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Abstract

Purpose To evaluate MRI changes in T2-weighted imaging (T2WI) signal intensity (T2SI) as a potential imaging marker
for assessing response to radiotherapy (RT) in pediatric low-grade glioma (pLGG).

Materials and methods This retrospective study analyzed imaging data of 56 pLGG patients (mean age, 12.4 +3.5 years;
33/56 [58.9%] male) treated with photon-based or proton-based RT within the SIOP-LGG 2004 study and registry. Tumor
signal characteristics on T2WI were qualitatively and quantitatively assessed at baseline and up to 24 months post-RT. Tumor
volumes were calculated, and correlations between AT2SI and volumetric changes were examined. Statistical tests included
inferential tests, correlation analysis, and linear regression.

Results At baseline, 87.5% tumors were rated as hyperintense, while none was rated hypointense. The mean ratio between
T2SI of the tumors compared to the cerebral cortex was 1.70. A significant decrease in T2SI was observed over time with the
strongest decrease at 24 months post-RT (— 18.7%; p =0.002). AT2SI correlated significantly with tumor volume reduction
(r=0.46, p<0.001) and response assessment (p=0.51, p<0.001). There was no significant influence of age, sex, tumor
location, histology, or RT type on AT2SI. Cases of pseudoprogression cases exhibited stable T2SI despite transient increases
in contrast enhancement or tumor volume.

Conclusion A reduction in T2SI was consistently associated with tumor volume reduction, suggesting that a decrease in
T2SI may serve as an additional imaging marker of a positive response to RT in pLGG patients.

Keywords Pediatric low-grade glioma - Magnetic resonance imaging - Radiotherapy - Response assessment - T2-weighted
imaging
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Introduction

Pediatric low-grade glioma (pLGG) are the most common
brain tumors in childhood and adolescence, with pilocytic
astrocytoma being the largest subgroup [1]. While the
majority of tumors may be surgically resected, non-surgi-
cal treatment modalities are offered for symptomatic and/
or progressive, non-resectable pLGG in current therapy
algorithms [2—4]. Radiotherapy (RT) has traditionally been
employed as front-line treatment, while its contemporary
indications are considerably restricted and chemotherapy
and/or targeted treatment are preferred to reduce long-term
neuro-cognitive deficits [5-7]. Following non-surgical
treatment, the evolution of clinical symptoms and radio-
logic tumor response may not always be concordant [8].
Thus, evaluation of post-treatment MR images is crucial
for response assessment.

On MRI, pLGG are characterized by low signal intensi-
ties on T1-weighted images (T1WI) and high signal inten-
sities on T2-weighted images (T2WI) [9, 10]; the appar-
ent diffusion coefficient is higher compared to high-grade
glioma [11]. In contrast to diffuse LGG, pilocytic astro-
cytomas are well-demarcated and predominantly strongly
contrast-enhancing tumors [9, 12]. However, contrast
enhancement may change spontaneously during follow-up
without any prognostic effect [13]. Therefore, the decrease
or increase of contrast-enhancement in pLGG should not
be used as surrogate marker for response to therapy or
progression, as they are in high-grade glioma. The recently
published guideline of the international pediatric neuro-
oncology (RAPNO) working group recommended rather
measuring the tumor on T2WI to assess size changes in
pLGG [14].

Especially following RT, imaging for response assess-
ment in pLGG has to consider interfering phenomena like
pseudoprogression with increasing contrast-enhancement,
tumor volume, and perifocal tumor edema being character-
istic features [15—-18]. Recent studies have evaluated T2WI
alongside post-contrast images [15—17]. Yet, in contrast
to the well-documented challenges in differentiating post-
radiation effects from true progression, the literature pro-
vides limited insight into tumor response patterns, particu-
larly regarding concomitant changes in T2-signal intensity
(T2SI) following therapy. This gap underscores the need
for additional response markers that are accessible, easily
interpretable, and reliable in clinical practice. Given the
relevance of changing tumor volume on T2WTI for response
assessment in pPLGG, we aimed to investigate post-treat-
ment changes of T2SI qualitatively and quantitatively in
a previously identified cohort after front-line RT within
the SIOP-LGG 2004 trial and LGG-registry of the Ger-
man Society of Pediatric Hematology and Oncology. We
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hypothesized that T2SI reduction would correspond to the
extent of tumor volume reduction and could potentially
serve as a complementary radiological biomarker in treat-
ment monitoring.

