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Context:  No consensus exists for optimization of mineralocorticoid therapy in patients with 
primary adrenal insufficiency.
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Objective:  To explore the relationship between mineralocorticoid (MC) replacement dose, 
plasma renin concentration (PRC), and clinically important variables to determine which are 
most helpful in guiding MC dose titration in primary adrenal insufficiency.

Design:  Observational, retrospective, longitudinal analysis.

Patients:  A total of 280 patients (with 984 clinical visits and plasma renin measurements) 
with primary adrenal insufficiency were recruited from local databases and the international 
congenital adrenal hyperplasia (CAH) registry (www.i-cah.org). Thirty-seven patients were 
excluded from the final analysis due to incomplete assessment. Data from 204 patients with 
salt-wasting CAH (149 adults and 55 children) and 39 adult patients with Addison disease (AD) 
were analysed.

Main outcome measures:  PRC, electrolytes, blood pressure (BP), and anthropometric parameters 
were used to predict their utility in optimizing MC replacement dose.

Results:  PRC was low, normal, or high in 19%, 36%, and 44% of patients, respectively, with 
wide variability in MC dose and PRC. Univariate analysis demonstrated a direct positive 
relationship between MC dose and PRC in adults and children. There was no relationship 
between MC dose and BP in adults, while BP increased with increasing MC dose in children. 
Using multiple regression modeling, sodium was the only measurement that predicted PRC in 
adults. Longitudinally, the change in MC dose was able to predict potassium, but not BP or PRC.

Conclusions:  The relationship between MC dose and PRC is complex and this may reflect 
variability in sampling with respect to posture, timing of last MC dose, adherence, and 
concomitant medications. Our data suggest that MC titration should not primarily be based only 
on PRC normalization, but also on clinical parameters such as BP and electrolyte concentration. 
(J Clin Endocrinol Metab XX: 0–0, 2019)

The renin-angiotensin system plays a crucial role in 
the regulation of fluid volume status and electro-

lyte balance. Renin is released from the juxtaglomerular 
cells in the kidney in the presence of renal hypoperfusion 
and cleaves angiotensinogen to produce inactive angio-
tensin I. Angiotensin I is then converted to active angio-
tensin II by endothelial angiotensin-converting enzyme. 
Angiotensin II causes vasoconstriction of arteriolar 
vessels through inhibition of nitroxide synthetase and 
sodium retention, acting both in the proximal tubule 
(1, 2) and through stimulation of adrenal aldosterone 
release (3). Aldosterone, synthesized and released from 
the adrenal zona glomerulosa, acts through the nuclear 
mineralocorticoid (MC) receptor and enhances epi-
thelial sodium channel activation, causing sodium and 
water retention with renal potassium loss; this is a cru-
cial mechanism for maintaining blood pressure (BP) and 
electrolyte balance.

Primary adrenal insufficiency (PAI) is a life-threatening 
condition resulting from diseases directly involving the 
adrenal cortex. The clinical spectrum is characterized 
from deficient production or action of glucocorticoids 
(GCs), with or without concomitant deficiency of MC 
and adrenal androgens. In the majority of cases, PAI 
is caused by autoimmune adrenalitis (Addison disease, 
AD) (4, 5), and the most common symptoms include 

weakness, fatigue, anorexia, abdominal pain, weight loss, 
orthostatic hypotension, and salt craving. Congenital 
adrenal hyperplasia (CAH) is a different form of PAI, 
caused by a group of rare autosomal recessive diseases 
resulting from mutations in genes encoding enzymes in 
pathways critical for adrenal steroid biosynthesis (6). 
The most common form is caused by mutations in the 
CYP21A2 gene, accounting for approximately 95% of 
cases of CAH (7). Defective 21-hydroxylation can lead 
to decreased GC and MC synthesis. Specifically, salt-
wasting CAH (SW-CAH) is characterized by both GC 
and MC deficiency. In SW-CAH and PAI, both GC and 
MC treatment are essential to avoid life-threatening ad-
renal crises (8).

However, much attention has focused mainly on op-
timization of GC replacement in adrenal insufficiency 
(9–11): so far only a few, small studies have investigated 
MC replacement in patients with PAI (12). Tailored and 
accurately titrated MC replacement therapy may be of 
crucial importance in patients with MC deficiency to im-
prove long-term outcomes. MC replacement, usually in 
the form of fludrocortisone, is often administered with 
the aim of achieving plasma renin concentration (PRC) 
within the upper limit of the local reference range (5, 
6). The most recent CAH guideline from the Endocrine 
Society suggests a fludrocortisone replacement dose of 
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50 to 200 µg/day (13). MC requirements in infants and 
children decrease with age, reflecting changes in the 
capacity of the renal tubules to reabsorb sodium over 
time. In adults, current guidance advocates titrating MC 
doses (and/or salt supplementation) according to BP, 
serum sodium, potassium, and PRC appropriate for age.

