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Abstract 
 
Background/Aim. Recognizing early irradiation-induced 
changes in the white matter is of great importance. The 
aim of this study was to investigate the potential use of 
diffusion tensor imaging (DTI) and diffusion kurtosis 
imaging (DKI) parameters as biomarkers of early brain 
tissue microstructural changes during chemoradiotherapy 
(CRT) treatment of newly diagnosed glioblastoma. 
Methods. A total of 42 glioblastoma patients who 
underwent CRT after surgical resection/biopsy were 
scanned three times using magnetic resonance imaging 
(MRI): before treatment, after 16 fractions, and after 33 
fractions. Regions of interest (ROI) with total irradiation 
doses of 59.4 Gy (ROI 1), 39.6 Gy (ROI 2), and 19.8 Gy 
(ROI 3) were identified using co-registered axial dose 
distribution plans/dose-volume histograms and MRI 
scans. For each ROI, the following DTI parameters were 
calculated, measured, and analyzed: fractional anisotropy 
(FA), radial diffusivity (RD), axial diffusivity (AD), and 
mean diffusivity (MD). The corresponding DKI 
parameters included: radial kurtosis (RK), axial kurtosis 
(AK), and mean kurtosis (MK). Results. A significant 
decrease in FA value was observed in ROI 1 (total 

delivered dose 59.4 Gy) after both 16 and 33 delivered 
fractions, while the other DTI parameters and MK 
showed a significant increase. In ROI 1, a decreasing trend 
in RK and AK was identified, which was statistically 
confirmed after both 16 and 33 delivered fractions. In 
ROI 2 (total delivered dose of 39.6 Gy), FA values were 
significantly reduced after both 16 and 33 fractions, 
whereas RD, AD, MD, and MK were increased after 16 
fractions, followed by a decrease after 33 fractions. The 
RK value in ROI 2 showed a significant decrease after 
both 16 and 33 fractions, and no changes were observed 
in AK values. In ROI 3 (total delivered dose of 19.8 Gy), 
no significant changes in any of the measured DTI or DKI 
parameters were noticed. Conclusion. DTI and DKI 
metric parameters may serve as biomarkers of early 
changes during and after CRT, providing information that 
may offer a better understanding of the complex dynamics 
of early white matter microstructural changes in response 
to glioblastoma CRT. 
 
Keywords:  
biomarkers; brain injuries; chemoradiotherapy; 
diffusion magnetic resonance imaging; diffusion 
tensor imaging; glioblastoma. 

Apstrakt 
 
Uvod/Cilj. Prepoznavanje ranih promena izazvanih 
zračenjem u beloj masi je od velike  važnosti. Cilj rada bio je 
da se ispita mogućnost primene parametara difuzionog 
tenzorskog snimanja (diffusion tensor imaging - DTI) i difuzionog 
snimanja kurtoze (diffusion kurtosis imaging - DKI) kao 

biomarkera ranih promena mikrostrukture moždanog tkiva, 
tokom lečenja novodijagnostikovanog glioblastoma 
hemioradioterapijom (HRT). Metode. Ukupno 42 bolesnika 
obolela od glioblastoma, koji su posle hirurške 
resekcije/biopsije podvrgnuti HRT, snimljena su tri puta 
magnetnom rezonancom (MR): pre terapije, posle 16 frakcija 
i posle 33 frakcije. Regioni od interesa (ROI), sa ukupnim 
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dozama zračenja od 59,4 Gy (ROI 1), 39,6 Gy (ROI 2) i 19,8 
Gy (ROI 3), identifikovani su korišćenjem koregistrovanih 
aksijalnih planova raspodele doze/histograma zapremine 
doze i snimaka MR. Za svaki ROI izračunati su, izmereni i 
analizirani sledeći DTI parametri: frakciona anizotropija (FA), 
radijalna difuzivnost (RD), aksijalna difuzivnost (AD) i 
srednja difuzivnost (SD). Odgovarajući DKI parametri 
uključivali su: radijalnu kurtozu (RK), aksijalnu kurtozu (AK) 
i srednju kurtozu (SK). Rezultati. Značajno smanjenje 
vrednosti FA utvrđeno je u ROI 1 (ukupna isporučena doza 
59,4 Gy) posle isporučenih 16 i 33 frakcija, dok su ostali 
parametri DTI i SK pokazali značajno povećanje. U ROI 1 
utvrđen je opadajući trend RK i AK, koji je potvrđen 
statistički i posle 16 i posle 33 isporučene frakcije. U ROI 2 
(ukupna isporučena doza 39,6 Gy), vrednost FA bila je 
značajno smanjena i posle 16 i posle 33 frakcije, dok su RD, 

