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a b s t r a c t

A commercial kit assay of tartrate-resistant acid phosphatase (TRACP 5b) used for the diagnosis of bone
resorption was modified with a ‘Fit-For-Purpose’ approach for drug development of anti-resorptive thera-
peutics. The modifications included changing the standard matrix from buffer to serum, using a consistent
bulk reference material to prepare standards and quality controls (QC), and adding sample controls (SC)
prepared from authentic sample pools.

Method validation experiments were conducted for: inter- and intra-assay accuracy and precision,
establishment of SC, range finding of different population groups, selectivity tests, parallelism and sta-
bility. The analytical range was 1.00–10.0 U/L and the total errors of lower limit of quantification (LLOQ)
and upper limit of quantification (ULOQ) validation samples were 8% and 21%, respectively. Data of range
ethod validation
rug development

finding experiment showed that serum samples should be collected in tubes instead of bags. Selectivity
results showed accurate spike recovery among the majority of test samples from target populations. Sam-
ples were demonstrated to be stable for up to four freeze/thaw cycles and for 24 months at −70 ± 10 ◦C.
Our results show that the modified TRACP 5b method is reliable for the quantification of TRACP 5b in
human serum samples to support clinical trials of bone resorptive effect reflected by TRACP 5b activi-
ties. The method was robust with similar assay performance characteristics shown in three bioanalytical

laboratories.

. Introduction

Biomarkers of bone turnover have been used to facilitate the
rug discovery and development process [1,2]. Improvements in the
linical outcome of bone fracture and physiological marker of bone
ineral density (BMD) can take years to be demonstrated for drug

ffect. It is desirable if early predictive biomarkers can be used to
id drug development decisions and for patient treatment progno-
is. For anti-resorptive treatments, assays that can reliably measure
one resorption can provide an early and informative index in clin-

cal trials [3,4]. TRACP 5b is one of the bone resorption biomarkers
hat can be qualified for such use.
TRACP consists of two isoforms, 5a and 5b. Macrophages and
endritic cells appear to secrete only TRACP 5a [5]. TRACP 5b is
ighly expressed by bone-resorbing osteoclasts and secreted into
he blood circulation as an active enzyme [6]. Higher TRACP 5b
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activity in blood indicates the increased bone resorption rate in
patients with primary osteoporosis [7,8] and bone disease in cancer
patients [9,10]. Moreover, TRACP 5b shows low diurnal variability,
which allows flexible sample collection time [11]. TRACP 5b has
proved to be a useful biomarker for monitoring the efficacy of anti-
resorptive treatment, such as, alendronate [8], and for the diagnosis
of cancer bone metastases [9,10].

Three methods were published for the measurement of TRACP
5b activities. One was a kinetic method, which can specifically mea-
sure TRACP 5b in the presence of heparin, a specific inhibitor for
TRACP 5a [11]. The other two are immunoassay methods combin-
ing immunoreactive binding and enzyme action of TRACP 5b. One
used �-naphthyl phosphate as a selective substrate for TRACP 5b
[12], while the other used the pH optimum of TRACP 5b that dis-
tinguished from TRACP 5a [13]. The pH-selective immunoassay is
commercially available and has been widely used. In addition to
availability and its common use, another advantage of this kit assay

is that the capture antibody specifically binds to the active TRACP
5b, and it does not bind to the inactive fragments or other molecules
[13–15].

To demonstrate the predictive use of the bone resorption
biomarker, the clinical studies may be carried out over several years

http://www.sciencedirect.com/science/journal/07317085
http://www.elsevier.com/locate/jpba
mailto:wuyu@MedImmune.com
dx.doi.org/10.1016/j.jpba.2009.03.002
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o correlate the biomarker to the clinical outcome and or BMD.
arge number of samples from many cohorts require sample anal-
sis that may be performed at multiple labs. Therefore, a robust
nd reliable assay is needed to support the drug development. At
he onset of the drug development program, the first generation
RACP 5b commercial kit was a research kit that was not adequate
or reliable quantification. It had only three non-zero calibrators,
hich were insufficient to define the sigmoidal function for a ligand

inding assay [16]; The regression method was linear; Kit calibra-
ors and QCs were in buffer; and optical density (OD) was used as

ethod acceptance criteria. In order to use the kit to produce reli-
ble and robust quantitative results, the ‘for research use only’ kit
ethod was modified and validated to meet the purpose of drug

evelopment.
This paper illustrates the method modification and validation

onducted with the ‘Fit-For-Purpose’ approach as described by Lee
t al. [17]. The method modifications included changing the assay
atrix, using a consistent bulk reference material to prepare more

tandard levels to define the regression function, and to prepare
alidation samples (VS) to characterize assay performance for set-
ing QC acceptance criteria. In addition, samples were pooled to
orm high and low SC to reflect authentic samples for stability and
o monitor kit lot variability.

Although the intended application was to explore TRACP 5b as a
iomarker of bone resorption, method validation was more rigorous
han that for an exploratory biomarker due to the expectation of
large number of samples from clinical studies to be analyzed by
ultiple sites. The assay was applied to support the potential use of

RACP 5b as a pharmacodynamic biomarker to correlate the clinical
ffect of therapeutics in bone and cancer. The assay performance
emonstrated method reliability for the quantification of TRACP 5b

n human serum samples. The clinical data imply that TRACP 5b can
e used as a biomarker of bone resorption in drug development.

