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Abstract

Background: The comparability of thyroid-stimulating 
hormone (TSH) results cannot be easily obtained using 
SI-traceable reference measurement procedures (RPMs) 
or reference materials, whilst harmonization is more fea-
sible. The aim of this study was to identify and validate a 
new approach for the harmonization of TSH results.
Methods: Percentile normalization was applied to 125,419 
TSH results, obtained from seven laboratories using three 
immunoassays (Access 3rd IS Thyrotropin, Beckman 
Coulter Diagnostics; Architect System, Abbott Diagnostics 
and Elecsys, Roche Diagnostics). Recalibration equations 
(RCAL) were derived by robust regressions using boot-
strapped distribution. Two datasets, the first of 119 EQAs, 
the second of 610, 638 and 639 results from Access, Archi-
tect and Elecsys TSH results, respectively, were used to 
validate RCAL. A dataset of 142,821 TSH values was used 
to derive reference intervals (RIs) after applying RCAL.
Results: Access, Abbott and Elecsys TSH distributions were 
significantly different (p < 0.001). RCAL intercepts and 
slopes were −0.003 and 0.984 for Access, 0.032 and 1.041 
for Architect, −0.031 and 1.003 for Elecsys, respectively. 

Validation using EQAs showed that before and after RCAL, 
the coefficients of variation (CVs) or among-assay results 
decreased from 10.72% to 8.16%. The second validation 
dataset was used to test RCALs. The median of between-
assay differences ranged from −0.0053 to 0.1955  mIU/L 
of TSH. Elecsys recalibrated to Access (and vice-versa) 
showed non-significant difference. TSH RI after RCAL 
resulted in 0.37–5.11  mIU/L overall, 0.49–4.96  mIU/L for 
females and 0.40–4.92 mIU/L for males. A significant dif-
ference across age classes was identified.
Conclusions: Percentile normalization and robust regres-
sion are valuable tools for deriving RCALs and harmoniz-
ing TSH values.

Keywords: laboratory information systems; percentile 
normalization; recalibration equation; reference inter-
vals; statistical harmonization; thyroid disease; thyroid-
stimulating hormone; thyrotropin.

Introduction
According to all international guidelines, measurement 
of serum thyroid-stimulating hormone (TSH) is consid-
ered the first-line screening test for thyroid dysfunction 
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throughout all the lifespan (including pregnancy, post-
partum and neonatal periods), for the evaluation of 
thyroid hormone replacement in patients with primary 
hypothyroidism, and for the assessment of suppressive 
therapy in patients with follicular cell-derived thyroid 
cancer [1–3]. Currently, levels of TSH are routinely 
assayed with non-competitive immunoassay methods [1]. 
Although the analytical performance of the TSH immuno-
assays has progressively improved in the last 30 years [1], 
there are still some systematic differences between the 
commercially available methods [4, 5]. Systematic bias or 
difference in interferences between TSH immunoassays 
may produce misleading interpretation when samples 
of the same patients are measured by different methods, 
especially in patients treated with drugs which are able to 
affect thyroid function or to cause interferences in immu-
noassay systems [6–9].

In 2010 [10–12] and 2014 [13], the IFCC Working 
Group for Standardization of Thyroid Function Tests 
published several studies concerning the standardiza-
tion of both TSH and thyroid hormone immunoassay 
methods. More recently, the same group reported the 
results of another study on the evaluation and harmo-
nization, rather than standardization, of TSH immuno-
assay methods, commercially available at that moment 
[14]. The aim of the study was to promote harmonization 
of immunoassay methods for TSH, because a process of 
standardization was not considered possible owing to 
the lack of accepted reference measurement procedures 
(RPMs) for this hormone [14]. Indeed, consensus has 
been progressively accumulated in the last few years 
about the importance of a more global approach to 
achieve a better harmonization in laboratory medicine, 
especially in the field of the most popular immunoassay 
methods [15–22].

A multicenter study, performed on behalf of the 
Italian Section of the European Ligand Assay Society 
(ELAS), evaluated the systematic differences between the 
most popular TSH immunoassays in Italy [5]. The conclu-
sions of this study were that it is possible to produce a 
mathematical approach, which can obtain a better har-
monization between the different TSH methods [5]. After 
recalibration, performed using a mathematical approach 
based on the principal component analysis, the varia-
tion of TSH values significantly decreased from a median 
pre-calibration value of 13.53% (10.79%–16.53%) to 9.63% 
(6.90%–13.21%).

