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ABSTRACT

Cerebral imaging is crucial in the diagnosis and treatment algorithm of acute stroke to determine salvageable brain tissue. While
diffusion MRI is commonly used to define the ischemic core, it cannot reliably distinguish irreversibly damaged from salvageable
tissue. We investigated the added value of 2*Na MRI to define irreversible necrotic tissue after a stroke. Fifteen patients with acute
stroke involving medial cerebral artery occlusion were longitudinally explored with conventional and 2*Na MRI within 24h,
70h following stroke and at 3 months to characterize the necrotic area. Time-courses of sodium accumulations were observed
within regions presenting with or spared by cytotoxic/ionic edema and converting or not to necrosis. Dynamics of sodium ac-
cumulations were very different across subjects. At the group level, time-courses of sodium signal in cytotoxic edema showed a
non-linear increase with an upper asymptote of 59 & 6%% relative to the contralateral hemisphere. Regions with a larger early in-
crease in 2*Na signal (ionic edema) showed a non-linear accumulation during the first 70h and were associated with subsequent
necrosis at month 3. Some of the regions with no ionic edema during the first 70h became necrotic at month 3, showing that
pejorative pathophysiological processes could worsen after 70 h following attack. Final necrotic volume was well predicted by the
cytotoxic volume (ADC decrease) during the first 24 h, and by the volume of ionic edema during the subacute period (25-70h)
following attack. The regions showing ionic edema showed a non-linear increase of 2*Na signal during the first 70h, with larger
sodium accumulations in regions converting to necrosis at month 3. It may be of interest to consider the role of ionic edema im-
aging in the 70h after stroke and reperfusion, with a view to better understand stroke pathophysiology. Sodium MRI could add
complementary information about the fate of cell necrosis within low ADC signal regions.

Abbreviations: NIHSS, National Institutes of Health Stroke Scale; ROI, Region of interest; DWI, Diffusion-weighted image; ADC, Apparent diffusion coefficient.
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1 | Introduction

Stroke is the leading cause of mortality and morbidity world-
wide. Acute ischemic stroke is caused by an abrupt reduction
in blood flow within specific brain areas, which induces a se-
quence of neurochemical processes known as the ischemic cas-
cade leading to tissue necrosis when therapeutic interventions
are not efficient [1]. Although cerebral imaging is pivotal in the
diagnosis and treatment planning of stroke, the major challenge
during the acute phase is identifying salvageable tissues. The
core identified on early computed tomography (CT) or mag-
netic resonance imaging (MRI) does not represent tissue that
is already infarcted but “rather a probabilistic estimate of tissue
that is highly likely to become infarcted, if fast reperfusion does
not occur” [2]. The most commonly used MRI sequence to de-
fine the ischemic core is diffusion. Diffusion-weighted imaging
(DWI) identifies cytotoxic edema through the limited motion of
water molecules in the extracellular space [3]; thus, a high DWI
signal does not necessarily represent irreversibly infarcted tis-
sue [4]. Regions with low apparent diffusion coefficient (ADC)
have been demonstrated to represent the most reliable imaging
marker for infarct core assessment [5]; however, it does not accu-
rately differentiate irreversibly damaged ischemic from salvage-
able tissue [6].

As the definition of core areas was based on metabolism
[6], imaging more directly metabolic and ionic homeostatic
changes should facilitate the therapeutic decision. Thus, MRI
can study sodium levels of tissues non-invasively [7]. Some au-
thors have proposed that 2>Na MRI could provide clinicians
with additional insight into the individual metabolic status
[8]. Wetterling et al. [9] preclinical study's suggested that
sodium-MRI in conjunction with ADC can serve as a viability
marker in order to facilitate time-independent assessment of
tissue fate and cellular bioenergetics failure in stroke patients.
In a clinical cross-sectional study, Tsang et al. [10] demon-
strated that the signal intensity of sodium increased in a time-
dependent manner during acute ischemic stroke in humans,
whereas the ADC of water did not provide any useful temporal
information while reaching a plateau. In line with these re-
sults, Hussain et al. [11] modeled the non-linear increase in
sodium signal intensity within the cytotoxic edema (defined
by the region of decreased ADC) with a sigmoid curve which
showed an initial slow ramp-up lasting 5 to 6h, followed by a
more rapid increase between 18 and 20h to finally reach an
upper asymptote around +70% for sodium intensity within
the cytotoxic edema relative to the normal contralateral hemi-
sphere. However, this cross-sectional study did not account
for potential interindividual differences and did not provide
any prognostic values for 22Na MRI to define irreversible ne-
crotic tissue.

