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bstract

Immunoassays utilizing commercial kits designed for diagnostic use can be adapted and validated to meet Good Laboratory Practice (GLP)
equirements to support pharmacokinetic (PK) studies. We illustrate in this paper a systematic approach for commercial kit evaluation and GLP-
ompliant method validation to establish selectivity, sensitivity, linearity, accuracy, precision and stability. Immunoassay kits for human parathyroid
ormone (hPTH) quantification from three different vendors were assessed in a side-by-side comparison for their suitability for the PK analysis
f recombinant humanPTH (rhPTH) in EDTA plasma. Two immunoradiometric (IRMA) assay kits and one immunoluminometric assay (ILMA)
it were evaluated. Since PTH is present as an endogenous component of human plasma, QC preparation in the biological matrix was handled
ifferently than for a xenobiotic drug compound. The endogenous concentration of PTH was determined in plasma samples from 32 individual
ots using the three kits. The lots with the lowest endogenous concentrations of PTH were selected, pooled to form the low QC and spiked with
hPTH to prepare the mid and high QCs. Four evaluation batches were run with each of the three commercial kits to evaluate reference standard
inearity, and QC accuracy and precision. Selectivity against PTH peptide fragments PTH(7-84) and PTH(3-84) were assessed by cross-reactivity
nd accurate spike-recovery to the QC samples at two concentrations. One of the kits was chosen for full method validation because it had the
owest cross-reactivity against hPTH fragments (3-84) and (7-84), a wider dynamic range and the least total error. The accuracy and precision from

ix validation batches of the QCs were ≤ 8.1% C.V. and ≤ 7.9% R.E., respectively. Method robustness was shown by acceptable QC performance
sing a different batch of capture antibodies, through 12 batches of iodinated detection antibodies, and by the use of four analysts over 2 years of
atient sample analysis from clinical trials.

2006 Elsevier B.V. All rights reserved.

t; GL

I
a
t
s

eywords: Human parathyroid hormone; PTH; Immunoassays; Commercial ki

. Introduction

Human parathyroid hormone (PTH) is a polypeptide with
4 amino acid residues that is the major regulator of sys-

emic calcium homeostasis [1,2]. In the kidney, PTH acts to
ncrease renal tubular Ca2+ reabsorption and synthesis of 1,25-
ihydroxyvitamin D, which increases intestinal Ca2+ absorption.
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1320-1799, United States. Tel.: +1 805 447 9463; fax: +1 805 999027.
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n bone, sustained elevation of PTH increases the number and
ctivity of osteoblasts and osteoclasts, resulting in higher bone
urnover and a decrease in bone mineral density [3,4]. In contrast,
ingle daily injections of PTH produce a preferential increase
f osteoblast activity, which results in a net increase in bone
ineral density. PTH can be efficiently produced through both

ynthetic and biosynthetic routes [5]. Recombinant human PTH
rhPTH) is being developed for the treatment of osteoporosis.

ost current osteoporosis therapies focus on the prevention of

one loss. The therapeutic approach with rhPTH is stimulation
f new bone growth of normal composition and structure.

The first two N-terminal amino acids of PTH are required for
TH-1 receptor activation and the anabolic bioactivity of PTH

mailto:jwlee@amgen.com
dx.doi.org/10.1016/j.jpba.2006.04.023
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Table 1
Commercial kits and the N-terminal specific detector antibodies

Kit vendor Detector antibodies

Kit A Nichols Institute Diagnostics 125I-anti-human PTH(1-34)
Kit B Scantibodies Laboratories Inc. 125I-anti-human PTH(1-6)
Kit Ca Immutopics Acridinium anti-human PTH(1-12)

The capture antibodies were goat polyclonal antibodies against the C-terminal
of PTH(39-84) immobilized on beads for all three kits. The detector antibodies
were different for each kit.

a Kit C was an early stage assay specifically prepared by Immutopics for
62 R.L. Sukovaty et al. / Journal of Pharmaceut

n bone. Therefore, it is possible that N-terminally truncated
ragments of PTH could be produced, which are inactive at the
TH-1 receptor, but will cross-react in some immunoassays for
TH. Such a fragment, putatively identified as PTH(7-84), has
een reported to circulate in the plasma at significant concentra-
ions [6], although structural verification is lacking. Therefore,
o more accurately describe the pharmacokinetic (PK) profile of
ioactive PTH, a selective immunoassay is required.

Sandwich immunoradiometric assay (IRMA) kits have been
eveloped with immobilized antibodies against the C-terminus
f PTH to capture the analyte from the sample, and radiolabeled
ntibodies against the N-terminus for detection. The specificity
or these commercial kits was intended to be for intact PTH(1-
4) [7,8]. An example of this type of kit is the Allegro Intact
TH kit from Nichols Institute, which has been widely used in
linical laboratories [9]. However, it was subsequently discov-
red that this generation of intact PTH kits did not adequately
istinguish the full length PTH(1-84) from N-terminally trun-
ated fragments of PTH, such as PTH(3-84) and PTH(7-84) [6].
or this reason, a newer generation of PTH assay kit with higher
electivity for PTH(1-84) was developed [10–13].

This paper describes a side-by-side comparison of two of
he recent PTH kits versus the commonly used Nichols PTH
it and a systematic process of selection and method valida-
ion. The method was applied in PK studies to support the drug
evelopment of rhPTH. The use of a commercial immunoas-
ay kit eliminates the time required to produce and characterize
he antibody reagents in method development. However, method
alidation must be conducted to show that the kit developed for
iagnostic use is suitable for the intended PK study application.

