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ORIGINAL RESEARCH
ADULT BRAIN

Improved Brain Tumor Classification by Sodium MR Imaging:
Prediction of IDH Mutation Status and Tumor Progression

A. Biller, S. Badde, A. Nagel, J.-O. Neumann, X W. Wick, A. Hertenstein, X M. Bendszus, F. Sahm, N. Benkhedah, and J. Kleesiek

ABSTRACT

BACKGROUND AND PURPOSE: MR imaging in neuro-oncology is challenging due to inherent ambiguities in proton signal behavior.
Sodium-MR imaging may substantially contribute to the characterization of tumors because it reflects the functional status of the
sodium-potassium pump and sodium channels.

MATERIALS AND METHODS: Sodium-MR imaging data of patients with treatment-naïve glioma WHO grades I–IV (n � 34; mean age,
51.29 � 17.77 years) were acquired by using a 7T MR system. For acquisition of sodium-MR images, we applied density-adapted 3D radial
projection reconstruction pulse sequences. Proton-MR imaging data were acquired by using a 3T whole-body system.

RESULTS: We demonstrated that the initial sodium signal of a treatment-naïve brain tumor is a significant predictor of isocitrate
dehydrogenase (IDH) mutation status (P � .001). Moreover, independent of this correlation, the Cox proportional hazards model con-
firmed the sodium signal of treatment-naïve brain tumors as a predictor of progression (P � .003). Compared with the molecular signature
of IDH mutation status, information criteria of model comparison revealed that the sodium signal is even superior to IDH in progression
prediction. In addition, sodium-MR imaging provides a new approach to noninvasive tumor classification. The sodium signal of contrast-
enhancing tumor portions facilitates differentiation among most glioma types (P � .001).

CONCLUSIONS: The information of sodium-MR imaging may help to classify neoplasias at an early stage, to reduce invasive tissue
characterization such as stereotactic biopsy specimens, and overall to promote improved and individualized patient management in
neuro-oncology by novel imaging signatures of brain tumors.

ABBREVIATIONS: AA � anaplastic astrocytoma; CE � contrast-enhancing; GB � glioblastoma; GG � ganglioglioma; IDH � isocitrate dehydrogenase; NaR �
relaxation-weighted sodium signal; NaT � total sodium signal; PA � pilocytic astrocytoma; PFS � progression-free survival; PH � proportional hazard; WHO � World
Health Organization

Gliomas are the most common type of primary brain tumor.1

They are classified on the basis of MR imaging, histopatho-

logic, and clinical criteria. However, MR imaging in neuro-oncol-

ogy is challenging due to inherent ambiguities in proton (1H)

signal behavior. Contrast-enhancing (CE) tumor portions in

T1WI do not necessarily represent a malignant tumor.2 For ex-

ample, gangliogliomas (GGs) and pilocytic astrocytomas (PAs),

both low-grade gliomas, demonstrate vivid contrast enhance-

ment.3 In turn, tissue that appears normal without contrast en-

hancement or physiologic T2 signal may be tumorous tissue.4,5

The evolving method of sodium (Na) MR imaging may substan-

tially contribute to the characterization of tumors by neuro-on-

cologic imaging because it reflects the functional status of the

sodium-potassium pump and Na channels. It allows 2 signals to

be determined, which reflect the total amount of tissue Na

(NaT)6,7 as well as the amount of ions with short relaxation times

(NaR).7,8 The NaR signal is dependent on the microstructural
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environment, and, mainly, intracellular Na ions contribute to it.

It correlates with the Ki-67 proliferation index of tumor cells.7 To

evaluate the implications of Na-MR imaging for neuro-oncologic

patient management, we analyzed Na-MR imaging data of treat-

ment-naïve gliomas in correlation with progression-free survival

(PFS) and tumor classification. We propose that the Na signal

ratio NaR:NaT is a predictor for PFS and show that NaR:NaT is

superior even to the prognostic information of the isocitrate de-

hydrogenase (IDH) mutational status. In contrast to the genetic

characterization of IDH, Na-MR imaging is noninvasive and no

contrast medium is needed. Moreover, Na-MR imaging yields

highly relevant information that promotes tumor classification.

