








MR Morphometry

Volumetry. Repeated measures statistical analyses revealed lon-

gitudinal changes of the whole brain, cortical gray and white mat-

ter volume, and the subcortical hypothalamus/thalamus volume

on de- and rehydration (P � .00) (Fig 3). Specifically, mean vol-

umes of the whole brain, cerebral cortex, white matter, and hypo-

thalamus/thalamus decreased on dehydration by 0.36 � 0.68%,

0.19 � 1.28%, 0.59 � 0.86%, and 0.30 � 1.80% and increased on

rehydration by 0.87 � 0.57%, 1.50 � 1.03%, 0.23 � 0.82%, and

1.11 � 1.28%, respectively (Fig 3). Post hoc tests revealed signif-

icant volume changes for the whole brain, cerebral cortex, and

hypothalamus/thalamus during rehydration (and between

normo- and rehydration) and for white matter on dehydration

(On-line Table 3). Except for white matter, the magnitude of vol-

ume changes detected from normo- to dehydration was lower

than that from de- to rehydration, while the associated variance

was generally higher.

Correlation analyses revealed associations between the appro-

priate changes of the whole-brain volume and H2Obrain (r � 0.22,

P � .02) (On-line Fig 1A), of the whole-brain volume and hemat-

ocrit values (r � 	 0.31, P � .00) (On-line Fig 1B), of the cortical

gray matter volume and HCT (r � 	 0.22, P � .02) (On-line Fig

1C), of the cerebral white matter volume and H2Obrain (r �
0.34, P � .00) (On-line Fig 1D), of the cerebral white matter

volume and HCT (r � 	 0.31, P � .00) (On-line Fig 1E), of the

hypothalamus/thalamus volume and H2Obrain (r � 0.18, P �
.05) (On-line Fig 1F), and of the hypothalamus/thalamus vol-

ume and OSMserum values (r � 	 0.18, P � .04) (On-line Fig

1G) (On-line Table 2).

Cortical Thickness and Subcortical Surface Changes.Cortical

thinning prevailed on dehydration, and cortical thickening, on

rehydration. These changes of cortical thickness, as averaged

across subjects, were not uniformly distributed over the cerebral

surface (Fig 4A). Associated error probabilities (Fig 4B) revealed a

similar consistent pattern and largely excluded changes to the

opposite (ie, thickening on dehydration and thinning on rehydra-

tion), which presumably reflect false-positive detections. Error

probabilities ensure that the detected cortical thickness changes

are not driven by outliers and accompanied by increased variance

measures across subjects. Some areas attained high significance

levels (ie, low error probabilities) (Fig 4B), despite relatively lower

mean cortical thickness change (Fig 4A), due to low variability of

the changes across subjects. The patterns of cortical thinning on

dehydration and thickening on rehydration approximately mir-

rored each other and appeared quite similar (ie, symmetric, for

the 2 hemispheres).

Quantitative T1-Relaxation Times
Mean T1-relaxation times during normo-, de-, and rehydration

were 1339 � 86.92 ms, 1314 � 70.26 ms, and 1321 � 75.28 ms for

the cerebral cortex; 1291 � 68.07 ms, 1285 � 66.96 ms, and

1295 � 68.27 ms for the hypothalamus/thalamus; and 834.52 �
58.11 ms, 818.15 � 42.58 ms, and 820.36 � 46.18 ms for white

matter (Fig 5). Statistical analyses revealed no longitudinal differ-

ences in T1-relaxation times of the cerebral cortex (P � .07),

hypothalamus/thalamus (P � .19), and white matter (P � .09) on

de- and rehydration.

DISCUSSION
In this study, for the first time, the effect of hyper- and hypo-

osmolality on brain tissue fluid, brain volume, and cortical thick-

ness was monitored in vivo. These findings represent cellular

changes of the volume regulatory mechanisms at a macroscopic

level.

Hypernatremia is associated with brain-water loss and corre-

sponding volume reduction, whereas hyponatremia is related to

brain-water accumulation and associated volume increase. Both

conditions have been extensively studied in animal experiments

and reflect osmoadaptive responses of the cell to fluid imbal-

ances.26,27 Acute hypernatremia is defined as a plasma sodium

concentration above 150 mmol/L, and acute hyponatremia, as a

plasma sodium concentration below 120 mmol/L developing

during 24 – 48 hours.26 To that end, a mean plasma sodium con-

FIG 3. Volumetric morphometry at normo-, de-, and rehydration illustrated as percentage volume change normalized to session 2 (dehydra-
tion). Volume changes of the entire brain, cerebral cortex, white matter, and hypothalamus/thalamus were significant in repeated measures
ANOVA and compatible with cell shrinking during hyperosmolality and cell swelling during hypo-osmolality. Subject-specific pair-wise differ-
ences are plotted with respect to dehydration. Post hoc tests revealed hydration states with significant volume changes between each one
(indicated by asterisks; for details see On-line Table 3). Box indicates upper and lower quartiles; thick black line, median; whiskers, most extreme
values of the interquartile range; crosses, outliers; D, dehydration; N, normohydration; R, rehydration; asterisk, significant difference.
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centration of 138.5 mmol/L on dehydration and 136.9 mmol/L

