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SUMMARY
Context: There is substantial intraindividual variation in cortisol and dietary sodium intake.

Objective: To assess the influence of a dietary sodium intake intervention on cortisol
measurements within the general population.

Design: Cross-over intervention.

Patients and Measurements: 630 adults without known Cushing syndrome, cardiovascular or
renal disease completed a restricted dietary sodium diet (10 mmol/day, 230 mg/day) followed by
cross-over to a liberalized dietary sodium diet (200 mmol/day, 4600 mg/day). 24-hour urine
collection and biochemical investigations were performed at the end of each dietary intervention.

Results: Mean 24-hour urinary free cortisol increased with liberalized sodium intake when
compared with restricted sodium intake (178.0 £ 89.7 vs. 121.3 + 65.6 nmol/day, p<0.001). Nearly
all participants (84%) had an increase in the urinary free cortisol following liberalized sodium
intake. This translated to a substantial difference in the proportion of participants exceeding
categorical thresholds of urinary cortisol on liberalized vs restricted sodium intake: 62% vs 27%
for 138 nmol/day (50 mcg/day), 46% vs 17% for 166 nmol/day (60 mcg/day), 32% vs 10% for
193 nmol/day (70 mcg/day), 23% vs 6% for 221 nmol/day (80 mcg/day), 17% vs 4% for 248
nmol/day (90 mcg/day). In parallel, there was a small decrease in morning total serum cortisol
with liberalized sodium intake (303.0 + 117.3 vs. 326.4 £ 162.5 nmol/L, p<0.001).

Conclusions: Increased dietary sodium intake increases urinary free cortisol excretion and may
increase the risk for false-positive results. Variations in dietary sodium intake may influence the
interpretations of cortisol measurements performed to evaluate for hypercortisolism.
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INTRODUCTION

The average dietary sodium intake of adults living in the United States is estimated to be
3600 mg per day.[1] This is higher than the 2019 Institute of Medicine guidelines that
recommend an upper limit of 2300 mg of sodium per day in adults and substantially greater
than American Heart Association guidelines, which target an upper limit of 1500 mg per
day.[2 3] Higher dietary sodium intake induces a range of physiological changes including
intra-vascular volume expansion, increased glomerular filtration rate, and suppression of
renin-angiotensin-aldosterone-system (RAAS) activity.[4] Although the mean dietary
sodium intake in the United States may be high, studies have consistently shown that there is
large intra-individual variability in day-to-day sodium intake and excretion.[1 5 6] This
variability implies that downstream physiological processes that are influenced by sodium
intake may also be variable.

24-hour urinary free cortisol (24hUFC) is a screening test commonly used to assess for
endogenous hypercortisolism.[7] Previous studies suggest that intra-individual variability of
24hUFC can be as high as 38%.[8] Many factors contribute to this degree of variability,
including physiological fluctuations in daily cortisol secretion, inconsistent patient practice
during the urine collection, physical and emotional stressors, renal impairment, and more.
Variability in 24hUFC for the screening of hypercortisolism can contribute to false-positive
results, which may trigger more testing, healthcare expenditure, and anxiety.

Although many factors affect 24hUFC, few studies have directly studied the influence of
dietary factors, in particular dietary sodium intake, in the general population. The objective
of the current study was to assess the influence of dietary sodium intake on 24hUFC within
the general population.

METHODS

Study Design

The International HyperPath (Hypertensive Pathotype) is a cohort study that was designed to
include dietary sodium modulation to evaluate phenotypic and genotypic determinants of
blood pressure. Details of the study design have previously been reported [9-11]; pertinent
details are outlined below.

Participants

Participants were included if they were generally healthy adults with normal blood pressure
or stage | hypertension. Participants were excluded if they had known secondary
hypertension, cardiac disease (coronary artery disease or electrocardiogram evidence of
heart block or ischemia), cerebrovascular disease, serum creatinine > 133 pmol/L and known
kidney disease, abnormal thyroid function tests or liver function tests, current oral
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contraceptive use, current tobacco use, illicit drug use or heavy alcohol intake, and current
glucocorticoid use. None of the participants had known or suspected Cushing syndrome.
Institutional review board approval was obtained from the Human Research Committee
which also monitored safety and protocol adherence. Participants provided informed written
consent prior to study enrolment.