Another important clinical problem related to the 
routine use of TSH assays is the large between-method 
difference in reference interval (RI) values [1]. The upper 
limits of the reference population of TSH immunoassays 

are strongly affected by outlier values, related to individ-
uals with thyroid autoimmunity (thyroid autoantibody 
positive) or sub-clinical thyroid disease. Other factors 
related to population demographics (such as age, sex, 
and ethnicity), iodine intake, BMI, smoking status and 
administration of some drugs can affect the serum TSH 
levels and generate false-positive TSH elevations as well 
[1, 6, 7]. Further, analytical interferences such as hetero-
phile antibodies have been reported to affect the repro-
ducibility of results from healthy population [23]. For 
these reasons, the accurate evaluation of TSH reference 
values requires the enrollment of a very large number of 
rigorously screened normal euthyroid volunteers [1, 24]. 
Considering these inclusion and exclusion criteria for 
the enrollment of the reference population, as well as 
the systemic bias between TSH immunoassay methods, 
it is not surprising that RIs for TSH have remained poorly 
defined [2, 13].

For the calculation of RIs for TSH, some recent 
studies have suggested some experimental approaches 
based on indirect RI calculation, using very large popula-
tions with the aim of reducing these drawbacks [25–29]. 
However, robust statistical analyses, including resam-
pling approaches, are needed for the accurate exclusion 
of all possible outliers [30, 31]. Theoretically, data mining 
approaches may be less accurate in the calculation of TSH 
reference values than the experimental studies based on 
large reference population. As a result, reference inter-
vals, calculated with data-mining techniques, usually 
require an independent and accurate evaluation of their 
clinical effectiveness and efficiency using specific clinical 
studies.

In 2017, the Italian section of the European Ligand 
Assay Society (ELAS) organized a multi-center study 
(named ELAS TSH Italian Study) among several Italian 
clinical laboratories for the evaluation of TSH RIs using 
large laboratory databases. Preliminary results obtained 
from four Italian clinical laboratories, using the same 
method for the measurement of serum TSH confirmed that 
data-mining techniques can be used to calculate clinically 
useful RIs for TSH [29]. Prompted by these preliminary 
results, the authors extended the experimental protocol 
of the TSH Italian Study to include data related to three 
different TSH immunoassay methods collected by seven 
Italian clinical laboratories.

The aim of the present study was to develop and 
validate a new approach for harmonizing TSH results, 
based on regression equations and bootstrapped statis-
tical methods. For this purpose, the TSH results from a 
large database of seven clinical laboratories were used 
[29]. Results were then validated on a different already 
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published database to check the performances of RCALs. 
Finally, age- and gender-specific RIs of TSH were derived 
after recalibration.

Materials and methods
Population database

The TSH values stored in the Laboratory Information System (LIS) 
of clinical laboratories of seven Italian city hospitals were analyzed. 
TSH measurements performed in samples collected from individu-
als referred by primary care practitioners throughout a period of 
about 2  years (2016–2017) were recorded by the LIS of the seven 
clinical laboratories. According to the clinical and demographic 
information available on the LIS, pregnant women were excluded 
from the study. The TSH results of individuals with free thyroxine 
(FT4), free triiodothyronine (FT3) and thyroid-autoantibodies out-
side the RIs of the methods used in the laboratories participating 
in the study were also excluded. Additionally, individuals with 
laboratory data (if available) suggesting the presence of thyroid or 
pituitary disease, a history of abnormal thyroid function test results 
or drug assumption, which can alter thyroid function test results, 
were excluded. Only one TSH value per individual was considered. 
Finally, individuals with laboratory test results suggesting acute or 
chronic diseases of cardiac, lungs, renal or liver systems were also 
excluded. These TSH data, listed in an Excel file with an alphanu-
meric barcode and together with the relative sex and age values of 
individuals, were sent to the reference laboratory of the study (i.e. 
Laboratory of the Fondazione CNR Regione Toscana G. Monasterio). 
The seven clinical laboratories used different alphanumeric bar 
codes in order to render unidentifiable the individual personal data 
to the investigators of the reference laboratory. These TSH measure-
ments (with the respective age and sex-related values of individu-
als enrolled in the study) constituted the original database for the 
present ELAS TSH Italian Study.

