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Abstract 

Background: The extensive pulmonary vasculature results in the lungs being 

intimately exposed to circulating blood. As increased serum osmolality may be 

associated with an increase in pro-inflammatory activity, this has the potential 

to result in damage to the lungs and reduced lung function. Our objective was 

to test the hypothesis that increased serum osmolality is associated with lower 

Forced Expiratory Volume in one second (FEV1) and Forced Vital Capacity 

(FVC). 

Methods: Cross-sectional study of 10,602 participants in the Third National 

Health and Nutrition Examination Survey aged 17 years or more who had 

adequate data on all outcomes and exposures. 

Results: After adjustment for age, smoking and other confounding factors, 

increased serum osmolality was inversely associated with both FEV1 and 

FVC. A standard deviation increase in serum osmolality was associated with a 

decrease in both FEV1 of 19.8ml (95% confidence interval CI; -30.3 to   -9.3) 

and FVC of 35.3ml (95% CI; -47.9 to -22.7). The constituent assays 

demonstrated a complex relationship with both FEV1 and FVC. 

Conclusions: Increased serum osmolality was associated with decreased 

FEV1 and FVC. If causal, this may have implications for our understanding of 

the processes that are involved in the pathophysiology of the decline in lung 

function. 
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 INTRODUCTION 

Chronic Obstructive Pulmonary Disease (COPD) affects up to 24 million 

people in the United States, has a global prevalence of 9-10% in adults aged 

over 40 years old [1] and is a major cause of morbidity and mortality. Although 

cigarette smoking is the main risk factor for development of COPD [2], 

approximately 18% of adults living in the United States with undiagnosed 

airflow obstruction have never smoked cigarettes suggesting that other factors 

contribute to the pathophysiological processes involved [3].  These include 

blood glucose which has been demonstrated to be inversely related to forced 

expiratory volume in one second (FEV1) [4-18].  Plasma glucose is one of the 

molecules that contribute towards serum osmolality (along with sodium, 

chloride, potassium and urea).  Human epithelial cells respond to alterations 

in the osmolality of their local environment by changes of transmembrane ion 

transport [19], and this may constitute part of the airways’ physiological 

response to a change in the humidity or temperature of inhaled air.  In a rat 

model, an increase in serum osmolality is associated with a systemic increase 

of pro-inflammatory cytokines [20].  The increase in neutrophils, eosinophils 

and inflammatory cytokines in induced sputum after dietary salt loading in 

adults suggests that the pro-inflammatory effect of salt loading extends to the 

lungs in humans [21], and this effect may be mediated by changes in serum 

osmolality [20;22].  As COPD is associated with airway inflammation [23-27], 

we hypothesise that serum osmolality is inversely related to lung function as 

measured by FEV1 and forced vital capacity (FVC) and tested this hypothesis 

by examining the relation between serum osmolality and its constituent 
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nutrients with lung function using the Third National Health and Nutrition 

Examination Survey (NHANES III) cross-sectional dataset. 

 

METHODS AND MATERIALS 

Study population 

This study was conducted using data from the Third National Health and 

Nutrition Examination survey (NHANES III), a cross-sectional survey designed 

to examine the health and nutrition of the non-institutionalised US population.  

Data were collected on more than 30,000 participants between 1988 and 

1994. Full details of the examination and survey procedures have been 

published by the National Center for Health Statistics [28].  In these analyses 

all participants aged 17 and over with complete data for relevant exposure, 

outcomes, and confounding factors were included.  

 

Data Collection 

Questionnaire data was initially collected by trained interviewers who gathered 

information on a number of factors including information on race/ethnicity, 

medical history, socioeconomic status, use of medication and smoking history.  

Participants then attended sessions in a mobile examination unit in which 

blood samples were obtained for biochemical assays.  These included serum 

osmolality, sodium, potassium, urea and plasma glucose.  The measured 

serum osmolality assay was added to the battery of blood assays once the 

NHANES data collection was already underway and our study population 

consists of those who were eligible to provide a sample for serum osmolality 

analysis.  Height and weight measurements were obtained and were used to 
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calculate body mass index (BMI).  Data on lung function were collected to 

provide measures of FEV1 and FVC.  Spirometry was supervised by 

technicians who had completed formal training in spirometry.  All participants 

were asked to provide at least five FVC manoeuvres.  The values of FEV1 and 

FVC used were the largest values of the acceptable manoeuvres.  For a 

manoeuvre to be acceptable, it had to be a maximal exhalation free from a 

cough, excessive hesitation, a leak, an obstructed mouthpiece, variable effort, 

or early termination. 