Recent studies have highlighted the significant challenge posed
by infarct expansion despite successful recanalization in acute
ischemic stroke patients, underscoring the potential utility of
MRI in evaluating post-reperfusion injury [12, 13]. The reperfu-
sion benefit may be independent of current imaging constructs
and this also question the accuracy and utility of conventional
imaging modalities in defining reversible versus irreversible
ischemia [14]. In this context, alternative MR methods like 2*Na
MRI may provide novel insights into cellular and metabolic

dynamic after reperfusion, offering a complementary approach
to conventional MRI for post-treatment evaluation of tissue vi-
ability. To address these points, we conducted a longitudinal
follow-up study in 15 patients with acute stroke explored with
conventional proton MRI and 2*Na MRI at different time points:
(i) within the first 24h following onset, (ii) within the first
70h, and finally (iii) 3 months after the stroke event with only
conventional MRI to characterize the necrotic area. We aimed
to confirm the dynamics of 2*Na concentrations in cytotoxic
edema defined by low ADC, and to characterize the dynamics
of 2’Na and ADC signals within areas showing abnormal ?*Na
signal, abnormal ADC, final necrotic tissue, and various over-
lays of these regions in order to better understand the tissue
evolution after stroke recanalization. Finally, we examined the
inter-individual differences in the dynamics of cellular and ionic
parameters across these areas to assess the potential individual
value of this modality.

2 | Experimental
2.1 | Participants and Clinical Assessment

This study was conducted at the University Hospital of Marseille
(AP-HM), France, following the approval of the local ethics com-
mittee (CPP Sud Méditerrannée V, 2014-A01532-45). Individuals
were included in the study after obtaining verbal and written
informed consent.

Adults with hemispheric ischemic stroke with a definite time
of onset less than 24h, stroke volume greater than 1.5mL on
the clinical MRI performed prior to the revascularization ther-
apy, no history of neurological or psychiatric pathology, and no
contraindication to MRI were included in the study. Exclusion
criteria included the usual contraindications to MRI, risk of
noncompliance, unstabilized neurological or hemodynamic
state. All subjects received standard care, including intravenous
thrombolysis if indicated. 2*Na and 'H MRI were performed
within 24h of the stroke, then between 25 and 70h. Then, at
3months, only conventional MRI with fluid-attenuated inver-
sion recovery (FLAIR) and 3D-T1-weighted Magnetization
Prepared RApid Gradient Echo (MPRAGE) were performed.
Clinical assessment was performed by an expert neurologist, in-
cluding the National Institutes of Health Stroke Scale (NIHSS)
score at each time point and the Rankin score [15] measured
3 months after attack [16].

2.2 | MRI Data Acquisition

MR imaging was performed on a 3T Verio system (Siemens
Healthineers, Erlangen Germany) equipped with multi-nuclear
options, using a double tuned 2*Na-'H volume head coil (Rapid
Biomedical, Rimpar, Germany).

The 'H MRI protocol included a 2D FLAIR sequence (TE/
TR/TI=95/9000/2500ms, 24 slices with 10% slice gap,
voxel size=0.9x0.9X5mm, FOV=240mm, acquisition
time=4min 14s), a 3D-T1-weighted MPRAGE sequence (TE/
TR/TI=3.41/1900/900 ms, voxel Size=0.9x0.9%x 0.9 mm,
FOV=230mm, acquisition time=5min 53s) and an axial
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diffusion-weighted echo planar imaging sequence (TE/
TR =152/6700ms, 24 slices with 10% slice gap, voxel size=1.3
X 1.3 X 5mm, FOV=240mm, b0 and b=1000 s/mm?, 3 direc-
tions, acquisition time =1min 55s).

