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ABSTRACT

Background: Multi-steroid profiles are proven to help with the diagnostic approach to adrenal disorders in humans.
Objectives: Compare liquid chromatography tandem mass spectrometry (LC-MS/MS) and radioimmunoassay (RIA) measure-
ment of aldosterone in feline blood samples. Evaluate multi-steroid profiles in cats with hyperaldosteronism.

Animals: Client-owned cats with low/normal aldosterone by RIA (low aldo, n=15), high aldosterone by RIA (high aldo, n=6)
and overt primary hyperaldosteronism (PHA, n=6).

Methods: Exploratory retrospective case—control study. Feline blood multi-steroid profiles were analyzed with LC-MS/MS and
compared with results from a commercially available RIA in widespread clinical use.

Results: Aldosterone measurement by LC-MS/MS and RIA was strongly correlated (r=0.93, p<0.001) but showed a bias of
56 (95% CI: 104-7) pmol/L, with RIA giving higher values. Creatinine concentration was not significantly associated with the
discrepancy between methods (p =0.95). Cats with PHA had significantly lower serum concentrations of cortisol and glucocor-
ticoid precursors (17-hydroxyprogesterone, 11-deoxycortisol), testosterone, and significantly higher dihydrotestosterone and 5a-
dihydroprogesterone concentrations than the low aldo group. Pregnenolone concentrations were significantly lower in the PHA
group than in the high aldo group.

Conclusion and Clinical Importance: Quantification of aldosterone by either LC-MS/MS or RIA is adequate for PHA diag-
nosis in the clinical setting, with appropriate method-specific reference intervals. Cats with PHA had different concentrations of
some steroids compared with the control groups, but overt steroid excess (other than aldosterone) was not observed.

1 | Introduction is classified as primary or secondary. Primary hyperaldosteronism

(PHA) involves excessive aldosterone secretion that is indepen-
Hyperaldosteronism is an endocrine condition whereby excessive dent of normal physiological regulation by the renin-angiotensin
aldosterone is secreted by the adrenal gland; hyperaldosteronism system, with suppression of renin activity due to the resulting

Abbreviations: CKD, chronic kidney disease; DHEA, dehydroepiandrosterone; high aldo, high aldosterone by RIA; LC-MS/MS, liquid chromatography-tandem
mass spectrometry; low aldo, low/normal aldosterone by RIA; PHA, primary hyperaldosteronism; RIA, radioimmunoassay.
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extracellular volume expansion [1, 2]. By contrast, secondary hy-
peraldosteronism arises when activation of the renin-angiotensin
system results in high renin activity; this stimulates aldosterone
secretion. PHA has been identified in cats as a result of unilateral
disease (either benign or malignant adrenal neoplasia) [3] or bilat-
eral disease (bilateral adrenal hyperplasia or tumors) [3, 4].

Immunoassays are commonly used to measure aldosterone con-
centrations in feline clinical samples. Immunoassays are con-
sidered less reliable than mass spectrometry because antibody
cross-reactivity and matrix effects often lower specificity [5].
Antibody binding kinetics can limit immunoassay sensitivity [5],
especially where other steroids are present in excess and can com-
pete with antibody binding. Mass spectrometry-based methods are
therefore often considered preferable due to higher specificity [5],
and the possibility for simultaneous quantification of multiple ste-
roid hormones [6]. Due to steroid hormones having similar struc-
tures and molecular weights resulting in similar mass to charge
ratios (m/z), steroids require separation to facilitate differential
detection. This can be achieved with liquid chromatography pre-
ceding tandem mass spectrometry, facilitating the quantification
of multiple steroids in a single low-volume sample [6]. Targeted
steroid metabolome analysis in humans has identified signature
steroid profiles associated with disorders of steroid biosynthesis
and metabolism, and provided insights into the pathophysiology of
adrenal disease [7]. Steroid profiles have not been reported in the
peer-reviewed literature in species with a single CYP11B enzyme
for both aldosterone and cortisol synthesis, such as cats [8].

Renal disease impairs the quantification of aldosterone by immu-
noassay in human samples due to the accumulation of polar me-
tabolites of aldosterone, which can cross-react with the antibodies
used in immunoassays [9-11]. PHA usually arises in older cats,
and as chronic kidney disease is a common condition within this
population, we hypothesized that renal disease can falsely elevate
the quantification of aldosterone by immunoassays. Furthermore,
multiple steroid excesses, including progesterone [12], cortisol [13],
estradiol [14], and corticosterone [15], occur in a subset of cats with
hyperaldosteronism using immunoassays.

To date, no studies have directly compared immunoassay and
mass spectrometry quantification of aldosterone (and other ste-
roids) in cat blood samples. This study aimed to compare quan-
tification of aldosterone by radioimmunoassay (RIA) and liquid
chromatography tandem mass spectrometry (LC-MS/MS) and
determine whether azotemic chronic kidney disease is associated
with discrepant results for aldosterone quantification by RIA and
LC-MS/MS. In addition, in an exploratory study, multi-steroid
profiles of cats with PHA were compared with two groups of cats
without overt PHA, subdivided into low-normal and high aldo
groups based on aldosterone concentrations quantified by RIA.

2 | Materials and Methods

2.1 | Case Selection

This was a retrospective study using LC-MS/MS on residual serum
or plasma samples from cats that [1] had documented overt PHA

based on hyperaldosteronemia with otherwise unexplained hypo-
kalemia and a unilateral adrenal mass (PHA group, n=6); or [2]

that had previously undergone serum or plasma aldosterone quan-
tification by RIA for another study. These cats were selected from a
longitudinal health monitoring program and had not had abdom-
inal imaging. A large number of samples were available; samples
for LCMS/MS were selected to cover a range of aldosterone and
creatinine concentrations. These were sub-divided into those that
had aldosterone concentrations above the RIA reference interval
(high aldo group, n=6) or within or below the reference interval
(low aldo group, n=15). Systemic hypertension was defined ac-
cording to the local clinic protocol in place at the time of the case
being managed, and was of sufficient severity to justify the pre-
scribing of amlodipine. Cats were classified with azotemic chronic
kidney disease (CKD) if the plasma creatinine was over the upper
limit of the laboratory reference interval 177 umol/L (2.0mg/dL)
with a concurrent urine specific gravity less than 1.035, or if cre-
atinine was over 177umol/L on two occasions at least 2weeks
apart. Cats were classified as hyperthyroid if they were receiving
medication for hyperthyroidism (thiamazole). Samples were only
included in the analysis if the hyperthyroidism was clinically con-
trolled and their total thyroxine was below the upper limit of the
laboratory reference interval (55nmol/L or 4.27ng/dL) at the time
of sampling.

