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ORIGINAL RESEARCH
ADULT BRAIN

SodiumMRI at 7T for Early Response Evaluation of
Intracranial Tumors following Stereotactic Radiotherapy

Using the CyberKnife
L. Huang, J. Bai, R. Zong, J. Zhou, Z. Zuo, X. Chai, Z. Wang, J. An, Y. Zhuo, F. Boada, X. Yu,

Z. Ling, B. Qu, L. Pan, and Z. Zhang

ABSTRACT

BACKGROUND AND PURPOSE: Conventionally, early treatment response to stereotactic radiotherapy in intracranial tumors is often
determined by structural MR imaging. Tissue sodium concentration is altered by cellular integrity and energy status in cells. In this
study, we aimed to investigate the feasibility of sodium MR imaging at 7T for the preliminary evaluation of radiotherapeutic effi-
cacy for intracranial tumors.

MATERIALS AND METHODS: Data were collected from 16 patients (12 men and 4 women, 24–75 years of age) with 22 intracranial
tumors who were treated with stereotactic radiation therapy using CyberKnife at our institution between December 1, 2016, and
August 15, 2019. Sodium MR imaging was performed at 7T before and 48 hours, 1 week, and 1month after CyberKnife radiation ther-
apy. Tissue sodium concentration (TSC) was calculated and analyzed based on manually labeled regions of tumors.

RESULTS: Ultra-high-field sodium MR imaging clearly showed the intratumoral signal, which is significantly higher than that of nor-
mal tissue (t ¼ 5.250, P ,.001)., but the edema zone has some influence. The average TSC ratios of tumor to CSF in the 22 tumors,
contralateral normal tissues, edema zones, frontal cortex, and frontal white matter were 0.66 (range, 0.23–1.5), 0.30 (range, 0.15–
0.43), 0.58 (range, 0.25–1.21), 0.25 (range, 0.17–0.42), and 0.30 (range, 0.19–0.49), respectively. A total of 12 tumors in 8 patients were
scanned at 48 hours, 1 week, and 1month after treatment. The average TSC at 48 hours after treatment was 0.06 higher than that
before treatment and began to decrease at 1 week. The TSC ratios of 10 continued to decline and 2 tumors increased at 1 month,
respectively. Tumor volume decreased by 2.4%–99% after 3months.

CONCLUSIONS: Changes in the TSC can be quantified by sodium MR imaging at 7T and used to detect radiobiologic alterations in
intracranial tumors at early time points after CyberKnife radiation therapy.

ABBREVIATIONS: ATPase ¼ adenosine triphosphatase; CK ¼ CyberKnife; SRT ¼ stereotactic radiotherapy; TSC ¼ tissue sodium concentration; VEGF ¼ vas-
cular endothelial growth factor

Stereotactic radiation therapy (SRT) is an established and
effective treatment for intracranial tumors. This therapy con-

sists of a single or a few administrations of high-dose radiation
therapy to well-defined tumor targets, rather than repeat low-
dose irradiation of tumor cells and normal cells. CyberKnife (CK;
Accuray) is a compact, image-guided linear accelerator with a
robotic manipulator that is designed for stereotactic radiosurgery

and SRT.1 Several studies have suggested that radiosurgery may
induce apoptotic tumor cell death.2-4 The specific cellular
changes induced by dose fractionation involving a single or a few
high-dose treatments remain unclear. An adequate imaging
response of brain tumors after CK involves stable or reduced tu-
mor volumes on serial conventional imaging. However, the bio-
logic changes of the internal environment and cytologic levels of
the tumor occur earlier than the visible volume changes after
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radiation therapy. Conventional MR imaging can only show vol-
umetric changes, so there is a lag effect. Thus, increasing numbers
of studies are trying to find specific biomarkers of brain tumors
for early prediction of therapeutic effects.5-10

The biologic parameters of tumor cells, such as acid-base and
ionic balance, are different from those of normal cells before treat-
ment9 and after radiation therapy11 and chemotherapy.12 Sodium is
the second most abundant MR imaging–active nucleus in the
human body, and sodium concentration is sensitive to disease
because it is an indicator of cellular and metabolic integrity and ion
homeostasis.13,14 The cellular process of the sodium ion (23Na1) ho-
meostasis proceeds via coupled exchange with the potassium ions
(K1) between the intra- and extracellular spaces using the Na1/K1-
adenosine triphosphatase (ATPase) enzyme.15 Dysregulation of the
Na1/K1-ATPase or impairment of ATP ase-dependent processes
causes loss of Na1 homeostasis and, therefore, increased intrace-
llular sodium concentration, ultimately leading to cell death.16

Therefore, the Na1 ion concentration is very sensitive to changes of
the tissue metabolic state and cell membrane integrity. Since 1983,
sodium MR imaging has been used to detect the Na1 ions present
at different concentrations in various tissues.17 However, because
this technique has a low signal-to-noise ratio and spatial resolution
and the imaging time is long, the related research is limited. With
the continuous development of MR imaging equipment and tech-
nology, the imaging quality of Na1 continues to improve.

