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Abstract
Background: Due to the low concentration of androgens in women and the limita-
tion	of	 immunoassays,	 it	 remains	a	challenge	to	accurately	determine	the	 levels	of	
serum	androgens	in	polycystic	ovary	syndrome	(PCOS)	patients	for	clinical	laborato-
ries.	In	this	report,	a	liquid	chromatography-tandem	mass	spectrometry	(LC-MS/MS)	
method	was	developed	and	validated	for	simultaneous	quantitation	of	testosterone	
(T),	androstenedione	(A4),	dehydroepiandrosterone	sulfate	(DHEAS),	dihydrotestos-
terone	(DHT),	and	17-hydroxyprogesterone	(17-OHP)	that	are	associated	with	PCOS.
Methods: The serum samples were processed by protein precipitation and solid phase 
extraction	before	analysis	with	the	in-house	developed	LC-MS/MS.	The	chromato-
graphic	separation	was	achieved	with	a	C18	column,	using	a	linear	gradient	elution	
with	two	mobile	phases:	0.02%	formic	acid	in	water	(phase	A)	and	0.1%	formic	acid	
in	methanol	(phase	B).	The	separated	analytes	were	detected	by	positive	or	negative	
electrospray	ionization	mode	under	multiple	reaction	monitoring	(MRM).
Results: The	assay	for	all	 the	five	analytes	was	 linear,	stable,	with	 imprecision	 less	
than 9% and recoveries within ±10%.	The	lower	limits	of	quantification	were	0.05,	
0.05,	5,	0.025,	and	0.025	ng/mL	for	T,	A4,	DHEAS,	DHT,	and	17-OHP,	respectively.	
In	the	receiver	operating	characteristic	curve	(ROC)	analyses	with	the	PCOS	(n	=	63)	
and	healthy	(n	=	161)	subjects,	the	AUC	of	the	four-androgen	combined	was	greater	
than that of any single androgen tested in PCOS diagnosis.
Conclusions: The	LC-MS/MS	method	for	 the	four	androgens	and	17-OHP	showed	
good	 performance	 for	 clinical	 implementation.	 More	 importantly,	 simultaneous	
quantitation	of	the	four	androgens	provided	better	diagnostic	power	for	PCOS.
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1  | INTRODUC TION

Polycystic	ovary	syndrome	(PCOS)	is	recognized	as	one	of	the	most	
common endocrine disorders in child-bearing aged women around 
the world1	and	is	complicated	with	reproductive,	metabolic,	and	psy-
chological features.2	However,	the	etiology	of	this	disease	remains	
largely unknown. Because of the heterogeneity in its clinical presen-
tations,	 the	 diagnostic	 criteria	 of	 polycystic	 ovary	 syndrome	 have	
been	debatable,3 which poses a huge challenge for its clinical diag-
nosis.4 Three significant diagnostic features of PCOS—chronic an-
ovulation,	hyperandrogenism,	and	polycystic	ovaries	 1,5—had been 
proposed and gained wide acceptance.1,5,6

Hyperandrogenism plays a prominent role in the pathological pro-
cess	of	PCOS,7 and it's considered as the most constant and important 
diagnostic component of this syndrome.6,8,9	However,	which	andro-
gens should be measured for the diagnosis of PCOS is still contro-
versial.	Ideally,	the	serum	levels	of	testosterone	(T),	androstenedione	
(A4),	dehydroepiandrosterone	 sulfate	 (DHEAS),	dihydrotestosterone	
(DHT),	and	17-hydroxyprogesterone	(17-OHP)	were	suggested	to	as-
sess	the	origins	and	the	extent	of	excessive	androgens	of	women.10,11

On	the	other	hand,	direct	immunoassays	(IAs),	such	as	radioimmu-
noassay	(RIA),	chemiluminescence,	and	enzyme	immunoassays,	are	the	
most widely used methods for measuring androgens in clinical labo-
ratories.6,12	The	IAs	were	found	to	be	susceptible	to	temperature,	pH	
value	 ionic	 strength,	 and	 other	 factors,13 resulting in relatively poor 
sensitivity and specificity.12,13	More	importantly,	IAs	are	prone	to	gen-
erate erroneous results and overestimate the androgens levels due to 
the	unavoidable	antibody-antigen	cross-reactions.	As	a	result,	the	IAs	
have been advised against being applied in the androgen measurement 
in women and children.12	Recently,	the	liquid	chromatography-tandem	
mass	spectrometry	(LC-MS/MS)-based	methods,	with	high	sensitivity	
and	 “gold-standard”	 specificity,14,15 have been employed to measure 
steroids in human serum.14	 Many	 studies	 have	 confirmed	 that	 the	
LC-MS/MS	had	good	performance	in	the	determination	of	T,	DHEAS,	
A4	 or	 other	 steroids,16-18 offering an ideal alternative methodology 
in the determination of hyperandrogenism in PCOS.19 Some previous 
studies	have	shown	that	the	simultaneous	determination	of	T	and	A4,	
or	T	and	DHT	was	achievable	with	excellent	accuracy	and	little	matrix	
interference.20,21	As	part	of	the	continual	efforts	to	improve	the	labo-
ratory	diagnostic	accuracy	of	hyperandrogenism	in	PCOS	patients,	we	
established	an	efficient	LC-MS/MS	method	for	simultaneous	measure-
ment	of	 serum	T,	A4,	DHEAS,	DHT,	and	17-OHP	and	evaluated	 the	
clinical utility of this androgen testing panel with the PCOS patients.

