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Abstract
Purpose  Noninvasive methods are desired to predict the treatment response to Stereotactic Radiosurgery (SRS) to improve 
individual tumor management. In a previous study, we demonstrated that Diffusion Tensor Imaging (DTI)-derived parameter 
maps significantly correlate to SRS response. This study aimed to analyze and compare the predictive value of intratumoral 
ADC and DTI parameters in patients with meningiomas undergoing radiosurgery.
Methods  MR images of 70 patients treated with Gamma Knife SRS for WHO grade I meningiomas were retrospectively 
reviewed. MR acquisition included pre- and post-treatment DWI and DTI sequences, and subtractions were calculated to 
assess for radiation-induced changes in the parameter values.
Results  After a mean follow-up period (FUP) of 52.7 months, 69 of 70 meningiomas were controlled, with a mean vol-
ume reduction of 34.9%. Whereas fractional anisotropy (FA) values of the initial exam showed the highest correlation to 
tumor volume change at the last FU (CC = − 0.607), followed by the differences between first and second FU values of 
FA (CC = − 0.404) and the first longitudinal diffusivity (LD) value (CC = − 0.375), the correlation coefficients of all ADC 
values were comparably low. Nevertheless, all these correlations, except for ADC measured at the first follow-up, reached 
significance.
Conclusion  For the first time, the prognostic value of ADC maps measured in meningiomas before and at first follow-up 
after Gamma Knife SRS, was compared to simultaneously acquired DTI parameter maps. Quantities assessed from ADC 
maps present significant correlations to the volumetric meningioma response but are less effective than correlations with 
DTI parameters.
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Introduction

Even though Stereotactic Radiosurgery (SRS) has proven 
a control rate of up to more than 95% in the treatment of 
meningiomas [1–4] there are still some failures. In large-
volume tumors, the control rate may be as low as 84% and 
even below 70% in atypical and anaplastic types, accom-
panied by increased radiation-induced toxicity up to 23% 
[5, 6]. The search for prognostic parameters to support the 
treatment decision-making process appears to be justified.

In addition to clinical symptoms and parameters such 
as age, general health, neurologic deficit, and recurrence 
after previous treatment, tumor size and localization have 
served as prognostic indicators [7–12]. Diffusion Weighted 
Imaging (DWI) and Diffusion Tensor Imaging (DTI) 
parameters were also applied to predict meningioma type, 
consistency, and grading, including texture analysis and 
machine learning techniques [13–19].

In a previous analysis of Magnetic Resonance Imaging 
(MRI) data measured before SRS, several DTI parameter 
maps, particularly Fraction Anisotropy (FA) values, cor-
related strongly to treatment outcome [20]. We hypoth-
esized that different subtypes of meningiomas respond 
differently to SRS. The lower responsiveness of fiber-rich 
tissue to radiation, as it is found in fibrous subtypes, is a 
well-known fact in radiation therapy [20] .

However, DTI parameters are only measured occasion-
ally for SRS treatment planning. As a replacement, Appar-
ent Diffusion Coefficient (ADC) maps from simple DWI 
have been suggested [21]. In a previous first-level texture 
analysis of DTI parameters of meningiomas before SRS, 
we were able to show that mean diffusivity (MD), which 
is a DTI parameter comparable to ADC, indeed correlated 
significantly to volume regression [22].

The present retrospective study was carried out to inves-
tigate if the application of a standard DWI sequence could 
give similar prognostic results as pattern analysis of DTI 
parameters, as DTI is not routinely included in the imaging 
protocol of brain tumors planned for SRS.

Patients and methods

This retrospective study had been approved by the institu-
tional review board at our institution and informed consent 
was obtained from all individual participants included in 
the study.

Patients and meningiomas

Included into the retrospective study were 70 patients 
between 27 and 81 (mean 56) years of age, who had 
been diagnosed as carriers of an intracranial low-grade 
meningioma and had been treated by SRS at our Gamma 
Knife center. Pre-operated cases with a histologic diag-
nosis of a higher grade than grade 1 were excluded as 
well as cases with multifocal lesions. Further inclusion 
criteria were a pre-treatment MRI measured during the last 
two months before SRS, an “early” follow-up (FU) MRI 
approximately 6 months after SRS to examine changes 
of diffusion parameters, and a late FU MRI after a period 
of 18 months or more to assess for tumor response after 
SRS. MRI images with obvious movement or susceptibil-
ity artifacts were excluded. MR acquisition included pre- 
and post-treatment DWI and DTI sequences, to allow for 
subtractions to access for radiation-induced changes of the 
parameter values.

