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A B S T R A C T

Purpose: To evaluate any possible correlation between the presence of Isocitrate DeHydrogenase 1 mutation
(IDH1m) and specific DTI (Diffusion Tensor Imaging) metrics, such as Fractional Anisotropy (FA), Mean
Diffusivity (MD), Radial Diffusivity (RD) and Axial Diffusivity (AD).
Methods: We retrospectively analyzed 47 patients who underwent an advanced-MR study with DTI followed by
surgical intervention with a subsequent histologic diagnosis of High-Grade Glioma (HGG) and im-
munohistochemical evaluation of IDH1 (Isocitrate DeHydrogenase) mutation status. For each DTI metrics we
measured the ratio between tumor and normal tissue and we evaluated the correlation with IDH1 mutation.
Results: We observed a positive correlation with IDH1 status and RD and MD data. No correlation was de-
monstrated between IDH1 status and FA and AD.
Discussion: Our results support the hypothesis that the number of residual axonal fibers, extracellular matrix
composition and the presence of colliquated tissue, may together contribute to a global RD increase in HGG, with
a relatively higher increase in IDH1m tumors.
Conclusions: Our data are in favor of a need for multimodal advance evaluation of HGG. DTI metrics help to
analyze IDH1 mutation status, in order to better characterize the lesions and to tailor treatment and follow up.

1. Introduction

The identification of glioma DNA biomarkers by means of DNA
sequencing allows to classify tumor subtypes and correlate them with
glioma biologic behavior and radio-chemo-therapy response [1]. Its
role has been acknowledged by the new, recently published, WHO brain
tumor classification [2]. This new classification identifies Isocitrate
DeHydrogenase gene (IDH) mutation as the most important genetic
marker in natural history of brain tumors; nowadays we tag glial neo-
plasm as IDH wild-type or IDH-mutated [3].

Moreover, WHO 2016 classification reviewed some glial entities,
like “oligoastrocytoma”, as oligodendroglial or astrocitary tumors de-
pending on the presence of a particular genetic asset, in particular for
the presence or absence of IDH mutation.

The presence of a somatic mutation on 132 codon of type 1 IDH
(IDH1) has been demonstrated in 70% of anaplastic gliomas and in 30%

of all high grade gliomas (HGG) (III and IV grade) [4]. Non mutated
IDH1 gene, also known as IDH1 wild-type (IDH1wt), encodes for a
carboxilase that converts isocitrate into alfa-cheto-glutarate, with
NADPH production. This product reduces glutathione, an anti-oxidant
agent in cellular metabolism. Absence of any enzymatic activity of
proteins resulting from mutated IDH1 gene however, leads to a rise in
2-Hydroxi-Glutarate (2 HG), an onco-metabolite, which is thought to
modify the methylation state of DNA [5]. IDH1 mutation (IDH1m) is an
independent positive outcome predictor of histology type and tumor
grade [4,6]. IDH1m low grade gliomas (LGG) are associated with a low
frequency of switch to secondary glioblastomas (GBM). Moreover
IDH1m HGG are more amenable to surgical resection and have a sur-
vival benefit associated with maximal surgical resection [7]. Immuno-
histochemical analysis, and gene sequencing when available, currently
remain the gold standard for the evaluation of genetic and epigenetic
variables in brain tumors [6], although they can be performed only in
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patients undergoing surgery or biopsy. In recent decades, many authors
have tried to apply advanced MR imaging to determine genetic and/or
epigenetic variables in brain tumors. Conventional MRI alone has
shown lack of accuracy [8,9] in identifying any correlation with the
presence of IDH1 mutation. Some studies on water-suppressed proton
MR-spectroscopy in brain gliomas, have shown that in presence of IDH1
mutation, the levels of 2-HG are higher in tumors with wild-type IDH1
[10]. Caution is necessary however, when acquiring and analyzing in
vivo MRS data. Reliable measurement of D-2HG requires customized
MRS sequences and extensive post-processing [4,6]; for these reasons in
clinical routine practice they are difficult to apply extensively [11].