. Materials and methods

.1. Materials

The BoneTRAP® assay kit was manufactured at IDS (Foun-
ain Hills, AZ). The major components consist of kit calibrators of
uman recombinant TRACP, controls of human recombinant TRACP,
icroplate, releasing reagent, wash buffer, sample diluent, sub-

trate buffer and substrate tablets. There were three standard levels
n the first generation kit used at the early stage of the drug devel-
pment program; the more recent kit had five standard levels. The
ulk reference material, which was a human recombinant TRACP
∼200 U/L), was purchased from the kit manufacturer. Human sera
rom different populations were purchased from Bioreclamation
Hicksville, NY).

.2. Reagents preparation

.2.1. Standards
To calibrate the bulk reference material, the reference material

as diluted to the targeted QC concentrations of 7.50, 4.00 and
.50 U/L. The enzyme unit was defined as �moles of p-nitrophenyl
hosphate hydrolyzed at 37 ± 3 ◦C for 1 h. The diluted samples were
ssayed against the kit calibrators. If the diluted sample results
greed with the nominal values, the bulk reference material con-
entration would be accepted. Once the calibration of the bulk

eference material was confirmed, all subsequent validation exper-
ments were performed using standards prepared from the bulk
eference material.

An experiment was conducted to test matrix effect of human
erum against standard and QCs in buffer. Standards were pre-
medical Analysis 49 (2009) 1203–1212

pared in buffer. Two sets of VSs, each prepared in buffer or human
serum and their concentrations determined against the standard
curve in buffer. Because no difference in concentrations of VSs was
observed between buffer and serum, it was concluded that human
serum can be used for standards and VSs preparation in subsequent
experiments.

For the accuracy and precision experiments, six standard sets
of eight levels were independently prepared by spiking TRACP 5b
reference material into human serum and analyzed in six assays.
The standards were stored at −70 ± 10 ◦C. The nominal concentra-
tions of the standard were: 1.00, 1.30, 2.00, 3.00, 5.00, 6.00, 8.00
and 10.0 U/L of TRACP 5b. A low anchor point, outside the range of
quantification (0.50 U/L), was included to facilitate curve fitting.

2.2.2. Validation samples, quality controls and sample controls
The endogenous concentrations of TRACP 5b in multiple human

serum lots were determined against the kit calibrator (initial
screening). The blank control was pooled from lots with below
quantifiable levels and saved for the preparation of standard and
QC. A low and a high SC were formed by pooling serum lots with
relatively low or high levels, respectively.

For accuracy and precision experiments, six sets of VS were inde-
pendently prepared by spiking the bulk reference material into
human serum and analyzed over six assays in replicates of six. Each
VS preparation was stored at −70 ± 10 ◦C prior to analysis. The VS
levels were designed to span the entire standard working range to
evaluate assay performance. These included two possible levels of
LLOQ and ULOQ, and three levels at low, mid and high of the stan-
dard curve. The nominal concentrations were: 1.00 (LLOQ1), 1.30
(LLOQ2), 2.50 (LQC), 4.00 (MQC), 7.50 (HQC), and 10.0 (ULOQ) U/L
of TRACP 5b.

Because the reference material was a human recombinant
TRACP 5b, samples of high and low endogenous levels were pooled
to form the high and low SC to reflect the endogenous TRACP 5b. The
average concentrations of the serum pools were determined during
validation over six independent assays, each with five replicates.

2.3. Methods

2.3.1. Assay procedure
The microtiter plates supplied by the vendor were coated with

mouse monoclonal anti-TRACP antibody. Sample diluent, stan-
dards, QC, VS, and SC were pipetted into the designated wells. All
samples were assayed in duplicate. A releasing reagent was added
to the wells and incubated at ambient room temperature (ART) for
60 ± 5 min with shaking on an orbital shaker set at 850–950 rpm
(Titermix 100, Brinkmann, Westbury, NY). The antibody immobi-
lized on the plate captured TRACP 5b in the samples. Following a
wash, the p-nitrophenyl phosphate substrate solution was added
to the wells and incubated at 37 ± 3 ◦C for 60 ± 5 min. TRACP 5b, a
phosphatase, converted the colorless substrate into a colored com-
pound. The color reaction was stopped with sodium hydroxide and
the OD measured at 405 nm. The conversion of OD units to the con-
centration of TRACP 5b was achieved through a computer software
mediated comparison to a standard curve on the same plate using
a four-parameter logistic regression model with a weighting fac-
tor of 1/Y2 using Watson LIMS Version 7.0.0.01 (Thermo Scientific,
Waltham, MA) data reduction package.

2.3.2. Selectivity test
Sixteen individual lots of normal human serum (eight male
and eight female subjects) with endogenous values greater than
1.30 U/L were used to determine selectivity. TRACP 5b reference
material was spiked into each lot at a nominal concentration of
2.50 U/L. The control (unspiked) and spiked samples were each ana-
lyzed in one replicate. The spike recovery was calculated by the
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Table 1
Method modification summary.