The 23Na MRI acquisition consisted in a 3D density-adapted ra-
dial projection reconstruction pulse sequence [17] (TE=200us,
TR=100ms, 6000 projections, with 384 data points each, flip
angle=90° pulse length=0.320ms, gradient amplitude=4.6
mT/m, readout duration=20ms, nominal spatial resolution of
4x4x4mm?3, 10min of acquisition time).

2.3 | Data Processing

Reconstruction of the 3D radial sodium acquisition was per-
formed offline using a home-made procedure developed on
Matlab (R2011b, MathWorks) [17]. Rician noise was removed by
using a nonlocal means denoising filter on the reconstructed 3D
data [18].

2.3.1 | Definition of the Regions of Interest

The definition of lesional ROIs was conducted manually inde-
pendently by two experienced operators (NM, MC) using the
FSLVIEW platform for each image type and time point. This
was performed on coregistered images to ensure spatial con-
sistency across modalities and time points. The lesional ROIs
were delineated as regions showing hypersignals on Na MRI,
b1000 diffusion weighted MRI and FLAIR). Hypersignal was
defined as brain areas that exhibit higher signal intensities
compared to surrounding tissues and to contralateral region
as described in previous studies [7, 19-21]. All regions appear-
ing as hyperintense compared to the contralateral side were
included in the delineation, with heterogeneous areas within
the lesion being preserved as part of the ROIs. Both operators
analyzed the entire dataset, and very strong correlations were
observed between the lesion volumes delineated by the two
operators. To minimize the risk of bias and variability inher-
ent to manual contouring, we averaged the values obtained
from the two operators. At each time point, the contralateral
zones were defined by flipping the ‘lesion’ contour after reg-
istration on brain templates for 2*Na and diffusion-weighted
images. The 23Na, FLAIR, and diffusion-weighted images
were aligned onto high-resolution 'H images (MPRAGE) at
each time point. MPRAGE images at time points 1 and 2 were
coregistered with the high-resolution MPRAGE images at
3months to allow registration of the other sequences. Thus,
the “early ionic edema” was defined as the region character-
ized by hypersignal observed on ?*Na maps during the first
70h, the “early cytotoxic edema” as the region characterized
by hypersignal observed on b1000 images during the first 70h
and the “necrosis” as the region characterized by hypersignal
observed on FLAIR at 3months. To better characterize the
dynamics of the different pathological processes occurring
during the first 70h following attack, we also characterized
the regions of ‘early ionic edema converting to necrosis’ (ROI
HighNanFlairM3), “necrotic region not exhibiting early ionic
edema” (ROI FlairM3 minus HighNa), “early cytotoxic edema
converting to necrosis” (ROI lowADCnNFlairM3), “necrotic

region not exhibiting early cytotoxic edema” (FlairM3 minus
lowADC), and “early ionic edema not converting to necrosis”
(ROI HighNa minus FLAIR). A schematic representation of
the regions of interest and their definitions is provided in
Figure 3A,B. Mean values (**Na signal and ADC) were ex-
tracted from the different ROIs and their contralateral an-
alogues before computing the percentage signal changes:
(signal intensity, . - signal intensity . )/signal intensity ..
X 100.

2.4 | Statistics

A non-linear sigmoid fit (f{t) = e;"’i ) was applied to the 28 rel-
ative sodium signal intensity data points collected over the 70h
following stroke onset [11].

Moreover, we displayed the evolution of the time courses
observed in different regions of interest by pooling all sub-
jects and their individual longitudinal data with a local lin-
ear fit representation. Temporal dynamics of the 2Na signal
and ADC between the different regions exhibiting different
pathophysiological processes and prognoses were compared
using paired ANOVA at the group level. We conducted a non-
parametric correlation analysis using Spearman’s correlation
coefficients.

For all statistical tests, a significance level of p<0.05 was
employed.

3 | Results

A total of 15 participants were enrolled in the study. One pa-
tient showed cytotoxic edema volume less than 1 mm?3. In
order to limit the effect of partial volume effect, we excluded
this patient. In total, 14 patients were analyzed seven fe-
males and eight males. The mean age of the participants was
68 £ 13years. The means NITHSS at admission was 10+ 6 and
5+4 at the first MRI of this study, after recanalization. The
NIHSS at admission and at the MRI time points are shown
in Table 1. In our study, 60% of the subjects experienced an
ischemic stroke due to involvement of the left middle cerebral
territory while 27% had right middle cerebral territory in-
volvement. A total of 13 subjects received intravenous throm-
bolysis as part of their treatment and 3 subjects underwent
thrombectomy.

