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Rationale & Objective: Hyponatremia is the most
common electrolyte disorder and is associated with
significant morbidity and mortality. This study
investigated neurocognitive impairment, brain vol-
ume, and alterations in magnetic resonance imaging
(MRI)—based measures of cerebral function in pa-
tients before and after treatment for hyponatremia.

Study Design: Prospective cohort study.

Setting & Participants: Patients with presumed
chronic hyponatremia without signs of hypo- or
hypervolemia treated in the emergency depart-
ment of a German tertiary-care hospital.

Exposure: Hyponatremia (ie, plasma sodium
concentration [Na*] <125 mmol/L) before and
after treatment leading to [Na*] >130 mmol/L.

Outcomes: Standardized neuropsychological
testing (Mini-Mental State Examination, DemTect,
Trail Making Test A/B, Beck Depression Inventory,
Timed Up and Go) and resting-state MRI were
performed before and after treatment of
hyponatremia to assess total brain and white
and gray matter volumes as well as neuronal
activity and its synchronization.

Analytical Approach: Changes in outcomes after
treatment for hyponatremia assessed using
bootstrapped confidence intervals and Cohen
d statistic. Associations between parameters
were assessed using correlation analyses.

Results: During a 3.7-year period, 26 patients
were enrolled. Complete data were available for
21 patients. Mean [Na'ls were 118.4 mmol/L
before treatment and 135.5 mmol/L after
treatment. Most measures of cognition improved
significantly. Comparison of MRI studies showed
a decrease in brain tissue volumes, neuronal
activity, and synchronization across all gray matter
after normalization of [Na*]. Volume effects were
particularly prominent in the hippocampus. During
hyponatremia, synchronization of neuronal activity
was negatively correlated with [Na*] (r=-0.836;
95% CIl, -0.979 to-0.446) and cognitive
function (Mini-Mental State Examination,
r=-0.523; 95% CI, —0.805 to —0.069; DemTect,
r=-0.744; 95% CIl, —0.951 to —0.385; and Trail
Making Test A, r= 0.692; 95% Cl, 0.255-0.922).

Limitations: Small sample size, insufficient qual-
ity of several MRI scans as a result of motion
artifact.

Conclusions: Resolution of hyponatremia was
associated with improved cognition and re-
ductions in brain volumes and neuronal activity.
Impaired cognition during hyponatremia is closely
linked to increased neuronal activity rather than to
tissue volumes. Furthermore, the hippocampus
appears to be particularly susceptible to hypo-
natremia, exhibiting pronounced changes in tis-
sue volume.
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yponatremia is the most common electrolyte disor-

der' " and is associated with significant morbidity and
mortality.” The clinical presentation of hyponatremia is
highly variable, with symptoms ranging from deficits of
attention and memory to gait unsteadiness and increased
frequency of falls® to severe symptoms such as seizures and
coma.’

Grave manifestations mainly occur in patients with
acute-onset hyponatremia and are attributed to the rapid
development of osmotically induced cerebral edema,
which can ultimately lead to herniation and death. This
pathomechanism was first described in 1923 in patients
with water intoxication.®’

However, most cases of hyponatremia are chronic (ie,
development of hyponatremia in>48 hours), and as
plasma sodium concentration ([Na']) gradually decreases,
the brain is given time to adapt. In a process termed reg-
ulatory volume decrease, intracellular ions and subse-
quently organic osmolytes are externalized from the
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cells.”” Regulatory volume decrease ensures a relative
constancy of cellular volume and preservation of neuronal
function.'®"'” Nevertheless, neurologic symptoms are also
observed in patients with chronic hyponatremia. A change
in neuronal excitability due to the loss of neuroactive
organic osmolytes during adaptation is suspected to be the
cause.'’

