How can sodium MRI techniques help us
understand acute stroke?

This article addresses the potential usefulness of sodium MRI in the acute phase of stroke, asking whether
the additional time required to acquire high-quality sodium images is justified in the time-critical minutes
following the presentation of a patient with stroke symptoms. It begins with a description of the
pathophysiology of stroke and the implications of the increasing bioenergetic failure on the sodium
content in tissue. Recent studies that have aimed at imaging the subtle changes in this sodium content in
stroke patients are then reviewed, followed by experiments in animal models of stroke, which circumvent
some of the limitations of the human studies. Finally, steps that will probably be required to translate
these latest model findings into human studies are discussed, including new MRI techniques that may
provide a boost in signal and allow for the introduction of relaxation-time contrast and quantification of

the sodium concentration.
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The aim of this article is to provide a critical over-
view of the current use of sodium (Na)-MRI in
the acute phase of stroke, focusing initially on
the relatively limited studies conducted to date
in humans and then moving on to describe the
more numerous studies that have been carried
out in animal models of stroke, which despite the
inherent limitation of such models, particularly
when translating findings to the human system,
nevertheless may indicate areas for future focus
in human studies. It can be argued that, despite
the drastically more complicated cerebral vascu-
lar system in the human compared with that in
the rat brain, for example, at a cellular level both
human and rat brain systems are not so dissimilar
and cellular bioenergetic failure and the conse-
quent change in Na signal detectable via MRI
can thus be expected to manifest in both systems
in a similar manner. The main difference is in
the time at which the bioenergetic failure occurs
in brain regions downstream from a blockage: in
rat models, most of the damage occurs relatively
quickly, with the stroke lesion reaching its maxi-
mum extent within 4—6 h after the stroke was
induced. In the human brain, by contrast, the
vastly more sophisticated vascular system, which
incorporates a higher degree of redundant blood
supply to most areas (the so-called collateral
supply), the situation is more complicated with
a slower evolution of the stroke lesion extending
out to 48 h or more, suggesting a lengthened time
window in which to intervene therapeutically.
Thus, changes in the Na MR signal observed in
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animal models, whether due to changes in Na
concentration or perhaps relaxation-time-related
signal changes specifically introduced into the
images, should be translatable into human stud-
ies. This article sets out the current state of the
art in this area, and highlights the challenges
that will need to be overcome to allow for routine
clinical imaging of acute stroke patients.

Background

After attempts to use Na-MRI in the 1980s
met with limited success, the field is currently
enjoying a renaissance driven primarily by
technological developments in MR technol-
ogy that are making it possible to explore the
many possible clinical applications of Na-MRI,
some of which have been postulated since the
early days of MRI but have heretofore remained
tantalizingly beyond reach. Indeed, Na spin-
density-weighted images with reasonable sig-
nal to noise ratio (SNR) and spatial resolution
can now be obtained in the brain in less than
10 min using standard 3 T clinical imaging
platforms [1], and a growing number of groups
worldwide are working to push the boundar-
ies of this exciting technique ever further.
Examples of clinical application areas that have
been investigated to date include cerebral stroke
[2-4], brain tumor [5,6], breast tumor [7], cardiac
infarction (8], Alzheimer’s disease [9], multiple
sclerosis [10], kidney [11,12] and osteoarthritis in
cartilage [13,14], while the first whole-body Na
images were recently presented [15].
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In addition, considerable effort is going into
the extension of the Na-MRI technique beyond
mere spin-density weighting, to explore the
introduction of relaxation-time contrast and
indeed relaxometry mapping and the use of mul-
tiple quantum filter techniques to separate intra-
from extra-cellular Na compartments in tissue,
while future developments may well involve Na
diffusion-weighted imaging and beyond. The
resurgence of Na-MRT has come about primarily
as a result of the maturation of MR technol-
ogy, encompassing the availability of high-field
strength systems (= 3 T), improvements in sys-
tem electronics and radiofrequency (RF) coil
design concepts, and advanced imaging pulse
sequences, which combine rapid acquisitions
with high sensitivity to the short T -relaxation
time components of Na nuclei encountered
in vivo.

The change in Na concentration in infarcted
tissue, that is, tissue that has died following bio-
energetic failure due to the interruption of blood
supply to the area, typically following a stroke,
has been known for many years, and indeed
early attempts to study both cerebral and cardiac
infarction in humans via Na-MRI were largely
proof-of-concept and revealed little of use for
acute patient imaging. In more recent years, a
growing number of studies in preclinical animal
models of cerebral stroke have been reported in
the literature, to the level where a picture of the
potential usefulness of Na-MRI for acute stroke
imaging is now emerging. The critical role of
Na* in maintaining healthy cellular function,
followed by the physiological link between Na
concentration and infarction, is outlined in the
next section

Link between Na & stroke

The potential of Na-MRI for many disease
investigations is underpinned by the critical role
of Na in many cellular functions such as the
regulation of mitosis, cellular proliferation, the
mediation of Na/calcium exchange, and energy
metabolism via the Na*/K* ATPase pump func-
tion located in the cell membrane. Indeed, the
large Na* concentration gradient across the cell
membrane established by the Na*/K* ATPase,
which maintains the intracellular concentration
atapproximately 10 mmol/l and the extracellular
Na concentration at approximately 140 mmol/l,
is essential for the generation and propagation
of action potentials, cell volume regulation and
other cellular homeostatic and regulatory func-
tions. Disease processes that alter this energy-
dependent pump function will thus lead to an
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altered tissue Na content, which may be detected
via Na-MRI techniques.

The mortality and morbidity associated with
stroke are well documented: it is the third lead-
ing cause of death and the leading cause of dis-
ability in developed countries [16]. Despite much
research in the area of neuroprotectants and
therapies, only one approved treatment currently
exists, intravenous thrombolysis with recom-
binant tissue plasminogen activator (rtPA).
However, it is only approved for administration
within 4.5 h of symptom onset, a time window
based on epidemiological studies of large cohorts
of patients, which effectively excludes its use in
many patients for whom the time from onset is
unknown or exceeds the time window (although
intrarterial thrombolysis out to 6 h is currently
performed in many institutions). Its use is fur-
ther restricted owing to other factors such as the
risk of intracranial hemorrhage associated with
rtPA (7%) (16], such that the estimated uptake
of rtPA is less than 10% in stroke patients [17]. It
is likely that a more tailored approach to the use
of this treatment in individual patients would be
appropriate, for example allowing for an exten-
sion of the time window during which it could
be administered, and indeed recent studies have
suggested that there may be benefit to using
rtPA out to 6 h [18]. However, such a tailored
approach requires a reliable method for assessing
the potential for benefit of rtPA to an individual,
and it is here that Na-MRI, coupled with other
MRI techniques, may have a role to play.