 

Statistical Analysis 

Using self-reported smoking history, we classified participants into three 

groups: never smoked, ex-smokers and current smokers.  Lifetime cigarette 

consumption was quantified in pack-years.  The association between serum 

osmolality and lung function (FEV1 and FVC) was the primary outcome of 

interest and the associations between the four assays that contribute towards 

osmolality (serum sodium, chloride, potassium, urea and plasma glucose) and 

lung function were examined as a secondary outcome measures.  The data 

were analysed using linear regression.  The likelihood ratio test was used to 

assess for the presence of linear trends.  As serum osmolality had a linear 

relationship with lung function it is presented as the change in FEV1 and FVC 

per standard deviation increment in exposure.  Chloride had a linear 

relationship with lung function but sodium, potassium, urea and glucose did 

not, and hence the sizes of effect are presented in terms of lung function by 

quintile of exposure of interest.  All analyses were adjusted for a priori 

confounders including age, ethnicity, BMI, sex, height, smoking status and 
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pack-year history.  Due to the non-linear relationship of BMI with lung function 

this was treated as a categorical variable.  In addition the analysis was 

restricted to individuals with plasma glucose less than 7 mmol/l in order to 

exclude possibility that any relationship demonstrated was only related to 

hyperglycaemia.  Potential confounders were investigated and included 

poverty index, C-reactive protein, serum vitamin A levels, serum vitamin E 

levels, serum beta-carotene levels and serum vitamin C levels.  They were 

only included in the model if this resulted in a change in the measure of effect 

of a least 10%.  Results were considered significant if the p value was less 

than 0.05.  We investigated whether there was any effect modification of the 

association between osmolality and lung function by smoking status.  All 

analyses were performed using STATA SE 9.0 (Stata Corp, College Station, 

Texas).  Because of the complex, multistage probability sample design of 

NHANES III, estimates were calculated accounting for the survey design 

using the specialised survey command within STATA SE 9.0 (Stata Corp, 

College Station, Texas). 

 

In a secondary analysis, the relation between serum osmolality and FEV1 was 

investigated for a non-linear association using fractional polynomials [29].  

Briefly in this method, the statistical software explores various models and 

selects two polynomial terms which best fits non-linear relation between the 

FEV1and osmolality.  However this method does not permit adjustment for the 

complex sampling frame used to collect data for NHANES. 
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RESULTS 

13,893 individuals were eligible to give a sample for serum osmolality 

measurement.  Of these 10,602 (76%) participants provided complete data for 

analysis and so constitute the study population.  Reasons for exclusion are 

shown in Figure 1.  Our study population was similar to the excluded 

population in terms of demographic characteristics (Table1).  The only 

significant differences were that the study population were older (p=0.001) 

and less likely to be from a non-hispanic black population (p<0.001). 

 

Measured serum osmolality was significantly associated with a decrease in 

FEV1 of 19.8ml (95% confidence interval CI; -30.3 to -9.3) and FVC of 35.3ml 

(95% CI; -47.9 to -22.7) per standard deviation increase in serum osmolality.  

Restriction of the analysis to individuals with plasma glucose less than 7 

mmol/l resulted in a decrease in FEV1 of 14.8ml (95% CI; -26.0 to -3.6) and 

FVC of -26.3 ml (95% CI; -39.5 to -13.1) per standard deviation increase in 

serum osmolality.  

 

The associations between serum osmolality, serum sodium, potassium, urea, 

chloride and plasma glucose with FEV1 and FVC is presented in Table 2 and 

3 respectively.  This demonstrated complex associations between the 

exposure of interest and FEV1, and FVC.  Mutual adjustment for the effect of 

all the constituents that contribute to serum osmolality suggests that serum 

sodium is inversely associated with FEV1, while serum urea and chloride are 

positively associated with FEV1, with similar relations being observed for FVC 

with the addition of an inverse association with increasing plasma glucose. 
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There was no effect on these results after adjusting for the potential 

confounding effects of poverty index, C-reactive protein, serum vitamin A 

levels, serum vitamin E levels, serum beta-carotene levels and serum vitamin 

C levels.  There was no effect modification of the association between serum 

osmolality and either FEV1 or FVC by smoking status.  There was no 

significant association between serum osmolality and the FEV1/FVC ratio 

(data not presented).  

 

When the relation of serum osmolality with FEV1 was examined using 

fractional polynomials, we found that elevated serum osmolality was still a 

significant predictor of a decrease in FEV1 (p=0.002), although this relation 

was attenuated at the lower values for serum osmolality as demonstrated in 

Figure 2. 

