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Full Scientific Report

Quantitative medical laboratory test interpretation requires 
knowledge about assay performance. A commonly used goal 
for test performance is allowable total error (TEa). In human 
medicine, many measurands have a consensus TEa estab-
lished or reported by regulatory governing bodies.50,53-55 In 
veterinary medicine, expert consensus TEa recommenda-
tions for hematology35 and biochemistry23 are available from 
the American Society of Veterinary Clinical Pathology 
(ASVCP). To date, there are no published consensus TEa 
goals for veterinary endocrinology.

According to the 2019 ASVCP guidelines,1 TEa is defined 
as “a quality goal that sets a limit for combined imprecision 
(random error) and bias (inaccuracy, or systematic error) that 
is tolerable in a single measurement to ensure clinical useful-
ness.” TEa represents a consensus about the level of allowed 
combined errors to assure sufficient quality to achieve a 
given clinical interpretation. TEa corresponds with a con-
cept, as opposed to a measurement, such as observed total 
error (TEo), calculated from the coefficient of variation (CV) 
and the bias by the formula: TEo = 2CV + bias. TEa should 
be determined before quality assessment of a method, and 
can be derived mathematically from clinical decision limits, 
or interpretation threshold (IT). A method can be considered 
as a candidate for use when TEo < TEa. When a published 

recommendation for TEa is not available, knowledge of TEo 
(based on the analytical performance that is technically 
achievable) for the major IT may encourage and guide a 
future expert consensus discussion to determine recommen-
dations for TEa.23,35

Importantly, the IT may depend on the assay method, 
which has varied greatly since the first canine blood cortisol 
studies. One of the earliest methods used in veterinary med-
icine15,31 to measure cortisol in blood (heparinized plasma) 
for dexamethasone suppression and adrenocorticotropic 
hormone (ACTH) stimulation consisted of a fluorometric 
assay borrowed from human medicine: the fluorometric 
method of Mattingly (FMM)31; this method was not an 
immunoassay, given that it did not involve any antibody  
in its reagents. Instead of a tracer carrying the fluorescent 
signal, this method relied on the specific fluorescence of 
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Abstract. We report the results of validation of canine serum cortisol determination with the Immulite 2000 Xpi cortisol 
immunoassay (Siemens), with characterization of precision (CV), accuracy (spiking-recovery [SR] bias), and observed total 
error (TEo = bias + 2CV) across the reportable range, specifically at the most common interpretation thresholds for dynamic 
testing. Imprecision increased at increasing rate with decreasing serum cortisol concentration and bias was low, resulting in 
increasing TEo with decreasing serum cortisol concentration. Inter-laboratory comparison study allowed for determination 
of range-based bias (RB) and average bias (AB). At 38.6 and 552 nmol/L (1.4 and 20 μg/dL), between-run CV was 10% and 
7.5%, respectively, and TEo ~30% and ~20%, respectively (TEo remained similar regardless of the considered bias: SR, 
RB, or AB). These analytical performance parameters should be considered in the interpretation of results and for future 
expert consensus discussions to determine recommendations for allowable total error (TEa). Importantly, the commonly used 
thresholds for interpretation of results were determined ~40 y ago with different methods of measurements and computation, 
hence updating is desirable. Quality control material (QCM) had between-run imprecision of 4% for QCM1 and 7% for 
QCM2; the bias was minimal for both levels. Acceptable QC rules are heavily dependent on the desired TEa for the QCM 
system (TEa

QCM
), itself limited by the desired clinical TEa. At low TEa

QCM
 (20–33%), almost no rules were acceptable, 

whereas at high TEa
QCM

 (50%), almost all rules were acceptable; further investigation is needed to determine which TEa
QCM

 
can be guaranteed by simple QC rules.
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1-hydroxycorticoids in concentrated sulfuric acid. In one of 
those studies,32 cortisol was also measured by radioimmu-
noassay (RIA) for diurnal variation investigation, a tech-
nique first described 4 y earlier. From the 1980s to the early 
1990s, various RIAs for canine blood cortisol were vali-
dated in dogs, on serum17,41 or EDTA,57 heparinized,17,51 or 
non-specified plasma,25 mostly relying on dilutional linear-
ity, spiking-recovery, cross-reactivity, intra- and inter-assay 
precision, and analytical sensitivity studies. Plasma cortisol 
was also validated in cats with an RIA56 (EDTA) and with 
an enzyme immunoassay47 (heparinized).

During the same period in the 1980s, another assay for 
canine plasma cortisol was developed, validated, and used 
for clinical studies: the competitive protein-binding method 
(CPBM).9-13,39 Similarly to the FMM, the CPBM does not 
use antibodies in its reagents and is not an immune method, 
but similarly to the RIA, the signal measured is radioactivity. 
Limited studies have found a lack of agreement9 between the 
CPBM and the FMM, and some agreement39 between the 
CPBM and the RIA. We are not aware of a comparison 
between the CPBM and a chemiluminescent immunoassay 
for canine blood cortisol.

In the early 1990s, plasma cortisol was validated in dogs 
with an enzyme immunoassay relying on the same criteria 
as above except with dilutional linearity.14 In the late 1990s, 
the first chemiluminescent enzyme immunoassay (CLEIA) 
was validated for canine (and feline and equine) serum cor-
tisol on the Immulite 1, the first version of the Immulite 
(Diagnostic Products Corporation; since purchased by Sie-
mens).42 The Immulite 1 demonstrated dilutional linearity 
from 27.0–530 nmol/L (1–19.2 μg/dL), a maximal inter-
assay imprecision at 29 nmol/L (1 μg/dL) of 29%, and a lin-
ear regression of y = 0.8x + 14.6 (nmol/L) compared to a 
validated RIA. In 1997, EDTA plasma cortisol in dogs (and 
cats and horses) was validated for a similar CLEIA on the 
next version of the Immulite (Immulite 1000; Siemens), 
using instrument performance parameters (linearity, recov-
ery, and precision) and compared with a validated RIA.46 In 
that study, canine plasma cortisol recovery was >90% 
regardless of the concentration, and intra- and inter-assay 
precision was <20% from 0.5–25 μg/dL. In 2007, a com-
parison study45 found a strong correlation for canine serum 
cortisol between a validated RIA and an Immulite (Siemens; 
model not specified); the Immulite tested higher than the 
RIA (difference nonsignificant >400 nmol/L [14.5 μg/dL], 
and significant <100 nmol/L [3.6 μg/dL] especially when 
<40 nmol/L [1.45 μg/dL]). A 2018 clinical study36 used a 
non-Immulite chemiluminescent immunoassay for canine 
serum cortisol. The study did not directly reference a valida-
tion study; the provided reference Wenger-Riggenbach, 
et al.52 was a validation for canine saliva cortisol, showing a 
correlation with plasma cortisol, but not providing valida-
tion for canine plasma cortisol measurement.

Guidelines for interpretation of serum cortisol results 
based on single sample results, or those obtained from dynamic 

testing protocols, are available from the literature2,3,38; those 
guidelines were not established according to classical tech-
niques recommended for reference interval (RI) determina-
tion commonly used in biochemistry and hematology, but 
were rather elaborated by experts in the field based on empir-
ical observations.9,10 Our objective was not to redefine IT 
with the method validated here, as this would require a prop-
erly designed clinical study (see discussion). Our objectives 
were to: 1) validate canine serum cortisol measurement with 
the Immulite 2000 Xpi; 2) characterize test performance 
parameters (CV, bias, TEo) across the reportable concentra-
tion range; 3) evaluate analytical performance specifically at 
commonly used serum cortisol IT11 of 38.6 nmol/L (1.4 μg/
dL) and 552 nmol/L (20 μg/dL), in dynamic testing for canine 
hyperadrenocorticism (HAC); and 4) validate quality control 
(QC) rules for quality control materials (QCM) to ensure the 
ongoing ability to evaluate and demonstrate stable system 
performance on the Immulite 2000 Xpi.

Materials and methods

Study overview

We designed our study to validate canine serum cortisol 
immunoassay with the Immulite 2000 Xpi (Siemens), using 
7 of the 9 immunoassay validation studies recommended by 
the guidelines1 of the Quality Assurance and Laboratory 
Standard committee of the ASVCP. The immunoassay vali-
dation protocol was as follows: reportable range determina-
tion, within-run replication study, between-run replication 
study, recovery study, detection limit study, inter-laboratory 
comparison study, and QC rule validation study.

We did not perform interference studies, and we did not 
determine RIs. Limited information about possible interfer-
ents is available from the reagent manufacturer’s product 
insert. We expanded the final step of QC rule determination 
by investigating performance not only on the 2 QCM levels, 
but also at the 2 relevant serum ITs.