Ischemic stroke is a catastrophic event in
which the blood supply to a part of the brain
is restricted, and oxygen and glucose supply to
cells within the affected region is severely lim-
ited. The loss of nutrient supply to cells in turn
compromises energy metabolism within the
stroke-affected area, leading to a rapid loss in
ATP and hence in ionic homeostasis. One imme-
diate consequence of this is a reduced efficiency
of the Na*/K* pump function and a resulting
increase in the intracellular Na concentration.
This in turn leads to edema and eventually to
cell membrane rupture. To stratify patients who
might benefit from rtPA treatment, conventional
MRI techniques employed in the acute phase of
stroke have attempted to identify the presence
of so-called ‘penumbral’ tissue regions, which
are hypoperfused yet still viable using the so-
called ‘perfusion—diffusion mismatch’, wherein
the mismatch between the ischemically injured
tissue and hypoperfused tissue is determined
from diffusion-weighted imaging (DWI) and
perfusion-weighted "H-MRI imaging (PW1I),
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respectively. Tissue in such penumbra regions
are at risk of infarction, but can be salvaged
by a timely reperfusion of the affected tissue,
and hence the presence of such atrisk tissue
in a stroke patient would give confidence for a
potential benefit for the administration of rcPA.

The DW1I technique is sensitive to the molec-
ular diffusion of water molecules in tissue, and
indeed can be used to obtain a quantitative esti-
mate of the diffusion coefficient (the apparent
diffusion coefficient [ADC]). The cytotoxic
edema, which occurs within minutes of the
ischemic onset results in the restriction of the
diffusion of water molecules within the affected
tissue, which can be easily detected in an ADC
map. The PWI technique tracks a bolus of para-
magnetic contrast agent as it perfuses through
tissue and provides a semi-quantitative measure
of the regional cerebral blood flow, and thus may
be used to determine the degree of underperfu-
sion caused by the blockage. However, despite
early optimism relating to the perfusion-diffu-
sion mismatch and studies that have shown that
thrombolytic treatment outcomes are improved
in patients selected based on an MRI diagno-
sis 191, it is now clear that this approach leads
to a lack of precision in the separation of still-
viable from irreversibly damaged ischemic core
tissue. For example, large deviations have been
observed between areas with decreased ADC
compared with infarct determined by the gold
standard technique of histology after stroke [20],
while ADC values have also been observed to
normalize in areas of permanently damaged tis-
sue during the subacute phase [21], suggesting
that the lesion delineated by DW1 does not pro-
vide a definitive indicator of infarcted tissue in
the acute stroke phase. Furthermore, definitive
thresholds of blood flow for penumbra or infarct
have not been identified, and hence the area of
hypoperfusion revealed by PW1I may overesti-
mate the volume of tissue that is realistically ‘at-
risk’, owing to the inclusion of areas of benign
oligemia. Overcoming this problem will require
the establishment of such thresholds, although
it is known that they depend on the duration of
ischemia and any reperfusion that has occurred,
whether thrombolysis-induced or spontaneous
(22]. New approaches to the analysis of perfusion-
weighted data may moderate the severity of the
overestimation [23].

The Na-MRI technique provides a measure of
the tissue sodium concentration (TSC), which
represents an average of the Na concentration in
the intra- and extra-cellular tissue compartments
weighted by their respective volume fractions.
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For example, in brain tissue the TSC is typically
45 mmol/l, considering an intracellular volume
fraction of approximately 70% and an extracel-
lular volume fraction of 30% (the latter compris-
ing a 5% vascular space and a 25% extracellu-
lar extravascular space) Following an ischemic
insult to the tissue and the failure of the Na*/K*
pump, the intracellular Na concentration gradu-
ally increases above its nominal 10-15 mmol/l
level, while the extracellular concentration, buff-
ered by the body, is maintained at 140 mmol/l.
This results in a net increase in the TSC and has
been measured in both animal model studies
(24-28] and human stroke patients [2-4.29].

Challenges with imaging of
Na nuclei
The difficulty with Na-MRI lies primarily with
the lower concentration and MR sensitivity of Na
nuclei compared with hydrogen nuclei in vivo,
resulting in signal levels approximately 20,000-
times lower than that obtained using conven-
tional "H-MRI techniques. In addition, the reso-
nant frequency of Na nuclei is approximately
one-quarter that of hydrogen nuclei, and hence
broadband MRI systems with dedicated RF
transmit amplifiers and RF coils for transmission
and detection of the Na signal are also required;
although available for clinical 3 T systems, at
present these hardware options are not typically
installed as standard. Indeed, the development
of new RF coil designs has contributed to the
increased SNR achievable in Na-MRI experi-
ments and remains an active area of research.
For human brain imaging, transceiver volume
resonators based on a birdcage design are typi-
cally used; examples include single-tuned reso-
nators for Na frequencies only, necessitating a
swap of the RF coils to acquire 'H images [3.6],
or dual-tuned to allow for 'H and **Na imaging
without disturbing the patient in the scanner
and losing valuable time [3031]. However, such
dual-coil configurations invariably compromise
the SNR on one channel, usually selected to be
the 'H channel, and the effect this may have on
the quality of the images typically acquired as
part of a clinical stroke protocol, for example
involving time-of-flight angiography or echo
planar imaging-based diffusion and perfusion
measurements, have not been reported.
Transceiver surface coils have also been used
for imaging outside the brain, for example in
heart [32) and breast imaging [33], although quan-
tification is extremely difficult due to inhomo-
geneous transmit RF fields from such coils.
A more recent development for Na-MRI has
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seen the separation of the transmit and receive
functions, with a volume resonator used for the
former and a surface coil for the latter func-
tion [15]. This approach is particularly suited to
applications outside the brain where detectors
can be designed to optimally fit the anatomy of
interest (e.g., breast, kidney), thereby optimizing
the SNR, while the volume transmitter provides
a uniform flip angle excitation that facilitates
accurate quantification of the TSC. The devel-
opment of phased array coils for the brain should
extend these advantages to stroke imaging. For
rodent brain imaging, such a dual-coil approach
has been found to be essential for accurate TSC
quantification [26].

The lower SNR for Na 72 vivo can be partially
compensated by the use of imaging sequences
with short repetition times (TR), since the
longitudinal T relaxation time for Na nuclei
(measured to be 36 ms in the human brain at
4.7 T [34)) are much shorter than for hydrogen.
However, a further complication for Na-MRI
arises from the quadrupolar nature of the Na
nucleus due to its spin 3/2 property, which
owing to its interaction with local electric field
gradients from neighboring nuclei in the tissue
leads to a biexponential transversal T, relaxation,
with fast and slow components (T, ~1-2 ms and
15-20 ms in the brain, respectively) with rela-
tive proportions of 60% and 40%, respectively.
To acquire signal from the fast component, one
must use a short echo time imaging sequence;
examples of such sequences that have been used
for Na imaging in stroke include 3D projection-
reconstruction (3DPR) 35, twisted projection
imaging (36) and density-adapted 3DPR [31].

Clinical stroke Na-MRI studies

Acute stroke patients are often quite sick and
there are significant logistical difficulties
involved in carrying out Na imaging experi-
ments in this patient cohort, not least the maxim
that ‘time is neurons’, which makes it ethically
difficult to justify the experimental imaging
of patients which may postpone any available
therapy options. As a result, only a handful of
such studies appear in the scientific literature to
date, and many patients recruited to these stud-
ies underwent Na imaging after a thrombolytic
treatment was administered, so any reperfusion
effects caused by these treatments (or indeed due
to spontaneous reperfusion) represent a potential
confound to the results obtained. Furthermore,
patient numbers on these studies have been quite
low, which, coupled with the inherent hetero-
geneity of human strokes, renders it difficult
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to draw definitive conclusions from existing
studies.