Previous research on functional changes of the brain
during hyponatremia is limited. Although electroenceph-
alography (EEG) studies of hyponatremia have demon-
strated disturbances of brain activity similar to those
observed in epilepsy, " the restricted spatial resolution of
EEG permits only very limited inferences regarding the
affected brain areas. In addition, EEG provides data from
only cortical areas, and structures deeper in the brain are
missed. In contrast to EEG, functional magnetic resonance
imaging (fMRI), another noninvasive method of exam-
ining neuronal activity, has a much greater spatial reso-
lution, on the scale of millimeters. It covers the entire
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PLAIN-LANGUAGE SUMMARY
Hyponatremia is a common clinical problem, and pa-
tients often present with neurologic symptoms that are
at least partially reversible. This study used neuropsy-
chological testing and magnetic resonance imaging to
examine patients during and after correction of hypo-
natremia. Treatment led to an improvement in patients’
cognition as well as a decrease in their brain volumes,
spontaneous and synchronized
neuronal activity between remote brain regions. Vol-
ume effects were particularly prominent in the hippo-
campus, an area of the brain that is important for the
modulation of memory. During hyponatremia, patients
with the lowest sodium concentrations had the highest
levels of synchronized neuronal activity and the poorest
cognitive test results.

neuronal activity,

brain, including subcortical structures, and thus allows a
far more detailed localization of changes in brain activity.

In 2 recent studies in which patients with chronic
hyponatremia underwent neuropsychological testing
(NPT) before and after [Na'] correction, we showed that
most symptoms are reversible with treatment of hypona-
tremia.'”'® To decipher structural and functional alter-
ations  underlying  impaired  cognition  during
hyponatremia, we have extended our longitudinal study
design to include 2 fMRI examinations in parallel to NPT.
Specifically, the goals of this prospective cohort study were
to determine whether the changes in brain volume or
brain activity that occur during hyponatremia are corre-
lated with [Na'] and determine their association with
changes in cognition. Furthermore, we sought to deter-
mine if the observed changes can be linked to specific
brain regions or are a generalized whole-brain
phenomenon.

Methods

Study Design

Patients admitted to the emergency department of Uni-
versity Hospital Cologne with hyponatremia with a blood
glucose—corrected [Na'] <125 mmol/L were identified.
To remove factors that might impact neurocognitive per-
formance per se, patients with obvious hypo- or hyper-
volemic hyponatremia as well as patients with preexisting
central nervous system pathologies (cerebral tumor/me-
tastases, epilepsy, toxic or septic encephalopathy) were
excluded. Further exclusion criteria were age less than 18
years, inability to give informed consent, severe symptoms
such as seizures or decreased level of consciousness (ie,
Glasgow coma scale <15), and contraindications to MRI
scanning. Before the initiation of hyponatremia treat-
ment, a battery of 5 standardized assessments and MRI
scanning were performed (session 1). The same
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measurements were carried out again after an effective
increase of [Na'] to >130 mmol/L (session 2). To allow
the brain to adapt to changes in osmolality, the minimum
time interval between measurements was set to 48 hours.
Approval for the study protocol was obtained from the
institutional review board of the University Hospital Co-
logne (no. 12-060). The study is registered on www.
clinicaltrials.gov under identifier NCT01879774.

NPT

NPT assessments were carried out by trained study nurses.
The Mini-Mental State Examination (MMSE), " DemTect, ' ®
and Trail Making Test (TMT) '~ were used to assess global
cognition and executive function of patients. The Beck
Depression Inventory’’ was completed by patients to
assess symptoms of depression, and the Timed Up and Go
test”' was used to test patients’ mobility.

MRI Acquisition and Preprocessing

A high-resolution T1 structural image and fMRI were ac-
quired for the whole brain using a Philips Ingenia 3.0-T
MRI scanner. The fMRI was performed in a resting state,
ie, patients were instructed to let their mind wander and to
keep their eyes closed to minimize eye movement. Details
of the MRI acquisition are provided in Item SI.

Structural MRI Analyses

Structural scans were first preprocessed as described in
Item S2. Structural analysis was performed using 2 meth-
odologically distinct volumetric methods to provide robust
conclusions. First, images were segmented into gray
matter (GM), white matter (WM), and cerebrospinal fluid.
In analogy to 2-dimensional pixels, 3-dimensional MRI
images consist of small cubic volume elements called
voxels. The total volume for each tissue and cerebrospinal
fluid therefore was calculated as the sum of all voxels of
that tissue. Total brain volume was calculated as the sum of
GM volume and WM volume.

