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Rationale: Obesity hypoventilation syndrome (OHS) is often underdiagnosed, with significant morbidity and mortality. Bicarbonate, as a surrogate of arterial carbon dioxide, has been proposed as a screening tool for OHS. Understanding the predictors of serum bicarbonate could provide insights into risk factors for OHS. We hypothesized that the bicarbonate levels would increase with an increase in body mass index (BMI), since the prevalence of OHS increases with obesity.

Methods: We used the TriNetX Research Network, an electronic health record database with de-identified clinical data from participating healthcare organizations across the United States, to identify 93,320 adults without pulmonary or advanced renal diseases who had serum bicarbonate and BMI measurements within 6 months of each other between 2017 and 2022. We used linear regression analysis to examine the associations between bicarbonate and BMI, age, and their interactions for the entire cohort and stratified by sex. We also applied a non-linear machine learning algorithm (XGBoost) to examine the relative importance of age, BMI, sex, race/ethnicity, and obstructive sleep apnea (OSA) status on bicarbonate.

Results: This cohort population was 56% women and 72% white and 80% non-Hispanic individuals, with an average (SD) age of 49.4 (17.9) years and a BMI of 29.1 (6.1) kg/m2. The mean bicarbonate was 24.8 (2.8) mmol/L, with higher levels in men (mean 25.2 mmol/L) than in women (mean 24.4 mmol/L). We found a small negative association between bicarbonate and BMI, with an expected change of −0.03 mmol/L in bicarbonate for each 1 kg/m2 increase in BMI (p < 0.001), in the entire cohort and both sexes. We found sex differences in the bicarbonate trajectory with age, with women exhibiting lower bicarbonate values than men until age 50, after which the bicarbonate levels were modestly higher. The non-linear machine learning algorithm similarly revealed that age and sex played larger roles in determining bicarbonate levels than the BMI or OSA status.

Conclusion: Contrary to our hypothesis, BMI is not associated with elevated bicarbonate levels, and age modifies the impact of sex on bicarbonate.
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Introduction

Obesity hypoventilation syndrome (OHS) is defined as awake alveolar hypoventilation (PaCO2 > 45 mmHg) in patients with obesity [body mass index (BMI) ≥ 30 kg/m2] without an alternative cause. The pathophysiology of OHS is not completely understood but is hypothesized to be due to a combination of restrictive lung mechanics, reduced sensitivity to carbon dioxide (CO2), and increased metabolic CO2 production (Mokhlesi, 2010). A formal diagnosis of OHS requires an arterial blood gas test showing elevated CO2. However, blood gases are difficult to collect and are infrequently obtained in the outpatient setting, contributing to an underdiagnosis of OHS.

CO2 accumulation leads to respiratory acidosis, which is buffered by the renal reabsorption of bicarbonate ([image: image]). Thus, in the absence of renal failure or another acid–base disorder, elevated bicarbonate can provide indirect evidence of elevated arterial CO2. Based on this physiology, elevated bicarbonate (defined as ≥27 mmol/L) has been proposed as a screening tool for OHS in patients with obesity presenting to sleep clinics (Macavei et al., 2013; Bingol et al., 2015; Manuel et al., 2015) since more than 90% of patients with OHS also have obstructive sleep apnea (OSA). In fact, bicarbonate elevation may precede the development of daytime hypercapnia (Manuel et al., 2015; Herkenrath et al., 2021).

Since the prevalence of OHS increases with obesity, we hypothesized that serum bicarbonate increases linearly with BMI. In addition, some investigators reported a relatively higher prevalence of OHS in postmenopausal women (BaHammam and Almeneessier, 2019). This finding might be attributable to a loss of the respiratory effects of estrogen and progesterone (Saaresranta and Polo, 2002; Preston et al., 2009). Indeed, data from healthy blood donors (McPherson et al., 1978) showed that bicarbonate levels were lower in women until menopause than in men. However, this sex interaction with age has not been examined either in a larger dataset or in the context of different degrees of obesity. Serum bicarbonate levels could be leveraged to understand the demographic determinants of hypoventilation and, by extrapolation, the determinants of OHS.

In this study, we aimed to examine cross-sectional associations between demographic factors such as age, race, ethnicity, and sex; BMI; and serum bicarbonate in a large patient cohort identified from TriNetX, a U.S. electronic health record (EHR) database. Using this database, we screened for adults with contemporaneous BMI and serum bicarbonate values and tested our hypotheses that the bicarbonate levels (a) increase with an increase in BMI and (b) are higher in women than in men after the typical onset of menopause (i.e., 50 years of age) (Khaw, 1992). We also examined the subgroup of this cohort with OSA since this population may be enriched for OHS and therefore exhibit stronger BMI–bicarbonate associations.



