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Context: Measurement of anti-Mullerian hormone (AMH) is perceived as reliable, but the literature
reveals discrepancies in reported within-subject variability and between-method conversion fac-
tors. Recent studies suggest that AMH may be prone to preanalytical instability. We therefore
examined the published evidence on the performance of current and historic AMH assays in terms
of the assessment of sample stability, within-patient variability, and comparability of the assay
methods.

Evidence Acquisition: We reviewed studies (manuscripts or abstracts) measuring AMH, published
in peer-reviewed journals between January 1, 1990, and August 1, 2013, using appropriate
PubMed/Medline searches.

Evidence Synthesis: AMH levels in specimens left at room temperature for varying periods in-
creased by 20% in one study and by almost 60% in another, depending on duration and the AMH
assay used. Even at —20°C, increased AMH concentrations were observed. An increase over ex-
pected values of 20-30% or 57 %, respectively, was observed after 2-fold dilution in two linearity-
of-dilution studies, but not in others. Several studies investigating within-cycle variability of AMH
reported conflicting results, although most studies suggest that variability of AMH within the
menstrual cycle appears to be small. However, between-sample variability without regard to men-
strual cycle as well as within-sample variation appears to be higher using the Genll AMH assay than
with previous assays, a fact now conceded by the kit manufacturer. Studies comparing first-gen-
eration AMH assays with each other and with the Genll assay reported widely varying differences.

Conclusions: AMH may exhibit assay-specific preanalytical instability. Robust protocols for the
development and validation of commercial AMH assays are required. (J Clin Endocrinol Metab 99:
723-732, 2014)

n the female, anti-Millerian hormone (AMH), pro-  guide gonadotropin stimulation in assisted reproduction

duced by granulosa cells

of preantral and early antral  technology (ART) (6). AMH is also used as a granulosa

ovarian follicles, regulates oocyte recruitment and follicu-  cell tumor marker, a marker of ovarian reserve after che-
logenesis (1, 2). It can assess ovarian reserve (3-5) and  motherapy (7, 8), and to predict age at menopause (9, 10).
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Figure 1. Biological and analytical variability of AMH.

AMH immunoassays, first developed by Hudson et al
(11)in 1990, were introduced commercially by Diagnostic
Systems Laboratories (DSL) and Immunotech (IOT).
These assays were integrated into a second-generation
AMH assay, GenlI (12), by Beckman-Coulter, but recent
work suggests that this new assay exhibits clinically im-
portant, within-patient, sample variability (13-15). Beck-
man Coulter recently confirmed this with a field safety
notice (FSN 20434-3); they cite, without showing evi-
dence for, complement interference as the problem.

“True” AMH variability comprises both biological and
analytical components (Figure 1), and given the varying
antibody specificity and sensitivity of different AMH as-
says, then logically different kits will respond to these com-
ponents to varying degrees. This review considers the pub-
lished literature on AMH measurement using previous
and currently available assays. Potential sources of vari-
ation and their contribution to observed AMH variability
were identified.

Review Structure

This review has been divided into logical subgroups. We
first address the stability of AMH at different storage tem-
peratures, then the effects of freeze/thaw cycles, and finally
AMH variability in dilution studies. Secondly, the within-
person variability of AMH measurement is considered,
encompassing intra- and intermenstrual cycle variability
and repeat sample variability in general. The final section
covers AMH method comparisons, comparing older
methods to each other and to the newer, now prevalent

AMH sample stability, biological
and sample-to-sample variability, or
assay method comparison in human
clinical or healthy volunteer sam-
ples. Titles and/or abstracts of 1653
articles were screened to yield the fol-
lowing eligible publications: 10 stability studies, 17 intra/
intercycle variability studies, and 14 assay method com-
parability studies.

Sample Stability

Recent work has established that Genll-measured AMH is
susceptible to significant preanalytical variability (13, 14),
not previously acknowledged, which may have influenced
results in previous studies with this assay.

Stability of unfrozen samples

Five studies examined AMH stability in samples stored
either at room or fridge temperature (Table 1) (13, 16—
19). Al-Qahtani et al (16), assessing the precursor of the
DSLELISA, reported that “immunoreactivity survived the
storage of samples unfrozen for 4 days,” but they did not
record storage temperature or sample numbers. Evaluat-
ing the GenlI assay, Kumar et al (18) stored 10 samples at
2 to 8°C for up to 1 week and found an average 4% vari-
ation compared to samples analyzed immediately. How-
ever, their specimens, originally reported as “fresh,” ap-
pear to have been kept cool and transported overnight.
Fleming and Nelson (19) reported no significant change in
the Genll-assayed AMH from 51 samples stored at 4°C.
Methodological information was limited, but interroga-
tion of their data by Rustamov et al (14) suggested that
AMH levels rose by an average of 27% after 7 days of
storage. Zhao et al (17) reported a difference of less than
20% between DSL-assayed AMH in seven serum samples
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Table 1.

