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Abstract

Objective: Replacement therapy in primary adrenal insufficiency (PAI) with corticosteroids modulates sodium 
homeostasis. Serum sodium is, however, prone to osmotic shifts induced by several additional factors besides 
corticosteroids and does not always reliably reflect treatment quality. Non-osmotic tissue storage can be visualized by 
sodium MRI (23Na-MRI) and might better reflect corticosteroid activity.
Design: Longitudinal study of 8 patients with newly diagnosed PAI and cross-sectional study in 22 patients with chronic 
PAI is reported here. Comparison was made with matched healthy controls.
Methods: Using a 23Na-MRI protocol on a 3T scanner, relative sodium signal intensities (rSSI) to signal intensities of the 
reference vial with 100 mmol/L of sodium were determined in the muscle and skin of the lower calf.
Results: In newly diagnosed patients, tissue rSSI (median, range) were reduced and significantly increased after 
treatment initiation reaching levels similar to healthy controls (muscle: from 0.15 (0.08, 0.18) to 0.18 (0.14, 0.27), 
P = 0.02; skin: from 0.12 (0.09, 0.18) to 0.18 (0.14, 0.28), P < 0.01). Muscle rSSI was significantly higher in patients with 
chronic PAI compared to controls (0.19 (0.14, 0.27) vs 0.16 (0.12, 0.20), P < 0.01). In chronic PAI, skin rSSI significantly 
correlated with plasma renin concentration.
Conclusion: 23Na-MRI provides an additional insight into sodium homeostasis, and thus the quality of replacement 
therapy in PAI, as tissue sodium significantly changes once therapy is initiated. The increased tissue sodium in patients 
with chronic PAI might be an indication of over-replacement.

Introduction

Replacement therapy for primary adrenal insufficiency 
(PAI) with glucocorticoids (GC) and mineralocorticoids 
(MC) compensates for the existing hormone deficit 
and enables most patients to cope with everyday life. 
On closer examination, however, there is increasing 
evidence that a substantial number of patients suffer 
from physical or psychological limitations despite efforts 

to provide an individually adjusted medication (1, 2, 3). 
Currently available drugs only allow a rough imitation 
of physiological hormone secretion. This complicates 
optimal adjustment of individual replacement therapy, 
which should minimize the short- and long-term risks of 
both over- and under-replacement such as adrenal crisis or 
adverse cardio-metabolic outcomes (1, 4, 5).
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Additionally, clinical assessment of the therapy quality 
relies on parameters with a low specificity such as patients’ 
well-being, body fluid status, serum electrolytes or plasma 
renin concentration (PRC) (6, 7). Not only the low 
specificity but also acute fluctuations of these parameters 
induced by trivial changes in fluid intake, body posture 
or time to last medication intake can mislead clinical 
decision-making.

Sodium homeostasis is tightly regulated by adrenal 
steroids, especially aldosterone. While serum sodium is 
susceptible to acute osmotic-driven changes due to water 
shifts, tissue sodium binds to proteoglycans in a water-free 
fashion and eludes this phenomenon (8, 9, 10).

Non-invasive assessment of tissue sodium has been 
made possible by sodium MRI (23Na-MRI). Increased muscle 
and skin sodium concentrations have been associated with 
refractory hypertension, primary aldosteronism, heart 
failure and even insulin resistance, suggesting that tissue 
sodium overload might be an independent cardiovascular 
risk factor (11, 12, 13, 14, 15).

Based on these observations, we pursued the question 
of whether changes in tissue sodium also occur in patients 
with primary adrenal insufficiency under standardized 
replacement therapy. We hypothesized that (1) patients 
with newly diagnosed PAI exhibit lower tissue sodium 
concentration compared to matched healthy controls and 
(2) tissue sodium concentration is restored by replacement 
therapy with GC and MC.

Subjects and methods

We performed a longitudinal analysis of eight adult 
patients with newly diagnosed PAI recruited from 
the endocrinology outpatient clinic, the emergency 
department and the intensive care unit of the University 
Hospital Wuerzburg. The diagnosis of PAI was confirmed 
either by an insufficient cortisol response to cosyntropin 
(serum cortisol <20 µg/dL within 60 min after 250 µg 
cosyntropin i.v.) or a morning cortisol <5 µg/dL, both 
in combination with elevated adrenocorticotrophic 
hormone levels. Patients underwent 23Na-MRI of the calf 
as soon as their condition allowed lying horizontally 
for 30 min. The procedure was repeated within the first 
year after inclusion (but not earlier than 3 months after 
initiating replacement therapy) during a regular follow-up 
visit, and the results were compared to eight age-, sex- and 
BMI-matched healthy controls. Matching was performed 
according to age (±5 years) and BMI (±2 kg/m2) of patients 
at follow-up. We additionally performed a cross-sectional, 

case–control study in 22 adult patients with chronic PAI 
(>6 months) on established replacement therapy with GC 
and MC from our endocrinology department, who did not 
require dose adjustments for at least 8 weeks prior to the 
23Na-MRI scan.

Exclusion criteria for study participants were 
continuous medication with drugs that can cause 
hyponatremia (e.g. diuretics and certain antidepressants), 
refractory hypertension, polydipsia (daily amount of fluid 
intake >3 L), diabetes insipidus and contraindications 
for MRI (for instance, claustrophobia, metal-containing 
implants, heart pacemaker and tattoos incompatible with 
MRI). Patients suffering from heart failure, chronic kidney 
disease or chronic liver disease were also excluded due 
to possible disease-related sodium shifts. These criteria 
mainly applied to the participants in the cross-sectional 
study. For the longitudinal analysis, newly diagnosed PAI 
(<1 week) was the main prerequisite for study inclusion.