According to this experimental protocol, this study was per-
formed in accordance with the 1964 Helsinki declaration and its later 
amendments (the 2013 revision) or comparable ethical standards. 
All the clinical laboratories participating in the studies followed the 
recommendations of their Institutional Ethical Committees regarding 
the privacy-preserving data mining.

TSH assay

Three different immunoassay methods for TSH measurement were 
evaluated in the present study: Access TSH (3rd IS) Thyrotropin (REF 
B63284) by Beckman Coulter Diagnostics (distributed in Italy by Beck-
man Coulter Italia S.p.A, Cassina de’ Pecchi, Milano, Italy); Architect 
System it TSH (REF 7K62) by Abbott Diagnostics (distributed in Italy 
by Abbott Diagnostics Italia SrL, Roma, Italy); Elecsys TSH (REF 
07028091190) by Roche Diagnostics (distributed in Italy by Roche 
Diagnostics Italia S.p.A., Monza, Italy). The TSH measurements were 
performed in the laboratories according to the instructions suggested 
by the manufacturers.

Statistical analyses

Standard statistical analyses were carried out using the JMP program 
(version 12.1.0, SAS Institute Inc., SAS Campus Drive, Cary, NC, USA) 
and R (version 3.5.2 – “Eggshell Igloo”, R Foundation for Statistical 
Computing). Base 10 logarithmic transformation (log10) of data were 
used for TSH. Considering the set of data, all values near the LoD value 
of TSH immunoassay methods (≤0.01  mIU/L) and those >20  mIU/L 
were excluded because these values are considered to be in the hyper-
thyroid and hypothyroid ranges. The remaining possible outliers were 
detected by the Tukey test using the formula: cTnI > Q3 + 3 IQR, as the 
gating parameter, where Q3 and IQR, respectively, are the third quar-
tile and interquartile range (Q3–Q1) of TSH distribution.

Percentile transformation was used to transform log10-trans-
formed TSH data. Briefly, data were first transformed into percen-
tiles. Then, the percentiles from different distributions were paired 
to obtain a table. This table was used to calculate robust regressions, 
using Huber M-estimation by the package MASS in R [32]. This process 
was iterated by bootstrapping. Briefly the bootstrapped distribution, 
obtained by resampling of 5000 observations for each immunoassay 
TSH distribution, was calculated and used as the merged distribu-
tion to derive RCALs. This process was iterated 1000 times and the 
results were averaged for obtaining the RCAL estimates. The obtained 
RCALs were used to recalibrate the TSH results of each immunoassay 
method in order to better harmonize the results. The exact k-sample 
permutation test was performed by the package Perm in R by using 
10,000 Monte Carlo replications in order to reduce the influence of 
outliers and 95% confidence intervals of p-values. Percentiles com-
parisons were performed by the R function “pairwisePercentileTest” 
of the Rcompanion Package, by using R = 10,000 iterations. Dunn’s 
test or Wilcoxon’s test was used to evaluate the group’s differences for 
non-Gaussian distributions [33]. Cubic smoothing spline was used to 
evaluate the association between the age and log10 TSH values.

Results

Distributions of TSH values

The descriptive statistics of the distributions of TSH values 
obtained by the LIS of the clinical laboratories of seven 
Italian city hospitals is reported in Table 1. After log10 
transformation, the overall data showed a deviation from 
linearity in the upper and lower boundaries (Supplemen-
tary Figure 1). Exact permutation tests showed statistical 
significances between Access and Architect (p = 0.0002, 
95% CI: 0.0001 and 0.0007), between Access and Archi-
tect (p = 0.0002, 95% CI: 0.0001 and 0.0010) and between 
Access and Elecsys (p = 0.001, 95% CI: 0.0001 and 0.0101). 
Furthermore, descriptive statistics were used for the boot-
strapped distribution that was generated by random sam-
pling with re-substitution of 5000 observations for each 
method, which were all combined together to obtain a 
final merged distribution of 15,000 TSH values. Table 1 
also reports the claimed manufacturers’ RIs for TSH values 
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(mIU/L) obtained by the following inserts: Access, version 
B83033 D August 2016; Architect, version G3-3871/R04 
2012-09 and Elecsys version 07028091500-2.0 2017-09.