. Materials

.1. Chemicals and reagents

The rhPTH(1-84) reference standard and peptide fragment
PTH(3-84) were from NPS Pharmaceuticals (Mississauga,
nt., Canada). Human PTH(7-84) was from Bachem (King of
russia, PA). Sequence identity was confirmed for hPTH(3-84)
nd hPTH(7-84) by molecular mass determination (MS) and
mino acid analysis (data not shown). The lyophilized refer-
nce standard was 108.3 �g/vial, stored at −70 ◦C. Phosphate
uffered saline (PBS) Stock (10×) was from Quality Biologicals
Gaithersburg, MD) or EM Science (Gibbstown, NJ). Bovine
erum albumin (BSA), 50% NaOH, and 25% cetyltrimethylam-
onium chloride solution were from Sigma–Aldrich (St. Louis,
O). Water was purified in-house by a Barnstead NANOpure®

ystem. Human EDTA plasma was from Biochemed (Winch-
ster, VA). HNO3 (16 N) and 30% H2O2 solutions were from
isher (Fair Lawn, NJ).

.2. Commercial kits
Kit A (Allegro intact PTH IRMA) was from Nichols (San
uan Capistrano, CA). Kit B (whole PTH(1-84) specific IRMA)
as from Scantibodies (Santee, CA). These two kits consisted
f PTH(1-84) calibrator standards, zero calibrator standard,
evaluation. This assay kit was different from the “Human Bioactive PTH 1-84
ELISA Kit” currently available from Immutopics.

PTH(1-84) quality controls, antibody coated beads, 125I-anti-
N-terminal PTH tracer, and wash concentrate. The wash con-
centrate was a 10× solution of surfactant in phosphate buffer
saline (PBS) with 0.1% azide. Kit C (bioactive intact PTH
immunoluminometric assay (ILMA)) was from Immutopics
(San Clemente, CA). It consisted of the same components as
the above two kits except that the detector antibody system
consisted of acridinium labeled bioactive PTH(1-34) antibody,
acridinium antibody diluting buffer, and 30× wash concen-
trate. All three vendors used capture antibodies immobilized
on beads coated with goat polyclonal antibodies against the
C-terminal 39-84 region of PTH. The basic difference among
the kits is that the detector antibodies are specific against dif-
ferent N-terminus PTH regions as listed in Table 1. PTH in
samples was captured by antibodies on the beads. Unbound
material was washed from the beads with buffer solutions.
Addition of the detector antibody formed a sandwich immuno-
complex of anti-PTH(39-84)–PTH(1-84)–anti-N-terminal PTH.
This sandwich-type recognition, utilizing capture antibody spe-
cific for the C-terminus of PTH and detection antibody specific
for the N-terminus of PTH, provides very high assay specificity.
In addition, the labeled detector antibodies provide the means for
sensitive detection either by radioactive counting or by chemi-
luminescence. The bound 125I was counted on a gamma counter
for the IRMA methods. For the ILMA method, a chemilumi-
nescence reaction was triggered by the oxidation of the bound
acridinium ester by acidic hydrogen peroxide to an excited state.
Upon the addition of NaOH, the ester returned to the ground
state with light emission at 420–430 nm, which is detected by a
luminometer.

3. Methods

3.1. Reagent preparation

BSA solutions of 2% and 0.5% were prepared in PBS. The
concentrated wash buffers from the kits were diluted 10- or 30-
fold with NANOpure® water and stored at room temperature
until the kit expiration date. Kit C labeled detection antibody
was reconstituted with the antibody-diluting buffer included in

the kit. The trigger solution 1 for Kit C was 0.1 M of HNO3
and 7.5% H2O2, the trigger solution 2 was 0.655% NaOH and
0.125% cetyltrimethylammonium chloride in water.
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.2. Preparation of calibration standards and quality
ontrol samples

.2.1. Standards
Standards were prepared from rhPTH(1-84) and the kit

alibrators included with the kit. The lyophilized calibrators
ere reconstituted with NANOpure® water and stored accord-

ng to the kit brochure instructions. Standards of rhPTH(1-
4) were prepared as follows: rhPTH(1-84) reference standard
108.3 �g/vial) was reconstituted with 1.0 ml of NANOpure®

ater to prepare the primary stock, which was diluted with 0.5%
SA to a secondary stock of 1000 ng/ml, and then further diluted

o a tertiary stock of 100 ng/ml. The stock solutions were stored
n polypropylene containers at −70 ◦C for up to 2 months.

.2.2. QC preparations
All quality control samples (QCs) were prepared using fresh

n-house blood draws from human volunteers. The blood sam-
les were kept on ice and centrifuged promptly to separate the
lasma, which was aliquoted and stored at −70 ◦C. The QCs
ncluded in the kits were not used. Thirty-two lots of human
DTA plasma were screened and evaluated using each of the

hree kits. The mean endogenous level of PTH in each lot was
etermined against the PTH standards of each kit. The plasma
ots were selected and pooled to prepare a low QC with a calcu-
ated concentration approximately three to four times the lower
imit of quantification (LLOQ). The middle and high QC levels
ere prepared by spiking a known amount of rhPTH(1-84) in

ach sample. A vial of rhPTH(1-84), separate from that used
or the calibrator standards, was used to prepare the middle
nd high QCs. The QCs were distributed in 1.0 ml aliquots into
olypropylene tubes and stored at −70 ◦C. The low QC values
ere the mean endogenous PTH concentrations for the pooled
lasma determined in each of the three kits. Concentrations for
he mid and high-level QCs were calculated as the sum of the
ndogenous PTH concentration and the concentration of spiked
hPTH(1-84).

