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AIM: Accurate differentiation true true progression (TP) and treatment response (TR) in
high-grade gliomas (HGGs) remains challenging due to confounding alterations in tumour
parenchymal areas. Evaluation of non-enhancing peritumoural regions (NEPTRs) plays a
prominent role. This study aimed to assess diagnostic accuracy in distinguishing TP from TR
by quantifying perfusion and diffusion differences in NEPTRs imaged with dynamic contrast-
enhanced magnetic resonance imaging (DCE-MRI) and diffusion tensor imaging (DTI).
MATERIALS AND METHODS: Patients who had newly enhanced lesions or had developed

enhanced lesions were retrospectively enrolled. All patients had undergone conventional
imaging sequences, DTI, and DCE. Histopathological diagnosis or longitudinal clinical and
imaging follow-up over 6 months was used to distinguish TP from TR. Volume transfer
contrast (Ktrans), extravascular extracellular volume fraction (Ve), initial area under the time
concentration curve (iAUC), fractional anisotropy (FA), and apparent diffusion coefficient
(ADC) were measured in enhanced lesions and NEPTRs. Student’s t-tests and receiver oper-
ating characteristic (ROC) curves were constructed to evaluate the diagnostic performance.
RESULTS: TP lesions displayed higher Ktrans, Ve, and iAUC and lower FA and ADC values in

the enhanced lesions. Moreover, significantly higher Ktrans and lower FA values were found
in NEPTRs associated with TP. The Ktrans from DCE of enhanced lesions and the FA from DTI
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of NEPTRs showed high diagnostic efficacies of 0.875 and 0.861, respectively. Notably, the area
under the ROC curve of Ktrans in NEPTRs reached 0.831. The combined diagnostic perfor-
mance of the three parameters reached 0.983, with 96.7% sensitivity and 92.9% specificity.
CONCLUSION: By quantifying perfusion and diffusion in enhanced lesions and NEPTRs, DCE

in combination with DTI imaging can distinguish TP from TR.
� 2025 The Royal College of Radiologists. Published by Elsevier Ltd. All rights are reserved,

including those for text and data mining, AI training, and similar technologies.

Background

High-grade glioma (HGG) is the most prevalent primary
malignant brain tumour in adults. Unfortunately, the
prognosis for HGG remains poor, as evidenced by a five-
year survival rate of less than 10%. This situation poses a
significant challenge to global health.1—4 The current
treatment recommendation for HGG is primary surgical
resection followed by radiotherapy or concurrent chemo-
radiotherapy.1,5 Patients may develop new or enlarged
contrast-enhanced lesions on routine follow-up imaging,
which might be attributed to true progression (TP) or
treatment response (TR).6,7 Accurate differentiation be-
tween TP and TR is important as it can help determine
whether to continue with standard adjuvant chemo-
therapy or to switch to a second-line therapy for recur-
rence.8 Unfortunately, conventional imaging techniques
cannot effectively distinguish TP from TR. Although some
progress has been made through combined conventional
and functionalMR techniques, attention is often focused on
tissues of the surgical region9—12 and ignores non-
enhanced peritumoral regions (NEPTRs). Indeed, the
enhanced areas of both TP and TR are heterogeneous due to
the complex microenvironment created by surgical resec-
tion. Nevertheless, NEPTRs also contain valuable informa-
tion about the tumour microenvironment.13—16

Theoretically, NEPTRs are associated with various patho-
logical processes associated with TR and TP, including
vasogenic and infiltrative oedema.16 Using advanced MR
technology to observe and explore the haemodynamic
changes and indicators of tumour invasiveness in both
enhanced lesions and NEPTRs is very important in differ-
entiating TR from TP.
Angiogenesis and tumour cell infiltration are the main