The first study describing Na imaging in the
brain was in 1988 and although increased signal
was seen in patients with herpes simplex enceph-
alitis (due to the resulting edema) and tumors,
no signal change was detected in the single stroke
patient imaged owing most likely to the very
poor image quality (37]. The first dedicated study
of Na-MRI in stroke was reported by Shimizu
et al. in 1993, who imaged seven patients with
confirmed stroke (three within 14 h of symptom
onset and the rest at 47-82 h after onset) using
a 1.5 T scanner [38]. The authors of this pioneer-
ing study reported no change in the Na signal
in the acute phase (that is, out to 13 h; n = 3),
however, a ‘marked signal increase’ (not speci-
fied by the authors) was detected in the isch-
emic area at 38 to 82 h (n = 4). It is likely that
the poor quality images achieved in this early
study, owing to the use of a spin echo sequence
with a long echo time of 13 ms, producing sig-
nificant T, signal decay, resulted in the inability
to detect any change in Na signal in the acute
phase. In a study by Thulborn ez 4/. in 1999,
Na images were acquired on 42 patients with
confirmed stroke, 11 of whom were imaged
within 24 h of symptom onset [29]. Na imaging
was performed on either a 1.5 T or 3 T scanner,
using a dual-tuned **Na/'H volume resonator,
with all acute patients imaged using the 1.5 T
scanner. The quantified TSC was found to be
elevated in the infarcted region by at least 25%
in all patients (where the infarcted regions were
defined by analysis of corresponding DWTI and
PWI data), although no clear pattern of TSC
increase could be discerned in the hours and
indeed days after stroke onset. The existence of
a threshold TSC value, above which irreversible
tissue damage would inevitably occur even fol-
lowing a therapeutic intervention, was suggested
by the authors who nonetheless stated that more
extensive experimentation using animal models
would be required to define such a threshold.

A study in 2009 succeeded in recruiting
21 stroke patients with imaging times as early
as 4 h and out to 104 h after the known stroke
onset time, with repeat scans performed on ten
of these patients [4]. All 'H-MRI was performed
ona 1.5 T scanner, with the patients transferred
to a 4.7-T system for the Na-MRI imaging,
where a single-tuned resonator was used together
with an imaging sequence termed ‘sodium pro-
jection acquisition in the steady state’ to give
high SNR images with 10-min image acquisi-
tion times. Clear Na signal increases, relative
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to the contralateral side, were observed in all
patients in regions exhibiting reduced water
mobility (as determined from ADC maps), with
a modest increase of < 10% in patients imaged
within 7 h of stroke onset (n = 5), followed by a
more rapid increase out to 18-20 h, eventually
reaching a plateau of 69 + 18% after approxi-
mately 72 h. The regions of interest used in this
analysis was presumed to represent infarcted
tissue, and further increases in the relative Na
signal of 76 + 20% were observed in follow-up
scans from 88-227 days. The ADC maps and
Na images from one patient on this study who
was imaged at three time-points are presented in
Ficure 1, demonstrating the increase in Na signal
(45% increase over contralateral side) between
the images acquired at 4 and 26 h after stroke
onset, with a further increase (75% relative
increase) at 91 days.

The most recent human stroke study reported
in the literature was carried out by Tsang et al.,
who aimed to investigate Na signal changes in
the PWI-DW1I mismatch area during the acute
stroke phase [2]. Nine patients were imaged
4-32 h after symptom onset, with follow-up
scans performed on four, again using a 4.7 T
scanner with a single-tuned volume resonator

for the Na imaging. In patients imaged 4-7 h
after onset, no increase (relative to contralateral
homologous tissue regions) in the Na signal was
observed in core tissue (where the region of core
tissue was defined as the DWI-delineated lesion),
although by 17-32 h a significant increase in this
region was measured, with an average increase of
45 + 26% across the nine patients. However, no
correlation was found between this increase and
the corresponding degree of hypoperfusion in the
core regions. Furthermore, no change in Na sig-
nal was detected in regions defined by the DWI-
PWI mismatch in any of the patients investigated.
Data from one patient in this study is presented
in Ficure 2, where a Na signal increase is evident at
25.5 h but not at 4 h post-symptom onset.

Preclinical stroke Na-MRI studies

The few human Na-MRI stroke studies con-
ducted thus far suffer from a lack of temporal
data on the stroke evolution, with at most two
follow-up scans performed on a subgroup of
patients at best, while the heterogeneity of stroke
progression evident between patients makes it
difficult to draw firm conclusions as to the util-
ity of Na-MRI in the acute phase. The use of
preclinical models of stroke have a number of

Figure 1. Representative slices from a patient imaged at three time points after stroke
onset. The images show no increase in Na signal (relative to the contralateral side) at 4 h in a region
of interest drawn to correspond with the ADC-defined lesion, but with increases of 45 and 75% at

the later times of 24 h and 91 days, respectively.
ADC: Apparent diffusion coefficient.
Reproduced with permission from [4].
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Figure 2. Perfusion, diffusion and sodium data from a representative slice
of a stroke patient imaged at two time-points post-symptom onset. The
DWI hyperintense region is indicated by the dotted outline, with the PWI-DWI
mismatch tissue by the solid outline. Note the lack of sodium signal change at 4 h,
which increased to 1.46 (relative to the contralateral side) by 25.5 h in the core

region only.

DWI: Diffusion-weighted imaging; PWI: Perfusion-weighted imaging.
Reproduced with permission from [2].
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advantages in this regard: the ability to control
the severity and extent of the ischemic damage;
precise knowledge of the stroke onset time; the
ability to acquire temporal data in order to fol-
low the evolution of the stroke throughout the
acute phase; and the possibility to histologically
verify ischemic tissue damage. The earliest
experiments in this field date from 1983 in the
cat [39] and 1985 in the rat [40], where increases
in the Na signal were detected 9 and 3 h after
the strokes were induced, respectively. However,
the relatively poor image quality of these studies
deterred follow-up studies for many years, with
a resurgence in activity in the last decade with
the appearance of papers describing studies in
a variety of animals, primarily rats, rabbits and
primates. In these studies, a variety of stroke
models have been used, including: the intralu-
minal thread model [27.41], direct middle cerebral
artery occlusion with combined bilateral com-
mon carotid artery occlusion in the rat [24], and
autologous embolic middle cerebral artery occlu-
sion models in the rabbit 28] and nonhuman
primate [3,29.42]. These models induced different
severities of ischemic insult, depending on the
addition of common carotid artery occlusion,
the level of collateral blood supply in the model
and the neuroanatomical location of the region
of interest (e.g., ischemic core vs penumbra).

Imaging Med. (2012) 4(3)

Nevertheless, a common finding of these stud-
ies was a gradual increase in the Na signal within
core tissue, with rates of increase depending on
the species: approximately 22-25 %/h in rats,
approximately 12%/h in rabbits and ~5-13%/h
in monkeys (compared with <~5%/h in humans
(2.4.29], although it should be noted that an
explicit linear increase in humans has not been
verified thus far). This pattern of smaller rates
of increase in the larger mammals most likely
reflects the increasing degree of collateral supply
in their brains, a feature that has complicated the
translation of findings to human studies and per-
haps contributed to the failure in clinical trials
of several therapies and neuroprotectants, which
showed promise in rodent studies.