Taking into account the complex regulation of PRC, 
for example with posture, as well as the variability 
of timing of blood sampling with respect to the last 
fludrocortisone dose, we aimed to explore the rela-
tionship between MC dose regimens and clinical and 
biochemical variables in real-life clinical practice to de-
termine whether they can usefully guide appropriate 
MC dose titration.

Patients and Methods

Patient selection
We performed a retrospective observational analysis of 

data from the International CAH Registry (I-CAH; www.i-
cah.org) collected from 1982 to 2018, alongside that from 
local adrenal patient databases. The I-CAH Registry contains 
pseudoanonymized information on patients with CAH, and 
for this study we included patients from 14 centers in 7 coun-
tries (United Kingdom, Brazil, Italy, Turkey, Israel, Bulgaria, 
and Germany). Salt-wasting CAH was diagnosed on clinical 
grounds and/or on genetic testing. Patients were included if 
they had a diagnosis of CAH and were taking MC replace-
ment. Records without MC replacement dose, or patients 
under salt replacement were excluded from the analysis.

A total of 984 visit records of 280 patients with PAI were 
recorded. 249 visits from 37 patients were excluded from the 
analysis due to incomplete medical records. The remaining 
735 assessments of 243 patients were selected for the final 
analysis: 204 patients had SW-CAH (149 adults, 55 children) 
and 39 had AD (Fig. 1). The analyses were performed separ-
ately for adults (age ≥ 16 years) and children, a subsequent 
analysis was stratified by underlying disease etiology. A  lon-
gitudinal analysis was performed in 112 patients (90 with 
SW-CAH and 22 with AD) (Fig. 1). Patient demographics are 
presented in Table 1.

Seven variables were considered in the final multivariate 
models: serum sodium (Na+), serum potassium (K+), mean ar-
terial blood pressure (MAP), PRC, MC replacement dose, age 
and body mass index (BMI). Sitting MAP was calculated using 
the formula: diastolic blood pressure (DBP) + 1/3 of differ-
ential blood pressure (systolic blood pressure [SBP] − DBP). 
17-OH Progesterone (17-OHP) and androstenedione of pa-
tients with SW-CAH were also considered in the baseline and 
univariate analysis, as indirect parameters of adherence to 
steroid replacement. For longitudinal analyses, data are ex-
pressed as medians unless otherwise stated, and change (Δ) 
for any variable was calculated by the difference: follow-up 
minus baseline. For the analysis in children, standard devi-
ation score (SDS)-corrected BMI (sBMI) and centile-corrected 
systolic blood pressure (cSBP) and centile-corrected diastolic 
blood pressure (cDBP) were calculated, and the MC dose 

was corrected for body surface area (MCBSA). Data and sam-
ples were collected as part of “real-life” clinic consultations. 
Standard laboratory biochemical analyses were undertaken 
to measure electrolytes. No data were recorded regarding the 
timing of the last fludrocortisone dose or adherence, and no 
center adopted a standardized posture protocol prior to sam-
pling for PRC.

Plasma renin concentration and renin assays
Different renin assays and units of measurement were used 

across the multiple centers that enrolled patients into the 
study (µIU/mL, ng/mL/h, nmol/L/h, pg/mL, ng/L). Every center 
provided local reference range, which we used to categorize 
results as “low,” “normal,” or “high.” Subsequently, all results 
were standardized according to the most frequently used re-
porting units (µIU/mL), using the following procedure: a) ng/L 
(n  =  57), ng/mL/h (n  =  70) and pg/mL (n  =  3) values were 
converted using a factor of *1.67, *12, and *5.26 respect-
ively as recommended within the Endocrine Society guidance 
(14); b) plasma renin activity values expressed as nmol/L/h 
(n = 33) were converted using a factor derived from a polyfit 
third-grade equation generated with MatLab (version 2017, 
MathWorks® Inc.) using the reference range of the different 
assay as intersection points.

