Sodium mapping in focal cerebral ischemiain therat by quantitative ?NaMRI

V. E. Yushmanov?, B. Yanovski', A. K harlamov?, G. LaVerdé?, F. E. Boada?, and S. C. Jones®

'Department of Anesthesiology, Allegheny-Singer Research Institute, Pittsburgh, PA, United States, MR Research Center, Department of Radiology, University of
Pittsburgh, Pittsburgh, PA, United States, *Departments of Anesthesiology and Neurology, Allegheny-Singer Research Institute, Pittsburgh, PA, United States

INTRODUCTION

Recently, we proposed Na MRI as a means to determine precisely the stroke onset time for establishing patient eligibility for thrombolytic therapy (1). However,
absolute sodium concentration mapping in rat cerebral ischemia has not been addressed in earlier studies, although these studies have shown agreement between [Na*]y,
values measured by *Na MRI and **Na radionuclide dilution assay in a whole normal rat brain and in a rat glioma model (2,3) using hour-long imaging times. To
establish [Na*],, as a potential MRI biomarker in evolving focal ischemic stroke with a broad range of [Na*],, values, ’Na MRI should be performed within several
minutes and quantitated over small regions. The present work was undertaken to validate and calibrate Na MRI as a quantitative technique with temporal resolution of
5.3 min and precisely targeted very small ROIs in selected brain structures using a gold standard technique, emission flame photometry.

METHODS

Seven normally fed male Sprague-Dawley rats weighing 300 + 16 g underwent the middle cerebral artery occlusion (MCAO) by an intraluminal suture (4). For **Na/'H
MRYI, the animal’s head was positioned inside a 5-cm-diameter, 5-cm-long dual-tuned dual-quadrature birdcage transmit/receive RF coil (5). Calibration standards (0-
154 mM NaCl) were placed next to animal’s head. Images were obtained on a 3 T GEMS scanner. 'H diffusion-weighted multislice spin-echo images (diffusion
weighting b-factor values of 0, 79, 314, and 707 s/mm?) were used for reconstruction of ADC maps. For *Na MRI, a 3D twisted projection imaging (TPI) scheme (6)
with a voxel size of 0.48 mm® was applied. Every 5.3 min, eight transients were acquired for each of 398 projections using TR/TE of 100/0.4 ms. The inhomogeneity
correction of the B, field was performed by RF mapping (7). After MRI, Na content in 12-18 0.5-mg brain samples was determined by emission flame photometry at
589 nm. The 40-um thick coronal brain sections taken every 400 pm at different levels from bregma were digitized and registered to render volumetric reconstructions
of the brain. MR and histological 3D images were aligned and analyzed in AMIDE (8). ROIs in the MR images were placed at the positions of punch holes (Fig. 1).
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Fig. 1. ROI analysis of Na" content in a rat brain after MCAO. Coronal images of the brain (at bregma — 2 mm) 40
are shown. (a) ADC map used to guide the sampling. Ischemic regions in the ipsilateral hemisphere (left-hand
side of the image) have (ADC < 550 um?*s). (b) Cut-face photographs of the brain in the cryostat before
sampling and (c) after sampling showing punch holes. A millimeter scale is shown at the top. (d) Cross-section 20 . ! ! ! .
of the 3D reconstruction of the brain. The change in surface reflectivity of ischemic tissue shows the infarct 0 1 2 3 4 5
location (outlined by a red dotted line). Cylindrical ROIs (shown in red) were placed over the punch holes. T. (h)

(e) ®Na MRI at 4.3 hours after MCAO. The calibration standards are external to the rat head and not shown.

RESULTS

Key features of the MRI protocol included the ultra-short TE (0.4 ms) to minimize a quantitation bias caused by the
»Na fast biexponential relaxation, the B, mapping to correct for RF inhomogeneities, and the use of calibration
standards. The feasibility of *Na MRI comparison against the gold standard, emission flame photometry, hinged
upon two crucial advances in the present study: 1) precise directed sampling of normal and ischemic cortex and
caudate putamen, and 2) alignment of MR images with a 3D reconstruction of the punched brain for precise ROI
placement. The changes in *Na signal intensity aftr MCAO were analyzed in the ipsilateral and homotopic
contralateral frontal cortex, parietal cortex and caudate putamen (Fig. 1). In agreement with earlier studies (1,9), *Na MRI

intensity showed a linear increase in ischemic brain and no statistically significant changes in contralateral ROIs over time 50
(Fig. 2). To estimate [Na*],, in ipsilateral ROIs at the end of the experiment, *Na image intensities were extrapolated to the
decapitation time using linear regression, as shown in Fig. 2. The agreement between the two techniques were assessed
using the Bland-Altman plot (10). The plot in Fig. 3 shows a good agreement between *Na MRI and flame photometry
data. The mean value of the relative difference between flame photometry and MRI results (mean bias) and 95% limits of
agreement (at +1.96 SD) were -4% + 42% of average, and 95% confidence intervals were 4% of average for the mean bias
and £7% of average for the upper and lower limits of agreement. The mean bias of -4% of average is close to zero, and
difference values do not show any systematic variation over the range of measurement (Fig. 3).

CONCLUSION

The results of this study present a first documented validation of the absolute quantitation of distribution and accumulation
of sodium in ischemic rat brain by Na MRI. Despite the technical limitations associated with small voxel sizes in a small
animal model, »*Na MRI provides accurate and reliable results in the rat model within the whole range of [Na'ly in
ischemia, suggesting that the accuracy would further improve in the clinical setting.
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Fig. 2. *Na MRI intensity in the
subcortical ischemic ROI ([Na'];, circles)
and contralateral normal ROI ([Na*].,
squares). T, time after MCAO; T,
decapitation time; [Na'ly, estimated
[Na*]y, value in the ischemic ROI at the
end of the experiment.
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Fig. 3. Bland-Altman analysis of
agreement between *Na MRI and
emission flame photometry (EFP).
Abscissa is an average (EFP+MRI)/2;
ordinate is the difference plotted as
percentage of the averages. Dashed
horizontal lines represent mean bias and
95% limits of agreement). Data for all
animals are combined.
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