Methods

This is a multicenter, retrospective cross-sectional study using data obtained through TriNetX (Cambridge, MA, USA). TriNetX is a federated health research network that provides de-identified EHR data from participating healthcare organizations (HCOs) across the United States. Details regarding the data source and quality checks have been described in a prior study (Krishnan et al., 2023). TriNetX's cloud-based feature allows real-time access to de-identified clinical data and analytical tools, and thus, aggregate datasets generated from data queries involving specific parameters vary based on the date of the query. Patients whose data are provided to the TriNetX database are individuals who have undergone routine medical care at the participating HCOs during the prespecified period. The presented data were queried on 24 February 2022, when the TriNetX Research Network was composed of 58 HCOs and contained at least one visit from 83.5 million patients. We queried the TriNetX database to retrospectively identify patients aged 18 to 90 years with a bicarbonate measurement and a BMI measurement within 6 months of each other from 1 January 2017 to 24 February 2022, while excluding patients with pulmonary fibrosis or interstitial lung disease; chronic kidney disease on dialysis, renal tubular acidosis, estimated glomerular filtration rate (eGFR) < 30 mL/min/1.73 m2; fludrocortisone, acetazolamide, or sodium bicarbonate on their medication list; diabetic ketoacidosis; any form of shock; or chronic obstructive pulmonary disease. De-identified individual-level data from the EHRs were then abstracted by the Core for Clinical Research Data Acquisition TriNetX team at the Johns Hopkins Institute for Clinical and Translational Research. OSA was identified using these International Classification of Diseases (ICD)-9 and −10 diagnostic codes: ICD-9 code 327.23 Obstructive sleep apnea (adult, pediatric) and ICD-10 code G47.33 Obstructive sleep apnea (adult, pediatric) (Maas et al., 2021; Renno et al., 2021). All forms of congestive heart failure (CHF) were identified using the following validated ICD-9 and ICD-10 diagnostic codes: 428.0 (congestive heart failure, unspecified), 428.1 (left heart failure), 428.2 (systolic heart failure), 428.3 (diastolic heart failure), 428.4 (combined systolic and diastolic heart failure), 428.9 (heart failure, unspecified), I50.1 (left ventricular failure, unspecified), I50.2 (systolic CHF), I50.3 (diastolic CHF), I50.4 (combined systolic and diastolic CHF), I50.8 (other heart failure), and I50.9 (heart failure, unspecified) (Bates et al., 2023). The study was approved by the Johns Hopkins Institutional Review Board (Demographic Predictors of Bicarbonate Level, IRB00313060).


Statistical methods

We examined demographic characteristics, including age in years, sex, race, and ethnicity, as well as bicarbonate levels and BMI, for the cross-sectional analysis. We examined the linear trend in bicarbonate as a function of BMI and age using linear regression. We also probed for interactions between age and BMI by constructing categories of both age and BMI and examining whether the effect of BMI on bicarbonate was consistent across age categories and, similarly, whether the effect of age on bicarbonate was consistent across BMI categories. Upon the initial visual inspection of the relationship between age (as a continuous variable) and bicarbonate levels, we noted different linear trends based on approximate age groups. We thus created age categories based on these age groups to examine the interactions between age categories and BMI on bicarbonate levels. All regressions were performed for the entire cohort and stratified by sex. Additionally, we performed a subgroup analysis on those with OSA. As CHF could induce hyperventilation (Lorenzi-Filho et al., 1936; Tang et al., 2023) and increased BMI is associated with an increased risk for heart failure (Kenchaiah et al., 2002), we examined the relationship between serum bicarbonate and BMI after excluding patients with CHF diagnoses as a sensitivity analysis.

Since the associations between serum bicarbonate, BMI, and age may be non-linear, we also applied a non-linear machine learning algorithm using eXtreme Gradient Boosting (XGBoost). This method makes relatively few assumptions compared to parametric methods and has been shown to be fast computationally and robust to overfitting (Chen and Guestrin, 2016). We included age, BMI, sex, race, ethnicity, and OSA status as predictors in this algorithm. Because of the small number of candidate predictors, we did not include any preselection criteria for inclusion. To examine the performance of this algorithm-based model, we randomly selected 50% of our cohort and estimated R-squared among the predicted and observed serum bicarbonate for the remaining (holdout) 50%. We examined the estimated associations of BMI and age on bicarbonate levels with accumulated local effects, which describe how features (i.e., selected predictors) influence the prediction of a machine learning model on average (Apley and Zhu, 2016). Using an extreme gradient-boosting algorithm, we analyzed the relative importance of each predictor to bicarbonate levels using fractional gain. Similar to our parametric analysis, we estimated the gradient-boosted model for the overall cohort and stratified it by sex. We performed a sensitivity analysis in which the CHF status was included as an additional predictor in the algorithm. All analysis was conducted in R version 4.1.2. The R package “XGBoost” was used to estimate the extreme gradient-boosting algorithm, and the package ALEplot was used to represent the algorithm results graphically.




Results

The TriNetX query returned ~5.13 million records that met initial eligibility criteria at the time of query (February 24, 2022). From these data, we identified 115,127 unique patients and limited the data to the most recent concomitant [image: image] and BMI measures available. In addition to the exclusion criteria described in the Methods section, we further excluded patients with extreme values, including bicarbonate levels of <15 mmol/L or >40 mmol/L and BMI of <18.5 kg/m2 or >50 kg/m2, or missing values for BMI measurements. A total of 93,320 patients were included in the final analytic sample for cross-sectional analysis (Figure 1). From this subset, we searched for OSA and CHF using the ICD-9 and ICD-10 diagnostic codes described in the Methods section.


[image: Figure 1]
FIGURE 1
 Flow diagram of included and excluded patients in the analytic sample.


Patient characteristics are described in Table 1. This patient population had an average (SD) age of 49.4 (17.9) years and an average (SD) BMI of 29.1 (6.1) kg/m2. This cohort population was predominantly women (56%), white (72%), and non-Hispanic (80%). The average bicarbonate level in the patient sample was 24.8 (2.8) mmol/L. Serum bicarbonate concentration was greater in men (25.2 mmol/L) than in women (24.4 mmol/L). Approximately 8% of the patients had a diagnosis of OSA, which was more prevalent in men (11%) than in women (6%).


TABLE 1 Patient characteristics stratified by sex.