Overall, our observations underline that Na-MR imaging is a

valuable noninvasive tool for prognostic and diagnostic assess-

ment in neuro-oncology.

MATERIALS AND METHODS
Ethics Statement
The study was approved by the local medical ethics committee

(Faculty of Clinical Medicine, University of Heidelberg), and all

the participants gave written informed consent before enroll-

ment. The procedures that followed were in accordance with the

Declaration of Helsinki.

Patient Cohort
Inclusion criteria were 1) the suspected diagnosis of a glioma, 2)

in patients �18 years, and 3) without neurologic or psychiatric

illness or head trauma in their history; furthermore, 4) neoplasias

had to be treatment naïve, that is, no chemotherapy, radiation or

surgery was performed. We measured 34 patients whose 1H-MR

imaging was suggestive of a glioma by using Na-MR imaging.

Epidemiologic data and tumor characteristics are presented in

On-line Table 1. Diagnoses of our patient population included

PA, astrocytoma World Health Organization (WHO) grade II,

anaplastic astrocytoma (AA), glioblastoma (GB), oligodendrogli-

oma WHO grade II, anaplastic oligodendroglioma, anaplastic

ependymoma, and gliomatosis cerebri. In addition, histopatho-

logic analyses diagnosed 2 cerebral metastases (breast and pros-

tate cancer), which mimicked GB on 1H-MR images.

Histopathologic Analysis
Tissue was evaluated according to the current WHO classifica-

tion.1 Ki-67 index and IDH status were evaluated as described

previously by Sahm et al.9,10

MR Imaging
Na-MR imaging was performed by using a 7T whole-body MR

system (Magnetom 7T; Siemens, Erlangen, Germany) by using

a double-resonant (1H/23Na) quadrature birdcage coil with an

inner coil diameter of 26 cm (Rapid Biomed, Rimpar, Ger-

many). All Na-MR images were based on a 3D attenuation-

adapted projection reconstruction technique (see On-line Ta-

ble 2 for details).11 1H-MR data were acquired by using a 3T

whole-body system (Tim Trio 3T; Siemens) with T2-TSE, T2-

FLAIR, native and contrast-enhanced T1–3D ultrafast gradient

sequences.

Image Processing
Na image reconstruction was performed off-line; Na and ana-

tomic 1H data were coregistered into the individual standard

space (for details see On-line Appendix, Methods). We defined

the tumor volumes of interest by their global T2 signal altera-

tions (whole tumor VOI) and, where applicable, by their T1

signal of CE portions (CE tumor VOI) (Fig 1). In addition, we

segmented healthy gray and white matter, CSF, and vessels.

Segmentation was performed by using the Interactive Learning

and Segmentation Toolkit (ilastik)12 (see On-line Appendix,

Methods). Data were normalized to CSF as multimodally de-

fined by the ilastik segmentation. We integrated the informa-

tion from the NaR and the NaT signal into a single quantity

(arbitrary units), the NaR:NaT signal ratio, which can be un-

derstood as normalizing the NaR signal with NaT. For an illus-

tration of this quantity, we plotted the average NaR:NaT dis-

tributions of healthy gray matter, white matter, CSF, and GB

(On-line Fig 1). The NaR and NaT signal behavior in both

low-grade glioma and high-grade glioma is exemplarily shown

in On-line Fig 2.

Statistical Analysis
Statistical analysis was performed by using R statistical computing

software (version 3.0.3; http://www.r-project.org/).13

Prediction of IDH Mutation Status from NaR:NaT
A logistic regression model was fitted to evaluate the predictive

value of NaR:NaT for IDH mutation status. Based on the re-

sulting receiver operating characteristic curve, an NaR:NaT

threshold was determined, which simultaneously optimized

sensitivity and specificity of the prediction (On-line Fig 3).