The apparent linear increase in Na signal
measured in core tissue has led to the idea that
Na measurements in the acute stroke period may
be used to determine the stroke onset time by
extrapolating back in time, with a reported accu-
racy of +4 min in a rat model [24]. It was further
hypothesized that there may exist a threshold
TSC value in the vicinity of 70 mmol/l above
which tissue is irreversibly infarcted, but below
which tissue could recover if reperfused suffi-
ciently, accompanied by a return of the TSC value
to normal levels [29]. However, this hypothesis
has not been verified to date; in a recent reper-
fusion study in a monkey model of ischemia,
the initial increase in the Na signal in the core
tissue was stopped following a reperfusion of the
affected brain regions, although no subsequent
decrease was measured [42]. However, only three
successful reperfusions were achieved, while the
limited spatial and temporal data acquired may
have obscured any further changes.

In a recent study from my group, high tem-
poral and spatial resolution quantified TSC data
was obtained in a rat stroke model which showed
regionally disparate behaviors in the TSC
increases: while the TSC increased immediately
in core tissue, delays to TSC increase of up to
4 h were measured in presumed penumbra tissue
regions (Ficure 3) [27]. In all cases, once the TSC
was observed to increase, the rate of increase
was the same across all areas irrespective of the
delay time to increase, while areas exhibiting any
increase in TSC above normal were correlated
with histologically verified infarction, suggesting
that infarction of tissue occurs once the TSC
increases above normal levels. Of further note, in
this study there was a decrease of approximately
4 mmol/l measured in presumed penumbra tis-
sue; a follow-up study where Na, diffusion- and
perfusion-weighted data were correlated with
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histopathology, which allowed for accurate
penumbra identification, detected for the first
time a decrease to 90 + 8% of the contralateral
Na signal (n = 6) in penumbra tissue, with the
maximum decrease occurring 106 + 60 min
after stroke onset [43]. Representative images
from one rat showing the decrease in the Na
signal in the penumbra at 0.9 and 4 h after stroke
onset are presented in Ficure 4. A slight decrease
in ADC values was measured in the penumbra
area, above the threshold for infarction but nev-
ertheless indicating that some degree of cellular
edema had occurred as a result of a perturbation
of the ionic homeostasis. The intra-/extra-cellu-
lar compartmental volume shift resulting from
this cell swelling may well explain this decrease
in Na signal, recalling that the measured sig-
nal represents an average across all tissue com-
partment volumes and hence a reduced signal
would accompany a decrease in the volume of
the high-concentration extracellular compart-
ment. A similar decrease of 11 + 8% in Na signal
was detected in a rabbit model in a region that
ultimately infarcted, although it was not pos-
sible to say whether this measured decrease was
in core or penumbra tissue [28]. Furthermore,
a 13% decrease in Na signal was detected in a
spectroscopic study of a canine model, but again

no discrimination between core and penumbra
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was possible (44]. Nevertheless, if verified in fur-
ther studies, this decrease in Na signal could
help identify the presence of penumbra tissue
in the acute phase, and hence a PWI-Na mis-
match approach may be warranted, or indeed
Na-MR alone [27]. A further consequence of
these recent findings is the potential error which
will be introduced into any stroke onset time
determination, via extrapolation of the Na signal
intensity back in time, in brain regions where the
Na signal may have experienced a delay or even
decrease before finally increasing; rather, such
an analysis must be carried out exclusively in
regions that infarcted immediately or very soon
after onset, information that most likely will not
be available in a clinical situation, and hence the
usefulness of this approach is doubtful.

Potential of Na-MRI in the

acute phase

From an MRI perspective, the currently avail-
able techniques of PWI and DWI have not
been shown to offer a definitive identification
of patients who will benefit from a thrombolytic
treatment (some clinical trials have reported a
benefit [45], while others have not [46]). Thresholds
of blood flow (separating infarction from benign
oligemia, for example) remain uncertain, while
numerous studies have shown that ADC values
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Figure 3. High spatial and temporal resolution quantified tissue sodium concentration data in a rat model of stroke.
(A) Quantified TSC maps at different time-points after stroke onset from one slice in a representative rat brain; (B) evolution of the
quantified TSC in the hours after stroke onset at time zero, contrasting the immediate increase measured in a region located in core
tissue (black) with a delayed increase in a region placed in presumed penumbra tissue (red) with a control region in the contralateral
hemisphere (blue).

TSC: Tissue sodium concentration.

Reproduced with permission from [27].
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decrease very soon after onset time in both core
and presumed penumbra tissue and remain rela-
tively constant during the acute period, shedding
little light on the evolution of the tissue dam-
age during this critical acute period and indeed
renormalizing in the subacute period. On the
other hand, the Na signal increases progressively
above normal levels during the acute period,
and recent data in both rat models and human
studies suggest that this increase is restricted to
core tissue. The decrease in Na signal has been
observed in animal models only thus far (only
one of which was in confirmed penumbra tissue
in a high SNR/spatial resolution study involv-
ing #Na and 'H-DWI/PWI imaging coupled
with histological analyses (43]), while the most
recent human Na-MRI study [2] reported no
change in Na signal in what was presumed to
be penumbra (delineated from the PWI-DW1I
mismatch). However, some doubt exists as to
whether the PWI-DWI mismatch truly delin-
eates penumbra tissue, while the limited spatial
resolution of this study (nominal resolution of
2.4 x 2.4 x 4.8 mm?, although the actual true
resolution is likely to be less due to the effects
of T -blurring and image reconstruction of the
spherical k-space data) could have resulted in
a partial volume effect, whereby signal from a
region containing large Na concentration (for
example, the cerebrospinal fluid) would mask
any small decrease in Na signal. It is clear that
further investigations in human studies, involv-
ing higher sample numbers and improved spatial
resolution, will be required to establish the pres-
ence of a similar decrease. Furthermore, although
the changes in Na signal occur within 6—8 h after
stroke onset in rats, the timescales in humans
are rather longer, and hence such studies should
benefit from imaging patients within a longer

timeframe (perhaps out to 1-2 days) after stroke

Figure 4. Sodium images from one representative stroke rat, aqcuired 0.9
and 4 h after stroke onset, both normalized to the signal in the unaffected
contralateral hemisphere (right side in the images). The gradual increase in
sodium signal in core tissue (solid white line) is evident. However, the decrease in
sodium signal in confirmed penumbra tissue (dashed white line) is clearly visible at
0.9 h, which has partially (but not fully) recovered to normal levels by 4 h.
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onset. If a decrease in human penumbra tissue
were to be established, one could envisage a situ-
ation where only Na imaging would be required
in the acute period, avoiding the ambiguities
associated with blood flow thresholds and their
quantification via PWT techniques (and indeed
avoiding the use of contrast agents commonly
used for PWTI techniques) and the PWI-DWI
mismatch. In this (idealized) scenario, the pres-
ence of infarcted tissue would be indicated by an
increase in Na signal above normal levels, while
a decrease would reveal the presence of penum-
bra tissue. It is clear that further clinical studies
will be required to verify this hypothesis, and
indeed further improvements in image quality
(specifically, higher SNR per unit time, allow-
ing for improved spatial resolution) will also be
required to detect such small changes, if indeed
they do exist. Some recent innovations in MRI,
and Na-MRI in particular, that may realize this
improvement are suggested in the next section.