Statistical analysis
A Spearman rank-order correlation was run to assess the 

relationship between individual variables. A  P  <  0.05 was 
considered indicative of a statistically significant difference. 
A  Kruskal-Wallis test was conducted to determine if there 
were differences between groups that differed in their level of 
renin at baseline (the “low,” “normal,” and “high” PRC groups 
according to local reference range) or ΔMC dose for longi-
tudinal analysis (“unchanged,” “decreased,” and “increased” 
dose). Distributions were similar for all groups, as assessed 
by visual inspection of a boxplot. When statistical significance 
was found, pairwise comparisons were performed with a 
Bonferroni correction for multiple comparisons. In the longi-
tudinal analysis, a sign test with continuity correction was also 
conducted to determine the difference (within each group) be-
tween follow-up and baseline.

A first multiple regression model was run to assess the 
utility of clinical and biochemical variables to predict PRC. 
Six variables were initially inserted into the model: total MC 
daily replacement dose, Na+, K+, MAP, age, and BMI. All sig-
nificant variables in the model were then tested as dependent 
variables in the subsequent multiple regression analyses. In 
order to have a linear relationship between all variables in-
serted into the models, a log10 of PRC was computed and used 
for the multiple regression analysis.

In all the models generated, there was linearity as assessed 
by partial regression plots and a plot of studentized residuals 
against the predicted values. There was independence of resid-
uals, as assessed by a Durbin-Watson value of approximately 
2; there was homoscedasticity, as assessed by visual inspection 
of a plot of studentized residuals versus unstandardized pre-
dicted values; there was no evidence of multicollinearity, no 
studentized deleted residuals greater than ± 3 SD, no leverage 
values greater than 0.2, and values for Cook’s distance above 
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984 clinical assessments from 280 patients with SW-
CAH and AD identified from iCAH registry (www.i-
cah.org) and local clinical databases

Longitudinal analysis in 90 adults with
SW-CAH and 22 patients with AD.

249 clinical assessments from 37 patients 
excluded due to incomplete data.

Subgroup analysis in 11 children with
SW-CAH (55 assessments)

Multivariate modelling to identify factors
contributing to the variability of plasma renin
and other clinical parameters.

735 patient’s assessments from 243 patients selected 
for univariate and multivariate analysis

Subgroup analysis in 117 adults with
SW-CAH and AD (147 assessments)

Univariate modelling to assess baseline
relationship between clinical variables and
mineralocorticoid dose.

516 assessments from 78 patients
excluded due to incomplete data.

Subgroup analysis in 82 adults with
SW-CAH (114 assessments)

386 assessments in 188 adult patients
with primary AI

348 assessments in 55 children with
SW-CAH

83-286 assessments excluded due
variability in the completeness of data
available for analysis

Figure 1.  Flow chart for patient selection for the analysis of optimization of mineralocorticoid replacement. (SW-CAH, salt-wasting congenital 
adrenal hyperplasia; AD, Addison disease).

Table 1.  Baseline Characteristics of 243 Patients With Adrenal Insufficiency 

Adults Only Children Only

Whole Adult Cohort SW-CAH AD SW-CAH

n 188 149 39 55
Assessments(n) 386 347 39 348
Age (years) 27 (16–84) 25 (16–67) 49 (17–84) 2.3 (0–15)
Male 91 (48%) 72 (48%) 19 (49%) 26 (47%)
Female 97 (52%) 77 (52%) 20 (51%) 29 (53%)
BMI (kg/m2) 29 (15–50) 29 (15–50) 26 (17–33) 17 (12–37)
Na+ (mmol/L) 140 (126–146) 140 (130–146) 138 (126–143) 139 (104–148)
K+ (mmol/L) 4.2 (2.7–5.9) 4.2 (2.7–5.9) 3.9 (3.1–4.7) 4.3 (3.5–7.9)
SBP (mm Hg) 123 (90–170) 123 (90–169) 124 (102–170) 101 (62–150)
DBP (mm Hg) 79 (53–104) 79 (57–104) 79 (53–102) 62 (32–88)
MAP (mm Hg) 93 (70–125) 93 (70–125) 93 (75–120) 75 (42–103)
MC daily dose (µg/day) 150 (25–400) 150 (25–400) 100 (50–300) 100 (25–375)
PRC (μIU/mL) 86 (0.6-3166) 87 (0.6-3166) 82 (4.2–2879) 47 (0.1-5090)
MCBSA dose (µg/day) / / / 165 (15–965)
cSBP (mm Hg) / / / 70 (10–100)
cDBP (mm Hg) / / / 74 (10–100)
sBMI (kg/m2) / / / 0.8 (-1.8–3.5)

Data are expressed as median (range). Abbreviations: AD, Addison disease; BMI, body mass index; cDBP, centile-corrected diastolic blood pressure; 
cSBP, centile-corrected systolic blood pressure; DBP, diastolic blood pressure; MAP, mean arterial blood pressure; MC, mineralocorticoid; MCBSA min-
eralocorticoid daily dose corrected for body surface area; PRC, plasma renin concentration; sBMI, standard deviation score-corrected BMI; SBP, systolic 
blood pressure; SW-CAH, salt-wasting congenital adrenal hyperplasia.
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1; the assumption of normality was met, as assessed by a Q-Q 
plot; finally, no outliers were found.