features of glioma and can be sensitively detected by
perfusion- and diffusion-weighted magnetic resonance
imaging (MRI).17 Dynamic contrast-enhanced (DCE)-MRI
provides measurements of vascular permeability, with
volume transfer contrast (Ktrans), extravascular extracel-
lular volume fraction (Ve), and Vp being the most
commonly assessed parameters.10,18—20 Very few studies
have explored NEPTRs with DCE imaging. Diffusion tensor
imaging (DTI) provides quantitative information such as
fractional anisotropy (FA) and the apparent diffusion co-
efficient (ADC), which may reflect anisotropy along the
white matter (WM) tracts and structured orientation and
cellularity.14,21,22 However, because the assessment of

surrounding NEPTRs with DTI is highly complex, different
studies have reported contradictory results.23,24 The reason
may be that the definitions of extent for NEPTRs are not
uniform.14 Therefore, in this study, we assessed NEPTRs
adjacent to enhanced lesions and within a <3cm diameter.
DCE and DTI sequences may assist in the in vivo assessment
of neoangiogenesis and tumour infiltration. However, very
few studies have focused on evaluating NEPTRs through
combined DCE and DTI.
This study used DCE multiparameter quantitative char-

acteristics of microvascular changes combined with DTI
imaging to observe the FA changes of tumour spread along
the white matter fibre tracts and noninvasively evaluated
pathophysiological changes in enhanced lesions and
NEPTRs of TP and TR. Therefore, this study aims to sys-
tematically compare the diagnostic performance of com-
bined DCE and DTI in distinguishing TP from TR, in order to
identify reliable imaging indicators that may aid accurate
diagnoses and treatment decisions.

Materials and methods

Patient recruitment

From June 2022 to March 2024, we selected patients
with histopathology-confirmed HGG from our radiology
report database. The inclusion criteria were as follows: (1)
age>18 years; (2) completed radiation or chemoradiation;
(3) new or enlarged enhanced lesions after standard
treatment; (4) available multiparametric MRI results,
including DTI, DCE, and gadolinium diamine (Gd)-
enhanced T1-weighted imaging (T1WI); and (5) follow-up
performed in accordance with the Response Assessment in
Neuro-Oncology 2.0 (RANO 2.0) criteria, which include
repeated surgical resection or longitudinal clinical follow-
up MRI for at least 6 months.
Exclusion criteria were as follows: (1) inadequate or

poor quality MR imaging, (2) patients treated with anti-
angiogenic drugs, such as bevacizumab, and (3) lost to
follow-up. This retrospective study was approved by the
institutional review board and eventually enrolled 44
patients.
In this study, confirmations of TR or TP were based on

either histopathology from repeated surgical resection or
longitudinal MRI follow-up, in accordance with the RANO
2.0 criteria for HGG.25 Briefly, during a minimum 6-month
follow-up period, TP was defined as a progressive increase
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in size and/or number of enhanced lesions accompanied by
deterioration of the clinical condition, and TR was defined
as stable or regressing enhanced lesions and an improved
clinical condition with no additional treatment. Structural
and functional MRI techniques were combined to distin-
guish characteristic features of HGG from other primary or
metastatic brain tumours, including invasive growth pat-
terns, restricted diffusion, and elevated perfusion.
Concurrently, extracranial primary malignancies were
rigorously excluded through institutional standardised
whole-body screening protocols incorporating positron
emission tomography—computed tomography (PET-CT)
and chest CT. The examination of MR images and clinical
notes was performed by two neuroradiologists or neuro-
surgeons, and in cases of disagreement, the diagnosis was
made with a third neuroradiologist who possesses over 15
years of specialised experience in neuro-oncology MRI
interpretation, ensuring superior competency relative to
the initial evaluators.