AMH Assay Validation: Effect of Sample Storage Conditions, Fresh/Thaw Cycles, and Linearity of Dilution

First author

(Ref.) Assay Method Result

Rey (21) In-house  Effect of long-term storage at —20°C (n = 4) AMH levels in archival samples were 230%

higher than original value

Long (22) 10T Linearity up to 16-fold dilution (n = 3) Observed AMH was 84-105% of expected

AMH

Al-Qahtani (16)  In-house  a. Freeze/thaw stability; storage unfrozen for 4 d;  a. Immunoreactivity survived both multiple

b. linearity up to 32-fold dilution (n = 6) freeze-thaw cycles and storage unfrozen
for 4 d; b. dilution curves were parallel to
the standard curve

Zhao (17) DSL Serum frozen immediately at —20°C compared AMH levels increased by 1% at 4°C and
to aliquots stored at 4°C or 22°C for up to 9% at 22°C after 2 d compared to
2d(n=7) sample frozen immediately

Kumar (18) Genll a. Serum or plasma stored at 2 to 8°C or —20°C a. AMH levels were stable for up to 7 d at
for up to 7d (n = 20); b. Serum or plasma 2 t0 8°C or —20°C; b. AMH increased by
underwent up to three freeze/thaw 15% in serum and by 5% in plasma after
cycles (n = 20); c. Linearity of dilution (n = 4) three cycles; c. Linear results obtained

across the dynamic range of the assay

Preissner (23) Genll Linearity of dilution (n = 7) Average agreement with expected result

was 97%

Rustamov (13) Genll a. Stability at RT for up to 7d (n = 48); a. AMH levels increased by an average of
b. Storage for 5 d at —20°C or —80°C 58% over 7 d; b. AMH levels increased
compared to fresh sample (n = 8); c. Linearity by 23% at —20°C but were unchanged
on 2-fold dilution (n = 9) at —80°C; c. AMH levels were on

average 157% higher than expected

Fleming (19) Genll a. Serum stored at 4°C for 7d (n = 51); a. AMH levels increased by an average of
b. Linearity of dilution (n = 10) 27%; b. AMH was 28 and 33% higher

on 2-fold and 4-fold dilutions,
respectively

Fleming (20) Genll a. Whole blood stored for up to 90 h at a. AMH increased by 11% at 4°C and by
4°C (n = 32) or 20°C (n = 21); b. Serum 31% at 20°C; b. only 1% increase in
stored for 5 d at 20°C and 2 d at 4°C (n = 13) AMH compared to original value

Han (15) Genll Serum from nonpregnant (n = 13) or early In nonpregnant women, AMH increased by

pregnant (n = 7) women stored at RT, —20°C,

26% after 7 d at RT, but was unchanged

or —80°C forupto7d

at —20°C or —80°C. In pregnant
women, AMH increased by 50% at RT
and 27% at —80°C after 48 h.

Abbreviation: RT, room temperature.

keptat22°C for 48 hours when compared to aliquots from
the same samples frozen immediately at —20°C. Rusta-
mov et al (13) measured AMH (Genll) daily in 48 serum
samples at room temperature for 7 days and observed an
average 58 % increase (from 0 to >200%), whereas others
(20) reported a 31% mean rise in Genll-assayed AMH in
whole blood after 90 hours at 20°C, whereas serum AMH
was virtually unchanged after prolonged storage at 20°C.

Sample stability at —20°C or —80°C and the effects
of freeze/thaw

Rey et al (21) reported a significant increase in AMH
(in-house assay) in samples stored at —20°C for a few
weeks, attributing this to proteolysis that could be stabi-
lized with protease inhibitor. Kumar et al (18) saw 6%
variation between Genll-assayed AMH levels from 10
fresh and 10 frozen samples, whereas Rustamov et al (13)
observed a 22% increase in AMH (Genll) on reanalysis of

eight serum samples after 5-day storage at —20°C. These
authors saw no AMH increase in serum stored at —80°C
for the same period.