AD, SD i SK bili povećani posle 16 frakcija, a potom 
smanjeni posle 33 frakcije. Vrednost RK u ROI 2 pokazala je 
značajno smanjenje nakon 16 i 33 frakcije, a u vrednostima 
AK nisu ustanovljene promene. U ROI 3 (ukupna isporučena 
doza 19,8 Gy) nisu primećene značajne promene ni u jednom  
od izmerenih DTI ili DKI parametara. Zaključak. Metrički 
parametri DTI i DKI mogu poslužiti kao biomarkeri ranih 
promena tokom i posle HRT, obezbeđujući informacije koje 
pružaju bolje razumevanje složene dinamike ranih promena 
mikrostrukture bele mase, kao odgovor na HRT 
glioblastoma. 
 
Ključne reči: 
biomarkeri; mozak, povrede; radiohemioterapija; 
magnetna rezonanca, difuziona; snimanje, difuziono, 
tenzorsko; glioblastom. 

 

Introduction 

Treatment of newly diagnosed glioblastoma (GB), as 
one of the biologically most aggressive brain tumors in adult 
patients without chemoradiotherapy (CRT), is nowadays 
impossible to imagine 1–4. It is believed that transient 
demyelination, axon impairment, and neuroinflammation are 
important markers of white matter injury during CRT in GB 
patients 5, 6. Since these processes are vital for normal 
neurological functioning, treatment-induced alterations 
eventually lead to perivascular, diffuse demyelination and 
axon degeneration in later stages 6-8. 

Recognizing early irradiation-induced changes in 
normal-appearing white matter is therefore of great 
importance. Although several other imaging modalities have 
recently been proposed, structural imaging based on diffusion-
weighted magnetic resonance imaging (MRI) remains an 
important tool for assessing brain microstructural alterations 
during and after CRT treatment 9, 10. Imaging of the brain’s 
functional architecture became possible with the introduction 
of diffusion tensor imaging (DTI), a technique derived from  
diffusion-weighted imaging (DWI) that basically provides 
information on the Brownian motion of water molecules within 
brain tissue. The DTI technique provides insight into white 
matter tracts and brain tissue microstructural changes 11, 12 that 
could be detected even before the appearance of 
morphological changes, usually evaluated by conventional 
MRI techniques. Measurable DTI parameters such as 
fractional anisotropy (FA), radial diffusivity (RD), axial 
diffusivity (AD), and mean diffusivity (MD) are widely 
accepted for white matter microstructure assessment 13. 

Differences in FA values, which provide information on 
white matter density and integrity, are observed not only 
between normal-appearing white matter and tumorous tissue 
but also between normal-appearing white matter and 
impaired white matter tissue during and after radiotherapy 
(RTh) treatment 14, 15. RD represents diffusion magnitude 
perpendicular to the white matter fibers, and is associated 
with myelination changes, while AD represents diffusion 
magnitude parallel to the white matter fibers, and, as 

suggested by histologically correlated data, could be linked 
to the axonal injury 13, 16, 17. MD is usually considered an 
inverse measure of membrane density, and is related to 
cellularity, edema, and necrosis 13, 17–19. 

Besides DTI metrics, quantified with a diffusion tensor 
using a Gaussian distribution function, a whole new set of 
parameters that takes into account the non-Gaussian behavior 
of water molecular diffusion by mathematical calculation of 
the kurtosis of the diffusion displacement probability 
distribution, diffusion kurtosis imaging (DKI) has been 
translated from experimental to clinical settings 20, 21. The 
degree of non-Gaussian water diffusion in kurtosis imaging 
is quantified using radial kurtosis (RK), axial kurtosis (AK), 
and mean kurtosis (MK). Some authors suggested that 
kurtosis metrics may complement standard diffusion metrics, 
and that DKI may be more sensitive to some aspects of brain 
tissue microstructure alterations 20, 22–24. 