Second, because there is considerable variability with
respect to composition across GM structures in the human
brain,”” it was examined whether distinct GM regions
differ in the degree of volume change during hypona-
tremia. To allow a direct comparison of specific brain areas
between the naturally varying brain properties of the in-
dividual participants, structural MRI images were
normalized to a reference brain (Montreal Neurological
Institute) using the DARTEL algorithm (diffeomorphic
anatomical registration through exponentiated lie
algebra).”” Applying a technique called voxel-based
morphometry, tissue volume at the level of the individ-
ual voxel was measured. Finally, the volume measures of
voxels that cohere anatomically based on the whole-brain
Hammers atlas”* were summed to generate volume in-
formation on a region of interest (ROI) within the GM.
Furthermore, to determine if there are any focal changes in
GM or WM volume that do not adhere to predefined
anatomical structures, differences in tissue volumes were
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also compared at the individual voxel level between session
1 and session 2 in an additional exploratory analysis.

fMRI Analyses

Functional scans were first preprocessed as described in
Item S2. Two functional parameters can be assessed readily
by fMRI: (1) the spontaneous activity of neurons in gen-
eral or in distinct brain regions and (2) the synchroniza-
tion of neuronal activity between remote brain regions
(sometimes also termed functional connectivity) reflecting
the interaction between distinct brain areas involved in
higher cognitive functioning.

In principle, neuronal activity is closely linked to local
perfusion and blood oxygenation via neurovascular
coupling. Changes in blood oxygenation can be detected as
the blood oxygen level-dependent signal using specific
MRI sequences. Specifically, the measure of neuronal ac-
tivity in the resting brain is the fractional amplitude of
low-frequency fluctuations (fALFF) in the blood oxygen
level-dependent signal (Item S3).”” fMRI also allows in-
ferences about the degree to which neuronal activity is
synchronized across different brain areas. This is done by
comparison of blood oxygen level-dependent signals from
distinct brain regions, whereby high correlation of the
signal implies high synchronicity. The measure of syn-
chronization of neuronal activity is the global correlation
(GCOR), which is calculated from the averaged correlation
coefficients between each individual voxel and all other
voxels in the brain.”*

All analyses were conducted in CONN 20.b software.”
Values for neuronal activity (ie, fALFF) and synchroniza-
tion of neuronal activity (ie, GCOR) were analyzed for
every single voxel in sessions 1 and 2, resulting in a huge
data matrix. The values for the single voxels were averaged
(1) across the entire GM (reported as GM fALFF and GM
GCOR), providing a single overall measurement per pa-
tient; and (2) across relevant atlas-based ROIs (reported as
ROI fALFF and ROI GCOR), providing more detailed
insight.

7

Statistical Analysis

Mean values and standard deviations in each session and
the difference between sessions (A = session 2 — session 1)
were calculated for [Na+], NPT scores, volumes, and ab-
solute fALFF and GCOR values. The Cohen d statistic was
calculated as a measure of effect size. Associations between
those parameters were examined using Spearman correla-
tion coefficients. Because the mean [Na'], most NPT re-
sults, and all volumes changed significantly between
sessions 1 and 2, their differences were tested for corre-
lations. To decipher the impact of hyponatremia in more
detail, we also conducted correlation analyses during
hyponatremia (session 1). To account for differences in
head motion during scanning, frame-wise head displace-
ment computed according to Jenkinson et al’® was
controlled for in semipartial correlations examining the
associations between neuronal activity (ie, fALFF),
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synchronization of neuronal activity (ie, GCOR), and other
variables. To account for the nonnormal distribution of
some measures, all statistical comparisons were computed
using bias-corrected accelerated bootstrapping with 1,000
samples, and 95% confidence intervals (CIs) are reported.

To investigate whether the time difference between
sessions had an impact on volume changes, a linear mixed
effects model was fitted incorporating the variables [Na']
and time as fixed effects and subject as random effect,
thereby accounting for within-subject correlations.

All statistical analyses were performed using SPSS
(version 28, 2021; IBM Corp) as well as RStudio (Inte-
grated Development for R, version 4.2.0, 2022; R Foun-
dation for Statistical Computing). We adhered to the
guidelines for reporting observational studies (ie, the
Strengthening the Reporting of Observational Studies in
Epidemiology Statement).”’