In a pre-clinical study, Chaumeil MM et al [12] investigated the
value of 13C-MRS of hyperpolarized [1-13C]pyruvate for tumor detec-
tion and therapeutic response monitoring in HGG, with or without
IDH1 mutation. Other authors demonstrated a potential role of DSC-
MRI [13], 7T-SWI [14] and multimodal MRI [15] in IDH1 mutation
detection.

Only recently Diffusion Tensor Imaging (DTI) metrics have been
proposed to evaluate histology type [16,17] or grade [9,18–23] of
primary brain tumors, utilizing Fractional Anisotropy (FA), Mean Dif-
fusivity (MD), Radial Diffusivity (RD) and Axial Diffusivity (AD). Fur-
thermore, their accuracy in discriminating tumor infiltration from
perilesional edema [9,24] or differential diagnosis between primitive
and metastatic tumors [25], has also been considered.

Our aim is to evaluate any possible correlation between the pre-
sence of IDH1m and specific DTI metrics (FA, MD, RD and AD) in
groups of patients with HGG, preoperatively studied with DTI. We
hypothesize that DTI could help in predicting IDH1 status in HGG in a
non-invasive manner.

2. Materials and methods

2.1. Study population

Over a period of 16 months (Jan 2014–May 2015), we selected a
group of brain tumor patients fulfilling the following criteria: 1) a
complete MR examination with conventional and DTI sequences per-
formed on a 3T MR unit; 2) surgical removal of the tumor after the MR
examination (within 5 days); 3) a final diagnosis of HGG; 4) an im-
muno-histochemical evaluation of IDH1 mutation status.

These patients were classified in two groups: 1) patients with
IDH1m; 2) patients with IDH1wt.

2.2. MRI acquisition

All patients underwent pre-surgical MR imaging with a 3.0T MR
imaging unit (Achieva; Philips, Best The Netherlands); a body coil was
used for transmission and 8-channel SENSE technology head coil was
used for signal reception.

Acquisition parameters of 3D T2-weighted sequence, 3D FLAIR se-
quence, DTI sequence and 3D T1-weighted sequence are reported in
Table 1.

2.3. DTI data processing

DTI imaging was processed on a separate workstation running
OsiriX imaging software (Pixmeo SARL, Bernex Switzerland) version
5.6 (32-bit). DICOM data from the patients’ brain MRI were anon-
ymized and transferred to the computer. The DTI Map Plugin (version
1.6) was used to obtain maps of Fractional Anisotropy (FA), Radial
Diffusivity (RD), Mean Diffusivity (MD) and Axial Diffusivity (AD), in
order to calculate the ratio between tumor and normal tissue values in
the contralateral semioval center (SOC). Using the image synchroni-
zation tool provided by OsiriX we traced 5 circular Regions-Of-Interest
(ROI), with a maximum area of 0.12 ± 0.2 cm2, on the solid part of
any lesion (avoiding necrotic, hemorrhagic and cystic intralesional
zones) and 5 ROI on the contralateral frontal part of the SOC, as shown
in Fig. 1.

For each DTI metric, we calculated the arithmetical mean for
minimum, mean and maximum value within each ROI, indicating them
as minFA, meanFA and maxFA (for Fractional Anisotropy), minMD,
meanMD and maxMD, (for Mean Diffusivity), minAD, meanAD and
maxAD (for Axial Diffusivity), minRD, meanRD and maxRD (for Radial
Diffusivity). Consequently we obtained the ratio between tumor value
and SOC value, indicated as min-ratio, mean-ratio and max-ratio for each
metric (ie minFAtum / minFAsoc=minFAratio).

2.4. Immunohistochemical evaluation

Formalin-fixed, paraffin-embedded sections were tested with a
codon 132 IDH1 mutation-specific antibody (internal clone H09;
Dianova, Hamburg, Germany).