Our approach was conceived as 3 complementary phases, 
consisting of 1) a spiking-recovery phase in some “cortisol-
free” canine serum, 2) an interlaboratory comparison phase 
with serum patient samples, and 3) a QC phase with QCM 
data from the Texas A&M Veterinary Medical Diagnostic 
Laboratory (TVMDL; College Station, TX, USA) over one 
month (April 2019) and with data from the spiking-recovery 
phase at both IT levels over one week (Fig. 1). Utilization of 
leftover samples was undertaken with owners’ consent, 
according to the appropriate TVMDL policy.

Immunoassay

The Immulite 2000 cortisol immunoassay (Siemens), a che-
miluminoassay for cortisol, is a competitive heterogeneous 
phase assay, using a surface-bound capture anti-cortisol lep-
orine polyclonal antibody and cortisol–alkaline phosphatase 



 Korchia and Freeman846

as tracer. This assay was validated by the manufacturer for 
human serum cortisol. It cross-reacts with prednisone (and 
prednisolone metabolized to prednisone). The cortisol mol-
ecule is identical in humans and in dogs,37 hence the use of 
this immunoassay is appropriate in dogs.

The Immulite analyzers are de facto configured to not 
report results outside the predefined reportable range of 
27.6–1,380 nmol/L (1–50 μg/dL); when a result is measured 
below or above those limits, the provided results are < or > 
the limit, respectively. To allow measurement for concentra-
tions <27.6 nmol/L (<1 μg/dL) for the serum matrix consti-
tution as well as for the detection limit study, and potentially 

>1,380 nmol/L (>50 μg/dL) for the spiked L10, the Immu-
lite 2000 Xpi was used in calibration verifier mode. The 
samples of interest were then scheduled as “Cal Verifier” on 
the worklist.

Serum matrix constitution

The matrix was selected to consist of serum with a cortisol 
concentration as close as possible to zero. Excess canine 
serum samples from ACTH stimulation tests (ACTHST) and 
low-dose dexamethasone suppression tests (LDDST) were 
collected from February 2019 to May 2019, and frozen at 

Figure 1. Canine serum cortisol validation study overview: a spiking-recovery phase, a between-laboratory comparison phase, and a 
quality control material (QCM) phase. LDD = low-dose dexamethasone suppression test; MSU-VDL = Veterinary Diagnostic Laboratory of 
Michigan State University; TEo = total observable error; TVMDL = Texas A&M Veterinary Medical Diagnostic Laboratory.
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−74°C until thawed for the spiking-recovery study. Inclusion 
criteria corresponded with undetectable cortisol concentra-
tion (<1 μg/dL) using the Immulite 2000 Xpi in use at 
TVMDL during that time, and no more than slight hemolysis 
and/or lipemia. The vast majority of the selected samples had 
no hemolysis, lipemia, or icterus; only rare samples had 
slight hemolysis or slight lipemia; samples with more than 
slight hemolysis or lipemia were discarded.

A total of 50 samples were selected and consisted of pre-
ACTHST samples (n = 12), post-ACTHST samples (n = 6), 
4 h post-LDDST samples (n = 15), and 8 h post-LDDST sam-
ples (n = 17). The samples came from 31 test protocols (11 
ACTHST and 20 LDDST). The 31 corresponding dogs con-
sisted of 4 intact males, 8 castrated males, and 17 spayed 
females (the sex was unavailable for 2 dogs). The mean age 
was 9 y old (which increased to 9.5 y old when the 3 dogs 
assessed for hypoadrenocorticism were removed). Breeds 
consisted of: 3 Dachshunds, 2 Maltese, 2 West Highland 
Whites, 2 Beagles (including 1 mixed), 2 Chihuahuas 
(including 1 mixed), 2 Labrador Retrievers (including 1 
mixed), 14 dogs of 14 different single breeds, and 2 mixed-
breed dogs without further specifications; the breed was 
unavailable for 2 dogs.

On the day of thawing, samples were immediately pooled 
and homogenized (vortexed for 10 s) to form the serum 
matrix pool, and endogenous cortisol concentration was 
measured in real time in duplicate; after immediate on-site 
confirmation of undetectable cortisol (<1 μg/dL) using the 
Immulite 2000 Xpi, the spiking-recovery study was per-
formed. A sample of serum matrix was also sent out to a ref-
erence laboratory, the Michigan State University Veterinary 
Diagnostic Laboratory (MSU-VDL; Lansing, MI, USA), 
using an Immulite 2000 Xpi as well, for confirmation in 
duplicates with results obtained of 8.6 and 6.6 nmoL/L (0.31 
and 0.24 μg/dL). Quantification of the endogenous cortisol 
concentration of the serum matrix was determined by using 
the calibration verifier manual option of the Immulite 
2000 Xpi. The endogenous cortisol concentration of the 

serum matrix, determined by averaging 4 daily replicates 
over 5 consecutive days (n = 20), was judged significant 
(0.27 μg/dL); consequently, the endogenous serum cortisol 
was taken into account (subtracted from the calculations) for 
the spiking-recovery computations. Because the spiking-
recovery across the full concentration range (L0–L10) was 
only available for the first day (n = 4), the endogenous corti-
sol concentration in the serum matrix was also calculated 
from the same data base (day 1, n = 4) and was fairly similar 
(0.26 μg/dL). Thus, 0.26 μg/dL was removed from the recov-
ery concentration of each level before computing the recov-
ery percentages.

Cortisol spiking

The pooled sera matrix was spiked with a standard cortisol 
concentrate (Cerilliant), or certified reference material at 
1 mg/mL (or 100,000 μg/dL or 2,759,000 nmol/L), to follow 
a defined dilution protocol (Table 1), and the results were 
used to assess linearity, precision, recovery, and detection 
limits. The spiking-recovery study was performed within 
1 wk, with samples conserved by refrigeration (4°C).

Choice of level concentration. The spiking concentrations 
were chosen based on the relevant values for serum cortisol 
testing. Because the upper limit of the reportable range 
stated within the package insert of the Immulite 2000 Xpi is 
1,380 nmol/L (50 μg/dL), and because there was no clinical 
interest in validating linearity beyond this point, the highest 
level was set as such. Because of their critical clinical  
relevance as IT for ACTHST and/or LDDST, 552 nmol/L 
(20 μg/dL) and 38.6 nmol/L (1.4 μg/dL) were included. 
Thus, the spiking scheme included: 50, 37.5, 20, 12.5, 6.25, 
2.5, 1.4, 0.5, and 0.25 μg/dL levels (the last two were pri-
marily used in the detection limit study). All levels were 
prepared separately to avoid carryover and amplification of 
errors that may occur with transfers when making multiple 
dilutions.

Table 1. Serum cortisol dilutions used for reportable range/linearity, precision, recovery, and detection limit studies.

Level Concentration, nmol/L (μg/dL) Starting solution Diluted with: Studies*

L10: high pool 1,380 (50) 500 µL of FIS 9.5 mL of L1 Recovery
L9 1,035 (37.5) 750 µL of L10 250 µL of L1 Recovery
L8 552 (20) 400 µL of L10 600 µL of L1 Recovery
L7 345 (12.5) 250 µL of L10 750 µL of L1 Recovery
L6 172 (6.25) 125 µL of L10 875 µL of L1 Recovery
L5 69 (2.5) 50 µL of L10 950 µL of L1 Recovery
L4 38.6 (1.4) 28 µL of L10 972 µL of L1 Recovery
L3 13.8 (0.5) 100 µL of SIS 900 µL of L1 DLS
L2 6.9 (0.25) 50 µL of SIS 950 µL of L1 DLS
L1: low pool Very low (undetectable) Matrix — DLS
L0 (saline) Blank Saline — DLS

Dash (—) = no dilution; DLS = detection limit study; FIS = first intermediate solution (1,000 μg/dL); SIS = second intermediate solution (5 μg/dL).
* Linearity and precision were performed for all dilution levels.
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Dilutions prepared. A first intermediate solution of 5 mL at 
27,600 nmol/L (1,000 μg/dL) of cortisol was prepared to 
allow for preparation of L10 at 1,380 nmol/L (50 μg/dL). 
Then, L10 and L1 (pooled sera matrix) were used to prepare 
L9, L8, L7, L6, L5, and L4. A second intermediate solution 
of 1 mL at 138 nmol/L (5 μg/dL) of cortisol was prepared 
from mixing 100 μL of L10 at 1,380 nmol/L (50 μg/dL) with 
900 μL of L1; L3 and L2 were prepared by mixing this sec-
ond intermediate solution with L1 (Table 1).

Reportable range study

Four within-run replicates of each level (L0–L10) were per-
formed on day 1, and the mean of each level was calculated. 
Measured means (y-axis) were plotted against the spiked 
concentrations (x-axis) on a function graph, after what an 
ordinary least-squares simple linear regression (hereafter, 
“simple linear regression” or “linear regression”) was per-
formed (Excel 2016; Microsoft).