Image acquisition

All patients underwent examinations on a Siemens
Skyra 3.0-Tesla scanner (Siemens Healthcare, Germany)
with a 32-channel phased-array head coil and had an
indwelling needle placed in the elbow vein. The following
sequences were performed: conventional MR scan (T1WI,
T2WI, and T2 fluid-attenuated inversion recovery (FLAIR)),
DTI, DCE, and Gd-enhanced 3D-T1WI.
DCE-MRI was performed with a volume interpolated

breath-hold examination (VIBE)-gradient echo sequence.
Pre-contrast T1WVIBE sequences (repetition time (TR): 6.0
ms, echo time (TE): 2.5 ms, field of view (FOV): 340
mm×340 mm, flip angle: 5◦, and slice thickness: 1.5 mm)
were followed by enhanced VIBE sequences after the first
five nonenhanced time phases (TR: 6.0 ms, TE: 2.5 ms, Field
of View (FOV): 340mm× 340mm, flip angle: 10◦, and slice
thickness: 1.5 mm), and the gadolinium diamine was
injected using a high-pressure syringe at 0.1 mmol/kg body
weight and at a rate of 2-3 mL/s followed by a 40 mL saline
bolus. The temporal resolution (Δt) was 4.5 s. The total
acquisition time was 5 minutes, with a total of 60 periods.
The DTI scans were acquired using diffusion-weighted
echo-planar single-shot sequences with the following pa-
rameters: TR: 3500 ms, TE: 80 ms, FOV: 220 mm × 220
mm, 64 noncollinear gradient directions, b values= 0,1000
s/mm2, and slice thickness: 5 mm. The parameters of the
CE 3D-T1WI scan were TR: 2300 ms, TE: 2.3 ms, FOV: 240
mm × 240 mm, and slice thickness: 1.0 mm. The post-
contrast transverse T1WI were reconstructed from the
transverse, coronal, and sagittal imaging.

Image analysis

The DCE images were processed on a Siemens Syngo. via
workplace with Tissue 4D software (syngo. MR Tissue 4D,
Siemens). We applied the Tofts and Kermode model (TK
model) for the DCE-MRI data and obtained the pseudo-
colour images of quantitative parameters Ktrans and Ve

and semiquantitative parameter initial area under the time
concentration curve (iAUC) values and fused these images
with the Gd-enhanced 3D-T1WI images. As shown in
supplementary Fig 1, the regions of interest (ROIs) were
carefully chosen by two experienced neuroradiologists,
and three to five ROIs were measured for each patient for
the highest parametric values in the enhanced lesions and
NEPTRs (the areas adjacent to and within 3 cm of enhanced
tumour), with a size of approximately 30-50 mm2. The ROI
of enhanced lesions and NEPTRs are both taken from the
brain parenchyma. Regarding DTI, Siemens Syngo.via
Neuro-3D software was used to post process the original
DTI data (syngo. MR Neuro 3D, Siemens). The ROIs were
identified in the enhanced and peritumoral regions ac-
cording to the region with the most obvious CE-T1WI. The
large vessels and haemorrhagic, cystic, or large liquefactive
necrotic areas were carefully avoided. The normalised FA
ratio and ADC ratio were calculated by dividing the value of
contralateral normal-appearing white matter.

Statistical analysis

Statistical analyses were performed with SPSS v. 26.0
(IBM Corporation). The parameters Ktrans, Ve, and iAUC of
DCE-MRI and the parameters FA and ADC of DTI in the
enhanced lesions and NEPTRs were compared by a Stu-
dent’s t-test between the groups according to the
normality test. The parameters are expressed as the
mean ± standard deviation. Receiver operating character-
istic (ROC) curves analysed by MedCalc statistical software
were used to assess the performance of statistically sig-
nificant parameters. The sensitivity, specificity, and
optimal cut-off values of the parameters were recorded
according to Youden’s index. Interobserver agreement for
manually delineated ROIs was quantified via intraclass
correlation coefficient (ICC) with a two-way random-ef-
fects model. P < .05 was considered statistically significant.