Statistical analyses were performed using SPSS (version 24, 
Chicago, IL, USA) and GraphPad Prism 7.0 software package 
(GraphPad Software, Inc. La Jolla, CA, USA).

Results

Patient characteristics, including clinical and biochem-
ical variables, are presented in Table 1. A total of 243 
patients with PAI currently taking MC replacement 
were included in the study. The analyses were performed 
in adult patients (n = 188) with SW-CAH and AD and in 
children with SW-CAH (n = 55). Separate subgroup ana-
lyses were performed in adults with SW-CAH (n = 149) 
and AD (n = 39). No children affected by AD were in-
cluded in the analysis.

The distributions of MC doses in adults (stratified by 
underlying disease) and children are presented in Fig. 2. 
There was large variability in PRC, ranging from 0.6 to 
3166 µIU/mL in adults (median 86 µIU/mL) and 0.1 to 

5090  µIU/mL in children (median 66  µIU/mL). When 
stratified according to local reference ranges, 8%, 31%, 
and 61% of adults and 31%, 43%, and 26% of children 
had low, normal, and high PRC values, respectively.

Baseline correlations and univariate  
analysis—adults

Preliminary analysis showed the relationship to 
be monotonic, as assessed by visual inspection of a 
scatterplot. Univariate analysis demonstrated posi-
tive correlations between MC daily dose and BMI 
(r = 0.233, P < 0.001), age (r = 0.116, P = 0.023), and 
PRC (r = 0.135, P = 0.051), while there was no relation-
ship with Na+, K+, or MAP (Fig. 3a–d). When adjusted 
to the local reference ranges, those patients with high 
PRC had lower serum Na+ concentrations and higher 
concentrations of K+ in comparison with those patients 
with low PRC. There was no relationship with the total 
MC replacement dose (Fig. 3e–h).

Baseline correlations and univariate  
analysis—children

Analysis of data from children showed a correlation 
of MCBSA daily dose with sBMI (r = −0.166, P = 0.023), 
age (r = −0.761, P < 0.01), cSBP (r = 0.364, P < 0.001), 
cDBP (r = 0.281, P = 0.005), PRC (r = 0.228, P = 0.002), 
K+ (r = 0.308, P < 0.001), and Na+ (r = −0.130, P = 0.035) 
(Fig. 4a–e). When adjusted to the local reference ranges, 
as with the adults, those children with high PRC had 
lower serum Na+ and higher K+ concentrations in com-
parison with those with low PRC. Patients with low and 
high PRC were younger and took higher MCBSA doses 
compared with patients with normal PRC (Fig. 4f–j).