A total of 28 time points were recorded over the first 3days fol-
lowing the stroke event. Details of the participant characteristics
are presented in Table 1.

Figure 1 presents representative MR images from the 15 sub-
jects, scanned prior to 24h after the onset of stroke and again
within 3days. These data show different dynamics of increase in
the 23Na signal with time after the onset for each individual. The
diffusion sequence from one subject (P10) and the MPRAGE of
another (P13) were not analyzable due to the presence of move-
ment artifacts. Two subjects were unable to undergo scanning
between 24 and 70h due to a clinical aggravation that was in-
compatible with MRI scanning (P4 and P13).

30f 11

'sdny wouy papeojumod 'S 'S20z ‘Z6¥T660T

10131pUOD PUE SULB L 3L} 885 *[5202/70/60] UO ARG 8UIUO 4811 'POS NQ UO NI BISIPAIIN 3] | RS IN-XIV/WH-dY 3] |BS N NUD AQ 8200L WIQU/Z00T 0T/10p/wiod" A 1M Areaq1jeu

Rl A

B}

Pl

85UBD17 SUOWILLOD BA11a1D) 3|qedt|dde au) Aq peusenob afe sappie WO ‘asn JO Sanu Joj ARelqi auljuo A3|1IM uo (suonj



TABLE1 | Stroke individuals characteristics.

NIHSS
Initial/first
Vascular acquisition/ Time of DWI initial
Patient Age Acute stroke territory, clot second serial lesion volume
no. (year) Sex treatment location acquisition MRI (h) (cm3)
P1 57 M IV tPA Left MCA, M2 24/17/16 17.4/64.4 87.7
P2 64 M IV tPA Right MCA, ICA 6/4/0 22/69 83.3
P3 87 F IV tPA Left MCA, M2 11/8/1 6.2/51.5 19.2
P4 67 M IVtPA+MT Left MCA, M1 22/11/- 24.7 31.9
P5 40 M IV tPA Left MCA, ACI 10/3/2 15.3/37.7 20.3
Pe6 70 F IVtPA+MT Right MCA, M1 15/3/2 13.5/63.2 7.7
P7 49 M IV tPA Left MCA, M2 13/1/1 21.5/43.2 3.0
P8 70 F IV tPA Right MCA, NV 9/1/1 20.5/67.4 11.1
P9 71 M IV tPA Left PCA, NV 10/8/2 20.5/46.5 1.6
P10 87 F IV tPA Left MCA, M1 9/8/5 24.5/68.8 7.4
P11 75 F IV tPA Left MCA, M3 6/3/2 18.5/65 1.7
P12 65 M IV tPA+MT Left MCA, M1 6/0/0 16.8/40.5 3.2
P13 84 I IV tPA Right MCA, M1 8/2/— 16 1.4
P14 69 M None Left MCA, NV 3/3/0 3.8/75 1.3

Abbreviations: DWI, diffusion-weighted imaging; ICA, internal carotid artery; IV tPA, intravenous tissue plasminogen activator; MCA, middle cerebral artery; MRI,
magnetic resonance imaging; MT, mechanical thrombectomy; NIHSS, National Institutes of Health Stroke Scale; NV, not visible; PCA, posterior cerebral artery.

3.1 | Cellular and Ionic Dynamics of the Region
Involved by Early Cytotoxic Edema

By fitting all experimental data points during the first 70h in the
region of cytotoxic edema (region characterized by abnormal low
ADC values), the dynamics of 22Na MRI followed a sigmoid curve
(RMSE=15.8;a=91+108,6=0.71%£0.9, y=2.3%0.8) of increases
in signal intensity with an upper asymptote reaching +59% (£6%)
(adjusted standard deviation) compared to the normal contralat-
eral hemisphere (Figure 2A). Concurrently, the drop in ADC val-
ues reached rapidly a plateau of low ADC (around —45% relative to
the contralateral side) during this period (Figure 2B).