We were able to retrieve histology results from 9 of 33 
cases in which a preceding operation was documented. All 
operated cases followed subtotal resection; no recurrent 
meningioma was included to this study. Six of the tumors 
were characterized as meningothelial and psammomatous 
meningioma, three as a fibroblastic subtype, all without 
atypical features. 61 remaining cases without known his-
tology were assigned as WHO grade I, based on criteria 
such as homogeneously enhancing, dural tails, no exten-
sion through cranial foramina, no substantial peritumoral 
edema, no significant lobulations [23]. 58 meningiomas 
(83%) were localized at the cranial base, most of them in 
the cranial fossa, 9 meningiomas were localized at the con-
vexity, and 3 meningiomas were localized at the tentorium.

MRI had been performed within 2 months before their 
GKRS, and follow-up data from at least one early FU 
MR scan (range 2.4–15.2 months, mean 7.2 months) and 
one late FU MR scan (range 17.0–108.1 months, mean 
52.7 months) were available (Table 1).

Gamma Knife treatment

All treatment were performed using a Gamma Knife model 
4C (Elekta AB, Stockholm, Sweden). Details of the GKRS 
treatment technique were previously described [24], with 
the exception that at our center, MRI images were acquired 
up to 2 months before treatment. On treatment day, after 
placement of a stereotactic G frame (Elekta AB), MRI 
sequences were coregistered to the stereotactic contrast-
enhanced 3D CT image set.
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Depending on tumor size and localization, the margin 
dose varied from 11 to 20 Gy (Table 1). Sixty-three men-
ingiomas were treated in a single session, with margin 
doses between 11 and 18 Gy (mean 13.8 Gy). According to 
our institutional protocol, meningioma abutting organs at 
risk, particularly the anterior optic pathway, were treated 
using hypofractionated radiosurgery (HFSRS). This was 
the case for seven meningiomas that were treated with an 
application of 6 Gy for 3 consecutive days or of 5 Gy dur-
ing 4 successive days. During hypofractionated courses, 
the stereotactic frame was left on the patient’s head. Daily 
low-dose CT acquisitions assured accurate frame location 
during the treatment period, and all patients tolerated the 
procedure well. Biologically effective dose (BED) is rou-
tinely used to compare doses of different dose-fraction reg-
imens, based on the widely accepted linear quadratic (LQ) 
model, although with its limitations for high doses still in 
debate [25]. HFSRS doses can be converted to single frac-
tion equivalent doses (SFED), [26] to intuitively compare 
radiation effects to conventional physical doses of single 
fraction radiosurgery. Margin SFED of the seven HFSRS 
treatments was on average 11.5 Gy, applying an α/β ratio 
of 3.76 Gy [27]. Treatments were planned on a Leksell 
GammaPlan 10.1 workstation (Elekta AB, Stockholm, 
Sweden), by optimizing tumor coverage (mean 96.6%), 
while restricting doses to sensitive structures, such as the 
optic apparatus, the cochlea, or the brainstem.

Magnetic Resonance Imaging

MRI was performed on a 3-Tesla scanner (Achieva; Philips, 
Eindhoven, Netherlands). The following sequences were 
applied:

1)	 3D T1 magnetization-prepared rapid acquisition 
(MPRAGE) sequence: gradient echo, TR/TE/TI 
6.8/3.2/900  ms, flip angle 8°, measured voxel size 
0.6*0.6*1.0 mm, before and after intravenous injection 
of contrast medium.

2)	 T2-weighted sequence: TR/TE 3693.8/80 ms, 150 trans-
versal slices, thickness 1 mm, matrix 512 × 512.

3)	 Fluid-attenuated inversion recovery (FLAIR) sequence: 
TR/TE/TI 11,000/120/2800 ms, 90 transversal slices, 
thickness 2 mm, matrix 512 × 512.

4)	 DWI spin echo-based fat sat 2D sequence: TR/TE 
2445/70 ms, flip angle 90°, b-factor 0 and 1000 s/mm2, 
3 gradient directions, measured voxel size 0.9×0.9x5 
mm, 25 slices covering whole head, SENSE factor 2, 
scanning time 29.3 s.