[image: Table 1]

We found a negative linear relationship between serum bicarbonate and BMI (Figure 2A), interpretable as a reduction in serum bicarbonate of −0.030 mmol/L (95% CI [−0.033, −0.027], p < 0.001) for each 1 kg/m2 increase in BMI. This relationship was similar in men and women (Figure 2B). Among women, the estimated change in bicarbonate was −0.034 mmol/L (95% CI [−0.038, −0.031], p < 0.001). Among men, the estimated change in bicarbonate was −0.022 mmol/L (95% CI [−0.026, −0.018], p < 0.001). However, men and women differed regarding the trajectory of bicarbonate with age (Figures 2C, D). In men, bicarbonate decreased linearly with age; in women, bicarbonate values were lower than that of men until ~50 years of age. From ages 35–50, bicarbonate levels increased steadily in women while remaining stable in men. After age 50, the average bicarbonate for women exceeded that of men (25.2 mmol/L vs. 25.0 mmol/L, respectively, p < 0.001).


[image: Figure 2]
FIGURE 2
 (A) Association between bicarbonate levels and body mass index (BMI) for the entire cohort. Each dot represents an individual patient measure (with 0.5 jitter applied to improve visualization of overlapping data), and the line represents a smoothed average of bicarbonate levels as a function of BMI. (B) Association between bicarbonate levels and BMI stratified by sex. (C) Association between bicarbonate levels and age for the entire cohort. Each dot represents an individual patient measure (with 0.5 jitter applied to improve visualization of overlapping data), and the line represents a smoothed average of bicarbonate levels as a function of age. (D) Association between bicarbonate levels and age stratified by sex.


When examining the effects of age on serum bicarbonate across BMI categories, there was a difference in the association between bicarbonate levels and age in women vs. men until approximately 50 years of age across all BMI categories (Figure 3A). Linear regression revealed that, in the overall cohort and among women, bicarbonate levels increased with age, and this effect was more pronounced with increasing BMI (Figure 3B; Supplementary Table S1). Interestingly, among men, there was a small negative relationship between bicarbonate and age regardless of BMI category. Similarly, the effects of BMI on bicarbonate levels varied by age group (Figures 3C, D; Supplementary Table S2). In general, there was a negative association between bicarbonate levels and BMI, but this effect diminished with age, until approximately 75 years, when there was a positive association between bicarbonate levels and BMI among women while the inverse relationship between bicarbonate levels and BMI persisted among men. Among those aged between 18 and 75 years, the negative association between BMI and bicarbonate levels was less pronounced among women compared to men.


[image: Figure 3]
FIGURE 3
 (A) Association between serum bicarbonate and age across body mass index (BMI) categories, stratified by sex. Each dot represents an individual patient measure (with 0.5 jitter applied to improve visualization of overlapping data), and the line represents a smoothed average of bicarbonate levels as a function of age, within each BMI category. (B) Estimates for the effect of age on serum bicarbonate (outcome) from the linear regression models that include BMI categories (indicator variables), age, and the interactions between BMI categories and age. The reference BMI category was (20–25 kg/m2). The numerical values of estimates are summarized in Supplementary Table S1. (C) Association between serum bicarbonate and BMI across age categories, stratified by sex. Each dot represents an individual patient measure (with 0.5 jitter applied to improve visualization of overlapping data), and the line represents a smoothed average of bicarbonate levels as a function of BMI, within each age category. (D) Estimates for the effect of BMI on serum bicarbonate (outcome) from the linear regression models that include age categories (indicator variables), BMI, and the interactions between age categories and BMI. The reference age category was (18–35 years). Numerical values for estimates are summarized in Supplementary Table S2. Note: [ indicates inclusive; ( indicates exclusive.


In the OSA analysis, we noted significant differences in patient characteristics between those with OSA and those without OSA (Supplementary Table S3). Those with OSA had a higher mean bicarbonate level, had a higher mean BMI, were older, and were more likely to be men. Subgroup analysis in the OSA cohort showed similar findings to the overall cohort in the negative linear relationship between bicarbonate levels and BMI, interpretable as a reduction in serum bicarbonate of 0.034 mmol/L [95% CI (−0.042, −0.026), p < 0.001] for each 1 kg/m2 increase in BMI (Supplementary Figure S1). Note that the linear trends of BMI on bicarbonate levels in men and women were similar and overlapped on the lower end of the BMI spectrum (i.e., BMI < 30 kg/m2) but diverged with obesity (Supplementary Figure S1B). This is in contrast to the findings observed in the overall cohort (Figure 2), which demonstrates lower bicarbonate levels in women compared to men throughout the entire BMI spectrum (Figure 2B). In the OSA subgroup, the interactive relationships between age, sex, and BMI on bicarbonate levels were similar to the findings observed in the overall cohort (Supplementary Figure S2). Similarly, the bicarbonate levels were lower in women than men until approximately 50 years of age across all BMI categories (Supplementary Figure S1).

The machine learning algorithm revealed that overall, demographic features, BMI, and OSA status were not strongly predictive of bicarbonate levels, with an estimated R-squared of 0.085, 0.026, and 0.095 for the entire cohort, men, and women, respectively. As shown in Figure 4 and Table 2, the most important predictor for the whole cohort, as well as for men and for women separately, was age. The second-most important predictor was sex. Model prediction was not significantly affected by the addition of race and ethnicity to the algorithm, with an estimated R-squared of 0.078 for the overall cohort, 0.014 for men, and 0.095 for women and without substantial changes to the fractional gain of the rest of the predictors (data not shown). The accumulated local effects for the gradient-boosted algorithm for age and BMI are shown in Supplementary Figure S3, and the accumulated local effects for age and BMI for the OSA subgroup are shown in Supplementary Figure S4. Estimated changes in bicarbonate levels with age or BMI followed similar patterns as observed in our linear regression analysis. Bicarbonate levels tended to increase with age in women, while they remained constant across all age groups in men. For the overall cohort and both men and women, there was a trend for bicarbonate levels to decrease with an increase in BMI. Changes in bicarbonate levels were difficult to estimate at the extremes of BMI due to a paucity of data. In summary, these observations were consistent with those derived from linear regression analysis.