Materials and methods
Patients

For this retrospective analysis, data and imaging material
were evaluated from LGG patients diagnosed under the
age of 18 years and treated with front-line photon- (XRT)
or proton-based RT (PBT) within the prospective multi-
center SIOP-LGG 2004-study (registration from 4/2004 to
03/2012, ClinicalTrials.gov PRS NCT00276640, EudraCT
2005-005377-29 [19]), and the subsequent LGG-registry
(recruiting from 4/2012 to 12/2018). The histologic diagno-
sis of LGG was recorded based on central review and classi-
fied according to the WHO classification valid at the time of
diagnosis. In defined cases, diagnosis based on imaging cri-
teria was accepted when no histopathological sampling was
performed. Informed consent had been obtained from each
patient or legal guardian when entering the study or regis-
try. Neuroimaging data were obtained from the Neuroradio-
logical Reference Center database. Data from the irradiated
LGG-study and registry patient cohort, including details on
radiation techniques, have been published previously [15].
For this analysis, we included intracranial pLGG, including
optic pathway gliomas, with clinically and radiologically
defined positive responses [14, 27]. Patients treated with
interstitial radiotherapy (125-iodine-seeds), with concomi-
tant chemotherapy, progressive disease after RT and non-
determinable response to therapy after 24 months post-RT
were excluded.

Imaging analysis

One board-certified neuroradiologist (A.Q.) and one fourth
year resident (S.W.) performed the MR-imaging analysis.
Furthermore, a senior neuroradiologist (M.W.) rated debat-
able cases. Tumor localization was assessed as brainstem,
cerebellum, cerebral hemisphere, supratentorial midline
(SML) outside the optic pathways or SML within the optic
pathways (including hypothalamus). MRI data were evalu-
ated pre-RT (baseline; time-point t0); at first follow-up
within the first six months post-RT (t6); 12 months post-
RT (t12), 18 months post-RT (t18) and 24 months post-RT
(t24). Evaluation included tumor volume calculation using
a commonly applied approximation formula (axXbxcx0.5).
Radiological response was assessed by comparing the tumor
volume in the last follow-up MRI to the baseline scan, with
response categories adapted from the RAPNO response
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criteria [14]: complete response (CR), partial response
(PR; 50% or greater tumor reduction), minor response (MR;
25-49% tumor reduction), and stable disease (SD). SD was
considered a positive response due to its clinical benefit,
despite the absence of a significant reduction in tumor vol-
ume, in line with the commonly accepted practice in LGG-
studies. Furthermore, the following imaging features were
evaluated: The presence of calcification or hemorrhage was
assessed on TIWI or SWI/T2*-sequence and categorized as
intratumoral susceptibility. Visual (qualitative) assessment
of T2SI as hyper-, iso- or hypointense in comparison to the
supratentorial cortex on baseline imaging; and as decrease,
increase or without significant change of signal intensity on
follow-up compared to the baseline examination. The T2SI
of the tumor was quantitatively determined for all baseline
and follow-up MRI datasets. The raters placed circular, two-
dimensional regions of interest (ROIs) within the tumor by
referencing anatomical landmarks and the relative position
within the tumor, as well as in the cerebral cortex, using
the axial T2-weighted sequence. If additional T2-weighted
sequences in other planes (coronal or sagittal) were avail-
able, they were used only in cases where the axial T2WI
was unavailable and were consistently applied throughout
follow-up. Tumor ROIs sampled solid, representative T2
signal—preferentially within enhancing tissue when pre-
sent—while avoiding cystic/necrotic areas and susceptibility
foci. Furthermore, to minimize variability in the measure-
ments, the size of the ROIs was kept consistent throughout
all scans whenever feasible. In cases where a decrease in
tumor volume necessitated adjustments, ROI dimensions
were modified minimally and only to the extent required to
ensure placement within the solid tumor tissue and to avoid
inclusion of surrounding non-tumoral areas. The mean value
of the signal intensity from each ROI was extracted. The
parameter T2SI was calculated based on these ROIs by the
following formula:

ROI

tumor

ROI

cortex

(rater 1)
(rater 1)

T2SI = l<

ROI,,,.(rater 2) )
2

ROI (rater 2)

cortex

For follow-up examinations, the change in T2SI relative
to baseline was defined as AT2SI. AT2SI was calculated
at each follow-up time-point by comparison with the base-
line scan. The last available follow-up time-point varied
because not all MRIs within the 24 months post-RT period
were archived in the reference database. For correlation and
regression analyses, both AT2SI and tumor volume change
were extracted from the last available follow-up within
24 months after RT (t6, t12, t18 or t24) for each patient. In
patients with CR, we used the last MRI with visible residual
tumor to evaluate AT2SI.