.3. Clinical sample collection

Blood samples were collected from individuals using 10 ml
avender-top collection tubes containing K3EDTA (15% solu-
ion) from Beckon Dickinson (Franklin Lakes, NJ). Blood sam-
les were immediately placed in an ice-water bath. Within
0 min of collection, samples were centrifuged at 2000 × g at
pproximately 5 ◦C for 15 min. The plasma samples were trans-
erred into appropriately labeled cryovials and stored at −70 ◦C.

.4. Immunoassay procedures

Each pre-study validation batch run consisted of at least a
ingle set of calibration standards in duplicate and six repli-
ates of QCs at three levels. For the in-study analytical run, each

atch consisted of four QC replicates instead of six. All solu-
ions, reagents, standards, QCs, and samples were brought to
oom temperature. To 200 �l of standard, sample (in duplicate)
r QCs, 100 �l of labeled PTH antibody solution (125I for Kit

w
v
P
s

nd Biomedical Analysis 42 (2006) 261–271 263

and B, acridinium for Kit C) was added. After mixing, one
ntibody-coated bead was added to each test tube using a bead
ispenser from Nichols. The tubes were covered and incubated
t room temperature overnight (20–24 h for Kit A, 18–24 h for
it B, or 16–24 h for Kit C) on an Eberbach (Ann Arbor, MI)

haker set at 170 rpm. Following the overnight incubation, the
amples were transferred to a wash rack (Nichols) and 2.0 ml of
ash solution was added to each tube and then decanted. The
ash step was repeated two times for Kit A, and three times for
it B and Kit C. The tubes were counted for 1 min on a gamma

ounter. For Kit C, the tubes were transferred to a luminometer
fter the injectors were primed with trigger solutions 1 and 2.
ach tube was read using a program designed to add both trigger
olutions and read for 2 s.

.5. Cross-reactivity with rhPTH and PTH peptide
ragments

Human recombinant PTH(1-84), and PTH peptide fragments
3-84) and (7-84) were tested for cross-reactivity and analyzed
ith each of the three commercial kits’ calibrator PTH standard

urve. The concentrations of the test compounds prepared in
ach kit’s control matrix were: 10, 15, 30, 75, 150, 375, 750 and
500 pg/ml for rhPTH and fragment (3-84); and 100, 200, 500,
000, 2000, 5000, 10,000 and 20,000 pg/ml for fragment (7-84).
ercent cross-reactivity was calculated by dividing the value
btained for PTH concentration by the nominal concentration
f the test cross-reactant × 100. The mean of all observable data
oints was used to express an overall% cross-reactivity.

.6. Interference from PTH peptide fragments

Possible interferences from PTH peptide fragment (3-84) or
7-84) were evaluated for each kit. Evaluation samples were
repared with rhPTH(1-84) at three concentrations followed
y the addition of either PTH(3-84) or PTH(7-84) at two con-
entrations, or zero control standard (no peptide). The spiking
oncentrations of PTH(3-84) were 75 and 750 pg/ml and that of
TH(7-84) were 500 and 5000 pg/ml to test the possible con-
entration effect. The evaluation samples were analyzed against
ach PTH kit’s calibration curve. The observed data of the
eptide fragments were compared to the control to obtain the
control values.

.7. Instrumentation

The samples analyzed by Kits A and B were counted on
Cobra II gamma scintillation counter from Perkin-Elmer

Boston, MA) optimized for detection of 125I. The samples
nalyzed by Kit C were read on an AutoLumat Plus LB 953
uminometer from EG&G Berthold, Berthold Technologies
mbH & Co. (Bad Wildbad, Germany), which was optimized

or acridinium luminescence detection. The instrument settings

ere: volume injector P trigger solution 1 was set at 300 �l,
olume injector M trigger solution 2 at 300 �l, delay injection

to M at 7 s, delay last injection to measure at 0 s, mea-
uring time at 2 s, background measuring time at 2 s, maxi-
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Table 2
Calibration curve linearity for Kits A, C and B

Kit A

7.00 pg/ml 15.0 pg/ml 27.5 pg/ml 55.0 pg/ml 195 pg/ml 530 pg/ml 910 pg/ml 1820 pg/mla

Evaluation experiment
Mean 6.92 15.2 25.7 58.2 198 557 851 1820
C.V.% 10.4 7.5 7.0 4.7 3.4 2.2 4.7 4.5
R.E.% −1.1 +1.3 −6.5 +5.8 +1.5 +5.1 −6.5 0.0
N 8 8 8 6 8 8 8 5a

Kit C

8.00 pg/ml 15.0 pg/ml 27.0 pg/ml 46.5 pg/ml 100 pg/ml 310 pg/ml 1090 pg/ml

Evaluation experiment
Mean 8.51 15.1 27.1 44.7 94.4 318 1090
C.V.% 7.8 5.9 7.7 9.1 9.4 5.1 1.6
R.E.% +6.4 +0.7 +0.4 −3.9 −5.6 +2.6 0.0
N 7 7 7 8 7 8 8

Kit B

6.10 pg/ml 15.4 pg/ml 47.0 pg/ml 140 pg/ml 670 pg/ml 2100 pg/ml

Evaluation experiment
Mean 6.12 17.1 43.2 134 682 2100
C.V.% 14.6 4.8 3.4 4.9 4.0 1.8
R.E.% +0.3 +11.0 −8.1 −4.3 +1.8 0.0
N 8 7 7 8 8 8

Validation experiment
Mean 6.17 17.3 43.4 134 683 2100
C.V.% 13.8 4.7 2.9 4.1 3.2 1.5
R.E.% +1.1 +12.3 −7.7 −4.3 +1.9 +0.0
N 9 9 11 12 12 12

Standard concentrations were those of the kit calibrators in pg/ml. Evaluation experiments are from 4 runs for the three kits; Kit B was chosen for validation
experiments with 6 runs. Each batch run had one set of standards in duplicate. If a back-calculated value was ≥20% of the nominal value, the data point was not used
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n the regression.
a The 1820 pg/ml calibrator on Kit A occasionally had a replicate value with r

alue could not be calculated by the program, and a value of 0.00 was reported.

um background (RLU/s) at 0, and with automatic background
ubtraction on.