[image: Figure 4]
FIGURE 4
 The relative importance of preselected predictors for serum bicarbonate levels from gradient-boosted models. Gradient-boosted model elucidates the relative importance of each predictor on serum bicarbonate levels. Numerical values for fractional gain and relative importance are found in Table 2. *The predictor for sex refers to male sex. OSA, obstructive sleep apnea.



TABLE 2 Summary of the relative importance of the predictors from gradient-boosted models.

[image: Table 2]

Approximately 7% of the overall cohort had a diagnosis of CHF (Table 1). Patient characteristics stratified by CHF status are presented in Supplementary Table S4, which showed that those with CHF were much older and were more likely to be men. Univariate linear regression analysis on the association between CHF status and bicarbonate levels showed that bicarbonate levels were lower for those with CHF by 0.40 mmol/L compared to those without CHF [95% CI (−0.43, −0.37), p < 0.001]. For our sensitivity analysis, the negative linear association between BMI and serum bicarbonate, excluding those with CHF, was similar to that of the overall cohort (β coefficient −0.033 mmol/L vs. −0.030 mmol/L, respectively). The relationship between age and serum bicarbonate also remained similar after excluding CHF (Supplementary Figure S5). Additionally, including the CHF status in the machine learning algorithm did not change the overall performance of the models in predicting bicarbonate levels, with an estimated R-squared of 0.090, 0.030, and 0.098 for the entire cohort, men, and women, respectively. The relative importance of the predictors showed that age remained the most important predictors and sex remained the second most important (data not shown). In conclusion, age and sex are the strongest determinants of bicarbonate levels, in comparison to BMI or EHR-based diagnoses of CHF or OSA.



Discussion

To our knowledge, this is one of the largest cohort studies examining associations between demographic factors, BMI, and serum bicarbonate. In approximately 93,000 patients from a large U.S. electronic health record network, we found a small negative association between bicarbonate levels and BMI. Women had lower bicarbonate levels than men across the entire BMI spectrum. Notably, women had lower bicarbonate levels than men until 50 years of age, after which women's bicarbonate levels were modestly higher. Bicarbonate levels were higher among patients with OSA but followed similar trends regarding the effects of age, BMI, and sex. Furthermore, an unbiased machine learning modeling method confirmed that age and sex were more important contributors to bicarbonate levels than BMI or OSA status.

Our findings suggest that obesity, as defined by BMI alone, may be insufficient to cause hypoventilation, assuming that BMI and serum bicarbonate are reasonable metrics/surrogates of obesity and PaCO2, respectively. Although this finding refuted our hypothesis, it is in agreement with several prior studies that examined the association of obesity with gas exchange. Several other studies in patients with severe obesity (BMI ≥ 40 kg/m2) reported PaCO2 in the lower end of the normal range (Zavorsky and Hoffman, 2008). Even in a study of adults with obesity in which PaCO2 positively correlated with BMI, 95% of patients had normal PaCO2 levels (Gabrielsen et al., 2011). Many people with morbid obesity adopted a rapid respiratory rate to compensate for reduced tidal volume and respiratory system compliance (Littleton, 2011), thereby maintaining alveolar ventilation. A “second hit”, such as defects in leptin signaling (Amorim et al., 2022), might be necessary to cause OHS. It is also possible that BMI does not capture relevant anthropometrics that promote hypoventilation, as metrics of central obesity may be more relevant for OHS risk stratification. For instance, the waist-to-hip ratio (but not BMI) correlated with the PaCO2 levels in a study of adults with an average BMI of 49 kg/m2 (Zavorsky et al., 2007). As our results demonstrated that serum bicarbonate levels are impacted more by factors such as age, sex, and other unmeasured comorbidities than by BMI, it is also possible that serum bicarbonate is not a reliable surrogate for ventilation.

The inverse association of BMI with serum bicarbonate may be due to the mild tachypnea of obesity described earlier, in the absence of other factors predisposing to OHS. Another factor to consider is the impact of renal function on bicarbonate levels. Obesity may increase the risk of renal impairment, which, in turn, can induce metabolic acidosis. In this study, we excluded patients with stage IV or V chronic kidney disease (eGFR < 30 mL/min/1.73 m2), but we still cannot exclude the effects of mild renal dysfunction. More recently, a large-scale retrospective cohort study of more than 96,000 adults visiting outpatient clinics in a single health system found that higher BMIs were associated with both incident low serum bicarbonate levels (defined as ≤ 23 mmol/L) and progressively lower serum bicarbonate levels over a median follow-up period of 4.4 years (Lambert and Abramowitz, 2021). This finding persisted after excluding those with eGFR of < 60 mL/min/1.73 m2 or diabetes. Mechanisms underlying obesity-induced renal dysfunction are postulated to be related to glomerular hyperfiltration, adipokine-mediated direct nephrotoxicity, and ectopic fat deposition in the kidneys (De Vries et al., 2014; Kovesdy et al., 2017). In addition, foods rich in protein can generate precursors that induce mild metabolic acidosis while being a marker of an obesogenic diet (Farhangi et al., 2019). Regardless of the mechanisms involved, our findings suggest that BMI alone may not be a reliable predictor of the bicarbonate level in the general population.