Results

Patients

Between April 24, 2018, and January 18, 2022, 26 pa-
tients were enrolled in the study by convenience sampling.
Structural MRI scans and [Na'] at both sessions were
available for 21 patients, who represent the primary
analysis group. fMRI analysis included only 13 patients as a
result of excessive head motion in at least one of the 2
sessions. MMSE, DemTect, and TMT results for both ses-
sions were available for 19 patients; Beck Depression In-
ventory results for 18 patients; and Timed Up and Go
results for 13 patients as a result of difficulty in completing
these examinations. The mean age was 64.1+13.4
(standard deviation) years, and 13 patients were women
(62%). The mean time between sessions was 18.6 +24.2
days, with a median of 7 days. Mean [Na'] measurements
were 1184+ 6.1 mmol/L in session 1 and
135.5 + 3.5 mmol/L in session 2, representing a mean
increase of 17.1 + 5.4 mmol/L between sessions.

All patients were deemed euvolemic by 2 of 3 study
physicians (consulting nephrologists VS, MJH, and VB)
based on clinical examination and Bartter criteria. A defi-
nite diagnosis of the underlying etiology was achieved at
the end of the hospital stay using all available information:
idiopathic syndrome of inappropriate secretion of antidi-
uretic hormone (n = 16), use of thiazide diuretic agents
(n=15), low solute intake (n = 3), polydipsia (n=1), or
adrenal insufficiency (n=1). Treatment of hyponatremia
varied and included mainly tolvaptan, fluid restriction, and
infusion of hypertonic saline solution. A complete list of
study-related information on all 26 patients is provided in
Table S1.

Plasma Sodium and Neuropsychological Testing

Group means for [Na'] and all neuropsychological mea-
sures differed significantly between sessions except for the
Timed Up and Go test (Table 1). Both cognitive screening
tests (MMSE, DemTect) showed poorer results during
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Table 1. Blood Glucose—Corrected [Na*] and Neuropsychological Test Results

No. of Pts. Session 1 Session 2 Difference Cl Cohen d
[Na*], mmol/L 21 1184+ 6.1 135535 171 £54 14.71 to 19.62 -3.18
MMSE score 19 258+ 45 278 £ 3.1 20128 0.79 to 3.21 -0.70
DemTect score 19 99140 12.0+35 2144 0.21 to 3.68 -0.47
TMT-A, s 19 98.8 £ 96.2 499 £ 29.7 -48.9 + 76.1 -80.46 to —22.45 0.64
TMT-B, s 19 188.6 + 106.4 121.8+95.4 -66.9 £ 88.9 -104.45 to —32.20 0.75
BDI score 18 30.5+15.3 17.2+11.2 -13.3+11.8 -18.89 to —8.56 1.13
TUG, s 13 124+49 9.9+£3.7 -25+5.2 -0.59 to 5.67 0.49

Values given as mean * standard deviation where applicable. Abbreviations: BDI, Beck Depression Inventory; Cl, confidence interval; MMSE, Mini-Mental Status Ex-
amination; [Na®], plasma sodium concentration; TMT, Trail Making Test; TUG, Timed Up and Go.

2Bootstrapped Cl comparing both sessions’ means (2-tailed) and effect sizes.

hyponatremia than in session 2. Assessments of cognitive
processing speed (TMT-A) and flexibility (TMT-B)
revealed a profound improvement in session 2, as did the
Beck Depression Inventory reflecting the state of mood.
With absolute Cohen d values between 0.47 and 1.13,
effect sizes were deemed medium to large.

Structural MRI Analyses

Volumes of GM, WM, and the whole brain decreased
significantly after normalization of [Na'] levels, whereas
cerebrospinal fluid volume increased significantly
(Table 2). The WM volume reduction was widespread
throughout the brain (Fig 1 and Table S2). Again, effect
sizes were in the range between medium and large.

Analysis of predefined ROIs revealed pronounced and
highly significant volume effects only in the left and right
hippocampus, the right parahippocampal area, and the
ambient gyrus, with larger volumes in session 1 than in
session 2 (Fig 1 and Table 3). At 1.58, the Cohen d statistic
calculated for the change in total hippocampal volume,
calculated as the sum of the left and right hippocampal
volumes, indicated a huge effect size.

Mixed effects models indicated that the time between
MRI measurements was not an independent predictor of
GM and hippocampal volume. With respect to WM volume,
time between MRI measurements had only a minor impact
(P =0.04), with a B-estimate of 0.03 (vs —0.1 for [Na']).

fMRI Analyses

Comparing neuronal activity (ie, fALFF) and synchroniza-
tion of neuronal activity (ie, GCOR) between sessions
revealed no differences for individual ROIs. However,
changes could be detected on a global level encompassing

Table 2. Tissue Volumes in Each Session (N = 21)

the whole GM (Table 4). Here, neuronal activity (ie, GM
fALFF) and the synchronization of neuronal activity (ie, GM
GCOR) were substantially greater during hyponatremia.

