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ABSTRACT 

Background: Hydration is monitored using body mass, total body water, osmolality, and bioelectrical indices - all whole-body or 

extracellular quantities. Most body water is intracellular, and its distribution is governed by transmembrane solute gradients rather than 

by ingested volume. This review therefore summarises the physiological determinants of intracellular water (ICW), to examine how far 

routine measures reflect ICW, to assess whether intracellular hydration state and reserve are conceptually distinct, and to identify 

research priorities that can be tested. Methods: A structured narrative review of English-language, PubMed-indexed literature was 

undertaken. Five Boolean search lines covering intracellular water, cellular hydration, cell volume regulation, organic osmolytes, body 

cell mass, bioelectrical impedance, phase angle, potassium and magnesium homeostasis, muscle glycogen and dehydration were run, 

and the reference lists of key reviews were searched. Of 1,962 unique records, 332 were assessed on title and abstract, and 316 met the 

eligibility criteria. From these, and from 16 sources found by other methods, 38 sources were selected purposively, and each was verified 

against its database record. Interventions were graded according to how directly they had been tested against an intracellular endpoint. 

Results: Potassium distribution is the principal osmotic determinant of ICW; magnesium acts as a transport cofactor. Skeletal muscle 

and its glycogen-associated water form the largest reservoir, while dehydration, heat, ageing and short sleep impose regulatory demand. 

ICW varies considerably at equivalent muscle mass and is associated with muscle strength and physical function. No routine measure 

quantifies ICW directly, and dilution and impedance estimates remain method-, population- and device-dependent. Few interventions 

have been assessed against intracellular endpoints, and two direct studies of creatine were negative. Conclusion: Fluid intake alone 

does not determine cellular hydration. Cellular Hydration Reserve is proposed as a provisional latent construct requiring standardised 

challenge–response measurement and incremental validation. 

Key words: Body Water; Intracellular Fluid; Cell Size; Organism Hydration Status; Water-Electrolyte Balance; Potassium; Magnesium 

n clinical and public health practice, hydration is discussed 

in terms of fluid volume, and the measures employed to 

monitor it - body mass, total body water, plasma 

osmolality, and urine osmolality - all describe whole-body or 

extracellular amounts. Although the greater part of the body's 

water is intracellular, its regulation is controlled by the 

distribution of solutes across cell membranes rather than by the 

volume of fluid consumed [1,2].Cell volume is actively 

regulated as the cells respond to osmotic disturbances by means 

of regulatory volume increase and regulatory volume decrease, 

these being achieved through the transport of inorganic ions and 

by either accumulating or releasing organic osmolytes [1,3,4].   
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Changes in cell volume also modify metabolic behaviour, with 

experimentally induced swelling and shrinkage producing 

opposing patterns of substrate handling and gene expression 

within minutes of a hormonal or nutrient stimulus [5]. 

Intracellular water (ICW) is thus a variable that is regulated 

and has functional implications, not just a passive by-product 

of fluid balance.The clinical observations support the 

distinction in question. In community-dwelling adults aged 75 

years and over, ICW was found to be related to handgrip 

strength, gait speed, functional status and frailty after having 

taken into account muscle mass, and a large amount of 

variation in ICW was seen at the same level of muscle mass 

[6,7]. 
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A greater ratio of ICW to lean mass was also linked to greater 

strength and a lower risk of frailty, independently of lean mass 

[7], while a higher extracellular (ECW) -to- ICW ratio in the 

upper legs was negatively correlated with muscle strength and 

gait speed in older adults [8]. A systematic review of eleven 

observational studies concluded that imbalances in the 

distribution of body water are consistently linked with 

sarcopenia and with worse physical performance [9]. Although 

these are cross-sectional associations and do not prove 

causation, they show that the distribution of water carries 

information which is not provided by measures of total water 

and muscle mass.The factors which influence ICW have never 

been looked at together, and standard methods of assessment 

still regard hydration mainly as a matter of how much fluid the 

body contains rather than where that fluid is located. There is a 

practical significance to this distinction: in older people, where 

ICW decreases and thirst becomes less dependable, and among 

those who work outdoors or in industry and are subjected to 

repeated heat stress, a general overall body value gives the least 

satisfactory picture [6,8,10,11]. The present review was carried 

out to summarise the physiological factors that determine ICW 

and cell volume, to investigate how far commonly used 

measures of hydration and body composition reflect 

intracellular water, to evaluate whether the evidence supports 

separating the intracellular hydration state from the intracellular 

hydration reserve, and to outline research priorities that can be 

tested. 

2. METHODOLOGY 

A structured literature search was conducted in PubMed, with 

every retrieved record cross-checked against its publisher and 

DOI metadata. The search was restricted to English-language 

publications indexed with structured abstracts or full 

bibliographic records. Keywords including “intracellular 

water”, “cellular hydration”, “cell volume regulation”, “body 

cell mass”, “organic osmolyte”, “extracellular to intracellular 

water ratio”, “bioelectrical impedance”, “phase angle”, 

“potassium homeostasis”, “magnesium”, “muscle glycogen”, 

“dehydration” and “hydration assessment” were combined 

using Boolean operators, and the reference lists of retrieved 

reviews were hand-searched. The search was run using five 

search lines, which are reported in full in Supplementary Table 

S1. It returned 2,095 records, or 1,962 once duplicates were 

removed. A further 16 sources came from the reference lists of 

retrieved reviews and from targeted searches. In all, 38 sources 

were selected for inclusion.  