Parameter Kit assay (first generation) Modified assay Advantage of modification

Standards Pre-made, supplied in the kit Made from custom supplied
bulk reference material

Use of consistent reference
material throughout the drug
development program and
across multiple labs

Standard matrix Buffer Human serum Same as the intended matrix of
unknown samples

Number of standards 3 levels (1, 5, and 10 U/L) 7 levels (1.3, 2, 3, 5, 6, 8, and
10 U/L)

More points to define the
nonlinear standard curve

Anchor point None 1 anchor point (0.5 U/L) Better curve fitting
Curve fit Linear, no weighting 4-parameter, 1/Y2 weighting

factor
Appropriate regression model
for enzyme assays

Assay range 1–10 U/L 1–10 U/L LLOQ and ULOQ verified from
VS performance

Sensitivity 1 U/L 1 U/L LLOQ defined with targeted
total error

Assay VS/QC 3 controls, levels vary by kit lot 5VSs, 3QC levels made from
bulk reference material

Multiple controls to track assay
performance over the assay
range

QC matrix Buffer Human serum Same as the intended matrix of
unknown samples

Sample controls (SC) None Serum pools of high and low
levels prepared at Amgen

Endogenous controls to track
sample stability and kit lot
variability
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cceptance criteria OD limits of blank and standards

ean observed concentration subtracting the endogenous level of
he control divided by the nominal spiked concentration.

The interference of the therapeutic candidate on the assay per-
ormance was evaluated by spiking the therapeutic into the high
nd low SC at concentrations of 10, 100, 1000, and 10,000 ng/mL.
he measured TRACP 5b concentrations in high and low SC pools
ere evaluated.

.3.3. Parallelism test
Serum lots were screened for their endogenous concentrations

f TRACP 5b. Three lots with relatively high concentration of TRACP
b were chosen for the test. Each lot was diluted with appropriate
ilution factors so that the concentrations after dilution would be
ithin the assay range. Lot 1 was diluted at 1.5-, 2- and 2.5-fold; lot
was diluted at 2- and 5-fold; and lot 3 was diluted at 5-, 6-, 8- and

0-fold.

.3.4. Stability test

The high and low SC to reflect the endogenous TRACP 5b

as used for freeze/thaw and −70 ± 10 ◦C stability testing. Three
liquots from each test condition were analyzed (N = 3). Their mean
oncentrations were compared with the reference range of ±2 S.D.
stablished during accuracy and precision experiments.

able 2
alibration of TRACP 5b reference standard.

Cs Nominal concentration (U/L) Calibrated concentrati

QC 7.5 7.324
7.084

QC 4 4.116
4.039

QC 2.5 2.561
2.602

he bulk reference material was diluted to the targeted QC concentrations of 7.50, 4.00
ccording to the kit method. % analytical recovery (%AR) was the mean calibrated conce
mean %AR × 200 U/L).
4-6-25 (similar to the FDA
guidance for bioanalytical
assays supporting PK)

Statistically based

2.3.5. Clinical sample collection
Blood samples were collected from individuals using 10 mL col-

lection tubes. Specimens were inverted gently for 5–10 times. Blood
was allowed to clot for 30 min in upright position at ART. Once clot-
ted, the specimen was centrifuged at 1800 × g for 10 min. Serum
was transferred into 2 × 3 mL cryovials and stored at −70 ± 10 ◦C
until analysis.

3. Results

The TRACP 5b kit assay was modified in our laboratory. The
method was validated in our laboratory and at two contract
research laboratories (CRO) to support clinical studies over a time
span that would require the use of multiple kit lots. The method
modification and its advantages are summarized in Table 1. The
rationale and details are discussed in the following sections.

3.1. Calibration of TRACP 5b reference standard

To minimize lot-to-lot variability of kit calibrators, we obtained

a custom bulk reference material to provide a consistent source
for multiple analytical sites to support long-term clinical studies.
Instead of using the kit calibrators and controls, the standards and
QCs were prepared from spiking the reference material into human
serum. The reference material was first calibrated per manufac-

on (U/L) Mean calibrated concentration (U/L) %AR

7.204 96

4.078 102

2.582 103

and 2.50 U/L with sample diluent in the kit and assayed against the kit calibrators
ntration divided by the nominal concentration. Calculated concentration: 200 U/L



1206 Y. Wu et al. / Journal of Pharmaceutical and Biomedical Analysis 49 (2009) 1203–1212

F
s
t
p

t
r
t
2
t

3

b
i
c
i
a
r
a
i
t
l

3

3

a
e
t
t
m
a

3

i
a

Fig. 2. Standard curve for TRACP 5b in human serum. Optical densities were deter-

T
V

C

A

P

A

D
e

ig. 1. Correlation plot of VSs in buffer and human serum. Validation samples were
piked in buffer and human serum at 0.70, 1.00, 3.00, 4.00, 6.00 and 10.0 U/L, respec-
ively. The VS concentrations were determined with a buffer standard curve and
lotted.

urer’s recommendations against the kit calibrators. The average
ecovery (%AR) from the three levels of QCs was 100%, therefore,
he concentration of the reference material provided by the vendor,
00 U/L was confirmed. This concentration was used for computing
he nominal concentrations for standards and QCs (Table 2).