Previous studies have found that the tissue sodium concentra-
tion (TSC) is higher than that in normal tissue in patients with
diseases such as brain tumors,8 stroke,18 multiple sclerosis,19 and
Huntington disease.20 In 2006, Schepkin et al21 detected the early
cellular changes of cytotoxin therapy using sodium and proton
diffusion MR imaging. They observed that the ADC value and
the early TSC increase occurred before the volume change and
showed a linear relationship.21 This finding suggests that these
noninvasive imaging patterns can be used as predictive bio-
markers of tumor treatment response. There have been few
reports on the application of sodium MR imaging to the evalua-
tion of radiation therapy, and there are no relevant reports evalu-
ating the effects of SRT with CK. Huang et al22 published a case
report about this method in 2018. Nevertheless, sodium MR
imaging may be a useful noninvasive biomarker for evaluating
the early tumor response to therapy, allowing timely adjustment
of individualized treatment plans. The goal of the present study
was to use sodium MR imaging to noninvasively quantify total
TSC and to test whether TSC is altered in intracranial tumors.

MATERIALS AND METHODS
Patient and Tumor Characteristics
We enrolled 16 patients with a total of 22 tumors diagnosed as in-
tracranial tumors by imaging diagnosis or pathology who

underwent SRT with CK from
December 1, 2016, to August 15, 2019,
at our hospital. Twelve patients were
men (75%) and 4 were women (25%),
and they had a median age of 52.4 years
(range, 24–75 years) at the time of ini-
tial CK therapy. The tumors were
numbered between 1 and 16 (ie, 1–3,

4.1, 4.2, 5, 6.1, 6.2, 7, 8, 9.1, 9.2, 9.3, 10–14, 15.1, 15.2, 15.3, and 16).
Written informed consent was obtained from each participant
before study inclusion, and the study was approved by the institu-
tional review board of PLA General Hospital (No. S2018-119-01).
All the patients’ other treatments followed the principles of pri-
mary disease treatment. More patient details are described in the
Online Supplemental Data. The patients underwent pretreatment
sodium and protonMR imaging scans at a human 7TMR research
system (Siemens Healthcare, Erlangen, Germany) and were then
treated with SRT using CK. In total, 8 patients (who had a total of
12 tumors) completed follow-up scans at 48 hours, 1week, and
1month after treatment.

Quantitative Sodium MR Imaging
Sodium and proton imaging was performed on a human 7T MR
research system (Siemens Healthcare, Erlangen, Germany). Proton
imaging was first conducted with a 32-channel head coil (Nova
Medical Head Coil 1TX/32RX). B0 shimming parameters were
recorded for subsequent shimming during the sodium imaging.
Structural and diffusion images were acquired according to the
protocols in the Table. Sodium MR imaging was acquired with a
homemade birdcage coil. Sodium images with TEs of 0.30 and
2.32ms were acquired using the twisted projection imaging
sequence23 with the following parameters: FOV¼ 224� 224� 224
mm3, resolution¼ 3.5� 3.5� 3.5 mm3, TR¼ 174ms, flip angle¼
90°, and acquisition time¼ 12 minutes 53 seconds.

The sodium images with different TEs were postprocessed to cor-
rect for B0 bias.

24 The TSC maps were linearly corrected with refer-
ence to tube phantoms with known sodium concentrations of 30, 60,
90, and 120mM.24 The ROIs for analysis were manually defined on
the sodium images by a neurosurgeon. The ratios of the TSC signal
between different tissues and CSF were calculated and compared.

ROI Analysis
The ROI analysis was performed in MRIcron (https://www.nitrc.
org/projects/mricron). The tumor ROI was manually defined as a
sphere with a radius of 2mm. The maximum, minimum, and av-
erage signal intensities of the ROI were obtained, and the average
was selected as the final value. The corresponding information
about CSF, contralateral normal tissue, gray matter, and white
matter of the frontal cortex was measured by the same method.
To reduce error, we used the ratio of TSC values between the
ROI and CSF to assess the differences among scans.