A protocol deviation occurred in one case from the cross-
sectional study. One patient received chronic treatment 
with sertraline at the time of study inclusion. Nevertheless, 
we decided against excluding him from the final analysis 
since careful review of his repeatedly documented serum 
sodium levels did not reveal hyponatremia at any time. 
Moreover, removing his data from the analysis did not 
have a significant impact on our results.

The following additional parameters were assessed: 
demographics (age, sex, BMI), medication, comorbidities, 
daily fluid intake (L/day), vital parameters (systolic and 
diastolic blood pressure and heart rate), presence of edema 
and biochemical parameters (serum sodium, serum 
potassium, serum osmolality, serum creatinine, PRC, 
serum copeptin levels, spot urine sodium concentration 
and osmolality and 24-h urinary sodium excretion).

The quality of GC and MC replacement was assessed 
separately by clinical scores (clinical score for assessment 
of replacement quality (CSARQ)) based on subjective well-
being, as well as clinical and laboratory parameters as 
previously investigated and plotted against serum cortisol 
levels measured at defined time points after the morning 
glucocorticoid dose in 47 patients with chronic adrenal 
insufficiency under stable replacement therapy (6). The 
score significantly correlated with changes in serum 
cortisol across patients considered to be under-, well- and 
over-replaced (6). Similarly, in our study, each parameter 
suggesting over-replacement received 1 point, whereas 
for each of the parameters suggesting under-replacement, 
1 point was subtracted. For GC replacement, parameters 
suggesting over-replacement included insomnia, recurrent 
infections, increased appetite, truncal obesity, weight gain 
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>3 kg in the last 12 months, peripheral edema assessed 
during the clinical visit and/or reported by the patient, 
fasting glucose > 100 mg/dL, hypernatremia, hypokalemia 
and hypertensive ambulatory blood pressure (>140 mmHg 
systolic and/or >90 mmHg diastolic), whereas parameters 
suggesting under-replacement included fatigue, lack of 
energy and strength, myalgia, nausea, weight loss >3 kg in 
the last 12 months, increase of skin pigmentation, fasting 
glucose <60 mg/dL and/or symptoms of hypoglycemia, 
hyponatremia, hyperkalemia and low ambulatory 
blood pressure (<100 mmHg systolic and/or <60 mmHg 
diastolic). For MC replacement, parameters suggesting 
over-replacement included peripheral edema assessed 
during the clinical visit and/or reported by the patient, 
hypertensive ambulatory blood pressure (>140 mmHg 
systolic and/or >90 mmHg diastolic), hypernatremia, 
hypokalemia and PRC in the lower normal range  
(<10 ng/L) or suppressed (normal range: 2.7–27.8 ng/L), 
whereas parameters suggesting under-replacement 
included increased appetite for salty foods and/or salt 
cravings, low ambulatory blood pressure (<100 mmHg 
systolic and/or <60 mmHg diastolic), hyponatremia, 
hyperkalemia and PRC 1.5-times higher than the upper 
normal limit (>42 ng/L).

To assess tissue sodium content in the subjects, the 
calf muscle was chosen as a representative skeletal muscle. 
23Na-MRI of the calf has proven its reliability in the past 
due to the good accessibility of the lower extremity and the 
possibility to examine the participants in supine position 
with dedicated hardware (11, 16, 17). Examinations were 
performed as proposed earlier in a cohort of patients 
suffering from primary hyperaldosteronism (11) in a 3 T 
whole-body MRI scanner (Magnetom PRISMA, Siemens). 
Briefly, the subjects were placed feet first in supine position. 
A dual-tuned 23Na/1H surface coil (Rapid Biomed, Rimpar, 
Germany) was used. Relevant MRI sequence parameters 
were repetition time 100 ms, echo time 2.01 ms, spatial 
resolution 3.9 × 3.9 × 20 mm3 and 8 averages.

To assess sodium content in the skin, parameters were 
adapted to obtain flat voxels with dimensions of 1.3 (AP) × 
11.8 (RL) × 30 (HF) mm3. The flat shape of the voxels helps 
in reducing partial volume effects possibly impairing the 
results for the skin compartment.

As 23Na is a nucleus with a fast multi-exponential 
signal decay, a relevant part of the signal could not be 
detected with the sequence used due to the echo time of 
2.01 ms. Consequently, we do not report absolute values 
of tissue sodium but the relative sodium signal intensity 
(rSSI) which is the 23Na signal intensity of the calf muscle 
relative to a reference vial containing an aqueous solution 

with a concentration of 100 mmol/L that was scanned 
with every participant. This concentration was chosen to 
avoid bias during calibration, as it provided a signal-to-
noise ratio high enough for calibration (11, 15) while even 
higher concentrations might have induced image artifacts 
outside the vial.

The University of Wuerzburg ethics committee 
approved the study protocol (ethics committee approval 
numbers 103/18 for the longitudinal study and 217/16 
for the cross-sectional study, ClinicalTrials Identifier 
NCT03505775). Written informed consent was obtained 
from all study participants before enrollment.

Statistical analysis

Statistical analysis was performed using SPSS v. 24.0 and 
GraphPad Prism v. 8.4.1. Testing for normality was performed 
by Q-Q plots. Differences in clinical and biochemical 
parameters were assessed using t test, Mann–Whitney and 
Wilcoxon test. Correlations were analyzed with Pearson’s and 
Spearman’s correlation test. P-values < 0.05 were considered 
to be statistically significant. Results were displayed as 
means and s.d. or median and range, as appropriate.

Results

Longitudinal analysis of patients with newly 
diagnosed PAI

We investigated four female and four male patients. 
Demographic and laboratory data from study participants 
at first diagnosis and follow-up are displayed in Table 1. 
Replacement therapy with GC was initiated not earlier 
than 1 week prior to study inclusion (median: 3 days, 
range: 1–6 days).