Within-run replication study

We calculated the CV of the 4 replicates of each spiked level 
used for the reportable range study to provide an estimate of 
the within-run precision across the reportable testing range. 
The CVs were plotted as a function of the cortisol concentra-
tion, and trendlines were generated (Excel 2016). Moreover, 
the comprehensive within-run precision (n = 20, intra-run) 
was assessed for the levels of greatest interest: 552 nmol/L 
(20 μg/dL; L8) and 38.6 nmol/L (1.4 μg/dL; L4).

Between-run replication study

The between-run CVs were calculated for the levels of greatest 
interest (L8 at 552 nmol/L [20 μg/dL] and L4 at 38.6 nmol/L 
[1.4 μg/dL]) as 20 replicates (4 replicates each day for 5 con-
secutive days), and for 2 QCM levels based on the QCM data 
from one month (April 2019; single reagent lot). The QCM was 
the K9CON (Immulite Systems Control; Siemens), the target 
value of level 1 (QCM1) was 193 nmol/L (7.0 μg/dL), and the 
target value of level 2 (QCM2) was 389 nmol/L (14.1 μg/dL). 
QCM1 and QCM 2 were measured once daily for 22 d (over the 
month of April 2019, with a single QCM lot).

Recovery study

The recovery percentage for each level from L2 to L10 
(noted Lx in the formula below) was calculated as:

Recovery   Lx  L1   Lx Lxrecovered spiked spiked% /( ) = −( ) − ( )
××  100%.

The spiking-recovery (SR) bias was then calculated as the 
recovery percentage minus 100% and plotted on a function 
graph.

Detection limit study

We explored the detection limits by measuring the blank (L0; 
saline), the non-spiked matrix (L1), as well as spiked levels 
L2 and L3, 4 times a day for 5 consecutive days. Similar data 
(4 replicates a day for 5 consecutive days) for L4 were also 
available from the between-run replication study.

The limit of blank (LOB), determining the highest mea-
surable cortisol concentration in the blank (L0), was deter-
mined according to the formula:

LOB  mean  165 SD= + . .

The limit of detection (LOD), determining the lowest mea-
surable serum cortisol concentration without precision 
requirements, was determined according to the formula:

LOD  mean  165 SD= + . .

The limit of quantification (LOQ), determining the lowest 
measurable serum cortisol concentration with precision 
requirements, was determined according to the formula:

LOQ  mean  2 SD= + .

Inter-laboratory comparison study

The comparison study was performed by selecting excess 
patient samples over 2 wk, tested at TVMDL for serum 
cortisol, and stored frozen at −74°C. Samples were sent 
out (overnight and refrigerated) in one batch to a reference 
laboratory (MSU-VDL) that also uses the Immulite 
2000 Xpi. Purposefully, 20 samples were selected as 4 
samples belonging to 5 different, increasing concentration 
ranges (1.25–2.42 μg/dL; 3.77–5.75 μg/dL; 10.2–11.3 μg/
dL; 14.8–17.9 μg/dL; 23.8–34.1 μg/dL) within the report-
able range (1–50 μg/dL) to allow for assessment of the 
average bias (AB) between institutions, and for assessment 
of the range-based bias (RB) across various concentration 
levels. Of note, the non-spiked serum matrix of the spiking- 
recovery study was added as a 21st sample for the com-
parison study, given that it was measured at TVMDL with 
a cortisol concentration different from zero (~0.26 μg/dL). 
The comparison instrument/method (Immulite 2000 Xpi) 
at the reference laboratory (MSU-VDL) was the same as 
our instrument/method.

A comparison graph plotting the tested method on the 
y-axis against the reference method on the x-axis was per-
formed. A Passing–Bablok regression, for which some level 
of error is expected in both compared methods,5 was per-
formed (www.acomed-statistik.de). Simple linear regression 
was also performed (Excel 2016) for comparison.

A Bland–Altman comparison plot was manually per-
formed (Excel 2016; y-axis = difference from our result 
minus the reference laboratory result; x-axis = mean of our 
result and the reference laboratory result). First, the line of 

www.acomed-statistik.de


Validation of serum cortisol determination in dogs 849

the mean of the differences (M) was traced, surrounded by its 
95% confidence intervals (95% CIs) calculated as6,20

M SE± ×t ,

where t was the t value, taken from the t-distribution table, 
and SE was the standard error, calculated as √(SD2/n), for 
which SD was the standard deviation of the differences. The 
t value for serum (95%, n-1 = 20 degrees of freedom) was 
1.725.

Then, the normality of the differences was investigated 
with a D’Agostino–Person normality test, with significance 
set at a p value threshold of 0.329 (see discussion). After ver-
ification of normality of the differences in serum (p = 0.447), 
agreement limits were calculated as6,18:

M  196 SD± . .

The 95% CI surrounding the agreement limits were calcu-
lated as6,20:

UAL or LAL  SE( ) ± t ,

where UAL = upper agreement limit and LAL = lower agree-
ment limit; t was the t value, taken from the t-distribution 
table (1.725 for serum cortisol); and SE was the standard 
error, calculated as √(3 × SD2/n), for which SD was the stan-
dard deviation of the differences.

Observed total error computation

TEo (%) was calculated according to the formula: 2 × CV(%) 
+ absolute bias (%). Four types of TEo were calculated 
depending on the considered type of bias: TEo

SR
 (spiking-

recovery), TEo
AB

 (average bias), TEo
RB

 (range-based bias), 
and TEo

QCM
 (quality control material; Table 2).

TEo
SR

 was calculated from within-run (n = 4, intra-run) 
precision and bias, across the entire concentration range 
(L2–L10), and plotted on a graph. TEo

SR
 was also calculated 

with a longer term precision (n = 20, between-run: 4 samples 
a day for 5 d) for L4 and L8 only; for the latter calculations 
given the increase in imprecision between within-run and 

between-run data, the bias remained calculated from the 
within-run study (n = 4, intra-run) to not add some error from 
imprecision, generated by sample conservation, into the bias 
computation.

TEo
AB

 was calculated from the average bias (AB) of 
the comparison study, and either from the within-run pre-
cision (L2–L10) or from the between-run precision (L4 
and L8).

TEo
RB

 was calculated from either the within-run (L4, L6–
L9) or the between-run (L4 and L8) precision, and from the 
range-based bias (RB) of the comparison study. The RB con-
sisted of the bias observed between TVMDL and the refer-
ence institution (MSU-VDL), in a subset of samples grouped 
by similar concentration ranges. The 20 serum samples for 
the comparison study were prospectively chosen, allowing 
use of 4 samples in 5 different concentration ranges (group 1: 
1.25–2.42; group 2: 3.77–5.75; group 3: 10.2–11.3; group 4: 
14.8–17.9; and group 5: 23.8–34.1 μg/dL). Thus, for exam-
ple, TEo

RB
 for L4 used the bias of group 1, and TEo

RB
 for L8 

used the bias of group 4.
TEo

QCM
 was calculated at both QCM levels from the 

between-run CV and bias (compared to target values pro-
vided by the manufacturer) observed on the data over one 
month (April 2019, n = 22, one QCM lot).

Quality control rule validation study

Usable QC rules were explored for both QCM levels 
(QCM1 and QCM2) with regular QCM data from TVMDL 
over one month (April 2019), as well as for the 2 critical 
concentration levels (spiked L4 and L8 used as QCM). We 
determined the acceptable QC rules manually, from nor-
malized operational process specifications (OPSpec) 
charts, plotting each operational point determined from 
the bias (as a % of TEa) on the y-axis, and the CV (as a % 
of TEa) on the x-axis.

Concretely, we first summarized CVs and biases as well 
as the resulting TEo. The considered CVs were always the 
between-run CVs (n = 20 over 5 d for L4 and L8, n = 22 over 
1 mo for QCMs). For L4 and L8, the elected bias was the 
within-run spiking-recovery bias (n = 4, within-run) to limit 
the impact of sample conservation on the bias. For QCMs, 

Table 2. Types of computed observed total error function of the different coefficient of variations (rows) and biases (columns). Within-
run CV for QCM is not applicable: we did not investigate within-run precision for QCM, given that their typical use is between-run.