5)	 DTI spin echo-based fat-sat 2D sequence: TR/
TE = 6542/60 ms, flip angle 90°, 32 gradient directions, 
b = 0 and 800 mm2/s, measured voxel size 2 × 2x2mm, 
60 slices covering the whole head, SENSE factor 2, 
scanning time 4.5 min

DTI and DWI sequences differ with respect to slice thick-
ness and voxel size. Therefore, the DWI sequence is more 
prone to partial volume averaging than the DTI dataset. 
Special care was taken to exclude bones, CSF spaces, and 
vascular structures in a similar way in both sequences.

Postprocessing

Tumor volumes were outlined manually and measured from 
3D T1-weighted contrast-enhanced images on the Leksell 
GammaPlan workstation. Dural tails were not included in 
the tumor volume, as these are commonly kept out of the 
treatment volume in radiosurgery [28]. The volumetric out-
come was classified according to RANO criteria for men-
ingiomas, which divides response into five types based on 
T1-weighted images after injection of contrast media [29] 
(Table 2). In case of DWI images, the “MRIcro” program 
(people.cas.sc.edu/rorden/mricro) was used for tumor delin-
eation, and special care was taken to exclude CSF/containing 
and bone containing spaces outside the meningioma as well 
as big vessels passing the tumor as in parasellar growths. 
Thus, average ADC values could be measured directly from 
d-maps and were recorded voxel-wise. DTI data were trans-
ferred into the “ExploreDTI” program (http://​explo​redti.​
com). Images were corrected for motion artifacts and maps 
of Fractional Anisotropy (FA), Mean Diffusivity (MD), 

Table 1   Patients and treatment characteristics

SRS stereotactic radiosurgery, RT radiotherapy, GK gamma knife, 
BED biologically effective dose, SFED single fraction equivalent 
dose

Patient and treatment characteristics Value Range

Number of patients 70 –
Age in years (mean, range) 55.8 (26.6/81.3)
Pre-SRS tumor volume in cm3 (mean, range) 9.58 (0.62/33.09)
Previous RT, SRS 0 –
Previous surgery 33 –
KPS before SRS 90.6 (60 / 100)
Single fraction SRS treatments 63 –
Hypofractionated SRS treatments 7 –
Number of fractions (mean, range) 1.29 (1/4)
Coverage index (mean, range) 96.6% (87.0%/99.0%)
Selectivity index (mean, range) 66.0% (17.0%/91.0%)
Paddick conformity index (mean, range) 63.8 (16.8/88.3)
Number of isocenters (mean, range) 7.3 (1/29)
Margin physical dose in Gy (mean, range) 14.4 (11/20)
Maximum physical dose in Gy (mean, 

range)
28.8 (22/40)

Margin BED in Gy (mean, range) 63.1 (43.2/104.2)
Margin SFED in Gy (mean, range) 13.5 (11.0/18.0)

http://exploredti.com
http://exploredti.com
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Longitudinal Diffusivity (LD) and Radial Diffusivity (RD) 
as well as b0-images were calculated and exported. Using 
MRIcro, meningiomas were outlined in b0-images. These 
regions of interest (ROIs) were placed on the parameter 
maps and DTI parameter values were calculated as described 
above (Fig. 1).

Parameters were correlated to a tumor volume change per 
natural logarithm of time, to account for the near-exponen-
tial decrease of tumor volume over time. During an initial 

phase of 6 months after SRS, early imaging estimations of 
the tumor volume may not correlate with the final tumor 
response [30]. After this 6-months period, most meningi-
omas volumes follow an exponential trend, according to our 
data. To compare volume changes at different points in time, 
tumor volume change per natural logarithm of time is more 
accurate than volume change per time, particularly for long 
FU periods (FUP). Relative volume change per time was 
defined as the difference between tumor volume before SRS 