2  | MATERIAL S AND METHODS

2.1 | Chemicals and reagents

Methanol	 (Optima®	 LC/MS	grade),	 formic	acid	 (LC/MS	grade,	98%),	
and	 acetonitrile	 (Optima®	 LC/MS	 grade)	 were	 purchased	 from	
Fisher	 Scientific.	 The	 hormone-free	 human	 plasma	 (blank	 plasma,	
product	 code:1800-0058)	 was	 purchased	 from	 Shanghai	 Pufeng	

Biotechnology.	All	certified	reference	standards	(catalog	number,	con-
centration,	purity):	 testosterone	 (T-037,	1.0	mg/mL,	99.7%);	andros-
tenedione	(A-075,	1.0	mg/mL,	99.7%);	dehydroepiandrosterone	sulfate	
(D-065,	1.0	mg/mL,	99.9%);	dihydrotestosterone	(D-073,	1.0	mg/mL,	
99.9%);	 17-hydroxyprogesterone	 (E-060,	 1.0	 mg/mL,	 99.7%),	 and	
isotope-labeled	internal	standard	(IS)	solutions:	T-d3	(T-046,	100	μg/
mL,	99.0%);	A4-13C3	(A-084,	100	μg/mL,	99.8%);	DHEAS-d5	(D-066,	
100 μg/mL,	99.6%);	DHT-d2	(D-077,	100	μg/mL,	98.1%);	17-OHP-13C3 
(E-117,	100	μg/mL,	98.1%)	were	purchased	from	Cerilliant.

2.2 | Calibrators, quality control samples, and 
internal standard solutions

The	10-fold	calibrators	and	quality	control	(QC)	working	solutions	
were prepared from methanol stock solutions of a concentration of 
1.0	mg/mL	for	all	the	chemical	standards	and	were	stored	at	−20°C.	
For	 daily	 use,	 the	 six-point	 calibrators	 or	 QCs	were	 prepared	 by	
mixing	one	part	of	the	10-fold	working	solution	(5	μL)	with	10	parts	
of	 the	blank	plasma	 (50	μL).	As	 a	 result,	 the	 following	 equivalent	
concentrations	for	the	calibrators	and	the	QCs	were	achieved:	six-
point	 calibrators	 (T:	0.05,	0.1,	0.2,	0.60,	3,	6	ng/mL,	A4:	0.1,	0.2,	
0.4,	1.2,	6.0,	12	ng/mL,	DHEAS:	10,	20,	40,	120,	600,	1200	ng/mL,	
DHT:	0.05,	0.10,	0.20,	0.60,	3,	6	ng/mL,	17-OHP:	0.05,	0.10,	0.20,	
0.60,	3,	6	ng/mL);	high-level	QC	(QC-H)	(4.80	ng/mL	T,	9.60	ng/mL	
A4,	 960	 ng/mL	 DHEAS,	 4.80	 ng/mL	 DHT,	 4.80	 ng/mL	 17-OHP),	
medium-level	QC	(QC-M)	(0.60	ng/mL	T,	1.20	ng/mL	A4,	120	ng/
mL	DHEAS,	0.60	ng/mL	DHT,	0.60	ng/mL	17-OHP),	and	low-level	
QC	 (QC-L)	 (0.10	 ng/mL	 T,	 0.20	 ng/mL	A4,	 20.00	 ng/mL	DHEAS,	
0.10	 ng/mL	DHT,	 0.10	 ng/mL	 17-OHP).	 The	 IS	mixture	 was	 pre-
pared	with	methanol,	acetonitrile,	and	water	(1:1:2)	at	the	following	
concentrations:	10.00	ng/mL	T-d3,	2.00	ng/mL	A4-13C3,	5.00	ng/
mL	DHEAS-d5,	20.00	ng/mL	DHT-d2,	2.00	ng/mL	17-OHP-13C3.