.2. Comparison of validation samples in buffer and human serum

The standards and QCs provided in the kit were prepared in
uffer, which was different from the intended matrix of the clin-

cal samples. To support drug development, QCs should represent
linical samples and be prepared in the same matrix [17]. An exper-
ment was conducted to compare VSs in buffer vs. those in serum
gainst a buffer standard curve to assess matrix effect over the assay
ange. The correlation plot in Fig. 1 shows a slope of 1.025, intercept
t 0.08 and a correlation coefficient of 0.997. Therefore, the results
n serum correlated with those in buffer across all levels, indicating
hat the blank serum matrix can be used with no matrix effect or
oss of assay sensitivity in comparison to the buffer matrix.

.3. Method validation

.3.1. Accuracy and precision experiments
Based on the above results, we proceeded to prepare standards

nd VSs in serum for method validation. The VS concentrations cov-
red the entire standard curve for statistical evaluation. The a priori
arget acceptance criterion for VSs was set at 30% total error. The %
otal error (TE) of the VSs from the accuracy and precision experi-

ents were used to determine the QC acceptance criteria for sample
nalysis.
.3.2. Standard curve
The first generation kit had only three levels of calibrators, which

s insufficient to define the sigmoidal function of a ligand-binding
ssay [16]. In addition, the kit calibrators may differ from one lot to

able 3
alidation sample accuracy and precision summary.

haracteristic Statistic Nominal concentration

VS1 (1.00 U/L) VS2 (1.30 U/L)

ccuracy Mean bias −9.0 −8.2

recision Intrabatch (%CV) 6.4 6.2
Interbatch (%CV) 12.6 12.6

ccuracy + precision Mean + interbatch 21.6 20.8

ata from six accuracy and precision runs. Each VS were analyzed in six replicates. The in
rror = accuracy + precision. N = 36.
mined from six assay runs and the mean values plotted vs. the concentration of
standards (STDs) through a four-parameter regression (auto estimate) model with a
weighting factor of 1/Y2 using Watson LIMS Version 7.0.0.01 data reduction package.

another. Therefore, a bulk reference material was used to prepare
consistent and sufficient standard points at eight levels plus one
anchor point at the low end to better define the sigmoidal function.
The kit method used linear regression without weighting (Table 1).
With adequate standard points, the standard curve was best fit with
a four-parameter regression model with a weighting factor of 1/Y2

(Fig. 2). Inter-assay % bias of the back-calculated standards ranging
from −2% to 4% indicated excellent curve fitting.

3.3.3. Validation samples and quality controls
The six levels of VS covered the entire standard working range

to evaluate assay performance statistics in the accuracy and preci-
sion experiment, including two possible levels of LLOQ at 1.0 and
1.30 U/L, ULOQ at 10.0 U/L and three QC levels. The accuracy and pre-
cision results shown in Table 3 defined an acceptable assay range of
1.00–10.0 U/L that is the same as the kit assay. The total error at LLOQ
of 1.00 U/L and ULOQ of 10.0 U/L were 22% and 8%, respectively. The
in-house data support the LLOQ at 1.00 U/L, which met the required
a priori targeted total error of ≤30%; however, to be consistent with
the contract laboratories’ LLOQ of 1.30 U/L, the standard curve range
was determined to be 1.30–10.0 U/L. The total error at 1.30 U/L was
21%.

The accuracy and precision experiments were conducted by
two analysts using six sets of independently prepared standards
and VSs. Fig. 3 shows the contributions of systemic error (% bias)
and random error (imprecision) to total error (CV + |RE|). The inter-
and intra-assay accuracy and precision data are shown in Table 3.
There was an overall negative mean bias for the six runs, ranging
from −3.8% to −9.6%. The imprecision tended to be higher toward

the lower concentrations. Acceptance criteria for in-study were set
based on the accuracy and precision performance: for standards, at
least six standard levels must be within 20% of the nominal, and for
QCs, four out of six QC levels should be within 20%.

VS3 (2.50 U/L) VS4 (4.00 U/L) VS5 (7.50 U/L) VS6 (10.0 U/L)

−9.6 −7.0 −5.1 −3.8

3.7 3.6 3.1 3.0
7.5 6.1 4.7 4.2

17.1 13.1 9.8 8.0

tra- and inter-batch statistics were calculated according to DeSilva et al. [27]. Total
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Fig. 5. Selectivity test by spiked recoveries in normal human serum. Serum from
16 (8 each from male and female subjects) individuals was tested by spiking 2.5 U/L

F
t
p

ig. 3. Total error, bias and imprecision of validation sample. Data were from six
ccuracy and precision assays. Black bar represents % bias and gray bar represents
mprecision, the sum approximates % total error.

.4. High and low serum pools as sample controls

A human recombinant TRACP 5b reference material was used for
he preparation of standards and VSs; the recombinant form may
ot truly represent the endogenous TRACP 5b. Therefore, samples
f high and low endogenous levels were pooled as SC to reflect the
ndogenous TRACP 5b. The SC were used to test sample stability
nd track kit lot variability.

The SC concentrations were determined from nine independent
uns with three replicates each (N = 27). The average concentration
f TRACP 5b for the high pool was found to be 4.79 U/L. The refer-
nce range of ±2 S.D. was 2.14–7.45 U/L. The average concentration
f TRACP 5b in the low pool was found to be 2.26 U/L. The refer-
nce range of ±2 S.D. range was 1.10–3.41 U/L. The same practice
or setting up SC reference ranges was followed across laboratories.