Linearity of dilution

Six studies examined linearity of dilution on observed
AMH concentrations. Long et al (22) recovered between
84 and 105% of the expected AMH concentration (IOT,
n = 3) and AMH dilution curves parallel to the standard
curve were reported by Al-Qahtani (16). Kumar et al (18)
(n = 4), and Preissner et al (23) (n = 7), reported GenlI-
assayed AMH recoveries from 95% to 104% and 97%,
respectively. Sample handling information was limited in
some of these studies (16, 23). Fleming and Nelson (19)
(Genll, n = 10) reported variances of 8% using assay di-
luent and 5% using AMH-free serum after 2-fold dilution;
however, interrogation of their data reveals an apparent
dilutional AMH increase of 20-30% in samples stored
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before dilution and analysis. In freshly collected serum,
Rustamov et al (13) (Genll, n = 9) observed an average
57% increase inapparent AMH concentration after 2-fold
dilution, but with considerable variation.

Discussion: sample stability

Sample stability can be a major analytical problem, and
detailed examination suggests that previous evidence,
stating that commercially measured AMH is stable in stor-
age and exhibits linearity of dilution (12, 16, 18, 19), is
weak or conflicting.

No study looking at room temperature storage on IOT-
assayed AMH was found, and only one was found using
DSL-assayed AMH, which showed an increase of less than
20% during storage (17). Studies using the GenlI assay to
investigate the effect of storage on AMH variability at
room temperature, in the fridge, and at —20°C reach dif-
fering conclusions, ranging from stable to an average 58 %
increase in measured levels. It is important to note here
that sample preparation and storage before these experi-
ments was different and could account for the observed
discrepancies. The most stable storage temperature for
AMH in serum appears to be —80°C (13, 16).

Linearity of dilution studies was also conflicting (13,
18, 19, 23); those reporting good linearity used samples
transported or stored before baseline analysis, whereas
dilution of fresh samples showed poor linearity. In late
2012, Beckman Coulter accepted that the GenlI assay did
not exhibit linear dilution and issued a warning on Kkits
that samples should not be diluted. They now suggest that
with the newly introduced premixing protocol, dilution
should not be a problem.

This review highlights the fact that assumptions about
AMH stability in serum were based on a limited number
of small studies, often providing limited methodological
detail (impairing detailed assessment and comparison
with other studies) using samples stored or transported
under unreported conditions. Furthermore, conclusions
derived using one particular AMH assay have been ap-
plied to other commercial assays without independent
validation.

The available data suggest that dilution of samples
and/or storage or transport in suboptimal conditions can
lead to an increase in apparent AMH concentration. The
conditions under which this occurs in each particular
AMH assay are not yet clear, and more work is required
to understand the underlying mechanisms. Two alterna-
tive hypotheses have been proposed: first, that AMH may
undergo proteolytic change as postulated by Rey etal (21)
or conformational change as proposed by Rustamov et al
(13, 14) during storage, resulting in “stabilization” of the
molecule in a more immunoreactive form; second, Beck-

J Clin Endocrinol Metab, March 2014, 99(3):723-732

man has postulated the presence of an interferent (com-
plement), which degrades on storage (Beckman Coulter
field safety notice FSN 20434-3).

A recent case report found that a falsely high AMH level
was corrected by the use of heterophilic antibody blocking
tubes (24), but this does not explain elevation of AMH on
storage (13).

Whatever the mechanism responsible, two solutions
are available: either inhibit the process completely, or
force it to completion before analysis. Rustamov et al (13)
and Han et al (15) both suggest predilution of samples to
force the process, a protocol now adopted by Beckman
Coulter in their revised Genll assay protocol. Any solution
must be robustly and independently validated both exper-
imentally and clinically before introduction in clinical
practice. Fresh optimal ranges for interpretation of AMH
levels in ART will be needed, and the validity of studies
carried out using unreported storage conditions may have
to be re-evaluated.

Within-Person Variability

The biological components of AMH variability, such as
circadian and inter/intracycle variability have been exten-
sively studied (Table 2 and Supplemental Table 1, pub-
lished on The Endocrine Society’s Journals Online web site
at http://jcem.endojournals.org).

Circadian variation

Bungum et al (25) evaluated circadian variability, mea-
suring AMH (IOT) every 2 hours over 24 hours, within
days 2-6 of the menstrual cycle in younger (20-30 years
old) and older (35-45 years old) women. Within-individ-
ual coefficients of variation of 23% (range, 10-230%) in
the younger group and 68% (range, 17-147%) in the
older group were observed.