2.3 | Sample preparation

For	each	sample	preparation,	50	μL	patient	 serum	+ 5 μL	methanol	
or 55 μL	plasma-diluted	QC/calibrator,	 10	μL	 internal	 standard	mix-
ture,	145	μL	methanol	and	150	μL	water	were	mixed	in	a	96-well	pro-
tein	precipitation	plate.	The	mixture	was	shaked	for	1	minute.	Then,	
the	supernatant	was	 transferred	 to	 the	Agela	Cleanert	PEP	96	Well	
Microplates	for	solid	phase	extraction,	followed	by	a	washing	step	with	
200 μL	of	10%	acetonitrile	in	hexane.	Lastly,	the	analytes	of	interest	
were eluted by 50 μL	methanol/acetonitrile	(1:9,	v/v)	and	collected	by	
a	96-well	collection	plate.	The	flow-through	was	further	diluted	with	
50 μL	water	and	10	μL	was	injected	for	the	LC-MS/MS	analysis.

2.4 | Instrumentation and conditions

The	 LC-MS/MS	 analysis	 was	 performed	 using	 an	 AB	 Sciex	
5500	 mass	 spectrometer	 coupled	 with	 a	 Shimadzu	 Nexera	 X2	
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high-performance	 liquid	 chromatography	 (HPLC)	 system.	 A	
Venusil	 MP	 C18	 column	 (VA93050,	 3.0	 ×	 50	 mm,	 3	 μm,	 Agela	
Technologies)	was	used	and	maintained	at	a	constant	temperature	
of	40°C	during	operation.	The	mobile	phase	A	was	composed	of	
0.02%	formic	acid	in	water,	and	the	mobile	phase	B	was	composed	
of 0.1% formic acid in methanol. The chromatography gradient 
conditions	(%B)	were	set	as	follows	(for	a	total	run	time	of	6.5	min-
utes)	with	 a	 flow	 rate	 of	 0.6	mL/min:	 55%	B	 for	 0-0.5	minutes,	
55%-75%	B	for	0.5-3.0	minutes,	75%-90%	B	for	3.0-3.5	minutes,	
90%	B	for	3.5-4.5	minutes,	90%-55%	B	for	4.5-4.6	minutes,	55%	
B	for	4.6-6.5	minutes.

The analytes were detected by the mass spectrometer with 
scheduled	 multiple	 reaction	 monitoring	 (MRM)	 in	 the	 positive	 or	
negative electrospray ionization mode. The source-specific param-
eters	were	as	follows:	 ion	spray	voltage,	5.5	kV	or	−4.5	kV;	vapor-
izer	temperature,	550°C;	collision	gas	flow	8	L/min;	curtain	gas	flow,	
35	L/min	and	nebulizer	gas	flow,	80	L/min.

2.5 | Assay validation

Based	 on	 the	 recommendations	 of	 the	 Clinical	 and	 Laboratory	
Standards	Institute	(CLSI)	62-A	guideline,22 the method was vali-
dated	for	linearity,	lowest	limit	of	quantitation	(LLOQ),	precision,	
accuracy,	matrix	effect,	 serum	sample	 stability,	 selectivity,	 carry	
over,	 and	 product	 ion	 cross-talk	 as	 described	 in	 the	 following	
paragraphs.

2.6 | Linearity and LLOQ

The linearity was evaluated by measuring the ratio of analyte peak 
area to the IS area against nominal concentrations of calibrators 
with linear regression and 1/X2 weighing. The linearity valida-
tion	was	performed	in	three	times	of	the	same	experimental	day	
and	the	average	slope,	 intercept,	and	correlation	coefficient	R	of	
the three repeats were reported. The acceptance criterion for a 
calibration curve was a correlation coefficient R of 0.990 or bet-
ter.	 The	LLOQs	were	 calculated	by	 analyzing	 the	 serially	diluted	
QC	specimens	spiked	with	IS	over	5	days.	The	LLOQ	was	defined	
as the average concentration at which the S/N ratio > 10 and 
CV < 20% and bias was within ±20%.

2.7 | Precision, accuracy, stability and matrix effect

The	intra-assay	imprecision	was	estimated	by	analyzing	the	QCs	for	
five times in the same run. The inter-assay imprecision was estimated 
by	analyzing	the	QCs	twice	a	day	for	a	total	of	10	days.	The	accuracy	
was	evaluated	by	the	recovery	studies,	in	which	the	recovery	of	each	
androgen	was	 calculated	 at	 high-,	medium-,	 and	 low-level	QCs	by	
comparing	 the	 IS	 peak	 area	 ratio	 of	 extracted	QC	 samples	 to	 the	
IS	peak	area	ratio	of	non-extracted	standard	solutions	at	the	same	