TEo computations Spiking-recovery bias Average bias Range-based bias QCM between-run bias

Within-run CV (used for 
identifying the trend of TEo 
across the concentration range)

TEo
SR

 (L2–L10) TEo
AB

 (L2–L10) TEo
RB

 (equivalent L4, L6, 
L7, L8, L9*)

NA

Between-run CV (used for QC 
rule validation)

TEo
SR

 (L4, L8) TEo
AB

 (L4, L8) TEo
RB

 (equivalent L4, L8*) TEo
QCM

 (QCM1, QCM2)

AB = average bias; CV = coefficient of variation; Lx = level x (see dilution Table 1); NA = not applicable; QCM = quality control material; RB = range-based bias; SR = spiking-
recovery bias; TEo = observed total error.
* Range-based bias from groups of the comparison study of the closest ranges from those spiked levels.
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the bias was considered compared to the target values pro-
vided by the manufacturer. We investigated the sigma metric 
and the acceptable QC rules:

•• at low TEa (slightly higher than TEo) and at arbitrarily 
chosen high TEa (50%),

•• at high probability of error detection (P
ed

; 90%) and 
arbitrarily chosen low P

ed
 (50%),

•• at N = 2 QC measurements (2 levels analyzed once; 
results provided: all of the results of this study are for 
n = 2) or n = 4 QC measurements (2 levels in dupli-
cate; results not provided),

to draw conclusions about the influence of those parameters 
on acceptable QC rules. The probability of false rejection 
(P

fr
) was fixed per QC rule in all QC scenarios:

1
2S

: P
fr
 = 0.09

1
2.5S

: P
fr
 = 0.03

1
3S

/2
2S

/R
4S

: P
fr
 = 0.01

1
3S

: P
fr
 = 0.00

1
3.5S

: P
fr
 = 0.00

For the low level of TEa, when TEo was <20% (L8, 
QCM1, QCM2), we set TEa at 20%; when TEo was >20%, 
we set TEa at 33% (L4). The high level of TEa was set at 
50%. Acceptance or rejection of candidate QC rules (1

2S
, 

1
2.5S

, 1
3S

/2
2S

/R
4S

, 1
3S

, 1
3.5S

) was determined manually on 

OPSpec charts, in each conditional scenario, depending on 
the position of the operating points compared to QC rule 
curves.

Results

Serum matrix constitution

The pooled samples of the serum matrix were each mea-
sured as undetectable in the regular setting (<27.6 nmol/L 
[<1 μg/dL]) before freezing. Once thawed and pooled to 
form the serum matrix, the serum matrix was measured in 
quadruplicate immediately (day 1) at a mean of 7.2 nmol/L 
(0.26 μg/dL), in quadruplicate during the 5 consecutive 
days of the study (day 1–5, n = 20) at a mean of 7.4 nmol/L 
(0.27 μg/dL), and also sent out on day 1 to the reference 
institution (MSU-VDL) for measurement in duplicate: 
8.6 nmol/L (0.31 μg/dL) and 6.6 nmol/L (0.24 μg/dL); 
mean = 7.6 nmol/L (0.28 μg/dL).

Reportable range study

Linearity appeared excellent based on visual examination of 
the graph (Fig. 2) and on the linear regression characteristics. 
Indeed, the linear regression yielded a slope of 0.953 (close 
to 1), an intercept of 0.538 (close to 0), and a coefficient of 
determination R2 of 0.997 (close to 1). Linearity was thus 
confirmed between 6.9 and 1,380 nmol/L (0.25 and 50 μg/
dL). The reportable range of 27.6–1,380 nmol/L (1–50 μg/dL) 
provided by the manufacturer is adequate.

Within-run replication study

CV increased at an increasing rate (trendline: power func-
tion) with decreasing serum cortisol concentration, being 
~2, 4, 8, and 20%, at 1,380, 552, 38.6, and 6.9 nmol/L (50, 
20, 1.4, and 0.25 μg/dL), respectively; the shift of the curve 
happened ~38.6 nmol/L (1.4 μg/dL) with a CV of 7.97% 
(Table 3; Fig. 3A). In other words, imprecision increased at 
increasing rate with decreasing serum cortisol concentration.

Between-run replication study

Between-run CV was barely <10% for L4, ~7.5% for L8, 
~4% for QCM1, and 7% for QCM2 (Table 4). For spiked 
samples, CV respected the following relationships, as 
expected to occur:

•• Between-run precision CV > within-run precision CV
•• CV from L8 (higher cortisol concentration) < CV 

from L4 (lower cortisol concentration)

For QCM, it is unclear why QCM1 between-run CV was 
lower than QCM2 between-run CV. No outliers or errors 
were identified on the Levey–Jennings charts. However, 

Figure 2. Reportable range study, with simple linear regression 
for within-run spiking-recovery canine serum cortisol. The simple 
linear regression yields a slope of 0.953 (close to 1), an intercept 
of 0.538 (close to 0). The coefficient of determination R2 of 0.997 
(close to 1) shows that the assessed range is sufficient.1 Linearity 
was confirmed between 0.25 and 50 μg/dL.
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QCM daily values for serum QCM1 were clustered around 
the target values, whereas serum QCM2 values were scat-
tered within the mean ± manufacturer 2SD defining the 
acceptable range, supporting a between-run CV truly lower 
for QCM1 than for QCM2.

Recovery study

The SR bias (n = 4, within-run) was minimal across the entire 
range and adopted a bell shape (trendline: polynomial) from 
50 μg/dL (–7.3%) to 12.5 μg/dL (4.3%) to 0.25 μg/dL (–6.4%) 
(Table 3; Fig. 3B).

Detection limit study

The LOB on L0 (saline) was 1.66 nmol/L (0.06 µg/dL). The 
LOD determined on L1 (the solution of lowest available 
concentration) was 9.10 nmol/L (0.33 μg/dL). The LOQ on 
L1 was 9.38 nmol/L (0.34 μg/dL), associated with a CV of 
13.7%; no bias can be determined on L1, therefore no TEo 
could be calculated. When LOQ was determined from L2, 
it was 16.6 nmol/L (0.60 μg/dL), with corresponding CV of 
13% and corresponding TEo of 43%.

Inter-laboratory comparison study

The AB was lower than any RB (Table 5). The Passing–
Bablok regression was excellent, with a slope of 0.981 
(0.937–1.023: 95% CI including 1) and an intercept of 
−0.122 (−0.443 to 0.176: 95% CI including 0; Fig. 4). The 
simple linear regression obtained very similar results (figure 
not shown), with a slope of 0.966 and an intercept of 0.062; 
coefficient of determination R2 = 0.994 (indicating that a suf-
ficient range of values was evaluated). In the Bland–Altman 
comparison graph (Fig. 5), the mean of differences with its 

95% CI were −9.66 [95% CI = −17.66 to –1.66] nmol/L 
(−0.35 [95% CI = −0.64 to 0.06] μg/dL). The normality of 
the differences could be verified by the D’Agostino–Person 
normality test (p = 0.447; >0.3 taken as an interpretation 
threshold29: see discussion), therefore the agreement limits 
could be generated with their 95% CI (in brackets): −51.6 
[−65.4 to −37.5] nmol/L (−1.87 [−2.37 to −1.36] μg/dL) and 
32.0 [18.2–46.1] nmol/L (1.16 [0.66–1.67] μg/dL).

Observed total error computation

The within-run CV increased with decreasing serum cortisol 
concentration (6; Fig. 3A), whereas the SR bias remained 
relatively constant and small (Table 6; Fig. 3B). RB was rela-
tively similar to the SR bias (Table 6), and the TEo generated 
from each of the 3 different biases (SR, AB, and RB) across 
the cortisol concentration range were relatively similar 
(Table 6). Similar to the pattern of CV, TEo

SR
 increased at an 

increasing rate with decreasing of the serum cortisol concen-
tration (Fig. 3C).

The between-run CV for L4 and L8 (bias remaining within-
run; Table 6), the between-run CV and bias for both QCM 
levels, and the resulting TEo, are provided (Table 7). For L4 
and L8, TEo

SR
, TEo

RB
, and TEo

AB
 were roughly equivalent, 

being ~30% at 1.4 μg/dL and ~20% at 20 μg/dL (Table 8).
QCM precision, bias, and TEo were respectively 4.1%, 

0.3%, and 8.5% at the lower level QCM1 (7 μg/dL), and 7%, 
0.5%, and 14.5% at the higher level QCM2 (14 μg/dL). Of 
note, the QCM bias determined against target values pro-
vided by the manufacturer was minimal (0.3% and 0.5%).

Quality control rule validation study

One example of utilization of a normalized OPSpec chart for 
manual determination of the QC rules is provided (Fig. 6). 

Table 3. Results from the linearity, within-run precision (day 1, n = 4), and recovery studies across the canine serum cortisol 
reportable range.