Variability within the menstrual cycle

Cook et al (26) observed significant (12%) variation in
mean AMH (in-house) levels in 20 healthy women
throughout different phases of the menstrual cycle. Intra-
cycle variability of IOT-assayed AMH was reported in three
publications (27-29). In two, sequential samples were stored
at —20°C until analysis (27, 28). Streuli et al (29) did not
report on storage. La Marca et al (27) saw no difference in
mean follicular phase AMH levels (d 2,4, and 6) in untreated,
spontaneous menstrual cycles from 24 women. This group
went on to report a small, insignificant change (14%) in
within-group AMH variability throughout the whole men-
strual cycle in 12 healthy women. However, this analysis
doesnotappear to allow for correlations within same-patient
samples. Streuli et al (29) studied intracycle variation of
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Table 2. Intracycle Variability of AMH

First Storage (a),

Author Freeze/Thaw (b),

(Ref.) Subjects Cycles (a), Day Sampled (b) Assay Measurement (c) Result Authors’ Conclusion

Cook (26) Healthy, age 22-35y, a. 1 Cycle; b. d 2/3, LH surge, LH In-house a. —80°C; b. once; d3: AMH = 1.4 = 0.9 ng/mL; mid Fluctuations significant (P < .008).
regular cycle surge +7d C. interassay cycle: AMH = 1.7 = 1.1 ng/mL; AMH may have a regulatory
(n = 20) variation mid luteal: AMH = 1.4 + 0.9 ng/ role in folliculogenesis.

eliminated mL.
La Marca Healthy, age 21-36y, a. Follicular phase; b. alternate 10T a. —20°C; b. once AMH did not change from d 2 to 6 in AMH levels did not change
(27) regular cycle days spontaneous cycles but decreased significantly during follicular
(n = 24) progressively in FSH-treated cycles phase of the menstrual cycle.
La Marca Healthy, age 18-24y,  a. 1 Cycle; b. alternate days, d 10T a. —20°C; b. once Low mean AMH = 3.4 = 1.1 ng/mL AMH levels did not change
(28) regular cycle 0 = day of LH surge (d 14); high mean AMH = 3.9 + significantly throughout
(n=12) 1.3 ng/mL (d 12). menstrual cycle.
Lahlou (31) Placebo-treated a. 1 Cycle; b. every 3d DSL NR 7 d before LH surge: AMH = 26 + AMH levels exhibited a diphasic
(n=12) 3.2 pmol/L; peak: AMH = 19.1 = pattern with levels declining
3.5 pmol/L; 10 d after LH surge: significantly (P < .05) during
AMH = 25.4 + 4.3 pmol/L. LH surge.
Hehenkamp  Healthy, fertile, a. 2 Cycles; b. AMH measured at DSL a. —20°C a. Sine pattern fitted to AMH data AMH shows no consistent
(30) regular cycle each of 7 cycle phases was not significant (P = .40); b. fluctuation through cycle
(n = 44) 72% repeat AMH values fell compared to FSH, LH, E2.
within the same quintile, 28% in
adjacent quintile.
van Data from Intracycle within-subject variation of AMH displays less intracycle
Disseldorp Hehenkamp (30) AMH was only 13% compared to variability than AFC.
(10) 31-34% for AFC (dependent on
follicle size).
Overbeek Data from Fluctuations were larger than 0.5 pg/ AMH can fluctuate substantially in
(37) Hehenkamp (30) L in one cycle in significantly (P = younger women during
.001) more women in the younger menstrual cycle so a single
group than the older one. measurement could be
unreliable.
Tsepelidis Healthy, age 18-35y, a. 1 Cycle; b.d 3,7, 10-16, 18, DSL a. —20°C; b. once Within-cycle differences not AMH levels do not vary during the
(32) regular cycles 21 and 25 significant (P = .408). menstrual cycle.
(n = 20)
Wunder Healthy, age 20-32y,  a. 1 Cycle; b. alternate days DSL a. —80°C AMH levels were statistically higher in -~ AMH levels vary significantly
(33) regular cycles the late follicular phase than at during the menstrual cycle.
(n = 36) the time of ovulation (P = .019) or
in the early luteal phases (P <
.0001).

Streuli (29) Healthy, mean age = a. 1 Cycle; b. before (LH, —10, 10T a. —18°C AMH levels were statistically lower In clinical practice, AMH can be
24.1y, reqular -5, =2, —1) and after LH during the early luteal phase measured at any time during
cycles (n = 10) surge (LH, +1, +2, +10) compared to early follicular phase the menstrual cycle.