concentration. The stability of the analytes in serum was assessed 
by	evaluating	serum	samples	kept	at	4	and	21°C	(room	temperature)	
for	6	days.	The	matrix	effect	was	assessed	according	to	the	study	by	
Matuszewski	et	al.23	Briefly,	the	sample	A	was	basically	QC-L,	QC-M,	
or	QC-H	prepared	in	50%	methanol	in	water	(as	neat	sample),	and	it	
reflected	100%	recovery	with	no	matrix	effects.	The	sample	B	was	
essentially	the	extracted	blank	plasma	or	serum	pool	of	20	healthy	
women.	Then,	the	sample	B	extraction	was	split	into	two	parts:	One	
part	 was	 spiked	 with	 standard	 chemicals	 (prepared	 in	 methanol),	
with	 the	 final	 concentrations	equivalent	of	QC-L,	QC-M,	or	QC-H	
(sample	B1);	the	other	part	was	spiked	with	pure	methanol	(sample	
B2).	With	the	MS	responses	of	each	compound	from	samples	A,	B1,	
and	B2,	the	matrix	effect	was	calculated	with	the	following	formula:	
[(B1	−	B2)/A	−	1]	*	100%.

2.8 | Selectivity, carry over, and product ion cross-
talk

According	 to	 the	CLSI	62-A	guideline,22 it is important to confirm 
within	the	testing	system	(including	sample	processing	and	LC-MS)	
that the method has low background noise allowable for the assay. 
For	the	selectivity	validation,	the	human	hormone-free	plasma	with	
no addition of standards was prepared and analyzed as the double-
blank	control	with	the	LC-MS/MS	method.

Carry over was assessed by running a human hormone-free 
plasma	sample	immediately	after	injecting	a	calibrator	6	(upper	limit	
of	calibration	curve)	sample	to	verify	the	minimal	sample	carry	over.	
The calculated carry over in the blank sample should be less than 
25%	of	LLOQ	to	be	acceptable.22

To	check	whether	any	product	 ion	cross-talk	exists	 for	 the	an-
alytes	 that	 have	 identical	 product	 ions,22 we simply monitored all 
the ion transitions pairs listed in Table 1 at the chromatographic re-
tention	time	of	each	analyte	of	interest	(T,	A4,	DHEAS,	and	17-OHP	
sharing the primary product ions with the m/z	of	97.0).

2.9 | Patients for PCOS evaluation and reference 
interval studies

Totally,	 63	 untreated	 PCOS	 patients2 visiting the Endocrinology 
Department	 and	 161	 healthy	 females	 that	 were	 seeking	 for	 pre-
pregnancy	checkups	at	the	Internal	Medicine	Department	were	en-
rolled,	 from	January	 to	August	of	2019.	The	ethical	approval	 from	
the Beijing Obstetrics and Gynecology Hospital Research Ethics 
Committee and written informed consents from patients were ob-
tained. The serum samples were collected from the above recruited 
subjects who were at their menstruation period of day 2-5. This 
blood	 sampling	window	was	 recommended	 for	 the	 sex	 hormones	
including	androgens	measurements,	according	to	the	PCOS	clinical	
practice guidance implemented at our hospital.

The	reference	intervals	(RIs)	for	the	four	androgens	and	17-OHP	
were	derived	from	the	161	healthy	women,	with	the	nonparametric	
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approach	according	to	the	Clinical	and	Laboratory	Standards	Institute	
(CLSI)	 guideline	 EP28-A3C.24	 The	 receiver	 operating	 curve	 (ROC)	
analyses	were	performed	with	the	Sigmaplot	14.0	(Systat).	The	area	
under	the	curve	(AUC)	represents	the	discriminating	power	between	
the	PCOS	patients	and	healthy	controls,	with	P values < .05 consid-
ered statistical significance. The integrated discrimination improve-
ment	(IDI)	indices	were	calculated	according	to	the	literature25 using a 
customized	Visual	Basic	for	Applications	(VBA)	program	in	Microsoft	
Excel	software.

3  | RESULTS

3.1 | LC-MS/MS method optimization

The	 mass	 spectrometry	 instrumentation	 and	 conditions,	 includ-
ing	cone	energy	voltages,	MRM	transitions	(including	parent	and	
product	ions	of	quantifier,	qualifier,	and	internal	standard	for	each	
analyte),	 and	 collision	 energy	 voltages,	were	 optimized	 for	 each	
analyte,	and	the	values	were	listed	in	Table	1.	The	serum	concen-
trations	of	androgens	are	 low	 in	 female,	making	the	sample	pro-
cessing a crucial step to warrant the accuracy of the method with 
acceptable detection limits. The combinational application of pro-
tein	precipitation	and	solid	phase	extraction	applied	in	our	method	
was	approved	to	be	a	valid	and	efficient	way	of	extracting	a	trace	
amount of androgens in women's blood. Together with the mobile 
phases	 and	 chromatography	 settings	mentioned	 in	 the	Methods	
section,	 the	chromatogram	of	 the	well-resolved	peaks	 for	T,	A4,	
DHEAS,	DHT,	and	17-OHP	was	shown	in	Figure	1,	with	the	reten-
tion	times	of	3.49,	3.15,	2.47,	4.08,	and	3.63	minutes,	respectively.