after rehydration as presented in our study is considered subtle. In

animal models, induced hypernatremia with 200 mmol/L led to a

decrease of brain-water up to 14%, whereas a rapidly evoked (2

hours) hyponatremia with 119 mmol/L resulted in a 16% increase

of brain-water. The rate at which osmolar stress develops defines

whether the osmoadaptive capacities of the brain are exceeded.

Therefore, it is plausible that a slowly induced (48 hours) hypo-

natremia with 107 mmol/L revealed no changes in brain-water.28

In the study here, 12 hours of thirsting elevated serum osmolality

by 0.67% and resulted in 1.63% reduction of H2Obrain. One hour

of slow continuous oral fluid intake lowered serum osmolality by

0.96% and led to a 0.43% increase in H2Obrain. This finding sup-

ports, in principle and within limits, the sensitivity and reliability

of the H2Obrain signal, which is, especially with receive-only mul-

tichannel phased array coils, commonly used for water scaling in
1H-MR spectroscopy.19,20,29

On de- and rehydration, changes of the global brain volume,

gray and white matter volume, hypothalamus/thalamus volume,

and cortical thickness were observed, which were consistent with

the processes of cell shrinkage and swelling, respectively, and are

in line with findings in previous studies.10-13 Global brain volume

changes on dehydration (0.36%) and rehydration (0.87%) are in

excellent agreement with those in a previous study,13 which re-

ported volume changes of the same magnitude after 16 hours of

thirsting (0.55%) and subsequent rehydration (0.72%). Previous

studies of Dickson et al,11 Kempton et al,10 and Watson et al,12

which induced dehydration by thermal exercises, failed to dem-

onstrate brain volume changes.

Freund et al15 demonstrated a reversible volume reduction of

cerebral gray matter (6%) after 2 months of daily running during

an ultramarathon, which is in line with the reversible cortical

thinning (0.19%) on dehydration reported in our study. On the

other hand, a recent study with low sample size14 failed to reveal

thinning of the cerebral cortex and shrinking of the hypothala-

mus/thalamus, which are reversed on rehydration. Reversible

cortical thinning by short-term dehydration is not uniformly dis-

tributed over the cerebral surface (Fig 4) (ie, the brain does not

seem to simply shrink by global scaling during dehydration). In-

stead, detected changes of cortical thickness reveal some but no

exclusive overlap with the following: 1) known areas of pro-

nounced cortical thickness30; and 2) atrophy patterns found in

Alzheimer disease,31 cerebrovascular dementia,32 and eating dis-

orders,33 for example. Also, more generally, brain volume

changes due to osmotic stress are in/near the magnitude of

FIG 4. Cortical thickness analysis. Local changes of cortical thickness (A, red-to-yellow: for thinning on dehydration; blue-to-light blue: for
thickening on rehydration). Dehydration primarily induces cortical thinning (upper row), which reverses on rehydration (bottom row). Note that
these prevailing changes are not uniformly distributed over the cerebral surface. Changes on the mesial surface (not shown) were slightly less
pronounced but similar. The corresponding statistical significance (B, red-to-yellow: for thinning on dehydration; blue-to-light blue: for thick-
ening upon rehydration) is expressed by increasingly lower false-positive probabilities across subjects.

FIG 5. T1-relaxometry. Quantitative T1-relaxation times of the cere-
bral cortex (upper row), the subcortical gray (middle row), and white
matter (bottom row) during normo-, de-, and rehydration. Statistical
analyses revealed no longitudinal changes in T1 relaxation times. Box
indicates upper and lower quartiles; thick black line, median; whiskers,
most extreme values of the interquartile range; crosses, outliers.
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changes attributed to annual volume decrease by aging

(0.2%),34,35 Alzheimer disease (2%), Lewy body dementia

(1.4%), or vascular dementia (1.9%).36 These results emphasize

that longitudinal changes and cross-sectional differences of corti-

cal thickness in conditions accompanied by altered fluid intake

(such as dementias or eating disorders) can be confounded by de-

and rehydration, which may then be mistaken for brain atrophy

or even regeneration.