Several studies have shown that DKI values contribute to 
better discrimination between high-grade and low-grade 
gliomas than the conventional diffusion parameters 25–27. DKI 
also appears to be a promising method for the early detection 
of healthy brain tissue damage during and/or after RTh 
treatment, potentially providing more information about 
mechanisms of white matter injury subsequent to brain 
irradiation 19. Since both concomitant and adjuvant CRT with 
temozolomide have become an unavoidable part of the 
treatment of GB patients 1, 28, 29, and improve survival after 
resection or biopsy, the impact of irradiation on the healthy 
brain tissue, including the surrounding normal-appearing white 
matter, is inevitable 18, 30. In recent years, numerous studies 
have been investigating chronic brain tissue and white matter 
injuries after the RTh treatment 30–34, among them several have 
used the advanced DWI MRI techniques in an attempt to 
identify early CRT-induced brain tissue injury 35–38. 

The exact underlying pathophysiological mechanisms 
that result in the white matter irradiation changes are still not 
fully understood 35, 38–40. Moreover, the impact of RTh doses 
and daily fractions on the changes that may be detectable by 
DTI or DKI parameters is still not discerned nor precisely 
determined 41, 42. 
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The aim of this prospective observational study was to 
examine the changes of DTI and DKI parameters within the 
white matter at three time points—before, during, and after 
the application of different daily and total radiation doses, as 
well as to evaluate whether the DTI and DKI parameters can 
be used as biomarkers of early white matter radiation 
damage during and immediately after CRT treatment in 
patients with GB. 

Methods 

Patients and treatment 

The study included 42 patients with newly diagnosed 
GB who underwent concurrent CRT after neurosurgical 
resection/biopsy (25 males, 17 females; age range 31–72 
years; mean age 57.28 ± 9.87). All patients were treated with 
fractionated focal irradiation, delivered in 33 fractions at 1.8 
Gy per fraction, resulting in a total dose of 59.4 Gy to the 
gross tumor volume (GTV) with a 2–3 cm margin around the 
clinical target volume (CTV). Conformal RTh was delivered 
with linear accelerators with a nominal energy of 6 
megavolts, and quality assurance was performed by means of 
individual case reviews. Concomitant chemotherapy, 
consisting of temozolomide at a dose of 75 mg/m2/day, was 
applied from the beginning until the last day of RTh 
treatment (optimally for 42 days, but in real-life clinical 
settings, never longer than 49 days) 1, 43. 

This study was approved by the Ethics Committee of 
the Oncology Institute of Vojvodina, Serbia (No. 4/18/1-
972/2-8, from April 12, 2018). Written informed consent was 
obtained from all participants. 

Delineation of target volumes 

For delineation of the target volume, co-registration of 
axial dose distribution plans and dose volume histograms to 

the contrast enhanced T1-weighted (T1-w) and/or fluid-
attenuated inversion recovery (FLAIR) MRI sequences were 
used in addition to the dedicated computerized tomography 
scans, that were used in the process of three-dimensional 
RTh planning (XiO 4.62 and Monaco 5.11, Elekta, 
Stockholm, Sweden). 

The current European Society for Radiotherapy and 
Oncology (ESTRO)–Advisory Committee on Radiation 
Oncology Practice/European Organization for Research and 
Treatment of Cancer standards were used to delineate GTV, 
with CTV and planning target volume 44, 45. Recently 
published ESTRO–European Society of Neuro-Oncology 
guidelines suggested a reduction of GTV to CTV margins of 
0.5–1.5 cm, recommending the exclusion of subventricular 
zones, and margins reduced at anatomical barriers 46, while 
delineation of critical organs at risk remained unchanged 47. 