Pseudoprogression was defined according to the criteria
by Stock et al. (increase of enhancement and/or T2-lesions

after RT with spontaneous stabilization or improvement)
[15]. Undeterminable cases were excluded. Parameters
of scanners and T2WI, like magnetic field strength, time
to echo and time to repetition, were documented for each
examination. A summary of the study design is presented
as a flowchart in Fig. 1.

Statistics

Statistical analyses and visualizations were performed using
R, version 4.4.2 (R Foundation for Statistical Computing,
Vienna, Austria). All results were documented as n (%) or
mean + standard deviation unless otherwise specified. Test-
ing for normal distribution was performed via QQ-plots for
all continuous variables. 95% confidence intervals (95%-
CI) were documented if appropriate. Probability values of
p <0.05 were considered significant. The inter-rater reliabil-
ity of quantitative measurements was estimated via inter-
rater intra-class correlation (ICC; two-way, agreement) and
interpreted according to Koo and Li 2016 [20]. A receiver
operating characteristic (ROC) analysis with the area under
the curve (AUC) was calculated to assess the agreement
between qualitative and quantitative ratings. Wilcoxon-
signed-rank-test, Kruskal-Wallis-test or Mann—Whitney-U-
test were used to compare differences between independent
or dependent samples, respectively. Pearson’s correlation
coefficient r or Spearman’s correlation coefficient p was cal-
culated for the following variable pairs: r(AT2SI, relative
tumor volume change), r(baseline T2SI, AT2SI); r(baseline
T2SI, relative tumor volume change), and p(AT2SI, radi-
ological response assessment). Correlations with field
strength, echo time, and repetition time were performed
to assess potential dependencies of T2SI on acquisition
parameters in this multicenter dataset: p(T2SI, magnetic
field strength), r(T2SI, echo time), r(T2SI, repetition time).
A simple linear regression model was used to investigate the
predictive value of AT2SI on tumor volume reduction, with
tumor volume change as the dependent variable and AT2SI
as the independent variable. The German LGG studies did
not include predefined radiological questions. Therefore, all
analyses were exploratory, and p-values were considered
descriptive measures to detect and study meaningful effects.

Results

Study cohort

Imaging data meeting the inclusion criteria of our previ-
ous analysis had been available for 136/248 patients with
front-line RT from the SIOP-LGG 2004-study and LGG-

registry [11]. 80 of these 136 patients were excluded for
treatment with 125 iodine seeds (n=51), concomitant
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Fig. 1 Flowchart of the study
design

Patients from SIOP-LGG 2004 study and LGG registry:
* pLGG diagnosis < 18 years
* treated with front-line radiotherapy
(n =248 total)

Imaging data available for further analysis
(n =136 out of 248)

Exclusion criteria met (80 excluded in total):
* Treatment with 125-iodine seeds (n=51)

¢ Concomitant chemotherapy (n=11)
* Progression after radiotherapy (n=1)
¢ Undeterminable response after 24 months (n=17)

Final cohort included in analysis
(n =56 patients)

Defining baseline imaging (pre-radiotherapy) and
follow-ups (up to 24 months post-radiotherapy)

® t6: 55/56 patients (98.2%)
* t12: 40/56 patients (71.4%)

* t18: 27/56 patients (48.2%)
® t24: 21/56 patients (37.5%)
= last available MRI assessment varies per patient

Analysis of T2 signal intensity changes (qualitative,
quantitative) by two independent, blinded readers

Statistical Analysis

chemotherapy (n=11), progression (n=1) or undeter-
mined response assessment (n=17). Thus, MRI datasets
of 56 pLGG patients treated with conventional dose RT
(XRT: n=39 [69.6%], PBT: n=17 [30.4%]) were ana-
lyzed. Epidemiologic data of the study cohort and tumor
characteristics are detailed in Table 1. Of the 56 patients,
55 (98.2%) had a follow-up MRI at t6; 40 (71.4%) at t12;

