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ABSTRACT 
 
The assumption that sodium accumulation in the human body is always accompanied by water 
retention has been challenged by data showing that sodium can be stored nonosmotically. Here 
we investigated the contribution of nonosmotic sodium storage to short-term sodium 
homeostasis after hypertonic saline infusion in healthy individuals on a low-sodium diet. During 
four hours after infusion, we compared the observed changes in plasma sodium concentration 
and urinary cation excretion with changes that were calculated with the Adrogue-Madias and 
Nguyen-Kurtz formula, formulas widely implemented to guide the treatment of dysnatremias. 
We included 12 healthy nonsmoking male individuals with normal blood pressure, body mass 
index, and kidney function. Right after infusion, the average observed plasma sodium change 
from baseline (3.5 mmol/L) was similar to the predicted changes by the Adrogue-Madias (3.3 
mmol/L) and Nguyen-Kurtz formula (3.1 mmol/L). However, the observed plasma sodium 
concentration change after four hours (–1.8 mmol/L) was very different from the changes as 
predicted by the Adrogue-Madias (0.4 mmol/L) and the Nguyen-Kurtz formula (–0.9 mmol/L). 
Moreover, only 47% and 55%, respectively, of the expected sodium and potassium excretion 
were retrieved in the urine. Thus, healthy individuals are able to osmotically inactivate 
significant amounts of sodium after hypertonic saline infusion. Further research is needed to 
uncover factors that determine nonosmotic sodium storage. 
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INTRODUCTION 
 
Being the principal cation in the extracellular compartment, sodium (Na+) is the most important 
determinant of plasma osmolality and is essential to maintain the effective circulating volume. 
Generally, the kidney is believed to be mainly responsible for matching Na+ excretion with 
Na+ intake, resulting in an almost perfect equilibrium during constant Na+ intake+1. However, 
recent well-controlled Na+ balance studies have demonstrated that Na+ can accumulate in the 
human body without concurrent water retention2, 3. In these studies, total body Na+ varied as 
much as 200 mmol during fixed Na+ intake2. Surprisingly, the observed variation in total body 
Na+ did not induce any changes in body weight or blood pressure (BP)2. An additional 
compartment that is able to temporarily store excessive Na+ without volume effects seems 
therefore to be uncovered. Experimental studies have identified glycosaminoglycans as the 
principal Na+-binding site4. Glycosaminoglycans are large, negatively charged polysaccharides 
that are abundantly present in the skin, endothelial surface layer, bone and cartilage. Early 
studies dating from the 1950s have already acknowledged Na+ binding to glycosaminoglycans in 
bone and cartilage5. However, the majority of this Na+ pool was considered to be constant, thus 
having marginal influence on osmoregulation. This is in contrast with data showing that 
glycosaminoglycans, present under the skin and at the luminal side of the endothelium, are able 
to store and release significant amounts of Na+ 6-10. Considering the amount of these skin and 
endothelial glycosaminglycans, the ability to vary glycosaminoglycan concentration and 
sulfation may affect osmoregulation and BP in response to changes in Na+ balance. Yet, the exact 
volume of this variable Na+ buffer has not been quantified, and its importance in clinical practice 
remains to be determined.  

To examine whether nonosmotic Na+ storage is clinically relevant for osmoregulation, 
one can apply the Adrogue-Madias or Nguyen-Kurtz’s formula, which are both widely used in 
the clinic for estimating the effect of saline infusion on plasma [Na+] in dysnatremic patients11, 12. 
These formulas are based on the Edelman equation, which describes the correlation between 
serum [Na+] and the amount of exchangeable cations (i.e., Na+ and K+) per liter of body water13. 
Edelman et al. postulated that osmotically inactive bone and cartilage Na+  were taken into 
account in this formula, as represented by the y-intercept13. However, because this equation was 
based on steady state observations, it may not account for any residual capacity for nonosmotic 
Na+ storage capacity or variations in nonosmotic Na+ storage capacity. Estimations of treatment 
effects based on this equation may therefore be inaccurate. As the presence of dysnatremia is 
associated with increased morbidity and mortality, inadequate treatment may lead to worse 
outcomes14-16. To study the contribution of the nonosmotic Na+ storage capacity to Na+ 
homeostasis on the short term, we compared the observed changes in Na+ and water balance 
after hypertonic NaCl infusion in healthy subjects with the changes that were expected according 

4 



Chapter 4 

 70 

to the classic two-compartment model as described by the Adrogue-Madias and Nguyen-Kurtz 
formulas. 
 
 

METHODS 
 
Participants 
We carried out an experimental intervention study in healthy, nonsmoking male subjects 
between 18 and 40 years of age who were able to provide written informed consent. We excluded 
overweight subjects (body mass index >30 kg/m2) as well as subjects with BP >140/90 mmHg or 
with a history of renal or cardiovascular disease. The study was conducted in the Academic 
Medical Center in Amsterdam, the Netherlands, after approval of the local ethics committee. All 
subjects provided written informed consent and our study was in accorance with the Declaration 
of Helsinki. 
 