Level

Spiked cortisol 
concentration, 
nmol/L (μg/dL)

Serum

Mean measured concentration, nmol/L (μg/dL) Within-run CV (%) Recovery (%)

L10 1,380 (50) 1,280 (46.4) 1.81 92.7
L9 1,035 (37.5) 1,026 (37.2) 1.49 98.3
L8 552 (20) 568 (20.6) 3.98 103.1
L7 345 (12.5) 359 (13.0) 3.19 104.3
L6 172 (6.25) 169 (6.11) 7.02 97.7
L5 69 (2.5) 68 (2.45) 1.95 98.1
L4 38.6 (1.4) 36.1 (1.31) 7.97 93.5
L3 13.8 (0.5) 13.4 (0.486) 7.12 97.3
L2 6.9 (0.25) 6.5 (0.234) 18.4 93.6
L1 (matrix) 0 7.1 (0.259*) 12.7 NA
L0 (blank) 0 0.02 (0.00075) 200 NA

NA = not applicable.
* The intrinsic cortisol concentration of the serum matrix (0.259 μg/dL) was considered for the recovery and then for the bias computations.
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Figure 3. A. Within-run precision = f [serum cortisol]. Evolution of within-run (n = 4) CV (%) across the serum cortisol concentration. 
Spiked cortisol levels for the linearity study were run in quadruplicate, allowing assessment of the CV evolution across the concentration: 
CV remained low (1.5–7%) from 1,380 nmol/L (50 μg/dL) to 69 nmol/L (2.5 μg/dL), before increasing at an increasing rate at lower 
concentrations. B. Serum cortisol spiking-recovery bias = f [serum cortisol]. Evolution of the spiking-recovery bias (%) across the serum 
cortisol concentration. Spiked cortisol levels for the linearity study were run in quadruplicate, and the mean was used to calculate the 
recovery and the bias percentages. The spiking-recovery bias remained minimal (–7% to +4%) across the reportable range. C. Serum 
cortisol TEo

SR
 = f [serum cortisol]. Evolution of TEo (%) across the serum cortisol concentration. Within-run CV (from Fig. 3A) and 

spiking-recovery bias (from Fig. 3B) were combined to calculate TEo across the serum cortisol concentration.

Almost no rules were acceptable at high P
ed

 (90%) and low 
TEa, regardless of the considered level, with the exception of 
QCM1 (for which 1

2S
, 1

2.5S
, and 1

3s
/2

2s
/R

4s
 were acceptable 

thanks to a minimal TEo of 8.5%). For all levels, decreasing 
P

ed
 from 90% to 50% resulted in an increased proportion of 

acceptable QC rules; however, this proportion of newly 
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acceptable QC rules remained very limited. On the other 
hand, for all levels, increasing TEa to 50% resulted in a 
prominently increased proportion of acceptable QC rules. 
This illustrates the major impact of the chosen TEa level ver-
sus the minor impact of the chosen P

ed
 (Table 9).

Discussion

We validated canine serum cortisol on the Immulite 2000 Xpi, 
and characterized the CV, bias, and TEo function of concen-
trations spanning the reportable range, especially at com-
monly used IT for the ACTHST and the LDDST, for kit lot 
numbers <550. For lots ≥550, the anti-cortisol capture antibody 

was modified by Siemens in 2020, and has shown significant 
negative bias in canine serum,21 whereas not affecting the 
measurements in human samples. The average bias between 
the kits was −23.1%, and reached maxima from −55.8% to 
−133.3% depending on the considered concentration ranges. 
This observation (November 2020) led to the commercial-
ization (January 2021) by Siemens of a “veterinary cortisol 
kit” containing the new antibody but also integrating a cor-
rection formula (historical value = (1.1 × new antibody kit 
value) + 4.14 nmol/L). After correction, the average bias 
between the kits dropped to −8.6%, which was deemed 
acceptable, but reached maxima from −27.4% to −191.5% 
depending on the considered concentration ranges, therefore 

Table 5. Inter-laboratory comparison study results for canine serum cortisol: range-based bias and average bias.

Increasing concentration 
groups (1–5)

Serum cortisol, nmol/L (µg/dL)

Range-based biasTVMDL MSU-VDL

Group 5 941 (34.1) 946 (34.3) −3.7%
704 (25.5) 745 (27.0)  
679 (24.6) 737 (26.7)  
657 (23.8) 668 (24.2)  

Group 4 494 (17.9) 527 (19.1) −4.5%
480 (17.4) 464 (16.8)  
436 (15.8) 461 (16.7)  
408 (14.8) 452 (16.4)  

Group 3 312 (11.3) 279 (10.1) 4.1%
303 (11.0) 284 (10.3)  
298 (10.8) 298 (10.8)  
281 (10.2) 287 (10.4)  

Group 2 159 (5.75) 167 (6.12) −3.7%
153 (5.54) 152 (5.51)  
108 (3.92) 118 (4.28)  
104 (3.77) 105 (3.80)  

Group 1 67 (2.42) 67 (2.43) −13.8%
49 (1.76) 59 (2.14)  
37 (1.35) 49 (1.78)  
34.5 (1.25) 42 (1.52)  

Average bias −2.9%  

The 20 serum samples for the between-laboratory comparison study were chosen as 5 clustering sets of 4 samples to investigate the range-based bias; availability of samples also 
influenced the selection. Samples were tested fresh at Texas Veterinary Medical Diagnostic Laboratory (TVMDL) with the Immulite 2000 Xpi (Siemens), frozen at −80°C for 
<2 wk, and then sent overnight to Michigan State University Veterinary Diagnostic Laboratory (MSU-VDL) to be tested in one batch with the Immulite 2000 Xpi.

Table 4. Within-run and between-run precision for 2 spiked serum cortisol levels of clinical interest in dogs and 2 levels of quality 
control material.

Precision n Days Level: nmol/L (μg/dL) CV (%)

Within-run (spiked) 20 1 L4: 38.6 (1.4) 7.5
20 1 L8: 552 (20) 4.7

Between-run (spiked) 20 5 L4: 38.6 (1.4) 9.5
20 5 L8: 552 (20) 7.4

Between-run (QCM) 22 22 QCM1: 193 (7.0) 4.1
22 22 QCM2: 389 (14.1) 7

CV = coefficient of variation; Lx = level x (see dilution Table 1); n = numbers of repeats; QCM = quality control material.
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Figure 4. Inter-laboratory comparison study for canine serum 
cortisol (n = 20), with Passing–Bablok regression (solid line) and 
its 95% CI (dotted lines). MSU-VDL = Veterinary Diagnostic 
Laboratory of Michigan State University; TVMDL = Texas A&M 
Veterinary Medical Diagnostic Laboratory.

Figure 5. Bland–Altman comparison for the inter-laboratory 
canine serum cortisol comparison study (n = 21), with simple 
linear regression of the differences between laboratories. Both 
laboratories (TVMDL and MSU-VDL) used the same method of 
measurement: Immulite 2000 Xpi. There was one freezing cycle 
added before measurement by the MSU-VDL. The simple linear 
regression of the difference followed the equation: y = −0.0319x 
+ 0.0236 (dotted line). Thus, there was nearly no constant bias; the 
proportional bias was negligible. Indeed, the latter was minimal at 
low concentration, and it would not impact clinical interpretation 
at higher concentration. MSU-VDL = Veterinary Diagnostic 
Laboratory of Michigan State University; TVMDL = Texas A&M 
Veterinary Medical Diagnostic Laboratory.

occasional significantly negatively biased samples could not 
be prevented. Further characterization of the analytical and 
clinical performance of the new kits (lot numbers ≥550) is 
warranted.

The reported ITs of 38.6 and 552 nmol/L (1.4 and 20 μg/
dL, respectively) were established in 198311 with a non-
immune radioassay (CPBM), not in use anymore. It is not 
fully characterized if these are the most adequate ITs, 
meaning optimizing the sensitivity and the specificity 
according to a ROC curve, with the Immulite 2000 Xpi 
data. Canine serum cortisol measurement assays have 
changed over the decades, and those changes should be 
taken into account when transferring IT from one method to 
another, for ACTHST (Table 10) as for LDDST (Table 11); 
2 main studies on high-dose dexamethasone suppression 
test (HDDST),10,16 which contributed to the determination 
of its currently used IT, have been included because the IT 
is the same for the LDDST (38.6 nmol/L or 1.4 μg/dL at 8 h 
post-dexamethasone injection).

Earlier studies did not provide an interpretation thresh-
old, sensitivity, and specificity. They rather provided the 
mean, SD, and range at each time in each population. Stud-
ies later started providing a threshold, mostly consisting of 
the mean plus 2 SD or 3 SD from a limited population of 
healthy dogs, and without verifying the normality of the 
results. Later, the sensitivity alone, and finally the specific-
ity, were added. In between, there was a switch of assays 
from non-immune methods to immune methods, first RIA, 
and then enzyme and chemiluminescent assays. There was 
also a trend to not include a control population anymore, 
but rather to quote former studies, with various degrees of 
accuracy. Much more recently, studies started to compare 
dogs with HAC to diseased dogs or dogs suspected of HAC 
but not having HAC, rather than to healthy dogs, challeng-
ing the specificity of the assays. We believe that the recent 
approach of the interpretation threshold with ROC curves22 
comparing dogs with HAC with suspect or diseased dogs is 
better. For example, a recent study36 found an optimal inter-
pretation threshold of 684–717 nmol/L (24.8–26.0 μg/dL) 
for post-ACTH cortisol with a chemiluminescent immuno-
assay different from the Immulite 2000 Xpi; it is not known 
if the Immulite 2000 Xpi would yield a similar threshold. 
The TEo we determined for 20 μg/dL in our study would 
likely be a good approximation of TEo at this threshold on 
the Immulite 2000 Xpi. For the LDDST, the most com-
monly used interpretation threshold at 8 h was determined 
in 1983 by an assay that was neither immune nor chemilu-
minescent, and on relatively limited populations (33 HAC 
and 22 control dogs)11; thus, a study with ROC curve deter-
mination of the optimal threshold with the Immulite 
2000 Xpi is highly desirable.

