases. These
parameters were retained in the final model.
The ROC analysis of the final logistic regres-
sion model demonstrated superior predictive
performance (AUC=0.853, 95% CI: 0.715 to
0.990) in distinguishing PsP from TP cases
compared to the individual IVIM parameters,
specifically the 50" percentile of the D-ratio
(AUC=0.79, 95% CI: 0.612 to 0.968) and the
99 percentile of the D*-ratio (AUC=0.728,
95% CI: 0.532 to 0.923). Figure 4 illustrates
the ROC curves generated from this analysis.

Table 2 presents the performance metrics of
the logistic regression model and its constitu-
ent IVIM parameters in differentiating PsP
from TP.

Discussion

Magnetic resonance DWI measures the
movement of water molecules within living
tissues, reflecting the tissue microenvironment

J Biomed Phys Eng
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Figure 3: Comparison of selected histogram features of normalized Intravoxel Incoherent Mo-
tion Magnetic Resonance Imaging (IVIM MRI) parameters between pseudo-progression (PsP)
and true progression (TP) groups. Box plots illustrate the distribution of the 50t percentile of
the D-ratio, the 99t percentile of the D*-ratio, the maximum value of the f-ratio, and the mean
value of the Apparent Diffusion Coefficient (ADC)-ratio. The horizontal line and cross within
each box represent median value and mean value, respectively.

and allowing for the assessment and quanti-
fication of cell density [23]. However, tradi-
tional DWI does not account for microperfu-
sion within tissues. To address this limitation,
Le Bihan et al. [24] introduced IVIM imag-
ing, which simultaneously evaluates water
molecule diffusion and microperfusion within
capillaries, providing parameters, such as true
diffusion coefficient (D), pseudo diffusion co-
efficient (D*), and perfusion fraction (f). [IVIM
has been widely applied in grading and prog-
nostication of brain gliomas [17, 25], but rela-
tively few studies have explored its role in dis-
tinguishing between TP and PsP in high-grade
gliomas following treatment.

In this study, we utilized histogram analysis
of normalized IVIM parameters to account

for tumor heterogeneity and assessed the di-
agnostic capability of IVIM in differentiating
TP from PsP. Given the heterogeneous nature
of tumors, assessing lesions using multiple
quantitative parameters likely provides a more
comprehensive characterization. In addition
to extracting multiple diffusion-related param-
eters, we employed histogram analysis to bet-
ter address the heterogeneity of HGGs. Pre-
vious studies have suggested that histogram
analysis is a robust approach for evaluating
heterogeneous lesions [26-28]. This integrated
approach, utilizing both multiple parameters
and histogram analysis, allowed us to capture
a more complete picture of the tumor micro-
environment.

Our findings revealed that while several
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Figure 4: Receiver Operating Characteris-
tic (ROC) curves for distinguishing pseudo-
progression (PsP) from true progression (TP)
groups based on the logistic regression (LR)
model and individual normalized Intravoxel
Incoherent Motion Magnetic Resonance
Imaging (IVIM MRI) parameters. The red
curve represents the ROC for the LR model,
combining the 50 percentile of the D-ratio
and the 99 percentile of the D*-ratio. The
cyan and yellow curves depict the ROC for
individual parameters (50™ percentile of the
D-ratio and 99" percentile of the D*-ratio,
respectively). Patient classification was de-
termined using follow-up Magnetic Reso-
nance Imaging (MRI) findings (25 cases) and
pathological sampling (5 cases) as reference
standards. The LR model demonstrates su-
perior diagnostic performance compared to
single parameters.

histogram features derived from ADC and
the IVIM parameters (D, D*, and f) showed
significant differences between TP and PsP
patients in univariate analysis, the final mul-
tivariate model retained only the 50" percen-
tile of the D-ratio and the 99" percentile of the
D#*-ratio. Specifically, the 50" percentile of the
D-ratio was lower in the TP group compared
to the PsP group. This result aligns with the
findings of Liao et al. who reported lower D
values in TP compared to PsP, highlighting the
potential of D in differentiating these condi-
tions [29]. The reduced D values in TP group
in our study likely result from increased tumor
cellularity and reduced intercellular space, re-
stricting water molecule diffusion. Converse-
ly, PsP is characterized by treatment-induced
changes, such as vasodilation, fibrinoid necro-
sis, and endothelial damage in normal cerebral
vessels, resulting in higher water molecule
diffusion within the enhanced portion of the
lesion [30].

Additionally, the 99" percentile of the D*-
ratio was higher in the TP group compared to
the PsP group, consistent with the findings of
Kim et al. who observed increased D* values
in recurrent gliomas [19]. This may be attrib-
uted to the formation of immature blood ves-
sels in TP. Tumor growth is often accompa-
nied by angiogenesis, a process of new blood
vessel formation. These newly formed ves-
sels are typically structurally abnormal, ex-
hibiting increased permeability and irregular
shapes [31]. This leads to elevated perfusion-
related parameters, such as D*, reflecting the

Table 2: Diagnostic performance metrics of the logistic regression model and its constituent
Intravoxel Incoherent Motion Magnetic Resonance Imaging (IVIM MRI) parameters for pseudo-
progression (PsP) vs. true progression (TP) differentiation.