3.2 | Assay validation summary

The	 linearity	 of	 the	 assay	was	 tested	 by	 regression	 analysis,	 and	 the	
correlation coefficient R values for all five analytes were >.995. The 
slopes	and	intercepts	of	the	linear	regression	equations	for	each	analyte	
were listed in Table 2. The linear ranges of the method were as follows: 
0.05-6	ng/mL	for	T,	0.1-12	ng/mL	for	A4,	10-1200	ng/mL	for	DHEAS,	
0.05-6	ng/mL	for	DHT,	and	0.05-6	ng/mL	for	17-OHP.	The	LLOQs	were	
determined	as	0.05,	0.05,	5.0,	0.025,	and	0.025	ng/mL	for	T,	A4,	DHEAS,	
DHT,	and	17-OHP,	respectively	(Table	2).	The	95%	confidence	intervals	
(CIs)	of	linearity,	precision,	and	sensitivity	studies	were	provided	in	the	
Tables	S2	and	S3.	The	intra-assay	CV	for	QC-L	ranged	5.2%-8.7%,	for	
QC-M	ranged	3.2%-5.0%,	and	for	QC-H	ranged	3.7%-6.3%;	the	inter-
assay	CV	for	QC-L	ranged	6.5%-8.2%,	for	QC-M	ranged	4.2%-6.0%,	and	
for	QC-H	ranged	4.1%-5.9%.	The	accuracy	for	each	analyte	was	evalu-
ated	by	 the	 recovery	 studies	as	described	 in	 the	Methods.	The	accu-
racy measured by % bias was within ±20%	acceptance	criteria	at	QC-L,	
QC-M,	and	QC-H	levels	from	intra-	or	inter-assay	experiments	(Table	3	
and	Table	S3).	The	analytes	were	found	to	be	stable	in	serum	for	at	least	
6	days,	when	stored	at	4	or	21°C	(Table	2).

In	the	matrix	effect	assessment	(Table	3),	the	matrix	effects	with	
blank plasma or patient serum pool were within 100 ±	20%,	showing	
insignificant	 ion	 suppression	 or	 signal	 enhancement.	More	 specif-
ically,	 the	matrix	effects	with	QC-H	were	104.3%-117.2%	 in	blank	
plasma	 and	 healthy	 women	 serum	 pool;	 the	 matrix	 effects	 with	
QC-L	were	92.6%-120.0%,	with	QC-M	were	99.4%-118.4%	in	blank	
plasma and were not evaluated with healthy women serum pool due 
to relatively high background of endogenous hormones.

As	seen	 in	Figure	S1,	 the	signal	 from	a	double	blank	sample	
(no	analyte,	no	IS)	reflected	low	background	noise	in	the	LC-MS	

TA B L E  1   The analytical and 
instrumental	parameters	of	the	LC-MS/
MS	method

Analytes Q1a , m/z Product ions Q3b , m/z DP, V CE, V CXP, V

T 289.3 Quantifier 97.0 160 30 11

Qualifier 109.0 160 34 11

T-C3 292.3 IS 97.1 160 31 10

A4 287.3 Quantifier 97.0 170 31 11

Qualifier 109.0 170 31 11

A4-C3 290.3 IS 100.1 165 30 12

DHEAS 367.1 Quantifier 97.0 -30 -20 -8

Qualifier 80.0 -30 -30 -10

DHEAS-D5 372.1 IS 98.0 -170 -45 -8

DHT 291.3 Quantifier 255.3 170 22 9

Qualifier 159.1 170 32 13

DHT-C3 294.3 IS 258.3 190 22 13

17-OHP 331.3 Quantifier 97.1 170 31 11

Qualifier 109.1 170 35 11

17-OHP-C3 334.4 IS 112.0 130 47 11

Abbreviations:	CE,	collision	energy;	CXP,	collision	cell	exit	potential;	DP,	declustering	potential;	IS,	
internal standard.
aQ1,	parent	ion.	
bQ3,	product	ions	including	quantifier	and	qualifier.	
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system.	Moreover,	 the	 carry	over	 for	 all	 the	 five	analytes	were	
acceptable	 (<25%	LLOQ	 in	 the	blank	 sample)	 (data	not	 shown).	
According	to	the	CLSI	C62-A,22 product ion cross-talk is only of 
real concern when compounds enter the mass spectrometer at 
the	same	time.	In	Figure	1,	no	essential	peak	“overlaps”	were	ob-
served	 between	 any	 of	 the	 analytes	 of	 interest.	 Nevertheless,	
we still performed the product ion cross-talk by monitoring all 
the ion transitions listed in Table 1. No product ion cross-talk 
was	 seen	across	 the	entire	 chromatographic	 running	 time	 (data	
not	shown).