Tumors with IDH1 (R132 H) mutation presented a cytoplasmic ac-
cumulation of the antibody, while IDHwt showed no accumulation
(Fig. 2). Based on the low reported frequency of non-canonical IDH1
mutations and IDH2 mutations in malignant astrocytomas, these were
not characterized due to tissue limitations.

For some non R132H mutated gliomas (namely young patients or
cases with a component resembling oligodendroglioma) sequencing for
different IDH1 and IDH2 mutations was performed.

2.5. Statistical analysis

The statistical analysis was conducted with SPSS 17.0 (SPSS Inc.,
Chicago, IL) with the support of the Clinical Research Unit of Our
Hospital.

For each DTI parameter, Shapiro-Wilk test was performed on ima-
ging data in order to evaluate if they were normally distributed.

Mann-Whitney was used in order to evaluate the statistical sig-
nificance between ratio values observed in the IDH1m group versus
those observed in the IDH1wt group (P-value< 0.01 was accepted for a
statistically significant differences).

Receiver-Operating Characteristic (ROC) curves of the parameters
with statistical significance were elaborated in order to find out the cut-
off value for distinguishing between IDHm and IDHwt.

Table 1
Acquisition protocol parameters.

Sequence TR (ms) TE (ms) TI (ms) ST (mm) NEX N° gradients Matrix AcqTime

T1-3Da 8.13 3.69 – 1 1 – 240×240 10’8’’
T2-3D 2800 221.2 – 1.6 1 – 184×182 6’32’’
FLAIR 4800 299.9 1660 1.6 1 – 228×228 5’48’’
DTI 8.114 94.4 – 2 3 32 128×128 12’32’’

TR (repetiton time), TE (echo time), TI (inversion time), ST (slice thickness), NEX (number of excitations), AcqTime (acquisition time).
a Pre/post Gadovist ® (0.1 ml/kg) administration.
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3. Results

3.1. Demographics

A total of 283 patients with intracranial neoplasm were studied in
our department by means of preoperative MR (Jan 2014-May 2015).
Among these, 84, with suspected cerebral glioma underwent advanced
MR-DTI examination, followed by surgery excision (days between MR-
DTI study and surgery: mean= 2.87; range: 1–5).

We excluded 37 patients:

• pts with MRI artifacts preventing an accurate DTI metric maps re-
construction;

• pts with a non-glial brain tumor at histopathology evaluation;

• pts with histology of LGG

• pts without IDH1 analysis.

The final population analyzed in our study was made up of 47 pa-
tients (20 F and 27M), with a mean age of 53.6 (range: 25–75; median:
55).

According to 2016 WHO classification, our series included grade III
glioma in 18 patients (13M; 5 F) and grade IV glioma in 29 (15 F;
14M). IDH1 was mutated in 10 patients (21.3%; IDH1m group) and
non-mutated in 37 patients (78.8%; IDH1wt group):

• IDH1m group: 8/10 glioma grade III (80%) and 2/10 glioma grade
IV (20%);

• IDH1wt group: 10/37 glioma grade III (27%) and 27/37 glioma

grade IV (73%).

3.2. DTI metrics

We observed positive correlation within the data concerning RD and
MD.

RD parameter: P-value<0.0001 for minRDratio and meanRDratio
and< 0.0011 for maxRDratio. Cut-off of 3.151, 2.389 and 2.023, re-
spectively; Area-Under-Curve (AUC) 0.895 for minRDratio, 0.878 for
meanRDratio and 0.824 for maxRDratio. Significance level resulted<
0.0001,< 0.0001 and 0.0001 respectively (Fig. 3).

MD parameter: P-value 0.005 for minMDratio, 0.018 for
meanMDratio and 0.089 for maxMDratio. Cut-off of 1.639, 1.641 and
1.49, respectively; AUC of 0.895 for minMDratio, 0.743 for meanMDratio

and 0.678 for maxMDratio. Significance level of 0.0003, 0.0064 and
0.1035 respectively (Fig. 4).