Statistical Analysis
We used SPSS 22.0 (IBM) for statistical analyses, using paired t tests
to analyze the differences in TSC before and after treatment and
between different tumors and tissues. P, .05 was considered signif-
icant. Routine contrast-enhanced MR imaging was performed after

Signal intensity of ROIs in sodium images

Untreated 48 Hours 1 Week 1 Month
Tumor (mean) 22.85 (SD, 2.61) 24.19 (SD, 2.45) 22.28 (SD, 0.27) 36.08 (SD, 0.12)
CSF (mean) 23.23 (SD, 7.56) 24.43 (SD, 2.66) 27.53 (SD, 0.33) 25.92 (SD, 0.26)
Ratio 0.98 0.99 0.80 1.39
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3months of treatment, and the rate of change in tumor volume
before and after treatment was calculated. Tumor dimensions were
measured using the Coniglobus formula: V¼ 1/6p � a (diameter
length) � b (diameter width) � m (section thickness) � c (section
number).25

RESULTS
The target irradiation dose to the ROI was 18–22.5 Gy, and the
isodose line was 70%–75%, which was completed in 3 fractions.
Ultra-high-field sodium MR imaging after B0 correction clearly
showed the intratumoral signal, which is higher than that of
normal tissue, but the edema zone has some influence (Fig 1).
The uncorrected images can be found in the Online
Supplemental Figure. Figure 2 shows the imaging of tumor 1
and the TSC quantitative method. The average TSC ratios
between tumor and CSF in the 22 tumors, the contralateral nor-
mal tissues, edema zones, frontal cortex, and frontal white mat-
ter were 0.66 (range, 0.23–1.5), 0.30 (range, 0.15–0.43), 0.58
(range, 0.25–1.21), 0.25 (range, 0.17–0.40), and 0.30 (range,
0.19–0.49), respectively. The TSC in the tumor before treatment
was higher than that in normal tissue (t¼ 5.934, P, .01), and
the TSC of cortical white matter was higher than that of gray
matter (t¼ 5.243, P ¼ , .01). Although the average TSC in
tumors was higher than that in edema zones, there was no sig-
nificant difference (t¼ 1.694, P¼ .10).

Figure 3 shows the quantitative results of the 22 tumors. The
TSC results in different tumors show that brain metastases of liver
cancer were the most frequent tumor type in this study. Tumor vol-
ume decreased by 2.4%–99% at 3months after treatment. The TSC
values measured in the 12 tumors at 48hours after treatment were
higher than those before treatment by a mean of 0.06. The TSC val-
ues of tumors increased by varying degrees at 48hours after CK
treatment and decreased after 1week. After 1month, the TSC values
continued to decline in 10 tumors, but increased in 2 tumors.

Tumor volume decreased by 2.4%–99%
after 3months. Two tumors showed a
second peak in TSC after 1month and
relapsed at 6 and 12months after treat-
ment. Figure 4 shows a typical case (tu-
mor 14), for which sodium MR
imaging signal intensity is listed in the
Table.

DISCUSSION
Currently, SRT is used as the main
initial treatment for some intracranial
tumors, and it can also be used as an
adjuvant treatment for postoperative
residue or recurrence. The traditional
method of evaluating radiotherapeu-
tic efficacy is to observe changes of
tumor size using CT/MR imaging af-
ter 3months. However, that method
has the disadvantages of the hystere-
sis effect and the impossibility of
observing changes in the intracellular
environment of the tumor. Thus, an
increasing number of researchers
have been exploring noninvasive and
quantifiable methods of detecting
changes of the intracellular environ-
ment after radiation therapy. Sodium
MR imaging has mostly been

FIG 2. Proton and sodium MR imaging of tumor 1 at 7T. A, Axial T2-weighted image shows brain
metastasis of rectal cancer at the right frontal-parietal lobe. B, The reconstructed sodium image.
C and D, The ROI of the tumor and CSF in MRIcron software with the quantitative result.

FIG 1. Sodium MR images after B0 correction of 22 tumors. The
arrows pointed to the positions of tumors.
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investigated in intracranial tumors before tumor treatment. For
example, Ouwerkerk et al9 used hydrogen and sodium MR
imaging to quantify the differences in the sodium concentration
between normal brain tissue and tumor tissue in 2003.
However, studies of sodium MR imaging scans acquired at mul-
tiple time points before and after radiation therapy have not
been reported. In this study, a good signal-to-noise ratio was
obtained under 7T field intensity, and the image quality was
satisfactory.