A sensitivity or a specificity by itself is nearly mean-
ingless and should at the very minimum be provided 
with the associated IT and the associated assay method. 
Ideally, it should mention the source of the IT (upper 
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Table 6. Coefficient of variation (within-run), bias, and observed total error results across the canine serum cortisol concentration 
range.

Serum cortisol Precision (%) Bias (%) TEo = Bias + 2CV (%)

Level nmol/L (μg/dL) CV (within-run) SR RB AB TEo
SR

TEo
RB

TEo
AB

L10 1,380 (50) 1.81 −7.27 NA −2.93 10.9 NA 6.5
L9 1,035 (37.5) 1.49 −1.68 −3.72 4.6 6.7 5.9
L8 552 (20) 3.98 3.08 −4.47 11.0 12.5 10.9
L7 345 (12.5) 3.19 4.33 4.10 10.7 10.5 9.3
L6 172 (6.25) 7.02 −2.30 −3.70 16.3 17.7 17.0
L5 69 (2.5) 1.95 −1.94 NA 5.8 NA 6.8
L4 38.6 (1.4) 7.97 −6.50 −13.8 22.4 29.7 18.9
L3 13.8 (0.5) 7.12 −2.75 NA 11.5 NA 17.2
L2 6.9 (0.25) 18.4 −6.40 NA 43.3 NA 39.8

AB = average bias; CV = coefficient of variation; Lx = level x (see dilution Table 1); NA = not applicable; RB = range-based bias; SR = spiking-recovery bias; TEo = 
observed total error. The 3 types of bias allow computation of 3 types of TEo across the serum cortisol concentration. For the RB bias (from the interlaboratory comparison 
study), not all the levels (initially determined in the spiking-recovery study) could be investigated because of sample availability. RB bias and TEo

RB
 are provided when 

available. The low within-run CV for L5, combined with the minimal SR bias (middle of a flat bell: Fig. 3B), results in a low, potentially underestimated, TEo at this 
concentration level.

Table 7. Coefficient of variation (between-run), bias, and observed total error results for 2 clinically relevant canine serum cortisol 
concentrations and the 2 quality control material levels.

Spiked serum samples

Cortisol level
Target values, 
nmol/L (μg/dL)

Precision (%) Bias (%) TEo (%)

Between-run CV SR RB AB TEo
SR

TEo
RB

TEo
AB

L4 38.6 (1.4) 9.53 −6.50 −13.8 −2.93 25.6 32.8 22.0
L8 552 (20) 7.42 3.08 −4.47 17.9 19.3 17.7

QCM

Cortisol level
Target values,* 
nmol/L (μg/dL)

Precision (%)

Bias (%) TEo
QCM

 (%)Between-run CV

QCM1 193 (7.0) 4.08 −0.27 8.5
QCM2 389 (14.1) 7.01 −0.52 14.5

AB = average bias; CV = coefficient of variation; Lx = level x (see dilution Table 1); QCM = quality control material; RB = range-based bias; SR = spiking-recovery bias; TEo = 
observed total error.
* The serum QCMs had target values provided by the manufacturer for canine serum cortisol.

Table 8. Variability of the canine serum cortisol interpretation thresholds considering the between-run coefficient of variation only 
and considering the observed total error.

Interpretation threshold, 
nmol/L (μg/dL)

Between-run CV: resulting 
interval,* nmol/L (μg/dL)

TEo: resulting interval,†  
nmol/L (μg/dL)

38.6 (1.4) 9.53%: 31–46 (1.13–1.67) TEo
SR

 ≈ TEo
RB

 ≈ TEo
AB

 ≈ 30%: 27–50 (0.98–1.82)
552 (20) 7.42%: 470–634 (17.0–23.0) TEo

SR
 ≈ TEo

RB
 ≈ TEo

AB
 ≈ 20%: 442–662 (16–24)

AB = average bias; CV = coefficient of variation; RB = range-based bias; SR = spiking-recovery bias; TEo = observed total error.
* The resulting interval around the concentration levels corresponds with the 95% probability estimate range of cortisol concentrations expected using 2CV. It accounts for 
precision only.
† The resulting interval around the concentration levels corresponds with the concentration ±TEo, with TEo = bias + 2CV. It accounts for precision and accuracy.

limit of the range for normal dogs, mean + x SD for 
normal dogs, ROC curve analysis, etc.) and the nature 
of the considered population(s) (healthy, dogs with HAC, 

dogs suspected of but not having HAC [HAC-S], dogs 
with non-adrenal illness, etc.) with the number of indi-
viduals (Tables 10, 11). Following this good practice, 
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the commonly stated sensitivities of the ACTHST and 
the LDDST from 198311 would be provided as:

•• Sensitivity of 83% of the post-ACTH cortisol 
(0.25 mg/dog IM, 1 h) for HAC associated with an IT 
of 552 nmol/L (20 μg/dL) determined by the mean + 3 
SD of 64 control tests from 16 control dogs, when 
using a CPBM (non-immune radioassay) on heparin-
ized plasma.

•• Sensitivity of 92% of the LDDST (0.01 mg/dog IV, 
8 h) for HAC associated with an IT of 39 nmol/L 

(1.4 μg/dL) determined by the mean + 3 SD of 22 con-
trol dogs, when using a CPBM (non-immune radio-
assay) on heparinized plasma.

It is critical to consider thresholds as interpretation 
thresholds, and not as diagnostic thresholds. Indeed, TEo 
intervals account only for the analytical variability of the 
result, which is not the only aspect to take into account for 
test result interpretation. For example, a post-ACTH serum 
cortisol result clearly beyond the upper limit of the TEo 
interval for 20 μg/dL (e.g., a result of 28 μg/dL) could still be 

Figure 6. Example of utilization of a normalized operational process specifications (OPSpec) chart, at N = 2 levels of QCM, and P
ed

 of 
the system = 90%, for QC rule validation of L4 (38.6 nmol/L [1.4 μg/dL]) in green, and QCM1 (193 nmol/L [7.0 μg/dL]) in purple. In this 
example, we are considering the averaged bias (from the comparison study) for QC rule determination of L4 used as a QCM (L4

AB
). First, 

CV and bias are determined, and TEo is calculated. Then, a given level of TEa is chosen. Here, when TEo was <20%, TEa was chosen as 
20% (QCM1); when TEo was >20%, TEa was chosen as 33% (L4

AB
). Then, CV and bias are expressed as % of TEa (“normalized”), and 

those values are plotted on the x-axis and y-axis of the OPSpec chart, respectively, as the “operating point.” All the QC rules to the right of 
the operating point are candidates for use with the specified P

ed
 and P

fr
; all the QC rules left from the operating point are not. Thus, there is 

no candidate QC rule for L4
AB

. For QCM1, 1
2.5s

 or 1
3s

/2
2s

/R
4s

 would be candidate QC rules; 1
2s

 should be avoided because of the P
fr
 of 0.09 

(see discussion). AB = averaged bias; CV = coefficient of variation; L4 = level 4 in this study, corresponding with 1.4 μg/dL; N = number 
of levels tested for QC; OPSpec = operational process specifications; P

ed
 = probability of error detection; P

fr
 = probability of false rejection; 

QCM = quality control material; R = number of repeats for each QC level; TEa = allowable total error; TEo = observed total error.
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a true positive (Cushing disease) or a false positive (e.g., a 
chronic, consequent inflammation generating adrenal hyper-
reactivity). In other words, passing beyond the variability 
associated with TEo only assures you the ability to eliminate 
the analytical variability for your interpretation (the test is 
“truly positive”), but it does not assure you that your animal 
is truly positive for the disease investigated by the test. The 
final interpretation is performed according to the predictive 
values, positive and negative, which are a function of the 
theoretical prevalence of the disease in a population com-
posed of animals presenting as your patients (age, breed, sex, 
clinical signs, biochemistry, etc.), otherwise called pre-test 
probability. The more a dog accumulates support for Cush-
ing disease, the more a positive result is likely to be truly 
positive, and inversely. Importantly, the goal of our study 
was not to assess the relevance of the 2 ITs themselves, but 
rather to analyze to what extent cortisol results could be 
relied upon according to the TEo related to those ITs.