 These comprised 18 narrative and physiological reviews, 5 

human experimental and validation studies, 6 observational 

studies, 4 randomised controlled trials, 2 European Society for 

Clinical Nutrition and Metabolism guideline documents, 1 

systematic review, 1 meta-analysis and 1 biophysical in vitro 

study. No date restriction was applied to foundational cell-

physiology literature, because the mechanisms concerned were 

established before 2010; empirical and interventional evidence 

was prioritised from 2000 onward, and 26 of the 38 included 

sources were published between 2010 and 2026. Non-peer-

reviewed and non-indexed sources were excluded, and animal 

or in vitro studies were eligible only when equivalent human 

data were unavailable. Selection was purposive rather than 

exhaustive; no formal risk-of-bias appraisal or quantitative 

synthesis was undertaken, so selection bias cannot be excluded. 

Sources were retained based on relevance, methodological 

rigour and contribution to understanding the determinants and 

measurement of intracellular water. Titles were screened first, 

and records that passed were assessed for eligibility on their 

title and abstract. A record was eligible if it reported human 

data, or mammalian physiology applicable to human cells, and 

if it dealt directly with ICW, cell volume regulation, a 

determinant of ICW, the measurement of body water 

compartments, or an exposure or intervention with a 

compartmental outcome. Case reports, letters and 

commentaries were not eligible. One record judged out of scope 

at the abstract stage was retained on review because it explains 

the magnesium-dependent loss of cellular potassium. Of the 

1,962 records screened on title, 1,630 were excluded. Of the 

332 assessed on title and abstract, 16 were excluded (outcome 

not related to intracellular water, 10; mechanism outside scope, 

2; not applicable to human physiology, 2; disease-specific with 

no transferable finding, 2), leaving 316 eligible records. 

Because the aim was a narrative synthesis, 22 of these were 

selected purposively as the most direct evidence for each point, 

and the remaining 294 were not cited. Adding the 16 sources 

from other methods gave 38 included sources. The selection 

process is reported as a PRISMA 2020 flow diagram [12] 

(Figure 1). 

3. RESULTS 

3.1 Operational definitions 

Because these terms are used interchangeably in the literature, 

they are defined here before the evidence is presented and are 

used consistently throughout the review. 

ICW is the quantity of water within the cellular compartment, 

expressed in litres or relative to lean or muscle mass. It is a 

measurable quantity, although only indirectly [13,14]. 

Cell volume is the physical volume of an individual cell or 

tissue compartment. It changes with osmotic and metabolic 

conditions and is the variable subject to regulatory volume 

increase and decrease [1,3]. 

Cellular hydration denotes the physiological state arising 

from cell volume and its regulation, including the signalling 

consequences of volume change [5]. It is a state description 

rather than a single number. 
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Figure 1. Flow diagram of source identification, screening, and inclusion, adapted from the PRISMA 2020 template. ESPEN: European 

Society for Clinical Nutrition and Metabolism. 

Cellular Hydration Reserve (CHR), denotes the capacity of a 

cellular or tissue compartment to maintain or recover 

intracellular volume when challenged. It is defined dynamically 

and is not equivalent to any of the three preceding terms. 

3.2 The physiological basis of ICW and cell volume 

Water easily passes through most cell membranes, and thus the 

quantity of water contained within a cell is mainly determined 

by the balance of osmotically active solutes on both sides of the 

membrane rather than by the amount of water present. This 

balance is controlled by a relatively small number of interacting 

factors, all of which are well explained in the physiological 

literature [1–5]. These factors are the intracellular effective 

osmoles, primarily potassium salts; the extracellular 

osmolality; the membrane's permeability to water; ion 

transport, in which the sodium–potassium adenosine 

triphosphatase (Na⁺/K⁺-ATPase) has a major role; organic 

osmolytes such as taurine, betaine and myo-inositol; the 

macromolecular content and intracellular crowding; the 

metabolic state of the cell; hormonal regulation; and, at the 

whole-body level, the kidney's regulation of tonicity. Figure 2 

shows how these elements are arranged across the cell 

membrane. which water moves in response to this gradient.  

 Organic osmolytes enable cells to build up osmotic activity 

at high concentrations without causing as much disruption to 

protein function as inorganic ions would. Both the 

macromolecular content and intracellular crowding affect cell 

water content and are themselves affected by changes in cell 

volume; intracellular crowding has also been suggested as one 

of the signals by which cells sense their own volume. On the 

other hand, hormonal and renal regulation mainly exert their 

effects on the extracellular compartment, focusing on 

maintaining systemic tonicity rather than directly regulating 

cell volume [1,2,4]. Cell volume regulation is an active and 

bidirectional process; regulatory volume decrease is mainly due 

to potassium-chloride cotransport and taurine efflux, while 

regulatory volume increase is achieved through sodium-

hydrogen exchange and sodium-potassium-chloride 

cotransport [1,4].  