Table 2   Treatment results

FU follow up

Treatment results Value Range

Delay to first MRI FU in months (mean, range) 7.2 (2.4/15.2)
Delay to last MRI FU in months (mean, range) 52.7 (17.0/108.1)
Complete response (disappearance) 0 [0%] –
Partial response (≥ 50% decrease, no disappearance) 17 [24.3%] –
Minor response (≥ 25% and < 50% decrease) 29 [41.4%] –
Stable disease (< 25% decrease, but < 25% increase) 23 [32.9%] –
Progressive disease (≥ 25% increase) 1 [1.4%] –
Control rate 98.6%
Absolute volume change in cm3 (mean, range) − 3.17 (− 16.91/5.75)
Relative volume change (mean, range) − 34.94% (− 91.4%/73.1%)
Volume change per month (mean, range) − 0.77% (− 3.16%/0.68%)
Volume change per ln(month) (mean, range) − 0.209 (− 0.626/0.360)

Fig. 1   A–D: A 52-year-old female patient with a posterior fossa men-
ingioma. Contrast-enhanced, T1-weighted MRI, ADC-map, FA-map. 
Before GKRS (Fig.  1A), the volume was 3.34 cm3. An 80% reduc-
tion in volume was noted at 87  months after GKRS (remained vol-
ume 0.655 cm3), regression rate of 0.93%/m (Fig.  1B). ADC value 
of 802 × 10–6 mm2/s (Fig. 1C), very low FA value of 0.145 (Fig. 1D). 

E–H: A 77-year-old female patient with a posterior fossa meningi-
oma. Contrast-enhanced, T1-weighted MRI, ADC-map, FA-map. 
Before GKRS, the volume was 5.24 cm3 (Fig.  1E). An increase of 
6.7% in volume was noted at 38  months after GKRS (5.590 cm3), 
growth rate of 0.18%/m (Fig.  1F). ADC value of 996 × 10–6  mm2/s 
(Fig. 1G), very high FA value of 0.407 (Fig. 1H)
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and at last FU, related to initial tumor volume and the natu-
ral logarithm of the time interval between the date of SRS 
and last FU. The following formula was applied:

Statistical analysis

While meningioma volume was measured before SRS and 
compared to volume at last FU, ADC and DTI parameters 
were measured before SRS (“parameter 1”) and at first fol-
low-up (“parameter 2”). Differences between parameters 1 
and 2 were calculated (“diff”). To compensate for the vari-
ation of first FU times (average 7.2 months, range 2.4 to 
15.2 months), we related the difference between parameters 
1 and 2 to time. To evaluate partial correlation, individual 
linear regression analyses were performed using relative 
volume change per ln(month) as the dependent variable and 
ADC and the following DTI parameters as independent vari-
ables: FA, MD, LD, and RD, each of them measured before 
SRS, at first FU and as difference, related to its initial value 
and the time interval between SRS and first FU.

Further, all analyses were corrected for age, gender, tumor 
volume before SRS, and the Paddick conformity index (PCI) 
as independent variables. These covariates were included in 
the regression models to adjust the results to reduce bias, as 

Relative volume change per ln(month)

= Volume at last FUP − Initial volume at SRS
Initial Volume ∗ ln (FUP)

they could pose potential confounding factors based on their 
biological plausibility.

All multiple linear regression statistical requirements 
were met in each analysis. There was linearity, as assessed 
by partial regression plots and a plot of studentized residu-
als against the predicted values; independence of residuals, 
as assessed by Durbin-Watson statistic tests; homoscedas-
ticity, as assessed by visual inspection of a plot of studen-
tized residuals versus unstandardized predicted values; 
no evidence of multicollinearity, as assessed by tolerance 
values greater than 0.1 and univariate Pearson correlations 
no greater than 0.4 for independent variables. There were 
no significant outliers assessed by no studentized deleted 
residuals greater than ± 3 standard deviations, no leverage 
values greater than 0.25, no values for Cook’s distance above 
1, and no multivariate outliers based on Mahalanobis dis-
tance analyses. The assumption of normality was met, as 
assessed by a Q–Q Plot and histogram visual inspection of 
standardized residuals.

A p-value ≤ 0.05 was considered as a nominal statisti-
cal significance. All analyses were performed using SPSS 
v.26.0 [31].

Results

After a mean FUP of 52.7 months, 69 of 70 meningiomas 
were controlled (control rate 98.6%), with a mean volume 
reduction of 34.9%.