 

DISCUSSION 

This study of a cross-sectional population of adults from the United States 

demonstrated that increasing serum osmolality is associated with a decrease 

in lung function in a generally linear relationship with a decrease of 19.8 ml for 

FEV1 and 35.3 ml for FVC per standard deviation increase in serum osmolality 

after adjusting for likely confounding factors.  There was complex association 

between the individual components of osmolality and lung function.  However 

when all constituents were adjusted for serum urea and chloride were 

positively associated with lung function and serum sodium and glucose were 

negatively associated with lung function. 
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The strength of this study was the use of biological markers of serum 

osmolality and physiological measurements of lung function in a well defined 

population with no knowledge of the hypothesis being tested.  NHANES III 

had a high participation rate with 86% and 78% of those invited to participate 

in the questionnaire survey and medical examination taking part [28].  We had 

complete data on 76% of those who were eligible to participate.  As those who 

provided complete data were similar to those who did not, we do not consider 

it likely that selection bias should influence our observations.  One limitation of 

this study is its cross-sectional design which is unable to establish causality 

and is susceptible to reverse causality.  We consider it unlikely that reverse 

causality is the explanation for the association between higher serum 

osmolality and lower lung function, and in fact we would anticipate that the 

increased ventilation associated with higher lung function would lead to 

greater loss of water from the airways and hence an increase in serum 

osmolality.  We are also unable to exclude the possibility of residual 

confounding from environmental exposures such as recent infection or 

pollution which may impact on both serum osmolality and lung function. 

 

To our knowledge this is the first report of an inverse association between 

serum osmolality and FEV1 and FVC and it is important to consider the 

biological plausibility of this observation and consistency with other data.  

Cells lining the human airways respond to hypertonicity with changes in ion 

transfer and membrane conductance, and it has been speculated that airway 

cells may have a role as an osmotic transducer, sensing and responding to 
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changes in their local osmotic environment [19].  Evidence that increased 

extracellular osmolality is associated with pro-inflammatory effects is provided 

by studies manipulating serum osmolality by salt loading in rats, and an 

increase in serum osmolality resulted in an increase in pro-inflammatory 

cytokines such as interleukin-1β [20] that was sustained after rehydration. 

Further in vitro studies support the concept that high extracellular fluid 

osmolality modifies neutrophil activity and leukotriene production, and that this 

was a consequence of changes in extracellular osmolality rather than changes 

in glucose concentration [30].  Thus, changes in osmolality have the potential 

to modify activity of the immune system with pro-inflammatory effects.  The 

fact that in our study adjusting for a serum C-reactive protein, a marker of 

systemic inflammation did not affect the results suggests that if a rise in serum 

osmolality were pro-inflammatory this effect may be possibly localised to the 

airways, or alternatively mediated by pathways not measured by C-reactive 

protein.  The concept that pulmonary inflammation can be mediated by 

changes in serum osmolality is consistent with the observation that dietary salt 

loading (which may increase serum osmolality) [22] increased the amount of 

both inflammatory cells and cytokines in the sputum of adults with exercise-

induced asthma [21].  As COPD, a disease defined by decreased lung 

function is associated with airway inflammation [23-27] we speculate that an 

increase in serum osmolality may have a role in the pathophysiology of 

accelerated loss of lung function, although the absence of any effect on the 

FEV1/FVC ratio suggest that this effect is unlikely to result in an obstructive 

lung defect in the absence of other risk factors 
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The relationships between lung function and the molecules that contribute to 

serum osmolality are more complex.  This may be a consequence of the fact 

that the individual contribution of the molecules that contribute to serum 

osmolality can be difficult to quantify precisely as demonstrated by the 

observation that calculated osmolality varies from directly measured 

osmolality by up to 35% [31], or that the important exposure is the total serum 

osmolality rather than that of a single constituent molecule.  Our data does 

provide a potential mechanism to account for the consistent inverse 

association between blood glucose and lung function reported in numerous 

cross-sectional studies [4-18] as blood glucose contributes towards total 

serum osmolality.  To clarify the nature of the relation between osmolality and 

lung function prospective studies with adequate information on potential 

confounding factors are needed as cross-sectional associations identified 

between exposure and lung function do not necessarily indicate the existence 

of an association with decline in lung function [32]. 