Correlations of Between-Session Changes

The change in [Na+:| was significantly correlated with
changes in MMSE score (r=0.550; 95% CI, 0.171-0.789;
Fig 2A) and TMT-B score (r = —0.492; 95% CI, —0.769
to —0.037), but not with the other cognitive measures
(Table S3). The change in [Na+:| was also significantly
correlated with most volume changes: AGM (r = —0.482;
95% CI, —0.773 to —0.064), AWM (r = —0.769; 95%
CI, —0.927 to—0.482), change in cerebrospinal fluid
volume (r=0.585; 95% CI, 0.206-0.822; Fig 2B), and
change in left hippocampus volume (r = —0.481; 95%
CI, —0.778 to —0.047; Fig 2C). With respect to functional
parameters, A[Na'] was correlated with the neuronal ac-
tivity of the left hippocampus (ie, fALFF; r=0.702; 95%
CI, 0.250-0.896; Fig 2D).

The only significant correlation between brain volumes
and cognition was between the changes in right hippo-
campus volume and DemTect score (r = —0.488; 95%
CI, —0.806 to —0.036; Fig 2E).

No correlations were detected between changes in
volume and changes in neuronal activity or synchroniza-
tion of neuronal activity (Table S3). Correlation results of
the differences between sessions for all pairs of variables
are presented in Table S6.

Correlation Analysis in Hyponatremic Patients
When analyzing only the hyponatremic state, ie, session 1,

greater [Na'] was associated with better global cognition
(DemTect, 1=0.694; 95% CI, 0.369-0.865) and TMT-A

Session 1 Session 2 Difference Cl? Cohen d
GMV, mL 5478+ 75.5 541.1 £72.7 -6.7 £14.4 (-1.24%) -12.43 to -0.76 0.46
WMV, mL 474.7 £ 93.0 462.3 + 88.3 -12.4+11.6 (-2.68%) -17.62 to =757 1.07
CSFV, mL 3378+ 719 350.1 £ 73.2 12.3+18.7 (3.51%) 5.48 to 19.76 -0.66
TBV, mL 1,022.4 £ 165.5 1,003.4 £ 158.0 -19.0 + 21.7 (-1.89%) -28.62 to -10.33 0.87

Values given as mean + standard deviation where applicable. Abbreviations: Cl, confidence interval; CSFV, cerebrospinal fluid volume; GMV, gray matter volume; TBV, total

brain volume; WMV, white matter volume.
®Bootstrapped Cl comparing both sessions’ means (2-tailed) and effect sizes.
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Figure 1. Voxel-based morphometry analysis showing clusters of greater white matter volume in session 1 (hyponatremia) than in
session 2 (normonatremia; cyan color represents a threshold-free cluster enhancement—inferred, family-wise error—corrected P value
lower than 0.05). Region of interest—based localization of hippocampus (yellow) and right parahippocampal and ambient gyrus (pur-
ple). Selected slices are displayed on the Montreal Neurological Institute 152 template (N = 21).%

score (r = —0.561; 95% CI, —0.873 to —0.067; Table S3).
Higher [Na'] was also strongly correlated with lower de-
grees of synchronization of neuronal activity (GM GCOR,
r = —0.836; 95% CI, —0.979 to —0.446; Fig 3A), but not
with the level of neuronal activity or any tissue volumes.
In turn, a lower degree of synchronization of neuronal
activity across all GM was correlated with better global
cognition (MMSE, r = —0.523; 95% CI, —0.805 to —0.069;
Fig 3B; DemTect, r = —0.744; 95% CI, —0.951 to —0.385; Fig
3C) and lower processing speed (TMT-A, r= 0.692; 95% CI,
0.255-0.922; Fig 3D). Furthermore, the volume of the left
hippocampus was strongly correlated with the synchroniza-
tion of neuronal activity in this structure (r = 0.632; 95% CI,
0.083-0.949; Fig 3E). A comprehensive summary of corre-
lations in the hyponatremic state is presented in Table S6.