Serum sodium was significantly lower whereas serum 
potassium and PRC were significantly higher in patients 
at first diagnosis compared to follow-up and to healthy 
controls (Table 1).

Both median muscle and skin rSSI were lower in 
patients at first diagnosis compared to healthy controls, 
but the difference reached statistical significance only for 
skin (skin rSSI: 0.12 (0.9, 0.18) vs 0.16 (0.15, 0.25), P < 0.01; 
muscle rSSI: 0.15 (0.8, 0.18) vs 0.16 (0.14, 0.20), P = 0.23) 
(Table 1).

Both median muscle and skin rSSI significantly 
increased after treatment initiation (muscle rSSI: 0.15 (0.8, 
0.18) vs 0.18 (0.14, 0.27), P = 0.02; skin rSSI: 0.12 (0.9, 0.18) vs 
0.18 (0.14, 0.28), P < 0.01) and reached levels similar to those 
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measured in healthy controls (Table 1 and Supplementary 
Fig. 1, see section on supplementary materials given at the 
end of this article).

Also, the CSARQ improved significantly from −6 (−7, 
−3) to 0 (−5, 1), P = 0.01 for GC replacement and from 
−4 (−4, −1) to 0 (−1, 2), P < 0.01 for MC replacement 
(Supplementary Fig. 2) but did not correlate with tissue 
rSSI either at first diagnosis or at follow-up. The global 
improvement in clinical scores was driven by decreasing 
signs of under-replacement for each of the replacement 
therapies (Supplementary Figs 3 and 4).

In healthy controls, muscle rSSI correlated positively 
with serum osmolality (r = 0.8, P = 0.04), serum copeptin 
(r = 0.8, P = 0.04) and diastolic blood pressure (r = 0.7, 
P = 0.04). No significant correlations between tissue rSSI 
and clinical or laboratory parameters were found in 
patients.

Cross-sectional, case–control analysis of relative 
sodium signal intensity in patients with CPAI

We investigated 12 male and 10 female patients with 
PAI. Mean time between first diagnosis and study visit 
was 11 ± 9 years and did not differ significantly between 
men and women (10 ± 11 vs 12 ± 7 years, P = 0.37). The 
hydrocortisone-equivalent dose ranged from 10 to 30 
mg/day (median 20 mg/day) (Table 2). Median daily 

hydrocortisone dose equivalent per BMI was significantly 
higher in men compared to women (1.1 (0.6, 1.5) vs 0.7 
(0.4, 0.9) mg, P = 0.03).

PRC (median, range) was significantly higher in 
patients compared to controls, both in the whole cohort 
(19 (5, 149) vs 13 (3, 40) ng/L, P < 0.01) (Table 2) and in the 
female subgroup (23 (7, 149) vs 10 (3, 25) ng/L, P < 0.01).

Muscle rSSI was significantly higher in patients 
compared to controls (0.19 (0.14, 0.27) vs 0.16 (0.12, 0.20), 
P < 0.01) (Table 2 and Supplementary Fig. 5). This was 
also separately confirmed for women (muscle rSSI: 0.19 
(0.16, 0.24) vs 0.14 (0.12, 0.19), P < 0.01) and men (0.18 
(0.14, 0.27) vs 0.17 (0.14, 0.20), P = 0.04). Same results were 
also obtained when excluding patients receiving >25 mg 
hydrocortisone-equivalent/day (six male patients taking 
30 mg hydrocortisone/day).

Patients also exhibited significantly higher rSSI in 
muscle compared to skin (0.19 (0.14, 0.27) vs 0.16 (0.13, 
0.28), P < 0.01). This difference was seen in both male and 
female patients but only reached statistical significance 
in women (0.18 (0.14, 0.27) vs 0.16 (0.14, 0.28), P = 0.14 
for male patients and 0.19 (0.16, 0.24) vs 0.15 (0.13, 0.20), 
P < 0.01 for female patients).

For all patients, significant correlations were found 
between tissue rSSI and age, BMI and PRC (Supplementary 
Table 3). In females, rSSI correlated with the GC dose for 
skin (r = 0.64, P = 0.04) and with 24-h urinary sodium 

Table 1 Clinical, biochemical and radiological (rSSI) characteristics of patients with PAI at first diagnosis (n = 8) and follow-up 
(n = 8) and matched healthy controls (n = 8) (longitudinal study). Data are presented as n (%), mean ±s.d. or as median (min, max).

At first diagnosis At follow-up Healthy controls

n 8 8 8
Sex, male (%) 4 (50) 4 (50) 4 (50)
Age (years) 48 (23, 66)* 48 (24, 67) 45 (26, 71)
BMI (kg/m2) 20 (18, 26)* 23 (18, 28)** 25 (20, 30)***
Systolic blood pressure (mmHg) 115 (80, 154) 121 (110, 144) 135 (114, 149)
Diastolic blood pressure (mmHg) 60 (48, 90) 80 (60, 90) 79 (69, 90)
Serum sodium (mmol/L) 133 (99, 138)* 139 (137, 142) 141 (138, 146)***
Serum potassium (mmol/L) 5.3 ± 0.7* 4.5 ± 0.4     4.2 ± 0.4***
Creatinine (mg/dL) 1.7 ± 1.9 0.9 ± 0.2 0.9 ± 0.1
PRC (ng/L) 138 (49, 330)* 19 (8, 115) 19 (4, 38)***
Copeptin n.a. 6.6 ± 4.2 3.3 ± 1.5
Spot urine sodium (mmol/L) n.a. 115 ± 65 89 ± 40
rSSI muscle 0.15 (0.8, 0.18)* 0.18 (0.14, 0.27) 0.16 (0.14, 0.20)
rSSI skin 0.12 (0.9, 0.18)* 0.18 (0.14, 0.28) 0.16 (0.15, 0.25)***
Daily GC dose (mg) 30 (30, 80) 25 (15, 30) n.a.
Daily MC dose (mg) 0 (0, 0) 0.1 (0.05, 0.1) n.a.
CSARQ 
 GC −6 (−7, −3)* 0 (−5, 1) n.a.
 MC −4 (−4, −1)* 0 (−1, 2) n.a.