@ Springer

27 (48.2%) at t18 and 21 (37.5%) at t24. Thirteen of the
56 (23.2%) patients had four, 17 patients (30.4%) three, 14
patients (25.0%) two and 12 patients (21.4%) had only one
follow-up MRI. As not all MRIs within the first 24 months
post-RT were available in the Neuroradiological Reference
Center database, the latest assessment time-point varied
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Table 1 Overview of the study

o Parameter
cohort and tumor characteristics

Mean =+ SD or n (%)

Age at diagnosis [years]

10.7 +3.6 (range: 3-17)

Age at start of first line radiation therapy [years] 12.4+3.5 (range: 4-21)
Sex
Female 23 (41.1)
Male 33 (58.9)
Tumor localization
Brainstem 17 (30.4)
Cerebellum 5(8.9)
Cerebral hemispheres 5(8.9)
Supratentorial midline, outside the optic pathways 4(7.1)
Supratentorial midline, optic pathways 24 (42.9)
Dodge I 8 (14.3)
Dodge 11 2(3.6)
Dodge 11 14 (25.0)
Other * 1(1.8)
Tumor histology
Pilocytic astrocytoma WHO grade 1 34 (60.7)
Pilomyxoid astrocytoma WHO grade I 2 (3.6)
Astrocytoma not otherwise specified 3(5.4)
Pleomorphic xanthoastrocytoma WHO grade 11 2(3.6)
Ganglioglioma 4(7.1)
Rosette-forming glioneuronal tumor WHO grade I 1(1.8)
Radiological diagnosis 10 (17.9)
No histological examination performed 9(16.1)
No detection of tumor cells in histological analysis 1(1.8)
Tumor volume at baseline imaging [cm?] 7.0+11.2 (range: 0.1-67.8)
Type of radiotherapy
Photon-based radiotherapy (median dose 54.0 Gy; range 46.8-59.4 Gy) 39 (69.6)
Proton-based radiotherapy (median dose 54.0 Gy; range 50.4-54.0 Gy) 17 (30.4)
True pseudoprogression (Stock et al. [15])
Yes 25 (44.6)
No 31 (55.4)
Response assessment adapted to RAPNO-criteria (Fangusaro et al. [14])
Stable disease 16 (28.6)
Minor response 13 (23.2)
Partial response 26 (46.4)
Complete response 1(1.8)
Response with respect to tumor volume assessment
Reduction of tumor volume (minor or partial or complete response) 40 (71.4)
Stabilization of tumor volume (stable disease) 16 (28.6)

“The primary tumor was described as located in the fourth ventricle, but the MRI at the time of diagnosis
was not available in our database to confirm or specify the exact localization. The residual tumor that was
irradiated was located along the dorsal brainstem

between patients (t6 for n=11 [19.6%], t12 for n=11
[19.6%], t18 for n=13 [23.2%], t24 for n=21 [37.5%]).

Analysis of T2Sl in baseline imaging

Qualitative analysis of the baseline MRI datasets classi-
fied 7/56 (12.5%) as isointense and 49/56 pLGG (87.5%)

as hyperintense in comparison to the cerebral cortex; no
pLGG appeared hypointense. At baseline, mean T2SI was
1.70 £0.44 (95%-CI: 1.59, 1.82) for all 56 patients. The
inter-rater ICC for quantitative T2SI measurements was 0.73.
An agreement analysis between the qualitative and quanti-
tative assessments, conducted via ROC analysis (Fig. 2a),
indicates that predicting visually classified hyperintensity
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Fig.2 Receiver operating characteristic (ROC) curves illustrating the
agreement between qualitative and quantitative assessments of T2
signal intensity (SI). a ROC curve for baseline imaging: Predicting
visually classified hyperintensity from quantitative SI measurements
achieved an area under the curve (AUC) of 0.91 (95% CI: 0.83-0.99),

based on quantitative T2SI measurements yields an AUC
of 0.91 (95%-CI: 0.83, 0.99). There was no significant cor-
relation between T2SI and the scanning parameters magnetic
field strength (p= —0.01, p=0.92), echo time (r= —0.01,
p=0.92) or repetition time (r= —0.04, p=0.77). Tumors
with higher T2SI at baseline exhibited a stronger decrease
in T2SI following RT: r(T2SI, AT2ST)= —0.32, p=0.015.
However, baseline T2SI did not significantly correlate with
post-RT tumor volume reduction (r= —0.19, p=0.15).