We now discuss environmental changes in tumors. Malignant
tumors are characterized by angiogenesis and cell proliferation.
This unregulated cell division, which leads to tumor growth, can
result from changes in Na1/K1-ATPase exchange kinetics and
increased intracellular sodium concentration,26 accompanied by
tumor deterioration.27 Similarly, the increase of tumor neovascu-
larization and interstitial space increases the extracellular volume
fraction, which is also related to the potential of the tumor.28 As a
result, TSC levels are increased in malignant tumor tissues. The
sodium MR imaging data of 22 tumors in 16 patients before

treatment were analyzed and compared. The TSC of the 22
tumors was 55% higher than that of the contralateral normal
brain tissue. This result is similar to those of the quantitative anal-
ysis of 20 cases of gliomas by Ouwerkerk et al,9 who found that
the TSC in the tumor and surrounding tissues was 50%–60%
higher than that on the contralateral side. In this study, the TSC
values in tumors were generally higher than those in edema zones
and contralateral normal tissues, while the TSC values in the
white matter were higher than those in the gray matter. The TSC
values of tumors and edema zones were significantly different
from those of normal tissue. Previous studies have also found
increased sodium signal intensity in tumors of mice,29 rats,30 and
human brains.31

Our results showed increased TSC values in additional tumor
types, such as metastases, lymphomas, and meningiomas. There is
not very good differentiation between the TSC increases in tumors
and edema zones. Although the average TSC of tumor tissue in this
study was higher than that in edema zones, there was no significant
difference. The edema zones surrounding 7 tumors (27.2%) had

higher signal values than the tumors.
The pathologic result of the tumors was
lung adenocarcinoma. Brain metastases
tend to produce vasogenic edema,
which is caused by the accumulation of
protein-rich fluids in the extracellular
space after the blood-brain barrier is
destroyed. The increased volume of
extracellular space increases the extrac-
ellular volume fraction, which also
results in an increased TSC value in the
edema zone.

The tumor’s mechanism of destruc-
tion of the blood-brain barrier has 2FIG 3. TSC ratio of 22 tumors pretreatment.

FIG 4. A, Axial T2-weighted image showing brain metastasis of pulmonary neuroendocrine carcinoma complicated with adenocarcinoma (tumor
14). B, T2-weighted image 48hours after CK. C, T2-weighted image 1week after CK. D, T2-weighted image 1month after CK. E, Sodium MR imag-
ing pretreatment. F, Sodium MR imaging 48hours after CK. G, Sodium MR imaging 1week after CK. H, Sodium MR imaging 1month after CK. The
arrows pointed to the metastasis.
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main components: First, there is local production of factors that
increase the tumor’s vascular permeability, such as vascular endo-
thelial growth factor (VEGF),32 glutamate,33 and leukotriene.34

Second, tumor vascular endothelial cells lack tight connections
between them. The loss of blood-brain barrier integrity in brain
tumors is largely attributable to the VEGF, the expression of which
is also upregulated in gliomas, meningiomas, and metastatic
tumors.35-38 VEGF expression has also been found to be signifi-
cantly different in different pathologic types: VEGF expression in
lung adenocarcinoma was observed to be significantly higher than
that in squamous cell carcinoma.39 The increased TSC values that
we observed in the brain metastatic edema zones of lung adenocar-
cinoma also reflect the severity of the edema, which may be related
to the actions of VEGF. This point needs to be confirmed by further
research.

Our observed TSC values reflect the total amount of Na1

inside and outside the cell, so the increased TSC values in
tumors and edema zones may reflect this change in ion balance.
In particular, a 60% increase in the Na1 concentration in
tumors requires a several-fold increase in intracellular Na1, a
similar increase in the extracellular volume fraction, or a combi-
nation of both. The reason for this change is the decrease of
Na1/K1-ATPase enzyme activity and the change in Na/H
exchange kinetics, which lead to the increase of intracellular
Na1 concentration and participate in malignant transformation
of tumors. In this study, we only collected roughly descriptive
statistics about the pathologic results of breast cancer brain me-
tastases, lung cancer brain metastases, lymphomas, rectal cancer
brain metastases, meningiomas, and liver cancer brain metasta-
ses. Among them, the Na1 concentration in brain metastases of
liver cancer was the highest, and that of breast cancer was the
lowest. Biller et al6 showed that 7T sodium MRI can be used to
help with the grading of gliomas in a study of 34 patients with
World Health Organization grades I–IV untreated gliomas.
Bartha et al7 characterized the metabolic profile of low-grade
gliomas using short TE 1H-MR spectroscopy and assessing the
correlations between metabolite levels and sodiumMR imaging.
Although the Glu concentration is reduced and that of myo-
inositol is elevated in low-grade glioma tissue, the NAA/23Na
ratio was the most sensitive indicator of pathologic tissue. Biller
et al6 found that the sodium signal was even superior to the mo-
lecular signature of IDHmutation status for progression predic-
tion in gliomas. The information provided by sodium MR
imaging may help to classify neoplasias at an early stage, reduce
invasive tissue characterization procedures such as stereotactic
biopsy specimens, and promote improved and individualized
patient management in neuro-oncology by using imaging signa-
tures of brain tumors. Future work should examine the poten-
tial for these metabolic parameters to distinguish among tumors
of different pathologic types.