Scope for improvement

The quality of Na images have improved dra-
matically since the first human stroke study
back in 1993 (see comparison in Ficure5), driven
primarily by developments in magnet designs
allowing for higher field strengths, RF coil
design and ultra-short echo time sequences.
While it is impossible to predict what lies ahead
with any degree of certainty, one could reason-
ably expect further improvements particularly
considering the rapid pace of developments in
this field. For example, benefits may accrue from
the use of phased array coil designs for Na-MRI
particularly in the brain. It can also be reason-
ably expected that developments in the wider
MRI world will impact positively on Na imag-
ing, for example novel image reconstruction
methods for undersampled data such as itera-
tive reconstruction [47] and compressed sensing
48], acquisition schemes such as RF encoding,
as demonstrated recently in Na phantom experi-
ments [49], or indeed improved RF pulse designs
based on optimal control theory that may allow
for the selective excitation of the intracellular
component [50].

Many advances have been made in the
design of ultra-short echo time imaging pulse
sequences specifically aimed at Na-MRI, which
have increased SNR and allowed for reduced
acquisition times. The first such ultra-short
echo time sequences developed were twisted
projection imaging [36], followed in later years
by 3D Cones [51], 3D projection-reconstruc-
tion [35] and most recently density-adapted 3D
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Figure 5. lllustration of the improvement in sodium image quality since the first stroke
study in 1993. (A) Sodium image from the first stroke study showing increased sodium signal on the
right side of the brain, with spatial resolution 4 x 4 x 20 mm? acquired at 1.5 T. (B) Sodium image
showing relative increase in signal in infarcted tissue, from a recent study at 4.7 T, with nominal
resolution 2.4 x 2.4 x 4 mm? acquired in 10 min. (C) Quantitative map of the TSC [mmol/I] acquired
at 3 T with nominal 3.9 mm isotropic resolution (the true resolution was closer to 8 mm isotropicin

brain parenchyma) acquired in 8 min.

(A) Reproduced with permission from [38]; (B) reproduced with permission from [4]; (C) reproduced

with permission from [70].

projection-reconstruction [31] and its improved
2D variant [s2]. Other techniques have been suc-
cessfully adapted for use in Na imaging, such as
single point ramped imaging with T, enhance-
ment (SPRITE), where a Centric single-point
ramped imaging with T, enhancement variant
was recently used to quantify the TSC in brain
tumors [53], while the sweep imaging with fourier
transform (SWIFT) technique may prove useful
due to its ability to acquire the entire signal from
the short T, Na component due to its effective
zero echo time [54]. This remains an active area
of investigation and will hopefully lead to further
innovations in the coming years.

Another interesting development in the field
are efforts to introduce additional contrast into
Na images via T /T, relaxation time or mag-
netization-prepared approaches. Currently,
most studies are either spin-density weighted
(that is, they measure the TSC) or they use a
simple T -weighted approach (via the use of
a short TR) in order to increase the SNR per
unit scanning time via signal averaging, while
other short TR/flip angle combinations have
been used to minimize T -weighting with a
view to optimizing the achievable SNR [s5]. A
recent study by Nagel ez al. [56) compared these
two conventional Na-MRI techniques with an
inversion recovery-based approach (originally
introduced in 2005 [57]) that was used to reduce
the signal from edema. The resulting heavily
T, -weighted images exhibited a lower Na sig-
nal in the muscles of patients with channelo-
pathies, which, it was hypothesized, may be
due to a reduction in the T, relaxation times
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in the intracellular compared with the extra-
cellular compartments. This inversion recov-
ery-based preparation approach was also used
to improve the quantification accuracy of the
bound Na concentration in the extra-cellular
space in cartilage by suppressing the free Na
signal from fluid in and around the knee in
osteoarthritic patients [13]. In another study,
researchers were able to differentiate between
brain tumor grades using a combination of spin-
density- and relaxation-weighted Na sequences
[s8]. Measurements of the long T, components
in the brain were reported as far back as 2004
(591, although efforts to accurately quantify the
short T, component remain unsuccessful even at
7 T 130]. Nevertheless, T,* maps (from the long
T, component) were recently obtained in the
brain using a 3 T scanner, albeit with an acquisi-
tion time of 60 min [60]. In another study using a
closely fitting surface transceiver coil, T,* times
for both the short and long T, components (in
addition to T -times) were quantified in the
breast, illustrating that such measurements are
indeed possible using optimized detector coils
(¢1]. The possibility of introducing T, relax-
ation-time contrast into Na images may have
particular relevance to stroke imaging, where
the redistribution of Na* between the intra- and
extra-cellular compartments will be accompa-
nied by a change in T  values, and hence a tech-
nique capable of introducing T -weighted con-
trast may well reveal more subtle effects that are
presently obscured. Equally, knowledge of the
changes that occur in T, values during the acute
stroke period may also prove beneficial, if only
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to avoid ambiguities arising from T -saturation
effects when pushing towards minimum TR
values.

There are two other existing techniques that
are capable of separating, to some degree, the
intra- and extra-cellular compartment signals.
The first involves the use of shift reagents such
as TmDOTP(5-), first introduced in 2001 [62].
However, all such reagents are highly toxic
to humans and it remains to be seen whether
nontoxic variants can be developed. The sec-
ond approach is the use of multiple quantum
(MQ) coherences; in tissue, the quadrupolar
interaction between the spin 3/2 moment of
the Na nuclei and the local electric field gradi-
ents dominate and hence triple quantum (TQ)
coherences are possible. Although signal from
both intra- and extra-cellular Na ions exhibiting
biexponential relaxation may pass through a TQ
filter, the hope is that MQ techniques may be
more selective for the intracellular component.
In a nonhuman primate stroke study, the TQ
Na signal was found to increase by 226 + 70%
within 0.9 + 0.4 h of the stroke onset time, while
little change was observed in the single quantum
signal (n = 3) [63]. A spectroscopic study investi-
gating the effect of glycemia levels on single and
double quantum Na signals in the rat forebrain
in a transient ischemia model concluded that
double quantum signal intensity is a more sen-
sitive monitor of changes in intracellular Na con-
centration during and after ischemia [64]. Thus,
while there is no conclusive evidence to date that
one can separate the intra- from the extra-cellular
components using MQ techniques, nevertheless,
the different evolutions in the single quantum
versus MQ signal in the acute period observed
in some studies warrants further investigation.
The main drawback with MQ techniques is the
drastically reduced SNR, which is approximately
10% of that obtainable in conventional single
quantum coherence Na-MR images, and hence
this technique will benefit from an SNR boost
from future technical developments. Hancu
et al. succeeded in acquiring TQ Na images of
the brain in 20 min usinga 3 T scanner in 1999
(¢s], and while problems related to B inhomoge-
neities persist, several recent studies have made
considerable progress in reducing their severity
and increasing the SNR [66-68].