Analysis of T2SI in follow-up imaging

Qualitative assessment revealed a decrease of T2SI in 30/56
patients (53.6% and most cases achieved PR as shown in
Table 2), no relevant changes in 25/56 patients (44.6%) and
an increase in 1/56 patient (1.8%) on the latest available
follow-up MRI. The tumor with increased T2SI was rated
as having pseudoprogression at that time-point.

AT2SI of each tumor showed a significant decrease of
mean +SD —0.181+0.229 (p <0.001) compared to the
corresponding baseline MRI. Tumor volume reduction did
not differ significantly between isointense and hyperintense
tumors in baseline imaging (p =0.15). A minimal reduc-
tion in the quantitative assessment was even observed in the
single tumor that was qualitatively rated as having increased
T2SI (AT2SI: —0.007). The inter-rater ICC for AT2SI meas-
urements was (.76 for all follow-up measurements and 0.80
for the last available follow-up dataset. An agreement analy-
sis between the qualitative and quantitative follow-up assess-
ments (Fig. 2b) indicated that predicting a visually classified
decrease in T2SI from quantitative measurements achieved
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indicating good to excellent agreement. b ROC curve for follow-up
imaging: Predicting visually classified T2SI reduction from quantita-
tive ASI measurements yielded an AUC of 0.77 (95% CI: 0.65-0.89),
indicating moderate to good agreement

an AUC of 0.77 (95%-CI: 0.65, 0.89). T2SI did not change
significantly at t6 (AT2SI,4: mean +SD —0.033 +0.222;
95%-CI1—10.093, 0.027; p=0.17). T2SI significantly
decreased at t12 (AT2SI,;,: mean+SD —0.104 +0.271;
95%-CI—0.190 - 0.017; p=0.009), t18 (AT2SI,q:
mean + SD —0.184 +0.243; 95%-CI—0.280, — 0.088;
p<0.001) and t24 (AT2SI,,: mean+SD —0.187 +0.246;
95%-CI—-0.299,—-0.075; p=0.002) compared to baseline,
respectively.

AT2SI correlated with the extent of tumor volume
decrease post-RT (r=0.46, p <0.001) and response assess-
ment (p=0.51; p <0.001; Fig. 3). The decrease in T2SI was
significantly pronounced for tumors that exhibited substan-
tial volume reduction (MR, PR and CR; n=40) compared
to those with tumor stabilization (SD; n=16; p<0.001)
post-RT. Cases with a representative course of T2SI are pre-
sented in Figs. 4 and 5. Reduction of T2SI predicted positive
response to therapy in a simple linear regression analysis
(dependent variable: tumor volume change; independent
variable: AT2SI; f=0.61, p <0.001; adjusted R%*=0.20;
Table 3 and Fig. 6).

The parameters sex (p=0.37), tumor localization
(»=0.96), histology (p=0.52), intratumoral susceptibility
(»=0.39), type of RT (p=0.42), and pseudoprogression
(p=0.91) had no influence on AT2SI (Table 2).

Notably, the presence or absence of intratumoral suscep-
tibility at baseline had no effect on the response to therapy
(»=0.71).

At the time pseudoprogression occured (n=25),
there was no significant change in T2SI (t6: n=22
[88.0%]; t12: n=3 [12.0%]) compared to baseline MRI
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Table 2 Qualitative ratings
of T2SI and AT2SI across
subgroups

(AT2SI: -0.016 +£0.261, p=0.76). At pseudoprogression,
12/25 tumors showed enlarged T2-lesions (tumor volume