(P = .016) and late luteal phase
levels (P = .02).
Sowers Healthy, age 30—-40 a. 1 Cycle; b. daily DSL a. —80°C; b. once; Higher AMH levels with significant AMH varies across the menstrual
(35) y, regular cycles ¢. simultaneous variation between d 2-7 in the cycle in the “younger ovary.”
(n = 20) “younger ovary.” Low AMH levels
with little variation in the “aging
ovary.”
Robertson a. Age 21-35y, a. 1 Cycle + initial stages of DSL NR No intracycle variation in AMH level When AMH levels are substantially
(36) regular cycles succeeding cycle; b. three was found in women in mid- reduced, they become less
(n = 43); b. Age times weekly reproductive life or in 33% of reliable markers of ovarian
45-55y, variable women with regular cycles in late reserve.
cycles (n = 18) reproductive age. In the remaining
cycles, there was a significant (P <
.01) 2-fold decrease in AMH in 11
cycles and a significant (P < .01)
4.2-fold increase between the
follicular and luteal phases.
Hadlow age: 29-43 regular a. 1 Cycle; b. 5-9 samples per Genll a. —20°C within 4 7 of 12 women could be reclassified AMH cycles varied during
(40) cycles non-PCOS subject h of sampling; depending on when AMH was menstrual cycle and clinical
(n=12) b. once; c. measured during the cycle; 2 of classification of the ovarian

simultaneous

12 crossed cutoffs predicting
hyperstimulation.

response was altered.

Abbreviations: NR, not recorded; PCOS, polycystic ovary syndrome; AFC, antral follicle count; E2, estradiol.

AMH throughout two menstrual cycles in 10 healthy women
and also reported no significant changes (<5%).

The DSL assay was used in eight studies assessing in-
tracycle variability (30-37). Four studied sample storage
at —20°C (30, 32, 34, 37), and two studied sample storage

at —80°C (33, 35). No sample storage data were given in
two publications (31, 36). Hehenkamp et al (30) assessed
within-subject variation of AMH in 44 healthy women
throughout two consecutive menstrual cycles and re-
ported an intracycle variation of 17.4%. Lahlou et al (31)
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reported a “diphasic” pattern of AMH, with a significant
decrease in levels during the LH surge from 10 women at
various cycle phases. Tsepelidis et al (32) reported a mean
intracycle coefficient of variation of 14%, comparing
group mean AMH levels in 20 women during various
stages of the menstrual cycle. Wunder et al (33) reported
an intracycle variability of around 30% in 36 healthy
women, sampling on alternate days. They saw a marked
fall around ovulation, which might have been missed with
less frequent sampling intervals, as in other studies. Sow-
ers et al (35) studied within-cycle variability in 20 healthy
women but did not compute an overall estimate; instead,
they selected subgroups of low and high AMH and re-
ported significant within-cycle variability for women with
high AMH but not those with low AMH —an analysis that
has been questioned (38, 39). Robertson et al (36) sub-
grouped mean AMH levels in 61 women, observing that
AMH levels were stable in women of reproductive age and
ovulatory women in late reproductive age, whereas AMH
in other women in late reproductive age was much more
variable. Using the data from Hehenkamp et al (30), van
Disseldorp et al (34) calculated intraclass correlation
(ICC) and reported a within-cycle variability of 13%, al-
though this was not clearly defined. Using the same data,
Overbeek et al (37) analyzed the absolute intraindividual
difference in younger (=38 years) and older (>38 years)
women. This study concluded that the AMH concentra-
tion was more variable in younger women (0.81 = 0.59
pg/L) compared to older women (0.31 £ 0.29 ug/L) dur-
ing the menstrual cycle (P = .001); thus, a single AMH
measurement may be unreliable. A recent study using the
GenlI assay reported 20% intracycle variability in AMH
measurements in women (n = 12) with regular ovulatory
cycles (40). All the reports considered have findings con-
sistent with a modest true systematic variability of 10—
20% in the level of AMH in circulation during the men-
strual cycle. Although there have been suggestions that
this variability may differ between subgroups of women,
these have been based on post hoc subgroup analyses, and
there is no convincing evidence for such subgroups (38).