One strength of our study resides in the fact that we looked 
at CV, bias, and TEo across the entire reportable concentra-
tion range, and especially at the 2 levels of most clinical 
significance (1.4 and 20 μg/dL), rather than at single average 
means from samples of different concentrations. Because the 
CV and thus TEo demonstrated marked variations across the 
cortisol concentration range, the degree of variation should 
be taken into account in the interpretation of results.

Another strength of our study is the investigation of 3 
types of biases: SR, RB, and AB, which bring different infor-

mation and have different properties. SR bias shows the 
intrinsic bias of the immunoassay compared to the calculated 
spiking concentrations. RB shows the bias existing between 
2 laboratories at a given serum cortisol concentration level. 
AB shows the average bias between 2 laboratories; because 
it averages all of the RB (some positive and some negative), 
it artifactually minimizes the estimated bias, and thus gives a 
false impression of excellence. In a context in which the ana-
lytical specificity is good, RB is probably the most relevant 
type of bias in a clinical setting, given that interpretation of 
results should be the same across laboratories; clinical results 
are rarely compared to SR performance, yet it is relevant to 
quantify how far from a “true value” a method can be. The 
SR bias becomes more important when the analytical speci-
ficity is challenged, as for example in the measurement of 
urine cortisol in the presence of multiple cross-reacting 
metabolites (urinary corticoids).27 In any case, because the 3 
resulting TEo (TEo

SR
, TEo

RB
, and TEo

AB
) were similar for 

L4 and very similar for L8, we can simplify the concept in 
serum and state that TEo for L4 is ~30% and TEo for L8 is 
~20%. This was definitely not the case in the urine matrix.27 
The reportable range of an assay is the range in which the 
measurand can be measured with acceptable accuracy and 
precision. Linearity is not mandatory, but it remains highly 
desired, and is often used to justify the reportable range of an 
assay. Demonstration of linearity by dilutions will actually 
be conditioned by the linearity of the calibration curve. The 
more linear is the calibration curve, the more comfortable it 

Table 9. Quality control rule validation for 2 relevant cortisol concentrations (L4 = 38.6 nmol/L = 1.4 μg/dL; L8 = 552 nmol/L = 
20 μg/dL) and both quality control material levels in canine serum.

Serum 
cortisol

High P
ed

 ⇔ P
ed

90% Low P
ed

 ⇔ P
ed

50%

Level TEo (%) TEa (%) σ Candidate QC rules Level TEo (%) TEa (%) σ Candidate QC rules

Low TEa L4
(SR)

25.6 33 2.8 None L4
(SR)

25.6 33 2.8 None
L4

(RB)
32.8 33 2.0 None L4

(RB)
32.8 33 2.0 None

L4
(AB)

22.0 33 3.2 None L4
(AB)

22.0 33 3.2 1
2s

L8
(SR)

17.9 20 2.3 None L8
(SR)

17.9 20 2.3 None
L8

(RB)
19.3 20 2.1 None L8

(RB)
19.3 20 2.1 None

L8
(AB)

17.8 20 2.3 None L8
(AB)

17.8 20 2.3 None
QCM1 8.5 20 4.8 1

2s
; 1

2.5s
; 1

3s
/2

2s
/R

4s
QCM1 8.5 20 4.8 All

QCM2 14.5 20 2.8 None QCM2 14.5 20 2.8 None

High TEa L4
(SR)

25.6 50 4.6 1
2s

L4
(SR)

25.6 50 4.6 1
2s

; 1
2.5s

; 1
3s

/2
2s

/R
4s

; 1
3s

L4
(RB)

32.8 50 3.8 None L4
(RB)

32.8 50 3.8 1
2s

; 1
2.5s

L4
(AB)

22.0 50 4.9 1
2s

; 1
2.5s

; 1
3s

/2
2s

/R
4s

L4
(AB)

22.0 50 4.9 All
L8

(SR)
17.9 50 6.3 All L8

(SR)
17.9 50 6.3 All

L8
(RB)

19.3 50 6.1 All L8
(RB)

19.3 50 6.1 All
L8

(AB)
17.8 50 6.3 All L8

(AB)
17.8 50 6.3 All

QCM1 8.5 50 12.1 All QCM1 8.5 50 12.1 All
QCM2 14.5 50 7.1 All QCM2 14.5 50 7.1 All

AB = average bias; Lx = level x (see dilution Table 1); All = includes all 4 QC rules (1
2s

; 1 
2.5s

; 1
3s

; 1
3s

/2
2s

/R
4s

); P
ed

 = Probability of error detection (by the QCM); QCM = quality 
control material; RB = range-based bias; SR = spiking-recovery bias; TEo = total allowable error; TEo = observed total error. Bolded rules are those added when switching from 
[Low TEa and P

ed
90%] to [Low TEa and P

ed
50%], from [Low TEa and P

ed
90%] to [High TEa and P

ed
90%], and from [High TEa and P

ed
90%] to [High TEa and P

ed
50%]. We 

investigated the sigma metric and the candidate QC rules at “low” TEa (slightly higher than TEo), voluntarily “high” TEa (arbitrarily chosen at ≥50% when TEo was >50%), 
“low” P

ed
 (arbitrarily chosen at 50%, even if such a low P

ed
 is contraindicated), and at voluntarily “high” P

ed
 (chosen at the minimal recommended level of 90%). The goal was to 

illustrate the limited influence of varying P
ed

 contrasting with the large influence of varying TEa on candidate QC rules.
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is to manage the assay. For competitive immunoassays (fre-
quent in endocrinology, among which the cortisol assay we 
used in our study), because the measured fraction (tracer) is 
the displaced fraction (as opposed to the bound fraction in 
non-competitive immunoassays), the graph signal = 
f(concentration) is typically sigmoid. To straighten the curve, 
one or several functions are used on the axes, in an algorithm 
fixed for the life of the assay once it has been validated. For 
example, the signal on the y-axis is often transformed by the 
Logit function (log[y/(1-y]), which is the opposite of a sig-
moid. The concentration on the x-axis may be transformed 
by the Log function (log[x]) to further straighten the curve, 
in a common algorithm for competitive immunoassays called 
“Logit-Log.” Unlike radioimmunoassays, the Immulites do 
not allow visual assessment of the calibration curve and the 
algorithms; instead, 2 adjustors are used to adjust a calibra-
tion curve preregistered in the software. In any case, the 
canine serum cortisol linearity that we obtained with the 
Immulite 2000 Xpi was excellent, mirroring the inaccessible 
calibration curve of the assay, and confirmed that the report-
able range of 27.6–1,380 nmol/L (1–50 μg/dL) provided by 
the manufacturer was adequate.

Samples measured outside the manufacturer reportable 
range spontaneously are reported as < or > the lower or 
upper limit, respectively. The Immulite 2000 and 2000 Xpi 
offer 2 options to measure samples outside of the manufac-
turer’s reportable range: the calibration verifier mode 
(CVM) and the range change software (RCS). They gener-
ate, in theory, the same result, but have very different con-
texts of use. The CVM eliminates the limits of the reportable 
range (thus with no need of setting up a new acceptable 
range). It is not typically used in veterinary medicine. It is 
not typically used for patient testing in the human field 
either. It is most often used by human laboratories perform-
ing linearity testing: facilities that perform human testing 
are required by most accrediting agencies to verify the 
reportable range every 6 mo. Siemens sells a product called 
Calibration Verification Modules that customers can use to 
fulfill this requirement, which is where the term “verifier” 
came from. On the other hand, the RCS is a CD-ROM pro-
vided by Siemens exclusively for veterinary customers, 
which uploads new software on the Immulite computer. 
This software creates a file from which the user can manu-
ally set up new reportable ranges at will for each measur-
and. It is the responsibility of the veterinary laboratory to 
document acceptability of the new reportable range. Modi-
fication of the reportable range must be done measurand by 
measurand, and for each new lot, as the reportable range 
comes back to its original setting at each new lot.

We performed the detection limit study to verify the man-
ufacturer’s decision of defining 27.6 nmol/L (1 μg/dL) as the 
lower limit, as well as to characterize the precision of results 
that we report below this limit. LOQ is the most useful value, 
as it quantifies the precision of the lower limit. We determined 
that the precision remained ~13% as low as 16.6 nmol/L 

(0.60 μg/dL) and 9.4 nmol/L (0.34 μg/dL), which is accept-
able for such low concentrations.

Because of the critical importance of cortisol interpreta-
tion at 38.6 and 552 nmol/L (1.4 and 20 μg/dL, respectively), 
these levels were further investigated with a between-run 
replication study. Terms other than within-run (e.g., 
“between-run,” “long-term,” or “reproducibility”) should 
always be defined in publications because they mean differ-
ent designs for different sources.1,40,48 “Between-run” is the 
vaguer version and encompasses everything that is not 
within-run. We chose this denomination to avoid overinter-
pretation of our results. In the 2019 ASVCP guidelines,1 
“between-run,” long-term,” and “reproducibility” are used 
interchangeably, and defined as 20 measurements over at 
least 20 d for QCMs, and 20 measurements divided as 4 daily 
measurements over 5 d, which is what we did in our study. 
On the other hand, meteorologists,48 define “intermediate 
precision” as >90–100 d. Similarly, the International Organi-
zation for Standardization (ISO) defines19 “intermediate pre-
cision” as measurements over months, and uses it as a 
synonym for within-laboratory reproducibility, as opposed to 
between-laboratory reproducibility.