 

In conclusion, we have demonstrated for the first time that increasing serum 

osmolality is associated with lower lung function.  This provides a potential 

mechanism to explain the previously observed relationship with glucose and 

lung function.  This observation is novel and deserves further investigation.  
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Table 1. Characteristics of study population from the study of Third 
National Health and Nutrition Survey, 1988-1994 

Variable Subjects included Subjects excluded 
because of incomplete 
data collection  

 n= 10602   N= 3291 *   
 Mean (SD) Number (%) Mean (SD) Number (%) 
Sex         
Males   4921 (46.4)   1512 (45.9) 
Females   5681 (53.6)   1779 (54.1) 
Age 47.0 (18.9)   45.7 (25.1)   
Smoking status         
Never   5448 (51.4)   1770 (53.8) 
Ex   2480 (23.4)   779 (23.7) 
Current   2674 (25.2)   741 (22.5) 
Race/Ethnicity         
Non-Hispanic White   4556 (43.0)   1215 (36.9) 
Non-Hispanic Black   2950 (27.8)   1141 (34.7) 
Mexican-American   2604 (24.6)   778 (23.6) 
Other   492 (4.6)   157 (4.8) 
Height (cm) 166.6 (9.9)   165.6 (10.2)   
BMI (kg/m2) 27.2 (5.8)   26.0 (6.1)   
FEV1 (L) 2.95 (1.0)   3.03 (1.0)   
FVC (L) 3.74 (1.1)   3.71 (1.1)   
FEV1 / FVC 0.79 (0.1)   0.81 (0.1)   
Pack year history** 13.5 (4-32)   14.0 (3-37)   
Serum Osmolality 
(mmol/kg) 

279.7 (6.5)   279.8 (7.3)   

Serum Sodium 
(mmol/L) 

141.1 (2.4)   141.0 (2.6)   

Serum Potassium  
(mmol/L) 

4.1 (0.3)   4.1(0.4)   

Serum Urea  (mmol/L) 5.0 (2.0)   5.3 (2.7)   

Plasma Glucose  
(mmol/L) 

5.7 (2.1)   5.9 (2.3)   

SD = standard deviation 
FEV1 = forced expiratory volume in 1 second 
FVC = forced vital capacity 
* Data missing for some excluded participants 
** Data for pack year for median with interquartile range in current or ex-
smokers
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Table 2: Association between serum osmolality and its constituent 
molecules and forced expiratory volume in one second in Third National 
Health and Nutrition Survey, 1986-1994 
 
Exposure  Quintiles of 

exposure 
N FEV1* 95% CI FEV1** 95% CI 

Serum Osmolality 241-274 2200 0 0     
(mmol/Kg) 275-278 2159 -34.3 -64.2 to -4.4     
 279-281 2074 -43.5 -74.0 to -13.1 ---------- --------------------- 
 282-285 2305 -28.7 -59.1 to +1.7     
 286-352 1864 -63.1 -96.5 to -29.6     
Serum Sodium  123.7-139.3 2231 0 0 0 0 
(mmol/l) 139.4-140.6 2094 +41.0 +11.5 to +70.6 +18.5 -11.1 to +48.2 
 140.7-141.7 2138 +53.0 +23.4 to +82.7 +14.7 -15.6 to +44.9 
 141.8-143.0 2129 +31.3 +0.5 to +62.0 -21.2 -53.3 to 10.8 
 143.1-177.5 2010 +28.8 -2.3 to +60.0 -36.9 -70.6 to -3.2 
Serum Chloride  76.2-101.6 2183 0 0 0 0 
(mmol/l) 101.7-103.6 2194 +37.3 +6.5 to +68.1 +37.5 +6.5 to +68.4 
 103.7-105.2 2050 +77.0 +45.5 to +108.6 +74.9 +42.7 to +107.0 
 105.3-106.9 2070 +88.4 +57.3 to +119.5 +88.0 +55.6 to +120.3 
 107-121.6 2105 +121.6 +91.6 to +151.7 +126.4 +93.3 to +159.5 
Serum Urea 0.71-3.57 2568 0 0 0 0 
(mmol/l) 3.93-4.28 1932 +57.9 +28.1 to +87.7 +54.5 +24.9 to +84.2 
 4.64-5.00 1980 +72.4 +42.1 to +102.6 +68.6 +38.4 to +98.7 
 5.36-6.07 2011 +134.2 +102.3 to 166.1 +128.2 +96.5 to +159.9 
 6.43-34.27 2111 +115.2 +81.3 to +149.1 +112.4 +78.7 to +146.1 
Plasma Glucose 1.97-4.78 2149 0 0 0 0 
(mmol/l) 4.79-5.06 2105 +43.0 +12.9 to +73.1 +39.9 +10.0 to +69.8 
 5.06-5.34 2129 +88.1 +56.1 to +120.2 +81.4 +49.6 to +113.3 
 5.35-5.78 2117 +83.2 +50.0 to +116.5 +78.7 +45.7 to +111.6 
 5.79-35.67 2102 -30.0 -64.4 to +4.4 -27.0 -61.4 to +7.4 
Serum Potassium 2.51-3.79 2191 0 0 0 0 
(mmol/l) 3.80-3.96 2054 +30.5 -0.3 to +60.8 +14.0 -15.9 to 44.0 
 3.97-4.12 2215 +5.3 -24.2 to +34.8 -18.1 -47.4 to +11.3 
 4.13-4.31 2054 +38.0 +7.0 to +69.0 +12.3 -18.5 to +43.2 
 4.32-6.2 2088 -0.9 -32.9 to +31.0 -25.4 -57.2 to +6.4 