Variability between menstrual cycles

Three studies (Supplemental Table 1) evaluated AMH
variability in samples taken during the early follicular
phase of consecutive menstrual cycles (10, 29, 41), and
three studies have reported on the variability of AMH in
repeat samples from the same patient taken with no regard
to the menstrual cycle (13,42,43). One study employed an
in-house assay (41), one study used the IOT assay (29),
three studies used the DSL assay (10, 42, 43), and one
study (13) used the GenlI assay. In four infertile women,
Fanchin et al (41) assessed the early follicular phase AMH

J Clin Endocrinol Metab, March 2014, 99(3):723-732

(in-house) variability across three consecutive menstrual
cycles; they concluded that intersample AMH variability
was characterized by an ICC of 0.89 (95% confidence
interval [CI], 0.83-0.94). Streuli et al (29) calculated a
between-sample coefficient of variation of 28.5 % in AMH
(IOT) in 10 healthy women. In 77 infertile women, van
Disseldorp etal (10) found an intercycle AMH (DSL) vari-
ability of 11%. In summary, these studies suggest that the
overall intercycle variability of AMH ranges from 11%
(DSL) to 28% (IOT); this figure will include both biolog-
ical and measurement-related variability.

Variability between repeat samples

Variability between repeat samples without regard to
menstrual cycle phase was examined in three studies (Sup-
plemental Table 1). Ina group of 20 women, using samples
frozen for prolonged periods, Dorgan et al (42) demon-
strated a variability of 31% (ICC, 0.78; 95% CI, 0.60-
0.95) between two samples, with a median between-sam-
ple interval of 1 year. In a larger series of 186 infertile
women, Rustamov et al (43) (DSL) found a coefficient of
variation of 28% between repeated samples, with a me-
dian between-sample interval of 2.6 months (ICC, 0.91;
95% CI, 0.90-0.93). Rustamov et al (13) found that the
coefficient of variation of repeated Genll-assayed AMH in
a group of 84 infertile women was 59% (ICC, 0.84; 95%
CI, 0.79-0.90), substantially higher than that reported
using the DSL assay. Similarly, a recent study by Hadlow
etal (40) found a within-subject GenlI-assayed AMH vari-
ability of 80%. As a result, five of the 12 women studied
crossed clinical cutoff levels after repeated measurements.

Discussion: within-patient variability

Evidence suggests that repeated measurement of AMH
can result in clinically important variability, particularly
when using the Genll assay. This questions the assumption
that a single AMH measurement is acceptable in guiding
individual treatment strategies in ART.

The observed concentration of any analyte measured in
a blood (serum) sample is a function of its “true” concen-
tration and the influence of a number of other factors
(Figure 1). Studies examining the variability of AMH by
repeated measurement of the hormone will therefore re-
flect both true biological variation and measurement-re-
lated variability introduced by sample handling and/or
processing. Thus, within-sample interassay variability
used as an indicator of assay performance may not reflect
true measurement-related variability between samples be-
cause it does not take into account the contribution from
preanalytical variability. Measurement-related between-
sample variability can be established in part using blood
samples taken simultaneously (to avoid biological vari-
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Table 3. Within-Subject Comparison Between AMH Methods

First Author

Simultaneous

(Ref.) Assays Subjects Analysis Regression Summary
Freour (44) DSL vs 10T 69 Infertile women age 22-40y Yes 10T = 4.01 X DSL + 0.98 (ug/L) (Deming ~ DSL = 22% IOT (P < .0001)
regression)

Hehenkamp (30) ~ DSLvs 10T 82 Healthy women NR DSL = 0.495 X 10T — 0.03 DSL = 49.5% 10T

Bersinger (45) a.DSLvs I0T; b. DSL  a. 11 Infertile women; b. 55 infertile women a. Yes; b. no a. DSL = 0.180 X IOT; b. DSL = 0.325 X a.DSL = 18% IOT; b. DSL = 33% 10T
vs 10T 10T + 0.733

Zhao (17) DSLvs IOT 38 Donors NR 10T = 1.5 X DSL + 0.7 (ng/ml) DSL = 66% IOT

Taieb (46) DSLvs IOT 104 Samples NR DSL = 1.04 X 10T — 1.49 DSL = 96% 10T

Streuli (29) DSL vs 10T 153 Normal and infertile No 10T = 1.07 X DSL — 0.29 DSL = 10T

Kumar (18) 10T vs Genll 60 Female, 60 male volunteers NR 10T = 1.0 Genll 10T = Genll

Gada (50) DSL vs Genll 42 WWomen NR NR DSL = 63% Genll

Preissner (23) DSL vs Genll 206 Samples NR Genll = 1.53 X DSL — 0.77 DSL = 66% Genll

Lee (47) DSL vs 10T 172 Infertile women Yes 10T = 1.102 X DSL — 0.042 DSL = 10T

Wallace (51) DSL vs Genll 271 Women NR Genll = 1.40 X DSL — 0.62 DSL = 71% Genll

Li (48) a.DSLvs IOT; b. DSL 56 Women with PCOS or subfertility Yes a.10T = 0.97 X DSL — 2.96; b. Genll = a. DSL = 10T, b. DSL = 67% Genll;
vs Genll; ¢. IOT vs 1.33 X DSL — 4.17; c. Genll = c. 10T = 62% Genll
Genll 1.38 X 10T — 0.68