.8. Analytical data treatment

The responses in counts per minute (CPM) or luminescence
nits were acquired using an OpenVMS® on AlphaServer® Sys-
ems Oracle® database. A weighted [(1/x), where x is the analyte
oncentration] quadratic method of data reduction was used to
alculate the concentration of PTH. The quadratic equation was:

esponse = A + (B × Conc) + (C × Conc2).

. Results and discussion

.1. Evaluation of three commercial kits
The evaluation of the commercial kits included: (a) statistical
ssessment of four evaluation batches on the linearity of the kit
tandard calibrators, (b) accuracy and precision performance of
he QC validation samples regressed against the kit standards,

(
l
F
c

se greater than the quadratic equation maximal response. In those cases, a valid
e data points were not included in the table.

nd (c) selectivity determined by immuno cross-reactivity with
eptide fragments and percent interferences caused by these
ragments at their expected in vivo concentrations.

.1.1. Linearity and sensitivity
Method validation in support of therapeutic PK studies

equires a priori acceptance criteria to be set for accuracy
relative error (%R.E.)) and precision (coefficient of variance
%C.V.)). The data presented in Table 2 shows acceptable linear-
ty with C.V. of ≤20% and R.E. of ≤20% in all the kit calibrator
evels. The acceptance criteria at the LLOQ for rhPTH was set
t C.V. of ≤20% and R.E. of ≤±20% according to an MDS
harma Services internal SOP. The standard range of Kit A was
.0–1820 pg/ml, 6.1–2100 pg/ml for Kit B, and 8.0–1090 pg/ml
or Kit C. The calibrator standards were evaluated for their lin-
arity using a quadratic curve function for curve fitting. The
uadratic fit was practical to adequately provide the “goodness
f fit” in this case since the number of standard concentrations

only six) was insufficient to define a four or five parameter
ogistic mathematical function, especially for the asymptotes.
ig. 1 shows a typical Kit B calibration curve of response versus
oncentration.
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ig. 1. A typical calibration curve plot from one validation batch run using Kit
.

.1.2. Endogenous plasma PTH determination
The composition of the standard calibrators in the kits dif-

ered from the study samples in two ways: the matrix was
tabilized human serum, instead of EDTA plasma in study sam-
les; and the reference standard in the kits was synthetic human
TH, instead of a recombinant form. These differences were
valuated by spiking rhPTH in the zero calibrators from the

its. Similar results (data not shown) were obtained from native
nd recombinant forms of PTH, which indicated the kit stan-
ard calibrators could be used in the analysis of study samples.
n addition, QCs were prepared in-house from freshly drawn

c
C
r
f

able 3
etermination of QC accuracy and precision among four batches

it A

xpected value 27.7 pg/ml (endogenous)

ean 24.1
.V.% 11.6
.E.% −13.0
otal error (%) 24.6

24

it C

xpected value 20.1 pg/ml (endogenous)

ean 16.3
.V.% 13.0
.E.% −18.9
otal error (%) 31.9

24

it B

xpected value 23.4 pg/ml (endogenous)

ean 24.4
.V.% 9.1
.E.% +4.3
otal error (%) 13.4

24

n-house QC validation samples at three concentrations (in pg/ml) were run with the
as determined in an early batch run.
a QC1500 assayed at a DF = 2.
ig. 2. Endogenous plasma levels of PTH in 32 human donor samples. Individual
oncentrations are arranged in ascending order based on values from Kit C.
riangles are values from Kit A, squares from Kit B and diamonds from Kit C.

DTA blood samples mimicking the study samples from clin-
cal trials. The stabilized human serum controls from the kits
ere discarded.
Blood samples were collected from 32 apparently healthy

olunteers and individual PTH levels determined using the three
its. The assay results (mean of two replicates) of the endoge-
ous levels, sorted in an ascending order based on the Kit C
esults, are shown in Fig. 2. The observed ranges in PTH con-

entration for the 32 donor samples were 3.21–49.8 pg/ml (Kit
), 12.5–54.3 pg/ml (Kit B), and 10.3–68.0 pg/ml (Kit A). The

anges were in agreement with the normal range of 10–65 pg/ml
rom 253 individuals cited in Kit A’s brochure [14].

178 pg/ml 1507 pg/ml

214 1560
9.1 11.7

+20.2 +3.3
29.3 15.0
24 23

170 pg/ml 1500 pg/mla

191 1810
8.4 9.4

+12.4 +20.7
20.8 30.1
24 24

173 pg/ml 1503 pg/ml

184 1460
4.8 3.9

+6.4 −2.7
11.2 6.6
24 24

standard calibrators from Kits A, C and B. The expected value of the low QC
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Individual lots with PTH concentrations approximately three
o four times the LLOQ were pooled together to form the low
C. Mid and high QCs were prepared by spiking a part of the

ow QC pool with known amounts of rhPTH(1-84). The mean
alues of the low QC were determined for each kit from an initial
valuation run. They were 20.1, 23.4 and 27.7 pg/ml for Kits C, B
nd A, respectively. These observed basal values plus the spiked
oncentrations of rhPTH(1-84) provided the calculated values
f the mid and high QCs. They were 170, 173 and 178 pg/ml for
he mid QCs, and 1500, 1503 and 1507 pg/ml for the high QCs
f Kits C, B and A, respectively. The observed mean values for
he low, mid, and high QCs in each assay are listed in Table 3.