We found that sex modified the relationship between serum bicarbonate and age, similar to earlier reports. McPherson et al. (1978) showed that, in 1,000 healthy blood donors aged 18 to 65 from London, United Kingdom, plasma bicarbonate did not vary with age in men, while the levels were approximately 2 mmol/L (7%) lower until menopause in women, after which the levels converged with men. Interestingly, when stratified by the menopausal status and oral contraceptive use, premenopausal women on oral contraceptives had lower plasma bicarbonate levels compared to premenopausal women not on oral contraceptives, implicating the role of sex hormones. Similarly, Hodgkinson (1982) analyzed data from 436 premenopausal and 117 postmenopausal women and found a significant increase in bicarbonate levels after menopause. Cohort studies from the National Health and Nutrition Examination Survey 1999–2004 (Amodu and Abramowitz, 2013) and the Multi-Ethnic Study of Atherosclerosis (Driver et al., 2014) found that serum bicarbonate levels increased with age, but significant sex differences were not examined (Amodu and Abramowitz, 2013) or detected (Driver et al., 2014).

During menopause, which typically occurs at 50 years of age, progesterone and estrogen levels decline. Prior to menopause, higher progesterone levels in women may stimulate hyperventilation relative to men (Hodgkinson, 1984). Estradiol increases the number of progesterone receptors and may potentiate progesterone's respiratory stimulant effects (Leavitt and Blaha, 1972; LoMauro and Aliverti, 2015). These hormonal effects are accentuated during the luteal phase of the menstrual cycle (Slatkovska et al., 2006) or during pregnancy when progesterone levels are at their highest (Behan and Wenninger, 2008). The rise in bicarbonate levels in women starting at ~50 years of age may reflect a gradual loss of progesterone and estrogen that accompanies menopause. Small clinical studies have examined the effect of exogenous progesterone in OHS, resulting in improved oxygenation and PaCO2 (Sutton et al., 1975), including a study in which intramuscular progesterone was administered in addition to dietary weight loss (Lyons and Huang, 1968). In some cohorts, postmenopausal women accounted for either the majority of OHS cases or presented with more advanced OHS. In a study of 1,973 patients (mean age ~62 years) referred to the sleep clinic for the evaluation of OSA, the prevalence of OHS among women and men was 15.6% and 4.5%, respectively, despite no differences in BMI (BaHammam and Almeneessier, 2019). Notably, the prevalence of OHS among premenopausal women (5.3%) was similar compared with men (4.5%) in the cohort. A Swedish registry of all OHS patients on long-term mechanical ventilation (mean age ~64 years) reported similar prevalence between sexes, but women presented with greater hypercapnia (Palm et al., 2015). In a younger Scottish cohort (mean age ~56 years), the prevalence of OHS was similar between sexes (Arish et al., 2022). Collectively, these studies disclose an increasing risk of OHS with age in women. We found that the bicarbonate levels in women exceeded that of men after 50 years of age, but the magnitude of the difference was small, precluding firm conclusions about OHS risk.

Some studies have reported increased bicarbonate levels in OSA, in proportion to the apnea–hypopnea index (Kaw et al., 2009; Chung et al., 2013; Eskandari et al., 2017; Pei and Gui, 2021), even in the absence of OHS (Eskandari et al., 2017), in cohorts that were less likely to have OHS based on relatively low average BMIs (Chung et al., 2013; Pei and Gui, 2021) and when comparing to BMI-matched controls (Gold et al., 1993). OSA patients with frequent or long apneas may accumulate CO2 during sleep (Ayappa et al., 2002; Chung et al., 2013), leading to a compensatory increase of bicarbonate levels. In fact, it was recently hypothesized that higher bicarbonate levels could identify a subgroup of OSA patients with a modified chemosensory function, which could be therapeutically targeted (Hedner et al., 2022; Zou et al., 2022). Data from our cohort confirm higher bicarbonate levels in those with OSA compared to those without OSA. However, OSA status was a weaker determinant of bicarbonate levels than age, sex, or BMI. We noted that, in those with OSA and lower BMIs (i.e., in the non-obese range), the difference in bicarbonate levels between sexes was minimal. At lower BMIs, the pathophysiology of OSA is likely related to factors such as craniofacial anatomy or low arousal threshold (Eckert and Younes, 2014; Gray et al., 2017), which may overshadow any “protective” factors related to ventilation observed in women.

Our study has several imitations. First, there may be unmeasured confounders, such as comorbid conditions or medications that influence bicarbonate levels. We relied on ICD codes to exclude conditions such as renal diseases and other pulmonary disorders, which may inadequately or inaccurately capture diagnoses. Additionally, EHR data may not accurately reflect administered medications. Variations in dietary intake or blood sample handling can also affect bicarbonate results. Second, a lack of arterial blood gas data limits investigations into whether our findings reflect a primary respiratory or metabolic acid–base phenomenon. Third, patients with OSA are likely under-captured in our cohort, given the relatively low prevalence of 8% in a cohort of patients with a mean BMI of 29 kg/m2. Our database also lacked information about OSA severity or treatment. The rationale for capturing OSA in this study was to examine whether the subgroup of OSA patients would be more enriched for OHS and consequently higher bicarbonate levels. As such, we limited the diagnostic codes to only those that specified obstructive sleep apnea and did not include more generalized diagnostic codes such as sleep apnea, unspecified (ICD-10 G473.0) or other sleep apnea (ICD-10 G473.9). We acknowledge that there are inherent limitations in accurately capturing patients with OSA based on EHR data. Other recently published studies using EHR data to identify patients with OSA used similar diagnostic codes to capture OSA (Maas et al., 2021; Renno et al., 2021). Finally, while our sample size is large and is composed of patients from a national database, the generalizability of our results remains limited to patients who engaged in medical care in the participating HCOs during a prespecified period. Additionally, our analytic sample was a homogeneous population in terms of race and ethnicity. Our finding that race and ethnicity were not significant determinants of bicarbonate levels is prone to type 2 errors given the small proportion of non-white Hispanic patients. Prior studies with more diverse patients found a difference in the relationship between BMI and bicarbonate levels in Black patients compared to white patients (Lambert and Abramowitz, 2021).