3.2 | Cellular and Ionic Dynamics of Regions
Affected by the Different Pathophysiological
Processes or Prognoses

Figure 3 shows the temporal evolution of the regions defined in
accordance with the pathophysiological processes observed over
the first 70 h and tissular prognosis at 3months.

3.3 | Ionic Edema

The regions showing ionic edema (i.e., ROI with observable *Na
signal increase) showed a non-linear increase of 2*Na signal during
the first 70h, with faster and larger sodium accumulations in re-
gions showing “ionic edema in the first 70 h converting to necro-
sis” compared to the global ionic edema and regions “without early

ionic edema but converting to necrosis at 3months” (Figure 3).
Paired-ANOVA comparing sodium accumulations between ROIs
(“ionic edema,” “ionic edema converting to necrosis,” “necrosis
without early ionic edema,” and “ionic edema not converting to
necrosis”) using time as variable showed a significant global effect
(F(1, 31) = 2.319, p<0.0001), a significant time effect (p <0.0001)
and a significant ROI X time interaction during the first 70h fol-
lowing stroke onset (p>0.0001). Post hoc tests showed that so-
dium accumulations were significantly different between the
ROIs sorted by decreasing order of Na signal increase:

“ionic edema converting to necrosis” > “ionic edema” > ““ionic
edema not converting to necrosis” > “necrosis without early
ionic edema.”

3.4 | Cytotoxic Edema

Less dynamics were observed in cytotoxic edema, with a plateau
of low ADC signal (around —45% relative to the contralateral side)
during this period. Paired-ANOVA comparing ADC decreases
within ROIs (“cytotoxic edema,” “cytotoxic edema converting to
necrosis,” “necrosis without early cytotoxic edema,” and “cytotoxic
edema not converting to necrosis”) using time as variable showed
a significant global effect (F(3,35)=4.673, p<0.008), a significant
time effect (p<0.0001) and a significant ROI X time interaction
during the first 70h following stroke onset (p <0.008).

Post hoc tests showed that ADC decreases were significantly
different between the ROIs with ADC values of regions with:
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FIGURE1 | Representative MRI images from the 15 patients with ischemic stroke explored during the acute and subacute phases and at 3 months.

The arrows indicate the stroke lesion. The subjects were ranked in descending order of the volume necrosis at 3 months.
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FIGURE 2 | Dynamics of (A) *Na and (B) ADC signals during the
first 70h following ischemic stroke. (A) Relative sodium intensity in-
creases non-linearly over time during the first 70h after stroke onset
(n=28; RMSE=15.8; a=91+108, §=0.71+0.9, y=2.3+0.8), while (B)
a plateau of low ADC is reached during the first hours following attack.

“cytotoxic edema converting to necrosis” < “cytotoxic edema” <
“cytotoxic edema not converting to necrosis” < “necrosis with-
out early cytotoxic edema.”

3.4.1 | Volume Necrosis Prediction

During the first 24 h following stroke (Figure 4B), the volume
of ionic edema was statistically smaller than those of cyto-
toxic edema (p <0.001) and those of the final necrotic area at
3months (p=0.002) while the volume of the cytotoxic area
was not statistically different from those of the final necrotic
area (p=0.502).

During the 24-70h period following attack, the volume of ionic
edema was not different than those of the final necrotic area

(p=0.519), while the volume of cytotoxic edema was signifi-
cantly larger relative to ionic edema (p=0.002) and final ne-
crotic area at 3 months (p=0.002).

During the 70h following the stroke event, the increase of
2Na signal was significantly correlated with the necrosis
volume at 3months (p=0.662, p=0.002) (Supplementary
material 1). The decrease in ADC signal showed a very weak
and non-significant correlation with the necrosis volume
at 3months (p=0.279, p=0.159). The decrease in ADC sig-
nal and the increase of 2*Na signal showed a weak and non-
significant correlation (p=0.114, p=0.615). The volume of
ionic and cytotoxic edema were respectively significantly
correlated with the necrosis volume at 3 months (respectively
£=0.837, p<0.001, and p=0.890, p<0.001) (Supplementary
material 1).