FIG 1. Tumor masking. The T2 signal of tumor and perifocal edema is
shown on an exemplary T2-FLAIR image (A) of a patient with GG (ID
no. 2, On-line Table 1); it is the basis of the whole tumor VOI (A and B,
blue). CE tumor portions (C) define the CE tumor VOI (C and D, red).
All tumor VOIs were created by using ilastik (see Materials and Meth-
ods; Image Processing; and On-line Appendix, Methods).
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PFS Hazards Based on NaR:NaT
Based on the NaR:NaT threshold ob-

tained via the IDH mutation status, we

computed the Kaplan-Meier estimate

of the resulting 2 groups. Further, to

estimate the predictive properties of

NaR:NaT for PFS, a Cox proportional

hazard (PH) model was fitted to the

right-censored survival data of the pa-

tient cohort (On-line Fig 4). The good-

ness of fit of this model was compared

with a Cox PH model with IDH muta-

tion status as a predictor (On-line Fig

5). Due to the relationship between the

magnitude of NaR:NaT and IDH mu-

tation status (as shown with the logis-

tic regression), separate models, rather

than a combined model, were fitted

and compared based on the Akaike in-

formation criterion. To be able to

compare both models, the models

were constructed by using only data in

which IDH mutation status was

available.

NaR:NaT Differences among
Tumor Classes
By using analysis of variance NaR:NaT

from 1) whole tumor VOIs were com-

pared among PA, astrocytoma, AA,

GB, oligodendroglioma WHO grade

II, anaplastic oligodendroglioma, and

metastasis; and NaR:NaT from 2) CE

tumor VOIs were compared among

PA, AA, GB, and metastasis. Anaplas-

tic ependymoma and gliomatosis cere-

bri were excluded from whole tumor

VOI analysis because each group contained only a single patient.

Similarly, CE tumor VOI analysis was restricted to tumors with a

group size of at least 2. Post hoc analysis of significant effects was

conducted with pair-wise t tests, corrected for multiple compari-

sons after Benjamini-Hochberg. All analyses used the mean NaR:

NaT values of the VOI.

To determine the predictive discriminability of GB and metas-

tasis from the remaining histopathologic classes (REST) based on

NaR:NaT, we computed a logistic regression model for the whole

tumor VOI and evaluated the receiver operating characteristic

curve (On-line Fig 6). Next, to discriminate GB from metastasis

and from PA plus AA, 2 logistic regressions were calculated for

NaR:NaT values from CE VOI.

RESULTS
Prediction of IDH Mutation from NaR:NaT
Analysis of a logistic regression model revealed that NaR:NaT of the

whole tumor VOI is a significant predictor of IDH mutation status

(�2[1] � 14.47, P � .001) (Fig 2A). With an increase in NaR:NaT by

0.1, the odds ratio of an IDH mutation grows by 21.7 (�0 � 7.00, SE

FIG 2. A, Prediction of IDH mutation status from NaR:NaT. Each circular marker indicates 1
tumor’s mean NaR:NaT value and its IDH mutation status. These values were entered into a
logistic regression model, and the resulting probabilities of IDH wild type based on NaR:NaT
are depicted in red (the gray area shows the 95% CI of the predictions). B, IDH mutation status.
With a combined optimization of sensitivity and specificity, the logistic regression model
yielded an NaR:NaT threshold of 1.35 (Fig 2A and On-line Fig 3; area under the curve � 0.87). IDH
mutations were found in 71% of tumors with an NaR:NaT below threshold and in 18% of tumors
with an NaR:NaT above threshold. C, Kaplan-Meier estimates of PFS. The estimated percentage
of progression-free patients is shown in dependence on time. Patients were divided into 2
groups, having an NaR:NaT value either below or above 1.35. The threshold of 1.35 was derived
based on the prediction of IDH mutation status from NaR:NaT (Fig 2A). D, The Cox PH regres-
sion model for NaT:NaR. Predicted hazard ratios in dependence on NaR:NaT mean values from
the whole tumor VOI are shown. Long gray marks indicate single patient values. A positive
hazard ratio indicates an increase in hazard rate that can be attributed to an increase in
NaT:NaR. Practically, it describes the relative risk at the instantaneous moment, which is
assumed to be constant across time.