Sensitivity (%) Specificity (%) Accuracy (%) PPV (%) NPV (%) AUC

Predictive model 93.8 64.3 80 75 90 0.853
D-ratio 50% 68.8 85.7 76.7 84.6 70.6 0.790
D*-ratio 99% 56.3 92.9 73.3 90 65 0.728

PPV: Positive Predictive Value, NPV: Negative Predictive Value, AUC: Area Under the Curve

VIII \

J Biomed Phys Eng



IVIM Histogram Analysis in High-Grade Gliomas

increased microvascular perfusion in recurrent
tumors.

Combining the D-ratio and the 99" percen-
tile of the D*-ratio improved diagnostic ac-
curacy in distinguishing TP from PsP. This
observation aligns with previous research
indicating that combining multiple quantita-
tive MRI parameters from a single advanced
technique like IVIM MRI, with complemen-
tary information about tissue microstructure
and micro-perfusion, can enhance diagnostic
accuracy in differentiating tumor progression
from treatment effects [32, 33].

In univariate analysis, the ADC-ratio dem-
onstrated a significant difference between PsP
and TP, with lower values in the TP group,
consistent with findings in the literature [19,
29]. However, in multivariate analysis, ADC
did not retain statistical significance and was
excluded from the final model. This suggests
that D, derived from the biexponential IVIM
model, provides superior diagnostic accuracy
for distinguishing TP from PsP. This is likely
because D, as a pure molecular diffusion coef-
ficient, is less susceptible to microcirculation-
related biases compared to ADC, making it
a more precise indicator of tumor cellularity.
This finding aligns with studies indicating
that biexponential models based on multiple
b-values provide more reliable and accurate
diffusion measurements than monoexponen-
tial models used for ADC calculation [34, 35].
This highlights the advantage of IVIM over
conventional DWI in this specific clinical
context.

The perfusion fraction (f) was another [IVIM
parameter excluded from the multivariate
model. Although the maximum f-ratio value
was higher in the TP group, its significance
was borderline, and other histogram features
of the f-ratio failed to reach statistical signifi-
cance. While prior studies [19, 29] suggested
the potential utility of f'in differentiating PsP
from TP, our findings were inconsistent. These
discrepancies likely arise from several fac-
tors related to the inherent complexity and

limitations of the IVIM model. Firstly, the
accuracy of perfusion-related parameters like
f 1s highly sensitive to the choice of fitting
algorithm, optimization parameters, and b-
value configuration, with no current consensus
on the optimal b-value scheme for IVIM stud-
ies in brain tumors [34, 35]. Secondly, IVIM
is known to be susceptible to noise, which
can significantly affect /" estimation. This is
particularly relevant in postoperative imag-
ing where susceptibility artifacts from surgi-
cal materials degrade the signal-to-noise ratio
[36]. Air-tissue interfaces, such as those near
the frontal sinus or skull base, further exacer-
bate noise-related inaccuracies in f estimation
[37]. Finally, methodological variations in
ROI delineation strategies may also contribute
to the discrepancies in f-ratio findings. While,
this study used whole-enhanced lesion ROIs,
some prior studies employed hotspot ROI
strategies, focusing on regions of maximum
activity [19, 21, 29]. This difference in ROI
selection could lead to a different sampling
of tumor heterogeneity and therefore affect
perfusion parameter estimates.

Our study has several limitations. The pri-
mary limitation is the lack of universal histo-
logical confirmation. While pathological sam-
pling remains the gold standard, it is often not
clinically feasible for monitoring treatment re-
sponse, and even when available, biopsies may
not fully capture HGG heterogeneity. There-
fore, consistent with routine clinical practice,
we relied on follow-up MRI and clinical data
for most participants, with pathological con-
firmation available only for a subset [38]. The
relatively small sample size also limits the
generalizability of our findings, necessitating
replication in a larger, ideally multi-center co-
hort. Finally, the echo-planar imaging (EPI)
based DWI acquisition is susceptible to arti-
facts from magnetic field inhomogeneities,
causing geometric distortions and signal loss,
especially near air-tissue interfaces [39, 40].
These distortions can affect ROI placement
and thus IVIM parameters, particularly the
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noise-sensitive perfusion fraction. While care-
ful ROI placement was employed to mitigate
this, residual distortion remains a potential
confounder. Future studies using distortion
correction or alternative diffusion sequences
(e.g., readout-segmented EPI) could further
minimize these artifacts.

Conclusion

This study highlights the potential of IVIM
MRI as a robust imaging tool for distinguish-
ing True progression from pseudoprogression
in high-grade gliomas. By employing histo-
gram analysis of IVIM-derived parameters,
we demonstrated that D-ratio and D*-ratio are
key metrics with significant diagnostic value.
Furthermore, the combination of D-ratio and
D*-ratio improved diagnostic accuracy, un-
derscoring the value of integrating multiple
parameters to account for tumor heterogeneity.
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