Study design 
All subjects pursued an 8-day low Na+ diet (target <50 mmol Na+/day). We checked dietary 
compliance by collecting 24-hour urine samples on day 3, 6 and 8. On day 8, after an overnight 
fast, subjects visited our research department for baseline blood sampling and BP measurements. 
After a standardized low-salt breaktfast and lunch, we intravenously infused 2.4% NaCl in 30 
minutes. We corrected the infused amount of Na+ for differences in TBW among subjects (5 
mmol Na+/L TBW). By adding 20% NaCl solution (range, 29 - 50 mL) to 500 mL of 0.9% NaCl, 
we were able to infuse 5 mmol Na+/L TBW in every subject with only minor differences in 
infused volume. Before infusion, subjects were requested to fully empty their bladder. After 
infusion we measured hemodynamic parameters, and collected blood and urine samples at 
timed intervals during a four hour period. During this period, water intake was standardized to 
400 mL in all subjects. 
 
Laboratory analyses 
Blood was collected in 4.5 mL lithium heparin tubes (BD Vacutainer, Becton Dickinson, 
Franklin Lakes, NJ) for analysis of plasma [Na+], [K+], osmolality and creatinine. 3.0 mL tubes 
with 5.4 mg spray-dried K2EDTA (BD Vacutainer, Becton Dickinson, Franklin Lakes, NJ) were 
used for hematocrit determination. All blood samples were centrifuged at 2000g for 10 minutes 
at 18°C and analysed within 60 minutes of collection. We used the indirect ion selective 
electrode method to measure plasma [Na+] and [K+],  and urine [Na+] and [K+]. Plasma and 
urinary osmolality was determined by freezing point depression. 
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Hemodynamic measurements 
Blood pressure and heart rate were measured at the right upper arm with a semi-automated 
device (Omron 705 IT, Omron Healthcare Europe B.V., Hoofddorp, the Netherlands) in supine 
position after resting for at least 10 minutes in a quiet and temperature-controlled room. The 
mean of the last two measurements was used for analysis.  
 
Calculations 
For calculation of the expected increments of plasma [Na+] after hypertonic NaCl infusion, we 
used the Adrogue-Madias formula11. To calculate the expected urinary Na+ excretion as a result 
of an observed decrease in plasma [Na+] and vice versa, we used the Adrogue-Madias fluid-loss 
formula17. We used the Nguyen-Kurtz formula, a more recent and extensive formula, to test the 
robustness of our results12. To calculate the expected urinary Na+ excretion, we rearranged this 
formula (Supplemental Table 2)12. The expected increase of plasma osmolality was calculated by 
dividing the sum of total baseline osmoles (baseline plasma osmolality x TBW) and infused 
osmoles by the sum of baseline TBW and infused volume. For these analyses, we estimated 
baseline TBW as 60% of body weight. Extracellular and intracellular volume at baseline were 
estimated as 33% and 67% of TBW, respectively18. We calculated the extracellular volume after 
infusion by dividing the sum of baseline extracellular osmoles and infused osmoles by the 
observed osmolality19. Intracellular volume after infusion was estimated by subtracting 
extracellular volume after infusion from TBW after infusion. Subsequently, we estimated 
changes in extra- and intracellular volume induced by infusion. By using the expected osmolality 
in this calculation, we were able to estimate changes of intra- and extracellular volume that 
should have taken place, considering full equillibration of water among the intra- and 
extracellular compartment. To investigate renal Na+ handling, we calculated fractional Na+ 
excretion. To test the robustness of our results, we performed a sensitivity analysis in which the 
maximum plasma [Na+] increments after infusion was used for calculations. 
 
MRI Measurements 
We estimated the renal pelvis volume in T2-weighted coronal MRI scans of three healthy male 
volunteers. Image acquisition was performed using a Ingenia 3.0-Tesla MRI scanner (Philips, 
Best, The Netherlands) with the following acquisition parameters: field of view, 400 × 400 mm2; 
voxel size, 0.875 × 0.875 mm2; slice thickness, 4 mm; repetition time, 807 ms; flip angle, 90°; echo 
time, 70 ms. In the scans, the urine-containing pelvis was easily delineated, after which the 
volume was calculated. 
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Statistical analyses 
Continuous data are shown as mean and standard error of the mean (SEM) when data followed 
normal distribution and median plus interquartile range (IQR) when skewed distribution was 
apparent, unless otherwise specified. We used paired t-tests to test whether changes in 
laboratory and hemodynamic parameters were significant when compared to baseline values. To 
assess correlation between variables, we calculated Pearson’s correlation coefficient (SPSS, 
Version 21.0, SPSS, Inc., Chicago, IL). 
 
 

RESULTS 
 
We included 12 male healthy subjects with an average age of 23 ± 1 years with normal BP, 
kidney function and body mass index in our comparisons (Table 1). One of the 12 subjects had 
to be excluded because blood sampling within the first 10 minutes after NaCl infusion was 
problematic. All subjects adequately followed an 8-day low NaCl diet that resulted in a mean 24-
hour urinary Na+ excretion of 19 ± 3 mmol.  

 
Table 1. Baseline characteristics of 11 healthy volunteers included in the analysis. 