Samples for the low and high aldo group cats were collected
from cats seen in two first opinion practices in central London
(People's Dispensary for Sick Animals, Bow and Beaumont
Sainsbury Animal Hospital, Camden) between 2001 and
2021. All aldosterone measurements from these cats were per-
formed in a single diagnostic reference laboratory (Michigan
State University Veterinary Diagnostic Laboratory, USA), for
which the upper limit of the reference interval was 388 pmol/L.
Radioimmunoassay was performed on different aliquots of the
same blood sample to those subsequently analyzed by LC-MS/
MS. Biochemical data (creatinine, potassium) was obtained from
a single reference laboratory (Idexx laboratories, Wetherby, UK)
at the same time point.

PHA samples were obtained from cats seen in the above lon-
gitudinal study (n=2) and cats seen in several different re-
ferral hospitals: Queen Mother Hospital for Animals (Royal
Veterinary College, Hatfield, UK, n=2), Cummings School of
Veterinary Medicine (Tufts University, MA, USA, n=1) and
Pieper Veterinary (Pieper Veterinary, CT, USA, n=1). Some cats
were managed with surgical adrenalectomy, while others were
managed medically. Biochemical data reported are from the
closest available date to the collection of the sample used for LC—
MS/MS but was not necessarily contemporaneous, and the bio-
chemical results (including aldosterone quantification by RIA
for three cats) were from local laboratories, so methodologies
varied. PHA cases could receive potassium supplementation at
the time of sampling. Methods of blood pressure measurement
for cats in the PHA group from these referral hospitals were not
standardized.

Residual serum and plasma samples were used in this study;
samples were collected as indicated clinically by jugular veni-
puncture as described previously [16], and residual samples were
stored at —80°C until analysis. The Royal Veterinary College's
Ethics and Welfare Committee approved the collection and use
of samples (URN 20131258E and URN 20212060-3). Inclusion
criteria for the three groups are summarized in Figure 1.
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2.2 | Steroid Analysis

Steroids were quantified using LC-MS/MS via a multi-steroid pro-
filing method for the identification and quantification of 25 ste-
roids carried out on a Waters Xevo-XS, with Acquity UPLC, using
a water/methanol (0.1% formic acid) gradient system and a HSS
T3, 1.8um, 1.2Xx50mm column [17]. Briefly, after the addition of
an internal standard and protein precipitation using 50uL of ace-
tonitrile, steroids were extracted from 200uL of serum or plasma
by liquid-liquid extraction using 1mL of tert-butyl methyl ether
(MTBE). The MTBE layer containing steroids was transferred
and evaporated under nitrogen and then reconstituted in 125uL
of 50/50 methanol/water prior to analysis. Quantification was
against a calibration series ranging from 0.05 to 250ng/mL. The
lower limit of quantification (LLOQ) is reported for each steroid
detected in the samples analyzed in this study (Table 1); the LLOQ
was calculated on human plasma in a previous study [17]. Where
steroid concentrations were below the LLOQ, an arbitrary value of
LLOQ/2 was assigned. Comparison of LC-MS/MS and RIA quan-
tification of aldosterone was performed on aliquots of plasma or
serum from the same blood draw, with intervals of 6—24 months
between analyses. PHA cases were excluded from this analysis
due to a lack of contemporaneous samples. For the evaluation of
the effect of sex on steroid profiles, a comparison between males
and females was made using only samples obtained from cats with
low/normal aldosterone concentration by RIA, to avoid any influ-
ence due to hyperaldosteronism.

First opinion
research clinic

Aldosterone measurement by
RIA available -

T4 <55 nmol/L

2.3 | Statistical Comparison of Aldosterone
Quantification Methods

Statistical analyses were performed using R version 4.1.2 with
statistical significance set at p <0.05. Aldosterone quantification
by RIA! was compared with the multi-steroid LC-MS/MS meth-
odology using Pearson's correlation; PHA cases were excluded
for this part of the study. Passing-Bablok and Bland-Altman
analysis were then applied, and cases annotated as hyperten-
sive or CKD were included. A multiple variable linear regres-
sion model was then performed, with aldosterone concentration
measured by LC-MS/MS as the dependent variable and aldoste-
rone measured by RIA and creatinine concentration as predic-
tive variables.

2.4 | Statistical Comparison Between Groups

Continuous numerical variables did not have a Gaussian dis-
tribution, so data is presented as median (range). Categorical
data were compared using Fisher's exact test. The effect of sex
on steroid profiles was investigated in cats without overt PHA,
and steroids were compared using the Mann Whitney U tests
using the Benjamini and Hochberg method to correct for mul-
tiple comparisons [18]. Comparison of steroid concentrations
between the low aldo, high aldo, and PHA groups was per-
formed using the Kruskal Wallis ANOVA with correction for

PHA cases
submitted by
external centre

Aldosterone above RI
Unilateral mass -
T4 <55 nmol/L

\ )

LI

Low/normal aldo High Aldo PHA io;l\f/ilrEmed —r
a
n=15 n=6 _
(n=15) (n=6) (n=2) (na)

Standardised measurement of BP, all
biochemistries performed in single reference
laboratory, RIA of aldosterone performed at

Michigan State University

Low/normal High aldo group
aldo group (n=6)
(n=15)
L )
Y

Included in regression analysis
between RIA & LC-MS/MS methods
for aldosterone quantification

FIGURE1 |

Non-standardised
measurement of BP,
biochemistry & aldosterone
with methods particular to the
referral hospitals

PHA group
(n=6)

Flowchart depicting case inclusion criteria. RIA indicates radioimmunoassay; T4, total thyroxine; low/normal aldo, low or normal

aldosterone measured by RIA; high aldo, high aldosterone measured by RIA; PHA, primary hyperaldosteronism; PME, post mortem examination;

BP, blood pressure; and LC-MS/MS, liquid chromatography tandem mass spectrometry.
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TABLE1 | Comparing steroid concentrations in male and female neutered cats.

FN MN
Steroid LLOQ (nmol/L) n (nmol/L) n P Adjp
11-deoxy-corticosterone 0.45 <LLOQ (<LLOQ-1.59) 3/7 0.71 (< LLOQ-1.93) 7/8 0.18 0.45
Corticosterone 0.29 9.0 [3.6-34.1] 7/7 13.3(2.7-23.1) 8/8 0.54 0.58
Aldosterone 042  <LLOQ(<LLOQ-0.48) 1/7 <LLOQ 0/8  0.35 0.57
Progesterone 0.32 1.1 (0.6-1.8) 7/7 1.0 (0.4-1.4) 8/8 0.54 0.58
11-deoxycortisol 0.43 0.57 (< LLOQ-0.79) 4/7 0.92 (< LLOQ-1.16) 5/8  0.28 0.57
Cortisol 0.28 161 (76-241) 7/7 129 (23-231) 8/8  0.46 0.58
Cortisone 0.28 48 (31-76) 7/7 24 (20-39) 8/8 0.0093 0.083
Pregnenolone 0.63 8.4(4.4-22.1) 7/7 6.1 (<LLOQ-8.8) 7/8 0.054 0.23
11-keto-androstenedione 0.33 0.59 (0.27-1.24) 6/7 0.28 (0.11-1.23) 3/8 0.12 0.39
11-keto-testosterone 0.33 <LLOQ (<LLOQ-0.52) 2/7 <LLOQ(LLOQ-0.41) 1/8 0.51 0.58
11B-hydroxy-androstenedione 0.33 3.4 (0.4-5.0) 7/7 2.2(0.5-5.7) 8/8 1.00 1.00
Sa-androstanedione 0.52 <LLOQ (<LLOQ-0.58) 1/7 <LLOQ 0/8 0.35 0.57
5a-dihydro-progesterone 0.63 2.8 (1.1-5.2) 7/7 0.7 (< LLOQ-2.6) 6/8 0.013 0.083