Rustamov (13) DSL vs Genll Female IVF patients (n = 330), medianof 2y~ No NR DSL = 127% Genll (age-adjusted)

between samples
Pigny (49) 10T vs Genll 59 women: 32 controls, 27 with PCOS Yes NR 10T = 200% Genll

Abbreviations: NR, not recorded; IVF, in vitro fertilization; PCOS, polycystic ovary syndrome.

ability) from a group of subjects, although even this does
not reflect the full variability in sample processing and
storage inherent in real clinical measurement.

Because AMH is only produced by steadily growing
ovarian follicles, it is plausible to predict a small true bi-
ological variability in serum, reflected in the modest
1-20% variability found within the menstrual cycle. In
contrast, it appears that the magnitude of measurement-
related variability of AMH is more significant: 1) within-
sample interassay variation can be as high as 13%; 2)
different assays display substantially different variability;
and 3) AMH appears to be unstable under certain condi-
tions of sample handling and storage (Table 1). Conse-
quently, any modest variation in true biological AMH
concentration may be overshadowed by a larger, measure-
ment-related variability, and careful experimental designs
are required to characterize such differences. In general,
the reported variability in published studies should be re-
garded as a measure of total sample-to-sample variability,
ie, the sum of biological and measurement-related vari-
ability (Figure 1).

In repeat samples, the available evidence confirms that
there is a significant level of within-patient variability be-
tween measurements that are assay-dependent, greater
than the estimates of within cycle variability, and therefore
likely to be predominantly measurement-related. Evi-
dence from several sources suggests that the effects of sam-
ple handling, storage, and freezing differ between com-
mercial assays and that the newer Genll assay may be more
susceptible to these changes under clinical conditions.
When it has been established that the modified protocol
for the GenlI assay can produce reproducible results in-
dependent of storage conditions, then it will be necessary
to re-examine intra- and intercycle variability of AMH.

Assay Method Comparability

AMH assay comparisons have used either same-sample
aliquots or population-based data with repeat samples.
Study population characteristics, sample handling, inter-
method conversion formulae, and results from these com-
parisons are summarized in Table 3. AMH levels were
almost universally compared using a laboratory-based,
within-sample design. The Rustamov et al study (13) was
population-based, comparing AMH results in two differ-
ent samples from the same patient at different time points
using two different assays.

IOT vs DSL

Table 3 summarizes eight large studies (17,29, 30, 44—
48) that compared the DSL and IOT AMH assays. They
demonstrate strikingly different conversion factors, from
5-fold higher with the IOT assay to assay equivalence.
Most studies carried out both analyses at the same time to
avoid analytical variation (Figure 1). However, this does
mean that samples were batched and frozen at —18 to
—80°C before analysis, which, as already outlined, may
influence preanalytical variability and contribute to the
observed discrepancies in conversion factors.

10T vs Genll

Three studies have compared the IOT and GenlI assays
(Table 3). Kumar (18) reported that both assays gave iden-
tical AMH concentrations. However, Li et al (48) found
thatthe IOT assay produced AMH values 38 % lower than
the Genll assay, whereas Pigny et al (49) found levels that
were 2-fold lower.

DSL vs Genll
Four studies analyzed same-sample aliquots using the
DSL and Genll assays, either simultaneously or sequen-
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tially (23, 48, 50, 51). Only Li et al (48) gave details of
sample handling (Table 3). All four studies found that
AMH values were 35-50% lower using the DSL com-
pared to the Genll assay.

Rustamov etal (13) carried out a between-sample com-
parison of the assays, measuring AMH in fresh or briefly
stored clinical samples from the same women at different
times, with values adjusted for patient age (Table 3). In
contrast to within-sample comparisons, this study found
that the DSL assay gave results, on average, 21% higher
than with the Genll assay. Although this comparison is
open to other biases, it does reflect the full range of vari-
ability present in clinical samples and avoids issues asso-
ciated with longer term sample storage.

Discussion: assay method comparability

It is critical for across-method comparison of clinical
studies that reliable conversion factors for AMH are es-
tablished. In-house assays aside, three commercially avail-
able AMH ELISAs have been widely available (IOT, DSL,
and Genll), and the literature demonstrates considerable
diversity in reported conversion factors between first-gen-
eration assays (DSL vs IOT) and between first- and sec-
ond-generation immunoassays (DSL/IOT vs GenlI).