Patient characteristics Mean ± SEM 
Age (years) 22.8 ± 1.3 
BMI (kg/m2) 21.4 ± 0.7 
TBW (L) 44.4 ± 1.3 
Hematocrit (L/L) 0.42 ± 0.01 
Plasma Na+ (mmol/L) 137.5 ± 0.5 
Plasma K+ (mmol/L) 3.9 ± 0.1 
Plasma Osmolality (mOsm/kg) 285 ± 1 
Plasma Creatinine (µmol/L) 85 ± 3 
Supine Systolic BP (mmHg) 117 ± 2 
Supine Diastolic BP (mmHg) 59 ± 2 
Supine heart rate (bpm) 55 ± 2 

 
 
Average acute plasma [Na+] increments after NaCl infusion can be accurately estimated 
To investigate whether nonosmotic Na+ storage affected plasma [Na+] increments after infusion 
of NaCl, we measured Na+ balance after acute infusion of 543 mL of 2.4% NaCl in Na+-depleted 
subjects. We used the Adrogue-Madias and Nguyen-Kurtz formulas to calculate the expected 
increase in plasma [Na+] after infusion (see supplementary data for both formulas and detailed 
calculations)11, 12. Five minutes after infusion, the average plasma [Na+] increased 3.5 ± 0.4 
mmol/L. This was in accordance with the expected 3.3 ± 0.1 mmol/L increase, as calculated by 
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the Adrogue-Madias formula, or the 3.1 ± 0.1 mmol/L increase, as calculated by the Nguyen-
Kurtz formula (Figure 1). Although the observed changes in plasma [Na+] showed more 
heterogeneity than the calculated values, we observed a significant association between the 
observed and calculated values, both when using the Adrogue-Madias formula (R2=0.41, 
P=0.034) and the Nguyen-Kurtz formula (R2=0.41, P=0.034). Ten subjects showed a maximum 
plasma [Na+] increase 5 minutes after infusion, whereas one of the subjects had no change of 
plasma [Na+] after 5 minutes but showed a maximum 3-mmol/L increase after 10 minutes. A 
sensitivity analysis, based on all maximum increments of plasma [Na+], demonstrated that the 
mean plasma [Na+] increase after 5 minutes was 3.8 ± 0.3 mmol/L, which was 0.5 mmol/L and 
0.7 mmol/L different from estimates based on the Adrogue-Madias and Nguyen-Kurtz formula, 
respectively. 

 
Figure 1. Variation in the observed and expected changes in plasma [Na+] 5 minutes after 
infusion. 
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Five minutes after hypertonic saline infusion, plasma [Na+] increased 3.5 ± 0.4 mmol/L (P<0.001). This 
was equal to the expected 3.3 ± 0.1 mmol/L increase as estimated by the Adrogue-Madias (AM) formula 
or the 3.1 ± 0.1 mmol/L increase as calculated by the Nguyen-Kurtz (NK) formula. Large heterogeneity 
was present among in the observed values, which was not expected according to the Adrogue-Madias 
and Nguyen-Kurtz formula. Data are given as mean and SD. 
 
 
Plasma potassium concentration ([K+]) levels did not show significant changes after hypertonic 
NaCl infusion. The mean plasma osmolality increased with 6.9 ± 0.9 mosm/kg (P<0.001) to 
293.3 ± 0.9 mosm/kg directly after infusion, which was higher than the expected osmolality of 
292.8 ± 1.1 mosm/kg. Based on the observed osmolality, the extracellular volume had increased 
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with 1.17 ± 0.05 L after 5 minutes (Supplemental Figure 1). This was somewhat lower than the 
increase of 1.20 ± 0.03 L that was expected following infusion according to full equilibration 
between the intracellular and extracellular compartment. Plasma IgG concentrations decreased 
significantly by 12 ± 1% (P<0.001) after infusion reflecting hemodilution. The lowest IgG values 
were present 5 minutes after infusion, after which IgG concentrations increased steadily (Figure 
2).   
 
Figure 2. Effects of saline infusion on plasma IgG concentration and hematocrit. 
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Five minutes after infusion, plasma IgG concentrations were decreased significantly by 12 ± 1% 
(P<0.001). Two and four hours after infusion, both plasma IgG concentration (-6 ± 2%, P=0.005; and -8 
± 2%, P=0.005) and hematocrit (-8 ± 1%, P<0.001; and -9 ± 1%, P<0.001) were decreased. Compared 
with 5-minute IgG levels, IgG levels after 15 to 240 minutes were significantly higher. *p≤0.01 compared 
to baseline levels, **p≤0.01 compared to 5-minute levels. 