.5. TRACP 5b ranges in different human populations

The endogenous TRACP 5b levels were surveyed using individual
era from four different populations: (a) females aged 18–24 years
N = 30), (b) postmenopausal females (N = 33), (c) male aged 18–24
ears (N = 25), and (d) male older than 50 years (N = 32). The samples

ere collected in bags from one supplier and ran at Lab 1 (at Amgen)

nd 2. There were no significant differences in the levels among the
ean values of the four populations. However, about 84% samples

ested (101 out of 120 samples) were below quantification limit
BQL).

ig. 4. TRACP 5b levels in human serum of different populations. Serum samples were co
he same supplier. (a) Range finding in lab 3 performed during validation. N = 25 for each
erformed post-validation. N = 20 for each group.
TRACP 5b. The % recovery was calculated after subtraction from the endogenous
concentration (X-axis). Each point represents the result from one individual serum.
Three out of 16 results were beyond the ±20% bias boundaries.

Another range finding experiment was conducted at Lab 3 on
sera from the similar populations. The samples were collected in
serum separator tubes from the same supplier. All samples tested
were quantifiable within the assay range (Fig. 4a). We suspected
that the sample collection procedures may cause the differences
in the observed levels. To further investigate this, Lab 2 repeated
the range finding experiment with samples that were collected in
the tubes from the same populations (N = 20 in each group) with-
out changing the supplier. The data demonstrated that all samples
tested were quantifiable (Fig. 4b). The ranges, 1.50–6.31 U/L (Fig. 4a)
and 1.35–5.20 U/L (Fig. 4b) were comparable between the two labs
for all the populations. The majority of samples were within the
assay range. The result implies that the sample collection proce-
dures may contribute to the discrepancies in TRACP 5b levels among
the earlier results.

We also observed that results from the young males tend to
have higher TRACP 5b levels than the young females. The post-

menopausal samples also have a higher level than the young
females. It was not clear about the age effect on the male popula-
tion. However, the sampling size may be too small to draw a definite
conclusion.

llected into serum separator tubes from individuals of the target populations from
group except for normal male and female groups N = 20. (b) Range finding in lab 2
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Fig. 6. Parallelism test with three endogenous serum lots. Solid circles: lot 1 of
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Table 5
TRACP 5b validated method used in clinical studies.

Clinical studies Study 1 Study 2 Study 3 Study 4

Data range (U/L) <1.3–48 <1.3–12 <1.3–38 <1.3–24
Number of samples analyzed 863 2565 6736 8716

T
S

P

L

H

P

L

H

T

.285 U/L, diluted 1.5, 2.0 and 2.5-fold. Open circles: lot 2 AQL at ∼10 U/L, diluted
and 5-fold. Triangles: lot 3 AQL at ∼40 U/L, diluted 5, 6, 8 and 10-fold. Reference

ines of recovery: solid 100%, dotted: 80 and 120% acceptance.

.6. Selectivity (matrix effect) and specificity

To test possible matrix interference from individuals, spike
ecovery test was conducted on sera from 16 (8 each from male and
emale subjects) normal healthy individuals. TRACP 5b reference

aterial was spiked into each lot at 2.50 U/L. The spike recovery
as calculated after subtraction from the endogenous concentra-

ion and compared with the mean recovery of all lots. The mean
ecovery was 2.4 U/L (N = 16, CV% was 17%). The % bias against the
ndogenous concentrations (unspiked serum) is shown in Fig. 5. It
anged from −20% to 17% for 13 out of 16 lots (∼81% of the test lots).
he other three lots had % bias of −37%, −23% and 34%, respectively.
he accurate spike recovery indicated that the majority of the test
amples do not show matrix effect.

Since TRACP 5b biomarker is intended to be used to support a
herapeutic under development, we evaluated if the therapeutic
ffected assay performance. Regardless of the drug concentrations
up to 10,000 ng/mL) added to the high or low SC samples, the
RACP 5b levels stayed within the 2 S.D. boundaries (data not
hown). There was no effect of therapeutic on TRACP 5b determi-

ations in either the high or low SC.

It is reported that the TRACP 5b commercial kit assay is highly
pecific for TRACP 5b without significant contribution by TRACP 5a
14,15].

able 4
tability: freeze/thaw cycles and sample storage at −70 ± 10 ◦C.

ools Baselinea (U/L) 1 month

Mean +2 S.D. −2 S.D. Result

ow pool 2.098 2.351 1.845 2.082
2.247
2.130

igh pool 3.028 3.527 2.528 2.934
2.911
2.959

ools Freeze/thaw cycle 3 Freeze/thaw cycle 4

Result Mean Result Mean

ow pool 1.948 1.855
2.034 2.003 1.845 1.838
2.027 1.815b

igh pool 2.735 2.751
2.854 2.800 2.815 2.838
2.812 2.949

he unit for all the number in the table is U/L.
a Baseline endogenous TRACP 5b concentration determined in accuracy and precision.
b Outside ±2 S.D. range.
Number of sample data <1.3 U/L (<LLOQ) 19 (2%) 67 (3%) 41 (1%) 83 (1%)

Values in parentheses were the percentage of the number of samples at BQL out of
total number of samples analyzed.