.1.3. Precision, accuracy and total error
Because the analyte (PTH) is an endogenous molecule, it is

ot possible to use a nominal, theoretical value for the low QC.
he determined concentration of the low QC was used for each
it as the target value to assess the accuracy performance of
ndividual runs. However, this accuracy assessment on the low
C was not absolute. The values of the mid and high QCs were

alculated from the basal level (low QC) plus the known amount
f spiked rhPTH(1-84). Since the basal level was less than 16%
f the spiked amount, the concentrations of the mid and high
Cs were close to the nominal concentrations. The addition of

hPTH(1-84) in the preparation of the mid and high QCs also

erved to confirm the immuno-comparability (and subsequently
tability) of the recombinant hPTH versus the endogenous form.
able 3 shows the QC data from four evaluation batches. Accu-
acy was marginally unacceptable for Kits A and C. Both kits had

T
e
h
h

able 4
nterference of PTH(1-84) quantification by PTH(3-84) and PTH(7-84) peptide fragm

Addition of peptide fragments

None (control) (3-84) Fragment

75 pg/ml

hPTH concentration at 15 pg/ml
Kit A (pg/ml) 12.4 423

% Control 100 3411
Kit C (pg/ml) 11.7 42.7

% Control 100 365
Kit B (pg/ml) 16.5 13.1

% Control 100 79

hPTH concentration at 75 pg/ml
Kit A (pg/ml) 96.9 195

% Control 100 201
Kit C (pg/ml) 62.5 104

% Control 100 166
Kit B (pg/ml) 75.9 70.4

% Control 100 93

hPTH concentration at 750 pg/ml
Kit A (pg/ml) *799 *882

% Control 100 110
Kit C (pg/ml) *792 *916

% Control 100 116
Kit B (pg/ml) 703 702

% Control 100 100

ach value was the mean of N = 3 determinations, except N = 2 for *, and N = 1 for th
nd Biomedical Analysis 42 (2006) 261–271

reater than 10% negative bias at the low QC and greater than
0% positive bias at either the mid or high QC. Kit B had the best
ccuracy at all three QC levels, with ≤+6.4% R.E. Imprecision
as lowest with Kit B with 9.1, 4.8 and 3.9% C.V. for the low,
id and high QCs, respectively. The bioanalytical 4-6-20 rule

assay acceptance criterion) for each analytical batch requires
hat ≥4 out of the six QCs (two QCs at each of the low, mid and
igh levels) to be within 20% of the nominal values. Since QC
ssay performance is a culmination of variance and bias, total
rror would be a good overall assessment of QC acceptability
15]. When the total errors were examined for each kit method
s shown in Table 3, the QC performance of Kits A and C with
otal error of 15.0–31.9% would not meet the acceptance criteria
f ≤±20% for the target QC values. On the other hand, the Kit
results of 6.6–13.4% total error satisfied the 4-6-20 rule for

ioanalytical run acceptance.

.1.4. Selectivity

.1.4.1. Cross-reactivity against peptide fragments. Human
TH peptide fragments (3-84) and (7-84) were tested for cross-
eactivity and analyzed with each of the kits’ calibrator PTH
tandard curve. Percent cross-reactivity was calculated from the
ean of the assay values obtained at the eight different test pep-

ide concentrations. If the observed concentration was below the
uantifiable limit, the cross-reactivity was reported to be <0.1%.

he immuno-reactivity of rhPTH(1-84) was similar to that of
ach kit’s PTH(1-84) calibration standard. Kit A showed very
igh cross-reactivity with both peptide fragments, with 139% for
PTH(3-84) and 69% for hPTH(7-84); it would not be specific

ents

(7-84) Fragment

750 pg/ml 500 pg/ml 5000 pg/ml

1090 347 AQL
8790 2798 –

471 17.7 48.7
4026 151 275

15.1 13.3 15.7
92 81 95

1110 443 AQL
1146 457 –

558 73.4 102
893 117 163

71.1 73.3 76.2
94 97 100

**1860 1110 AQL
233 139 –

1270 784 807
160 99 102
701 720 722
100 102 103

e ** marked samples. AQL = Above Quantifiable Limits.
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nough for PK bioanalytical work. These results are consistent
ith those reported in the literature [16–19]. Kit C had low a

ross-reactivity of 1.3% with hPTH(7-84). However, the sub-
tantial cross-reactivity of 48% with hPTH(3-84) indicated a
ack of absolute specificity for hPTH(1-84). Kit B had the lowest
ross-reactivity from both peptide fragments, which indicated it
as the most specific for hPTH(1-84) quantification.
An important element in these tests for cross-reactivity was

o demonstrate equivalent immuno-reactivity of kit PTH(1-84)
alibrator standards with the rhPTH(1-84) reference standard.
reparing QC samples with the rhPTH(1-84) reference standard
ould be an additional assurance. In-study QC data could be
sed to monitor and detect possible shifts in immuno-reactivity
mong different product batches of rhPTH(1-84) and kit cali-
rator lots during the course of drug development.

.1.4.2. Interference by PTH fragments. C-terminal peptide
ragments of PTH(1-84) can be present in plasma at higher
oncentrations than whole PTH(1-84), dependent on the health
tatus of the subjects and serum calcium levels [20]. In order
o assess the effects of C-terminal PTH peptide fragments on
he quantification of whole PTH(1-84), an interference test was
arried out on the three kits. Two different concentrations of
TH(3-84) and PTH(7-84) were added to samples of PTH(1-
4) at three different concentrations to test for interference.
he results are shown in Table 4. Kit A results indicated that

he presence of either fragment affected the quantification of
he PTH(1-84) due to cross-reactivity with the kit’s detection
ntibody. The addition of PTH(3-84) resulted in greater inter-
erence than that of PTH(7-84). Interference was the cumula-
ive effect of the immuno-cross-reactivity and the concentration
f the interfering peptide in the samples. Kit C results indi-
ated that the presence of PTH(3-84) affected quantification
t all the concentrations of PTH(1-84) tested. The presence of
TH(7-84) affected the quantification of PTH(1-84) at lower
oncentrations (15 and 75 pg/ml), but not at a higher concen-
ration (750 pg/ml). Kit B results indicated no observable inter-
erence by PTH(3-84) or PTH(7-84) at all the concentrations
ested. These results supported the cross-reactivity results and
onfirmed that Kit B was the most specific for PTH(1-84) quan-
ification.