 Secondly, skeletal muscle does not act as a perfect 

osmometer since its volume changes by an amount less than 

that which would be expected from the corresponding change 

in extracellular osmolality and, after the initial disturbance, cell 

volume is partly restored by the regulated transport of ions and 

water [15]. Thirdly, the transmembrane ion gradient is not self-

sustaining and depends continuously on ATP hydrolysis by the 

Na⁺/K⁺-ATPase, the activity of which in skeletal muscle is 

influenced by contraction, training status and hormonal signals 

[16]. ICW thus depends on two closely related factors: the 

amount of solute available to the cell and its metabolic ability 

to maintain the intracellular solute gradients. These factors are 

demonstrated in Figure 2. 
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Figure 2. Physiological basis of intracellular water and cell volume. Water crosses the membrane in response to the gradient between 

intracellular effective osmoles (mainly potassium salts, organic osmolytes and macromolecule-associated solutes) and extracellular 

osmolality. The Na⁺/K⁺-ATPase, using Mg-ATP, maintains the gradient. Regulatory volume decrease (RVD) and regulatory volume 

increase (RVI) restore volume after swelling or shrinkage, while hormonal and renal mechanisms act on extracellular tonicity   

3.3 The factors that determine ICW 

The three domains in which determinants are considered are 

derived from the physiology, namely the availability of 

osmotically active solute, the tissue reservoir in which that 

solute and its water are stored, and the regulatory demand 

imposed on the system (Figure 3). These domains are not 

independent of one another, and the evidence in support of each 

varies both in type and in strength.  

3.3.1 Solute availability 

Potassium is the most common intracellular cation, and the way 

it is distributed across the cell membrane is the main factor in 

establishing the transmembrane ionic gradient [17,18]. The 

distribution of potassium inside the cell is controlled by insulin 

and β-adrenergic signalling, with skeletal muscle acting as the 

primary buffer; long-term balance is maintained by the kidneys 

[17,19]. Magnesium has a distinct role in this system: it is an 

essential cofactor for the hydrolysis of ATP by Na⁺/K⁺-ATPase 

and affects pump kinetics as well as the conductance of 

potassium channels [20,21], and magnesium deficiency causes 

renal potassium loss by releasing the magnesium-dependent  

 

inhibition of the renal outer medullary potassium channels [22]. 

Its effect on ICW is therefore indirect and occurs through its 

influence on potassium handling.  

3.3.2 Cellular and tissue reservoirs 

Skeletal muscle contains the largest amount of ICW [16,19] and 

some of this water is linked to glycogen [23]. This link is 

dynamic, as, after 72 hours of carbohydrate loading, the 

distribution of both ECW and ICW in different muscle 

segments changed in a manner that corresponded to the muscle 

glycogen levels as measured by spectroscopy [24]. The size of 

the reservoir can therefore be altered to some extent, although 

the relationship between glycogen and the water associated 

with it is only approximate and not a fixed stoichiometric ratio 

[23]. The functional relevance of reservoir hydration, as distinct 

from reservoir size, is supported by the observation that ICW 

and the ICW-to-lean-mass ratio are associated with strength and 

physical function after adjustment for muscle mass [6,7], and 

by the finding that ICW predicts handgrip strength, calf 

circumference and physical performance in 1,009 community-
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dwelling older adults. The authors stated that such indirect 

estimates should not be interpreted as direct indicators of 

cellular integrity [25].  

3.3.3 Regulatory demand 

The third determinant domain involves conditions that involve 

repeated or continuous osmotic stress. Dehydration induced by 

exercise in heat reduced knee-extensor muscle volume 

measured by magnetic resonance imaging (MRI) by 3.9% at 3% 

and 5.9% at 5% loss of estimated total body water, with no 

change in non-exercising musculature, and intermittent fluid 

replacement prevented the decline [26]. Acute mild 

hypohydration producing 1.9% body-mass loss reduced 

estimated cell volume by 2.9% and lowered muscle water 

content, with elevated copeptin, although glycaemic regulation 

was unaffected [27]. Occupational exposure to heat is linked to 

adverse kidney outcomes, and heat stress affects renal 

physiology in a manner that is influenced by exercise, 

dehydration, acclimation and age [10,28]; whether these 

exposures produce sustained change in ICW has not been 

established. The ageing process leads to a decrease in both total 

and ICW, as well as to a diminished sense of thirst and to altered 

responses to fluid regulation [6,11]. Short sleep duration has 

been associated with higher odds of inadequate hydration 

defined by urine concentration in United States and Chinese 

adults, with adjusted odds ratios of 1.59 and 1.42 for six versus 

eight hours [29]; this is a cross-sectional association assessed 

by a renal measure, and no intracellular endpoint was 

examined. 

3.4 What do the commonly used measures quantify? 

For the determinants mentioned above to be studied, they must 

be measurable; each of the commonly used measures is 

physiologically significant for the quantity it describes, and 

none of them is a direct measure of intracellular hydration 

(Table 1). 

 Plasma osmolality measures extracellular tonicity rather 

than ICW itself; it is therefore physiologically relevant to ICW 

but cannot serve as a direct measure of intracellular hydration 

[2]. Urine concentration describes the renal response to tonicity 

and is further removed. Dilution techniques using deuterium 

oxide and bromide quantify total body water and ECW, with 

ICW obtained by subtraction, and these remain the reference 

procedures; multifrequency bioelectrical impedance 

spectroscopy correlates closely with them at the group level, 

but individual agreement is limited, with reported standard 

deviations for ICW differences of approximately 2 to 3 litres in 

healthy participants [14]. Meta-analysis indicates that 

multifrequency approaches do not significantly overestimate 

total body water against reference methods, which supports 

their use for group-level estimation rather than individual 

interpretation [30]. European guidance states explicitly that 

determining changes in body cell mass, ECW, and ICW 

requires further methodological work using a model that 

prevents extracellular change from corrupting the intracellular 

estimate, and that application in altered hydration states 

requires further validation [13,31]. Phase angle is associated 

with fluid distribution and cellular characteristics and carries 

prognostic information across clinical and athletic populations, 

but it is a bioelectrical tissue property rather than a measure of 

ICW [32–34]. Thus, a standardised, validated, clinically 

interpretable measure of intracellular hydration and reserve is 

still lacking. 