Interventions

All participants completed a cross-over of two dietary sodium interventions lasting 5-7 days
each: a restricted intake approximating 10 mmol/day (230 mg/day) and liberalized sodium
intake approximating 200 mmol/day (4600 mg/day). Dietary potassium (100 mmol/day) and
calcium (20 mmol/day) intake were stable during both diet phases. Diets and dietary
counselling were provided by professional research staff in the Clinical Research Center.

Measurements

A 24-hour urine collection was performed at the end of each dietary phase to measure
urinary sodium and electrolytes, creatinine, and 24hUFC. Participants were admitted to the
Clinical Research Center in the evening and slept there overnight. The following morning,
while maintaining a supine posture, blood samples were collected at 8 AM to measure
morning total serum cortisol, glucose, insulin, plasma aldosterone, and renin activity. All
blood sampling was performed after 1-3 months of cessation of anti-hypertensive
medications, if applicable. [9 11]

Blood pressure was measured at five-minute intervals using an automated blood pressure
device (Dinamap, Critikon, Tampa, FL); the average of five consecutive readings was used
in analysis.

All laboratory assays were performed at a central research laboratory. Urine and serum
sodium and potassium were assayed by flame phytometry (Nova Biomedical, Waltham,
MA). Insulin was assayed by chemiluminescence Access Immunoassay System (Beckman
Coulter, Chaska, MN). Urine cortisol was measured using Coat-A-Count radio-
immunoassay (Siemens, Los Angeles, CA) with sensitivity 5.52 nmol/L and precision of 3.0
— 6.4%. Since this urine cortisol assay was conducted by a high-throughput research
laboratory, and not a U.S. CLIA-approved clinical laboratory, a pre-specified reference range
was not established. The default uncalibrated manufacturer guidelines suggested an upper
limit of the reference range of 248 nmol/day (90 mcg/day); however, we also evaluated other
thresholds. Serum cortisol was measured with the Access Chemiluminescent Immunoassay
(Beckman Coulter, Chaska MN), with sensitivity of 11.0 nmol/L and precision of 6.4 —
7.9%. Plasma renin activity (PRA) was measured using radioimmunoassay as previously
described.[12] Urine and plasma aldosterone were measured using radio-immunoassay
(Siemens, Los Angeles, CA).

Statistical Analysis

The current analyses included only those participants who had complete data for 24hUFC
and morning total serum cortisol on both dietary interventions (n=630). Data were
summarized using means and standard deviation. Paired t-tests were used to evaluate for
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differences in variables between liberalized and restricted dietary sodium intakes. Statistical
analysis was carried out using SAS version 9.4 (SAS Institute Inc., Cary, NC).

Influence of Dietary Sodium Intervention on General Characteristics

Mean participant age was 46.1 + 10.6 years, 56% of participants were men and the majority
of participants (83.6%) self-identified as Caucasian. Mean 24-hour urinary sodium excretion
was 13.9 £ 9.8 mmol/day (approximately 320 mg/day) on restricted sodium intake and
increased to 243.9 = 68.1 mmol/day (approximately 5600 mg/day) during liberalized sodium
intake, along with increases in body-mass index, blood pressure, and estimated glomerular
filtration rate, confirming the expected changes induced by the dietary sodium intervention
(Table 1).[3] The remaining participant characteristics following liberalized and restricted
sodium intake are summarized in Table 1.

Effect of dietary sodium variation on cortisol measurements

The mean 24hUFC was significantly higher on a liberalized dietary sodium intake when
compared to a restricted dietary sodium intake (178.0 £ 89.7 vs. 121.3 + 65.6 nmol/day,
p<0.001, Figure 1A). Consistently, the urinary cortisol-to-creatinine excretion ratio was
higher on liberalized sodium intake when compared to restricted dietary sodium intake
(0.014 £ 0.01 vs. 0.010 £ 0.01 nmol/umol, p<0.0001, Table 1). The vast majority, 84%
(532/630), of participants had a higher 24hUFC when they were maintained on a liberalized
sodium intake when compared to restricted sodium intake (Figure 1B). Higher 24hUFC
excretion was seen on liberalized sodium intake, when compared to restricted sodium intake,
regardless of blood pressure status (normotensive participants: 154.1 + 76.7 vs. 107.7 + 61.1
nmol/day, p<0.0001; hypertensive participants: 189.7 + 93.3 vs. 127.9 £ 66.7 nmol/day,
p<0.0001). Positive, though weak, correlations between urinary cortisol excretion and the
extremes of urinary sodium excretion were seen on each dietary intervention (r=0.21,
p<0.001 for liberalized sodium intake and r=0.13, p<0.001 for restricted sodium intake).