No correlation was demonstrated for FA (P-value of 0.0465 for
minFAratio, of 0.376 for meanFAratio, and of 0.539 for maxFAratio) and
AD (P-value of 0.07 for minADratio, of 0.159 for meanADratio, and of
0.582 for maxADratio). In fact, even if we observed a global reduction of
FA in tumor versus non-pathologic tissue, with a tendency for a lower
reduction in the IDH1m group versus the IDH1wt group, these differ-
ences did not reach an acceptable level of statistical significance. We
observed no correlation between AD ratio values and IDH1m as the
values were extremely variable.

Fig. 1. 3T MR Axial images and parametric
maps in a patient with left parietal HGG.
A-E: 5 ROIs placed on tumor tissue in left
parietal lobe; A: T1-weighted axial image, after
Gadolinium administration; B: axial FLAIR
image; C: FA map; D: MD map; E: RD map; F: 5
ROIs placed on contralateral (right) SOC, in the
same patient, MD map.

Fig. 2. Immunohistochemical demonstration
of IDH mutation state in two different GBM
cases.
(A–C) IDH wild type GBM: A) partially necrotic
GBM in right supplementary motor area,
B) haematoxylin and eosin stain showing pre-
sence of pleomorphic cells, C) im-
munohistochemical absence of IDH1 132H ex-
pression (no IDH1 R132H staining). In this case
minRDratio resulted 2.628.
(D–F) IDH mutant GBM: D) extensively ne-
crotic right deep frontal and insular GBM, E)
haematoxylin and eosin stain showing pre-
sence of vascular proliferation, F) cytoplasmic
positivity for IDH1 132H (positive IDH1
R132H staining appearing as light yellow in-
terstice). In this case minRDratio resulted
4.411.
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4. Discussion

In this study, we retrospectively analyzed DTI parametric maps in a
population of 47 HGG.

Among the parameters evaluated, RD and MD correlated with the
presence of the IDH1 mutation.

4.1. Radial diffusivity and mean diffusivity

Values of RD (minRD, meanRD and maxRD) in the tumor were
higher than those in healthy brain tissue, so their ratio was always
higher than 1. In HGG with IDH1m gene, the above values and the ratio
between tumor and normal tissue values were relatively higher than
HGG with IDH1wt. Nowadays few data are available about RD varia-
tion in normal tissue or about HGG. Server et coll. found that RD values,

together with ratio values, were higher in LGG than in HGG; other
authors agree with these conclusions [9,26,27]. The altered RD can be
explained by axonal disruption and demyelination, as reported in Kla-
witer and coll. study [28]. In our population, minMD values were
higher than those in healthy brain tissue, with an increased minMDratio

in the IDH1m group; our results confirm the conclusion of Tan and coll.
[20], who found an ADC-value higher in the case of IDH1m versus
IDH1wt in grade IV gliomas. However, the authors observed a different
behavior in grade II and III, with lower ADC value in IDH1m lesions.

4.2. Fractional anisotropy

As regards FA values, we observed a decrease in FA values in tumors
but we failed to find statistically significant differences between IDH1m
and IDH1wt groups. Up to now, Server et al. [9] concluded that minFA

Fig. 3. Correlation findings between IDH1 state and RD.
A-C: Dot-plot graphs for minRDratio (A), meanRDratio (B) and maxRDratio (C) values in IDH1m group compared to IDH1wt group. D–F: ROC curve obtained for
minRDratio (D), meanRDratio (E) and maxRDratio (F) values.