 
 

Only half of the Na+ that is cleared from the body water can be retraced in the urine 
To examine whether nonosmotic Na+ storage contributes to the clearance of an acute Na+ load, 
we analysed plasma [Na+] and urinary Na+ and K+ excretion up to four hours after infusion of 
hypertonic NaCl. Plasma [Na+] gradually decreased after the initial increase (Figure 3). Four 
hours after infusion, plasma [Na+] had decreased with 1.8 ± 0.5 mmol/L (P=0.002) compared 
with the initial rise after 5 minutes, but was still significantly increased with 1.7 ± 0.4 mmol/L 
(P=0.002) compared with values before infusion. Plasma [K+] did not show any significant 
change during follow-up. After four hours, plasma osmolality was 5.4 ± 1.0 mosm/kg higher 
than baseline (P<0.001). Plasma IgG concentration (-8 ± 2%, P=0.004) and hematocrit (-9 ± 1%, 
P<0.001) were decreased.  
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Figure 3. Mismatch of plasma and urinary cation changes after hypertonic saline infusion. 
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Hypertonic NaCl infusion in healthy subjects leads to a predictable initial rise in plasma [Na+] while 
plasma [K+] remained stable. However, the observed urinary output of cations could only explain half of 
the gradual decrease in plasma cations that was observed during the subsequent four hours. We 
calculated the expected urinary output of cations as a result of plasma changes with the Adrogue-
Madias (AM) and Nguyen-Kurtz (NK) formulas. Data are presented as mean and standard error. BL, 
baseline.  
 
 
Four hours after hypertonic NaCl infusion, an average of 472 ± 51 mL urine was collected with a 
mean [Na+] of 57 ± 7 mmol/L accounting for 27 ± 6 mmol Na+. Urinary K+ excretion accounted 
for 24 ± 3 mmol. According to the Adrogue-Madias fluid loss formula, the observed total 
urinary loss of both Na+ and K+ should have accounted for a 0.4 ± 0.1 mmol/L increase in plasma 
[Na+], which is considerably different than the 1.8 ± 0.5 mmol/L decrease in plasma [Na+] that 
was observed (Figure 4; Supplemental Table 1). Conversely, an average plasma [Na+] decrease of 
1.8 mmol/L in healthy subjects with constant K+ levels and a mean total body water (TBW) of 
45.0 L after infusion should have resulted in excretion of 108 ± 15 mmol of Na+ or K+ in the 
urine according to the Adrogue-Madias formula. However, we were only able to retrieve 27 
mmol Na+ (24%) and 24 mmol K+ (22%) from all urine collections, leaving 57 mmol of cations 
undetected (Figure 3; Supplemental Table 1). We found similar results when using the Nguyen-
Kurtz formula. According to this formula, urinary Na+ and K+ loss should have resulted in a 0.9 
± 0.1 mmol/L decrease of plasma [Na+] instead of the observed 1.8-mmol/L decrease (Figure 4; 
Supplemental Table 2). The other way around, 92 ± 26 mmol of Na+ or K+ should have been 
excreted, which is in contrast with the 51 mmol that was actually excreted (Figure 3; 
Supplemental Table 2). In a sensitivity analysis based on the maximally achieved plasma [Na+] 
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increments, the discrepancy between plasma [Na+] changes and urinary Na+ excretion increased. 
Only 45% and 50% of the Na+ or K+ that should be in the urine according to the Adrogue-
Madias or Nguyen-Kurtz formula, respectively, could be retraced. 

No correlation was present between the plasma [Na+] changes that were observed after 
two hours and the values that were calculated using the Adrogue-Madias formula (R2=0.07, 
P=0.42) and Nguyen-Kurtz formula (R2=0.12, P=0.30) (Supplemental Figure 2). Also, the 
Adrogue-Madias (R2=0.01, P=0.72) and Nguyen-Kurtz formula (R2=0.04, P=0.58) were not 
correlated with observed changes after four hours.  

Urinary osmolality increased from 291 ± 16 mOsm/kg at baseline to 666 ± 30 
mOsm/kg (P<0.001) four hours after infusion. Fractional Na+ excretion at baseline showed that 
subjects were actively retaining Na+ (0.08 ± 0.01%). Fractional Na+ excretion increased two (0.37 
± 0.09%, P=0.004) and four hours after infusion (0.45 ± 0.10%, P=0.004).  

 
Figure 4. Mismatch of the observed and expected plasma [Na+] changes after hypertonic 
NaCl infusion. 
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After the initial increase, plasma [Na+] slowly decreased during the four hour follow-up. (A) Two and 
four hours after infusion, plasma [Na+] decreased by and 1.0 ± 0.6 mmol/L and 1.8 ± 0.5 mmol/L, 
respectively. The Adrogue-Madias (AM) formula calculated that plasma [Na+] would increase by 0.4 ± 
0.1 mmol/L, both after two and four hours. According to the Nguyen-Kurtz (NK) formula should have 
increased by 0.6 ± 0.1 mmol/L after two hours and decreased by 0.9 ± 0.1 mmol/L after four hours. (B) 
Absolute difference between the observed and calculated values represented by the square root of the 
squared difference. Calculations with the AM formula were 2.2 mmol/L (95% confidence interval [CI] 
1.3 to 3.1, P<0.001) and 2.3 mmol/L (95% CI 1.2 to 3.4, P<0.001) different from the observed values 
after 2 and 4 hours. Calculation with the NK formula were 2.3 mmol/L (95% CI 1.4 to 3.2, P<0.001) 
and 1.8 mmol/L (95% CI 1.1 to 2.4, P<0.001) different from the observed values after 2 and 4 hours. 
Data are represented as mean and standard error. 
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Hypertonic saline had a minimal effect on hemodynamics 
No changes in systolic BP were observed during hypertonic NaCl infusion or in the following 
four hours. Diastolic BP decreased significantly with 4 ± 2 mmHg during hypertonic NaCl 
infusion (P=0.04) and turned back to baseline values after the infusion. The mean heart rate 
increased with 2 ± 1 bpm (P=0.001) during infusion but showed an average decrease of 3 ± 1 
bpm from 90 to 240 minutes after infusion (P=0.004). 
 