Whole-brain, white matter, and hypothalamus/thalamus vol-

umes demonstrated changes related to those in brain tissue fluid.

This finding is further supported by the inverse correlation be-

tween HCT and volume changes of the whole brain, cerebral cor-

tex, and cerebral white matter. The only brain structure that

demonstrated an association between its volume and serum os-

molality changes was the hypothalamus/thalamus. This finding is

consistent with the fact that the hypothalamus includes magno-

cellular neurosecretory cells of the paraventricular and supraoptic

nucleus, which are able to intrinsically detect and respond to

changes in osmolality.37 The magnocellular neurosecretory cell

volume has been shown to be inversely proportional to the osmo-

lality of the extracellular fluid.38 Moreover, in a magnocellular

neurosecretory cell subset of the paraventricular and supraoptic

nucleus, vasopressin is synthesized. Axons project into the neuro-

hypophysis, where vasopressin release occurs. Thus, the associa-

tion between volume changes of the hypothalamus/thalamus as

found in our study may reflect the relationship between magno-

cellular neurosecretory cell volume and osmolality of the extra-

cellular fluid. However, we acknowledge that magnocellular neu-

rosecretory cells are distributed over different subcortical gray

matter nuclei and cannot be directly assessed by MR imaging

at 3T.

No statistically significant changes of cerebral osmolytes on

dehydration or after rehydration were observed. This finding may

be due to these changes falling below the between- and within-

session reproducibility limits of the spectroscopy measurements.

Note that the between-session variance exceeded the within-ses-

sion variance across subjects for all morphometric and spectro-

scopic measures studied (Figs 2, 3, and 5), which presumably

results from repositioning and reshimming. Alternatively, 12

hours of mild dehydration may not produce changes in organic

osmolytes large enough to be detectable by MR spectroscopy—at

least not in all individuals—that is, osmolytes may already act as

osmotic active substrates in some individuals but not in others.

Although the resulting metabolite data might demonstrate plau-

sible kinetics of organic osmolytes in a subset of individuals, there

is a high variance in the data across subjects, which emphasizes

such interindividual differences. In this study, mild dehydration

was associated with a 0.67% increase in serum osmolality, and

rehydration resulted in a 0.29% decrease in serum osmolality. For

comparison, Videen et al39 reported cerebral osmolyte changes

(reduction of myo-inositol, choline, total creatine, and N-acetyl-

aspartate) on hyponatremia in patients with pituitary tumors,

congestive heart failure, or syndrome of inappropriate anti-

diuretic hormone secretion associated with an average 12.98%

reduction in serum osmolality. Lien et al40 examined severe hy-

pernatremia in rats, which led to a mean 33.55% increase in serum

osmolality and also demonstrated changes in organic osmolytes

(increase of myo-inositol, choline, phosphocreatine, glutamine,

and glutamate) in brain tissue.

Limitations of this study are methodologically inherent be-

cause assigning resonances of 1H-MR spectroscopy data to me-

tabolites, for example, is itself error-prone. Data quality and se-

lection of an adequate fitting routine are therefore essential.

At least in theory, morphometric changes may also result from

purely physical changes in tissue relaxation times and contrast

induced by fluid changes influencing tissue segmentation. How-

ever, there were no changes in T1-relaxation times of the cerebral

cortex and the subcortical gray and the white matter among

normo-, de-, and rehydration, while the average T1-values them-

selves were in excellent agreement with previous data.41 Also, the

correlations between morphometry measures and serum param-

eters support physiologic effects. Moreover, whether physiologic

and/or physical, the key message is that hydration levels constitute

an important confound for morphometric studies, and this is the

first study demonstrating relevant changes of cortical thickness

related to subclinical dehydration and rehydration. Brain tissue

fluid resonances, rapidly assessed by unsuppressed 1H-MR spec-

troscopy, are suitable for water scaling and, along with serum

parameters, also correlate with whole-brain, white matter, and

hypothalamus/thalamus volume changes.

CONCLUSIONS
This study suggests the following: 1) Morphometric brain changes

during de- and rehydration match the concept of osmotically in-

duced cell volume changes, and 2) the cerebral cortex, white mat-

ter, and the hypothalamus/thalamus are affected by these changes.

Our results emphasize that it is essential to control for hydration

levels in any study on cerebral morphometry or metabolism to

avoid confounding the findings. This is especially important be-

cause hydration levels can systematically differ across population

samples and longitudinal follow-up, in particular for patients

with dementias, eating disorders, and other conditions accompa-

nied by even slightly altered fluid intake.
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