Fig. 4. Correlation findings between IDH1 state and MD.
A-C: Dot-plot graphs for minMDratio (A), meanMDratio (B) and maxMDratio (C) values in IDH1m group compared to IDH1wt group. D-F: ROC curve obtained for
minMDratio (D), meanMDratio (E) and maxMDratio (F) values.
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values (rather absolute than relative to normal appearing tissue) in
grade III lesions were different from grade IV. Tan and coll. found lower
values of maximum FA in gliomas compared to normal appearing tis-
sues. In their study [20], lesions with IDH1m showed a lesser degree of
decreased FA values compared to wild-type ones, but differences were
less evident as the histological grade increased. In fact, they found no
significant differences in FA between IDH1m and IDH1wt tumors when
comparing grade III WHO versus grade IV tumors. Inoue and coll., in
agreement with other authors, reported higher FA values in HGGs
compared to LGGs [25,29–31], although the mechanism behind higher
FA values in the former remains complex and controversial. Beppu and
coll. found a correlation not only between increasing FA value, but also
between cellular density and neo-angiogenesis processes [25,29,30],
while Stadlbauer observed an inverse trend [18]. In his study, Smitha
hypothesized that tumor infiltration could produce disorganization of
the nervous fibers resulting in a reduction in FA ratio between lesion
and normal tissue [23]. Changes in FA are still a matter of debate.

4.3. Data interpretation

The justification for the correlation observed in our study between
the presence of IDH1m (in about 1/3 of HGG) and increase in the values
of RD and MD, may lie within the biological function carried out by
IDH1, or the modifications that it induces in tumor tissue. The presence
of an IDH1wt gene, as described above, is associated with the normal
expression of the protein, with normal metabolism of cancer cells, and a
more aggressive tumor compared to those with IDH1m. In the latter
case, the protein is not produced, cell metabolism is impaired and the
tumor is usually less aggressive. The increase in MD and RD observed
may depend on less compact tissue and consequently a more isotropic
movement of water molecules in IDH1m versus IDH1wt. RD, linear
indicator of diffusivity along a perpendicular plane of diffusion tensor,
was the most correlated parameter among DTI metrics. RD may in-
crease instead of AD because perpendicular components of water dif-
fusion may be more influenced by tumor tissue than axial ones. This
may be secondary to a global reduction of fibers within the tumor.

On the other hand, we consider that the lack of correlation between
FA reduction and the IDH mutation status we observed could be sec-
ondary to the higher variance of FA compared with RD and MD, in the
analyzed cases. Nonetheless the higher dependency of FA on the ex-
tracellular matrix composition, when compared to isotropic para-
meters, may justify the absence of a significant correlation. We hy-
pothesize that the number of residual axonal fibers (reduced when
compared to normal tissue), extracellular matrix composition and the
presence of colliquated tissue, may together contribute to a global RD
increase in HGG, with a relatively higher increase in IDH1m tumors.

4.4. Future directions

We believe that our observations present a very high clinical value,
even though further studies are needed to explain how DTI metric
variations are related to histologic changes, such as tumor cell density,
neo-angiogenesis, perilesional edema and lesion size, via a detailed
anatomopathological characterization. Therefore we strongly agree
with Ma et al., who stated that only an integrated evaluation of DTI
metrics would make a better glial tumor classification possible.

In this perspective recently interesting data have been published,
deriving from the application of machine-learning approach in tumor
biomarkers identification [32,33].

5. Conclusions

Our study demonstrates a high grade of correlation between Radial
Diffusivity and the presence of IDH1m gene. A valid correlation of Mean
Diffusivity was also observed.

We believe that advanced MR imaging techniques are an excellent

means of characterizing High Grade Gliomas and, in the near future,
they will enable us to predict prognostic factors such as those described
above. However, to date, only an integrated and multi-parametric MRI
evaluation can support or dismiss some kind of diagnostic hypothesis
based solely on conventional imaging.

Further studies are required to confirm or exclude the association of
IDH1 status with DTI metrics in a wider range of population. This as-
sociation would further support the need to integrate advanced MRI
techniques and specific gene sequencing to characterize cerebral le-
sions.
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