Discussion

In this study, we demonstrate, apart from the expected
improvement in cognitive performance, a signiﬁcant

42

reduction in parenchymal brain volumes with the resolu-
tion of hyponatremia. These results are in line with a
report by Ahluwalia et al, who demonstrated a reduction
in brain volume after correcting hyponatremia with tol-
vaptan.’’ Studies in normonatremic patients with trans-
tentorial herniation treated with hypertonic saline solution
have shown significant reduction in intracranial pressure
suggestive of a reduction in cerebral volumes.’'’ Even
though the observational design of the study left us unable
to prove that the resolution of hyponatremia leads to a
normalization of brain volumes rather than a decrease to
less than normal, the assumption of residual edema even in
chronic hyponatremia is in line with earlier reports on
brain water content in rats 14 days after the induction of
hyponatremia.'" It is also supported by the fact that the
time between sessions had no relevant effect on brain
volumes, as correction of hyponatremia was achieved
within a few days after session 1 in most cases. If artificial
shrinkage had occurred, a subsequent slow increase to
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Table 3. ROIs With Significantly Greater GMV in Session 1 Versus Session 2 as Measured by Voxel-Based Morphometry ROI
Analysis (N = 21)

Session 1 Session 2 Difference Cl Cohen d
Left hippocampus, mL 1.65 £ 0.05 1.59+0.05 -0.058%0.01 (-3.65%) -0.074 to —0.040 1.44
Right hippocampus, mL 1.81 £ 0.07 1.73 £ 0.07 -0.076 = 0.01 (-4.39%) -0.098 to —0.053 1.26
Total (right + left) hippocampus, mL ~ 3.46 £+0.53 38.833+0.53 -0.134 £ 0.09 (-3.93%) -0.101 to —0.051 1.58
Right parahippocampal and 2.64+0.08 256+0.08 -0.080+0.02 (-3.13%) -0.117 to -0.044  0.91

ambient gyrus, mL

GMV in each session (session 2 — session 1) and bootstrapped Cl compared both sessions’ means. Values given as mean + standard deviation where applicable.
Abbreviations: Cl, confidence interval; GMV, gray matter volume; ROI, region of interest.

normal volume should have been expected in at least some
of the patients with a longer latency between
measurements.

Consistent with others, we primarily observed
edema in the WM. Most cytotoxic edema, a subtype of
cerebral edema found in various pathological circum-
stances, including water intoxication leading to hypona-
tremia, is believed to depend on the presence of glial
aquaporin-4 channels, which pyramidal neurons do not
express.”” The specific association between sodium levels
and WM volume may also be attributable to the fact that
WM tissue has a relatively loose biomechanical structure
and is weakly perfused.’” A particularly remarkable finding
is the unique response of the hippocampal and para-
hippocampal regions to the normalization of hypona-
tremia. These were the only GM structures that exhibited
volume changes between sessions. A possible explanation
may lie in the general vulnerability of the hippocampus to
cytotoxic injury.;8 Furthermore, the hippocampus is the
only cerebral structure in which astrocytes are not in direct
contact with the vasculature.”” Because astrocytes play a
central role in the response to hyponatremia,”""
compensatory processes in the hippocampus might be
less successful. Despite the small sample size and the
technical shortcomings innate to fMRI, the results of the
between-session comparisons were paralleled by our cor-
relation analyses of sodium levels, NPT results, and volume
assessments.

During hyponatremia (session 1), neuronal activity (ie,
fALFF) was markedly increased across the whole brain.
This finding is in line with animal experiments that
revealed a greater neuronal excitability and even epilepti-
form discharges during hyponatremia,“LZ a phenomenon
that has been attributed to an imbalance of excitatory and
inhibitory neurotransmitters following the compensatory
externalization of osmolytes such as glutamate, glycine,
and y-aminobutyric acid.””** Increased neuronal

30,34,35

excitability during hyponatremia is aligned with EEG
studies that demonstrated increased epileptiform activity in
hyponatremic patients' **° and an increased susceptibility
to seizures.'” Indeed, studies in patients with epilepsy have
demonstrated an association between fALFF and epileptic
activity.””"**

Although we did not see a difference in the synchro-
nization of neuronal activity between sessions, our find-
ings clearly show that, in hyponatremic patients (ie, only
session 1), lower [Na'] is strongly associated with greater
synchronization of neuronal activity across the whole
brain, which is, in turn, associated with worse cognitive
performance. Moreover, the marked increase in the vol-
ume of the left hippocampus during hyponatremia was
also associated with a greater synchronization of neuronal
activity, suggesting a particular susceptibility of this region
to fluctuations in sodium levels. Cognitive impairment can
be intuitively linked to structural changes in the hippo-
campus, an important gateway for the modulation of
memory content.”” Abnormalities in hippocampal struc-
ture, predominantly caused by degeneration or noxious
agents such as alcohol, have been described in patients
with cognitive impairment’” and depression.”'