In stroke imaging, the question of whether
or not to quantify the TSC remains open. On
the one hand, accurate knowledge of the TSC
would be essential if a threshold for tissue viabil-
ity were to be determined and also, for example,
in patients with bilateral stroke where relative

Imaging Med. (2012) 4(3)

measurements (contra- to ipsi-lateral) could be
insensitive to any changes (or at least unreli-
able). However, TSC changes due to normal
aging processes or indeed due to the presence
of pathologies such as cognitive impairment
(e.g., Alzheimer’s disease) arising perhaps due
to cellular loss or shrinkage, are largely unknown
(although a very recent study has looked at the
effects of normal aging in the brain at 7 T [69])
and thus a relative comparison of the TSC in
ipsi- versus contra-lateral regions may be war-
ranted wherein the patient would act as their
own control. Relative measures avoid some of
the difficulties experienced with accurate TSC
quantification and are certainly easier to imple-
ment in a clinical environment, although it can
be expected that ongoing developments in the
field, for example increasing the SNR, will make
quantification more robust. Already studies have
demonstrated that precise and accurate quan-
tification of TSC in the brain can be obtained
in rodents 26] and humans [1] with good spatial
resolution in sub-10 min scans using commonly-
available imaging platforms for each species (a
7 T research system and a clinical 3 T scan-
ner, respectively). However, to push the spa-
tial resolution even further to, say, an isotropic
voxel of size 6 mm in humans (compared with
7.5 mm used in (1)) with accurate quantification
using current coil hardware designs and imag-
ing sequences currently requires higher field
strength systems (7 T and above) [70], which are
not widely available nor are they likely to be in
the near future.

In conclusion, the field of Na-MRI has
undergone a rapid pace of development par-
ticularly in the last decade and remains the
focus of considerable research effort. It is clear
that improvements in SNR will be required if
Na-MRI is to play a central role in acute stroke
imaging for several reasons: firstly, to detect the
subtle signal changes that are likely to prove
critical for penumbra tissue identification,
whether via improved quantification accuracy
or relative measurements, within a reasonable
acquisition time (<10 min); and secondly, to
allow for better spatial resolution in order to
minimize partial volume effects arising, for
example, when regions of cerebrospinal fluid
are inadvertently included in the analysis where
the threefold more Na concentration in cerebro-
spinal fluid compared with gray or white mat-
ter will skew the data. This problem is likely
to be exacerbated in aged patients where brain
atrophy has occurred. Nevertheless, given the
improvement in image quality achieved thus
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far, one can remain optimistic for the future

of the field.

Future perspective

It can be expected that the next 5-10 years will
see the rapid pace of developments in the field of
Na-MRI continue, with further improvements in
the achievable SNR per unit time enabling accu-
rate quantification of the TSC at better spatial
resolutions in the human brain. The adoption
by Na-MRI of new ideas in compressed sensing
and iterative reconstruction coupled with devel-
opments with RF coil technology may realize
this improvement. Relaxation-time changes are
likely to occur in ischemic tissue resulting from
intra- and extra-cellular compartmental shifts,
and it is anticipated that relaxation-time con-
trast or indeed Na relaxometry will yield further
insights into the usefulness of Na-MRI in acute
stroke imaging. The use of MQ coherence tech-
niques that attempt to separate the signal from
the intra- and extra-cellular compartments will
likewise benefit from SNR increases and further

Background

work in this area can be expected. Additional

clinical studies involving acute stroke patients are

required to inform on the usefulness of Na-MRI
in this time-critical period, which will be aided by
the growing availability of Na-MRI techniques.
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Considerable progress has been made in the field of sodium (Na)-MRI over the past decade, such that reasonable quality brain images
can now be obtained using clinical 3 T scanners with 10-min acquisition times.

Link between Na & stroke

From a stroke perspective, Na-MRI may offer a rapid, noninvasive method of identifying patients suitable for a therapeutic intervention.
Changes in the intracellular Na concentration are known to occur shortly after an ischemic insult due to the impaired functioning of the
Na*/K+ ATPase, which is responsible for maintaining cellular homeostasis.

Clinical & preclinical stroke Na-MRI studies

Several studies in both animal models of stroke and in stroke patients have detected this change in Na imaging experiments, with early
increases observed in core, infarcted tissue from an early time-point after stroke onset.
Evidence in animal models suggests that the Na signal averaged across all tissue compartments may, in fact, decrease in penumbra

tissue in the acute stroke phase, potentially offering a method of detecting penumbra tissue (i.e., underperfused tissue that is at risk of

infarction but still amenable to salvage).
Scope for improvement

Continuing improvements in image quality through hardware and imaging pulse sequence developments are opening up many new
possibilities, for example making it possible to accurately quantify the tissue sodium concentration (and perhaps also the intracellular
compartment) and moving beyond mere Na spin-density-weighted imaging with the introduction of relaxation-time contrast.

References
Papers of special note have been highlighted as:
of interest
of considerable interest 3

1 LuAM, Atkinson IC, Claiborne TC,
Damen FC, Thulborn KR. Quantitative
sodium imaging with a flexible twisted

projection pulse sequence. Magn. Reson.

Med. 63(6), 1583-1593 (2010). 4
2 Tsang A, Stobbe RW, Asdaghi N ez al.

Relationship between sodium intensity and

perfusion deficits in acute ischemic stroke.

J. Magn. Reson. Imaging 33(1), 41-47 5

(2011).

future science group

The only clinical stroke study conducted to
date that compares data from perfusion,

diffusion and sodium imaging.

Thulborn KR, Davis D, Snyder J, Yonas H,
Kassam A. Sodium MR imaging of acute and
subacute stroke for assessment of tissue
viability. Neuroimaging Clin. N. Am. 15(3),
639-653, xi (2005).

Hussain MS, Stobbe RW, Bhagat YA ez al.
Sodium imaging intensity increases with time
after human ischemic stroke. Ann. Neurol.
66(1), 55-62 (2009).

Thulborn KR, Lu AM, Atkinson IC, Damen
F, Villano JL. Quantitative sodium MR

www.futuremedicine.com

imaging and sodium bioscales for

the management of brain tumors.
Neuroimaging Clin. N. Am. 19(4), 615-624
(2009).

Ouwerkerk R, Bleich KB, Gillen JS, Pomper
MG, Bottomley PA. Tissue sodium
concentration in human brain tumors as
measured with ?Na MR imaging. Radiology
227(2), 529-537 (2003).

Ouwerkerk R, Jacobs MA, Macura KL et al.
Elevated tissue sodium concentration in
malignant breast lesions detected with

non-invasive *Na-MRI. Breast Cancer Res.

Treat. 106(2), 151-160 (2007).

377



20

Fagan

Ouwerkerk R, Bottomley PA, Solaiyappan M
et al. Tissue sodium concentration in
myocardial infarction in humans: a
quantitative *Na MR imaging study.
Radiology 248(1), 88—96 (2008).

Mellon EA, Pilkinton DT, Clark CM et 4.
Sodium MR Imaging detection of mild
Alzheimer disease: preliminary study. Am.

J. Neuroradiol. 30(5), 978-984 (2009).
Inglese M, Madelin G, Oesingmann N ez al.

Brain tissue sodium concentration in multiple
sclerosis: a sodium imaging study at 3 Tesla.

Brain 133, 847-857 (2010).

Maril N, Rosen Y, Reynolds GH, Ivanishev
A, Ngo L, Lenkinski RE. Sodium MRI of the
human kidney at 3 Tesla. Magn. Reson. Med.
56, 1229-1234 (2006).