Note: Comparison of steroid concentrations measured by LC-MS/MS female neutered (FN, n=7) and male neutered (MN, n=38) cats from the low/normal aldosterone
group. Measurements are summarized as median (range). Where steroids were below the lower limit of quantification (LLOQ) an arbitrary value of LLOQ/2 was
assigned. Groups were compared using Mann Whitney U tests with Benjamini Hochberg correction. UD indicates below the limit of detection; n, number of samples
above the LLOQ; and Adj p, adjusted p-value. Bold values indicate statistically significant (p <0.05).

multiple comparisons. Following a significant difference in
the Kruskal-Wallis test, post hoc pairwise comparisons were
conducted using Mann Whitney U tests. No power analysis
was performed since no similar study has been performed on
feline samples.

3 | Results
3.1 | Clinical Data

Cats in the study were all neutered, over 6 years old, and groups
were balanced with respect to age, breed, and sex (Table 2).
Many cats had azotemic chronic kidney disease in the low aldo
(10/15), high aldo (6/6) and PHA groups (3/6). Fewer cats in the
low aldo group were hypertensive. One cat in each of the high
aldo and PHA groups was hyperthyroid. Potassium supplemen-
tation might have been administered to cats in the PHA group
at the time of sampling. Cats in the PHA group were all hypo-
kalemic before potassium supplementation, and 4/5 were doc-
umented to be hypertensive; blood pressure was not measured
in one case. In three of the cats, the adrenal tumor tissue was
collected at the time of surgical adrenalectomy, and in three
cats, this was harvested during post-mortem examination. In
cats with PHA seen at the first opinion clinic, the presence
of an adrenal mass was suspected ante-mortem but was not
confirmed by diagnostic imaging (n=1) or was an incidental
finding (n =1). For the remaining cat with an adrenal tumor re-
moved post-mortem, the diagnosis of an aldosterone-producing
adrenal tumor had been made in life based on clinical presenta-
tion and diagnostic imaging (computed tomography and ultra-
sound) but the owner declined surgery and elected for medical

management. PHA cases were managed with spironolactone
(n=3), amlodipine (n=4) and potassium supplementation
(n=3), and concurrent conditions were managed with renal
diet, meloxicam, furosemide, and thiamazole (n=1 each). Five
of the six adrenal masses were classified by board-certified pa-
thologists as adrenocortical carcinomas, with one of these cases
also having distant lung metastases; the remaining case was
classified as an adenoma. Where measurements were reported
(n=>5) the largest dimension of the adrenal masses ranged from
1.5 to 10cm. The PHA case with an adenoma had a lower aldo-
sterone concentration (586 pmol/L) than the cats with ACCs but
did not have the smallest adrenal tumor (2.3cm). Aldosterone
concentration measured by LC-MS/MS was different between
groups (p<0.001) and was lower in the high aldo group than
the PHA group (p=0.026).

3.2 | Comparing Aldosterone Quantification
Methods

Paired aldosterone measurements performed on plasma ali-
quots by RIA and LC-MS/MS (n=21) were significantly highly
linearly related (r=0.93, p<0.001; Figure 2A), but values ob-
tained by LC-MS/MS were consistently lower than those ob-
tained by RIA (bias —56 pmol/L, 95% confidence interval —104
to —7; Figure 2B). The bias between measurement methods was
relatively constant across a range of aldosterone values, and
azotemic status did not alter this relationship. Multiple linear
regression indicated that creatinine concentration (p=0.95)
did not alter the strength of the association between aldoste-
rone concentrations measured by the two different methods
(R2=0.88, p<0.001).
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3.3 | Steroid Profiles in Cats Without PHA

A mixture of serum (n=19) and plasma (n=8) samples was sub-
jected to steroid measurement by LC-MS/MS. Of the 25 steroids
investigated, 12 steroids were below the LLOQ including andro-
stenedione, dehydroepiandrosterone (DHEA), androstanediol, 5a-
androsterone, allo-pregnanolone, 17-hydroxy-hallopregnanolone,
17-hydroxypregnenolone, 17-hydroxyprogesterone, testosterone,
Sa-dihydrotestosterone, 11-hydroxytestosterone, and 17a-hydroxy-
5a-dihydroprogesterone. Thirteen steroids were detectable in one
or more cats across all groups (Table 1). Female (n=7) and male
(n=28) neutered cats with aldosterone concentrations below the

TABLE 2 | Descriptive statistics of cases.

upper limit of the reference range had similar ages (median 15.1
and 15years, respectively) and creatinine concentrations (median
240 and 152 umol/L or 2.71 and 1.72 mg/dL, respectively). None of
the measured glucocorticoids were present at different concentra-
tions between the sexes after correcting for multiple comparisons;
although, without correction for multiple comparisons, cortisone
was higher (p=0.0093, adjusted p=0.083) in females (48, range
31-76 nmol/L) than males (24, range 20-39 nmol/L). Otherwise, no
differences in steroid concentrations were detected between male
and female blood steroid profiles. 11p-hydroxyandrostenedione
was the 11-oxygenated androgen detected at the highest concen-
tration in neutered cats.

Low aldo (n=15)

High aldo (n=6) PHA (n=6)

Age (years)
Breed (Birman:DLH:DSH) 1:1:13
Sex (FN:MN) 7:8
Hypertension status (Y:N) 1:14
Hyperthyroid status (Y:N) 0:15
Potassium (mEq/L)
Creatinine (umol/L)

(mg/dL)
Aldosteroned (pmol/L)

15.0 (6.0-19.0)

3.90 (3.13-4.45)°
248 (178-1087)
2.8(2.0-12.3)
147 (10-480)

16.7 (11.7-20.6) 13.7 (13.3-14.8)

0:2:4 0:3:3
4:2 3:3
4:2 4:12
1:5 1:5

3.34(3.07-3.70)
192 (87-808)
2.2(1.0-9.1)

683 (370-1030)

3.06 (2.42-3.94)b<
151 (104-388)°
1.7 (1.2-4.4)
3061 (586-30803)

Note: Descriptive statistics for high aldosterone measured by RIA (high aldo, n=6), low/normal aldosterone measured by RIA (low aldo, n=15) and primary
hyperaldosteronism (PHA, n=6) groups, giving median (range). High aldo indicates high aldosterone by RIA; low aldo, low/normal aldosterone by RIA; PHA,
primary hyperaldosteronism; DLH, domestic longhair; DSH, domestic shorthair; FN, female neutered; MN, male neutered; Y, yes; and N, no.