It is speculative to judge the prognosis of a tumor by the so-
dium concentration data before treatment. Multi-time quanti-
tative observations could capture the changes of tumor sodium
concentration in the early stage of SRT with CK more directly
and help analyze the relationships between tumor TSC and in-
ternal environmental changes. In previous animal studies, only

sodium MR imaging was used to observe the changes of
tumors after chemotherapy.40 The imbalance of Na1/K1-
ATPase and ATP-dependent processes in cells can lead to ion
imbalance, which, in turn, increases intracellular sodium.
Because the ionic gradient can no longer be maintained, this
issue can lead to cell death.41 According to Thulborn et al,8

these bioscales can monitor the spatial distribution of tissue
responses to radiation treatment on at least a weekly basis.
Such rapid feedback could be used to guide patient-adaptive
radiation treatment and avoid excessive radiation administra-
tion when no response can be achieved.

The purpose of this study was to determine the change rule
of TSC before any change in tumor volume occurs. Therefore,
we assessed the volume and TSC of 12 lesions in 8 patients
before treatment and 48 hours, 1 week, and 1month after treat-
ment and observed the overall change trends. The first TSC
peak appeared within 48 hours after radiation therapy. Cell vol-
ume reduction and chromatin-condensed cells may have apo-
ptotic characteristics,41 whereas sodium overload may be
strongly related to apoptosis and even cause apoptosis itself.
The first Na1 concentration peak after CK SRT was caused by
sodium overload after radiation, which, in turn, caused an
increase in apoptosis, as reflected by the resulting destruction of
cell membrane integrity. This result is consistent with our previ-
ous results of apoptosis imaging.42 The number of cells
decreased at the later stage of apoptosis, and TSC subsequently
decreased. These preliminary results suggest that sodium MR
imaging provides reliable evidence in the early evaluation of the
efficacy of radiation therapy for intracranial tumors. Tumors 7
and 14 showed a second TSC peak after 1month, and those
patients relapsed at 6 and 12months after treatment, respec-
tively. We speculate that this relapse was related to the active re-
currence and proliferation of these tumors, increased cell
division, resistance to radiation therapy, and vascular prolifera-
tion. These results illustrate that sodium MR imaging provides
important supplementary information about biologic activity. It
can be measured quantitatively and is noninvasive. Although
sodium MR imaging is only used as a complementary method
to proton MR imaging or other imaging methods such as PET,
its great clinical value is still worthy of further study.

There are still several limitations of our study. The dual-tuned
coil was not available, so B0 shimming was completed with the
proton coil, and the shimming parameters were transferred to so-
dium imaging. The change of coil resulted in the variation of the
B0 field, though we tried to keep the position of the patient con-
sistent. It downgraded the performance of B0 shimming and the
SNR of sodium imaging. Other limitations of our study included
the retrospective design, the small number of patients, and the
relatively short follow-up period. More time points of follow-up
and a larger sample are required to establish the long-term effi-
cacy of sodium MR imaging. Improved software and technology
are necessary to achieve accurate quantification of Na1 concen-
trations because the current applications have many problems,
and we will continue to study such improvements. Therefore, we
must be cautious with our conclusions because the present find-
ings are preliminary. Although a longer follow-up period and a
larger sample are necessary to confirm these results, this study of
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the evaluation of radiotherapeutic effects using sodiumMR imag-
ing for intracranial tumors had very encouraging results.

CONCLUSIONS
Changes in the TSC using sodium MR imaging can be used to
detect radiobiologic alterations in brain tumors at early time
points after CK radiation therapy. It can provide supplementary
information to assist with individualized and accurate tumor
treatment.

ACKNOWLEDGMENTS
The authors thank Fernando E. Boada from New York University
for providing the twisted projection imaging sequence and tuning
the scanning parameters.

Disclosure forms provided by the authors are available with the full text and
PDF of this article at www.ajnr.org.

REFERENCES
1. Adler JR, Murphy MJ, Chang SD, et al. Image-guided robotic radio-

surgery. Neurosurgery 1999;44:1299–306; discussion 1306–07 Medline
2. Witham TF, Okada H, Fellows W, et al. The characterization of tu-

mor apoptosis after experimental radiosurgery. Stereotact Funct
Neurosurg 2005;83:17–24 CrossRef Medline

3. Tsuzuki T, Tsunoda S, Sakaki T, et al. Tumor cell proliferation and
apoptosis associated with the Gamma Knife effect. Stereotact Funct
Neurosurg 1996;66(Suppl 1):39–48 CrossRef Medline

4. Kurita H, Ostertag CB, Baumer B, et al. Early effects of PRS-irradia-
tion for 9L gliosarcoma: characterization of interphase cell death.
Minim Invasive Neurosurg 2000;43:197–200 CrossRef Medline