*P < 0.05 FD vs FU, **P < 0.05 FU vs HC, ***P < 0.05 FD vs HC.
CSARQ, clinical score for assessment of replacement quality; GC, glucocorticoid; MC, mineralocorticoid; n.a., not assessed; rSSI, relative sodium signal 
intensity.
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excretion (r = 0.71, P = 0.047) and serum potassium (r = 
−0.72, P = 0.019) for muscle (Supplementary Table 3).

In healthy controls, muscle and skin rSSI were 
positively correlated with spot urine sodium and 24-h 
urinary sodium excretion, respectively (Supplementary 
Table 4). Further positive correlations were found between 
skin rSSI and age (r = 0.55, P < 0.01), BMI (r = 0.66, P < 0.01) 
and systolic blood pressure (r = 0.52, P = 0.01).

Discussion

We assessed for the first time tissue sodium in patients 
with PAI both at first diagnosis and under established 
replacement therapy with GC and MC. We show that 

tissue sodium is low in newly diagnosed patients and 
significantly increases under replacement therapy up to 
the levels of healthy controls. In the long-term, however, 
patients with chronic PAI display significantly higher 
muscle sodium levels compared to healthy controls, 
indicating a tissue sodium overload associated with 
replacement therapy.

Previous studies mainly led by Titze’s group have 
shown that tissue sodium reservoir expands and contracts 
depending on the salt intake (9). Increased muscle and skin 
sodium concentrations have furthermore been observed 
in patients with refractory hypertension, primary 
aldosteronism, heart failure and insulin resistance (11, 12, 
14, 15, 17), most of which are associated with increased 
activity of GC and MC (18, 19, 20).

Table 2 Clinical, biochemical and radiological (rSSI) characteristics of patients with CPAI (n = 22) and matched healthy controls 
(n = 22) (cross-sectional study). Data are presented as n (%), mean ± s.d. or as median (min, max).

CPAI HC P

n 22 22
Sex, male 12 (55%) 12 (55%) NS
Age (years) 50 (22, 71) 46 (24, 67) NS
BMI (kg/m2) 26 (19, 34) 25 (21, 46) NS
Systolic blood pressure (mmHg) 119 ± 15 127 ± 15 NS
Diastolic blood pressure (mmHg) 80 (60, 100) 79 (67, 109) NS
Serum sodium (mmol/L) 140 ± 2 140 ± 2 NS
Serum osmolality (mosm/L) 283 ± 3 282 ± 6 NS
Serum potassium (mmol/L) 4.3 ± 0.3 4.3 ± 0.3 NS
Creatinine (mg/dL) 0.9 ± 0.2 0.8 ± 0.1 0.03
PRC (ng/L) 19 (5, 149) 13 (3, 40) <0.01
Copeptin 5 (2, 12) 4 (2, 6) NS
Spot urine sodium (mmol/L) 105 (34, 208) 107 (52, 274) NS
Spot urine osmolality (mosm/L) 732 (332, 854) 740 (320, 963) NS
24-h urine sodium (mmol/L) 187 ± 71 204 ± 104 NS
rSSI muscle 0.19 (0.14, 0.27) 0.16 (0.12, 0.20) <0.01
rSSI skin 0.16 (0.13, 0.28) 0.16 (0.12, 0.26) NS
Daily glucocorticoid dose (mg) 20 (10, 30) n.a. NS
Daily mineralocorticoid dose (mg) 0.1 (0.025, 0.15) n.a. NS
CSARQ
 GC 0 (−5, 2) n.a. NS
 MC 0 (−2, 2) n.a. NS
Co-medication, n
 Vitamin D 8 1
 Vitamin B12 3 0
 l-thyroxine 20 0
 Proton pump inhibitors 5 0
 DHEA 2 0
 ASS 1 0
 Metoprolol 1 0
 Simvastatin 1 0
 Combined oral contraceptive† 1 1
 Sertraline** 1 0

*P<0.05 CPAI vs HC **in one patient sertraline was taken for 2 years; †ethinyl estradiol/estradiol valerate + dienogest.
CPAI, patients with chronic primary adrenal insufficiency; CSARQ, clinical score for assessment of replacement quality; GC, glucocorticoid; HC, healthy 
controls; MC, mineralocorticoid; n.a., not assessed; NS, not significant; rSSI, relative sodium signal intensity. 
Repeatedly documented sodium levels did not reveal hyponatremia at any time.
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The lower levels of tissue sodium seen in patients with 
PAI at first diagnosis can be explained by increased sodium 
mobilization from the tissue pool in response to a constant 
renal sodium loss due to mineralocorticoid deficiency. 
Once replacement therapy is initiated, this process is 
reversed and tissue compartments begin restoring sodium. 
In the long term, however, replacement therapy might 
exceed physiological exposure to MC and GC, as indicated 
by the higher muscle sodium levels seen in our patients 
with chronic PAI compared to healthy controls.

Concerns about exposure to supraphysiologic 
glucocorticoid levels as assessed by hair cortisol and 
increased cardiovascular mortality and morbidity among 
patients with adrenal insufficiency emerged repeatedly over 
the last two decades (21, 22, 23, 24, 25, 26). Nevertheless, 
this seems to be driven by patient populations receiving 
higher replacement doses of GC (ranging from 25 to 50 
mg/day) (23, 24, 26, 27) and MC (23), whereas lower, near-
physiological doses appear to have a neutral impact on the 
cardiovascular risk (23).