Sub-cohort Qualitative rating of T2SI: n (%) AT2SI P

! And i (mean =+ SD)
Sex
Female (n=23) 11(47.8) 1147.8) 1(4.3) -0.141+£0.217 0.37™
Male (n=33) 19(57.6) 14(424) O —0.209+0.237
“Tumor localization
Brainstem (n=17) 10 (58.8) 6(35.3) 1(5.9) —0.213+0.179 0.96%
Cerebellum (n=5) 4 (80.0) 1(20.0) 0 —0.165+0.159
Cerebral hemispheres (n=15) 1(20.0) 4 (80.0) 0 —0.147+0.149
SML, outside the optic pathways (n=4) 2 (50.0) 2 (50.0) 0 —-0.211+0.254
SML, optic pathways (n=24) 12 (50.0) 12(50.00 O —0.156+0.289
Other* (n=1) 1(100.0) O 0 —-0.353
Tumor histology
PA WHO grade I (n=34) 21(61.8) 13.38.2) O —0.185+£0.227 0.52k
PMA WHO grade I (n=2) 1 (50.0) 1 (50.0) 0 —0.064 +0.059
Astrocytoma nos (n=3) 1(33.3) 2 (67.7) 0 —0.286+0.269
PXA WHO grade II (n=2) 0 2 (100.0) O —0.224+0.146
Ganglioglioma WHO grade I (n=4) 2 (50.0) 1(25.0) 0 —0.089+0.206
RGNT WHO grade I (n=1) 0 1(100.0) 1(25.00 -0.392
No histology (n=10) 5 (50.0) 5 (50.0) 0 —0.166+0.289
Intratumoral susceptibility at baseline
Yes (n=15) 8 (53.3) 7 (46.7) 0 —-0.200+£0.225 0.39™
No (n=41) 22(53.7) 18(43.9) 124 —-0.174+0.233
Type of radiotherapy
Photon-based (n=39) 22 (56.4) 17(43.6) O —0.191+£0.254 042™
Proton-based (n=17) 8 (47.1) 8 (47.1) 1(5.9) —0.157+0.161
True pseudoprogression
Yes (n=25) 15 (60.0) 9 (36.0) 1 (4.0) 0.191+0.242 091™
No (n=31) 150484) 16(51.6) O -0.172+0.222
Response assessment
SD (n=16) 1(6.3) 14 (87.5) 1(6.3) —0.021+0.187  0.002%
MR (n=13) 8 (61.5) 5(38.5) 0 -0.153+0.210
PR (n=26) 20(76.9) 6(23.1) 0 —0.283+0.207
CR (n=1) 1(100.0) O 0 —0.444
Response with respect to tumor volume assessment
Stabilization (SD; n=16) 1(6.3) 14 (87.5) 1(6.3) -0.021+£0.187 <0.001™
Reduction (MR/PR/CR; n=40) 29 (72.5) 11(27.5) -0.245+0.214
Results are based on the last available MRI for each of the 56 cases, relative to baseline. Values are

reported as n (%) or mean + SD, as appropriate

K. p-value is calculated via Kruskal-Wallis-test; ™ p-value is calculated via Mann—-Whitney-U-test; p-val-
ues refer to quantitative AT2SI; visual ratings are descriptive only; |: decrease; <> : no significant change;
1: increase. * unknown exact localization as described in Table 1

T2S1 Signal intensity of the tumor in the last available T2 weighted imaging compared to baseline; AT2S/
Difference of the signal intensity of the tumor in the last available dataset compared to baseline; SML
supratentorial midline; PA Pilocytic astrocytoma; PMA Pilomyxoid astrocytoma; nos Not otherwise speci-
fied; PXA Pleomorphic xanthoastrocytoma; RGNT Rosette-forming glioneuronal tumor; SD Stable disease;

MR Minor response; PR Partial response; CR Complete response

and/or edema), while 13/25 patients showed enlarged con-
trast enhancing lesions or increased contrast uptake within
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0.00 —+
I n=16
= -0.25 n=13
2 T
n=26
_()_50 n=1
CR PR MR SD

response assessment according to RAPNO

Fig.3 The parameter AT2SI shows significant correlation with
response assessment subgroups (p=0.51; p<0.001). The grey
bars represent the mean, the smaller black bars represent the stand-
ard error of the mean for each value. ASI Difference of tumor signal
intensities in T2-weighted imaging in the last available MRI com-
pared to baseline MRI pre-radiotherapy; SD Stable disease; MR
Minor response; PR Partial response; CR Complete response

the tumor. Both, an increase in T2-lesion and contrast
enhancement was present in 1/25.

Discussion

This is the first study to evaluate the correlation between
T2SI tumor changes and positive responses, including cases
of SD, to radiotherapy in pLGG. Based on our retrospec-
tive imaging analysis following front-line PBT and XRT,
we demonstrate that the decrease in T2SI corresponds to the
extent of post-treatment tumor size reduction.

Current guidelines recommend assessing pLGG size
on T2WI [14]. While such measurements consider tumor
dimensions, concomitant changes in tumor appearance on
T2WI have not been systematically studied. Moreover,
current neuroradiologic literature concentrates mainly on
cohorts and advanced imaging techniques that aim almost
exclusively to differentiate progression from pseudoprogres-
sion [21-23]. Studies addressing response to therapy by con-
ventional MR-sequences in brain tumors are sparse. Still,
the assessment of tumor characteristics based on conven-
tional T2WI remains relevant in clinical routine. The visual
(qualitative) assessment of T2WI is inherently subjective.
Therefore, we implemented an easily available quantitative
measurement in this work to reduce the impact of the rater
assessment. Two independent readers performed quantitative
assessment by placing representative ROIs.