5. Haneder S, Giordano FA, Konstandin S, et al. 23Na-MRI of recurrent
glioblastoma multiforme after intraoperative radiotherapy: techni-
cal note. Neuroradiology 2015;57:321–26 CrossRef Medline

6. Biller A, Badde S, Nagel A, et al. Improved brain tumor classifica-
tion by sodium MR imaging: prediction of IDH mutation status
and tumor progression. AJNR Am J Neuroradiol 2016;37:66–73
CrossRef Medline

7. Bartha R, Megyesi JF, Watling CJ. Low-grade glioma: correlation of
short echo time 1H-MR spectroscopy with 23Na MR imaging.
AJNR Am J Neuroradiol 2008;29:464–70 CrossRef Medline

8. Thulborn KR, Lu A, Atkinson IC, et al. Quantitative sodium MR
imaging and sodium bioscales for the management of brain
tumors. Neuroimaging Clin N Am 2009;19:615–24 CrossRef Medline

9. Ouwerkerk R, Bleich KB, Gillen JS, et al. Tissue sodium concentra-
tion in human brain tumors as measured with 23Na MR imaging.
Radiology 2003;227:529–37 CrossRef Medline

10. Laymon CM, Oborski MJ, Lee VK, et al. Combined imaging bio-
markers for therapy evaluation in glioblastoma multiforme: corre-
lating sodium MRI and F-18 FLT PET on a voxel-wise basis.Magn
Reson Imaging 2012;30:1268–78 CrossRef Medline

11. Baskar R, Lee KA, Yeo R, et al. Cancer and radiation therapy: cur-
rent advances and future directions. Int J Med Sci 2012;9:193–99
CrossRef Medline

12. Schepkin VD, Bejarano FC, Morgan T, et al. In vivo magnetic reso-
nance imaging of sodium and diffusion in rat glioma at 21.1 T.
Magn Reson Med 2012;67:1159–66 CrossRef Medline

13. Nagy I, Lustyik G, Lukács G, et al. Correlation of malignancy with
the intracellular Na+:K+ ratio in human thyroid tumors. Cancer
Res 1983;43:5395–402 Medline

14. Ng KH, Bradley DA, Looi LM. Elevated trace element concentrations
in malignant breast tissues. Br J Radiol 1997;70:375–82 CrossRef
Medline

15. Rose AM, Valdes R. Understanding the sodium pump and its rele-
vance to disease. Clin Chem 1994;40:1674–85 Medline

16. Madelin G, Kline R, Walvick R, et al. Amethod for estimating intra-
cellular sodium concentration and extracellular volume fraction in
brain in vivo using sodium magnetic resonance imaging. Sci Rep
2014;4:4763 CrossRef Medline

17. Hilal SK, Maudsley AA, Simon HE, et al. In vivo NMR imaging of
tissue sodium in the intact cat before and after acute cerebral
stroke. AJNR Am J Neuroradiol 1983;4:245–49 Medline

18. Jones SC, Kharlamov A, Yanovski B, et al. Stroke onset time using
sodium MRI in rat focal cerebral ischemia. Stroke 2006;37:883–88
CrossRef Medline

19. Maarouf A, Audoin B, Konstandin S, et al. Topography of brain so-
dium accumulation in progressive multiple sclerosis. Magn Reson
Mater Phy 2014;27:53–62 CrossRef Medline

20. Reetz K, Romanzetti S, Dogan I, et al. Increased brain tissue sodium
concentration in Huntington’s disease: a sodium imaging study at
4 T.Neuroimage 2012;63:517–24 CrossRef Medline

21. Schepkin VD, Chenevert TL, Kuszpit K, et al. Sodium and proton
diffusion MRI as biomarkers for early therapeutic response in sub-
cutaneous tumors. Magn Reson Imaging 2006;24:273–78 CrossRef
Medline

22. Huang L, Zhang Z, Qu B, et al. Imaging of sodium MRI for therapy
evaluation of brain metastases with CyberKnife at 7T: a case
report. Cureus 2018;10:e2502 CrossRef Medline

23. Lu A, Atkinson IC, Claiborne TC, et al. Quantitative sodium imag-
ing with a flexible twisted projection pulse sequence. Magn Reson
Med 2010;63:1583–93 CrossRef Medline

24. O’Donnell M, Edelstein WA. NMR imaging in the presence of mag-
netic field inhomogeneities and gradient field nonlinearities. Med
Phys 1985;12:20–06 CrossRef Medline

25. Kothari RU, Brott T, Broderick JP, et al. The ABCs of measuring in-
tracerebral hemorrhage volumes. Stroke 1996;27:1304–05 CrossRef
Medline

26. Spector M, O'Neal S, Racker E. Phosphorylation of the beta subu-
nit of Na+K+-ATPase in Ehrlich ascites tumor by a mem-
brane-bound protein kinase. J Biol Chem 1980;255:8370–73
CrossRef Medline