 

Figure 3. Determinants of intracellular water by physiological domain. Determinants are grouped by the mechanism through 

which they act: solute availability, cellular and tissue reservoirs, or regulatory demand. Ageing acts across all three domains. 

Table  
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1. Physiological meaning and limitations of commonly used measures relevant to ICW. 

What is measured What it indicates Principal limitation as an index of ICW 

Body weight, total body water Total body water content Aggregates compartments; insensitive to redistribution [2] 

Plasma osmolality Extracellular tonicity Physiologically relevant to ICW but not a direct measure of it 

[2] 

Urine osmolality or specific 

gravity 

Renal concentrating response Indicates renal handling, not cellular water [2] 

Extracellular-to-ICW ratio Compartment distribution at rest Equation-, population- and device-dependent; no validated cut-

off points [8,13] 

Phase angle Bioelectrical tissue properties Associated with cell mass and distribution; not ICW-specific 

[32–34] 

Body cell mass Metabolically active cellular mass Quantity of cellular tissue, not its water status or resilience [35] 

Dilution (H₂O, bromide) Total body and extracellular water; 

ICW by subtraction 

Reference method, but limited individual agreement with 

impedance [14,30] 

Proposed CHR Capacity to maintain or recover 

intracellular volume 

Proposed, not validated 

3.5 From the intracellular hydration state to the CHR 

The measures in Table 1 describe what a compartment contains 

when it is measured.  

3.5.1 CHR as a latent construct  

CHR is suggested to be considered as a latent construct. It 

cannot be observed directly and must be inferred from a set of 

indicators, just as frailty is inferred from measurable 

components such as weight loss, weakness, a slow gait, and low 

levels of physical activity [36]. This is in accordance with the 

general principle of construct validation, whereby a construct is 

defined by the pattern of observations it is expected to predict 

rather than by any one measurement [37]. Since no single 

measurement and no arithmetic combination of the measures 

listed in Table 1 can be regarded as a measurement of CHR, 

because each of these measures refers to the resting state and 

several of them are dependent on the method and the device 

used [13,14], CHR is not presented here as a composite index 

but instead as an operational framework meant to assist in the 

design of future studies. 

3.5.2 Static state versus dynamic reserve 

The distinction between resting state and reserve is the main 

conceptual contribution of this review. All measures in Table 1 

are static: they describe a compartment at a single point in time 

[2,13]. Reserve, by contrast, is a property expressed only under 

load. Skeletal muscle is known for its ability to actively keep 

its volume when it comes to osmotic or contractile stress 

[15,16]. Many human studies have already shown this 

phenomenon. In the study of exercise-induced dehydration, 

muscle volume fell progressively with water loss in exercising 

muscle but not in resting muscle, and the decline was abolished 

by fluid replacement [26]; carbohydrate loading redistributed 

segmental water in parallel with glycogen accretion [24]; and 

skeletal muscle shows partial volume recovery after an initial 

osmotic perturbation rather than behaving as a passive 

osmometer [15].  

3.5.3 Novelty relative to existing constructs 

Body cell mass quantifies the metabolically active, potassium-

rich cellular component of the body and is classically estimated 

from total body potassium [35]; muscle mass quantifies tissue 

quantity; the extracellular-to-ICW ratio and the ICW-to-lean-

mass ratio describe resting distribution [7,8]. CHR overlaps 

substantially with all of these. The principal empirical 

motivation for treating reserve separately is the observation of 

considerable variability in ICW at equivalent muscle mass [6], 

together with associations between ICW indices and function 

that persist after adjustment for lean or muscle mass [6,7,25]. It 

is therefore an empirical question whether reserve contains any 

information beyond these established measures, and the 

framework to be described below has been constructed to test 

this. 

3.6 A proposed measurement framework for future studies 

The framework organises measurement into three levels rather 

than a single score (Table 2, Figure 4). Each level answers a 

different question, and only the last one addresses reserve 

directly. 

3.6.1 Level 1: state 

The first level is state: compartment volumes obtained by 

dilution or, where validated, by multifrequency bioelectrical 

impedance, expressed relative to lean or muscle mass [13,14]. 

Indexing matters here, because ICW varies considerably 

between individuals of similar muscle mass [6], and an 

unindexed value cannot show whether a given compartment is 

well or poorly hydrated for its size. 



Tantry S et al.                                                                                                         Intracellular water and cellular hydration reserve 

Online First                                                                                                                                     Indian J Integr Med | 7 

3.6.2 Level 2: determinants 

The second level is determinants: indicators of solute 

availability, reservoir size and regulatory demand, including 

potassium status, muscle mass and glycogen availability 

[17,23]. These correspond to the three domains shown in Figure 

3. They help to explain why two people with the same resting 

ICW might respond quite differently to the same challenge, but 

they do not measure that response. 

3.6.3 Level 3: challenge response 

The third level, and the only one specific to reserve, is challenge 

response: change in ICW or muscle volume during a 

standardised osmotic, thermal or exercise challenge, and the 

rate and completeness of recovery afterwards [15,24,26,27]. 

Only this level tests reserve. The first two characterise the 

conditions under which reserve is expressed and are necessary 

for interpreting the third, not substitutes for it. 