Conclusion

In summary, our cross-sectional analysis of a cohort of more than 93,000 patients revealed that serum bicarbonate levels decrease with an increase in BMI, suggesting that obesity defined by BMI is insufficient for capturing OHS risk. Additionally, we found significant sex differences in the relationship between age and serum bicarbonate levels, which may reflect the dynamic respiratory effects of progesterone and possibly estrogen over the life span of women. Menopausal status may be a risk factor indicating susceptibility to OHS. Overall, BMI is not associated with elevated bicarbonate levels, whereas age modifies the impact of sex on bicarbonate levels.



Data availability statement

The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.



Ethics statement

The studies involving human participants were reviewed and approved by Johns Hopkins Institutional Review Board. Written informed consent for participation was not required for this study in accordance with the national legislation and the institutional requirements.



Author contributions

JJ, JP, and AO contributed to the conception and design of the work. DD and JJ prepared the manuscript. All authors contributed to the acquisition, analysis, interpretation of data, drafting or revising the manuscript critically for important intellectual content, provided approval for publication of the approval, and agreed to be accountable for all aspects of the work.



Funding

This work was supported by the National Institutes of Health grants K23DK133690, R01HL128970, R01HL133100, R61HL138932, R41DA056239, and R01HL135483.




Conflict of interest

LK and JJ declared that they were an editorial board member of Frontiers, at the time of submission. This had no impact on the peer review process and the final decision.

The remaining authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Publisher's note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/frsle.2023.1195823/full#supplementary-material



References

 Amodu, A., and Abramowitz, M. K. (2013). Dietary acid, age, and serum bicarbonate levels among adults in the United States. Clini. J. Am. Soc. Nephrol. 8, 2034–2042. doi: 10.2215/CJN.03600413

 Amorim, M. R., Aung, O., Mokhlesi, B., and Polotsky, V. Y. (2022). Leptin-mediated neural targets in obesity hypoventilation syndrome. Sleep. 45, zsac153. doi: 10.1093/sleep/zsac153

 Apley, D. W., and Zhu, J. (2016). Visualizing the Effects of Predictor Variables in Black Box Supervised Learning Models. Available online at: https://arxiv.org/abs/161208468v.2 (accessed March 20, 2023).


 Arish, N., Mackay, T., Frangulyan, R., and Riha, R. L. (2022). Sex differences in patients with obesity hypoventilation syndrome: do they really exist? Health Sci Rep. 5, e456. doi: 10.1002/hsr2.456

 Ayappa, I., Berger, K. I., Norman, R. G., Oppenheimer, B. W., Rapoport, D. M., Goldring, R. M., et al. (2002). Hypercapnia and ventilatory periodicity in obstructive sleep apnea syndrome. Am. J. Respir. Crit. Care Med. 166, 1112–1115. doi: 10.1164/rccm.200203-212OC

 BaHammam, A. S., and Almeneessier, A. S. (2019). Is obesity hypoventilation syndrome a postmenopausal disorder? Open Respir. Med. J. 13, 51–54. doi: 10.2174/1874306401913010051

 Bates, B. A., Akhabue, E., Nahass, M. M., Mukherjee, A., Hiltner, E., Rock, J., et al. (2023). Validity of international classification of diseases (ICD)-10 diagnosis codes for identification of acute heart failure hospitalization and heart failure with reduced versus preserved ejection fraction in a national medicare sample. Circ.: Cardiovasc. Qual. Outcomes. 16, 2. doi: 10.1161/CIRCOUTCOMES.122.009078

 Behan, M., and Wenninger, J. M. (2008). Sex steroidal hormones and respiratory control. Respir Physiol Neurobiol. 164, 213. doi: 10.1016/j.resp.2008.06.006

 Bingol, Z., Pihtili, A., Cagatay, P., Okumus, G., and Kiyan, E. (2015). Clinical predictors of obesity hypoventilation syndrome in obese subjects with obstructive sleep apnea. Respir. Care. 60, 666–672. doi: 10.4187/respcare.03733

 Chen, T., and Guestrin, C. (2016). “XGBoost: A Scalable Tree Boosting System,” in Proceedings of the 22nd ACM SIGKDD International Conference on Knowledge Discovery and Data Mining, 785–94. Available online at: https://arxiv.org/abs/1603.02754 (accessed August 30, 2022).


 Chung, F., Chau, E., Yang, Y., Liao, P., Hall, R., Mokhlesi, B., et al. (2013). Serum bicarbonate level improves specificity of STOP-bang screening for obstructive sleep apnea. Chest. 143, 1284–1293. doi: 10.1378/chest.12-1132

 De Vries, A. P. J., Ruggenenti, P., Ruan, X. Z., Praga, M., Cruzado, J. M., Bajema, I. M., et al. (2014). Fatty kidney: emerging role of ectopic lipid in obesity-related renal disease. Lancet Diab. Endocrinol. 2, 417–426. doi: 10.1016/S2213-8587(14)70065-8

 Driver, T. H., Shlipak, M. G., Katz, R., Goldenstein, L., Sarnak, M. J., Hoofnagle, A. N., et al. (2014). Low serum bicarbonate and kidney function decline: the Multi-Ethnic Study of Atherosclerosis (MESA). Am J. Kidney Dis. 64, 534–541. doi: 10.1053/j.ajkd.2014.05.008

 Eckert, D. J., and Younes, M. K. (2014). Arousal from sleep: implications for obstructive sleep apnea pathogenesis and treatment. J. Appl. Physiol. 116, 302–313. doi: 10.1152/japplphysiol.00649.2013