27. Cameron IL, Smith NK, Pool TB, et al. Intracellular concentration
of sodium and other elements as related to mitogenesis and onco-
genesis in vivo. Cancer Res 1980;40:1493–50 Medline

28. Weidner N. Tumor angiogenesis: review of current applica-
tions in tumor prognostication. Semin Diagn Pathol
1993;10:302–13 Medline

29. Summers RM, Joseph PM, Kundel HL. Sodium nuclear magnetic
resonance imaging of neuroblastoma in the nude mouse. Invest
Radiol 1991;26:233–41 CrossRef Medline

30. Thulborn KR, Davis D, Adams H, et al. Quantitative tissue sodium
concentration mapping of the growth of focal cerebral tumors
with sodium magnetic resonance imaging. Magn Reson Med
1999;41:351–59 CrossRef Medline

31. Hashimoto T, Ikehira H, Fukuda H, et al. In vivo sodium-23 MRI in
brain tumors: evaluation of preliminary clinical experience. Am J
Physiol Imaging 1991;6:74–80 Medline

32. Senger DR, Brown LF, Claffey KP, et al. Vascular permeability factor,
tumor angiogenesis and stroma generation. Invasion Metastasis
1994;14:385–94 Medline

33. Baethmann A, Maier-Hauff K, Schürer L, et al. Release of glutamate
and of free fatty acids in vasogenic brain edema. J Neurosurg
1989;70:578–91 CrossRef Medline

34. Black KL, Hoff JT, McGillicuddy JE, et al. Increased leukotriene C4
and vasogenic edema surrounding brain tumors in humans. Ann
Neurol 1986;19:592–95 CrossRef Medline

35. CarlsonMR, PopeWB, Horvath S, et al. Relationship between survival
and edema in malignant gliomas: role of vascular endothelial growth
factor and neuronal pentraxin 2. Clin Cancer Res 2007;13:2592–98
CrossRef Medline

186 Huang Feb 2022 www.ajnr.org

http://www.ajnr.org/sites/default/files/additional-assets/Disclosures/February%202022/0445.pdf
http://www.ajnr.org
https://www.ncbi.nlm.nih.gov/pubmed/10371630
http://dx.doi.org/10.1159/000084475
https://www.ncbi.nlm.nih.gov/pubmed/15775705
http://dx.doi.org/10.1159/000099699
https://www.ncbi.nlm.nih.gov/pubmed/9032843
http://dx.doi.org/10.1055/s-2000-11373
https://www.ncbi.nlm.nih.gov/pubmed/11270831
http://dx.doi.org/10.1007/s00234-014-1468-2
https://www.ncbi.nlm.nih.gov/pubmed/25428586
http://dx.doi.org/10.3174/ajnr.A4493
https://www.ncbi.nlm.nih.gov/pubmed/26494691
http://dx.doi.org/10.3174/ajnr.A0854
https://www.ncbi.nlm.nih.gov/pubmed/18238848
http://dx.doi.org/10.1016/j.nic.2009.09.001
https://www.ncbi.nlm.nih.gov/pubmed/19959008
http://dx.doi.org/10.1148/radiol.2272020483
https://www.ncbi.nlm.nih.gov/pubmed/12663825
http://dx.doi.org/10.1016/j.mri.2012.05.011
https://www.ncbi.nlm.nih.gov/pubmed/22819581
http://dx.doi.org/10.7150/ijms.3635
https://www.ncbi.nlm.nih.gov/pubmed/22408567
http://dx.doi.org/10.1002/mrm.23077
https://www.ncbi.nlm.nih.gov/pubmed/21748798
https://www.ncbi.nlm.nih.gov/pubmed/6616471
http://dx.doi.org/10.1259/bjr.70.832.9166074
https://www.ncbi.nlm.nih.gov/pubmed/9166074
https://www.ncbi.nlm.nih.gov/pubmed/8070076
http://dx.doi.org/10.1038/srep04763
https://www.ncbi.nlm.nih.gov/pubmed/24755879
https://www.ncbi.nlm.nih.gov/pubmed/6410713
http://dx.doi.org/10.1161/01.STR.0000198845.79254.0f
https://www.ncbi.nlm.nih.gov/pubmed/16424376
http://dx.doi.org/10.1007/s10334-013-0396-1
https://www.ncbi.nlm.nih.gov/pubmed/23907269
http://dx.doi.org/10.1016/j.neuroimage.2012.07.009
https://www.ncbi.nlm.nih.gov/pubmed/22796981
http://dx.doi.org/10.1016/j.mri.2005.12.004
https://www.ncbi.nlm.nih.gov/pubmed/16563956
http://dx.doi.org/10.7759/cureus.2502
https://www.ncbi.nlm.nih.gov/pubmed/29928562
http://dx.doi.org/10.1002/mrm.22381
https://www.ncbi.nlm.nih.gov/pubmed/20512862
http://dx.doi.org/10.1118/1.595732
https://www.ncbi.nlm.nih.gov/pubmed/3974521
http://dx.doi.org/10.1161/01.str.27.8.1304
https://www.ncbi.nlm.nih.gov/pubmed/8711791
http://dx.doi.org/10.1016/S0021-9258(18)43499-0
https://www.ncbi.nlm.nih.gov/pubmed/6251054
https://www.ncbi.nlm.nih.gov/pubmed/7370987
https://www.ncbi.nlm.nih.gov/pubmed/7511250
http://dx.doi.org/10.1097/00004424-199103000-00007
https://www.ncbi.nlm.nih.gov/pubmed/2055728
http://dx.doi.org/10.1002/(SICI)1522-2594(199902)41:2&hx003C;351::AID-MRM20&hx003E;3.0.CO;2-H
https://www.ncbi.nlm.nih.gov/pubmed/10080284
https://www.ncbi.nlm.nih.gov/pubmed/1867865
https://www.ncbi.nlm.nih.gov/pubmed/7544775
http://dx.doi.org/10.3171/jns.1989.70.4.0578
https://www.ncbi.nlm.nih.gov/pubmed/2564431
http://dx.doi.org/10.1002/ana.410190613
https://www.ncbi.nlm.nih.gov/pubmed/3729313
http://dx.doi.org/10.1158/1078-0432.CCR-06-2772
https://www.ncbi.nlm.nih.gov/pubmed/17473188