3.3 | Reference intervals and PCOS evaluation

The reference intervals determined with the healthy controls for 
T,	A4,	DHEAS,	DHT,	and	17-OHP	were	0.08-0.86,	0.32-2.33,	273-
2500,	≤0.41,	and	≤2.7	ng/mL,	respectively	(2.5th-97.5th	for	two-
sided	 RIs,	 and	 ≤95th	 for	 one-sided	 RIs)	 (Table	 4).	 Interestingly,	
with	the	upper	RI	limits	as	cutoff	values,	47.6%	(30/63)	of	PCOS	
patients	had	single	T	elevated;	22.2%	(14/63)	had	T	plus	at	 least	
one	of	 the	other	 three	androgens	elevated;	6.3%	 (4/63)	 showed	
non-T	 (A4,	DHEAS	 or	DHT)	 androgen	 increase.	 This	 result	 sug-
gested that a portion of PCOS patients presented with only 
non-T	 androgen(s)	 increase	 and	 that	 the	 potential	 clinical	 utility	

of	 simultaneous	 quantitation	 of	 the	 four	 androgens	was	 high	 in	
PCOS diagnosis.

With	all	the	PCOS	(n	=	63)	and	the	healthy	(n	=	161)	subjects	en-
rolled,	the	ROC	analyses	showed	that	the	AUCs	of	T,	A4,	DHEAS,	and	
DHT	were	0.94,	0.52,	0.73,	and	0.81,	respectively	(Figure	2,	Table	4).	In	
the	same	ROC	analysis,	the	AUC	reached	0.99	in	the	case	of	simultane-
ous	quantitation	of	T,	A4,	DHEAS,	and	DHT	compared	with	the	AUC	of	
0.95 for T +	DHT	combination,	suggesting	the	joint	detection	of	the	four	
androgens	was	superior	to	any	single	androgen	measurement	(P <	.05)	
or T +	DHT	combination	in	the	diagnosis	of	PCOS	(Figure	2,	Table	4,	and	
Table	S1).	At	the	same	time,	with	the	IDI	evaluation	of	the	ROC	analyses,	
the four androgen testing panel showed better performance than any of 
the single andren or the T + DHT combination in discriminating PCOS 
patients,	suggesting	the	clinical	utility	and	significance	of	simultaneous	
quantifying	these	androgens	(P <	.05	for	AUC	comparison	and	IDI	cal-
culation	in	Table	S1).	The	raw	data	of	the	four	androgen	measurements	
in both the PCOS patients and the healthy controls were available in 
Table S4.

As	shown	in	Table	4,	with	the	cutoff	values	determined	with	the	
highest	Youden	Index	(sum	of	sensitivity	and	specificity	minus	one)	in	
the	ROC	analyses,	the	sensitivities	for	T,	A4,	DHEAS,	DHT,	T	+	DHT,	
and	four-androgen	combination	were	0.86,	0.84,	0.76,	0.76,	0.89,	and	
0.95,	respectively;	the	specificities	for	the	above	analytes	or	combina-
tions	were	0.90,	0.25,	0.65,	0.70,	0.94,	and	0.96,	respectively.

F I G U R E  1   The complete 
chromatograms of the five analytes 
resolved	by	the	established	LC-MS/MS	
method. The peak labels were as follows: 
DHEAS	(1),	A4	(2),	T	(3),	17-OHP	(4),	
and	DHT	(5).	There	were	three	peaks	
representing	quantifier	ions,	qualifier	ions,	
and internal standards separately under 
each compound in the chromatogram

Analytes R

Linear regression
LLOQ 
(ng/mL)

Stability, %

Slope (±SD) Intercept (±SD) 4°Ca  21°Ca 

T 0.9965 0.569	± 0.030 0.005 ±	0.006 0.05 117.1 104.6

A4 0.9990 0.196	± 0.009 0.008	± 0.007 0.05 104.0 110.0

DHEAS 0.9994 0.0012 ± 0.001 0.0032 ± 0.0032 5.0 93.0 92.6

DHT 0.9981 1.154 ± 0.049 0.015 ±	0.016 0.025 101.3 107.0

17-OHP 0.9988 0.076	± 0.003 0.003 ± 0.003 0.025 105.0 100.5

Abbreviation:	SD,	standard	deviation.
aRecoveries	for	serum	samples	stored	at	4	or	21°C	for	6	d.	