.1.5. Conclusion of kit evaluation
Among the three kits tested, Kit B produced results with the

owest cross-reactivity against the test C-terminal PTH frag-
ents. QC samples assayed with Kit B were more accurate and

eproducible than those assayed with the other two kits. Kit B
lso had the widest dynamic range of the tested kits. For these
easons, Kit B was selected for full method validation to support
ample analysis from clinical trials of rhPTH.

.2. Full validation of Kit B
The evaluation data from four batches had established sensi-
ivity and specificity for Kit B. Two additional validation batches
ere evaluated to provide sufficient data points for statisti-

al analysis on the assay performance parameters of precision,

a
i
a
1

nd Biomedical Analysis 42 (2006) 261–271 267

ccuracy, and linearity. A total of six validation batches were
valuated over a period of more than 3 months. Considerable
ime was taken to negotiate and plan with the kit supplier to
ssure the same lot of capture and detector antibodies would
e reserved in sufficient quantities and stored to insure stability
ver the duration of the drug development program. Additional
esting to evaluate the matrix effects of individual plasma lots,
he stability of PTH(1-84) in EDTA human plasma matrix, and

ethod robustness were also performed on Kit B. The evaluation
f method robustness included assays run by multiple analysts,
ith different lots of radioiodinated detector antibodies and two
ifferent batches of capture antibodies. It is important that a
ood communication and working relationship be established
ith the diagnostic supplier during a drug development pro-
ram. It might take some time initially to clearly communicate
he different needs in PK or pharmacodynamic studies from that
f diagnostic purposes. Such clarification and resultant collabo-
ation contributes to the subsequent success in sample analysis
uring long clinical trials.

.2.1. Calibration standard linearity
The acceptance criteria for the calibrator standards were that

he back-calculated values of the individual data points must
e within 20% of the nominal value and at least 75% of the
ata points were acceptable. The between-batch variance of
ach calibrator standard’s concentration should be ≤20%. The
etween-batch C.V. and R.E. of the standard calibrators are listed
n Table 2, validation experiment of Kit B. All calibrator stan-
ard concentrations met the acceptance criteria. The correlation
oefficients of the calibration curves were 0.9991–0.9998, with
mean value of 0.9996.

.2.2. QC accuracy and precision
The within- and between-batch statistical data of mean, pre-

ision and accuracy were determined from six batches (Table 5).
ach batch consisted of six replicates at each of the three QC
oncentrations. The precision and accuracy performance data
or each batch met the acceptance criteria set for the method
alidation. They were well within 20%, the highest imprecision
as 10.0% C.V. for the low QC in batch 2, while the highest
ias was 12.4% R.E. for the mid QC in batch 3. The percent
otal error for each batch was calculated by adding the C.V. and
he absolute R.E. The data indicated that five of the six batches
f the low QC had total error of close to or higher than 10%,
ith batch 5 being close to 20%. For the mid and high QC, only
atch 3 had a high value of 15.1%, all others were less than 9%.
s can be seen from Table 5 the mid and high QCs easily met

cceptance criteria, while the values obtained for the low QC met
he acceptance criteria, but with higher assay variability and bias
han the mid and high QC. The between-batch statistics had the
ame mean and R.E.% as the sum total column. The between-
atch C.V. percentages were less than the sum total, since the
ariability of the sum total includes variance from the within-

nd between-batches. The between-batch variance was similar
n magnitude to those of the within-batch variances. Batches 5
nd 6 variances were similar to those of the early runs of batches
–4. The data indicated that the overall method tolerance was
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Table 5
Validation QC performance within- and between-batch statistics

Batch no. (within-batch N = 6) Inter-batch N = 6 Sum total N = 36

1 2 3 4 5 6

Low QC
Mean (pg/ml) 24.6 25.2 24.8 23 20.8 22.7 23.5 23.5
C.V.% 5.39 10.0 8.12 3.21 8.97 6.13 7.00 10.90
R.E.% 5.06 7.62 5.77 −1.92 −10.97 −2.99 0.40 0.40
Total error (%) 10.5 17.7 13.9 5.1 19.9 9.1 12.7 11.3

Mid QC
Mean (pg/ml) 186.8 177.3 194.5 177.3 174.2 176.7 181.1 181.0
C.V.% 0.67 2.18 2.7 2.89 1.57 2.31 2.10 4.70
R.E.% 8 2.5 12.43 2.5 0.67 2.12 4.70 4.60
Total error (%) 8.7 4.7 15.1 5.4 2.2 4.4 6.8 9.3

High QC
Mean (pg/ml) 1463 1420 1517 1423 1433 1458 1450 1450
C.V.% 0.81 1.77 2.51 3.03 0.96 1.66 1.79 3.40
R.E.% −2.64 −5.52 0.91 −5.3 −4.64 −2.97 −3.50 −3.50
Total error (%) 3.5 7.3 3.4 8.3 5.6 4.6 5.5 6.9
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or each validation batch, mean, C.V.%, R.E.% and total error (%) (the sum of
he inter-batch statistics were calculated from the within-batch data of the six

N = 36).

ood and the performance was reliable and adequate to support
K studies.