Interestingly, the majority of our PAI patients received 
both GC and MC replacement doses considered to be 
appropriate (15–25 mg hydrocortisone-equivalent/day, 
0.05–0.2 mg fludrocortisone/day) (28). Only one-third 
of the patients slightly exceeded the recommended 
upper limit of daily hydrocortisone-equivalent intake by 
a maximum of 5 mg (corresponding to a maximal daily 
dose of 30 mg). Accordingly, serum electrolytes and blood 
pressure did not differ from healthy controls, PRC was in 
the upper normal range and the clinical scores indicated 
a balanced replacement regimen. Nevertheless, the 
higher muscle sodium load seen in these patients even 
after excluding cases receiving >25 mg hydrocortisone/
day suggests that even standard dose regimens might 
lead to overtreatment. Our study design, however, does 
not allow us to draw any robust conclusions regarding 
the main contributor (GC or MC) to the increased tissue 
sodium storage in PAI. We can only assume that MC play 
a significant part based on (1) the inverse correlation 
between skin sodium levels and PRC and (2) the higher 
sodium storage capacity of the muscle compared to skin, 
which was also reported in a rat model of MC-induced 
hypertension and in patients with primary aldosteronism 
(13, 29). However, we also found a significant positive 
correlation between GC dose and skin sodium levels in 
females. Since mineralocorticoid receptors bind both MC 
and GC with high affinity, it is impossible to differentiate at 
this point between their individual contributions.

Gender also seems to play a role in tissue sodium 
storage in patients with PAI. We found a positive 

correlation between skin sodium levels and diastolic blood 
pressure only in women with chronic PAI. Moreover, the 
significant difference in muscle sodium levels between 
patients with chronic PAI and healthy controls was driven 
by values obtained in women. Sex differences in the 
regulation of adrenal steroids with lower levels of cortisol 
and MC in premenopausal women compared to men of 
similar age have been reported across different settings and 
might further increase the risk of overtreatment in women 
(30, 31, 32). This fits to the observation by Skov  et  al., 
demonstrating higher cardiovascular risk in females with 
Addisons’s disease across different tertiles of GC and MC 
replacement doses (23). Taking into account that the 
female patients in our cohort received significantly lower 
GC doses but similar MC doses compared to men, we could 
assume that the higher tissue sodium levels observed in 
women might be driven by MC.

Interestingly, tissue sodium correlated with 24-h 
sodium excretion only in healthy controls and in female 
patients with chronic PAI, suggesting a disruption in 
the physiological regulation of sodium homeostasis in 
adrenal insufficiency. Analyses in healthy men under a 
strictly controlled diet provide evidence that daily sodium 
excretion and changes in total-body sodium underlie 
aldosterone- and cortisol-dependent infradian rhythms 
(33). These result in periodic sodium storage independent 
of sodium intake (33). Failing to reproduce these 
physiological rhythms in PAI might explain the missing 
correlation between sodium storage and sodium excretion 
in our cohort.

Our study has several strengths and limitations. We 
provide for the first time an insight into tissue sodium 
content in patients with PAI at first diagnosis and under 
established replacement therapy obtained by non-invasive 
measurement. Including only PAI makes it, however, 
difficult to differentiate between the separate contributions 
of GC and MC. Analyzing both patients with primary and 
secondary AI may help to further investigate this matter. 
Another issue is that replacement with GC in patients 
with newly diagnosed PAI was initiated before the first MRI 
scan, as delaying treatment initiation in these patients for 
research purposes would have been unethical. Therefore, 
tissue sodium levels in this patient group do not reflect a 
completely treatment-naive stage. Nevertheless, we still 
found significantly decreased tissue sodium levels at first 
diagnosis. Another limitation is the lack of validation for 
the clinical scores assessing therapy quality. Nevertheless, 
these scores include clinical and biochemical parameters 
recommended by international guidelines and broadly 
used for the evaluation of the replacement therapy in 
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adrenal insufficiency. Moreover, they were designed based 
on a previous study showing a significant correlation 
between the scoring system and serum cortisol levels 
following intake of the morning glucocorticoid dose in 
patients with chronic adrenal insufficiency. Furthermore, 
we did not take into consideration the phase of the 
menstrual cycle when examining female patients, which 
might induce changes in serum sodium by modulating 
renal sodium excretion (follicular phase) and glomerular 
hemodynamics (luteal phase) (34, 35, 36, 37).

One major technical limitation is the relatively long 
echo time of 2.01 ms in the MRI sequence used in our 
study. With this echo time, we surely missed a relevant part 
of the sodium signal because of the fast component in the 
multi-exponential signal decay of the 23Na nucleus. To take 
this into account, we do not provide absolute quantitative 
values in mmol/L but calculated a value relative to a 
reference vial. This approach was deeply investigated and 
calibrated earlier and already proved its usefulness and 
provided values comparable to the ones published by other 
groups (11, 12, 13, 17).

A great advantage of MRI is the possibility to obtain 
signal from voxels of rather unconventional dimensions. 
To obtain the sodium signal of the skin, voxels in the 
shape of a ‘pizza box’ were acquired to reduce the signal 
proportion that originates from outside the skin.

In conclusion, information on tissue sodium content 
provides additional insight into the effects of replacement 
therapy with GC and MC, as it significantly changes after 
initiating therapy and is not exposed to common disturbing 
factors such as acute osmotic shifts. Our observation of 
increased tissue sodium content in patients with PAI under 
chronic replacement therapy warrants further assessment 
in both patients with primary and secondary AI and 
correlation with clinical outcome parameters.

Supplementary materials
This is linked to the online version of the paper at https​://do​i.org​/10.1​530/
E​JE-22​-0396​.

Declaration of interest
The authors declare that there is no conflict of interest that could be 
perceived as prejudicing the impartiality of the research reported.