36. Provias J, Claffey K, delAguila L, et al.Meningiomas: role of vascular
endothelial growth factor/vascular permeability factor in angio-
genesis and peritumoral edema. Neurosurgery 1997;40:1016–26
CrossRef Medline

37. Strugar JG, Criscuolo GR, Rothbart D, et al. Vascular endothelial
growth/permeability factor expression in human glioma speci-
mens: correlation with vasogenic brain edema and tumor-associ-
ated cysts. J Neurosurg 1995;83:682–89 CrossRef Medline

38. Yano S, Shinohara H, Herbst RS, et al. Expression of vascular endo-
thelial growth factor is necessary but not sufficient for production
and growth of brain metastasis. Cancer Res 2000;60:4959–67
Medline

39. Zebrowski BK, Yano S, Liu W, et al. Vascular endothelial growth
factor levels and induction of permeability in malignant pleural
effusions. Clin Cancer Res 1999;5:3364–68 Medline

40. Schepkin VD, Ross BD, Chenevert TL, et al. Sodium magnetic reso-
nance imaging of chemotherapeutic response in a rat glioma.
Magn Reson Med 2005;53:85–92 CrossRef Medline

41. Boada FE, LaVerde G, Jungreis C, et al. Loss of cell ion homeostasis
and cell viability in the brain: what sodium MRI can tell us. Curr
Top Dev Biol 2005;70:77–101 CrossRef Medline

42. Sun L, Zhou K, WangW, et al. [18F]ML-10 imaging for assessment of
apoptosis response of intracranial tumor early after radiosurgery by
PET/CT. Contrast MediaMol Imaging 2018;2018:1–9 CrossRef Medline

AJNR Am J Neuroradiol 43:181–87 Feb 2022 www.ajnr.org 187

http://dx.doi.org/10.1097/00006123-199705000-00027
https://www.ncbi.nlm.nih.gov/pubmed/9149260
http://dx.doi.org/10.3171/jns.1995.83.4.0682
https://www.ncbi.nlm.nih.gov/pubmed/7674019
https://www.ncbi.nlm.nih.gov/pubmed/10987313
https://www.ncbi.nlm.nih.gov/pubmed/10589746
http://dx.doi.org/10.1002/mrm.20332
https://www.ncbi.nlm.nih.gov/pubmed/15690506
http://dx.doi.org/10.1016/S0070-2153(05)70004-1
https://www.ncbi.nlm.nih.gov/pubmed/16338338
http://dx.doi.org/10.1155/2018/9365174
https://www.ncbi.nlm.nih.gov/pubmed/29983648

	Sodium MRI at 7T for Early Response Evaluation of Intracranial Tumors following Stereotactic Radiotherapy Using the CyberKnife
	MATERIALS AND METHODS
	PATIENT AND TUMOR CHARACTERISTICS
	QUANTITATIVE SODIUM MR IMAGING
	ROI ANALYSIS
	STATISTICAL ANALYSIS
	RESULTS
	DISCUSSION
	CONCLUSIONS
	REFERENCES