Post-void urine retention cannot explain the missing cations 
Three-dimensional reconstruction of the renal pelvis using magnetic resonance imaging (MRI) 
demonstrated that the volume of a single renal pelvis was 2.89 ± 0.01 mL. The potential intra-
luminal volume of a ureter was estimated to be 7 - 8 mL (π x 250 - 300 mm [length] x 3 mm2 
[radius2])20. Together with the estimated postvoid urine bladder retention of ~14 mL, the 
potential maximum postvoid urine retention may be ~36 mL21. This is much lower than the 324 
mL that would explain the missing cations based on the 4-hour urine cation concentration. 

 
 
DISCUSSION 
 
This is the first balance study that aimed to quantify the amount of nonosmotic Na+ storage in 
healthy subjects after an acute intravenous saline load. We observed that half of the osmotically 
active cations that were cleared from the body water after hypertonic saline infusion could not 
be retrieved in the urine. Considering the ability of glycosaminoglycans to osmotically inactivate 
Na+ and the fact that the Adrogue-Madias and Nguyen-Kurtz formulas take into account 
changes in total body K+ and water, our data indicate that healthy volunteers are able to 
osmotically inactivate a significant amount of Na+ after hypertonic saline infusion. 
 The Adrogue-Madias and Nguyen-Kurtz formulas are both based on the Edelman 
equation and widely used to estimate the effect of infusion of saline solutions on plasma [Na+] to 
establish infusion strategies for dysnatremic patients. The Edelman equation was based on the 
relation between serum [Na+] and exchangeable cations under steady-state low-salt conditions5. 
It does therefore not consider a possible residual capacity for nonosmotic Na+ storage that may 
help to counterbalance changes in total body Na+. Such a residual volume may be particularly 
present after a low Na+ diet, as suggested by our experiment. In keeping with this, skin Na+ 
content has shown to decrease after a low Na+ diet in an earlier study4. Moreover, nonosmotic 
Na+ storage capacity may increase in response to stimuli that may potentially disturb Na+ 
homeostasis, such as high dietary Na+ intake or saline infusion. In aquatic species, for example, 
the quantity of glycosaminoglycans and their sulfation degree increases with higher 
environmental NaCl concentrations, which allows Na+ inactivation and thereby prevents 
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osmotic stress22. The results of our study indicate that healthy subjects on a low NaCl diet have a 
compensation mechanism similar to that in high NaCl conditions. This may be either caused by 
a large residual capacity for nonosmotic Na+ storage that was present after a low Na+ diet or by a 
rapid increase in nonosmotic Na+ storage capacity as a result of increased glycosaminoglycan 
concentration and/or sulfation that can be achieved within four hours. Interestingly, 
abnormalities in nonosmotic Na+ storage have been recently linked to impaired vasorelaxation 
and salt sensitivity and may therefore have implications for cardiovascular and renal disease23. 
 To test the robustness of our results, we used both the Adrogue-Madias and the 
Nguyen-Kurtz formulas. The latter more extensive formula incorporates the y-intercept and 
slope of the Edelman equation that were left out of the Adrogue-Madias formula and accounts 
for ongoing changes in Na+ and K+ balance. Nguyen and Kurtz showed that the values of the y-
intercept and slope represent the effects of the osmotic coefficient of Na+ at physiological 
concentrations and the Gibbs-Donan equilibrium and should therefore be taken into account 
when estimating plasma [Na+]24. However, this formula resulted in an almost similar discrepancy 
between the amount of exchangeable cations that were cleared from the body water and the 
amount of cations that could be retrieved from the urine. Because plasma [K+] remained stable, 
indicating that there were no shifts of potassium accounting for this discrepancy, the only 
explanation for the disappearance of over 50 mmols of cations is nonosmotic Na+ storage. As 
our findings are based on a mismatch between changes in plasma cation concentration and 
urinary cation excretion, these results are not influenced by time. 
 The Adrogue-Madias and Nguyen-Kurtz formulas were able to predict the average 
plasma [Na+] increment directly following infusion of hypertonic NaCl. However, in a sensitivity 
analysis based on all maximum increments of plasma [Na+], we observed larger differences 
between the observed and predicted values. Moreover, the heterogeneity of the observed plasma 
[Na+] changes was far greater than that of the calculated values in both analyses. Because we 
analysed plasma [Na+] right after infusion, the observed change in plasma [Na+] was mainly the 
result of an instant redistribution of body water, which can be predicted using the two-
compartment model. The observed discrepancy and heterogeneity of the 5-minute estimations 
may therefore be caused by inadequate prediction of water redistribution. Within 5 minutes 
after infusion, plasma [Na+] and osmolality increased to their highest levels. The maximum 
plasma [Na+] and osmolality were accompanied by a nadir in IgG concentration, suggesting that 
the infused Na+ had rapidly distributed over the extracellular volume and that the majority of 
water had shifted from the intracellular to the extracellular compartment. However, the 