A standardised challenge would require a defined and 

reproducible stimulus, a pre-specified intracellular endpoint, 

and measurement at both perturbation and recovery. The 

existing studies indicate what is feasible: fluid restriction after 

a controlled heat exposure [27], graded loss of estimated total 

body water during exercise in heat with imaging of both 

exercising and non-exercising muscle [26], and carbohydrate 

manipulation with spectroscopic measurement of glycogen and 

segmental water [24]. None was designed to quantify reserve, 

and the endpoints, stimuli, and measurement intervals differ 

between them, which is precisely the gap that standardisation 

would close. 

A three-level measurement framework for CHR measurement 

is shown in Figure 4 and Table 2 shows the recommendations 

for future studies. 

 

Figure 4. Proposed three-level measurement framework for the CHR. (A) State and determinant measures describe the resting 

compartment and the conditions that shape it; only the challenge–response level tests reserve. (B) Schematic time course of 

intracellular volume during a standardised challenge, showing the three quantities a challenge–response study would record: 

the baseline, the magnitude of the fall, and the rate and completeness of recovery. Panel B is illustrative and is not derived from 

data. 

 Table 2. Proposed three-level measurement framework for future studies. 

Level Measurement Purpose Status 

1. State Compartment volumes by dilution or validated 

multifrequency impedance, indexed to lean or 

muscle mass 

Characterises resting 

ICW 

Available; requires 

standardisation [13,14] 

2. Determinants Potassium status, muscle mass, glycogen 

availability, regulatory demand 

Characterises conditions 

under which reserve is 

expressed 

Available; indirect [17,23] 

3. Challenge 

response 

Change in ICW or muscle volume during a 

standardised osmotic, thermal or exercise 

challenge, and recovery kinetics 

The only level that tests 

reserve 

Demonstrated in small studies; not 

standardised [24,26,27] 
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3.7 Interventions and the directness of the available 

evidence 

Evidence is graded by directness: D1 shows ICW, muscle water 

or cell volume measured in humans; D2: whole-body water or 

a physiological surrogate measured in humans with 

intracellular effects inferred; and D3: mechanistic or 

compositional data without a human hydration outcome (Table 

3). Resistance training is the only intervention shown to raise 

ICW relative to muscle mass over a sustained period. Over 16 

weeks in 30 men and 34 women, total body water increased by 

approximately 7.5% and ICW by 8.2% in men and 11.0% in 

women, against smaller increases in skeletal muscle mass of 

4.2% and 3.9% [38]; ICW therefore rose proportionally more 

than muscle mass, although the estimates were impedance-

derived in a single uncontrolled cohort (D1, low to moderate 

certainty). Carbohydrate availability alters ICW through 

glycogen-associated water, demonstrated with spectroscopic 

measurement, but the effect is transient (D1, moderate) [24]. 

Two direct studies of creatine returned negative findings and 

are reported as such. Creatine supplementation increased total 

body water without altering the distribution between 

compartments [39], and in resistance-trained men it did not 

change the ratio of ICW to skeletal muscle mass (both D1, 

moderate) [40]. The frequent description of creatine as cell-

volumizing is therefore not supported by the studies that 

measured the relevant variable. 

Beverage composition has been characterised at the whole-

body level only. In a randomised trial of thirteen beverages, oral 

rehydration solution and both full-fat and skimmed milk 

produced smaller four-hour urine output than water, with 

beverage hydration indices at two hours of approximately 1.5; 

orange juice, sports drink, cola, tea, coffee, beer and sparkling 

water did not differ from water(D2, moderate) [41]. Fluid 

replacement during exercise in heat prevented loss of 

exercising-muscle volume, which is a direct intracellular 

observation within a dehydration model rather than a general 

rehydration recommendation [26]. The sleep association is D2 

and cross-sectional [29]. Dietary potassium and magnesium 

adequacy rests on established physiology [17,19,20,22] without 

human trials using intracellular endpoints (D3). 

Interventions with the most direct evidence have the smallest 

supporting studies, and the direct evidence that does exist for a 

widely promoted supplement is negative. This pattern, rather 

than any single result, is the practical conclusion of this section

Table 3. Interventions graded by directness of evidence for ICW. 

Intervention Directness Certainty What was measured Direction of finding 

Resistance training D1 Low–

moderate 

ICW and skeletal muscle mass 

over 16 weeks [38] 

ICW increased proportionally more than 

muscle mass 

Carbohydrate 

loading 

D1 Moderate Segmental ECW and ICW with 

muscle glycogen [24] 

ICW changed with glycogen; transient 

Fluid replacement 

during exercise in 

heat 

D1 Moderate Muscle volume by MRI [26] Prevented loss of exercising-muscle 

volume 

Creatine 

supplementation 

D1 Moderate Total body water and 

compartment distribution [39]; 

ICW-to-muscle-mass ratio [40] 

Negative for redistribution in both studies 

Electrolyte- and 

nutrient-containing 

beverages 

D2 Moderate Urine output and beverage 

hydration index [41] 

Oral rehydration solution and milk only 

Adequate sleep 
duration 

D2 Low Urine concentration, cross-
sectional [29] 

Association only 

Dietary potassium 

and magnesium 

adequacy 

D3 — Established transport 

physiology [17,19,20,22] 

Mechanistic; no intracellular endpoint 

tested 

D1: intracellular water, muscle water or cell volume measured in humans; D2: whole-body or surrogate human measure with 

intracellular effect inferred; D3: mechanistic or compositional data only.  