Haneder S, Konstandin S, Morelli JN et al.
Quantitative and qualitative (23)Na MR
imaging of the human kidneys at 3 T: before
and after a water load. Radiology 260(3),
857-865 (2011).

Madelin G, Lee JS, Inati S, Jerschow A,
Regatte RR. Sodium inversion recovery MRI
of the knee joint 77 vivo at 7T. J. Magn. Reson.
207(1), 42-52 (2010).

Borthakur A, Mellon E, Niyogi S, Witschey
W, Kneeland JB, Reddy R. Sodium and T-1
rho MRI for molecular and diagnostic
imaging of articular cartilage. NMR Biomed.
19(7), 781-821 (2006).

Wetterling F, Rennings A, Kalayciyan R,
Corteville DM, Konstandin S, Schad LR. A
dual resonator system for whole-body
sodium-MRI at 3T. Proc. Intl Soc. Mag. Reson.
Med. 471 (2011).

Farr TD, Wegener S. Use of magnetic
resonance imaging to predict outcome after
stroke: a review of experimental and clinical
evidence. /. Cereb. Blood F. Met. 30(4),
703-717 (2010).

Cocho D, Belvis R, Marti-Fabregas J ez al.
Reasons for exclusion from thrombolytic
therapy following acute ischemic stroke.

Neurology 64(4), 719-720 (2005).

Davis SM, Donnan GA, Parsons MW et al.
Effects of alteplase beyond 3 h after stroke in
the Echoplanar Imaging Thrombolytic
Evaluation Trial (EPITHET): a placebo-
controlled randomised trial. Lancet Neurol.

7(4), 299-309 (2008).

Schellinger PD, Thomalla G, Fiehler J ez al.
MRI-based and CT-based thrombolytic
therapy in acute stroke within and beyond
established time windows — an analysis of
1210 patients. Stroke 38(10), 26402645
(2007).

Lin SP, Song SK, Miller JP, Ackerman JJ, Neil
JJ. Direct, longitudinal comparison of 'H and

2Na-MRI after transient focal cerebral

ischemia. Stroke 32(4), 925-932 (2001).

378

21

22

23

24

25

26

27

28

29

30

Miyasaka N, Kuroiwa T, Zhao FY ez al.
Cerebral ischemic hypoxia: discrepancy
between apparent diffusion coefficients and
histologic changes in rats. Radiology 215(1),
199-204 (2000).

Butcher K, Parsons M, Baird T et /. Perfusion
thresholds in acute stroke thrombolysis. Stroke
34(9), 2159-2164 (2003).

Butcher KS, Parsons M, MacGregor L ez al.

Refining the perfusion-diffusion mismatch

hypothesis. Stroke 36(6), 1153—1159 (2005).

Jones SC, Kharlamov A, Yanovski B ez al.
Stroke onset time using sodium MRI in rat
focal cerebral ischemia. Stroke 37(3),
883-888 (20006).

Wang Y, Hu WX, Perez-Trepichio AD ez al.
Brain tissue sodium is a ticking clock telling
time after arterial occlusion in rat focal
cerebral ischemia. Stroke 31(6), 1386-1391
(2000).

Wetterling F, Tabbert M, Junge S, Gallagher
L, Macrae IM, Fagan AJ. A double-tuned
"H/*Na dual resonator system for tissue
sodium concentration measurements in the
rat brain via Na-MRI. Phys. Med. Biol.
55(24), 7681-7695 (2010).

Discusses the use of a separate transmit—
receive coil system allowing for accurate
quantitative measurement of the tissue
sodium concentration (TSC) in the

rat brain.

Wertterling F, Gallagher L, Macrae IM, Junge
S, Fagan AJ. Regional and temporal variations
in tissue sodium concentration during the
acute stroke phase. Magn. Reson. Med. 67(3),
740-749 (2012).

Rat brain study that revealed significant
time delays before the TSC was observed to
increase, with a slight decrease in measures
in presumed penumbra tissue, suggesting
that any increase in TSC above normal levels

may indicate infarction.

Bartha R, Lee TY, Hogan MJ ¢t a/l. Sodium
T *-weighted MR imaging of acute focal
cerebral ischemia in rabbits. Magn. Reson.

Imaging 22(7), 983-991 (2004).
Thulborn KR, Gindin TS, Davis D, Erb P.

Comprehensive MR imaging protocol for
stroke management: tissue sodium
concentration as a measure of tissue viability
in nonhuman primate studies and in clinical

studies. Radiology 213(1), 156-166 (1999).

First comprehensive clinical stroke study,
which discusses the potential use of Na-MRI

for stroke management.

Fleysher L, Oesingmann N, Stoeckel B,
Grossman RI, Inglese M. Sodium long-
component T,* mapping in human brain at 7
Tesla. Magn. Reson. Med. 62(5), 1338—1341
(2009).

Imaging Med. (2012) 4(3)

31

32

33

34

35

36

37

38

39

40

41

42

Nagel AM, Laun FB, Weber MA, Matthies C,
Semmler W, Schad LR. Sodium MRI using a
density-adapted 3D radial acquisition
technique. Magn. Reson. Med. 62(6),
1565-1573 (2009).

Sandstede JJW, Hillenbrand H, Beer M ez 4.
Time course of Na-23 signal intensity after
myocardial infarction in humans. Magn.

Reson. Med. 52(3), 545551 (2004).
Ouwerkerk R, Weiss RG, Bottomley PA.

Measuring human cardiac tissue sodium
concentrations using surface coils, adiabatic
excitation, and twisted projection imaging
with minimal T2 losses. J. Magn. Reson.
Imaging 21(5), 546555 (2005).

Stobbe RW, Beaulieu C. Sodium relaxometry
(part 2): towards the characterisation of the
sodium NMR environment in the human
brain using a novel relaxometry technique.
Proc. Intl Soc. Mag. Reson. Med. 436(2), 3104
(20006).

Nielles-Vallespin S, Weber MA, Bock M ez al.
3D Radial projection technique with
ultrashort echo times for sodium MRI: clinical

applications in human brain and skeletal
muscle. Magn. Reson. Med. 57, 74—81 (2007).

Boada FE, Gillen JS, Shen GX, Chang SY,
Thulborn KR. Fast three dimensional sodium
imaging. Magn. Reson. Med. 37(5), 706-715
(1997).

Grodd W, Klose U. Sodium-MR-imaging of
the brain — initial clinical-results.

Neuroradiology 30(5), 399-407 (1988).

Shimizu T, Naritomi H, Sawada T.
Sequential-changes on Na-23 MRI after
cerebral infarction. Neuroradiology 35(6),
416-419 (1993).

Hilal SK, Maudsley AA, Simon HE ez al.

In vivo NMR imaging of tissue sodium in the
intact cat before and after acute cerebral
stroke. Am. J. Neuroradiol. 4(3), 245-249
(1983).

Moseley ME, Chew WM, Nishimura MC

et al. In vivo sodium-23 magnetic resonance
surface coil imaging: Observing experimental
cerebral ischemia in the rat. Magn. Reson.

Imaging 3(4), 383-387 (1985).

Yushmanov VE, Kharlamov A, Yanovski B,
LaVerde G, Boada FE, Jones SC.
Inhomogeneous sodium accumulation in the
ischemic core in rat focal cerebral ischemia by
Na-23 MRI. /. Magn. Reson. Imaging 30(1),
18-24 (2009).