In contrast, morning total serum cortisol concentration was significantly lower during the
liberalized dietary sodium intake diet when compared to the restricted dietary sodium intake,
although the magnitude of difference was very small (303.0 + 118.6 vs. 326.4 + 162.8
nmol/L, p<0.001: Figure 2A). The majority, 59% (369/630), of participants had lower
morning total serum cortisol concentration when they were maintained on liberalized
sodium intake when compared to restricted sodium intake (Figure 2B).

Effect of dietary sodium intake on proportion of participants above different 24hUFC

thresholds

Compared with restricted dietary sodium intake, the proportion of participants exceeding
every 24hUFC threshold was 2—4-fold greater during liberalized dietary sodium intake.
Regardless of the threshold used, when participants were maintained on liberalized dietary
sodium intake they had higher 24hUFC values (Table 2).
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DISCUSSION

In this study involving cross-over dietary sodium modulations with paired intra-individual
comparisons in otherwise healthy participants without known or suspected Cushing
syndrome, we observed that a high and liberalized dietary sodium intake was associated with
significantly higher 24hUFC compared with restricted dietary sodium intake. These
increases in 24hUFC resulted in a greater proportion of participants exceeding thresholds for
24hUFC when compared to measurements performed on a restricted sodium diet.
Importantly, these changes were induced within one week of dietary sodium modulation and
occurred consistently in nearly all participants, suggesting that short-term variations in
dietary sodium intake can meaningfully contribute to variability in 24hUFC measurements.
In contrast, morning total serum cortisol concentrations were slightly, albeit significantly,
lower when dietary sodium intake was liberalized.

Although it is well-recognised that many different factors contribute to intra- and inter-
individual variation in 24hUFC measurements, our understanding of the contribution and
clinical implications of variable dietary sodium intake on cortisol assessments is limited.[7
13] Prior interventional studies with significantly smaller sample sizes have suggested that
modulating dietary sodium intake can change 24hUFC levels by 40-50% [11 14 15].
Similarly, prior cross-sectional studies have consistently observed a positive association
between urinary sodium and cortisol excretion.[16—-18] Herein, we first validate these prior
observations in a much larger sample size, and further, we interpret how the results may
translate to the clinical care of patients. We demonstrate that a liberalized sodium diet
induced a mean 47% increase in 24hUFC compared with restricted sodium diet, and resulted
in a 2—4-fold greater number of individuals exceeding thresholds of 24hUFC, depending on
the threshold used. Using the most conservative upper limit threshold of 248 nmol/day (90
mcg/day), the number of participants with elevated 24hUFC was 4-fold higher on liberalized
sodium diet, with 17% of participants exceeding this threshold as opposed to only 4% when
on a restricted sodium diet. Taken together, these physiologic observations underscore the
importance of performing several different measures of systemic cortisol during the clinical
evaluation of hypercortisolism and highlight the need to consider dietary sodium intake in
the interpretation of findings. Although dietary sodium intake variations in the real-world are
not as extreme as the differences induced by the intervention in this study, our findings are
consistent with previous studies that have shown that a high sodium diet is positively
correlated with 24hUFC and cortisol metabolites.[16 17] In a cross-sectional study of 220
adults with chronically elevated dietary sodium intake, Baudrand et al. demonstrated a
strong positive correlation between high dietary sodium intake and elevated 24hUFC.[17]
This observation was also found in a cohort of children and adults, where urinary sodium
was positively correlated with urinary cortisol metabolites.[18] Collectively, these studies
suggest that both acute and chronic changes in sodium intake may influence cortisol
measurements.