FIG 3. NaR:NaT values of different tumor classes. The boxplots visu-
alize the mean NaR:NaT of the whole tumor VOI (A) and the CE tumor
VOI (B) for different tumor classes. Because of the low sample size,
gliomatosis cerebri (n � 1), anaplastic ependymoma (n � 1), and ana-
plastic oligodendroglioma (n � 1) are not depicted. For NaR:NaT of
the whole tumor VOI, GB could be separated from all other gliomas
(REST) but not from metastasis. NaR:NaT of the CE tumor VOI en-
abled all (CE) gliomas to be separated from each other except for PA
versus AA (REST). Moreover, GB can be differentiated from metasta-
sis. The box extends from the lower to upper quartile values of the
data; lines represent the median; and colored filled circles depict the
modal. Vertical axes indicate the range of the data; flier points are
shown as black filled circles. O indicates oligodendroglioma; AO, ana-
plastic oligodendroglioma; AE, anaplastic ependymoma; GC, glioma-
tosis cerebri; A, astrocytoma; M, metastasis.
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[�0] � 2.67; �NaR:NaT � �5.38, SE [�NaR:NaT] � 1.96). With a com-

bined optimization of sensitivity and specificity, the model yielded an

NaR:NaT threshold of 1.35 (On-line Fig 3; area under the curve �

0.87), which corresponds to an odds ratio of IDH mutation of 0.57.

IDH mutations were found in 71% of tumors with an NaR:NaT

below threshold and in 18% of tumors with an NaR:NaT above

threshold (Fig 2B).

Progression-Free Survival

Kaplan-Meier Estimates Based on NaR:NaT. To use the prognos-

tic information of the IDH mutation status, we used the NaR:NaT

threshold of 1.35 to separate tumors into a group below threshold

(mean, 1.05) and a group above threshold (mean, 1.72 [95% CI,

0.47– 0.86]). Based on the NaR:NaT signal threshold of 1.35, the

Kaplan-Meier estimates revealed differences in the time from MR

measurement to the time of disease progression (PFS) (�2[1] �

8.2, P � .004). Tumors below the threshold demonstrated a sub-

stantially longer PFS than those above the threshold (Fig 2C).

Cox Proportional Hazard PFS Based on NaR:NaT. Analysis of a

Cox PH model confirmed that NaR:NaT was a significant predictor

of PFS (�2[1] � 8.77, P � .003; for an analysis of the residuals see

On-line Fig 4). An increase in NaR:NaT

by 0.1 is associated with an increase in

progression hazard rate of 340% (�NaR:

NaT � 3.53, SE [�NaR:NaT] � 1.34) (Fig

2D). The 95% CI of the logarithmic haz-

ard ratio �NaR:NaT, 2.50–271.70, indi-

cated that, for different patient cohorts,

the associated increases in hazard will,

though a mild overestimation is princi-

pally possible, most probably lead to a

considerable underestimation of pro-

gression rate.

In addition, the hazard ratio, that is,

the change of hazard rate, of IDH muta-

tion and wild type was estimated by us-

ing a Cox PH model (On-line Fig 5).

Hazard rates were reliably predicted by

IDH mutation status (�2[1] � 7.76, P �

.005). The hazard of progression is 9.9

times larger in the wild-type group than

in the mutation group (�IDH � 2.30, SE

[�IDH] � 0.10). A comparison of both

Cox PH models revealed that NaR:NaT

is a better predictor of PFS (Akaike in-

formation criterionNaR:NaT � 36.48 �

Akaike information criterionIDH �

37.49) than the IDH mutational status.