.2.3. Selectivity—lack of matrix effect
To demonstrate a lack of interference by matrix, 10 individ-

al lots of control human EDTA plasma were tested for spike
ecovery of rhPTH. An aliquot of each plasma lot was spiked
ith rhPTH at a concentration of 52.5 pg/ml. The spiked and
nspiked samples were assayed. The spike recovery was cal-
ulated by subtracting the endogenous value of the unspiked
amples from the spiked samples. The data in Table 6 indicated
ll 10 lots quantitated within 20% of the theoretical spiked value.
hile the basal values of the 10 individual lots varied from 14.9
o 54.3 pg/ml, the variance of the spike recovery among the 10
ots was only 6%. The mean value of the spike recovery was
9.3 pg/ml, showing a positive bias of 13% (mean spike recov-

w
l
b
f

able 6
alidation test of lot-to-lot matrix effect-Spike recovery test of multiple plasma lots

ot no. A1 unspiked calc. conc. (pg/ml) A2 spiked calc. con

22.2 84.3
14.9 76.9
22.3 80.3
16.2 77.9
35.8 98.0
54.3 112.7
29.8 88.4
45.5 98.5
26.1 80.3

0 18.0 81.2

ean 28.5 87.8
.V.% – –

resh EDTA plasma was drawn in-house from 10 individuals. To an aliquot of each lo
ere analyzed with Kit B according to the procedure. Percent spike recovery was cal
and the absolute value of R.E.%) were calculated from six replicates of QCs.
tion runs (N = 6). The sum total statistics were calculated from all data points

ry 113%). The lack of matrix effect was better reflected by the
ight C.V. percentage and the range of recovery from the mean
as from a negative 10% at the lowest lot to a positive 7% at the
ighest.

.2.4. Stability
PTH is a peptide that can be hydrolyzed by proteolytic

nzymes in the biological matrix. The stability of PTH in EDTA
lasma was tested for tolerance to room temperature expo-
ure and white lights during sample processing, and to multiple
reeze/thaw cycles possible during sample reanalysis or shipping
roblems. Bench top stability was performed after QC samples

ere thawed and allowed to sit on the lab bench under white

ights at room temperature prior to assay. Freeze/thaw cycle sta-
ility was tested by comparing QC samples subjected to four
reeze/thaw cycles to a control set with one cycle. Storage sta-

c. (pg/ml) Spike recovered

Calc. conc. (A2-A1) (pg/ml) % Recovered

62.1 118
62.0 118
58.0 110
61.7 118
62.2 118
58.4 111
58.5 111
53.0 101
54.3 103
63.2 120

59.3 113
6.0 6.0

t, 52.5 pg/ml rhPTH was added. Duplicates of the unspiked and spiked samples
culated by (A2 − A1)/52.5 × 100.
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Table 7
Stability of PTH in human EDTA plasma

Period or conditions % of Control

QC 23.4 pg/ml QC 173 pg/ml QC 1503 pg/ml

Benchtop 44 h at RT under white light 101 91 90
F 9
L 9
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fore, QC charts should be maintained for such use. In Fig. 4 are
QC charts on 90 batches of analytical runs over approximately
2 years. It is interesting to note that the shift around batch 45
reeze/thaw Four cycles
ong-term storage 90 weeks at −70 ◦C

ontrol samples are: at 0 h, one cycle of freeze/thaw, or the first validation batc

ility was tested for QC samples stored at −70 ◦C for a period
hat covered the time span from sample collection to analysis.
he data was compared to those of an initial set analyzed at the
tart of validation.

The results of the stability tests are listed in Table 7. For bench
op stability, the results were 90–101% of the controls after 44 h
t room temperature. This is in contrast to the PTH stability in
uman serum given by the kit supplier, which listed a value of
pproximately 80% remaining after 8 h at room temperature.
uman serum is the common matrix used in clinical laborato-

ies because it is a “cleaner” matrix with less aggregation and
erforms well in automated procedures. Since peptides may be
ubjected to proteolysis, EDTA plasma might have the advantage
f inhibiting the serine proteases. After four freeze/thaw cycles,
he QCs quantitated at 99–101% of those of one freeze/thaw
ycle. The long-term storage at −70 ◦C showed that PTH was
table up to 90 weeks. Fig. 3 plots long term storage over a time
pan of 26 months for low, mid and high QC samples. The mean
alues from the initial validation batch (month 0) were used as
he control to calculate the “% of control” values. The acceptance
riteria were ±20% of the control as marked by the lines at 0%
nd 120% in the plot. All the stability data were acceptable. No
ownward or upward trend was observed. The low QC showed
ore variability as predicted from the validation data; the values
etween 6 and 20 months suggested a downward trend in sta-
ility. However, this was not supported by the mid or high QC
esults, and the data from the 26-month sample confirmed that
he phenomenon was caused by the variability of the low QC

ig. 3. Long-term storage stability data of QCs. Mean values of the QC deter-
ined at later test periods were compared to the original mean value, calculated

s % of control. Symbols are circles for low QC, squares for mid QCs, and
iamonds for high QCs. The upper and lower lines of 120% and 80% define the
oundaries of acceptance for stability.

F
m
v
f

9 101 101
7 102 104

he benchtop, freeze/thaw, and long-term storage, respectively.

ather than a true degradation trend. For all other stability tests,
t was more desirable to carry out the test within one analytical
atch to eliminate the between-batch variability. The long-term
torage stability is the only test in which comparisons were usu-
lly made between assay batches. In addition to between-batch
ariability, the preparative bias of the stored QC from the fresh
et of standard calibrators could contribute to the discrepancies.