 Eskandari, D., Zou, D., Grote, L., Schneider, H., Penzel, T., Hedner, J., et al. (2017). Independent associations between arterial bicarbonate, apnea severity and hypertension in obstructive sleep apnea. Respirat. Res. 18, 1. doi: 10.1186/s12931-017-0607-9

 Farhangi, M. A., Nikniaz, L., and Nikniaz, Z. (2019). Higher dietary acid load potentially increases serum triglyceride and obesity prevalence in adults: an updated systematic review and meta-analysis. PLOS ONE. 14, e0216547. doi: 10.1371/journal.pone.0216547

 Gabrielsen, A. M., Lund, M. B., Kongerud, J., Viken, K. E., Røislien, J., Hjelmesæth, J., et al. (2011). The relationship between anthropometric measures, blood gases, and lung function in morbidly obese white subjects. Obes. Surg. 21, 485–491. doi: 10.1007/s11695-010-0306-9

 Gold, A. R., Schwartz, A. R., Wise, R. A., and Smith, P. L. (1993). Pulmonary function and respiratory chemosensitivity in moderately obese patients with sleep apnea. Chest. 103, 1325–1329. doi: 10.1378/chest.103.5.1325

 Gray, E. L., McKenzie, D. K., and Eckert, D. J. (2017). Obstructive sleep apnea without obesity is common and difficult to treat: evidence for a distinct pathophysiological phenotype. J. Clini. Sleep Med. 13, 81. doi: 10.5664/jcsm.6394

 Hedner, J., Stenlöf, K., Zou, D., Hoff, E., Hansen, C., Kuhn, K., et al. (2022). A randomized controlled trial exploring safety and tolerability of sulthiame in sleep apnea. Am. J. Respir. Crit. Care Med. 2022, rccm.202109-2043OC. doi: 10.1016/j.sleep.2022.05.635

 Herkenrath, S. D., Treml, M., Hagmeyer, L., Matthes, S., and Randerath, W. J. (2021). Severity stages of obesity-related breathing disorders—a cross-sectional cohort study. Sleep Med. 90, 9–16. doi: 10.1016/j.sleep.2021.12.015

 Hodgkinson, A. (1982). Plasma electrolyte concentrations in women effects of oestrogen administration. Maturitas. 4, 247–256. doi: 10.1016/0378-5122(82)90055-X

 Hodgkinson, A. (1984). Biochemical changes at the menopause: possible role of the central nervous system. Maturitas. 6, 259–261. doi: 10.1016/0378-5122(84)90042-2

 Kaw, R., Hernandez, A. V., Walker, E., Aboussouan, L., and Mokhlesi, B. (2009). Determinants of hypercapnia in obese patients with obstructive sleep apnea: a systematic review and metaanalysis of cohort studies. Chest. 136, 787–796. doi: 10.1378/chest.09-0615

 Kenchaiah, S., Evans, J. C., Levy, D., Wilson, P. W., Benjamin, E. J., Larson, M. G., et al. (2002). Obesity and the risk of heart failure. New Engl J Med. 347, 305–313. doi: 10.1056/NEJMoa020245

 Khaw, K. T. (1992). Epidemiology of the menopause. Br Med Bulletin. 48, 249–261. doi: 10.1093/oxfordjournals.bmb.a072546

 Kovesdy, C. P., Furth, S. L., and Zoccali, C. (2017). Obesity and kidney disease: hidden consequences of the epidemic. Can. J. Kidney Health Dis. 4. doi: 10.1177/2054358117698669

 Krishnan, A., Woreta, T. A., Sims, O. T., Hamilton, J. P., Potter, J. J., Alqahtani, S. A., et al. (2023). Impact of nonalcoholic fatty liver disease on clinical outcomes in patients with COVID-19 among persons living with HIV: a multicenter research network study. J. Infect Public Health. 16, 673–9. doi: 10.1016/j.jiph.2023.02.008

 Lambert, D. C., and Abramowitz, M. K. (2021). Obesity and the risk of low bicarbonate: a cohort study. Kidney Med. 3, 498–506. doi: 10.1016/j.xkme.2021.02.006

 Leavitt, W. W., and Blaha, G. C. (1972). An estrogen-stimulated, progesterone-binding system in the hamster uterus and vagina. Steroids. 19, 263–274. doi: 10.1016/0039-128X(72)90010-4

 Littleton, S. W. (2011). Impact of obesity on respiratory function. Respirology. 17, 43–49. doi: 10.1111/j.1440-1843.2011.02096.x

 LoMauro, A., and Aliverti, A. (2015). Respiratory physiology of pregnancy: physiology masterclass. Breathe. 11, 297. doi: 10.1183/20734735.008615

 Lorenzi-Filho, G., Azevedo, E. R., Parker, J. D., and Bradley, T. D. (1936). Relationship of carbon dioxide tension in arterial blood to pulmonary wedge pressure in heart failure. Eur. Respirat. J. 19, 37–40. doi: 10.1183/09031936.02.00214502

 Lyons, H. A., and Huang, C. T. (1968). Therapeutic use of progesterone in alveolar hypoventilation associated with obesity. Am. J. Med. 44, 881–888. doi: 10.1016/0002-9343(68)90088-0

 Maas, M. B., Kim, M., Malkani, R. G., Abbott, S. M., and Zee, P. C. (2021). Obstructive sleep apnea and risk of COVID-19 infection, hospitalization and respiratory failure. Sleep Breath. 25, 1155. doi: 10.1007/s11325-020-02203-0

 Macavei, V. M., Spurling, K. J., Loft, J., and Makker, H. K. (2013). Diagnostic predictors of obesity-hypoventilation syndrome in patients suspected of having sleep disordered breathing. J. Clin. Sleep Med. 9, 879–884. doi: 10.5664/jcsm.2986

 Manuel, A. R., Hart, N., and Stradling, J. R. (2015). Is a raised bicarbonate, without hypercapnia, part of the physiologic spectrum of obesity-related hypoventilation? Chest. 147, 362–368. doi: 10.1378/chest.14-1279

 McPherson, K., Healy, M. J., Flynn, F. V., Piper, K. A., and Garcia-Webb, P. (1978). The effect of age, sex and other factors on blood chemistry in health. Clin. Chim. Acta. 84, 373–397. doi: 10.1016/0009-8981(78)90254-1

 Mokhlesi, B. (2010). Obesity hypoventilation syndrome: a state-of-the-art review. Respir. Care. 55, 1347–1362.