Tumor Classification
When examining NaR:NaT data of the

whole tumor VOI, an ANOVA with

Benjamini-Hochberg corrected P val-

ues of post hoc pair-wise t tests re-

vealed that all brain tumors enrolled

showed significantly lower NaR:NaT

compared with GB and M (F[6,25] �

5.03, P � .002; no violation of homogeneity of variances assump-

tion (Levene test F[6,25] � 0.76, P � .605); Fig 3A and On-line

Table 3). An ANOVA on NaR:NaT from the CE tumor VOI (Fig

3B) revealed a significant NaR:NaT difference between GB, me-

tastasis, and PA plus AA (F[3,14] � 11.84, P � .001; no violation

of homogeneity of variances assumption [Levene test F{3,14} �

0.45, P � .718]; see On-line Table 4 for Benjamini-Hochberg

corrected pair-wise t tests). A significant difference in NaR:NaT

between PA and AA did not emerge. To examine the prediction

quality of these significant differences in mean NaR:NaT, logistic

regression models were established. The first logistic regression

confirmed that NaR:NaT mean values from the whole tumor VOI

are a significant predictor for the binary classification of GB plus

metastasis versus REST (�2[1] � 28.96, P � .001). With an in-

crease in NaR:NaT of 0.001, the odds ratio of a tumor being either

GB or metastasis grows by 968.77 (�0 � �20.44, SE[�0] � 8.79;

�NaR:NaT � 13.78, SE[�NaR:NaT] � 5.90). At an NaR:NaT thresh-

old of 1.50, a specificity of 94% and a sensitivity of 86% are

achieved, whereas the corresponding area under the curve is 96%

(On-line Fig 6). Further logistic regression models confirmed that

NaR:NaT mean values from the CE tumor VOI are significant

FIG 4. Ganglioglioma. The neoplasia of a 49-year-old patient (ID no. 2, On-line Table 1) affects the
left thalamus, pallidum, and putamen, and is characterized by a largely homogeneous elevated
T2-FLAIR signal (A) and somewhat rim-like contrast enhancement (B). Based on 1H-MR imaging,
differential diagnostic considerations included low-grade tumors such as GG and PA but also
malignant neoplasias such as GB and cerebral metastasis. Na-MR imaging reveals a mean NaR:NaT of
1.39 (whole tumor VOI) and 1.26 (CE tumor VOI) (C and D) compatible with a low-grade tumor (Fig 3A,
-B; On-line Fig 2E, -F; On-line Table 1). Thus, the differential diagnoses of GB and M could be ruled
out. This result was confirmed by histopathology (On-line Fig 8). Na images are overlaid on T1-
weighted postcontrast images; color mesh grid: whole tumor VOI, solid color: CE tumor VOI.
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predictors for the classification of GB versus AA plus PA (�2[1] �

4.20, P � .050) and for the classification of GB versus metastasis

(�2[1] � 4.28, P � .039).

DISCUSSION
The current study identifies NaR:NaT as a noninvasive predictor

of PFS. Furthermore, we observed a strong relationship between

NaR:NaT and IDH mutation status. An NaR:NaT threshold is

provided for the prediction of IDH mutation status by logistic

regression. Model comparison showed that NaR:NaT was even

better at predicting PFS than the genetic analyses of IDH based on

MR imaging data. Moreover, NaR:NaT reflects relevant tissue

characteristics that provide valuable information for improved

tumor classification.