 
FEV1 = forced expiratory volume in 1 second 
 
* Results adjusted for age, sex, height, pack years, smoking status, BMI 
(categorical) and ethnicity 
 
** Results adjusted for age, sex, height, pack years, smoking status, BMI 
(categorical), ethnicity, and constituents of serum osmolality (sodium, chloride, 
potassium, urea and plasma glucose) 
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Table 3: Association between serum osmolality and its constituent 

molecules and forced vital capacity in Third National Health and 

Nutrition Survey, 1986-1994 

Exposure  Quintiles of 
exposure 

N FVC* 95% CI FVC** 95% CI 

Serum Osmolality 241-274 2200 0 0     
(mmol/Kg) 275-278 2159 -63.8 -99.8 to -27.7     
  279-281 2074 -72.6 -109.4 to -35.9 -------- ------------------- 
  282-285 2305 -58.9 -95.3 to -22.5     
  286-352 1864 -114.5 -154.7 to -74.3     
Serum Sodium 123.7-139.3 2231 0 0 0 0 
(mmol/l) 139.4-140.6 2094 +56.1 +19.4 to +92.7 +24.9 -11.9 to +61.5 
 140.7-141.7 2138 +78.7 +42.4 to +115.0 +28.5 -8.5 to -+65.4 
 141.8-143.0 2129 +48.5 +11.6 to +85.5 -19.8 -58.2 to +18.6 
 143.1-177.5 2010 +44.7 +6.7 to +82.8 -40.0 -80.9 to +1.0 
Serum Chloride  76.2-101.6 2183 0 0 0 0 
(mmol/l) 101.7-103.6 2194 +52.1 +14.3 to +89.8 +49.9 +12.0 to +87.8 
 103.7-105.2 2050 +106.8 +69.0 to +144.6 +99.4 +60.9 to +138.0 
 105.3-106.9 2070 +116.3 +79.0 to +153.6 +108.9 +70.1 to +147.6 
 107-121.6 2105 +152.3 +115.6 to +188.9 +150.3 +110.0 to +190.6 
Serum Urea 0.71-3.57 2568 0 0 0 0 
(mmol/l) 3.93-4.28 1932 +58.4 +22.8 to +94.0 +52.6 +17.3 to +88.0 
 4.64-5.00 1980 +99.3 +62.7 to +135.8 +93.0 +56.7 to +129.4 
 5.36-6.07 2011 +151.3 +112.8 to +189.7 +142.4 +104.2 to +180.6 
 6.43-34.27 2111 +117.4 +76.2 to +158.6 +112.2 +71.3 to +153.2 
Plasma Glucose 1.97-4.78 2149 0 0 0 0 
(mmol/l) 4.79-5.06 2105 +62.6 +26.4 to +98.9 +58.0 +22.1 to +94.0 
 5.06-5.34 2129 +102.2 +64.0 to +140.4 +93.0 +55.1 to +131.0 
 5.35-5.78 2117 +85.0 +45.5 to +124.6 +78.2 +39.0 to +117.5 
 5.79-35.67 2102 -82.2 -123.6 to -40.8 -78.1 -119.4 to -36.8 
Serum Potassium 2.51-3.79 2191 0 0 0 0 
(mmol/l) 3.80-3.96 2054 +55.1 +18.7 to +91.6 +34.1 -2.1 to 70.2 
 3.97-4.12 2215 +32.0 -3.9 to +67.9 +3.5 -32.2 to +39.1 
 4.13-4.31 2054 +68.0 +30.4 to +105.6 +38.0 +0.5 to +75.4 
 4.32-6.2 2088 +18.5 -20.1 to +57.0 -8.3 -46.6 to +30.1 

 

 

FVC = forced vital capacity 

* Results adjusted for age, sex, height, pack years, smoking status, BMI 
(categorical) and ethnicity 
 
** Results adjusted for age, sex, height, pack years, smoking status, BMI 
(categorical), ethnicity, and constituents of serum osmolality (sodium, chloride, 
potassium, urea and plasma glucose) 
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