Three regions of interest (ROI) with total irradiation 
doses of 59.4 Gy (ROI 1), 39.6 Gy (ROI 2), and 19.8 Gy 
(ROI 3) were identified using axial dose distribution plans 
co-registered with contrast-enhanced three-dimensional T1-
w and/or FLAIR images (Figure 1A–C). Calculated daily 
doses were approximately 1.8 Gy for the areas with a total 
delivered dose of 59.4 Gy, 1.2 Gy for the areas with a 
delivered dose of 39.6 Gy, and 0.6 Gy for areas with a 
delivered dose of 19.8 Gy. 

Magnetic resonance imaging data acquisition 

Patients were scanned using a 3T MR scanner 
(Magnetom TIM Trio, Siemens, Erlangen, Germany) using a 
48-channel head-phased array coil, at three different time 
points: immediately before the beginning of CRT treatment, 
after delivering 16 fractions (approximately half of the 
treatment), and after 33 fractions (immediately at the end of 
CRT treatment). 

Imaging protocol included sagittal high-resolution 
magnetization-prepared rapid acquisition with gradient-echo 

 
Fig. 1 – Axial dose distribution plan with dose volume histogram of a conformal radiation therapy plan for glioblastoma 

patient (A), superimposed to fluid-attenuated inversion recovery images, where postoperative glioblastoma is  
presented (white arrow) (B), and the irradiation dose distribution plan (C), with different isodose lines dividing the 

areas presented in different colors [red area 1.8 Gy daily/total delivered dose 59.4 Gy (red arrow); green area 1.2 Gy 
daily/total delivered dose 39.6 Gy (green arrow); blue area 0.6 Gy daily/total delivered dose 19.8 Gy (blue arrow)]. 
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T1-weighted isotropic sequence before and after paramagnetic 
gadolinium-based contrast administration, and axial two-
dimensional T2-weighted and FLAIR sequences (both 30 
slices, 0.9 × 0.9 in-plane resolution, slice thickness 4 mm). For 
DWI acquisition, three b-values (0, 1,000, and 2,000 s/mm²) 
were applied along 30 diffusion-encoding directions, with 40 
axial slices and an isotropic resolution of 3 mm, to calculate 
diffusion and kurtosis tensors. Based on these data, we 
measured and analyzed the following DTI parameters: FA, 
RD, AD, and MD. In addition, the corresponding DKI 
parameters—RK, AK, and MK—were also evaluated. 

Only recently presented, kurtosis FA (KFA), as a 
potentially more accurate imaging biomarker than FA, has 
not been calculated or analyzed 48. 

Image processing and region of data analysis 

To generate FA, RD, AD, MD, RK, AK, and MK maps, 
the diffusional kurtosis estimator freely available software 
(version 2.5.1; Medical University of South Carolina, 
Charleston, South Carolina; https://www.nitrc.org/projects/ 
dke/ ) 22 has been used. 

ROI were manually selected by two radiologists with 
more than 10 years of experience, who assessed the maps 
simultaneously in a joint session, reaching a consensus on 
where to place the ROI 1 (total irradiation dose of 59.4 Gy), 
ROI 2 (total irradiation dose of 39.6 Gy), and ROI 3 (total 

irradiation dose of 19.8 Gy). Each ROI was of the same size, 
and in each of them all observed DTI parameters (FA, RD, 
AD, MD) and all DKI parameters (RK, AK, MK) were 
separately measured on the same spots in all three observed 
areas in three different time points: immediately before CRT 
treatment, after 16 delivered fractions, and after 33 delivered 
fractions (immediately after the end of CRT treatment) 
(Figure 2). 

Statistical analysis 

Changes in DTI and DKI parameters at different time 
points were analyzed using a statistical data analysis 
software system (StatSoft, Inc., version 12.0.1133.15; 
www.statsoft.com). Student’s t-test was executed to estimate 
pairwise differences between average values obtained from 
three different imaging time-points. Average cross-subject 
values of measured DTI and DKI parameters were used to 
identify the increasing or decreasing trend of the parameters 
in observing time points for each ROI. 

Results 

Statistical differences in observed DTI and DKI 
parameters over time, during and after CRT treatment, 
compared with the initial values measured before and during 
treatment, are presented in Table 1. 