Interestingly, in addition to changes in urinary cortisol excretion, a restricted sodium diet
was associated with higher morning total serum cortisol than liberalized sodium diet in the
current analysis, although the magnitude of this difference was very small. This likely
reflects the challenges of measuring serum cortisol. Firstly, due to the diurnal variation of
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cortisol secretion, a random or single morning serum cortisol measurement in itself, is an
inadequate measure of total daily cortisol and not part of the evaluation recommended by the
Endocrine Society.[19] Secondly, serum cortisol also demonstrates wide inter-individual
variability.[20] Finally, acute increases in dietary sodium intake is known to induce
intravascular volume expansion, increase blood pressure and glomerular filtration rate, and
suppress the renin-angiotensin-aldosterone system; in contrast, acute dietary sodium
restriction can contract intravascular volume, lower blood pressure and glomerular filtration
rate, and stimulate the renin-angiotensin-aldosterone system.[21 22] Though our study was
not specifically designed to interrogate the mechanisms underlying our observations, we
hypothesize that the known hemodynamic changes induced by increasing dietary sodium
intake may have the dual impact of inducing a small but significant dilutional decrement in
circulating serum cortisol and increasing urinary filtration and excretion of cortisol. Indeed,
during liberalized sodium intake, participants had significantly higher BMI and estimated
glomerular filtration rates, when compared to the restricted sodium diet, where volume
contraction was induced [23]. In healthy individuals, high sodium intake modulates a
positive correlation between GFR, effective renal plasma flow and BMI, particularly when
BMI > 25kg/m2.[21 23] Mean BMI was > 25kg/m? on both sodium diets, thus,
hyperfiltration during liberalized sodium is likely to have contributed, in part, to 24hUFC
differences during the dietary phases. Other mechanisms, such as changes in cortisol
metabolism, changes in corticotropin or hypothalamic-pituitary stress responses, may also
be operative; however, our study was not designed to evaluate these directly.[15]

To ensure patients with endogenous hypercortisolism are appropriately detected, screening
tests should have high sensitivity. To account for the physiological variability in cortisol
secretion and the differences in assays used to measure 24hUFC, the Endocrine Society
recommends that the threshold for a “positive” 24hUFC value be based on the reference
range for individual laboratories.[7] While many factors are recognized to contribute to this
variability, our observations suggest that high dietary sodium intake may increase the risk
for a false-positive 24hUFC result regardless of what pre-specified threshold is designated as
“positive”. Further, assay manufacturers and reference laboratories should consider
specifying or controlling dietary sodium intake when defining reference ranges and
calibrating assay performance. Until such revised reference standards are available,
clinicians may want to consider measuring 24-hour urinary sodium excretion at the time of
24hUFC, or consider advising a moderate dietary sodium intake in the days preceding the
urine collection. We emphasize, that an isolated, mildly elevated 24hUFC result is not
indicative of pathological endogenous hypercortisolism. However, since false-positive
screening results can lead to additional, costly, and generally unnecessary investigations, the
potential clinical implications of dietary sodium associated false-positive 24hUFC screening
results should be considered.

One of the strengths of this study is that it is the largest in size to investigate the effect of
acute changes in dietary sodium intake on systemic measures of cortisol. Moreover, dietary
sodium interventions were carried out in a carefully controlled environment. A further
strength was the use of 24-hour urinary sodium excretion, rather than spot urine
measurements, to evaluate dietary sodium excretion.[24] However, we recognise several
study limitations. Dietary sodium intake modulation was greater than what may occur in the
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real-world. For example, our liberal sodium diet contained ~25% more sodium than the
average American consumes, and the restricted sodium diet contained less than 10% of what
the average American consumes. Though this was helpful in evaluating the physiologic
range of our findings, real-world dietary sodium intake variation usually occurs within a
narrower range. Our dietary interventions were not blinded to participants or investigators
since this would have been logistically and practically challenging or unfeasible. Thus, we
cannot exclude the possibility that knowledge of the intervention could have introduced
some bias. Newer cortisol assays increasingly rely on LC-MS/MS technology which may
reduce assay variability; however, the differences we saw were systematic and unlikely to be
due to assay variation alone. We did not have measurements of corticotropin, DHEA-S, or
urinary protein excretion, and therefore cannot comment on how this may have influenced
the findings or cortisol measurements.