3.7. Parallelism

Because the standards were recombinant TRACP 5b prepared in
a pooled serum lot, it was necessary to establish that the endoge-
nous analyte behave similarly to the standard in this assay. Three
serum lots with high endogenous TRACP 5b levels were tested for
parallelism. The endogenous concentration of lot 1 was determined
to be 4.29 U/L from six runs. It was diluted with the standard serum
lot at 1.5, 2 and 2.5-fold for parallelism test (solid circles in Fig. 6).
Two additional samples from clinical studies were identified to have
concentrations at above quantification limit (AQL, >10.0 U/L) (lots 2
and 3). They were used for additional parallelism tests. The extrapo-
lated concentrations of lots 2 and 3 were estimated to be ∼10.0 and
∼40.0 U/L, respectively. The appropriate dilution factors at 2 and 5
folds were applied for lot 2 (open circles in Fig. 6) and 5, 6, 8 and 10
folds for lot 3 (triangles in Fig. 6). All diluted sample results, except
one (lot 1 at 2.5-fold), were within the acceptance criteria of ±20%
(dotted line in Fig. 6). Therefore, the dilutional proportionality of
the authentic sample results demonstrates parallelism.

Dilutional linearity was tested using samples spiked with the
recombinant reference material into three individual serum lots at
concentrations of 8.00, 10.0 and 12.0 U/L, and then serially diluted
1/2, 1/4, 1/5, 1/6, 1/8, 1/10, and 1/12. The expected concentrations
after dilution were to fall within the calibration range. When the
final diluted concentration was compared with the nominal, all
serum lots showed recoveries within acceptance criteria of +20%
bias at all dilutions (data not shown). The data demonstrated dilu-
tion linearity up to 12-fold dilution within the assay range.
3.8. Stability

To establish how many free/thaw cycle serum samples could
be gone through and how long serum samples could be stored at

6 months 24 months

Mean Result Mean Result Mean

2.359 1.906
2.153 2.254 2.303 1.970 1.929

2.296 1.910

3.251 3.276
2.935 3.251 3.246 3.114 3.045

3.236 2.745

Freeze/thaw cycle 5 Freeze/thaw cycle 6

Result Mean Result Mean

1.679b 1.930
b 1.677b 1.690b 1.760b 1.766b

1.713b 1.607b

2.550 2.292b

2.530 2.506b 2.323b 2.370b

2.438b 2.496b
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ig. 7. Sample control pools used in multiple clinical studies during sample analys
N = 2, two wells per pool) during sample analysis over a time span of 36 months in m
pper panel: low pool; lower panel: high pool. N = 238, 190, 31, 22, 15 and 9, respec

70 ± 10 ◦C prior to analysis, high and low pools were used for
tability testing. Three aliquots from each test condition and the
orresponding control were analyzed (N = 3). The mean concentra-
ions were compared with the reference range of±2 S.D. established
uring accuracy and precision experiments.

In freeze/thaw stability experiments, high and low pools for
ycle 3 and high pool in cycle 4 had measurable concentrations
ithin the ±2 S.D. range (Table 4). For low pool at cycle 4, the
easured mean concentration (N = 3) is slightly below the 2 S.D.

imit (1.838 U/L vs. 1.845 U/L). This low value is caused by a single
alue out of the three aliquots being below the limit (1.815 U/L vs.
.845 U/L). This could be due to the higher variability at the low end
f the method. In view of above, stability is deemed to be accept-
ble for four freeze/thaw cycles. Measured concentration in both
igh and low pools for cycles 5 and 6 were outside the ±2 S.D. range
Table 4).

For sample storage at −70 ± 10 ◦C for 1, 6 and 24 months,

he measured concentrations in both high and low pools were
ithin the ±2 S.D. range established during accuracy and precision

Table 4).
The data indicated that the TRACP 5b in human serum is

table for up to four freeze/thaw cycles and for 24 months
single lot for each high and low serum pools were included on every single assay
le clinical studies. Mean value was calculated. The arrow referred the kit lot change.
for a total of 505 observations.

at −70 ± 10 ◦C (long-term stability beyond 24 months is ongo-
ing).

3.9. Evaluation of kit lot variations by serum control during
sample analysis

To support multiple clinical studies a large pool of the high and
low SC were prepared, aliquotted and stored. A set of the SC was
included in every assay during clinical sample analysis. Over a time
span of about 36 months, six different kit lots were used among
multiple studies. Fig. 7 shows the SC concentration chart during this
time. Among the six lots used, lots 1 and 2 were used for about 200
runs each. There was no upward or downward trend of the concen-
trations, indicating stability of the endogenous analyte. There were
similar shifts in both pools upon changes in kit lots. Thus, the SC
provide valuable information for endogenous sample stability and
for monitoring variability due to kit lot changes. For example, the

change from lot 1 to 2 had a mean bias of 24% for both low and high
pools, the inter-run variation of lot 2 results was less than that of lot
1. These variability should be taken into consideration during data
assessment if the samples from patients were not analyzed using
the same kit lot or within one run.
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ig. 8. Distributions of endogenous TRACP 5b levels of pre-dose samples in four
edian. Solid line represents log normal distribution.