observed increase in osmolality was larger than expected, suggesting incomplete equilibration of 
water between the intra- and extracellular compartment. This may be the result of slow 
equilibration of water between the intra- and extracellular compartment, which has been 
demonstrated after large volumes of water intake25.  
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During the four hour follow-up, we observed even larger difference between the observed 
plasma [Na+] changes and the values that were predicted by the Adrogue-Madias or Nguyen-
Kurtz formula. The average discrepancy between the observed and expected changes was ~2 
mmol/L. In addition, the heterogeneity of the observed changes was far greater than expected. 
These findings suggest that, in addition to variables that are derived from Na+, K+ and water 
balance, there are more, so far unknown or incompletely understood variables that cause the 
large discrepancy and heterogeneity of plasma [Na+] changes after infusion. The fact that we 
observed no correlation between the observed plasma [Na+] changes two and four hours after 
infusion and the values that were estimated with both formulas supports the notion that this 
discrepancy is not due to a structural error in application of variables that are included in these 
formulas, but seems merely caused by so far missing variables. Nonosmotic Na+ storage capacity, 
via binding to glycosaminoglycans, may be one of the additional variables that may significantly 
vary among individuals with different diseases and diets. For example, the endothelial surface 
layer volume (mainly consisting of glycosaminoglycans) of macroalbuminuric diabetics has been 
shown to be reduced by 85% compared with healthy subjects, and patients with chronic kidney 
disease are known to have a 5-fold higher plasma concentration of glycosaminoglycan 
breakdown products26, 27. In addition, male sex, older age, hypertension, hyperaldosteronism, 
heart failure, end-stage kidney failure and infection have been shown to be associated with an 
increased skin Na+ concentration10, 28-31. Next to these demographic variables, nonosmotic Na+ 
storage is affected by interventions that are used to treat hypertension or dysnatremia. In a 
patient with hypernatremia, for instance, muscle Na+ showed a 20 mmol/L decrease after 
treatment with water and desmopressin. It goes without saying that recruitment of such large 
amount of Na+ from a third compartment will complicate prediction of plasma [Na+] in these 
patients. The heterogeneity in nonosmotic Na+ storage capacity among individuals may 
therefore explain the large standard deviation of the slope and y-intercept in the Edelman 
equation as well as the inability to estimate individual plasma [Na+] changes after hypertonic 
NaCl infusion13, 32. 
 Relative to healthy subjects, prediction of plasma [Na+] changes in unbalanced, ill, 
dysnatremic patients with often multiple comorbidities may be an even greater challenge. In line 
with our results, previous retrospective studies that attempted to estimate plasma [Na+] in 
dysnatremic subjects using several formulas demonstrated the difficulty of predicting plasma 
[Na+] over time. In hypo- and hypernatremic patients, Liamis et al. showed that the observed 
plasma [Na+] was higher than the calculated plasma [Na+]33. In a group of 15 volume depleted 
hyponatremic subjects, plasma [Na+] was even 5.6 mmol/L higher than expected after 24 hours33. 
This is similar to the observation by Mohmand et al. who showed that the observed plasma [Na+] 
changes after hypertonic NaCl infusion in hyponatremic patients were 66% greater than the 
estimated values34. In both studies, the Adrogue-Madias formula was used to estimate changes in 
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plasma [Na+]33, 34. A comparative analysis of the Adrogue-Madias and Nguyen-Kurtz formulas in 
intensive care unit patients showed that the predictive power of these formulas was equally poor 
in hypo- and hypernatremic patients35. Only 50% of the variability of the observed values could 
be explained by the variability of the predicted values35. The average observed values were 3.4 - 
4.5 mmol/L higher in hyponatremia patients and even 5.0 - 6.7 mmol/L higher in hypernatremia 
patients35. Considering the hazardous consequences of hypo- and hypernatremia itself as well as 
undertreatment or overcorrection of these conditions, these formulas should be carefully 
applied14-16, 36, 37. Dysnatremic patients should be closely monitored, including frequent laborato-
ry follow-up. Meanwhile, further investigation of nonosmotic Na+ storage and its contribution to 
Na+ homeostasis in dysnatremic patients is warranted. 
 In addition to the variability in nonosmotic Na+ storage capacity, previously discussed 
limitations of the Edelman equation may contribute to the structural inconsistencies between 
our findings and the formulas that are based on this equation32. Intra-individual measurements 
were not performed simultaneously in the Edelman study32. Also, the population was very 
heterogeneous and covered the entire range of plasma [Na+] and may therefore not represent 
normal physiology. Moreover, the included population largely consisted of patients with 
significant comorbidities that is clearly different from the healthy population that was included 
in the current study. 