 

 

 
Fig. 2 – Region of interest (ROI) identification according to co-registered radiotherapy dose 

distribution plan (DDP) in axial plane on different diffusion maps for measurement of diffusion 
tensor imaging (DTI) parameters: fractional anisotropy (FA), radial diffusivity (RD), axial diffusivity 
(AD), and mean diffusivity (MD), and diffusion kurtosis imaging (DKI) parameters: radial kurtosis 

(RK), axial kurtosis (AK), and mean kurtosis (MK) in areas with different delivered doses. 

• ROI 1 - 1.8 Gy daily fraction; overall delivered dose 59.4 Gy 
• ROI 2 - 1.2 Gy daily fraction; overall delivered dose 39.6 Gy 
• ROI 3 - 0.6 Gy daily fraction; overall delivered dose 19.8 Gy 
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Within ROI 1, FA values were significantly lower in 
normal-appearing white matter, both after delivering 16 (1.8 
Gy/fraction, total dose 28.8 Gy) and 33 fractions (1.8 
Gy/fraction, total dose 59.4 Gy), compared with non-irradiated 
white matter before the irradiation. Average RD, AD, and MD 
values, as well as diffusion MK, showed a significant increase 
when comparing the same measurement time points within 
ROI 1. Regarding the DKI parameters RK and AK, a decrease 
in the values in the function of time was observed, and 
significant changes compared with pre-therapy values were 
noted both after 16 and 33 fractions. In ROI 1, only FA, RD, 
MD, and RK demonstrated a significant decrease between 16 
and 33 fractions, whereas AD, AK, and MK did not show any 
significant changes between these time points. 

In ROI 2, FA values were significantly lower after 
delivering 16 fractions (1.2 Gy/fraction, total dose 19.2 Gy) 
and 33 fractions (1.8 Gy/fraction, total dose 39.6 Gy) 
compared with pre-treatment values, with no significant 
differences between 16 and 33 fractions. Average RD, AD, 
and MD values increased significantly after delivering 16 
fractions, but significantly decreased between 16 and 33 
delivered fractions. Average RK values significantly decreased 
after 16 and 33 fractions within ROI 2, compared with the 
measured values before the CRT, while AK values remained 
without any significant changes. Average MK increased 
significantly after 16 fractions compared with pre-treatment 
values in ROI 2, then decreased significantly after 33 fractions. 
No significant changes in FA, AK, and MK values were 
observed between delivered 16 and 33 fractions in ROI 2. 

Similar to the DTI parameters (FA, RD, AD, and MD), 
the DKI parameters (RK, AK, and MK) in ROI 3 did not 
exhibit any significant changes of the average values at the 
observed time points, neither after 16 delivered fractions (0.6 
Gy/fraction, total dose 9.6 Gy) nor after 33 fractions (0.6 
Gy/fraction, total dose 19.8 Gy), nor between the delivered 
16 and 33 fractions. 

Discussion 

Since the initial introduction of molecular neuro-
oncology into clinical practice 49, the impact of DTI metrics 
on the detection of brain tissue alteration of different origins, 
including irradiation-induced white matter injury, became 
the subject of research 7, 16, 17, 23, 35. Fewer studies included 
non-Gaussian DKI metrics to detect early changes in brain 
parenchyma during CRT treatment 8, 14, 23, 50. As the most 
prominent early indicators, the results of our study have 
demonstrated decrease of FA, and increase of MD and MK 
values in the normal appearing white matter, both during and 
immediately after CRT treatment in the brain areas with 
delivered dose of 28.8 Gy after 16 fractions, and total dose of 
59.4 Gy after 33 fractions, and these results are coherent with 
the results of several other published studies 14, 19. Both 
decreased FA and increased MD and MK values are 
considered as the consequences of demyelination, axonal 
loss, and/or transient cerebral edema. On the contrary, edema 
resolution, oligodendrocyte regeneration, and remyelination 
should result in increased FA and MD values 51. As reported 

in the literature 19, in response to RTh, RD values typically 
increase, while AD values have been shown to either 
increase 10, 35, 42 or decrease 38, 41, 52. In the brain areas with the 
delivered daily dose (DDD) of 1.8 Gy and a total dose of 
59.4 Gy during and after CRT, both after delivering 16 and 
33 fractions, an increase in RD values, correlating with 
demyelination, and AD values, which indicate axonal loss 
and reactive astrogliosis, was noticed 51, 53. 