Based on these results, the increased level of neuronal
synchronization does not appear to be beneficial. In fact,
the augmented synchronization across brain areas seems to
functionally impair cognitive functioning. It is therefore
conceivable that the neurological symptoms of hypona-
tremia are at least partially caused by the disruption of
neuronal function and a state of over- or hyperexcitation.

Surprisingly, no other brain areas that could have been
expected to be altered in hyponatremia were found to be
abnormal. Deficiencies in coordination and motor func-
tion, particularly gait instability, are frequently reported in
hyponatremia, but putative ROIs did not show volume
changes. This might signify that osmotically induced al-
terations in neuronal activity and signal transmission,

Table 4. Gray Matter Fractional Amplitude of Low-Frequency Fluctuations and Global Correlation in Each Session

Session 1 Session 2 Difference Cle Cohen d
GM fALFF 0.091 £ 0.061 0.050 + 0.041 -0.041 £ 0.05 -0.069 to -0.014 0.81
GM GCOR 0.158 £ 0.044 0.148 £ 0.041 -0.011 £ 0.043 -0.072 to —0.012 0.26

Values given as mean * standard deviation where applicable. Abbreviations: Cl, confidence interval; fALFF, fractional amplitude of low-frequency fluctuations; GCOR,

global correlation; GM, gray matter.
®Bootstrapped Cl comparing both sessions’ means (2-tailed; n = 13).

AJKD Vol 84 | Iss 1 | July 2024

43



[oe)

%Atissue volumes

Suérez et al

r= 550
Cl=[171,.789)]

A[Na*] vs AMMSE

(@)

30

A[Na*] (mmol/L)

A[Na*] vs %Atissue volumes

30

%AGMV r=-482 Cl=[-773,-064] A[Na] (mmoliL)
° %AWMY

® %ACSFV r=.585

r=-769 Cl=[-.927,-482]

Cl=[.206, .822]

ADemTect (pts)

%AlHippV
N

0.8

0.6

AlHipp_fALFF

0.4

0.2

-0.2
-0.4
-0.6

-0.8

%ArHippV vs ADemTect

+ [} i r=-.481
A[Na*] vs %AlHippV Cl = 778, -.047]
[ ]
5 © 10 15 ® 20 25 30
'Y ° L]
i [ ]
[ 4
[ ]
[ ) Py ® [ ]
[ ]
hd (3
° °

A[Na*] (mmol/L)

r=.702
Cl = [.250, .896]

A[Na*] vs AlHipp_fALFF

30

A[Na*] (mmol/L)

Cl =[-.806, -.036
15

o
-5

%ArHippV

Figure 2. Spearman correlations between the changes from session 1 to session 2 of blood glucose—corrected serum sodium con-
centration (A[Na']) and (A) Mini Mental Status Examination score (AMMSE); (B) percentage changes in gray matter volume
(%AGMV), white matter volume (%AWMV), and cerebrospinal fluid volume (%ACSFV); (C) percentage change in left hippocampus
volume (%AlHippV); and (D) left hippocampus fractional amplitude of low-frequency fluctuations (AlHipp_fALFF). (E) Spearman cor-
relation between the changes from session 1 to session 2 of percentage change in right hippocampus volume (%ArHippV) and Dem-
Tect score.

rather than cellular volume change per se, could be

responsible for this functional impairment.