Plasma renin concentration, 17-OH progesterone, 
and androstenedione

In order to determine if elevated PRC might be a re-
flection of undertreatment or nonadherence across both 
MC and GC replacement, we examined the 17-OHP 
and androstenedione levels in SW-CAH patients with 
low, normal, or high PRC. In adult patients with 
SW-CAH, 17-OHP levels were similar in patients with 
low, normal, or high PRC (low PRC: 29.2 nmol/L [1.6–
117.9]; normal PRC: 38.2 nmol/L [1.2–1000]; high PRC: 
46.3 nmol/L [0.8–862.4], median [min-max], P = 0.39). 
Data were similar for androstenedione levels (low 
PRC: 3.35 nmol/L [0.7–18.5]; normal PRC: 4.9 nmol/L 
[0.9–49.2]; high PRC: 7.5 nmol/L [0.4–86.2], P = 0.06). 
However, in children with SW-CAH, both 17-OHP and 
androstenedione were lowest in those individuals with 
low PRC: 17-OHP levels (low PRC: 0.7 nmol/L [0.3–
423.65]; normal PRC: 48.41 nmol/L [6.35–1716]; high 
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Figure 2.  Distribution of mineralocorticoid replacement dose in (a) 
188 adults with adrenal insufficiency. Black bars refer to patients 
with salt-wasting congenital adrenal hyperplasia (n = 149) and 
white bars to patients with Addison disease (n = 39). Distribution 
of mineralocorticoid replacement dose in (b) 55 children with salt-
wasting congenital adrenal hyperplasia.
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Figure 3.  Baseline correlations of mineralocorticoid daily dose with clinical and biochemical variables (a-d) in adult patients with adrenal 
insufficiency (solid lines represent the regression analysis; shaded areas within dotted lines represent the 95% confidence intervals; n, number of 
individual clinical assessments included in the analysis; PRC, plasma renin concentration; Na+, serum sodium; K+, serum potassium; MAP, mean 
arterial pressure). When PRC is expressed as “low” (white bars), “normal” (grey bars), or “high” (black bars) according to local reference ranges, 
those patients with “high” PRC have lower Na+ concentrations in comparison with individuals in whom PRC is “normal” or “low” (e). K+ is 
lower in individuals with “low” PRC in comparison with individuals in whom PRC is “normal” or “high” (f). There is no difference in MAP or 
mineralocorticoid dose in groups when stratified by local PRC reference range (g and h) (***P < 0.001).
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Figure 4.  Baseline correlations of mineralocorticoid daily dose corrected for body surface area (MCBSA) with clinical and biochemical variables in 
children with adrenal insufficiency due to salt-wasting congenital adrenal hyperplasia (solid lines represent the regression analysis; shaded areas 
within dotted lines represent the 95% confidence intervals; n, number of individual clinical assessments included in the analysis; PRC, plasma renin 
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children with “high” PRC have the lowest Na+ concentrations (f). K+ is highest in children with “high” PRC (g). There is no difference in cSBP or 
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PRC: 131 nmol/L [1.21–1424.1], P < 0.01) and andro-
stenedione levels (low PRC: 0.98 nmol/L [0.28–38.4]; 
normal PRC: 5.58  nmol/L [0.35–34.91]; high PRC: 
4.75 nmol/L [1.01–45.39], P < 0.01).

Multiple regression models
All mineralocorticoid deficient patients—adults 

When considered individually as dependent vari-
ables, our 6-variable multiple regression model was 
able to predict PRC (P < 0.001) and MC total daily 
dose (P  = 0.017). Na+ was the only variable weakly 
related to PRC (B  =  −0.091, P  <  0.001). MC total 
daily dose was directly related to BMI (B  =  2.812, 
P = 0.001), but not MAP (B = 0.566, P = 0.34) or PRC 
(B = 5.846, P = 0.51). All the computed and relative 
coefficients generated by the models are summarized 
in Table 2.

Salt-wasting congenital adrenal  
hyperplasia—adults 

When data from adults with SW-CAH were ana-
lysed separately using the same strategy, results were 
comparable with the complete adult cohort analysis. 
The data are summarized in Table 3. The multiple re-
gression model significantly predicted PRC (P = 0.008) 
MC total daily dose (P < 0.001). Na+ was the only vari-
able that was weakly associated (negatively) with PRC 
(B = −0.097, P < 0.001). Moreover, as physiologically 
expected, K+ was strongly and inversely related to MC 
daily dose (B = −41.180, P = 0.007) (Table 3).

Salt-wasting congenital adrenal hyperplasia—
children 

The subgroup analysis on CAH children showed a 
similar pattern; Na+ (B  =  −0.142, P  =  0.005) and K+ 
(B = −0.697, P = 0.004) were related to PRC; MCBSA 
total daily dose, as expected, was inversely related to 
age (B  =  −7.397, P  <  0.001), but not cSBP or cDBP 
(B = 0.810, P = 0.2 and B = −0.405, P = 0.3) or PRC 
(B = 6.697, P = 0.5) (Table 4).

Addison disease—adults 
In the subgroup analysis on patients with AD, the 

multiple regression model significantly predicted PRC 
(P = 0.050) and Na+ (P = 0.004). Once again, serum Na+ 
was able to predict PRC (B = −0.115, P = 0.002). The 
model was not significant for prediction of MC total 
daily dose and serum K+ (data not shown).