4BP not measured in one case.

bCats might have received potassium supplementation at the time of the sampling.

“Not measured on the same sample or using the same methodology.
dAldosterone measured by mass spectrometry.

>

1000

LC-MS/MS (pM)
600
|

0 200
|

v o)

200

o

-200

Difference LCMS-RIA (pM

0 200 400 600 800
RIA (pM)

0 250 500 750 1000
Mean [Aldosterone] (pM)

FIGURE 2 | Comparison of aldosterone measurement by liquid chromatography tandem mass spectrometry (LC-MS/MS) and radioimmunoas-
say (RIA) for cats without overt primary hyperaldosteronism (n=21). (A) Passing-Bablok analysis yielded the equation LC-MS/MS=1.01 (RIA)-
60.5, Pearson's linear correlation coefficient r=0.93, n=21. Blue line: fitted regression line, shading: 95% confidence interval, red dashed line: iden-

tity. Point color depicts hypertension status: red; hypertensive and black; normotensive. Point shape depicts CKD status: circles; non-azotemic and

triangles; azotemic chronic kidney disease. (B) Bland-Altman analysis demonstrated a mean negative bias of —56 pmol/L (95% CI —104 to —7) for

the LC-MS/MS method. Dashed lines give upper limit of agreement (+1.96 SD), mean bias and lower limit of agreement and shading gives the 95%

confidence intervals with dotted lines at the limits.
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3.4 | Comparison of Steroid Profiles
Between Groups

In addition to aldosterone, 10 steroids were significantly dif-
ferent between cats with low aldo (n=15), high aldo (n=6)
and PHA (n=6; Figure 3). These included four precursor ste-
roids (pregnenolone, progesterone, 17-hydroxyprogesterone
and S5oa-dihydroprogesterone), two mineralocorticoids (de-
oxycorticosterone and corticosterone), three glucocorticoids
(11-deoxycortisol, cortisol and cortisone) and one androgen
(androsterone). Although statistically different between groups,
17-hydroxyprogesterone and androsterone were only above
LLOQ in a minority of the cats, and so these results are relegated
to Figure S1.

Compared with the low aldo group, the high aldo group had
significantly higher concentrations of the common steroid
precursors (progesterone and 17-hydroxyprogesterone), min-
eralocorticoids  (deoxycorticosterone, corticosterone) and
11-deoxycortisol and significantly lower concentrations of Sa-
dihydroprogesterone. Androsterone was the only steroid with a
significantly higher concentration in the PHA group than the
low aldo group (p=0.04). Compared with the high aldo group,
the PHA group had significantly lower concentrations of the
common steroid precursors pregnenolone and progesterone and
glucocorticoids (including 11-deoxycortisol and cortisol).

4 | Discussion

Aldosterone measurements obtained by RIA and LC-MS/MS in
this study were shown to be strongly related; although quanti-
fication by LC-MS/MS was lower, as expected, since this has
also been seen with human samples [19]. Plasma creatinine con-
centration was not associated with discrepancies between RIA
and LC-MS/MS methods for aldosterone quantification, indi-
cating that aldosterone quantification can be performed using
either RIA or LC-MS/MS in clinical practice for the diagnosis
of PHA. Since absolute measurements were different by the two
methods, method-specific reference intervals must be used and
remain to be established for this LC-MS/MS method. This study
also identified differences in multi-steroid profiles on 200 uL of
cat serum or plasma from cohorts of cats with low aldo, high
aldo, and PHA.

Aldosterone concentration can be spuriously elevated in hu-
mans with kidney disease when measurements are made by
RIA [11]. This falsely high aldosterone concentration arises
due to the accumulation of polar metabolites, which can be
removed by solvent extraction before RIA to provide reliable
results [9, 10]. In the present study, we found no evidence for
polar metabolites interfering in the RIA because the relation-
ship between aldosterone measurements by RIA and LC-MS/
MS (which would not be affected by polar metabolites) was not
affected by azotemia. This finding could be in accordance with
the observation of minimal aldosterone metabolites in previous
studies of feline urine [20], indicating that aldosterone metabo-
lites produced in cats might be different from those formed in
humans, possibly due to differences in downstream metabolism
or conjugation [21]. It should be noted that most cats in the low
and high aldo groups had elevated creatinine concentrations, as

cases were selected from a cohort of cats with CKD that had en-
docrine testing performed for a previous study.

In humans, there are sex-related differences in steroid hormone
concentrations [22]. Steroid profiles were not different between
male and female neutered cats in this study. Due to the small
sample size, the power was somewhat limited, and it is possi-
ble that subtle differences between the sexes could have been
missed, but the lack of difference could also reflect the influence
of neutering. Androgen concentrations were low in all neutered
cats, indicating a lack of adrenal steroidogenesis, similar to rats,
mice, and ferrets [23, 24]. Of note, androstenedione and DHEA
were undetectable (LLOQ 0.7 and 0.69 nmol/L, respectively). In
a previous study of 3-year-old neutered cats, androstenedione
and DHEA concentrations were 0.24-1.92nmol/L by immuno-
assay and 0.31-1.63nmol/L by mass spectrometry, respectively
[8]. A similar androstenedione reference interval is given in
another study [25]. The present study looked at older cats, and
the production of these steroids might reduce with age; alterna-
tively, residual androgens produced by gonads could have been
present in the younger cats as the date of neutering was not re-
ported. DHEA is undetectable in species other than humans and
primates as DHEA and DHEA sulfate are only produced in the
adrenal cortex of these species [26, 27].

11B-hydroxyandrostenedione was the most abundant
11-oxygenated androgen in feline blood, which is similar to
other species, including pigs, guinea pigs, and primates [28].
In humans, 113-hydroxyandrostenedione is produced from an-
drostenedione, catalyzed by the enzyme CYP11B1 [29], and to a
lesser degree from cortisol [30]. Since neutered cats had minimal
circulating androstenedione concentrations, it is likely that the
11B-hydroxyandrostenedione was being produced from cortisol.
Transfection experiments of genes encoding relevant enzymes
(CYP11B and CYP17A1) and treatment with steroids, followed
by measurement of steroids in culture medium, could help to
clarify the major routes of steroid synthesis in cats.