A potential limitation of this study is that we have not directly measured the amount of 
nonosmotic Na+ stored in the tissues. 23Na-MRI is, for example, an imaging technique that is 
able to measure changes in skin Na+. Another potential limitation is that we have not measured 
Na+ that was still present in the bladder, ureters, and renal pelvis after voiding and Na+ sweat 
loss. However, the observed discrepancy greatly exceeds the possible Na+ content of postvoid 
residual urine present in the bladder, which is maximally ~36 mL and may have, therefore, 
accounte for 6 mmol of Na+ or K+, or sweat Na+ loss that has been shown to be only 3 
mmol/day21, 38. Thirdly, we estimated total body water using a commonly used formula, which 
may be inaccurate. Considering that our main results were based on changes in total body water 
which were measured accurately, this will not influence our results. Last, it is important to 
emphasize that this study was performed in Na+-depleted subjects. Whether these findings are 
also true for subjects with high dietary salt intake remains to be determined. 

 
Together, these data challenge the traditionalists’ vision upon physiology in which water and 
solutes are simply divided over intra- and extracellular compartments. Further research is 
needed to uncover factors that determine nonosmotic Na+ storage capacity as well as the exact 
contribution to Na+ homeostasis, both in the short and long term. With regard to the 
detrimental effects of both osmoregulatory disturbances and body Na+ accumulation (potentially 
inducing extracellular volume expansion), full understanding of nonosmotic Na+ storage may 
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significantly affect health outcomes of various patient categories, such as dysnatremic patients, 
but also salt-sensitive hypertensive patients and heart failure and kidney failure patients. Future 
studies should therefore investigate infusion of solutions with different NaCl amounts, either 
controlled for osmolality or water content, along with imaging techniques that demonstrate the 
sites where Na+ is stored. Until now 23Na-MRI is the only available technique to image changes 
in Na+ storage. For now, current treatment recommendations for dysnatremias are adequate but 
should always include frequent measurements of plasma [Na+] after initiation of treatment 
because of the difficulties of predicting plasma [Na+] changes over time in clinical practice. 
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Supplemental Table 1. Adrogue Madias Formula. 
1A. Comparison of observed and estimated plasma [Na+] changes 5 minutes after infusion. 
Adrogue-Madias formula11: 

 Observed parameters 5 minutes after infusion 
[Na+ + K+]infusate 409.3 ± 34.1 mmol/L 
[Na+]plasma baseline 137.9 ± 1.2 mmol/L 
Total body water (TBW)   44.4 ± 4.2 L  
Infused volume   0.543 ± 0.006 L 
 
Estimated Plasma [Na+] changes 5 minutes after infusion Observed change 
∆[Na+]plasma (per 1L of infusate)  6.0 ± 0.2 mmol/L  
∆[Na+]plasma (per 0.543 L) 3.2 ± 0.2 mmol/L 3.5 ± 1.4 mmol/L 
 
 
1B. Comparison of observed and estimated plasma [Na+] changes between 5 and 240 min 
after infusion. 
Adrogue-Madias fluid loss formula17: 

 Observed parameters 5-240 minutes after infusion 
[Na+]plasmapre (5 min after infusion) 141.5 ± 2.0 mmol/L 
[Na+ + K+]fluid loss 109.5 ± 33.0 mmol/L 
TBW including infusion   45.0 ± 4.2 L 
Fluid volume lost  0.472 ± 0.168 L 
 
Estimated Plasma [Na+] changes 5-240 minutes after infusion Observed change 
∆[Na+]plasma (per 1L fluid loss)           0.7 ± 0.8 mmol/L  
∆[Na+]plasma (per 0.543 L) 0.4 ± 0.4 mmol/L  -1.8 ± 1.7 mmol/L 
 
 
 
 
 
 
 
 
 

∆�Na������� (per 1L of infusate)  = �Na + K��������� −  �Na����������TBW +  1  

∆�Na������� = �Na����������  −  �Na + K������ ����
TBW −  1  
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1C. Comparison of observed and estimated urinary Na+/K+ loss between 5 and 240 minutes 
after infusion. 
Rearranged Adrogue-Madias formula: 

 Observed parameters 5-240 minutes after infusion 
[Na+]plasmapre (5 min after infusion) 141.5 ± 2.0 mmol/L 
∆ [Na+]plasma -1.8 ± 1.9 mmol/L 
[Na+ + K+]fluid loss  109.5 ± 33.0 mmol/L 
TBWincluding infusion 45.0 ± 4.2 L  
Fluid volume lost 0.472 ± 0.168 L 
 
Estimated urinary [Na+ + K+] loss 5-240 minutes after infusion Observed loss 
[Na+ + K+] (per 1L fluid loss) 223.7 mmol/L    
[Na+ + K+] (per 0.472 L fluid loss)                108.2 mmol 51.1 ± 25.8 mmol 
 
 
Supplemental Table 2. Nguyen-Kurtz formula. 
2A. Comparison of observed and estimated plasma [Na+] changes 5 minutes after infusion. 
Nguyen-Kurtz formula12: 

Observed parameters 5 minutes after infusion 
[Na+]plasmapre  137.9 ± 1.2 mmol/L 
TBW   44.4 ± 4.2 L  
(Na+ + K+)input  222.2 ± 20.8 mmol 
(Na+ + K+)output 0 mmol 
∆Volume  0.543 ± 0.006 L 
 