4. DISCUSSION 

4.1 Principal findings and practical relevance 

The amount of water that a cell contains is determined both by 

the solutes it can hold and by the energy it expends in holding 

them, which means that fluid intake is necessary for keeping 

cells hydrated but is not in itself sufficient to achieve this 

[1,16,17]. Most of the water is stored in skeletal muscle, and 

the observational evidence indicates that the degree to which 

this tissue is hydrated contains information regarding strength 

and function that cannot be obtained from muscle mass alone 

[6,7,25]. On the other hand, the methods currently in use still 

only measure either the entire body or the extracellular portion, 

and even the more advanced techniques agree only poorly when 

applied to individuals [13,14]. The limited number of 

interventions that have been tested against an intracellular 
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endpoint yield conflicting results: resistance training and fluid 

replacement during exercise in hot conditions seem to be of 

help, while creatine, which is often advocated for this purpose, 

did not affect water distribution [26,38-40]. 

In hot climates, people who work outdoors are subjected to 

repeated heat and fluid stress [10,28], and older individuals 

have both a lower amount of ICW and a diminished thirst 

response [11]. For both groups, recommendations focusing 

solely on the quantity of fluid taken will not be enough. The 

evidence examined in this review supports a more 

comprehensive and mainly non-pharmacological strategy 

centred on maintaining muscle mass through resistance 

exercise, ensuring adequate intake of dietary potassium and 

magnesium, getting sufficient sleep, and making appropriate 

use of fluids and electrolytes when exposed to heat. It must be 

remembered, though, that only some of these measures have 

been tested against an intracellular endpoint (Table 3). 

4.2 Limitations 

Most of the evidence connecting ICW was based on cross-

sectional studies; reverse causation and confounding factors 

such as inflammation, oedema or adiposity cannot be excluded; 

a low ICW index might result from reduced physical activity or 

from subclinical fluid overload rather than being the cause of 

weakness. The compartment estimates vary according to the 

method used, the population studied and the device employed, 

and there is still only limited agreement at the individual level 

between impedance and dilution measurements, which means 

that every intracellular estimate mentioned here has to be 

interpreted with caution [13,14,30]. Several determinants are 

supported by mechanistic rather than human intracellular 

evidence and are labelled accordingly. Part of the observational 

evidence derives from overlapping research groups, which 

limits independence [6,7,9,25]. The direct interventional 

evidence base is small: of the five studies that measured an 

intracellular endpoint, two returned negative findings [39,40]. 

CHR is a proposed latent construct that has not been 

operationalised, derived, or validated in any dataset, and no 

clinical application is implied or recommended. 

4.3 Priorities for future research 

For future studies, the standardisation of compartment 

measurement is required, involving device- and population-

specific validation using dilution methods and the published 

reference ranges according to age and sex [13,14]. More 

challenge-response studies involving a defined osmotic, 

thermal, or exercise load should be applied, and the change in 

ICW and its recovery should be measured to assess reserve 

[26,27]. Incremental-validity analyses should be carried out to 

determine whether challenge-response measures can predict 

strength, physical performance, and clinical outcomes beyond 

body cell mass, muscle mass, and resting ICW [6,35]. More 

randomised controlled trials on modifiable determinants, 

potassium adequacy, resistance training and glycogen 

availability, using intracellular endpoints instead of whole-

body surrogates should be carried out to establish the findings 

of the present study [24,38]. 

CONCLUSION 

Fluid intake alone does not determine cellular hydration, 

which depends on the distribution of solutes across the cell 

membrane and the metabolic work that sustains it, and no 

routine measure yet quantifies ICW directly. CHR is therefore 

proposed as a provisional latent construct, not a clinical index, 

to be tested through standardised challenge-response 

measurement and incremental validation against body cell 

mass, muscle mass and resting ICW.  

REFERENCES 

1. Hoffmann EK, Lambert IH, Pedersen SF. Physiology of cell 

volume regulation in vertebrates. Physiol Rev. 

2009;89(1):193-277. doi: 10.1152/physrev.00037.2007 

2. Roumelioti ME, Glew RH, Khitan ZJ, Rondon-Berrios H, 

Argyropoulos CP, Malhotra D, et al. Fluid balance concepts 

in medicine: principles and practice. World J Nephrol. 

2018;7(1):1-28. doi: 10.5527/wjn.v7.i1.1 

3. Strange K. Cellular volume homeostasis. Adv Physiol Educ. 

2004;28(1-4):155-9. doi: 10.1152/advan.00034.2004 

4. Wehner F, Olsen H, Tinel H, Kinne-Saffran E, Kinne RK. 

Cell volume regulation: osmolytes, osmolyte transport, and 

signal transduction. Rev Physiol Biochem Pharmacol. 

2003;148:1-80. doi: 10.1007/s10254-003-0009-x 

5. Häussinger D, Lang F, Gerok W. Regulation of cell function 

by the cellular hydration state. Am J Physiol. 1994;267(3 Pt 

1):E343-55. doi: 10.1152/ajpendo.1994.267.3.E343 

6. Serra-Prat M, Lorenzo I, Palomera E, Ramírez S, Yébenes 

JC. Total body water and intracellular water relationships 

with muscle strength, frailty and functional performance in 

an elderly population. J Nutr Health Aging. 2019;23(1):96-

101. doi: 10.1007/s12603-018-1129-y 

7. Serra-Prat M, Lorenzo I, Palomera E, Yébenes JC, Campins 

L, Cabré M. Intracellular water content in lean mass is 

associated with muscle strength, functional capacity, and 

frailty in community-dwelling elderly individuals. Nutrients. 