Median concentrations of deoxycorticosterone measured in
cats in this study were higher than the upper 97.5 percentile for
human blood deoxycorticosterone concentrations (0.49 nmol/L)
[31], suggesting differences in steroid metabolism in cats. This
is supported by a previous study where deoxycorticosterone was
quantified by immunoassay [8]. This could be a result of differ-
ing kinetics of the feline multifunctional CYP11B enzyme com-
pared to the separate cortisol and aldosterone synthase enzymes
found in humans.

The multi-steroid profile revealed differences between steroid
concentrations in three groups: PHA, low aldo, and high aldo.
Of note, the PHA group had lower glucocorticoid concentrations
(including cortisol) than the low aldo group, while the high aldo
group had higher glucocorticoid production (excluding cortisol)
than the low aldo group. This contrasts with PHA in humans,
where some adrenal tumors secrete cortisol alongside aldoste-
rone [32]. It is possible that the acute stress of veterinary visits
could stimulate ACTH-dependent glucocorticoid production
in cats, which might be absent in the PHA cases if tumors are
autonomously secreting hormones that suppress ACTH se-
cretion, or the effect might be blunted by the large amount of
steroid already in circulation. Dynamic ACTH stimulation
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FIGURE3 | Boxplots with overlying circles representing each data point for steroids with significantly different concentrations between the three
groups. Low/normal aldosterone by RIA in purple (low, n=15), high aldosterone by RIA in green (high, n=6), and primary hyperaldosteronism
in yellow (PHA, n=6). Y-axes give steroid concentration in nmol/L on a linear scale except for aldosterone which is logarithmic. The lower limit of
quantification (LLOQ) depicted as a horizontal dashed line, all values below the LLOQ were assigned a value of LLOQ/2. Each row of graphs rep-
resents common precursors, mineralocorticoids and glucocorticoids respectively. p-values on panel label are from Kruskal-Wallis one way ANOVA,

p-values as annotations give post hoc comparisons with Benjamini Hochberg correction. Boxes depict the 25th, 50th and 75th percentiles; whiskers

extend from the hinge to the largest value not more than 1.5x the interquartile range from the hinge. DOC indicates 11-deoxycorticosterone; deoxy-

cortisol, 11-deoxycotisol; and 5aDHP, 5a-dihydroprogesterone.

tests could be performed to investigate the adrenal reserve for
cortisol production in PHA cases. Many of the cats in the low
and high aldo groups had relatively high creatinine concentra-
tions. This was due to the enrichment of the study population

for cats with relatively severe azotaemia, so that we could ad-
dress the clinical question of whether RIA performance would
be altered in this situation. In contrast, most of the PHA group
were non-azotaemic. As would be anticipated, there were more
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hypertensive cats in the high aldo and PHA groups than in the
low aldo group, and this could be attributed to aldosterone ex-
cess causing hypertension.

Excess production of multiple steroids has been reported in cats
with hyperaldosteronism [15], this was not evident in the cohort
of cats with PHA reported here, although the number of cats
investigated was very small. 11/12 cats with PHA reported in
the literature with concurrent progesterone hypersecretion were
diabetic [12, 33, 34]. None of the included PHA cases had con-
current diabetes. Pregnenolone, a common precursor of many
steroids analyzed, had concentrations that were significantly
lower in the PHA group than in either high or low aldo groups.

The guidelines for PHA diagnosis in humans recommend PRA
measurement [1], however, a limitation of our work was that
PRA was not measured for all cats with PHA. The classification
system used to define PHA cases in this study (unilateral tumor
with aldosterone excess) has been used in other feline studies
due to a lack of availability of PRA assays [35], however, this
classification system likely only selects for the extreme cases
of PHA with large tumors and severe clinical signs. Cats in the
high aldo group could have primary or secondary hyperaldoste-
ronism; however, no information about adrenal size was avail-
able. It is therefore interesting that the pattern of changes was
different in the high aldo and PHA groups, suggesting that the
pathogenesis of excess aldosterone might be different in the high
aldo and PHA groups.

Available literature on feline PHA cases with a histopathologi-
cal diagnosis reports 59% (58/99) as adrenocortical carcinomas
(ACC) and 37% (37/99) as adenomas [3, 12-14, 33, 34, 36-49].
In contrast, most aldosterone-secreting tumors in humans are
benign adenomas, and only around 2.5% are adenocarcino-
mas [50]. This could be because of higher screening rates in
humans, with many adrenal masses being detected inciden-
tally. For cats, routine imaging is less common; small adeno-
mas can be challenging to detect, and mild signs mean PHA
might remain underdiagnosed [2], with only cases with severe
aldosterone excess being detected. Longer and more detailed
follow up of humans after removal of aldosterone-producing
adrenal tumors means that metastasis or recurrence of tumors
is closely monitored.

Multi-steroid profiling has emerged as a valuable diagnostic tool
in humans. It aids in differentiating adrenocortical adenomas
from carcinomas with high specificity and can identify patterns
associated with prognosis [51, 52]. Such feline specific classifi-
cation systems to differentiate benign and malignant adrenal tu-
mors do not exist. Within this PHA cohort, five out of six cases
were classified as ACCs, and whilst three of these showed ma-
lignant behavior (macroscopic invasion of the caudal vena cava
or distant metastasis), it is possible that the remaining tumors
were misclassified. ACCs in humans tend to secrete precursor
steroids including 11-deoxycortisol, 11-deoxycorticosterone, and
17-hydroxyprogesterone, or their urinary metabolites tetrahydro-
11deoxycortisol, 5-pregnenediol, and 5-preganen-triol [51-54].
Precursor steroid excesses were not observed in this feline PHA
cohort; 11-deoxycortisol and 17-hydroxyprogesterone were sig-
nificantly lower in the PHA group.

Humans with unilateral PHA have higher serum concentra-
tions of hybrid steroids (18-hydroxycortisol and 18-oxocortisol)
than patients without PHA [55], and this is particularly common
in patients with tumors containing KCNJ5 mutations [56-58].
18oxo-cortisol and 18-hydroxycortisol were not included in this
assay, but it would be interesting to investigate the concentra-
tions of these steroids in feline blood, especially within a cohort
of cats with PHA. Many factors including age and body mass
index have been reported to affect blood steroid profiles in hu-
mans [31], it was not possible to control for all potentially impli-
cated factors within this cohort of cats.

Due to the retrospective nature of this study, both serum and
plasma samples were included in the analysis. Serum sam-
ples were preferred, as serum has lower matrix effects than
plasma. To overcome this issue as much as possible, inter-
nal standards were incorporated, which should account for
some of the matrix effects. This is a limitation of the study,
and future research will focus on either serum or plasma only.
Diagnostic imaging of the abdomen is not routinely performed
on cats evaluated in the first opinion clinic (all cats in the high
and low aldo groups and two PHA cats), and for some cases,
aldosterone measurements were performed on archived blood
samples after the cat had died, precluding further diagnostic
evaluation. Furthermore, this study did not include a healthy
control group.