Results

This study included 44 patients. Among the 30 patients
in the TP group, 19 of whom were diagnosed via histopa-
thology, the other 11 patients were diagnosed by findings
of enlarged or newly enhanced lesions and deteriorating
clinical symptoms during a follow-up period of more than
6 months. Among the 14 patients in the TR group, 12 had
stable or improved clinical symptoms and stable or
regressed lesions on MRI after more than 6 months of
follow-up, 2 patients with TR were diagnosed via
histopathology.
The ICC values of all of the parameters were greater than

0.75, indicating a good correlation. The Ktrans, Ve, iAUC,
ADC, and FA values calculated for the enhanced lesions and
NEPTRs of HGG patients with TP or TR are summarised in
Table 1. In the enhanced lesions, the Ktrans, Ve, and iAUC
were significantly higher in the TP than in the TR (< .05).
Both the FA and ADC were significantly lower in TP than in
TR (< .05). Additionally, we observed that the Ktrans values
were significantly higher and the FA values were
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significantly lower in the NEPTRs of TP lesions than in the
NEPTRs of TR lesions. Furthermore, no statistical differ-
ences were identified for Ve, iAUC, or ADC in NEPTRs of TP
and TR (P>.05). Supplementary Figs 2 and 3 illustrate
representative cases from each group. The difference

between TR and TP groups for each parameter is shown in
Fig 1.
The results of the ROC curve analyses for the above pa-

rameters are presented in Table 2 and Fig 2. A logistic
regression analysis was employed to evaluate the com-
bined performance of Ktrans and FA, which had the highest
diagnostic efficiency in differentiating TP from TR. As
shown in Table 2 and Fig 2, Ktrans in the enhanced lesions
and NEPTRs demonstrated high diagnostic performance
and an optimal balance between sensitivity and specificity
with cut-off values of 0.15/min and 0.07/min, respectively.
FA in the NEPTRs demonstrated high diagnostic perfor-
mance and an optimal balance between sensitivity and
specificity with a threshold of 0.73. Moreover, the combi-
nation of Ktrans + Ktrans_NEPTRs + FA_NEPTRs yielded
the highest area under the ROC curve (AUC, 0.983), which
were higher than those of any single parameter (Fig 3).

Discussion

Distinguishing TR from TP presents challenges but re-
mains crucial for guiding treatment decisions as differenti-
ation can help determinewhether to continuewith standard
adjuvant chemotherapyor to switch to a second-line therapy
for recurrence.9,26 In the present study, we used DCE andDTI
sequences to quantify the changes in vascular permeability
and water molecular diffusion, which assists in diagnosis of
TR and TP by identifying the different mechanisms under-
lying the pathological changes. Our results demonstrated
that the enhanced lesions of TP presented higher Ktrans, Ve,
and iAUC values and lower FA and ADC values than the
enhanced lesions of TR. In addition, the NEPTRs of TP lesions
also presented higher Ktrans values and lower FA values.
Furthermore, these parameters were effective in dis-
tinguishing between TP and TR in HGG patients who had
received only conventional chemoradiotherapy.
In the present study, we found that Ktrans, Ve, and iAUC

all had high diagnostic efficacy for enhanced lesions, which
is consistent with the findings of previous studies.18,27 The
results indicated that there was substantial

Table 1
Comparison of parameters in the enhanced lesions andNEPTRs of the TP and
TR groups.

TP (n=30) TR (n=14) p

Enhanced lesions
Ktrans (min− 1) 0.217 ± 0.060 0.102 ± 0.073 <0.001
Ve 0.514 ± 0.242 0.266 ± 0.117 <0.001
iAUC (mmol/L.min) 0.110 ± 0.047 0.066 ± 0.031 0.003
rFA 0.443 ± 0.185 0.624 ± 0.274 0.036
rADC ( × 10− 3 mm2/s) 0.847 ± 0.299 1.084 ± 0.330 0.022
NEPTRs
Ktrans 0.117 ± 0.119 0.049 ± 0.025 0.042
Ve 0.202 ± 0.139 0.157 ± 0.120 0.308
iAUC 0.052 ± 0.046 0.050 ± 0.023 0.877
rFA 0.470 ± 0.201 0.829 ± 0.251 <0.001
rADC 1.265 ± 0.253 1.370 ± 0.252 0.204

ADC, apparent diffusion coefficient; iAUC, initial area under the time con-
centration curve; FA, fractional anisotropy; Ktrans, volume transfer
contrast; NEPTRs, non-enhancing peritumoral regions; TP, true progres-
sion; TR, treatment response; Ve, extravascular extracellular volume frac-
tion. P values < 0.05 are labelled in bold.