TA B L E  2  The	linearity,	LLOQ,	and	
stability in assay validation
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4  | DISCUSSION

Here,	 we	 developed	 and	 validated	 a	 simultaneous	 quantitation	
LC-MS/MS	method	for	the	four	androgens	and	17-hydroxyproges-
terone	 in	 female	 serum.	With	 the	 technical	 superiority	 of	 LC-MS	
more	and	more	acknowledged	by	clinical	laboratories,	it	has	become	
highly	 recommended	the	sex	steroids	 to	be	quantitated	by	LC-MS	
based methods.26 The analysis of steroids in serum samples is es-
pecially challenging due to the low level of androgens in women. 
Nevertheless,	it	has	been	reported	that	the	combination	of	an	effec-
tive serum processing method such as optimized SPE and a sensitive 
LC-MS/MS	 instrument	 increased	 the	 assay	 performance,	 allowing	
a	 low	quantification	 limit	well	 below	 that	 reported	 for	 the	 andro-
gens	(T,	A4,	and	DHEA)	in	female	serum.27,28	In	this	study,	we	em-
ployed a relatively simple serum preparation method and were able 
to	completely	separate	and	accurately	quantitate	the	T,	A4,	DHEAS,	
DHT,	 and	 17-OHP	 with	 a	 LC-MS/MS	 procedure	 in	 6.5	 minutes.	
Impressively,	 the	 imprecision	of	 this	assay	 for	all	 the	 five	analytes	
was <9%,	along	with	ideal	LLOQ,	linearity,	and	stability,	suggesting	
that this was a reliable method with high suitability for wide clinical 
implementation.

In	the	same	study,	we	also	evaluated	the	potential	clinical	unitality	
of	 the	 four-androgen	plus	17-OHP	panel	 in	 the	PCOS	diagnosis.	As	
part	of	the	natures	of	PCOS,	complicated,	and	dynamic	sex	hormone	
changes were observed in several studies with T elevation being the 

TA B L E  3  The	recoveries,	matrix	effects,	and	imprecisions	in	assay	validation

T A4 DHEAS DHT 17-OHP

Recovery,	%

QC-L 103.0 97.5 99.3 101.0 96.0

QC-M 104.5 103.7 109.5 103.2 109.3

QC-H 97.6 98.9 105.4 99.7 102.2

Matrix	effecta ,	%

QC-L 92.6 118.4 114.9 115.2 120.0

QC-M 99.4 116.2 112.0 110.0 118.4

QC-H 107.2 116.3 116.7 117.2 115.3

Matrix	effectb ,	%

QC-H 112.1 104.3 115.0 106.5 111.6

Intra-assay	CV,	%

QC-L 8.0 8.5 5.2 8.7 5.4

QC-M 5.0 4.1 4.1 3.8 3.2

QC-H 4.1 4.8 5.1 6.3 3.7

Inter-assay	CV,	%

QC-L 6.8 8.1 6.5 8.2 7.6

QC-M 5.7 4.2 5.7 6.0 6.0

QC-H 5.7 5.1 5.9 5.3 4.1

aMatrix	effect	with	blank	serum.	
bMatrix	effect	with	serum	pool	of	healthy	women.	

F I G U R E  2  Assessment	of	the	discriminatory	performance	of	
the	four	androgens	using	receiver	operating	characteristic	(ROC)	
curves.	The	ROC	analyses	were	performed	with	the	63	PCOS	
patients	and	161	healthy	controls.	The	combination	detection	
referred to the simultaneous measurements of the four androgens 
of	T,	A4,	DHEAS,	and	DHT
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most	prominent	signature	of	hyperandrogenism.	Free	T	was	suggested	
to be even more sensitive than total T in PCOS diagnosis but its di-
rect measurement was cumbersome and laborious.6,11,18	 However,	
it was widely accepted that the T was by far not the only androgen 
increased	in	the	PCOS	patients.	For	instance,	it	was	reported	that	al-
most 50% of the patients with PCOS had elevated circulating levels of 
DHEAS	and	that	the	combinational	measurements	of	T	and	DHEAS	
were superior to the conventional serum T alone in hyperandrogenism 
evaluation.9,29,30	Furthermore,	as	the	immediate	precursor	of	T	in	its	
biological	 synthesis,31,32	 A4	 accumulation	was	 also	 considered	 as	 a	
type	of	androgen	excess.11,33	A	prospective	study	showed	that	the	di-
agnosis	of	PCOS	could	be	increased	by	about	9%	if	A4	was	included	in	
the androgen panel.34	Further,	it	was	indicated	the	A4	might	represent	
a more sensitive marker for the biochemical detection of hyperandro-
genemia.11,33	DHT,	 formed	by	 the	5α-reduction	of	T,17 binds to the 
androgen	receptor	with	even	higher	affinity	when	compared	with	T,	
making DHT more active within its target cells.11,17	Therefore,	DHT	is	
one of the important targeting androgens in the diagnosis and treat-
ment	of	hyperandrogenism	in	PCOS	patients,	which	was	also	indicated	
that the T + DHT panel was superior to any single androgen for PCOS 
discrimination	in	present	study.	In	addition,	the	17-OHP,	another	an-
drogen	 analog,	 was	 the	main	 steroid	 recommended	 to	 exclude	 the	
non-classic	congenital	adrenal	hyperplasia	(NCAH)	35,36 introduced by 
the	21-hydroxylase	deficiency.	With	 significant	 serum	accumulation	
of	17-OHP,	the	NCAH	mimics	the	clinical	presentations	of	PCOS	and	
needs	to	be	excluded	in	the	PCOS	diagnostic	diagram	according	the	
main stream relevant guidelines.2,37,38