At diagnosis, the imaging appearance of pLGG is well
characterized; pLGG typically appear markedly hyperin-
tense relative to cortex on T2WI [9, 10]. Our qualitative

@ Springer

rating showed hyperintensity in nearly 90% of all pPLGG
types. Quantitatively, the tumor-to-cortex T2SI ratio at base-
line was> 1 (mean 1.70 +0.44), consistent with hyperinten-
sity. The agreement between the qualitative and quantitative
assessment was excellent (AUC 0.91). The inter-rater reli-
ability for the quantitative measurements of T2SI and AT2SI
ranged between good and moderate (ICC 0.73-0.80) [20].

Following RT, the qualitative assessment of the tumors
revealed a decrease of T2SI on the last available MRI within
the 24 months observation period in slightly over half of the
cohort (n=30; 53.6%). Almost all cases achieved MR, PR
and CR (29/30 cases). On quantitative analysis, a stronger
decrease in T2SI was associated with a greater likelihood of
significant tumor volume reduction. A recent study in diffuse
intrinsic pontine glioma showed that combining T2SI meas-
urements with tumor volume accurately predicts post-RT
response [24]. In that cohort, tumors with a response lower
than PR (i.e., MR or SD) also exhibited significantly lower
T2SI. Therefore, the T2SI reduction after RT is not only a
phenomenon in pLGG.

A single patient of our cohort achieved CR with the high-
est decrease in T2SI at the last time-point with visible tumor
tissue. In our study, AT2SI significantly correlated with the
extent of tumor volume reduction. In contrast to the litera-
ture in brain tumors, a larger number of studies deal with
conventional sequences in the field of body radiology. An
MRI tumor regression grading system was introduced to
assess therapy response after chemotherapy for anal canal
carcinomas, correlating changes in T2-signal during therapy,
in addition to size, with a positive treatment response [25].
This system was also applied to evaluate how much tumor
mass transformed into regressive, and thus, T2-hypointense,
portions [26]. In that cohort, cases with complete response
showed approximately 50% signal decrease. Our cases with
PR showed a decrease of —28.3%. The observed signal
decrease may potentially represent residual, but inactive
tumor tissue. However, no histological evidence is available
to confirm this, and it will likely remain difficult to substanti-
ate in the future, as surgical intervention is not indicated in
these cases.

Only minimal signal reduction was found in patients with
SD, non-significant compared to their baseline T2SI. While
not consistently scored as positive response to therapy in the
literature, stable disease was considered as success of treat-
ment in the HIT-LGG-1996-study [27], and this definition
has been widely adopted for pLGG in the meantime [28, 29].

Interestingly, we observed the most pronounced decrease
in T2ST at 18 and 24 months after RT, whereas no significant
signal reduction was detected at 6 months post-RT. This
suggests that RT exerts a long-term effect on tumor tissue.

In a single case, both raters qualitatively assessed an
increase in T2SI during follow-up, whereas the corre-
sponding quantitative measurement showed no significant
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Fig.4 Case of partial response.
A 7-year-old girl was diagnosed
with a pilocytic astrocytoma. a
Following incomplete resection,
local progression was observed
four years later. The residual
tumor appeared hyperintense on
T2-weighted images compared
to the parenchyma of the unaf-
fected right cerebellar hemi-
sphere. Conventional photon
radiotherapy was then initiated.
b Two years after radiotherapy,
both the tumor size and the T2
signal intensity had significantly
decreased. ¢ Contrast-enhancing
tumor portions on baseline MRI
were still present two years
post-therapy (d)

change. The qualitative rating may have been confounded
by pseudoprogression, which induced structural intratumoral
changes at that time-point. This discrepancy suggests that
quantitative, ROI-based assessment is more robust, although
it remains sensitive to regional tumor heterogeneity. In con-
clusion, congruent qualitative and quantitative T2ST assess-
ments at baseline supports the validity of the approach.
Within our cohort, some patients developed transient
post-therapeutic imaging changes that were classified as true
pseudoprogression in our previous report [15]. At the time
pseudoprogression was suspected, T2SI did not differ from
baseline (no increase or decrease was observed), whereas
contrast enhancement increased in 13/25 tumors. Thus, our
data complement the established findings that increasing
contrast enhancement in LGG post-RT is not an indicator
for progression [13, 30]. Within the true pseudoprogression
group, tumors achieving an unequivocal volume reduction in
their latest MRI also showed a significant decrease in T2SL.