Gliomas are classified on the basis of MR imaging, histopatho-

logic, and clinical criteria. In addition, molecular abnormalities in

gliomas such as IDH mutations, O6-methylguanine methyltrans-

ferase promoter methylation status,14,15 or 1p/19q co-deletions

have moved into the focus of scientific interest. They are increas-

ingly considered as supportive markers to assist diagnosis and

patient management.16 The IDH mutational status of a glioma is

a strong prognostic marker of outcome.17-19 Patients with WHO

grades II–IV gliomas with IDH mutation have a better overall

survival and PFS than those with wild-

type IDH.16,20-23 Here, we found that

NaR:NaT is a significant predictor of

IDH mutations. Based on this predic-

tion, the logistic regression model es-

tablished a threshold that made pa-

tient stratification possible. The

frequency of IDH mutations in the

group above and below this threshold

was in accordance with the literature

data for high- and low-grade tu-

mors,24,25 respectively, underlining

that the threshold is not only sensible

in theory but also when used in physi-

ologic context. Kaplan-Meier esti-

mates demonstrated a significantly

longer PFS in patients with NaR:NaT

below threshold. The established asso-

ciation does not necessarily imply cau-

sality. Still, Cox PH fits independently

confirmed that both NaR:NaT and

IDH were predictors of PFS. More-

over, model comparison based on the

Akaike information criterion revealed

that NaR:NaT is even superior to IDH

in predicting PFS. Our observations

are compatible with a genomic analy-

sis of GB that revealed mutations in

Na channel genes.26 These mutations

were associated with shorter survival

compared with tumors with wild-type

Na channels.27 Interestingly, none of

the tumors with IDH gene mutation

had a Na channel gene mutation. The

potential of NaR:NaT to predict IDH mutation status, as well as

PFS, grants access to information that is usually restricted to ge-

netic analyses. Hence, it extends the scope of Na-MR imaging

from mere diagnosis to both diagnosis and prognosis.

Contrast-enhanced routine 1H-MR imaging contributes to

glioma classification through anatomic information and indi-

cation of areas with blood-brain barrier disruption. However,

due to the limited specificity of T2- and T1-weighted imag-

ing,3,4 a nonenhancing glioma, is not always low grade (eg,

AA), and a CE glioma is not necessarily malignant (eg, PA/

GG). As a consequence, often only histopathologic analysis of

tumor specimens provides the diagnosis. Na-MR imaging,

however, yields significant information in unraveling this di-

agnostic dilemma. The pathophysiologic correlate is a strong

relation between NaR:NaT and the tumor proliferation index

Ki-67 (On-line Fig 7) on the one hand and the significant role

of Na channels in tumor cell division and migration27-31 on the

other hand. NaR:NaT of the CE tumor VOI enabled differen-

tiation of all CE tumors in our patient population except for

PA versus AA. Moreover, cerebral metastases, which were ini-

tially accidentally considered to be a high-grade glioma based

on 1H-MR images and thus included in our study, were cor-

FIG 5. Glioblastoma. The left-temporal tumor of a 71-year-old male patient (ID no. 21, On-line
Table 1) shows inhomogeneous central and large homogeneous perifocal T2-FLAIR hyperinten-
sities (A). There is a rim-like contrast enhancement of the central tumor portion, as seen on
T2-FLAIR (A) and T1-weighted images (B). Na-MR imaging demonstrates a mean NaR:NaT of 1.65
(whole tumor VOI) and 2.02 (CE tumor VOI) (C and D) compatible with GB (Fig 3A, -B; On-line Fig
2G, -H; On-line Table 1). The diagnosis was histopathologically proved (On-line Fig 8). Na-MR
images are overlaid onto T1-weighted postcontrast images; color mesh grid: whole tumor VOI,
solid color: CE tumor VOI.
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rectly attributed to a separate class by NaR:NaT (Fig 3B). To

translate these findings into clinical application, we present a

49-year-old patient (ID no. 2, On-line Table 1) with a supra-

tentorial tumor of the left thalamus, internal capsule, and pal-

lidum. The neoplasia revealed elevated T2 signals and bulky

contrast enhancement with central T1 signal reduction. Based

on 1H-MR imaging (Fig 4A, -B), the spectrum of differential

diagnoses includes PA/GG, GB, and metastasis, and thus no

reliable tumor classification could be provided. However,

Na-MR imaging yielded additional information for tumor clas-

sification. NaR:NaT indicated the diagnosis of PA/GG (Fig 3 and Fig

4C, -D) and discarded the differential diagnoses of GB and M (On-

line Table 1). This finding is contrasted to a case of GB in a 71-year-

old patient (ID no. 21; Fig 5) which demonstrated NaR:NaT values

that are indicative of GB and exclude the diagnosis of PA/GG (and

metastasis) (Fig 3). Our classifications were confirmed by the histo-

pathologic examination of the biopsy specimens (On-line Fig 8).