2019;11(3):661. doi: 10.3390/nu11030661 

8. Yamada Y, Yoshida T, Yokoyama K, Watanabe Y, Miyake 

M, Yamagata E, et al. The extracellular to intracellular water 

ratio in upper legs is negatively associated with skeletal 

muscle strength and gait speed in older people. J Gerontol A 

Biol Sci Med Sci. 2017;72(3):293-298. doi: 

10.1093/gerona/glw125 

9. Sales WB, Costa LBA, Pereira MSR, Mâcedo SGGF, Vieira 

ER, Maciel ÁCC. Relationship between body water 

distribution and sarcopenia in older adults: a systematic 



Tantry S et al.                                                                                                         Intracellular water and cellular hydration reserve 

Online First                                                                                                                                     Indian J Integr Med | 10 

review. Eur Rev Aging Phys Act. 2026;23(1):12. doi: 

10.1186/s11556-026-00402-4 

10. Nerbass FB, Pecoits-Filho R, Clark WF, Sontrop JM, 

McIntyre CW, Moist L. Occupational heat stress and kidney 

health: from farms to factories. Kidney Int Rep. 

2017;2(6):998-1008. doi: 10.1016/j.ekir.2017.08.012 

11. Hooper L, Bunn D, Jimoh FO, Fairweather-Tait SJ. Water-

loss dehydration and aging. Mech Ageing Dev. 2014;136-

137:50-58. doi: 10.1016/j.mad.2013.11.009 

12. Page MJ, McKenzie JE, Bossuyt PM, Boutron I, Hoffmann 

TC, Mulrow CD, et al. The PRISMA 2020 statement: an 

updated guideline for reporting systematic reviews. BMJ. 

2021;372:n71. doi: 10.1136/bmj.n71 

13. Kyle UG, Bosaeus I, De Lorenzo AD, Deurenberg P, Elia M, 

Gómez JM, et al. Bioelectrical impedance analysis--part I: 

review of principles and methods. Clin Nutr. 

2004;23(5):1226-1243. doi: 10.1016/j.clnu.2004.06.004 

14. Ellis KJ, Wong WW. Human hydrometry: comparison of 

multifrequency bioelectrical impedance with ²H₂O and 

bromine dilution. J Appl Physiol. 1998;85(3):1056-1062. 

doi: 10.1152/jappl.1998.85.3.1056 

15. Lindinger MI. A century of exercise physiology: key 

concepts in muscle cell volume regulation. Eur J Appl 

Physiol. 2022;122(3):541-559. doi: 10.1007/s00421-021-

04863-6 

16. McKenna MJ, Renaud JM, Ørtenblad N, Overgaard K. A 

century of exercise physiology: effects of muscle contraction 

and exercise on skeletal muscle Na+,K+-ATPase, Na+ and 

K+ ions, and on plasma K+ concentration-historical 

developments. Eur J Appl Physiol. 2024;124(3):681-751. 

doi: 10.1007/s00421-023-05335-9 

17. Palmer BF, Clegg DJ. Physiology and pathophysiology of 

potassium homeostasis. Adv Physiol Educ. 2016;40(4):480-

490. doi: 10.1152/advan.00121.2016 

18. Palmer BF. Regulation of potassium homeostasis. Clin J Am 

Soc Nephrol. 2015;10(6):1050-1060. doi: 

10.2215/CJN.08580813 

19. McDonough AA, Fenton RA. Potassium homeostasis: 

sensors, mediators, and targets. Pflugers Arch. 

2022;474(8):853-867. doi: 10.1007/s00424-022-02718-3 

20. Apell HJ, Hitzler T, Schreiber G. Modulation of the Na,K-

ATPase by magnesium ions. Biochemistry. 

2017;56(7):1005-1016. doi: 10.1021/acs.biochem.6b01243 

21. Bara M, Guiet-Bara A, Durlach J. Regulation of sodium and 

potassium pathways by magnesium in cell membranes. 

Magnes Res. 1993;6(2):167-177. 

22. Huang CL, Kuo E. Mechanism of hypokalemia in 

magnesium deficiency. J Am Soc Nephrol. 

2007;18(10):2649-2652. doi: 10.1681/ASN.2007070792 

23. Shiose K, Takahashi H, Yamada Y. Muscle glycogen 

assessment and relationship with body hydration status: a 

narrative review. Nutrients. 2023;15(1):155. doi: 

10.3390/nu15010155 

24. Shiose K, Yamada Y, Motonaga K, Sagayama H, Higaki Y, 

Tanaka H, et al. Segmental extracellular and intracellular 

water distribution and muscle glycogen after 72-h 

carbohydrate loading using spectroscopic techniques. J Appl 

Physiol (1985). 2016;121(1):205-211. doi: 

10.1152/japplphysiol.00126.2016 

25. Sales WB, Ribeiro-Samora GA, E Silva Barbosa PE, Vieira 

ER, Souza GF, Maciel ÁCC. Indirect estimates of cellular 

hydration and relative water content and their associations 

with muscle strength and physical function in older adults: a 

path analysis from the Pro-Eva study. Eur Rev Aging Phys 

Act. 2026;23(1):13. doi: 10.1186/s11556-025-00400-y 

26. Hackney KJ, Cook SB, Fairchild TJ, Ploutz-Snyder LL. 

Skeletal muscle volume following dehydration induced by 

exercise in heat. Extrem Physiol Med. 2012;1(1):3. doi: 