This study suggests that both LC-MS/MS and RIA can be
used for the quantification of aldosterone, but assay-specific
reference intervals should be used when interpreting the re-
sults. Azotemia was not observed to affect the performance
of RIA quantification of aldosterone, suggesting that RIA
measurement remains appropriate for cats with CKD. The
multi-steroid profile was used to compare steroid production
between different groups of cats, including those with PHA,
and might be applicable to other steroid endocrinopathies,
including hypercortisolism or hypoadrenocorticism. Steroid
profiling has also been used to identify steroid enzymopathies
such as in congenital hyperplasia in humans [59], and could
have similar applications for veterinary patients with a single
test rather than requiring large volumes of blood for multiple
immunoassays.

Acknowledgments

Part of this study was presented at the 32nd annual European College
of Veterinary Internal Medicine—Companion Animals (ECVIM-CA)
Congress, Goteborg, Sweden, 2022. Thanks to the cats and owners who
participated in the research clinics, Nicola Lotter who organizes the re-
search clinic, and to all involved in the collection of the samples used
in this study.

Disclosure

Authors declare no off-label use of antimicrobials.

Ethics Statement

Royal Veterinary College's Ethics and Welfare Committee approved the
collection and use of samples (URN 20131258E and URN 20212060-3).
Authors declare that human ethics approval was not needed.

8 of 10

Journal of Veterinary Internal Medicine, 2025

85U8017 SUOWILIOD 8AIIeID) 3|cedldde ays Aq peuenob are ssoiie YO 8sn JO Sa|nJ Joj Ariq18UlIUO AB|IA UO (SUORIPUOD-pUe-SLLBI/ALICO" A3 1M AR 1B [UO//SANY) SUORIPUOD Pue SWB | 8u 88S *[G202/ZT/20] Uo Akeiqiauliuo A8|1m ‘uopuo-ebe|oD rledw | AQ 60202 WIAITTTT OT/I0P/WO0D A8 1M AReiq 1 jBuluo//Sdny WOy pepeojumod ‘G ‘SZ0Z ‘9/9T6E6T



Conflicts of Interest

The authors declare no conflicts of interest.

Endnotes

! Michigan State University Veterinary Diagnostic Laboratory, USA.

References

1.J. W. Funder, R. M. Carey, F. Mantero, et al., “The Management of
Primary Aldosteronism: Case Detection, Diagnosis, and Treatment: An
Endocrine Society Clinical Practice Guideline,” Journal of Clinical En-
docrinology and Metabolism 101 (2016): 1889-1916.

2. H. S. Kooistra, “Primary Hyperaldosteronism in Cats: An Underdi-
agnosed Disorder,” Veterinary Clinics of North America: Small Animal
Practice 50 (2020): 1053-1063.

3.R. A. Ash, A. M. Harvey, and S. Tasker, “Primary Hyperaldostero-
nism in the Cat: A Series of 13 Cases,” Journal of Feline Medicine and
Surgery 7 (2005): 173-182.

4. S.Javadi, S. C. Djajadiningrat-Laanen, H. S. Kooistra, et al., “Primary
Hyperaldosteronism, a Mediator of Progressive Renal Disease in Cats,”
Domestic Animal Endocrinology 28 (2005): 85-104.

5. A. N. Hoofnagle and M. H. Wener, “The Fundamental Flaws of Im-
munoassays and Potential Solutions Using Tandem Mass Spectrome-
try,” Journal of Immunological Methods 347 (2009): 3-11.

6.S. Travers, L. Martinerie, C. Bouvattier, P. Boileau, M. Lombes, and
E. Pussard, “Multiplexed Steroid Profiling of Gluco- and Mineralo-
corticoids Pathways Using a Liquid Chromatography Tandem Mass
Spectrometry Method,” Journal of Steroid Biochemistry and Molecular
Biology 165 (2017): 202-211.

7. K. H. Storbeck, L. Schiffer, E. S. Baranowski, et al., “Steroid Metabo-
lome Analysis in Disorders of Adrenal Steroid Biosynthesis and Metab-
olism,” Endocrine Reviews 40 (2019): 1605-1625.

8.S. L. Owens, M. E. Downey, B. M. Pressler, et al., “Congenital Adre-
nal Hyperplasia Associated With Mutation in an 11beta-Hydroxylase-
Like Gene in a Cat,” Journal of Veterinary Internal Medicine 26 (2012):
1221-1226.

9. H. Koshida, I. Miyamori, R. Miyazaki, et al., “Falsely Elevated Plasma
Aldosterone Concentration by Direct Radioimmunoassay in Chronic
Renal Failure,” Journal of Laboratory and Clinical Medicine 114 (1989):
294-300.

10.7J. C.Jones, G. D. Carter, and G. A. MacGregor, “Interference by Polar
Metabolites in a Direct Radioimmunoassay for Plasma Aldosterone,”
Annals of Clinical Biochemistry 18 (1981): 54-59.

11. L. Lam, W. W. Chiu, and J. S. Davidson, “Overestimation of Aldo-
sterone by Immunoassay in Renal Impairment,” Clinical Chemistry 62
(2016): 890-891.

12. C. C. Harro, K. R. Refsal, N. Shaw, et al., “Retrospective Study of
Aldosterone and Progesterone Secreting Adrenal Tumors in 10 Cats,”
Journal of Veterinary Internal Medicine 35 (2021): 2159-2166.

13.J. Yu, J. Lenord, M. Lau, et al., “Gynaecomastia in a Male Neutered
Cat With an Adrenal Tumour and Associated Hyperprogesteronism,
Hypercortisolism and Hyperaldosteronism,” JFMS Open Reports 7
(2021): 20551169211045640.

14. G. Daniel, O. M. Mahony, J. E. Markovich, et al., “Clinical Findings,
Diagnostics and Outcome in 33 Cats With Adrenal Neoplasia (2002-
2013),” Journal of Feline Medicine and Surgery 18 (2016): 77-84.

15. D. K. Langlois, M. Mazaki-Tovi, C. C. Harro, and K. R. Refsal, “Mul-
tiple Corticosteroid Abnormalities in Cats With Hyperaldosteronism,”
Journal of Veterinary Internal Medicine 35 (2021): 2152-2158.

16. P. K. Tang, R. E. Jepson, Y. M. Chang, R. F. Geddes, M. Hopkinson,
and J. Elliott, “Risk Factors and Implications Associated With Renal
Mineralization in Chronic Kidney Disease in Cats,” Journal of Veteri-
nary Internal Medicine 36 (2022): 634-646.

17. L. Schiffer, F. Shaheen, L. C. Gilligan, et al., “Multi-Steroid Profiling
by UHPLC-MS/MS With Post-Column Infusion of Ammonium Fluo-
ride,” Journal of Chromatography B 1209 (2022): 123413.