Although most studies appear to follow the manufac-
turers’ protocols, detailed methodological information is
sometimes lacking. The assessment of within-sample dif-
ference between the two assays should involve thawing of
a single sample and simultaneous analysis of two aliquots
with each assay. Both aliquots experience the same pre-
analytical sample-handling and processing conditions;
therefore, the results should be reproducible, provided the
AMH samples are stable during the post-thaw analytical
stage and the study populations are comparable. How-
ever, this review has identified significant discrepancies
between studies, perhaps due to either significant insta-
bility of the sample or significant variation in assay per-
formance. Studies comparing AMH levels measured using
different assays in populations during routine clinical use
have also come to differing conclusions (13, 51). Given the
study designs that workers have used to try to ensure that
samples are comparable, the finding of significant discrep-
ancies in the observed conversion factors between assays
is consistent with the proposal that AMH is subject to
instability during the preanalytical stage of sample han-
dling. This, coupled with any differential sensitivity and
specificity between these commercial assays, could give
rise to the observed results; ie, some assays are more sen-
sitive than others to preanalytical effects.

AMH Guidance in ART

AMH guidance ranges to assess ovarian reserve (52) or
subsequent response to treatment (53, 54) have been pub-
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lished. The Doctors Laboratory, using the DSL assay, ad-
vised the following ranges for ovarian reserve (<0.57
pmol/L, undetectable; 0.57-2.1 pmol/L, very low; 2.2~
15.7 pmol/L, low; 15.8-28.6 pmol/L, satisfactory; 28.7—
48.5 pmol/L, optimal; and >48.5 pmol/L, very high),
ranges that supposedly increased by 40% on changing to
the Genll assay (51). More recently, other authors have
attempted to correlate AMH levels with subsequent birth
rates. Brodin et al (53), using the DSL assay, observed that
higher birth rates were seen in women with an AMH level
>21 pmol/L, and low birth rates were seen in women who
had AMH levels <1.43 pmol/L. In the United Kingdom,
the National Institute for Health and Care Excellence re-
cently issued guidance on AMH levels in the assessment of
ovarian reserve in the new clinical guideline on fertility
(54). They advise that an AMH level of =5.4 pmol/L
would indicate a low response to subsequent treatment,
and an AMH =25.0 pmol/L indicates a possible high re-
sponse. Although not specifically stated, interrogation of
the guideline suggests that these levels have been obtained
using the DSL assay, which is no longer available in the
United Kingdom.

As discussed above, the initial study of comparability
between the DSL and Genll assays reported that Genll
generated values 40% higher compared to the DSL assay;
clinics were therefore advised to increase their treatment
guidance ranges accordingly (51). However, a more recent
study using fresh samples found that the original GenlII
assay may actually give values that are 20-30% lower;
suggesting that following the above recommendation may
lead to allocation of patients to inappropriate treatment
groups (13). The apparent disparity in assay comparison
studies implies that AMH reference ranges and guidance
ranges for in vitro fertilization treatment that have been
established using one assay cannot be reliably used with
another assay method without full, independent valida-
tion. Similarly, caution is required when comparing the
outcomes of research studies using different AMH assay
methods.

General Summary

Recent publications have suggested that Genll-assayed
AMH is susceptible to preanalytical change leading to sig-
nificant variability in determined AMH concentration, an
observation now accepted by the kit manufacturer. How-
ever, this review suggests that all AMH assays may display
a differential response to preanalytical proteolysis, con-
formational changes of the AMH dimer, or the presence of
interfering substances. The existence of appreciable sam-
ple-to-sample variability and substantial discrepancies in
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between-assay conversion factors, suggests that sample
instability may have been an issue with previous AMH
assays but appears to be more pronounced with the cur-
rently available GenlIl immunoassay. The observed dis-
crepancies may be explicable in terms of changes in AMH
or assay performance that are dependent on sample han-
dling, transport, and storage conditions, factors under-
reported in the literature. We strongly recommend that
future studies on AMH should explicitly report on how
samples are collected, processed, and stored. If it can be
clearly demonstrated that the new GenlI protocol drives
this process to completion in all samples ensuring stability,
then a re-examination of reference and guidance ranges
for AMH interpretation will be necessary. There is a clear
need for an international reference standard for AMH and
for robust independent evaluation of commercial assays in
routine clinical samples with well-defined sample han-
dling and processing protocols. These issues of sample
instability and lack of reliable interassay comparability
data should be taken into account in the interpretation of
available research evidence and the application of AMH
measurement in clinical practice.
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