The within-run and between-run CV(%) should not repre-
sent >25% and 33% of TEa, respectively.1 This is easily 
achievable for methods with high precision, as, for example, 
for biochemistry measurands. Immunoassays have lower 
precision, therefore we may or may not be able to respect this 
guideline, depending on the elected TEa; we anticipate that 
for some immunoassays, the CV may represent a higher pro-
portion of the TEa budget.

The analytical performances of the Immulite 2000 Xpi at 
both ITs can be regarded with the between-run CV only, or 
with TEo. Taking the example of the 38.6 nmol/L (1.4 μg/
dL) IT, the nearly 10% between-run CV signifies that a 
sample of exactly 38.6 nmol/L (1.4 μg/dL) has a 95% prob-
ability of being measured within 38.6 nmol/L ± 2 SD, which 
is 31–46 nmol/L (or within 1.4 μg/dL ± 2SD, which is 1.1–
1.7 μg/dL). It is interesting to consider, for example, one 
measurement at 1.2 μg/dL and one measurement at 1.6 μg/
dL as not essentially being different. Moreover, because 
both of those ITs were determined ~40 y ago with a differ-
ent method,11 the bias needs to be considered for interpreta-
tion of the results because imprecision alone will not 
account for the technical difference between methods or 
laboratories. In theory, the bias could be addressed either 
with the determination of an IT within the laboratory (which 
is actually removing the bias component, but is virtually 
never done because of the complexity and cost of such 
studies) or addressed at the level of the interpretation of 
results by considering TEo instead of the between-run CV 
only for significance. The bias in our study is especially 
interesting, given that it results from measurement differ-
ences between 2 Immulites 2000 Xpi, and thus is an exam-
ple of the lowest inter-laboratory bias that one could expect. 
In an ideal situation, results should be comparable across 
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laboratories. If the bias is eliminated or minimized, RIs 
determined for a specific instrument and method, or even 
across different instruments and methods, could be gener-
ated. This is not currently the case for state-of-the art per-
formance, and different biases exist even for the same 
instruments within different laboratories8 (and non-pub-
lished observations from SYNLAB-VPG). Then, taking the 
bias into consideration appears clearly justified when inter-
preting the results compared to IT according to TEo. Thus, 
when adding the bias (SR, RB, or AB) component, and thus 
considering TEo (TEo

SR
, TEo

RB
, or TEo

AB
) of ~30% in our 

study with the Immulite 2000 Xpi, the interval of 95% 
probability of measurement becomes 38.6 nmol/L ± TEo, 
which is 27–50 nmol/L (or 1.4 μg/dL ± TEo, which is 0.98–
1.82 μg/dL). The same reasoning can be applied to the IT of 
552 nmol/L (20 μg/dL) with a CV of ~7.5% and TEo of 
~20%, for which 552 nmol/L ± 2 SD generates an interval 
of 469–635 nmol/L (17–23 μg/dL), and 552 nmol/L ± TEo 
generates an interval of 442–662 nmol/L (16–24 μg/dL).

We used the Bland–Altman method for our between-lab-
oratory comparison study. The mean of the differences of 
9.7 nmol/L (−0.35 μg/dL) suggested a minimal negative bias 
in our facility, with no clinical significance. Agreement lim-
its were computed after the normality of the differences 
between methods was demonstrated; we elected a threshold 
for the p value of the D’Agostino–Person normality test of 
0.3 rather than 0.05, given that a recent study demonstrated 
in simulated clinical settings that the p value with optimal 
sensitivity and specificity according to a ROC curve was 
0.18 at n = 30, and could go up to 0.29 with the Anderson–
Darling method under the same conditions.29 We believe that 
in a clinical setting at low n, it is more reasonable to increase 
the threshold for normality from 0.05 to 0.3 in order to limit 
false positives (type I error). Agreement limits were deter-
mined as −51.6 to +32.0 nmol/L (−1.87 to +1.16 μg/dL), then 
with no clinical significance. Admittedly those variations 
could have a clinical significance at low concentration; how-
ever, the visual analysis of the Bland–Altman graph revealed 
that differences between methods were close from zero up to 
27.6 nmol/L (1 μg/dL), and that the limited negative bias was 
observed mostly at high concentration, which would not 
result in a change in the interpretation.

The original aspect of our study is to consider 2 spiked 
samples (L4 and L8) to model patient samples at 2 clinically 
relevant serum cortisol concentrations, and to consider their 
use as 2 QCM levels. When considered as QCM levels, these 
2 samples each provide biases (SR, AB, RB) and CV allow-
ing calculation of the corresponding TEo. The 3 investigated 
types of bias (SR, AB, RB) yield relatively close TEo (25.6%, 
22.0%, and 32.8% for L4; 17.9%, 17.7%, and 19.3% for L8). 
At P

ed
 >90%, the acceptable QC rules are roughly the same 

within each level (L4 and L8) regardless of the considered 
type of bias (except L4

AB
: see next paragraph), whereas the 

chosen TEa is critical in determining the set of acceptable 
QC rules. This emphasizes the major influence of the chosen 

TEa on the resulting acceptable QC rules, further illustrating 
the direct relationship between the usable QC rules and the 
quality goal represented by TEa.

For L4
AB

, more QC rules were acceptable given a low AB 
achieved by averaging multiple RB and thus providing an 
illusion of a better performing test. Especially in endocrinol-
ogy, we believe that the analytical performance (precision and 
accuracy) should be assessed at clinically relevant concentra-
tions to avoid the pitfall of error averaging that may occur 
when errors vary with concentrations of clinical interest.

The CV for both commercial QCM levels measured 
over one month is lower than the CV of the spiked samples 
L4 and L8 measured over only a week. The existence of 
target values from the manufacturer allows for a straight-
forward computation of the bias, which is minimal for both 
levels (0.3% and 0.5%). Both low CV and low bias illus-
trate the desirable stability properties of QCMs. The exten-
sive QC rule validation study highlights the small influence 
of P

ed
 and the major influence of TEa on acceptable QC 

rules. Decreasing P
ed

 below 90% is highly discouraged. 
Maintaining high P

ed
 is crucial for QC, and “doesn’t cost 

much” in terms of QC rules. At an arbitrarily chosen low 
TEa, almost no rules were acceptable for any level (with 
the exception of QCM1 as a result of especially low TEo); 
at voluntarily high TEa, all rules were acceptable for 
almost all levels (with the exception of L4 as a result of 
especially high TEo). Given the major influence of TEa on 
QC rule candidates, increasing TEa appears to be the best 
way of increasing QC rule availability. Of course, TEa 
cannot be increased indefinitely and needs to remain below 
the clinically useful TEa. From this equation came the idea 
of reversing the QC rule validation approach, optimizing 
TEa just to the needed level to accept a simple QC rule, but 
not more.28 Of note, for all levels, the 1

2S
 rule was disre-

garded because of excessive P
fr
 (0.09), resulting in exces-

sive occurrence of false rejections, and thus being time and 
cost prohibitive. For similar practical reasons, even if per-
formance was improved, scenario with N = 4 control levels 
(results not provided) or with more complex multi-rules 
(results not provided) were disregarded as impractical for 
use in veterinary laboratories.

In light of these observation, we cannot yet provide rec-
ommendations for the use of specific QC rules, given that 
those mostly depend on the elected TEa for which there is 
currently no consensus in veterinary medicine. However, we 
are proposing the use of a “reverse approach” to determine 
the amount of error for which various QC rules can provide 
a high P

ed
 and low P

fr
 in another paper in this series.28

We took extensive precautions to minimize limitations in 
our study (pre- and post-matrix constitution measurements, 
removal of not insignificant cortisol in the serum matrix, 
multiple determination of TEo and QC rules with various 
materials at various concentrations, etc.); however, some 
limitations could not be overcome and require acknowledg-
ment. One limitation is the absence of clinical investigation 
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from our study about the relevance of the 38.6 and 552 nmol/L 
(1.4 and 20 μg/dL, respectively) IT for serum cortisol in dogs 
with this measurement method. We aimed specifically to 
quantify the amount of random error, systematic error, and 
total error associated with those commonly used IT with the 
commonly used method of the Immulite 2000 Xpi. We also 
did not characterize interferences caused by hemolysis, lipe-
mia, or icterus. Finally, we reported results with a single 
instrument; to make recommendations for QC validation 
purposes, one would need to know that these goals are 
achievable consistently over time and across analyzers.
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