Non-parametric correlation analyses (Spearman rank) showed
no correlation between the NIHSS, necrosis at month 3, the vol-
umes of cytotoxic, and ionic edema. However, significant cor-
relations were observed between volume of necrosis at month
3 and the volumes of cytotoxic and ionic edema during the
first 70h following stroke (Spearman coefficient 0.8, p <0.001).
Additionally, we found a moderate correlation between the vol-
ume of necrosis at month 3 and the lesional high sodium sig-
nal intensity (Spearman coefficient 0.5, p=0.02). However, no
significant correlation was observed between the lesional high
sodium signal intensity and lesional low ADC, nor between the
lesional low ADC and necrosis volume at month 3.

3.4.2 | Inter-Individual Variability

Dynamics of 3Na signal intensities and ADC values within ionic
and cytotoxic edema were variable across individuals during the
first 70 h following stroke onset, both in terms of asymptotic val-
ues of 23Na signals ([(0%)-(+120%)], or plateau for the decrease
of ADC ([(—10%)-(=75%)] (Figure 5). Such inter-subject variabil-
ity was also observed for the volumes of ionic edema, cytotoxic
edema and final necrosis (Figure 4A,B).

4 | Discussion

The objective of this study was to use in vivo MRI to investigate
the degree of dyshomeostasis and cytotoxic damage known to
occur in the first 70h after stroke onset. The dynamics of ionic
and cytotoxic edema were very different across subjects. Our
data confirmed previous findings [11, 22], demonstrating at
the group level that 23Na signal intensity increases in a sigmoid
time-dependent manner after ischemic stroke onset in humans,
whereas ADC variations exhibited smaller dynamics during this
period, reaching a plateau few hours after onset [11]. Regions
with a larger early increase in 23Na signal (ionic edema) showed
a non-linear accumulation during the first 70h and were asso-
ciated with subsequent necrosis at month 3. The final necrotic
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FIGURE 3 | Dynamics of 2*Na accumulations and low ADC in acute and subacute stages of ischemic stroke. (A) This figure depicts the regions
of interest (ROIs) identified on the hyperintense 2*Na (red circle) and hyperintense FLAIR (black circle) sequences. The intersections between these

ROIs (overlapping areas) and the regions exclusive to each ROI are highlighted to facilitate visualization of the data presented in (A). (B) This figure

depicts the regions of interest (ROIs) identified on the hypointense ADC (light blue circle) and hyperintense FLAIR (black circle) sequences. The

intersections between these ROIs (overlapping areas) and the regions exclusive to each ROI are highlighted to facilitate visualization of the data pre-

sented in (A). (C) Curves represent the relative variations of 2*Na and ADC in lesions compared to homologous contralateral regions. The dynamics of

regions showing different long-term prognosis (necrosis or recovery), and different early pathophysiological processes (ionic edema, cytotoxic edema,
no edema) are compared. @M3, at 3 months.

volume at Month 3 was well predicted by the volume of cyto-
toxic edema observed during the first 24 h. However, during the
subacute period, 25-70h following attack, the volume of ionic
edema was the best predictor of the final necrotic volume of ne-

crosis at month 3.

Following stroke, the rapid depletion of substrates for energy
production results in the reduction of the production of adenos-
ine triphosphate, the accumulation of lactate via anaerobic gly-
colysis and energy failure. One consequence is the dysfunction
of the Na*/K*-ATPase pumps, which is responsible for ionic
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FIGURE4 | volumes of cytotoxic and ionic edema during the acute and subacute phases. (A) Subject-wise volume dynamics of cytotoxic (red) and
ionic (blue) edema compared to final volume of necrosis at 3 months (green). (B) The better prediction of final necrotic volume by cytotoxic edema
during the first 24-h period (left) while ionic edema predicts better necrosis at 3 months during the subacute period (right).