Longitudinal follow-up in adults with SW-CAH
Longitudinal analysis was performed in 112 adult 

patients (90 patients with SW-CAH and 22 patients 
with AD; median time between assessments 433  days 
[range, 33–2082]). At follow-up, MC dose remained un-
changed in 80 (67%) patients (group A) while in 9 (6%) 
patients (group B), the MC dose was decreased (ΔMC 
dose −100µg/day [range, −50 to −200) and in 23 (19%) 
patients (group C), the MC dose was increased (ΔMC 
dose 50µg/day [range, 25-100]). Within each group, 
there was no significant change in ΔPRC (ΔPRCgroup A 
5 µIU/mL, z = 0.783, P = 0.434; ΔPRCgroup B 0.1 µIU/mL,  

Table 2.  Multiple Regression Modeling in Adult Patients With Adrenal Insufficiency (147 complete clinical 
assessments from 117 patients) 

Model 1 (P < 0.001*) Dependent: PRC

Independent B 95% CI lower bound 95% CI upper bound P

MC total daily dose 0.001 –0.001 0.002 0.515
K+ 0.044 –0.201 0.289 0.723
Na+ –0.091 –0.126 –0.055 <0.001*
MAP 0.005 –0.006 0.016 0.351
Age –0.006 –0.013 0.001 0.072
BMI 0.004 –0.012 0.020 0.591

Model 2 (P = 0.017*) Dependent: MC total daily dose

Independent B 95% CI lower bound 95% CI upper bound P

K+ –17.523 –43.350 8.303 0.182
Na+ 1.026 –3.072 5.123 0.621
PRC 5.846 –11.873 23.565 0.515
MAP 0.566 –0.593 1.726 0.336
Age 0.030 –0.722 0.781 0.938
BMI 2.812 1.183 4.441 0.001*

The dependent variables assessed were plasma renin concentration, sodium, potassium, mineralocorticoid dose, and mean arterial pressure. P val-
ues should be interpreted with Bonferroni correction; when significant, they are highlighted in bold and marked with an asterisk. Abbreviations: 
BMI, body mass index; K+, serum potassium; MAP, mean arterial blood pressure; Na+, serum sodium; PRC, plasma renin concentration.
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p = 1.000; ΔPRCgroup C -61 µIU/mL, P = 0.405) (Fig. 5). 
In addition, ΔPRC values compared across groups were 
not different (P = 0.560).

Multiple regression modeling significantly predicted 
ΔPRC (P = 0.015). Only Na+ concentration at the final 

follow-up visit was strongly associated with ΔPRC 
(B = 59.465, P < 0.001). There was no relationship be-
tween ΔPRC and final MAP, K+, or MC replacement 
dose. Finally, as expected, ΔMC dose was inversely re-
lated to ΔK+ (B = −3.104, P = 0.002). No correlations 

Table 3.  Multiple Regression Modeling in Adults With Salt-Wasting Congenital Adrenal Hyperplasia (114 
complete assessments from 82 patients)

Model 1 (P = 0.008*) Dependent: PRC

Independent B 95% CI lower bound 95% CI upper bound P

MC total daily dose 0.000 –0.002 0.002 0.885
K+ –0.064 –0.361 0.233 0.670
Na+ –0.097 –0.143 –0.051 <0.001*
MAP 0.007 –0.007 0.021 0.343
Age 0.001 –0.010 0.012 0.850
BMI 0.002 –0.016 0.020 0.832

Model 2 (P < 0.001*) Dependent: MC total daily dose

Independent B 95% CI lower bound 95% CI upper bound P

K+ –41.180 –71.069 –11.290 0.007*
Na+ –1.393 –6.561 3.776 0.594
PRC 1.461 –18.479 21.402 0.885
MAP 1.621 0.167 3.075 0.029
Age 1.143 0.036 2.251 0.043
BMI 2.362 0.577 4.147 0.010

The dependent variables assessed were plasma renin concentration, sodium, potassium, mineralocorticoid dose, and mean arterial pressure. P val-
ues should be interpreted with Bonferroni correction; when significant, they are highlighted in bold and marked with an asterisk. Abbreviations: 
BMI, body mass index; K+, serum potassium; MAP, mean arterial blood pressure; Na+, serum sodium; PRC, plasma renin concentration.