.10. Application of TRACP 5b biomarker assay in clinical studies

TRACP 5b was used as an exploratory bone resorption biomarker
n a clinical drug development for bone disease indication. The
alidated TRACP 5b method was applied to four clinical studies
f different populations and patient numbers. Table 5 shows the
ndogenous TRACP 5b levels in human serum from pre- and post-
osed time points. The range was from <1.30 to 48.0 U/L. Most of
he samples were quantifiable. Sample with BQL results comprised
nly 1% in all four studies (210 out of a total of 18,880 samples).
amples with AQL concentrations were diluted with the appropri-
te dilution factors demonstrated method’s dilutional linearity and
arallelism.

The distributions of endogenous TRACP 5b values of pre-dose
amples from the four studies were presented in Fig. 8. The mean
nd median TRACP 5b levels were 10.4 and 8.43 U/L for study 1, 3.49

nd 3.61 U/L for study 2, 5.08 and 4.82 U/L for study 3, and 4.55 and
.34 U/L for study 4, respectively. The features of these sample dis-
ributions indicate that the validated method has suitable dynamic
ange and dilutional linearity to measure TRACP 5b levels in the
linical samples.

ig. 9. Percentage changes of TRACP 5b during 57 months in the two treatment groups.
oncentration of TRACP 5b (pre-dose) was set as baseline. The results are shown as the me
ime point (visit week) in each group. The filled circle represents drug 1 treatment. The o
l studies of different populations. The distributions were presented in mean and

Patients were dosed with two anti-resorptive drugs through
intravenous injections every 4 weeks for drug 1 and subcutaneous
injections 12 weeks for drug 2. For each subject, the initial con-
centration of TRACP 5b (pre-dose) was set as baseline, and all
subsequent values at each time point were expressed as a percent-
age change from the baseline. The median of percentage changes of
all subjects over time by treatment is shown in Fig. 9. Treatment of
drug 1 induces a significant 39% to 55% decrease in TRACP 5b over
57 weeks. A similar pattern, but even more significant decrease was
observed in the group receiving drug 2 treatment over 33 weeks
span, there is an apparent 42% to 70% drop in TRACP 5b activ-
ities. In the weeks of 45 and 57, TRACP 5b levels tend to come
back to baseline, but still showed a 20% decrease. The % change
in TRACP 5b activities reflected the effectiveness of therapeutics in
the clinical studies. It demonstrated that TRACP 5b can be used as
an anti-resorptive biomarker.
4. Discussion

Many commercial biomarker kits are used for biomarker mea-
surements for the purpose of diagnosis [18,19]. As biomarkers are

Two groups of patients receiving anti-resorptive agents, drugs 1 and 2. The initial
dian ±2 S.D. The median is calculated based on the % change from baseline at same

pen circle represents drug 2.
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idely used to support drug discovery and clinical development
20], the Fit-For-Purpose biomarker approach can provide reliable
ata meeting the demanding timeline and limited resources during
rug development. Commercial biomarkers for diagnostic uses are
ften used for decision-making in drug development. Because the
ata for drug development are used for quantitative assessments of
xposure/effect of the drug instead of a cutoff threshold of diagno-
is, accurate and precise biomarker data are required. The analytical
ethod of the commercial biomarker kit must be properly validated

o meet the drug development application [17]. The BoneTRAP®

ssay kit was not designed specifically for drug development appli-
ations, thus gaps to meet this intended use had to be identified
rst. These gaps included: the need of a consistent source of refer-
nce material; sufficient standard points and regression model fit
ppropriate controls of spiked QCs as well as endogenous SC. The
it method was modified and then validated with the rigor to sup-
ort clinical drug development sustainable by sample analysis from
ultiple analytical sites.
Two isoforms of TRACP 5a and 5b are circulating in the blood.

RACP 5a is derived from macrophages [5], while TRACP 5b is
ecreted from osteoclasts [6] as an active enzyme. TRACP 5a and
RACP 5b display different pH optimum, which are 5.2 and 5.8,
espectively. The commercial kit chosen for this study has the
dvantage being immuno-selective for the specific molecule, as
ell as the enzyme reaction being selective for the 5b pH optimum,

esulting in highly specific measurements for TRACP 5b [13–15].
One of the challenges for commercial kit utilization is kit lot

ariations, which may arise from kit calibrators or other compo-
ents’ change within the duration of a long clinical trial. For the
RACP 5b biomarker validation, we minimize variations by prepar-
ng standards and QC samples from one consistent source of high
oncentration reference material.

QCs were prepared by spiking a known amount of the recombi-
ant reference material and used to accept or reject an analytical
un. In addition, SC from sera pooled from individual samples to
eflect the endogenous biomarkers in matrix. Their range (mean ± 2
.D.) were established with multiple runs and used as a reference.
e evaluated kit lot variability shift using SC during each run of

ample analysis. The SC data were also used to monitor trends in
tability of TRACP 5b in serum over time. We have established sta-
ility of TRACP 5b in serum for up to four freeze/thaw cycles and
4 months storage at −70 ± 10 ◦C. The stability data provide useful
nformation on handling samples prior to analysis to support drug
evelopment. Fig. 7 shows the SC assay fluctuations with appar-
nt shifts at some kit lot changes. It is noted that the runs from
it lot 1 had higher variability than those from the other kit lots.
he preparations of standards for the runs could cause the variabil-
ty. The standards for the runs using kit lot 1 included the three
it calibrators plus adding more standards prepared from them,
hile the standards for runs from the other kit lots were prepared

rom the bulk reference material. The lower variability using the
ulk reference material demonstrates the importance of imple-
entation of consistent source of high concentration reference
aterial. The use of the same SC set among studies and laborato-

ies would add to conformance samples testing, enable long-term
erformance monitoring of kit lots, stability trend and as a basis to
ifferentiate true study effect from analytical variability. We rec-
mmend that the same SC set should at least be used within one
tudy.