For commercial kits, it was important to have an up-front
lan to assure the consistency of reagent supplies, including the
alibrators as well as the antibodies. Different lots of protein or
eptide drug reference could vary slightly in moisture content,
ggregation, or other physical or chemical states. It was nec-
ssary to document the information on the different lots from
he certificates of analysis. Instead of relying on the data from a
ingle batch, it is important to examine trends in the long-term
tability test results during long clinical trial programs. There-
ig. 4. In-study monitoring QC charts. Upper panel: low QC; middle panel:
iddle QC; lower panel: high QC. Centerlines are the validation QC target

alues of: 23.4, 196 and 1503 pg/ml. The upper and lower lines are the ±20%
rom the target QC values.
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as caused by a systemic bias from a different standard kit lot.
herefore, the QC chart is important to track performance and
hanges due to systemic and random errors.

.2.5. Method robustness
In using a commercial kit for immunoassay during the

xtended time span of a drug development program, the robust-
ess of the method needs to be established. Therefore, tests were
ncluded in the pre-study validation on multiple lots of reagents,
reparations, and analysts.

A second lot of capture antibody was tested to see if it would
eliver the same assay performance as the first lot. Beads coated
ith either the validated lot of capture antibody or the second

ot of capture antibody were obtained from the kit manufac-
urer. Two validation batches were run using the second lot of
apture antibody, and the data were comparable to the valida-
ion data of the original lot of capture antibody. Results from
2 determinations (six in each batch) using the second lot of
ntibody had mean values of 18.9, 204 and 1520 pg/ml for the
ow, mid and high QCs, respectively. The corresponding C.V.
alues were 11.5%, 6.6%, and 6.9%. These data demonstrated
hat accuracy and precision using the second lot of capture anti-
ody were acceptable and comparable to those of the first. In
ddition, selectivity against matrix lots was tested with eight
ots of human EDTA plasma at endogenous levels and spiked at
10 pg/ml above the endogenous levels. The mean spike recov-
ry was 108%, with a range from 99% to 120%; the C.V. was
.1%, showing acceptable levels in eight out of eight lots tested.
e concluded that the second lot of capture antibody was accept-

ble for use as a back up.
During in-study validation, 12 radio-iodination batches of

he same lot of detector antibody were used; the performance
arameters were similar among these batches. Since samples
eceived at different times would be organized and grouped for
nalysis in batches, clear communication with the kit supplier
n the exact timing and amounts needed for detector antibody
abeling were maintained. Robustness of the assay was further
llustrated by the acceptable performance of three analysts dur-
ng pre-study validation and four analysts during the in-study
alidation for sample analysis over the time span of 121 weeks.
he QC charts in Fig. 4 show the mean QCs of low, mid and
igh levels of 90 batches of analytical runs by the four analysts
sing the 12 batches of iodinated detector antibodies. The data
emonstrate the consistencies of assay performance with respect
o time, different operators, and various reagent lots.

. Conclusion

The application of commercial diagnostic kits for PK stud-
es eliminates the time required to produce and characterize
ntibodies and circumvents lengthy method development. How-
ver, adequate method evaluation and validation should be
erformed to show that the kits developed for diagnostic use

ould be suitable for pharmacokinetic, bioavailability and bioe-
uivalence studies. Applications using commercial diagnostic
its under the Clinical Laboratory Improvement Amendments
CLIA) follow the Clinical and Laboratory Standards Institute
nd Biomedical Analysis 42 (2006) 261–271

CLSI, formerly the National Committee for Clinical Labora-
ory Standards (NCCLS)) guidelines [21,22]. The validation of
ioanalytical methods for PK studies follows guidance from the
DA under Good Laboratory Practices (GLP), which are not the
ame as CLIA [23–25]. Before diagnostic kits can be used for
K sample analysis, the kit’s method should be adequately eval-
ated for suitability and validated in a GLP-compliant way. The
asic components of immunoassay validation include selectivity
specificity), linearity, sensitivity, accuracy, precision, and sta-
ility [26,27]. In order to support a drug development program,
hich usually is conducted over a long time span and includes
any sources of patient samples, uniformity and consistency

f reagent supplies and method robustness should be planned
p front and demonstrated in the supporting data of the clini-
al trial. The approach to method development and validation
or macromolecular drugs using ligand-binding assays has been
iscussed in recent workshops and a position paper published
y the AAPS Ligand Binding Assay Bioanalytical Focus Group
15]. Although our method validation was conducted several
ears before the publication of this paper, the process serves
o illustrate a similar rational approach for kit evaluation and

ethod validation, leading to subsequent robust and successful
ioanalytical performance for a ligand-binding assay.

In order to utilize commercial immunoassay kits to support
K studies of an rhPTH drug compound, three PTH immunoas-
ay kits were evaluated for linearity, sensitivity, selectivity, accu-
acy and precision in compliance with FDA guidance. Since PTH
xists endogenously at various levels among different individu-
ls, QC preparation in the biological matrix was handled differ-
ntly than that of a xenobiotic drug compound. The endogenous
oncentration of PTH was determined in plasma samples from
2 individual lots using the three kits. The lower concentra-
ion lots were selected, pooled to form the low QC and spiked
ith rhPTH to prepare the mid and high QCs. Four evaluation
atches were run with each of the three commercial kits to eval-
ate reference standard linearity, and QC accuracy and precision
nd selectivity against PTH peptide fragments PTH(7-84) and
TH(3-84). Kit B was chosen to support PK studies because of

ts best performance parameters. The method was validated in a
LP manner to establish selectivity against matrix effect, pre-

ision and accuracy, stability and method robustness. The Kit B
ethod was successfully applied to the drug development pro-

ram of rhPTH on thousands of clinical samples over more than
years.
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