Table 4.  Multiple Regression Modeling in Children With Salt-Wasting Congenital Adrenal Hyperplasia (55 
complete assessments from 11 patients) 

Model 1 (P = 0.008*) Dependent: PRC

Independent B 95% CI lower bound 95% CI upper bound P

MCBSA dose 0.002 –0.003 0.006 0.493
K+ –0.694 –1.151 –0.237 0.004*
Na+ –0.143 –0.242 –0.045 0.005*
cSBP 0.007 –0.003 0.017 0.178
cDBP –0.008 –0.019 0.004 0.192
Age –0.013 –0.073 0.047 0.662
sBMI 0.027 –0.203 0.257 0.814

Model 2 (P < 0.001*) Dependent: MCBSA total daily dose

Independent B 95% CI lower bound 95% CI upper bound P

K+ –10.671 –43.913 22.570 0.521
Na+ 5.602 –1.347 12.550 0.111
cSBP 0.840 0.206 1.474 0.011
cDBP –0.446 –1.214 0.322 0.248
Age –7.275 –10.634 –3.917 <0.001*
sBMI –11.440 –26.370 3.490 0.130
PRC 6.814 –13.039 26.667 0.493

The dependent variables assessed were plasma renin concentration, sodium, potassium, standard deviation score-corrected body mass index, min-
eralocorticoid dose adjusted for body surface area, and centile-corrected systolic and diastolic blood pressure. P values should be interpreted with 
Bonferroni correction; when significant, they are highlighted in bold and marked with an asterisk. Abbreviations: cDBP, centile-corrected diastolic 
blood pressure; cSBP, centile-corrected systolic blood pressure; K+, serum potassium; MAP, mean arterial blood pressure; Na+, serum sodium; PRC, 
plasma renin concentration; sBMI, standard deviation score-corrected body mass index; MCBSA, mineralocorticoid daily dose corrected for body sur-
face area.
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were found between ΔMC dose ΔPRC, ΔNa+, or ΔMAP 
(data not shown).

Discussion

In patients with adrenal insufficiency, there is an abso-
lute requirement for lifelong steroid hormone replace-
ment therapy. Almost 70  years have passed since the 
introduction of MC replacement therapy for patients 
with PAI (15). MC treatment strategies have only been 
examined in a small number of studies and to date, there 
are limited data regarding dose optimization. Current 
standard replacement usually consists of fludrocortisone 
50 to 200 µg (13) given once daily in the morning, re-
flecting the circadian rhythm of aldosterone, which is 
similar to that of cortisol (16). Guidance suggests that 
MC replacement dose should be tailored clinically by 
measuring BP, evaluating salt cravings, and assessment 
of the presence of peripheral edema (17). However, these 
are not always reliable and markers that are more ob-
jective are often used in addition. Compelling evidence 
to support the use of serum Na+, K+, and PRC levels is 
lacking (12).

Oelkers and colleagues found that, when targeted 
to the upper limit of the reference range, plasma renin 
activity (PRA) correlated more closely with MC dose 
than with Na+ and K+ levels alone (18). Conversely, 
Thompson et al demonstrated that PRA was unable to 
distinguish between adequate and overreplacement and 
therefore raised doubts about its utility in MC dose op-
timization (19). Current expert consensus suggests that 
MC replacement should aim to achieve normotension, 
normokalemia, and PRC in the upper normal reference 
range (13, 18, 20, 21).

In patients with adrenal insuffiiency, much attention 
has focussed on optimization of GC replacement, but 
it can be hard to differentiate clinically between GC 
and MC under-replacement. It is important to avoid 
overtreatment with GCs, which is associated with sig-
nificant adverse effects (22–24). Bearing in mind the 
MC activity of commonly used GCs (hydrocortisone, 
prednisolone), it is possible that increased doses of GCs 
are actually treating relative MC deficiency, therefore 
highlighting the possibility that many patients with 
PAI may actually be underreplaced with MC. This may 
well be an important contributing factor to the lack of 
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Figure 5.  Longitudinal analysis of plasma renin concentration (PRC) in 112 patients with adrenal insufficiency at baseline and follow-up (median 
time between assessments = 433 days; range, 33–2082). Variation in PRC was defined as “increased” (>15% rise from baseline), “decreased” 
(>15% fall from baseline) or “no change” (<15% deviation from baseline). Longitudinal change in absolute PRC (a) and categorization of PRC 
change (b) in 80 patients with unchanged MC dose from baseline, 23 patients in whom MC dose was increased (c and d) and 9 patients with an 
decreased MC replacement dose (e and f).
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relationship between MC dose and PRC that we ob-
served in our data.