Unexpectedly, a decrease in RK and AK values was 
recorded at the same measurement time points in the same 
areas, even though they were expected to follow trends 
similar to those of RD and AD. Although the observed 
decreases in RK and AK values were unanticipated, they 
may potentially reflect transient/temporary microstructural 
alterations in white matter following irradiation, possibly 
related to processes such as edema resolution, axonal 
swelling, or reactive gliosis. Yet, the possibility of an 
unintentional computational error or another form of 
oversight cannot be entirely excluded. Nonetheless, the 
assumed explanation for the observed discrepancy between 
DTI- and DKI-derived parameters remains speculative and 
warrants validation through further investigation. 

In a few published studies, we noticed a certain analogy in 
the discrepancy of the results perceived in the form of 
decreased RK and AK values in our study. Namely, opposite to 
the expected results of the majority of other studies, they have 
measured decreased MD, RD, and AD and slightly increased 
FA in patients after the end of CRT, though not as an early 
result, but in a follow-up period after 3 to 24 months 38, 41. This, 
in turn, underscores the need for longer-term follow-up to 
clarify the sustained significance and interpretative value of 
both DTI and DKI metrics in GB CRT over time. 

Although most conducted studies point out 
demyelination as the probable dominant consequence induced 
by RTh 19, Raschke et al. 38 concluded that neither edema nor 
demyelination could be a plausible reason for the decrease in 
diffusion. They speculated that the decreased diffusion could 
be the result of axonal swelling, possibly due to tissue 
oxygenation and vascular changes that occur after irradiation. 
Revealing reductions in RD and AD values after irradiation, 
Zhu et al. 41 proposed that RD decreases could be a sign of 
remyelination. In contrast, the AD decrease could be linked to 
astrogliosis, which may explain our results, but still does not 
provide a proper background for the opposite trends between 
RD and AD and between RK and AK in the area with a 
delivered total dose of 59.4 Gy, both after 16 and 33 fractions. 

Still, recent investigations have revealed microstructural 
tissue changes not only in the hemisphere where GB is 
located, but also in the contralateral hemisphere, which differ 
even between right-sided and left-sided GB location 54. Since 
this recently published feature was not considered in our study 
design, we strongly believe that further investigations to gain 
deeper insight into microstructural white matter alterations in 
the presence of high-grade glioma, or during and after 
irradiation, would be beneficial. 

We found that AD, AK, and MK did not show a 
significant difference between 16 and 33 fractions in the area 
of DDD of 1.8 Gy and a total dose of 59.4 Gy. That does not 
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necessarily reflect a better sensitivity of MD compared to 
MK. The lack of statistical significance between these two 
time points may be explained by the higher susceptibility of 
MK to early irradiation-induced changes, leading to faster 
and more stable increases in MK values compared with MD.  

In the treated brain areas with a DDD of 1.2 Gy, and a 
total dose of 39.6 Gy, where decrease of FA and an initial 
increase of RD, AD, and MD, but also MK, have been noted 
after 16 delivered fractions, with a later decrease of values 
after 33 delivered fractions. That leaves us in a belief that the 
initial increase and later decrease of RD, AD, MD, and MK 
suggest transient edema as a dominant mechanism of early 
white matter tissue injury, while the decrease of RK and AK 
both after delivering 16 and 33 fractions suggest that 
demyelination is included in the white matter alterations 
profile, rather than axonal impairment. Some authors suggest 
that the biological alterations are most likely occurring 
within the extracellular environment due to increased 
vascular permeability and/or reactive neuroinflammatory 
processes after irradiation 19, 42. 