edema, as evidenced by increases in intracellular levels of Na+t
and extracellular levels of K*. The depletion of energy reserves
leads to depolarization in neurons and glia, caused by the loss of
membrane potential [23]. The depolarization triggers the rapid
release of excitotoxic amino acids, mainly glutamate, into the
extracellular space at the beginning of ischemia. Apart from
the direct neurotoxic effects of glutamate on neurons, the ac-
tivation of glutamate receptors has been proven to elevate in-
tracellular levels of Ca%*, Nat, and CI~. This, in turn, has been
demonstrated to induce cytotoxic edema and oxidative stress
through the generation of free radicals and the subsequent

activation of related enzymes, ultimately resulting in necrosis
and apoptosis [1]. Subsequently, cytotoxic edema and events
driven by excessive intracellular Ca?* reach their peak approx-
imately 24 h after the onset of the attack [24]. The blood-brain
barrier is affected by ischemic stroke in a two-phase process.
In the initial 2-h period following the ischemic event, damage
to the endothelial basal lamina results in an increased perme-
ability of the blood-brain barrier. The second phase, occurring
between 24- and 72-h post-infarction, is distinguished by leu-
kocyte infiltration, which results in additional tissue damage.
The compromised blood-brain barrier enables the leakage of
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FIGURES5 | Inter-individual heterogeneity in the dynamics of 2*Na accumulations and ADC decreases in stroke patients.

high molecular weight molecules and water, resulting in the
formation of vasogenic edema. This effect reaches its maximum
intensity 3 to 5 days after the onset of ischemia and can per-
sist for days to weeks [24]. Despite substantial research efforts
and considerable advancements in our understanding of stroke
pathophysiology, the therapeutic options for acute stroke remain
notably constrained. While thrombolysis and thrombectomy
have demonstrated effectiveness in the management of ischemic
stroke, additional research is required to enhance clinical out-
comes and reduce the risk of complications [25]. Recent studies
have emphasized the substantial challenge of infarct expansion
despite successful recanalization in patients with acute ischemic
stroke, highlighting the potential role of MRI in assessing post-
reperfusion injury [12, 13]. Notably, the benefits of reperfusion
may occur independently of conventional imaging modalities,
raising questions about the accuracy and utility of conventional
imaging techniques in distinguishing reversible from irrevers-
ible ischemia [14]. Alternative MR methods, such as 2*Na MRI
may offer novel insights into cellular and metabolic dynamics
following reperfusion, providing a complementary tool to con-
ventional MRI for evaluating tissue viability after treatment.
Advancing knowledge of stroke pathophysiology seems crucial
for integrating new therapeutic approaches, including neuropro-
tective agents [26].

The analysis of different regions of interest based on their ne-
crotic outcome at month 3 revealed areas exhibiting a *Na hy-
persignal, indicating a disturbance in sodium homeostasis in
the first 70h following stroke. However, parts of brain regions

showing ionic edema during the acute and subacute phases
did not progress to necrosis at Month 3, likely due to effective
reperfusion mechanisms. Conversely, some areas that became
necrotic at Month 3 did not exhibit any significant increases in
the 23Na signal during the first 70h. These results suggest that
ionic edema may continue to progress beyond 70h after stroke
onset, aligning with observations from middle cerebral artery
occlusion models in rats, which showed peak sodium concentra-
tions at 72h and sustained elevated sodium levels for up to 3 to
6weeks [27, 28]. These results, obtained in rats after permanent
occlusion of the middle cerebral artery, are supported in partic-
ular by an ischemia-reperfusion study which found an inverse
correlation between Na+/K+-ATPase activity and the volume
of ischemic lesion and clinical score [29]. Huang et al. found a
progressive reduction in Na+/K+ ATPase activity at 6h, 24h
and 48, which persisted for up to 7days and was inversely cor-
related with the increase in infarct volume, which progressively
increased for up to 7days [29].

Recent literature highlights the limitations of utilizing ADC to
define the ischemic core and assess tissue recovery in the acute
phase following a stroke [6, 30]. Investigating whether sodium
MRI could aid in delineating tissue fate would be of interest.
It appears plausible that sodium imaging could provide sup-
plementary information beyond that obtained from routinely
employed sequences. This study confirmed that the necrotic
volume at 3months could be predicted by the volume of brain
region with low ADC within the first 24h [31], but not during
the subacute phase. Interestingly, between 25 and 70 h following
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attack, the volume of brain region exhibiting 2*Na hypersignal
predicted well the final necrotic volume. Moreover, this study
demonstrated that combining diffusion and 2*Na MRI may bet-
ter characterize the pathophysiological dynamics of stroke up to
80h after attack. In the present study, this approach was used
to differentiate between regions susceptible to become necrotic
at month 3. Sodium MRI may offer valuable insights into the
sub-acute phase of stroke, providing additional information on
tissue viability in regions with cytotoxic edema and delayed so-
dium metabolism changes.