In	Guo	et	 al's	 recent	 study,	with	 a	 smaller	 patient	 cohort,	 also	
confirmed	 that	 T,	 A4,	 and	 DHT	 together	 might	 contribute	 to	 the	
more accurate diagnosis of PCOS.39	Similarly,	 in	present	study,	the	
combinational use of the four-androgens provided optimum PCOS 
discrimination with the ROC analyses with the best sensitivity and 
specificity,	 suggesting	 their	 potential	 diagnostic	 value	 as	 a	 testing	
panel,	although	the	cutoff	values	for	each	analyte	needs	to	be	fur-
ther validated in independent cohorts. In another closely related 
study	(PCOS	group,	n	=	152)	by	Handelsman	et	al,	the	authors	es-
tablished	 a	 relative	 comprehensive	 LC-MS	 steroid	 panel	 including	
estradiol	 (E2),	 estrone	 (E1),	 progesterone	 (P4),	 cortisol,	 calculated	
free	T,	17-OHP,	and	the	four	androgens	discussed	in	current	study.40 
However,	according	to	their	logistic	regression	study	using	forward	
stepping	models,	it	was	found	that	their	large	steroid	panel	was	no	

better in diagnosing PCOS patients compared with the traditional di-
rect	testosterone	immunoassay	or	the	free	androgen	index,	reflect-
ing the non-homogeneity of the presumptive PCOS clinical diagnosis 
with additional steroid profiling.40	 Further	 evaluations	with	 larger	
cohort and unified methods are needed to elucidate the apparent 
contradictory findings about the clinical unitality of steroids testing 
for PCOS discrimination.

According	to	the	current	PCOS	diagnosis	guideline,38	it	is	required	
and	necessary	to	exclude	the	possibility	of	NCAH	mimicking	the	symp-
toms	of	PCOS.	In	a	recent	review	article	comparing	PCOS	and	NCAH,41 
on	average,	87%	of	NCAH	patients	and	25%	of	PCOS	patients	showed	
elevated	 serum	 17-OHP	 levels,	 which	 was	 the	 only	 recommended	
screening	 assay	 to	 differentiate	 the	 two	 distinct	 diseases	 requiring	
different	therapeutic	treatments.	By	contrast,	the	common	androgens	
such	as	T	and	DHEAS	were	also	elevated	in	NCAH,	limiting	their	appli-
cations	in	differentiating	NCAH	from	PCOS.	In	our	study,	as	much	as	
52.4%	(33/63)	of	the	PCOS	patients	showed	elevated	17-OHP	and	had	
been	excluded	 for	NCAH	by	means	such	as	ACTH-stimulation,	LH/
FSH	 ratio,	 and	 other	 discrimination	 criteria.41 Considering the wide 
acceptance	of	measuring	the	17-OHP	as	a	NCAH	exclusion	marker,	it	
would be therefore convenient for clinical laboratories to include it in 
the androgen panels designed for PCOS diagnosis.

5  | CONCLUSION

In	summary,	a	laboratory-developed	assay	for	simultaneous	quanti-
tation of the four androgens and 17-OHP associated with PCOS was 
validated	with	 good	 performance.	More	 importantly,	 not	 only	 did	
this testing panel provided better diagnostic power for PCOS with 
the	combinational	measurements	of	T,	A4,	DHEAS,	and	DHT,	it	also	
added	the	convenience	of	simultaneous	screening	for	NCAH	which	
should	be	excluded	in	PCOS	diagnosis.
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TA B L E  4   The reference intervals establishments and the ROC analyses

Analytes T A4 DHEAS DHT 17-OHP T + DHT Combinationa 

Reference	intervals,	ng/mL 0.08-0.86 0.32-2.33 273-2500 ≤0.41 ≤2.7

AUCs	in	the	ROC	analyses 0.94 0.52 0.73 0.81 NDb  0.95 0.99

95%	confidence	interval	of	AUCs 0.90-0.97 0.44-0.60 0.66-0.81 0.74-0.87 NDb  0.92-0.98 0.97-1.00

Sensitivity 0.86 0.84 0.76 0.76 NDb  0.89 0.95

Specificity 0.90 0.25 0.65 0.70 NDb  0.94 0.96

aCombination	detection	of	T,	A4,	DHEAS	and	DHT.	
bNot determined. 
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