Figure 1 Comparison of magnetic resonance imaging (MRI) pa-
rameters for the tumour progression (TP) and treatment response
(TR) groups. *** < .001, ** < .01, * < .05.

Table 2
The diagnostic performance of multiparameter imaging in distinguishing TP
from TR.

Cut-off
value

Sensitivity
(%)

Specificity
(%)

AUC

Ktrans (min− 1) 0.15 90.0 78.6 0.875
Ve 0.38 73.3 85.7 0.811
iAUC(mmol/L.min) 0.05 93.3 50.0 0.771
rFA 0.63 90.0 57.1 0.704
rADC 0.89 63.3 78.6 0.707
Ktrans_NEPTR 0.07 80.0 78.6 0.831
rFA_NEPTR 0.73 90.0 71.4 0.861
Ktrans +
Ktrans_NEPTR
+ FA _NEPTR

- 96.7 92.9 0.983

ADC, apparent diffusion coefficient; FA, fractional anisotropy; iAUC, initial
area under the time concentration curve; Ktrans, volume transfer contrast;
NEPTRs, non-enhancing peritumoral regions; Ve, extravascular extracel-
lular volume fraction.
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neovascularization in the parenchymal area of TPs. On the
other hand, TR is thought to be a marker of tumour sensi-
tivity to radiation and chemotherapy and is associated with
low-angiogenic regions and vasogenic oedema due to
disruption of the blood‒brain barrier.28 Notably, despite
high diagnostic efficacy, the trend of Ve values has been
inconsistent among the studies.29—31 Our findings demon-
strate a significant increase inVe values amongpatientswith

TP, which is consistent with the findings of Yun et al.30 This
likely reflects abnormal and chaotic architecture of a tumour
tissue, which is often characterized by necrotic areas. How-
ever, some studies have shown an opposite trend and were
explained that Ve is inversely proportional to angiogenesis
and high cellularity. In parallel, our findings demonstrated
that the Ktrans of NEPTRs exhibited excellent diagnostic
performance, which has not been reported in previous
studies.32 This may indicate increased vessel density,
abnormally structured tumoural blood vessels, and an
impaired blood‒brain barrier as a consequence of neo-
angiogenesis in NEPTRs.33,34 Additionally, although there
was no significant difference in Ve and iAUC in NEPTRs, a
slight tendency towards higher values in TP-associated
NEPTRs was observed. This finding supports a mechanism
of microvascularization in the infiltration zone during
tumour recurrence. Thus, DCE-MRI can provide useful
perfusion information about both enhanced lesions and
NEPTRs and can allow differentiation between TP and TR,
thereby aiding appropriate clinical management.
In our study, the FA values in enhanced lesions diag-

nosed as TP were lower than those in TR but the diagnostic
performance of FA values was slightly inferior to that of
DCE parameters, which is consistent with the results of
previous studies. Nevertheless, several studies have re-
ported null or opposite tendencies in anisotropy measures
of TP and TR.21,35 This discrepancy may be due to disrupted
postoperative architectures of solid components. Interest-
ingly, our results also revealed a notable difference in the
FA of NEPTRs in the two groups that had excellent diag-
nostic efficiency compared with the FA of enhanced le-
sions. This result suggested a distinguishable difference
between tumour infiltration and vasogenic oedema, where
lower FA values in NEPTRs associated with recurrencewere
due to the tumoural destruction of white fibres. Only a few
previous studies have investigated NEPTRs after glioma

Figure 2 ROC curves of Ktrans, Ve, iAUC, FA, and ADC values in the enhanced lesions (a) and NEPTRs (b) as used for differentiating TP from TR.
ADC, apparent diffusion coefficient; FA, fractional anisotropy; iAUC, initial area under the time concentration curve; Ktrans, volume transfer
contrast; NEPTRs, non-enhancing peritumoral regions; ROC, receiver operating characteristic.