18.Y. Benjamini and Y. Hochberg, “Controlling the False Discovery
Rate: A Practical and Powerful Approach to Multiple Testing,” Jour-
nal of the Royal Statistical Society. Series B, Statistical Methodology 57
(1995): 289-300.

19. A. E. Taylor, B. Keevil, and I. T. Huhtaniemi, “Mass Spectrometry
and Immunoassay: How to Measure Steroid Hormones Today and To-
morrow,” European Journal of Endocrinology 173 (2015): D1-D12.

20. H. M. Syme, M. G. Fletcher, S. R. Bailey, and J. Elliott, “Measure-
ment of Aldosterone in Feline, Canine and Human Urine,” Journal of
Small Animal Practice 48 (2007): 202-208.

21. C. D. van Beusekom, J. Fink-Gremmels, and J. A. Schrickx, “Com-
paring the Glucuronidation Capacity of the Feline Liver With Substrate-
Specific Glucuronidation in Dogs,” Journal of Veterinary Pharmacology
and Therapeutics 37 (2014): 18-24.

22. G. Eisenhofer, C. Duran, C. V. Cannistraci, et al., “Use of Steroid
Profiling Combined With Machine Learning for Identification and Sub-
type Classification in Primary Aldosteronism,” JAMA Network Open 3
(2020): €20162009.

23. W. M. van Weerden, H. G. Bierings, G. J. van Steenbrugge, F. H. de
Jong, and F. H. Schroder, “Adrenal Glands of Mouse and Rat Do Not
Synthesize Androgens,” Life Sciences 50 (1992): 857-861.

24.S. Wagner, M. Kiupel, R. A. Peterson, 2nd, et al., “Cytochrome b5
Expression in Gonadectomy-Induced Adrenocortical Neoplasms of
the Domestic Ferret (Mustela putorius furo),” Veterinary Pathology 45
(2008): 439-442.

25. C.G. Erger, A. L. Gerras, A.J. Conley, et al., “Case Report: Androgen-
Secreting Adrenocortical Tumors in Eight Cats,” Frontiers in Veterinary
Science 10 (2023): 1158142.

26.J. R. Ducharme, M. G. Forest, E. De Peretti, M. Sempé, R. Collu, and
J. Bertrand, “Plasma Adrenal and Gonadal Sex Steroids in Human Pu-
bertal Development,” Journal of Clinical Endocrinology and Metabolism
42 (1976): 468-476.

27. C. A. Snipes, M. G. Forest, and C. J. Migeon, “Plasma Androgen Con-
centrations in Several Species of Old and New World Monkeys,” Endo-
crinology 85 (1969): 941-945.

28.J. Rege, S. Garber, A. J. Conley, et al., “Circulating 11-Oxygenated
Androgens Across Species,” Journal of Steroid Biochemistry and Molec-
ular Biology 190 (2019): 242-249.

29.A. C. Swart, L. Schloms, K. H. Storbeck, et al., “llbeta-
Hydroxyandrostenedione, the Product of Androstenedione Metabolism
in the Adrenal, Is Metabolized in LNCaP Cells by 5alpha-Reductase
Yielding 11beta-Hydroxy-5alpha-Androstanedione,” Journal of Steroid
Biochemistry and Molecular Biology 138 (2013): 132-142.

30. L. R. Axelrod, D. C. Kraemer, J. Burdett, Jr., and J. W. Goldzieher,
“Biosynthesis of 11-Hydroxyandrostenedione by Human and Baboon
Adrenals,” Acta Endocrinologica 72 (1973): 545-550.

31. G. Eisenhofer, M. Peitzsch, D. Kaden, et al., “Reference Intervals
for Plasma Concentrations of Adrenal Steroids Measured by LC-MS/
MS: Impact of Gender, Age, Oral Contraceptives, Body Mass Index and
Blood Pressure Status,” Clinica Chimica Acta 470 (2017): 115-124.

32. W. Arlt, K. Lang, A. J. Sitch, et al., “Steroid Metabolome Analysis
Reveals Prevalent Glucocorticoid Excess in Primary Aldosteronism,”
JCI Insight 2 (2017): €93136.

90f 10

25U90 17 SUOWILIOD BATER.D) 3|0 [dde Uy AQ pouenob 8 a1 WO ‘8N J0 3N 10} AXeiq 1 BUIIUO AB]IA O (SUOTIPLIOD-PUE-SWLS] W' A I ATe.dlIpUI|UO)/STiL) SUOIIPUOD) PUB SWi | au 95 *[5202/2T/20] Uo Areiqiauliuo A8]im ‘uopuoabelio Fredul Ad 60202 WIAI/TTTT OT/I0pALGD"AB| W ARG PUIUO//SdY WO} PAPROIUMOQ ‘G ‘SZ0 ‘929T6E6T



33.J. Leshinsky, J. A. Beatty, A. Fawcett, et al., “Aldosterone and
Progesterone-Secreting Adrenocortical Adenocarcinoma in a Cat
With a Concurrent Meningioma,” JFMS Open Reports 2 (2016):
2055116915624448.

34. A. E. DeClue, L. A. Breshears, 1. D. Pardo, M. E. Kerl, J. Perlis, and
L. A. Cohn, “Hyperaldosteronism and Hyperprogesteronism in a Cat
With an Adrenal Cortical Carcinoma,” Journal of Veterinary Internal
Medicine 19 (2005): 355-358.

35. V. Fabres, R. Dumont, M. Garcia, et al., “Evaluation of Oral Telmis-
artan Administration as a Suppression Test for Diagnosis of Primary
Hyperaldosteronism in Cats,” Journal of Veterinary Internal Medicine
37 (2023): 1341-1347.

36. A. Rijnberk, G. Voorhout, H. S. Kooistra, et al., “Hyperaldostero-
nism in a Cat With Metastasised Adrenocortical Tumour,” Veterinary
Quarterly 23 (2001): 38-43.

37. A. D. MacKay, P. E. Holt, and A. H. Sparkes, “Successful Surgical
Treatment of a Cat With Primary Aldosteronism,” Journal of Feline
Medicine and Surgery 1 (1999): 117-122.

38. S. B. Reimer, A. Pelosi, J. D. Frank, et al., “Multiple Endocrine Neo-
plasia Type Iin a Cat,” Journal of the American Veterinary Medical Asso-
ciation 227 (2005): 101-104.

39. S. Haldane, T. K. Graves, S. Bateman, and C. A. Lichtensteiger, “Pro-
found Hypokalemia Causing Respiratory Failure in a Cat With Hyper-
aldosteronism,” Journal of Veterinary Emergency and Critical Care 17
(2007): 202-207.