In our cohort, PRC was weakly related to Na+, but 
had no relationship to other clinical variables (including 
BP) or, importantly, MC daily replacement dose. 
Furthermore, our longitudinal analysis suggests that 
MC dose changes are not associated with subsequently 
measured PRC. In contrast, serum electrolytes (notably 
K+) are most closely and strongly related to MC dose 
both at baseline and in the longitudinal analysis. Our ob-
servations may well reflect underlying physiology, given 
that those patients with the highest PRC had lower Na+ 
levels, (Na+ was also the only variable associated with 
future change in PRC in the longitudinal analysis). This 
perhaps suggests relative MC underreplacement and 
consequent Na+ loss, although it should be noted that 
we did not control for GC dose and therefore cannot 
assess the relative contribution of GCs to Na+ balance. 
In parallel, the association between MC daily dose and 
K+ suggested that higher MC doses were associated with 
lower serum K+ concentrations, as expected.

The utility of PRC and aldosterone measurements in 
the diagnoses of MC deficiency is not in doubt. However, 
significant challenges arise when they are used for MC 
dose adjustment. There are challenges that relate to dif-
ficulties in sample collection and handling; additionally, 
there is no internationally accepted standard reference 
range, with interpretation of results dependent upon 
local reference intervals (17). Furthermore, there are 
many other factors that have a profound influence on 
PRC, including volume status, salt intake, pregnancy, 
posture, ambient temperature, and antihypertensive and 
nonsteroidal anti-inflammatory drugs (25). Salt replace-
ment is a major confounding factor when PRC is evalu-
ated; for this reason, patients under salt supplementation 
were excluded from our analysis. In most centers, sam-
ples taken for PRC measurement are not standardized 
with respect to posture or timing of last MC replace-
ment dose and therefore meaningful interpretation and 
comparison of the results is difficult. Furthermore, there 
are cost implications that need to be considered if PRC 
assessments are routinely requested that cannot mean-
ingfully help guide replacement strategies. Adherence 
to medication is a further factor that needs to be con-
sidered and in many cases, prescribed doses are not ne-
cessarily reflective of what is actually being taken. The 
effects of differing levels of salt consumption, together 
with different MC sensitivity and treatment adherence, 
all could potentially contribute to explain the findings 
of higher PRC in patients under higher MC doses, es-
pecially in children. This is particularly true in pa-
tients with CAH, among whom up to a third of adult 

patients are nonadherent (26). However, in our cohort 
of adult patients with SW-CAH, there was no relation-
ship between PRC and disease control (as measured by 
17-OHP and androstenedione levels), suggesting that 
global nonadherence (to both GC and MC replacement) 
may not have been occurring, and our data might have 
pointed towards specific MC underreplacement. This 
contrasts with the analysis in children, where we ob-
served concordance between 17-OHP/androstenedione 
and PRC levels. Taken together, these factors undoubt-
edly contributed to the wide variability in PRC values 
that we observed and the lack of relationship with MC 
replacement dose and biological relevant clinical vari-
ables, endorsing observations made in much smaller 
studies (27).

Our study does have limitations. It is a retrospective 
analysis from multiple centers, so there is the potential 
for selection bias as well as high heterogeneity in our 
study population; in addition, detailed extensive medical 
records were not available in many patients. Similarly, 
plasma renin was not measured centrally but was ana-
lyzed by different assays in the participating centers. In 
addition, we were unable to estimate the impact of GC 
replacement therapy, due to a lack of information about 
preparation and dose. We excluded the small number 
of patients (n = 7) who were taking salt supplementa-
tion, as precise data on salt intake was not reported in 
the records. The data we have analyzed are from “real-
life” clinic consultations and are not from a standard-
ized controlled clinical trial. This is particularly true for 
the longitudinal analysis where titration of MC dose 
was made by physician preference rather than by an es-
tablished specific algorithm. Prospective trials designed 
to reduce the effects of confounding factors through a 
dedicated and rigorous approach are needed to clarify 
the contribution of different clinical and biochemical 
variables on PRC and subsequently on MC dosage ti-
tration. While our study design is clearly a limitation, 
this does offer a true reflection of the variables that are 
presented to clinicians when trying to optimize the man-
agement of patients with PAI.

In conclusion, routine monitoring of serum electro-
lytes (alongside clinical assessment of symptoms and BP) 
provides the most informative approach to add to PRC 
when MC replacement needs to be adjusted. However, 
in the absence of the ability to accurately standardize 
the collection of samples used to measure PRC, its rou-
tine measurement may conflict with other tools used to 
assess the adequacy of MC replacement and decisions 
to modify MC dose should not be solely based on PRC. 
There are many other questions that need to be ad-
dressed including underreplacement or overreplacement 
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with MC and its clinical impact in patients with PAI. 
Dedicated large-scale prospective studies will be re-
quired to conclusively determine the role of PRC in 
monitoring MC replacement in PAI patients.
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