Funding
This work was supported by the Deutsche Forschungsgemeinschaft  
(DFG) within the CRC/Transregio 205/1 ‘The Adrenal: Central Relay in 
Health and Disease’ and the by the Else Kröner-Fresenius Stiftung 2019_
KollegSe.03, Clinician Scientist Program ‘Rare Important Syndromes in 
Endocrinology’ (RISE).

References
	 1	 Burger-Stritt S, Pulzer A & Hahner S. Quality of life and life expectancy 

in patients with adrenal insufficiency: what is true and what is urban 
myth? Frontiers of Hormone Research 2016 46 171–183. (https://doi.
org/10.1159/000443918)

	 2	 Blacha AK, Rahvar AH, Flitsch J, van de Loo I, Kropp P & Harbeck B. 
Impaired attention in patients with adrenal insufficiency – impact 
of unphysiological therapy. Steroids 2021 167 108788. (https://doi.
org/10.1016/j.steroids.2020.108788)

	 3	 Blacha AK, Kropp P, Rahvar AH, Flitsch J, van de Loo I & Harbeck B. 
Poor quality of life and sleep in patients with adrenal insufficiency-
another cause of increased mortality? Irish Journal of Medical Science 
2021 In press. (https://doi.org/10.1007/s11845-021-02731-y)

	 4	 Sævik ÅB, Wolff AB, Björnsdottir S, Simunkova K, Hynne MS, 
Dolan DWP, Bratland E, Knappskog PM, Methlie P, Carlsen S et al. 
Potential transcriptional biomarkers to guide glucocorticoid 
replacement in autoimmune Addison’s disease. Journal of the Endocrine 
Society 2021 5 bvaa202. (https://doi.org/10.1210/jendso/bvaa202)

	 5	 Chantzichristos D, Svensson PA, Garner T, Glad CA, Walker BR, 
Bergthorsdottir R, Ragnarsson O, Trimpou P, Stimson RH, Borresen SW 
et al. Identification of human glucocorticoid response markers using 
integrated multi-omic analysis from a randomized crossover trial. eLife 
2021 10 e62236. (https://doi.org/10.7554/eLife.62236)

	 6	 Arlt W, Rosenthal C, Hahner S & Allolio B. Quality of glucocorticoid 
replacement in adrenal insufficiency: clinical assessment vs. timed 
serum cortisol measurements. Clinical Endocrinology 2006 64 384–389. 
(https://doi.org/10.1111/j.1365-2265.2006.02473.x)

	 7	 Hahner S, Ross RJ, Arlt W, Bancos I, Burger-Stritt S, Torpy DJ, Husebye ES 
& Quinkler M. Adrenal insufficiency. Nature Reviews: Disease Primers 
2021 7 19. (https://doi.org/10.1038/s41572-021-00252-7)

	 8	 Thulborn KR. Quantitative sodium MR imaging: a review of its 
evolving role in medicine. Neuroimage 2018 168 250–268. (https://doi.
org/10.1016/j.neuroimage.2016.11.056)

	 9	 Titze J, Dahlmann A, Lerchl K, Kopp C, Rakova N, Schröder A & 
Luft FC. Spooky sodium balance. Kidney International 2014 85 759–767. 
(https://doi.org/10.1038/ki.2013.367)

	 10	 Hofmeister LH, Perisic S & Titze J. Tissue sodium storage: evidence for 
kidney-like extrarenal countercurrent systems? Pflugers Archiv 2015 
467 551–558. (https://doi.org/10.1007/s00424-014-1685-x)

	 11	 Christa M, Weng AM, Geier B, Wörmann C, Scheffler A, Lehmann L, 
Oberberger J, Kraus BJ, Hahner S, Störk S et al. Increased myocardial 
sodium signal intensity in Conn’s syndrome detected by 23Na 
magnetic resonance imaging. European Heart Journal: Cardiovascular 
Imaging 2019 20 263–270. (https://doi.org/10.1093/ehjci/jey134)

	 12	 Hammon M, Grossmann S, Linz P, Kopp C, Dahlmann A, Garlichs C, 
Janka R, Cavallaro A, Luft FC, Uder M et al. 23Na magnetic resonance 
imaging of the lower leg of acute heart failure patients during diuretic 
treatment. PLoS ONE 2015 10 e0141336. (https://doi.org/10.1371/
journal.pone.0141336)

	 13	 Kopp C, Linz P, Wachsmuth L, Dahlmann A, Horbach T, Schöfl C, 
Renz W, Santoro D, Niendorf T, Müller DN et al. (23)Na magnetic 
resonance imaging of tissue sodium. Hypertension 2012 59 167–172. 
(https://doi.org/10.1161/HYPERTENSIONAHA.111.183517)

	 14	 Deger SM, Wang P, Fissell R, Ellis CD, Booker C, Sha F, Morse JL, 
Stewart TG, Gore JC, Siew ED et al. Tissue sodium accumulation and 
peripheral insulin sensitivity in maintenance hemodialysis patients. 
Journal of Cachexia, Sarcopenia and Muscle 2017 8 500–507. (https://doi.
org/10.1002/jcsm.12179)

	 15	 Christa M, Hahner S, Kostler H, Bauer WR, Stork S & Weng AM. 
Primary hyperaldosteronism induces congruent alterations of sodium 
homeostasis in different skeletal muscles – a 23Na-MRI study. European 
Journal of Endocrinology 2022 186 K33–K38. (https://doi.org/10.1530/
EJE-22-0074)