CONCLUSION

We observed that increasing dietary sodium intake substantially increased urinary cortisol
excretion and mildly decreased total circulating serum cortisol, when compared with dietary
sodium restriction. These variations in dietary sodium intake could modify the classification
of individuals as having an elevated urinary free cortisol, regardless of the threshold utilized.
Dietary sodium intake may be an important clinical consideration, and contributor to cortisol
variability, when evaluating for endogenous hypercortisolism in the general population.
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Figure 1:

A) Scatter plots of 24-hour urinary free cortisol during restricted vs. liberal sodium diet
(dashed line represents the mean and hash marks represent the standard deviation); B)
Waterfall plots of the change in 24-hour urinary free cortisol induced by dietary sodium
intervention for each participant (24h UFC| |g — 24hUFCRrEgs).
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Figure 2:

A) Scatter plots of total serum cortisol during restricted vs. liberal sodium diet (dashed line
represents the mean and hash marks represent the standard deviation); B) Waterfall plots of
the change in total serum cortisol induced by dietary sodium intervention for each
participant (Cortisolggs — Cortisol| |g).
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Table 1:

Clinical and biochemical variables on restricted versus liberal sodium diet (Mean + SD).

Liberal Sodium Diet | Restricted Sodium Diet | P value

N= 630 (unless otherwise indicated)

BMI (kg/m2) 27744 27.0+4.4 <0.0001
24h urinary sodium (mmol/day) 2439 +68.1 13.9+98 <0.0001
Serum sodium (mmol/L) 1409 +5.4 139.7+7.6 0.01
Systolic blood pressure (mmHg) 135+ 23 123+ 19 <0.0001
Diastolic blood pressure (mmHg) 80+ 14 74 £12 <0.0001
Fasting plasma glucose (mmol/L) 5.07 £ 0.85 528 +0.99 <0.0001
Fasting plasma insulin (LIU/L) 10.4+8.4 11.8+83 <0.0001
Total serum cortisol (nmol/L) 303.0 + 118.6 326.4 +162.8 0.0003
Serum creatinine (umol/L) 742£15.2 833274 <0.0001
Estimated glomerular filtration rate (mL/min/1.73m2) ™ | 91.6 £19.6 815+18.0 <0.0001
24h urinary free cortisol (nmol/day) 178.0 £ 89.7 121.3+65.6 <0.0001
Urinary cortisol:creatinine ratio (nmol/umol) 0.014 £0.01 0.010 £ 0.01 <0.0001
24h urinary creatinine excretion (umol/day) 12769 + 3885 13046 + 3914 <0.01
24h urine volume (ml) 2323 +£1028 2178 £ 934 0.0001
Supine Plasma renin activity (ug/L/h) 0.47 £0.71 2.51+2.39 <0.0001
Supine Serum aldosterone (pmol/L) 130.6 +92.3 476.4 £ 305.7 <0.0001

*
paired values on both diets available in 236 participants
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Proportion of participants above 24hUFC thresholds on liberal vs. restricted sodium intake.

Table 2:
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Population
Discordance (number
of additional cases

Relative
Discordance
(percent difference
exceeding threshold

24-hour UFC 24-hour UFC Participants above Participants above from total population on liberal sodium
threshold in SI thresholds in threshold on liberal threshold on exceeding threshold on intake compared to
units (nmol/ conventional units sodium intake restricted sodium liberal sodium intake) restricted sodium
day) (mcg/day) (n/%) intake (n/%) (n/%) intake) (%)
138 50 389 61.7% 173 27.4% 216 34.3% 225%
166 60 291 46.2% 105 16.7% 186 29.5% 277%
193 70 202 32.1% 64 10.2% 138 21.9% 316%
221 80 143 22.7% 386.0% 105 16.7% 376%
248 90 108 17.1% 26 4.1% 82 13.0% 415%

*
The default upper limit of reference range is presumed to be 248 nmol/day based on the uncalibrated manufacturer guidelines since this assay was

conducted in a research laboratory and had not been calibrated for a reference population by a certified clinical laboratory.
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