Estimated plasma [Na+ ] changes 5 minutes after infusion Observed change 
[Na+]plasmapost  141.0 ± 1.3 mmol/L  141.5 ± 2.0 mmol/L 
∆[Na+]plasma  3.1 ± 0.2 mmol/L 3.5 ± 1.4 mmol/L 
 
 
 
 
 
 
 

�Na + K������ ���� = �Na����������  −  (∆�Na������� ∗ (TBW − 1))  

�Na����������� = (��Na���������� + 23.8� ∗ TBW) + (1.03 ∗ (Na + K input) − (Na + K output))
TBW + ∆Volume − 23.8 
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2B. Comparison of observed and estimated plasma [Na+] changes between 5 and 240 min after 
infusion. 
Nguyen-Kurtz formula12: 
 

Observed parameters 5-240 minutes after infusion 
[Na+]plasmapre (5 min after infusion)  141.5 ± 2.0 mmol/L 
TBW with infusion   45.0 ± 4.2 L  
(Na+ + K+)input  0 mmol 
(Na+ + K+)output 51.1 ± 25.8 mmol 
Volume intake (standardized, water) 0.400 L 
Volume output  0.472 ± 0.168 L 
 
Estimated plasma [Na+] changes 5-240 minutes after infusion Observed change 
[Na+]plasmapost  140.5 ± 2.2 mmol/L 139.6 ± 1.3 mmol/L 
∆[Na+]plasma  -0.9 ± 0.4 mmol/L -1.8 ± 1.7 mmol/L 
 
 

2C. Comparison of observed and estimated urinary Na+/K+ loss between 5 and 240 minutes 
after infusion. 
Rearranged Nguyen-Kurtz formula: 

Observed parameters 5 - 240 minutes after infusion 
[Na+]plasmapre (5 min after infusion) 141.5 ± 2.0 mmol/L 
TBW with infusion   45.0 ± 4.2 L  
[Na+]plasmapost   139.6 ± 1.3 mmol/L 
Volume intake (standardized, water) 0.400 L 
Volume output  0.472 ± 0.168 L 
(Na+ + K+)input  0 mmol 
 
Estimated urine [Na+ + K+] loss 5-240 minutes after infusion Observed urinary loss 
(Na+ + K+)output 92.4 ± 85.4 mmol 51.1 ± 25.8 mmol 

 
 

 �Na����������� = (��Na���������� + 23.8� ∗ TBW) + (1.03 ∗ (Na + K input) − (Na + K output))
TBW + ∆Volume − 23.8 

(Na + K input) − (Na + K output) = (��Na�plasmapre + 23.8� ∗ TBW) − (�23.8 + �Na�plasmapost � ∗ (TBW + ∆Volume))
−1.03  
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Supplemental Figure 1. 
Pr

e-
in

fu
sio

n Intracellular (67%) Extracellular (33%)

29.69 L 14.62 L

Osmolality 286.4 mOsm/kg Osmolality 286.4 mOsm/kg

443 mmol NaCl

542 mL H2O

4,188 osmoles8,503 osmoles

Intracellular Extracellular

29.03 L 15.82 L

Osmolality 292.8 mOsm/kg Osmolality 292.8 mOsm/kg

4,631 osmoles8,503 osmoles

In
fu

sio
n

Po
st

-in
fu

sio
n

ex
pe

ct
ed

TBW: 44.31 + 0.54 = 44.85 L
TBW osmoles: 12,691 + 443 = 13,134 osmoles

Expected values at 5 minutes
TBW osmolality (TBW osmoles/TBW): 13,134 / 44.85 = 292.8 mOsm/kg
ECV osmoles (ECV osmoles pre-infusion + infused osmoles) 4,188 + 443 = 4,631 osmoles
ECV: (ECV osmoles/expected ECV osmolality): 4,631 / 292.8 = 15.82 L
ICV: (TBW after infusion – expected ECV after infusion) 44.85 – 15.82 = 29.03 L
∆ ECV: 15.82 - 14.62 = 1.20 L
∆ ICV: 29.03 - 29.69 = -0.66 L  
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Supplemental Figure 1 continued. 

Observed values at 5 minutes based on observed osmolality of 293.3 mOsm/kg
ECV: (ECV osmoles/observed ECV osmolality): 4,631 / 293.3 = 15.79 L
ICV: (TBW after infusion - observed ECV after infusion): 44.85 – 15.79 = 29.06 L
∆ ECV: 15.79 - 14.62 = 1.17 L
∆ ICV: 29.06 - 29.69 = -0.63 L

ECV, extracellular volume; ICV, intracellular volume; TBW, total body water
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Supplemental Figure 2. 
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(A) No correlation was present between the observed plasma [Na+] changes after two hours, from 5 
minutes after infusion, and the values that were calculated using the Adrogue-Madias (AM) 
(R2=0.07, P=0.42) and Nguyen-Kurtz formula (NK) (R2=0.12, P=0.30). (B) The Adrogue-Madias 
(R2=0.01, P=0.72) and Nguyen-Kurtz formula (R2=0.04, P=0.58) were not correlated with 
observed changes after four hours.  
 