10.1186/2046-7648-1-3 

27. Carroll HA, Templeman I, Chen YC, Edinburgh RM, Burch 

EK, Jewitt JT, et al. Effect of acute hypohydration on 

glycemic regulation in healthy adults: a randomized 

crossover trial. J Appl Physiol (1985). 2019;126(2):422-430. 

doi: 10.1152/japplphysiol.00771.2018 

28. Chapman CL, Johnson BD, Parker MD, Hostler D, Pryor 

RR, Schlader Z. Kidney physiology and pathophysiology 

during heat stress and the modification by exercise, 

dehydration, heat acclimation and aging. Temperature 

(Austin). 2020;8(2):108-159. doi: 

10.1080/23328940.2020.1826841 

29. Rosinger AY, Chang AM, Buxton OM, Li J, Wu S, Gao X. 

Short sleep duration is associated with inadequate hydration: 

cross-cultural evidence from US and Chinese adults. Sleep. 

2019;42(2):zsy210. doi: 10.1093/sleep/zsy210 

30. Martinoli R, Mohamed EI, Maiolo C, Cianci R, Denoth F, 

Salvadori S, et al. Total body water estimation using 

bioelectrical impedance: a meta-analysis of the data available 

in the literature. Acta Diabetol. 2003;40 Suppl 1:S203-6. doi: 

10.1007/s00592-003-0066-2 

31. Kyle UG, Bosaeus I, De Lorenzo AD, Deurenberg P, Elia M, 

Gómez JM, et al. Bioelectrical impedance analysis--part II: 

utilization in clinical practice. Clin Nutr. 2004;23(6):1430-

1453. doi: 10.1016/j.clnu.2004.09.012 

32. Lukaski HC, Talluri A. Phase angle as an index of 

physiological status: validating bioelectrical assessments of 

hydration and cell mass in health and disease. Rev Endocr 

Metab Disord. 2023;24(3):371-379. doi: 10.1007/s11154-

022-09764-3 

33. Marini E, Campa F, Buffa R, Stagi S, Matias CN, Toselli S, 

et al. Phase angle and bioelectrical impedance vector 

analysis in the evaluation of body composition in athletes. 

Clin Nutr. 2020;39(2):447-454. doi: 

10.1016/j.clnu.2019.02.016 

34. Rosa GB, Lukaski HC, Sardinha LB. The science of 

bioelectrical impedance-derived phase angle: insights from 

body composition in youth. Rev Endocr Metab Disord. 

2025;26(4):603-624. doi: 10.1007/s11154-025-09964-7 

35. Wang Z, St-Onge MP, Lecumberri B, Pi-Sunyer FX, Heshka 

S, Wang J, et al. Body cell mass: model development and 



Tantry S et al.                                                                                                         Intracellular water and cellular hydration reserve 

Online First                                                                                                                                     Indian J Integr Med | 11 

validation at the cellular level of body composition. Am J 

Physiol Endocrinol Metab. 2004;286(1):E123-8. doi: 

10.1152/ajpendo.00227.2003 

36. Fried LP, Tangen CM, Walston J, Newman AB, Hirsch C, 

Gottdiener J, et al. Frailty in older adults: evidence for a 

phenotype. J Gerontol A Biol Sci Med Sci. 

2001;56(3):M146-56. doi: 10.1093/gerona/56.3.m146 

37. Cronbach LJ, Meehl PE. Construct validity in psychological 

tests. Psychol Bull. 1955;52(4):281-302. doi: 

10.1037/h0040957 

38. Ribeiro AS, Avelar A, Schoenfeld BJ, Ritti Dias RM, 

Altimari LR, Cyrino ES. Resistance training promotes 

increase in intracellular hydration in men and women. Eur J 

Sport Sci. 2014;14(6):578-585. doi: 

10.1080/17461391.2014.880192 

39. Powers ME, Arnold BL, Weltman AL, Perrin DH, Mistry D, 

Kahler DM, et al. Creatine supplementation increases total 

body water without altering fluid distribution. J Athl Train. 

2003;38(1):44-50. 

40. Ribeiro AS, Avelar A, Kassiano W, Nunes JP, Schoenfeld 

BJ, Aguiar AF, et al. Creatine supplementation does not 

influence the ratio between intracellular water and skeletal 

muscle mass in resistance-trained men. Int J Sport Nutr 

Exerc Metab. 2020;30(6):405-411. doi: 

10.1123/ijsnem.2020-0080  

41. Maughan RJ, Watson P, Cordery PA, Walsh NP, Oliver SJ, 

Dolci A, et al. A randomized trial to assess the potential of 

different beverages to affect hydration status: development 

of a beverage hydration index. Am J Clin Nutr. 

2016;103(3):717-723. doi: 10.3945/ajcn.115.114769. 

 

 

How to cite this article: Shobhitha TB, Yadhushree 

PV, Poojary Y, Sujatha KJ, Bindu GV, Shetty P. 

Intracellular Water and Cellular Hydration: 

Physiological Determinants, Measurement Limitations, 
and a Proposed Cellular Hydration Reserve Framework.   

Indian J Integr Med. 2026; Online First. 

 

Funding: None;          Conflicts of Interest: None Stated 

 

 