These findings are consistent with the statement that 
kurtosis measure is less sensitive to free fluid contamination, 
since the interpretability of DKI parameters depends on the 
accuracy of tensor estimation. Motion, noise, and/or imaging 
artifacts can cause significant errors, up to the level of 
physical/biological implausibility 15, 20–22. That actually 
corresponds to our results, suggesting that DKI metrics were 
slightly less susceptible to radiation-induced edema detection 
than measured DTI parameters. Dose and time-dependent 
changes in irradiated white matter that have been found to 
correlate with several other studies’ results 17, 19, 42, where 
measured MD, AD, RD, and MK increase and FA decrease 
appear earlier in areas receiving higher radiation doses. Hope 
et al. 35 found that MD, RD, and AD significantly increased 
in brain regions receiving more than 41 Gy in total dose, 
compared to those receiving less than 12 Gy in total, which 
corresponds with our results. 

We found that daily doses of 0.6 Gy and total delivered 
dose of 19.8 Gy did not cause any significant changes in DTI 
or DKI metrics. This means that white matter alterations 
during and after CRT treatment could not be identified, 
neither after 16 delivered fractions, nor after 33 delivered 
fractions. Therefore, we may speculate that the threshold for 
detecting early white matter injury during or immediately 
after CRT treatment could actually lie somewhere above 20 
Gy. Still, it should be emphasized that in several studies, 
changes in white matter structure for smaller delivered doses 
have been reported 41, 55, though not immediately, but later, in 
the period of 9 to 11 months after CRT 38, 42. 

Although our study design includes imaging before, 
during, and immediately after CRT, it does not extend to 
post-treatment follow-up. This represents a clear limitation, 
as it prevents us from definitively characterizing the 
observed changes in DTI and DKI metrics as either transient 
and/or reversible effects, or as predictors of late or delayed 
radiation injury. 

As late radiation injury was beyond the scope of the 
present investigation, we believe the current findings should 

be interpreted solely as indicative of early, and potentially 
transient effects of irradiation. 

We would also like to emphasize that the present study 
did not employ repeated-measures analysis of variance or 
multivariate analyses, which might have provided a more 
robust statistical framework for assessing longitudinal 
changes and addressing multiple comparisons. As re-analysis 
is not feasible at this stage, this limitation is duly 
acknowledged and should be taken into consideration when 
interpreting the findings. 

Accordingly, further comprehensive studies are 
warranted to fully elucidate the potential of DTI and DKI 
metrics as reliable biomarkers of white matter 
microstructural alterations during and after CRT in GB 
patients, in relation to time and radiation dose. 

While several studies have investigated the association 
between neurocognitive impairment and/or clinical outcomes 
and both early and late radiation-induced brain injury 56–59, 
our study did not address this interconnection, which 
represents a limitation with respect to its translational 
relevance. Future investigations that integrate neurocognitive 
assessment with clinical outcomes during and after GB CRT 
would significantly enhance the clinical utility and 
applicability of DTI and DKI biomarkers in real-world 
neuro-oncological settings. 

Recently published studies incorporating radiomics into 
the assessment of white matter alterations during CRT may 
contribute to a more profound comprehension of the 
sophisticated and interrelated pattern of radiation-induced 
brain injury 60, 61. Furthermore, emerging and ongoing 
investigations focusing on cellular and molecular responses 
of brain tissue to specific RTh, including proton therapy, as 
well as the integration of artificial intelligence in the 
evaluation of irradiated white matter, are expected to offer 
novel insights into the pathophysiology of radiation-induced 
changes in the brain tissue 62–65. 

Conclusion 

Diffusion tensor imaging and diffusion kurtosis imaging 
metrics are susceptible to white matter alterations during and 
after chemoradiotherapy treatment. These metrics provide 
valuable insight into early irradiation-induced changes, even 
within normal-appearing white matter, and may prove useful 
as structural imaging biomarkers for identifying early, and 
potentially transient and/or reversible microstructural 
alterations related to irradiation. The application of diffusion 
tensor imaging and diffusion kurtosis imaging holds 
considerable potential to broaden our understanding of the 
complex dynamics underlying early microstructural alterations 
in white matter in response to glioblastoma 
chemoradiotherapy, potentially influencing future diagnostic 
and clinical strategies. Given that late radiation effects were 
not addressed within the scope of our present investigation, 
further longitudinal studies with extended follow-up periods 
would be essential to validate the potential of diffusion tensor 
imaging and diffusion kurtosis imaging metrics as predictors 
of late or delayed radiation-induced brain injury. 
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