This exemplary clinical application underlines that the Na sig-

nal yielded significant prognostic and diagnostic information on

PFS and tumor classification that will be able to guide clinical

decision making in neuro-oncology in the future. Advanced phys-

iologic 1H-MR imaging techniques such as perfusion-weighted

imaging, diffusion-weighted imaging, and spectroscopy (1H-MR

spectroscopy) provide relevant information for tumor character-

ization as well. For example, tumor grade is associated with rela-

tive cerebral blood volume32-34; volume transfer coefficient35-38;

apparent diffusion coefficient39,40; and cerebral metabolite ratios,

for example, the choline to N-acetylaspartate33 and the choline to

creatine ratios.33,41 Also, relative cerebral blood volume,34,42-48

volume transfer coefficient,35,49 apparent diffusion coeffi-

cient,50-52 and metabolite ratios, for example, the choline to N-

acetylaspartate ratio,53 aid prediction of PFS. Moreover, 1H-MR

spectroscopy of 2-hydroxyglutarate enables the detection of IDH

mutations.54 Future studies are needed to integrate the specific

contribution of advanced 1H-MR imaging and X-nuclei-MR im-

aging techniques, respectively, to tumor grading as well as predic-

tion of IDH mutation status and PFS.

Na-MR imaging struggles to differentiate CE PA/GG from AA.

This is mainly due to the large standard deviation of NaR:NaT in

AA. One cause for the large standard deviation in the Na signal

ratios may be the limited spatial resolution. Larger voxel sizes

intrinsically smooth local signal differences to a certain extent.

Another cause of this variability in NaR:NaT may be the substan-

tial overlap in tumor cell proliferation between astrocytoma

(WHO grade II), AA (WHO grade III), and GB (WHO grade IV).1

This means that AA, which recently developed from astrocytoma,

would exhibit lower NaR:NaT than AA in malignant transforma-

tion to GB. The proposed relationship between NaR:NaT and the

developmental state of the tumor is supported by the strong cor-

relation between NaR:NaT and the tumor proliferation index

Ki-67 (On-line Appendix, Results; On-line Fig 7). Analysis of our

data indeed indicate that NaR:NaT of AA may reflect the state of

malignant transformation and that NaR:NaT as well as corre-

sponding Ki-67 may range from values compatible with low-

grade gliomas (eg, ID no. 9, On-line Table 1) to those of high-

grade gliomas (eg, ID no. 10, On-line Table 1). If that is true, then

future analyses of the same dataset with updated data on outcome

will indicate a correlation between NaR:NaT data and the time to

malignant transformation.

A future challenge in Na-MR imaging is improvement of

the spatial resolution, which would, for example, enable a

more-precise characterization and might allow for defining

subclones of varying malignancies in high-grade tumors.55 Be-

sides the application of high magnetic field strengths, an in-

creased spatial resolution can be achieved by using iterative

image reconstruction techniques or multichannel receiver

coils. One approach incorporates a priori information from
1H-MR imaging into the image reconstruction of Na-MR data.

Thereby, intensity variations in the Na image are promoted at

the position of known tissue boundaries, which translate into

an improved spatial resolution and enable quantification with

higher accuracy.56

One limitation of this study is the low sample size, which was

partly due to the inclusion criteria. Patients with a brain tumor

had to be treatment naïve and be in a medical condition that

permitted an additional MR imaging for scientific purposes. Clin-

ical studies with larger patient populations are needed to prospec-

tively test our prediction models and to analyze the interdepen-

dencies of the measures NaR:NaT and IDH as well as the effect of

influencing parameters such as radiation or chemotherapy, a task

that is beyond the scope of this pilot study.

CONCLUSIONS
Na-MR imaging allows for PFS prediction, which we showed is

superior even to the IDH mutation status and improves the accu-

racy of brain tumor classification. Hence, Na-MR imaging is a

promising candidate for noninvasive outcome prediction and tu-

mor diagnosis, which may help to classify neoplasias at an early

stage, to reduce invasive tissue characterization such as stereotac-

tic biopsy specimens, and, overall, to promote improved patient

management in neuro-oncology.
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