LaVerde GC, Jungreis CA, Nemoto E, Boada
FE. Sodium time course using Na-MRI in
reversible focal brain ischemia in the monkey.
J. Magn. Reson. Imaging 30(1), 219-223
(2009).

Reperfusion study in a monkey model

showing an arrested increase in sodium

future science group



43

44

45

46

47

48

49

50

51

How can sodium MRI techniques help us understand acute stroke?

signal after reperfusion in three samples.
Such studies will help identify whether a
threshold for TSC exists.

Wetterling F, Gallagher L, Holmes WM,
Macrae IM, Fagan AJ. Temporal water mobility
and sodium intensity measurements in

penumbra and core tissue during acute stroke.
Proc. Intl Soc. Mag. Reson. Med. 19, 470 (2011).

First study to show a decrease in sodium
signal in confirmed penumbra tissue in the

acute phase of a rodent model of stroke.

Eleff SM, Maruki Y, Monsein LH, Traystman
RJ, Bryan RN, Koehler RC. Sodium, ATP,
and intracellular pH transients during
reversible complete ischemia of dog cerebrum.
Stroke 22(2), 233-241 (1991).

Albers GW, Thijs VN, Wechsle L ez al.
Magnetic resonance imaging profiles predict
clinical response to early reperfusion: the
diffusion and perfusion imaging evaluation
for understanding stroke evolution
(DEFUSE) study. Ann. Neurol. 60(5),
508-517 (2000).

Hacke W, Furlan AJ, Al Rawi Y ez al.
Intravenous desmoteplase in patients with
acute ischaemic stroke selected by MRI
perfusion-diffusion weighted imaging or
perfusion CT (DIAS-2): a prospective,
randomised, double-blind, placebo-controlled
study. Lancet Neurol. 8(2), 141-150 (2009).

Block KT, Uecker M, Frahm J. Undersampled
radial MRI with multiple coils. Iterative
image reconstruction using a total variation
constraint. Magn. Reson. Med. 57(6),
1086-1098 (2007).

Lustig M, Donoho D, Pauly JM. Sparse MRI:
the application of compressed sensing for
rapid MR imaging. Magn. Reson. Med. 58(6),
1182-1195 (2007).

Corteville DM, Wetterling F, Schad LR.
RF-encoded sodium MRI with a surface coil.
Proc. Eur. Soc. Mag. Reson. Med. 621 (2011).
Lee JS, Regatte RR, Jerschow A. Optimal
control NMR differentiation between fast and
slow sodium. Chem. Phys. Lett. 494(4-6),
331-336 (2010).

Gurney PT, Hargreaves BA, Nishimura DG.
Design and analysis of a practical 3D cones

future science group

52

53

54

55

56

57

58

59

60

61

trajectory. Magn. Reson. Med. 55(3), 575582
(2006).

Konstandin S, Nagel AM, Heiler PM, Schad
LR. Two-dimensional radial acquisition
technique with density adaption in sodium
MRI. Magn. Reson. Med. 65(4), 1091-1097
(2011).

Romanzetti S, Shah NJ. /n vivo quantification
of Tissue Sodium Concentration in the
human brain by means of a centric SPRITE
sequence at 4T. Proc. Intl Soc. Mag. Reson.
Med. 19, 1498 (2011).

Idiyatullin D, Corum C, Park JY, Garwood
M. Fast and quiet MRI using a swept
radiofrequency. /. Magn. Reson. 181(2),
342-349 (20006).

Stobbe R, Beaulieu C. Sodium imaging
optimization under specific absorption rate
constraint. Magn. Reson. Med. 59(2),
345-355 (2008).

Nagel AM, Amarteifio E, Lehmann-Horn F
et al. 3 Tesla Sodium inversion recovery
magnetic resonance imaging allows for
improved visualization of intracellular sodium
content changes in muscular channelopathies.
Invest. Radiol. 46(12), 759-766 (2011).

Stobbe R , Beaulieu C. /2 vivo sodium
magnetic resonance imaging of the human
brain using soft inversion recovery fluid
attenuation. Magn. Reson. Med. 54(5),
1305-1310 (2005).

Nagel AM, Bock M, Hartmann C et al. The
potential of relaxation-weighted sodium
magnetic resonance imaging as demonstrated
on brain tumors. Invest. Radiol. 46(9),
539-547 (2011).

Bartha R, Menon RS. Long component time
constant of Na-23 T*, relaxation in healthy
human brain. Magn. Reson. Med. 52(2),
407—-410 (2004).

Lu AM, Atkinson IC, Thulborn KR. 7z vive
brain sodium T,* mapping with a multiple-
echo flexible TPI sequence. Proc. Intl Soc.
Mag. Reson. Med. 3504 (2011).

Kaggie L, Park D, Newbould RD ez al.

In vivo breast sodium T measurements using

inversion recovery 3D cones. Proc. Intl Soc.
Mag. Reson. Med. 3506 (2011).

www.futuremedicine.com

62

63

64

65

66

67

68

69

70

Winter PM , Bansal N. TmDOTP(5-) as a
»Na shift reagent for the subcutaneously
implanted 9L gliosarcoma in rats. Magn.
Reson. Med. 45(3), 436—442 (2001).

LaVerde G, Nemoto E, Jungreis CA, Tanase
C, Boada FE. Serial triple quantum sodium

MRI during non-human primate focal brain
ischemia. Magn. Reson. Med. 57(1), 201-205
(2007).

Tyson RL, Sutherland GR, Peeling J. *Na
nuclear magnetic resonance spectral changes
during and after forebrain ischemia in
hypoglycemic, normoglycemic, and
hyperglycemic rats. Stroke 27(5), 957-964
(1996).

Hancu I, Boada FE, Shen GX. Three-
dimensional triple-quantum-filtered **Na
imaging of 7z vivo human brain. Magn. Reson.

Med. 42(6), 1146-1154 (1999).

Matthies C, Nagel AM, Schad LR, Bachert P.
Reduction of B(0) inhomogeneity effects in
triple-quantum-filtered sodium imaging.

J. Magn. Reson. 202(2), 239-244 (2010).

Fleysher L, Oesingmann N, Inglese M. B(0)
inhomogeneity-insensitive triple-quantum-
filtered sodium imaging using a 12-step
phase-cycling scheme. NMR Biomed. 23(10),
1191-1198 (2010).

Tsang A, Stobbe RW, Beaulieu C. Triple-
quantum-filtered sodium imaging of the
human brain at 4.7 T. Magn. Reson. Med.
doi:10.1002/mrm.23147 (2012) (Epub ahead
of print).

Fleysher L, Oesingmann N, Brown RW ez /.
Effect of normal aging on the intra-cellular
sodium volume fraction in the human brain:
a 7T MRI in-vivo study. Proc. Intl Soc. Mag.
Reson. Med. 589 (2011).

Atkinson IC, Lu AM, Thulborn KR.
Clinically constrained optimization of flextpi
acquisition parameters for the tissue sodium

concentration bioscale. Magn. Reson. Med.

66(4), 1089-1099 (2011).

Provides an in-depth discussion of the true
spatial resolution obtainable at present on
3T and 9.4 T platforms for quantitative TSC

mapping.

379