Figure 3 ROC curves of the combined parameters (Ktrans +

Ktrans_NEPTR+ FA_NEPTR) used fordifferentiatingTP fromTR.FA, fractional
anisotropy; iAUC, initial area under the time concentration curve;
Ktrans, volume transfer contrast; NEPTRs, non-enhancing peritumoral
regions; ROC, receiver operating characteristic.

Y. Diao et al. / Clinical Radiology 93 (2026) 107114 5



surgery, and our results differ from the results of Razek
et al.35 due to our different definition of the extent of
NEPTRs. Our choice to consider a 3 cm diameter was
motivated by the fact that invasive glioma cells can reach 3
cm beyond the enhanced tumour in MRI sequences,36 and
our distance also covers high-frequency recurrence re-
gions.37 The ADC value derived from DTI was also used to
quantify cellularity. Our study found that there was a dif-
ference in the enhanced lesions but the diagnostic perfor-
mance was limited. Generally, tumour cell proliferation
leads to a reduction in diffusivity, and restricted water
diffusion is reflected by decreased ADC values. Our results
could be explained as follows: increased cellularity in the
lesions of patients with TP inhibits water molecule diffu-
sion, thereby restricting diffusion. Additionally, TR lesions
are characterized by high viscosity and inflammatory
cellular composition, such as polymorphonuclear leuko-
cytes, which limits the diffusion of water. However, dif-
ferences in the ADC of the TP and TR NEPTRs was not
significant and could not distinguish TP from TR, which is
consistent with the previous study.38

Moreover, given that both the Ktrans value and FA value
had good diagnostic efficacy and reflected different tumour
histopathological factors, including vascular proliferation
and cell dissemination, the Ktrans value could complement
the FAvalue in distinguishing TP from TR. By combining the
Ktrans of enhanced lesions and NEPTRs with the FA of
NEPTRs, the sensitivity, specificity, and diagnostic perfor-
mance was substantially improved, with an AUC of 0.983
(95% CI: 0.890-1.000). The higher sensitivity and specificity
values indicate that Ktrans and FA values can serve as
reliable markers for distinguishing TP from TR.
This study has several limitations. First, there were a

limited number of subjects, especially in the TR group.
However, the enrolled subjects were nearly homogeneous,
and the results obtained were significant and encouraging.
Second, there were fewer histopathological results because
of the aforementioned tissue components and changes after
radiation therapy, which made puncture biopsies of TR le-
sions less accurate. In addition, this study included both
pseudoprogression and radionecrosis as TR without pre-
cisely dividing them. Despite having distinct clinical and
pathophysiological mechanisms, they share many histolog-
ical similarities, such as inflammatory infiltrates and ne-
crosis, which translate into similar imaging characteristics.

Conclusions

In summary, our study investigated the use of DCE and
DTI as noninvasive tools for distinguishing between TP and
TR in HGG patients. Evaluation of NEPTRs can provide sig-
nificant information for HGG patients who have received
only conventional chemoradiotherapy. The increased sensi-
tivity and specificity of combined parameters suggests their
potential as reliable indicators. Combining DCE and DTI can
improve the accuracy of diagnosis and aid patientswith new
or advancing enhanced lesions in formulating accurate
treatment plans with their physicians.
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high-grade glioma

TP
true progression

TR
treatment response
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NEPTRs
non-enhancing peritumoral regions

DCE-MRI
dynamic contrast-enhanced magnetic resonance

imaging
DTI
diffusion tensor imaging

ROC
receiver operating characteristic

AUC
area under the ROC curve

Ktrans
volume transfer contrast

Ve
extravascular extracellular volume fraction

iAUC
initial area under the time concentration curve

FA
fractional anisotropy

ADC
apparent diffusion coefficient

ROI
region of interest

CNAWM
contralateral normal-appearing white matter

Gd
gadolinium

RANO
Response Assessment in Neuro-Oncology

SD
standard deviation
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