 Palm, A., Midgren, B., Janson, C., and Lindberg, E. (2015). Gender differences in patients starting long-term home mechanical ventilation due to obesity hypoventilation syndrome. Respir Med. 110, 73–78. doi: 10.1016/j.rmed.2015.11.010

 Pei, C., and Gui, S. (2021). Effect of arterial blood bicarbonate (HCO3-) concentration on the accuracy of STOP-Bang questionnaire screening for obstructive sleep apnea. BMC Pulmon. Med. 21, 1. doi: 10.1186/s12890-021-01720-2

 Preston, M. E., Jensen, D., Janssen, I., and Fisher, J. T. (2009). Effect of menopause on the chemical control of breathing and its relationship with acid-base status. Am. J. Physiol. Regul. Integr. Comp. Physiol. 296, R722–727. doi: 10.1152/ajpregu.90865.2008

 Renno, A., Abdel-Aziz, Y., Alastal, Y., Khuder, S., Hasan, S., Assaly, R., et al. (2021). The association between obstructive sleep apnea and non-alcoholic steatohepatitis: a retrospective nationwide inpatient sample analysis. Clini. Exp. Hepatol. 7, 25–29. doi: 10.5114/ceh.2021.104488

 Saaresranta, T., and Polo, O. (2002). Hormones and breathing. Chest. 122, 2165–2182. doi: 10.1378/chest.122.6.2165

 Slatkovska, L., Jensen, D., Davies, G. A. L., and Wolfe, L. A. (2006). Phasic menstrual cycle effects on the control of breathing in healthy women. Respir Physiol. Neurobiol. 154, 379–388. doi: 10.1016/j.resp.2006.01.011

 Sutton, F. D., Zwillich, C. W., Creagh, C. E., Pierson, D. J., and Weil, J. V. (1975). Progesterone for outpatient treatment of Pickwickian syndrome. Ann. Intern. Med. 83, 476–479. doi: 10.7326/0003-4819-83-4-476

 Tang, W. J., Xie, B. K., Liang, W., Zhou, Y. Z., Kuang, W. L., Chen, F., et al. (2023). Hypocapnia is an independent predictor of in-hospital mortality in acute heart failure. ESC Heart Failure. 2023, 1385–1400. doi: 10.1002/ehf2.14306

 Zavorsky, G. S., and Hoffman, S. L. (2008). Pulmonary gas exchange in the morbidly obese. ObesRev. 9, 326–339. doi: 10.1111/j.1467-789X.2008.00471.x

 Zavorsky, G. S., Murias, J. M., Kim, D. J., Gow, J., Sylvestre, J. L., Christou, N. V., et al. (2007). Waist-to-hip ratio is associated with pulmonary gas exchange in the morbidly obese. Chest. 131, 362–367. doi: 10.1378/chest.06-1513

 Zou, D., Grote, L., Basoglu, O. K., Verbraecken, J., Schiza, S., Sliwinski, P., et al. (2022). Arterial bicarbonate is associated with hypoxic burden and uncontrolled hypertension in obstructive sleep apnea–the ESADA cohort. Sleep Med. 102, 39–45. doi: 10.1016/j.sleep.2022.11.041



OPS/images/frsle-02-1195823-t001.jpg
9 69 40
Sodium bicarbonate (mmol/L), mean 24.8 (2.8) 24.4 (2.8) 25.2(2.6) <0.001
(SD)

BMI (kg/m?), mean (SD) 29.1(6.1) 29.1(6.4) 29.1(5.6) 0.994
Age (years), mean (SD) 49.4(17.9) 48.7 (18.1) 50.2 (17.5) <0.001
Presence of OSA, N (%) 7,399 (8%) 3,105 (6%) 4,294 (11%) <0.001
Presence of CHE N (%) 6,950 (7%) 3,128 (6%) 3,822 (9%) <0.001
Race, 1 (%) <0.001
White 66,937 (72%) 37,117 (71%) 29,820 (73%)

Black 6,565 (7%) 4,000 (8%) 2,565 (6%)

Asian 2,128 (2%) 1,230 (2%) 898 (2%)

American Indian 186 (0%) 110 (0%) 76 (0%)

Missing/Other 17,504 (19%) 10,112 (19%) 7,392 (18%)

Ethnicity, n (%) <0.001
Hispanic 13,398 (14%) 8,239 (16%) 5,159 (13%)

Not Hispanic 74,826 (80%) 41,636 (79%) 33,190 (81%)

*Determined by Student’s t-test for bicarbonate levels, age, and BMI and the chi-squared test for other features.

BMI, body mass index; OSA, obstructive sleep apnea; CHE, congestive heart failure.






OPS/images/frsle-02-1195823-t002.jpg
Overall Women Men
(N = 93,320, R-squared = 0.085) (n = 52,569, R-squared = 0.095) (n = 40,751, R-squared = 0.027)
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When race and ethnicity were added to the models, the estimated R-squared was 0.078, 0.014, and 0.095 for the entire cohort, men, and women, respectively.
BMI, body mass index; OSA, obstructive sleep apnea.
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