Although the accumulation of unsuccessful results in the clini-
cal translation of neuroprotective treatments for stroke has tem-
pered expectations in recent years, advances in and the growing
use of recanalization therapies have rekindled optimism in the
field of neuroprotection [32]. Administering neuroprotective
drugs after successful reperfusion appears crucial for direct
protection of the ischemic penumbra [32]. Multimodal imaging
techniques can provide valuable insights into the pathophysi-
ology of stroke and potentially help to clarify the role of neu-
roprotective agents. Notably, our study identified regions with
disturbed ?*Na homeostasis in the subacute phase that did not
progress to necrosis, as well as others that became necrotic at
month 3. This suggests that the fate of these regions is not fixed
and that further interventions, such as neuroprotection, could
help preserve these vulnerable regions and prevent their pro-
gression to necrosis.

Concurrently, our study highlights the existence of a signifi-
cant degree of inter-individual heterogeneity within the cohort,
which limits the translation of the results into general clinical
practice. A deeper understanding of tissue phenomena follow-
ing stroke will necessitate an individualized approach in future
studies. Variability among ischemic stroke individuals may be
attributed to factors such as lesion location, stroke etiology,
distribution of gray and white matter tissue and the extent of
perfusion deficits or reperfusion. In addition, the low-resolution
images generated by 22Na MRI restrict precise segmentation of
smaller lesions [33].

This study is subject to some limitations, including the rel-
atively small number of subjects and the heterogeneity of
the population, which may affect the generalizability of the
findings. Additionally, to ensure no delay or missed opportu-
nities for ischemic stroke treatment, the imaging procedures
described in this research protocol were conducted only after
clinical imaging and any reperfusion treatments were com-
pleted. In addition, the low spatial resolution of in vivo so-
dium MRI can contribute to PVE, particularly in small ROIs.
Thus, here with a nominal resolution of 4 mm isotropic voxel
(nominal voxel volume 0.064cm?) and when accounting for
the point spread function, the 2>Na MRI acquisition had a real
voxel volume of approximatively 0.2 cm?. To minimize the ef-
fect of PVE due to mixed tissue signals, we ensured that all
ROIs studied had a volume superior to 1cm?, representing at
least 5 voxels of the 22Na MRI acquisition. Additionally, even
if special care was taken during ROI delineation to avoid in-
cluding cerebrospinal fluid (CSF) and to maintain consistency
in measurements, the use of the ratio to the contralateral
region further reduces potential biases from CSF signals, as
both the region of interest and its contralateral counterpart

are expected to experience similar partial volume effects. The
use of sodium 23Na MRI in research and clinical settings re-
quires specialized equipment and optimized pulse sequences.
Despite these challenges, advancements in clinical MRI scan-
ner field strengths and the increasing availability of necessary
resources support the potential of sodium MRI to offer valu-
able insights into the evaluation of stroke pathophysiology.

5 | Conclusion

Our findings corroborate those of Hussain et al. [11] and those of
Mohamed et al. [22], demonstrating that, at the group level, 2’Na
signal intensity in humans increases in a time-dependent, sig-
moidal manner following the onset of ischemic stroke. In con-
trast, ADC variations exhibit a more limited dynamic response,
reaching a plateau within a few hours post-onset. Regions
with ionic edema showed a non-linear increase in 2*Na signal
during the first 70h, with faster and larger sodium accumula-
tions in regions progressing to necrosis at month 3 compared
to the overall ionic edema. Considering the role of ionic edema
imaging in the subacute phase of stroke may provide additional
insights into tissue viability and delayed changes in sodium me-
tabolism. Sodium MRI could offer additional information about
stroke pathophysiology in the first 70h. The significant inter-
individual heterogeneity observed underscores the need for an
individualized approach in future studies.
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