Table 3   Multivariate linear 
regression analysis results for 
Difference of Volume/ln(T) as 
dependent variable

Model = ''Enter'' method in SPSS Statistics; DeltaVolume/ln(T) = Volume change per ln(month); Adjusted 
R2 = Adjusted coefficient of determination of regression model; Stand. β = Standardized Coefficient of 
determination; All individual analyses of each parameter were adjusted by the same covariables: age, gen-
der, volume of tumor before SRS and Paddick conformity index.
*p < 0.05. **p < 0.01. ***p < 0.001

Parameter Mean ± SD Stand. β Partial correlation p value Adjusted R2

ADC 1 10–6 mm2/s 932.37 ± 150.39 − 0.275 − 0.292 0.029 0.205**
ADC 2 10–6 mm2/s 1004.85 ± 221.641801 0.045 0.043 0.750 0.074
Diff. ADC (%) − 0.010263 ± 0.025096 − 0.291 − 0.292 0.034 0.154*
FA 1 0.245964 ± 0.070471 − 0.562 − 0.607 0.000001 0.443***
FA 2 0.245506 ± 0.068135 − 0.348 − 0.358 0.006 0.184**
Diff. FA (%) − 0.005005 ± 0.031005 − 0.418 − 0.404 0.002 0.260**
MD 1 (mm2/s) 0.000956 ± 0.000231 − 0.263 − 0.283 0.047 0.205**
MD 2 (mm2/s) 0.001040 ± 0.000269 − 0.044 − 0.045 0.743 0.086
Diff. MD (%) − 0.012515 ± 0.022925 − 0.070 − 0.074 0.619 0.086
LD 1 (mm2/s) (s/mm2) 0.001159 ± 0.000291 − 0.341 − 0.375 0.007 0.270**
LD 2 (mm2/s) 0.001262 ± 0.000295 − 0.030 − 0.031 0.820 0.085
Diff. LD (%) − 0.010438 ± 0.021415 − 0.297 − 0.319 0.031 0.176*
RD 1 (mm2/s) 0.000845 ± 0.000221 − 0.143 − 0.155 0.277 0.169*
RD 2 (mm2/s) 0.000939 ± 0.000277 − 0.030 − 0.032 0.810 0.065
Diff. RD (%) − 0.017556 ± 0.029120 0.220 0.240 0.104 0.134*
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Whereas FA values of the initial exam showed the highest 
correlation to tumor volume change at the last FU (Cor-
relation Coefficient CC = − 0.607), followed by the dif-
ferences between the first and the second FU value of FA 
(CC = − 0.404) and the first LD value (CC = − 0.375), the 
CCs of all ADC values were comparably low (CC = − 0.292 
for ADC1, CC = − 0.043 for ADC2 and CC = − 0.292 for 
the difference between the two ADC values). Nevertheless, 
all these correlations, except for ADC2 values, reached 
significance. The correlations of MD and RD values were 
lower than those of FA and LD, the highest being MD1 with 
CC = − 0.283 (Table 3).

All three cases presenting tumor volume increase showed 
FA1 values above the mean FA1 value plus one standard 
deviation, which amounts to FAlim = 0.3164. Additionally, 
6 cases without progression were found above this value. 
Therefore taking FAlim = 0.3164 as a threshold, the positive 
predictive value for tumor progression was 100%, and the 
negative predictive value was 96.5%, with a relatively low 
sensitivity of 33.3%, according to MedCalc Diagnostic Test 
Program (www.​medca​lc.​org/​calc/​diagn​ostic test.php).

The receiver operating characteristic (ROC) curve for the 
predictive power of pre-GKRS FA-values, with a cutoff for 
meningioma regression defined as 1.0% volume reduction 
per month, yielded an area under the curve (AUC) = 0.88 
(Fig. 2).

Discussion

For the first time, the prognostic value of ADC maps meas-
ured in meningiomas before and shortly after SRS was 
compared to simultaneously acquired DTI parameter maps. 
As described in the results section, values taken from ADC 
maps do not correlate as well as the DTI-parameter FA to 
volumetric treatment response. In another study of menin-
giomas, a moderated correlation was found similarly: ADC 
mean value correlated negatively with tumor proliferation 
index Ki 67, but only the minimum of these ADC values 
correlated with tumor cell count [32].