	 16	 Dyke JP, Meyring-Wösten A, Zhao Y, Linz P, Thijssen S & Kotanko P. 
Reliability and agreement of sodium ((23)Na) MRI in calf muscle 

https://eje.bioscientifica.com
https://doi.org/10.1530/EJE-22-0396
https://doi.org/10.1530/EJE-22-0396
https://doi.org/10.1159/000443918
https://doi.org/10.1159/000443918
https://doi.org/10.1016/j.steroids.2020.108788
https://doi.org/10.1016/j.steroids.2020.108788
https://doi.org/10.1007/s11845-021-02731-y
https://doi.org/10.1210/jendso/bvaa202
https://doi.org/10.7554/eLife.62236
https://doi.org/10.1111/j.1365-2265.2006.02473.x
https://doi.org/10.1038/s41572-021-00252-7
https://doi.org/10.1016/j.neuroimage.2016.11.056
https://doi.org/10.1016/j.neuroimage.2016.11.056
https://doi.org/10.1038/ki.2013.367
https://doi.org/10.1007/s00424-014-1685-x
https://doi.org/10.1093/ehjci/jey134
https://doi.org/10.1371/journal.pone.0141336
https://doi.org/10.1371/journal.pone.0141336
https://doi.org/10.1161/HYPERTENSIONAHA.111.183517
https://doi.org/10.1002/jcsm.12179
https://doi.org/10.1002/jcsm.12179
https://doi.org/10.1530/EJE-22-0074
https://doi.org/10.1530/EJE-22-0074


Eu
ro

pe
an

 Jo
ur

na
l o

f E
nd

oc
ri

no
lo

gy
187:3 390Original Research I Chifu, A M Weng and 

others
Tissue sodium in primary 
adrenal insufficiency

https://eje.bioscientifica.com

and skin of healthy subjects from the US. Clinical Imaging 2018 52 
100–105. (https://doi.org/10.1016/j.clinimag.2018.07.010)

	 17	 Kopp C, Linz P, Dahlmann A, Hammon M, Jantsch J, Müller DN, 
Schmieder RE, Cavallaro A, Eckardt KU, Uder M et al. 23Na magnetic 
resonance imaging-determined tissue sodium in healthy subjects and 
hypertensive patients. Hypertension 2013 61 635–640. (https://doi.
org/10.1161/HYPERTENSIONAHA.111.00566)

	 18	 Rahvar AH, Haas CS, Danneberg S & Harbeck B. Increased 
cardiovascular risk in patients with adrenal insufficiency: a short 
review. BioMed Research International 2017 2017 3691913. (https://doi.
org/10.1155/2017/3691913)

	 19	 Petersons CJ, Mangelsdorf BL, Thompson CH & Burt MG. Acute effect 
of increasing glucocorticoid replacement dose on cardiovascular 
risk and insulin sensitivity in patients with adrenocorticotrophin 
deficiency. Journal of Clinical Endocrinology and Metabolism 2014 99 
2269–2276. (https://doi.org/10.1210/jc.2013-4305)

	 20	 Werumeus Buning J, van Faassen M, Brummelman P, Dullaart RPF, van 
den Berg G, van der Klauw MM, Kerstens MN, Stegeman CA, Muller 
Kobold AC, Kema IP et al. Effects of hydrocortisone on the regulation 
of blood pressure: results from a randomized controlled trial. Journal 
of Clinical Endocrinology and Metabolism 2016 101 3691–3699. (https://
doi.org/10.1210/jc.2016-2216)

	 21	 Bergthorsdottir R, Leonsson-Zachrisson M, Odén A & Johannsson G. 
Premature mortality in patients with Addison’s disease: a population-
based study. Journal of Clinical Endocrinology and Metabolism 2006 91 
4849–4853. (https://doi.org/10.1210/jc.2006-0076)

	 22	 Ngaosuwan K, Johnston DG, Godsland IF, Cox J, Majeed A, Quint JK, 
Oliver N & Robinson S. Increased mortality risk in patients with 
primary and secondary adrenal insufficiency. Journal of Clinical 
Endocrinology and Metabolism 2021 106 e2759–e2768. (https://doi.
org/10.1210/clinem/dgab096)

	 23	 Skov J, Sundström A, Ludvigsson JF, Kämpe O & Bensing S. Sex-specific 
risk of cardiovascular disease in autoimmune Addison disease – a 
population-based cohort study. Journal of Clinical Endocrinology and 
Metabolism 2019 104 2031–2040. (https://doi.org/10.1210/jc.2018-
02298)

	 24	 Gow R, Koren G, Rieder M & Van Uum S. Hair cortisol content in 
patients with adrenal insufficiency on hydrocortisone replacement 
therapy. Clinical Endocrinology 2011 74 687–693. (https://doi.
org/10.1111/j.1365-2265.2011.04001.x)

	 25	 Staufenbiel SM, Andela CD, Manenschijn L, Pereira AM, van 
Rossum EF & Biermasz NR. Increased hair cortisol concentrations 
and BMI in patients with pituitary-adrenal disease on hydrocortisone 
replacement. Journal of Clinical Endocrinology and Metabolism 2015 100 
2456–2462. (https://doi.org/10.1210/jc.2014-4328)

	 26	 Al Nofal A, Bancos I, Benkhadra K, Ospina NM, Javed A, Kapoor E, 
Muthusamy K, Brito JP, Turcu AF, Wang Z et al. Glucocorticoid 
replacement regimens in chronic adrenal insufficiency: a systematic 
review and meta-analysis. Endocrine Practice 2017 23 17–31. (https://
doi.org/10.4158/EP161428.OR)

	 27	 Andela CD, Staufenbiel SM, Joustra SD, Pereira AM, van Rossum EF 
& Biermasz NR. Quality of life in patients with adrenal insufficiency 
correlates stronger with hydrocortisone dosage, than with long-term 
systemic cortisol levels. Psychoneuroendocrinology 2016 72 80–86. 
(https://doi.org/10.1016/j.psyneuen.2016.06.015)