Variations in the potency of the biological materials in differ-
nt matrices and subtle methodological variations may interfere

ith the accuracy of measurements [21–23]. In the case of TRACP

b, the original kit was developed in a buffer solution, while in
linical practice the matrix is serum. In our studies we showed
hat it was feasible to change the kit standard matrix from buffer
o human serum while maintaining assay sensitivity and prepare
medical Analysis 49 (2009) 1203–1212 1211

QCs in serum with concentrations to over the entire range of the
expected clinical samples.

Data from the initial range finding experiments (in labs 1 and 2)
showed that about 84% samples were BQL, raising a concern that
the assay was not sensitive enough. Since the TRACP 5b biomarker
was intended to be used for exploratory purpose, we decided to
move forward using the method for sample analysis. The later range
finding experiment results from the lab 3 showed that no sam-
ples were BQL. Subsequent data from clinical studies showed that
only 1% of four study samples were BQL (Table 5). The mean and
median of TRACP 5b levels of pre-dose samples from four clini-
cal studies (N = 105–7828) were also quantifiable (Fig. 8). All the
pre-dose samples have a log normal distribution except for study
1 (population with advanced cancer). Study 1 samples had higher
concentration (up to 35.0 U/L) that required sample dilution. All the
other study sample levels were within the assay working range of
1–10 U/L. The dilutional linearity (spiked samples) and parallelism
(authentic samples) data provided assurance on the accuracy of
dilution for these clinical samples. The characteristics of the sam-
ple distributions determined by this assay suggest that the modified
and validated method provided adequate sensitivity and functional
range to measure TRACP 5b levels in our clinical samples.

Why were there discrepancies in un-dosed sample ranges dur-
ing method validations among the three labs and in-study? One
explanation is that the conditions of collection and storage of serum
samples during validation may not be the same among the labora-
tories or during clinical trials. Samples obtained during validation
experiments in labs 1 and 2 were from whole blood collected in bag
for large volume, while samples used for validation in lab 3 or post-
validation in lab 2 and clinical samples were collected in a standard
“clot” tube (∼10 mL). Fig. 4a and b shows that there were differences
in TRACP 5b measurements dependent on sample collection proce-
dures in either bags or tubes. Almost all the samples collected from
tubes showed quantifiable results. It was reported that TRACP 5b
lost enzymatic activity upon storage at higher temperature [24,25]
and hemolysis [26]; both conditions may exist during the serum
collection in bag. Our assay has established stability in serum for
4 h at ART (data not shown), which is in agreement with other litera-
ture [26], however, it is uncertain how long the whole blood sample
collection can be kept at ART during clotting and serum separation.
The common practice in the diagnostic sector to use samples from
the Blood Bank should be evaluated in method development since
the differences in samples collection and storage from clinical stud-
ies may cause artifacts. We recommend that sample collection for
method validation experiments should be similar to that of clinical
study, unless tested.

Matrix interference on assay performance was evaluated in nor-
mal healthy population, while parallelism was performed with
patient samples. No matrix interference was detected from the
normal or the targeted patient population samples. In addition,
method robustness was evaluated during accuracy and precision
experiments by two analysts performing the assays with multiple
instruments over multiple days. The assay ruggedness was estab-
lished with validation across multiple laboratories and sustained
through successful runs in four clinical studies of 18,880 samples.

It has been reported that TRACP 5b is a promising new biomarker
for the prediction of bone loss [26] and monitoring bone metastases
in cancer patients [9,10]. We investigated if TRACP 5b can be used
as a predictive bone resorptive biomarker on the effect of two anti-
resorptive agents in a clinical study. TRACP 5b levels in patients
receiving the therapeutics significantly decreased over 57 weeks.

Our data showed that TRACP 5b can be a potentially predictive
biomarker for monitoring the anti-resorptive responses.

In conclusion, we have modified a commercial TRACP 5b
immunoassay kit through changing the assay matrix, adding more
standards, and including both QCs and SC on each run. The assay
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as analytically validated through a Fit-For-Purpose approach. The
alidated analytical range was 1.00–10.0 U/L. The ranges of endoge-
ous TRACP 5b in different targeted populations were determined.
C pools were established and used in each run during clinical sam-
le analysis to track the kit lot variability and sample stability. There
as no matrix effect observed. No interference from the thera-
eutic drug was observed. Parallelism with authentic samples was
emonstrated at dilutions up to 10. Samples were stable for up to
our freeze/thaw cycles and 24 months at −70 ± 10 ◦C. The validated

ethod has shown to be appropriate in the measurement of TRACP
b in clinical samples. TRACP 5b could be used as a biomarker of
one resorption.
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