40.S. A. Rose, A. E. Kyles, P. Labelle, et al., “Adrenalectomy and Caval
Thrombectomy in a Cat With Primary Hyperaldosteronism,” Journal of
the American Animal Hospital Association 43 (2007): 209-214.

41. S. C. Djajadiningrat-Laanen, S. Galac, S. E. Cammelbeeck, K. J. C.
van Laar, P. Boer, and H. S. Kooistra, “Urinary Aldosterone to Creati-
nine Ratio in Cats Before and After Suppression With Salt or Fludro-
cortisone Acetate,” Journal of Veterinary Internal Medicine 22 (2008):
1283-1288.

42.]. S. Renschler and G. A. Dean, “What is Your Diagnosis? Abdomi-
nal Mass Aspirate in a Cat With an Increased Na:K Ratio,” Veterinary
Clinical Pathology 38 (2009): 69-72.

43. B. Willi, P. H. Kook, S. Quante, et al., “Primary Hyperaldosteronism
in Cats,” Schweizer Archiv fiir Tierheilkunde 154 (2012): 529-537.

44.R. R. Smith, P. D. Mayhew, and A. C. Berent, “Laparoscopic Adre-
nalectomy for Management of a Functional Adrenal Tumor in a Cat,”
Journal of the American Veterinary Medical Association 241 (2012):
368-372.

45.S. C. Djajadiningrat-Laanen, Galac, M. H. Boeve, et al., “Evaluation
of the Oral Fludrocortisone Suppression Test for Diagnosing Primary
Hyperaldosteronism in Cats,” Journal of Veterinary Internal Medicine
27 (2013): 1493-1499.

46.A.J. Lo, D. E. Holt, D. C. Brown, M. D. Schlicksup, R. J. Orsher,
and K. A. Agnello, “Treatment of Aldosterone-Secreting Adrenocortical
Tumors in Cats by Unilateral Adrenalectomy: 10 Cases (2002-2012),”
Journal of Veterinary Internal Medicine 28 (2014): 137-143.

47. C. Attipa, S. Beck, V. Lipscomb, et al., “Aldosterone-Producing Adre-
nocortical Carcinoma With Myxoid Differentiation in a Cat,” Veterinary
Clinical Pathology 47 (2018): 660-664.

48. N. Kirkwood, L. Boland, L. Brunel, A. Wardman, and V. R. Barrs,
“Acute Adrenal Haemorrhage in Two Cats With Aldosterone-Secreting
Adenocarcinomas,” JFMS Open Reports 5 (2019): 2055116919840828.

49. S. Del Magno, A. Foglia, M. Rossanese, et al., “Surgical Findings and
Outcomes After Unilateral Adrenalectomy for Primary Hyperaldoste-
ronism in Cats: A Multi-Institutional Retrospective Study,” Journal of
Feline Medicine and Surgery 25 (2023): 1098612X221135124.

50. A. C. Griffin, R. Kelz, and V. A. LiVolsi, “Aldosterone-Secreting Ad-
renal Cortical Carcinoma. A Case Report and Review of the Literature,”
Endocrine Pathology 25 (2014): 344-349.

51. W. Arlt, M. Biehl, A. E. Taylor, et al., “Urine Steroid Metabolom-
ics as a Biomarker Tool for Detecting Malignancy in Adrenal Tumors,”
Journal of Clinical Endocrinology and Metabolism 96 (2011): 3775-3784.

52.1. Bancos, A. E. Taylor, V. Chortis, et al., “Urine Steroid Metabolo-
mics for the Differential Diagnosis of Adrenal Incidentalomas in the
EURINE-ACT Study: A Prospective Test Validation Study,” Lancet Dia-
betes and Endocrinology 8 (2020): 773-781.

53.S. Hussain, E. Panteliou, D. M. Berney, et al., “Pure Aldosterone-
Secreting Adrenocortical Carcinoma in a Patient With Refractory
Primary Hyperaldosteronism,” Endocrinology, Diabetes & Metabolism
Case Reports 2015 (2015): 150064.

54. K. Berke, G. Constantinescu, J. Masjkur, et al., “Plasma Steroid Pro-
filing in Patients With Adrenal Incidentaloma,” Journal of Clinical En-
docrinology and Metabolism 107 (2022): e1181-e1192.

55.P. Mulatero, S. M. di Cella, S. Monticone, et al,
“18-Hydroxycorticosterone, 18-Hydroxycortisol, and 18-Oxocortisol in
the Diagnosis of Primary Aldosteronism and Its Subtypes,” Journal of
Clinical Endocrinology and Metabolism 97 (2012): 881-889.

56.J. Rege, A. F. Turcu, and W. E. Rainey, “Primary Aldostero-
nism Diagnostics: KCNJ5 Mutations and Hybrid Steroid Synthesis in
Aldosterone-Producing Adenomas,” Gland Surgery 9 (2020): 3-13.

57.S. Ulick, J. D. Blumenfeld, S. A. Atlas, J. Z. Wang, and E. D.
Vaughan Jr, “The Unique Steroidogenesis of the Aldosteronoma in the
Differential Diagnosis of Primary Aldosteronism,” Journal of Clinical
Endocrinology and Metabolism 76 (1993): 873-878.

58. T. A. Williams, M. Peitzsch, A. S. Dietz, et al., “Genotype-Specific
Steroid Profiles Associated With Aldosterone-Producing Adenomas,”
Hypertension 67 (2016): 139-145.

59. M. P. Caulfield, T. Lynn, M. E. Gottschalk, et al., “The Diagnosis
of Congenital Adrenal Hyperplasia in the Newborn by Gas Chroma-
tography/Mass Spectrometry Analysis of Random Urine Specimens,”
Journal of Clinical Endocrinology and Metabolism 87 (2002): 3682-3690.

Supporting Information

Additional supportinginformation can be found online in the Supporting
Information section. Figure S1: Boxplots with overlying circles repre-
senting each data point for steroids without significantly different con-
centrations between the three groups. Low/normal aldosterone by RIA
in purple (low, n=15), high aldosterone by RIA in green (high, n=6),
yellow and primary hyperaldosteronism in yellow (PHA, n=6). Y-axes
give steroid concentration in nmol/L on a linear scale with the lower
limit of quantification (LLOQ) depicted as a horizontal dashed line. p-
values on panel labels are from Kruskal-Wallis one way ANOVA, p-
values annotated on graphs give post hoc comparisons with Benjamini
Hochberg correction. Boxes depict the 25th, 50th and 75th percentiles;
whiskers extend from the hinge to the largest value not more than 1.5x
the interquartile range from the hinge. Values below the lower limit of
quantification (LLOQ) were allocated values of LLOQ/2.170HP indi-
cates, 17-hydroxyprogesterone; 11K A4,11-ketoandrostenedione; 11KT,
11-ketotestosterone; 110HA4, 11-hydroxyandrostenedione; and 110HT,
11-hydroxytestosterone.
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