Although one might expect tumors with susceptibility
foci or lower T2SI at baseline to regress less, our data do
not support this hypothesis. Tumor volume reduction did
not correlate with baseline T2SI. Even the uncommon subset
of pLGGs that were T2-isointense to cortex—expected to
represent more inactive tissue—showed volume decreases
comparable to their hyperintense counterparts. Likewise, the
presence of intratumoral susceptibility, often a marker of
calcification and presumed inactivity in LGG [31], had nei-
ther effect on subsequent AT2SI nor on response to therapy.

Our conclusions are limited by the retrospective study
design as well as by the lack of complete imaging series
within the 24 months follow-up period. Further, the mul-
ticenter approach of our study was accompanied by dif-
ferences of scanners in use, magnetic field strengths, and
sequence parameters which could have introduced a quanti-
tative bias, because different imaging techniques may result
in different tissue contrasts. The lack of standardization in
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Fig.5 Two cases with stable
disease post-radiotherapy. A
13-year-old female patient was
diagnosed with biopsy-con-
firmed pilocytic astrocytoma.

a Midline location indicated
photon-based radiotherapy. b
Twenty-four months after radio-
therapy, no significant reduction
in tumor volume was observed,
though a slight reduction in

T2 signal intensity (T2SI)

was noted. ¢ The second case
presents a 9-year-old female
patient with a low-grade glioma
in the mesencephalon. Due

to tumor progression, photon
radiotherapy was initiated three
years after diagnosis. d Eight-
een months post-radiotherapy,
both tumor volume and T2SI
remained stable

Table 3 Results of a simple linear regression model with the change
of tumor volume as dependent variable and AT2SI as predictor

Coefficients Estimate Standard error t-value p-value
(intercept) —-0.361 0.047 —7.76 <0.001
AT2SI 0.612 0.160 3.82 <0.001

Residual standard error: 0.272 on 54 degrees of freedom, multi-
ple R 0.213, adjusted R 0.198, F-statistic: 14.58 on 1 and 54 DF,
p-value: <0.001;

AT2SI Difference of the signal intensity of the tumor in the last avail-
able dataset compared to baseline

imaging parameters likely impeded the application of a uni-
form ROI-based analysis or automated quantification. Addi-
tionally, although a decrease in T2SI suggests regressive
tumor tissue, histological confirmation is lacking.

Since qualitative changes of T2SI are easily assessable,
implementation of their use in clinical routine may be facili-
tated. In view of the simplicity of the approach, this work
may impact upon patient care by supporting imaging evalu-
ation especially in centers with limited scanning capacities.
Furthermore, automatic tissue segmentation, rather than
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Fig.6 Relationship between T2-signal intensity reduction and tumor
volume change. Effect plot showing the linear regression model
between changes in T2-signal intensity (ASI) and tumor volume
reduction. A significant positive association was observed (§=0.61,
p<0.001), indicating that a decrease of 1.0 unit in SI corresponded
to an average reduction of 0.61 units in tumor volume. The model
explained approximately 20% of the variance in tumor volume change
(adjusted R?=0.20), supporting SI reduction as an indicator of posi-
tive therapy response
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manual ROI placement, should objectify results in the future
and minimize rater bias.

Conclusions

This study demonstrates that a reduction in T2SI on con-
ventional T2-weighted MRI correlates with a significant
decrease in tumor volume following RT in pLGG. In cases
of post-radiotherapy pseudoprogression, relative T2SI
remains stable despite increased contrast enhancement or
apparent tumor enlargement.

By quantitatively assessing T2SI through standardized
ROI placement in a multireader setting, we provide pre-
liminary evidence that T2SI may serve as a complementary
imaging biomarker alongside conventional volumetric analy-
sis, potentially enhancing diagnostic confidence especially
in case of pseudoprogression. Further studies are warranted
to evaluate the prognostic utility of T2SI in distinguishing
true tumor progression from pseudoprogression in pLGG.
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See Fig. 6
See Table 3
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