Providing extensive data by combining structural and
functional MRI as well as cognitive assessments from a

44

patient group in a clinical setting constitutes the major

strength of this study, which inevitably comes with

shortcomings because patients were directly recruited
from the emergency room of a large university hospital:
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(1) the time window to perform comprehensive in-
vestigations was small because the initiation of treatment
could not be postponed; (2) the quality of several MRI
scans was insufficient for analysis, especially because of
motion of the patients, which is a common and relevant
problem in clinical populations’****; and (3), because the
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patients were enrolled by convenience sampling and
consent to MRI was required, a selection bias could not be
prevented. Furthermore, as mentioned already, the fMRI-
based methodology used in this work is laborious and
notoriously susceptible to many distracting factors. Some
limitations arise from the design of our trial. To
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characterize the effects of hyponatremia itself, we included
only patients who were deemed euvolemic at enrollment,
thereby eliminating patients with hypovolemia, liver
cirrhosis, or heart failure, conditions that potentially
would have impaired cognitive function independently.
For the same reason, we excluded patients with overt
hyperglycemia or known structural or functional cerebral
diseases. Yet, ultimately, it became evident that, in some
patients, hypovolemia may indeed have been present
without clinical signs, and we therefore have to
acknowledge that we cannot exclude with absolute cer-
tainty the presence of influencing factors at the time of
initial imaging that might have had an impact on the brain
unrelated to hyponatremia. Likewise, we cannot prove that
all patients in our trial had chronic hyponatremia; in fact,
one patient turned out to have polydipsia, which usually
leads to acute hyponatremia. Despite all our efforts over a
period of almost 4 years to identify appropriate numbers
of patients and to generate meaningful data, the statistical
power was undoubtedly hampered by these drawbacks.

The inclusion of a control group that did not undergo
resolution of hyponatremia between MRI sessions would
have been valuable to underscore our findings but was not
feasible as a result of obvious ethical concerns. A reference
group of patients without hyponatremia would be
reasonable under the assumption that serial NPT leads to a
significant performance advantage in the second mea-
surement. This phenomenon, termed test-—retest reliability,
is a major concern for all studies that use NPT, and vali-
dation of available tests is scarce.” However, the cognitive
tests we used provide high test—retest and interobserver
reliability.'”*'® Moreover, matched groups of normona-
tremic patients were included in our recently published
longitudinal examinations of hyponatremic patients with
repeated NPT.'”'® In both trials, only a mild learning ef-
fect was demonstrated, which did not blur the highly
significant improvement of NPT results with resolution of
hyponatremia. With respect to the MRI analyses, there is
ample evidence that structural and functional longitudinal
MRI assessments yield stable results.”” >’

In summary, chronic hyponatremia is associated with
increased brain volumes despite regulatory volume
decrease. These changes in volume are small and unlikely
to lead to a relevant increase in intracranial pressure.
However, we also observed alterations in neuronal ac-
tivity and synchronization of neuronal activity that appear
to be more closely related to the cognitive impairment
observed in hyponatremia and could even be mediating
it. Of particular interest is the singularity of the hippo-
campal region among GM structures in its susceptibility
to hyponatremia. To draw a generalizable conclusion
from the present data regarding the effects of hypona-
tremia on functional parameters would be premature.
Thus, further investigations to confirm these findings and
to establish causal relationships between the observed
changes in brain structure and function and cognition are
warranted.
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Chronic Hyponatremia and Brain Structure and Function
Before and After Treatment

Setting & Participants Analysis Results
Prospective cohort study Standardized o After Resolution of Hyponatremia:
E Single-center in reesl:irr?g s(?"l?’l]fc;loglcal b A Improved cognition In most tests
Cologne, Germany ‘ ‘ ‘ _* Decreased brain tissue volumes,
_ . . Baseline Normonatremia - especially in the hippocampus
:i“ gr;szusmp:ctlzmil:::h * Reduced neuronal activity & neuronal
hyponatremia [Na*] N = 21 patients with synchronization across all gray matter
:Lfitiz‘:lsmofﬁypo- or complete data During Hyponatremia:
hypervolemia Mean [Na*], mmol/L Negative correlation of neuronal
e Pre-treatment:  Post-treatment: synchronization with [Na+] and
April 2018-January 2022 118.4 135.5 cognitive function

CONCLUSION: Resolution of hyponatremia was associated with improved cognition and reductions
in brain volumes and neuronal activity. Impaired cognition during hyponatremia is closely linked to

increased neuronal activity rather than to tissue volumes. Furthermore, the hippocampus appears to
be particularly susceptible to hyponatremia, exhibiting pronounced changes in tissue volume.
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