	 28	 Bornstein SR, Allolio B, Arlt W, Barthel A, Don-Wauchope A, 
Hammer GD, Husebye ES, Merke DP, Murad MH, Stratakis CA 
et al. Diagnosis and treatment of primary adrenal insufficiency: 
an Endocrine Society clinical practice guideline. Journal of Clinical 
Endocrinology and Metabolism 2016 101 364–389. (https://doi.
org/10.1210/jc.2015-1710)

	 29	 Titze J, Bauer K, Schafflhuber M, Dietsch P, Lang R, Schwind KH, 
Luft FC, Eckardt KU & Hilgers KF. Internal sodium balance in DOCA-
salt rats: a body composition study. American Journal of Physiology: 
Renal Physiology 2005 289 F793–F802. (https://doi.org/10.1152/
ajprenal.00096.2005)

	 30	 Toering TJ, Gant CM, Visser FW, van der Graaf AM, Laverman GD, 
Danser AHJ, Faas MM, Navis G & Lely AT. Sex differences in renin-
angiotensin-aldosterone system affect extracellular volume in healthy 
subjects. American Journal of Physiology: Renal Physiology 2018 314 
F873–F878. (https://doi.org/10.1152/ajprenal.00109.2017)

	 31	 Miller JA, Anacta LA & Cattran DC. Impact of gender on the renal 
response to angiotensin II. Kidney International 1999 55 278–285. 
(https://doi.org/10.1046/j.1523-1755.1999.00260.x)

	 32	 Roelfsema F, van Heemst D, Iranmanesh A, Takahashi P, Yang R & 
Veldhuis JD. Impact of age, sex and body mass index on cortisol 
secretion in 143 healthy adults. Endocrine Connections 2017 6 500–509. 
(https://doi.org/10.1530/EC-17-0160)

	 33	 Lerchl K, Rakova N, Dahlmann A, Rauh M, Goller U, Basner M, 
Dinges DF, Beck L, Agureev A, Larina I et al. Agreement between 
24-hour salt ingestion and sodium excretion in a controlled 
environment. Hypertension 2015 66 850–857. (https://doi.org/10.1161/
HYPERTENSIONAHA.115.05851)

	 34	 Pechere-Bertschi A & Burnier M. Gonadal steroids, salt-sensitivity and 
renal function. Current Opinion in Nephrology and Hypertension 2007 16 
16–21. (https://doi.org/10.1097/MNH.0b013e328011d7f6)

	 35	 Graugaard-Jensen C, Hvistendahl GM, Frøkiaer J, Bie P & Djurhuus JC. 
The influence of high and low levels of estrogen on diurnal urine 
regulation in young women. BMC Urology 2008 8 16–. (https://doi.
org/10.1186/1471-2490-8-16)

	 36	 Pechère-Bertschi A, Maillard M, Stalder H, Brunner HR & Burnier M. 
Renal segmental tubular response to salt during the normal menstrual 
cycle. Kidney International 2002 61 425–431. (https://doi.org/10.1046/
j.1523-1755.2002.00158.x)

	 37	 Olson BR, Forman MR, Lanza E, McAdam PA, Beecher G, Kimzey LM, 
Campbell WS, Raymond EG, Brentzel SL & Güttsches-Ebeling B. 
Relation between sodium balance and menstrual cycle  
symptoms in normal women. Annals of Internal Medicine 1996 125 
564–567. (https://doi.org/10.7326/0003-4819-125-7- 
199610010-00005)

Received 29 April 2022
Revised version received 21 June 2022
Accepted 4 July 2022

https://eje.bioscientifica.com
https://doi.org/10.1016/j.clinimag.2018.07.010
https://doi.org/10.1161/HYPERTENSIONAHA.111.00566
https://doi.org/10.1161/HYPERTENSIONAHA.111.00566
https://doi.org/10.1155/2017/3691913
https://doi.org/10.1155/2017/3691913
https://doi.org/10.1210/jc.2013-4305
https://doi.org/10.1210/jc.2016-2216
https://doi.org/10.1210/jc.2016-2216
https://doi.org/10.1210/jc.2006-0076
https://doi.org/10.1210/clinem/dgab096
https://doi.org/10.1210/clinem/dgab096
https://doi.org/10.1210/jc.2018-02298
https://doi.org/10.1210/jc.2018-02298
https://doi.org/10.1111/j.1365-2265.2011.04001.x
https://doi.org/10.1111/j.1365-2265.2011.04001.x
https://doi.org/10.1210/jc.2014-4328
https://doi.org/10.4158/EP161428.OR
https://doi.org/10.4158/EP161428.OR
https://doi.org/10.1016/j.psyneuen.2016.06.015
https://doi.org/10.1210/jc.2015-1710
https://doi.org/10.1210/jc.2015-1710
https://doi.org/10.1152/ajprenal.00096.2005
https://doi.org/10.1152/ajprenal.00096.2005
https://doi.org/10.1152/ajprenal.00109.2017
https://doi.org/10.1046/j.1523-1755.1999.00260.x
https://doi.org/10.1530/EC-17-0160
https://doi.org/10.1161/HYPERTENSIONAHA.115.05851
https://doi.org/10.1161/HYPERTENSIONAHA.115.05851
https://doi.org/10.1097/MNH.0b013e328011d7f6
https://doi.org/10.1186/1471-2490-8-16
https://doi.org/10.1186/1471-2490-8-16
https://doi.org/10.1046/j.1523-1755.2002.00158.x
https://doi.org/10.1046/j.1523-1755.2002.00158.x
https://doi.org/10.7326/0003-4819-125-7-199610010-00005
https://doi.org/10.7326/0003-4819-125-7-199610010-00005

	Abstract
	Introduction
	Subjects and methods
	Statistical analysis

	Results
	Longitudinal analysis of patients with newly diagnosed PAI
	Cross-sectional, case–control analysis of relative sodium signal intensity in patients with CPAI

	Discussion
	Supplementary materials
	Declaration of interest
	Funding
	References