This result is in line with our previous analysis, where MD, 
among other parameters, correlated significantly but to a lesser 
degree than FA to late volume changes [22]. Similar to ADC, 
MD is the sum of the scalar invariants—divided by three—from 
the three diffusion tensor eigenvalues measured on a voxelwise 
basis. It represents a tissue parameter and does not depend on 
the orientation of patients, the magnetic field, or gradient direc-
tions. In contrast, mainly in white matter, ADC measurement is 
not entirely independent from the primary fiber orientation [33].

In extracerebral tumors, pretreatment ADC has been used 
to predict radiation response in vestibular schwannomas [34]. 
In meningiomas, ADC values were significantly lower in those 
tumors which did not show progression or recurrences after 
an operation with or without adjuvant radiotherapy [35]. After 
proton therapy of meningiomas, ADC values increased progres-
sively with a peak at three months in well-responding tumors. 
In contrast, the group with less volume reduction, which had 
exhibited higher pretreatment ADC values, reached its peak 
ADC values at 12–15 months and then progressively decreased 
[36]. Intravoxel incoherent motion imaging (IVIM) was used 
to detect early microstructural changes after proton therapy. 
Whereas post-treatment ADC changes did not correlate signifi-
cantly to volume reduction, “true” diffusion values after cor-
rection for the “pseudo-diffusion” fraction, which is due to the 
random movement of blood within capillaries, corresponded 
well to tumor shrinkage [37]. This technique of “true diffusion 
imaging” however, was not available to us.

A differentiation between typical and atypical meningi-
omas based on ADC values, as reported by Yin et al. [38], 
was not the subject of the present study. We deliberately 
included only low-grade meningiomas, at least according 
to imaging criteria, to keep the group as homogeneous as 
possible. Thus, our results only apply to WHO grade I men-
ingiomas and not to those where a higher grade is suspected.

In the imaging of intracerebral tumors, the reverse rela-
tion of ADC value and cellularity has been used to predict 
the grading of gliomas and to differentiate them from metas-
tases and lymphomas [39–41]. However, according to meta-
analysis results, cellularity and ADC value do not correlate 
in all neoplasms as well as in gliomas because other factors 

Fig. 2   Receiver operating characteristic (ROC) curve for the pre-
dictive power of pre GKRS FA-values, with cutoff for meningioma 
regression defined as 1.0% volume reduction per month, yielded an 
area under the curve (AUC) = 0.88

http://www.medcalc.org/calc/diagnostic
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may be involved as the extracellular matrix, nucleic areas, 
ratio of stroma/parenchyma and microvessel density as well 
as changes in susceptibility due to hemorrhages, etc. [42, 43]

The course of ADC values measured at close follow-
ups after treatment has been used to monitor the progres-
sion of tissue response of neoplasms in general [44]. The 
effects of radiation are not limited to direct cell death but 
include vascular disruption and consequently, hypoper-
fusion and edema, additionally inflammatory response, 
finally resulting in decreased vascularity and fibrosis [45, 
46]. Following radiation, ADC may decrease transiently 
due to cell swelling before it finally increases due to cell 
death in responding brain metastases and thus allows for 
early stratification of radiotherapy [47]. Thus, high ADC 
values measured during follow-up have been used as well 
to differentiate radiation injury characterized by gliosis 
and cell death from recurrence in high-grade gliomas [48]. 
In meningiomas however, Berberat et al. [13] observed no 
significant changes in long-term FU ADC values after SRS 
and reported a progression rate of 16.7%. However, this 
study did not distinguish between meningioma grades and 
possibly included meningiomas of a higher grade.

We limited our study to WHO grade I meningiomas, 
mainly established on imaging criteria, as only for nine 
cases were we able to retrieve histology results. The rela-
tively short FUP and the retrospective design of the prog-
nostic models were further limitations.

Conclusion

For the first time, the prognostic value of ADC maps 
measured in meningiomas before and shortly after Gamma 
Knife SRS is compared to simultaneously acquired DTI 
parameter maps. According to our results, quantities 
assessed from ADC maps present significant correlations 
to the volumetric meningioma response. However, they are 
less effective than correlations with several DTI-derived 
parameters, particularly the Fractional Anisotropy, which 
reaches an AUC value of 0.88. Because of the much higher 
correlation of DTI parameters with meningioma shrink-
age, we cannot recommend replacing FA as a successful 
predictor with parameters measured from simple DWI.
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