Estimation of recalibration equations

The equations for recalibrating each immunoassay 
method (RCAL) are reported in Table 2. For each method, 
these equations were obtained by using the percentile 
value of log10-transformed TSH values as the dependent 
variable and the percentile value of the resulting merged 
distribution as the independent variable. The slopes and 
intercepts were estimated by averaging the iterated boot-
strapping results. Equations from Table 2 can be used 
to recalibrate the immunoassay in order to improve the 
harmonization of the results.

Validation of the obtained recalibration 
equations

In order to validate the previously identified recalibration 
regressions, data from 119 EQAs samples, distributed to 
more than 200 Italian clinical laboratories in 2012–2015 
annual cycles of the Immunocheck study, were used. The 
commutability of the EQA samples with serum samples 
of healthy subjects and patients were previously verified 

[5]. EQA samples were log10-transformed TSH and for each 
immunoassay method RCALs were applied and the distri-
butions are shown in Supplementary Figure 2. Descriptive 
statistics were reported in Table 3. Statistics demonstrated 
that significant differences remain between Access and 
Architect (Wilcoxon signed rank test, V = 457, p < 0.001), 
between Access and Elecsys (Wilcoxon signed rank test, 
V = 427, p < 0.001) but not between Architect and Elecsys 
(Wilcoxon signed rank test, V = 3869, p-value = 0.4286). 
Data were then back-transformed to the original scale 
(mIU/L). The coefficient of variation (CV) of TSH results 
of the three immunoassay methods were evaluated both 
before and after RCAL. The CVs, reported in Figure 1, show 
that EQA samples were more comparable after apply-
ing RCAL than before, the CV being lowered by apply-
ing RCAL. The medians (and IQR) of the CVs were 10.72% 
(6.36%–13.48%) before and 8.16% (6.08% and 11.05%) 
after recalibration, this difference being highly significant 
(Wilcoxon signed rant test, V = 5131, p < 0.001) (in Figure 1 
dotted lines represent median CVs).

Recalibration equations are valuable tools 
for achieving harmonization of TSH results

A second dataset of TSH results, derived from a previous 
work, was used to test the validity of RCAL regressions 
[5]. In this dataset, a series of samples were measured 

Table 2: Results of recalibration equations (RCALs) for the three TSH immunoassay methods obtained by using bootstrap resampling with 
M = 1000 iterations and the percentile transformations from the clinical laboratories of the seven Italian city hospitals.

Method   Intercept  95% CI of intercept   Slope  95% CI of slope

Access   −0.00288  −0.01045 to 0.00435   0.98386  0.96961–0.99890
Architect   0.03185  0.02570–0.03789   1.04104  1.02439–1.05714
Elecsys   −0.03121  −0.04024 to −0.02224  1.00304  0.98617–1.01977

Table 1: Descriptive statistics of TSH values (mIU/L) measured by the three immunoassay methods tested in this study and of the 
bootstrapped distribution. 

Distribution of TSH values, mIU/L   Manufacturers’ 
claimed RI

Data   Size, n  Mean  Median  SD  2.5th pct (90% CI)a  97.5th pct (90% CI)a

Access   89,657  1.985  1.705  1.233  0.403 (0.399–0.408)  5.224 (5.166–5.272)  0.45–5.33b

Architect   14,109  1.756  1.528  1.055  0.406 (0.390–0.420)  4.512 (4.420–4.620)  0.35–4.94c

Elecsys   21,653  2.090  1.820  1.266  0.420 (0.410–0.430)  5.460 (5.380–5.560)  0.270–4.20d

Bootstrapped distribution  15,000  1.944  1.674  1.1967  0.411 (0.400–0.420)  5.114 (5.030–5.210)  –

Manufacturers’ reference intervals (RIs) were also reported. SD, standard deviation; 95% CI, 95% confidence intervals; SE, standard error 
estimated by SD of the Monte Carlo Results. aEstimated by non-parametric bootstrap method, with M = 1000 replicates; bestimated by using 
approximately 400 subjects of a general population of approximately equal numbers of males and non-pregnant females between the ages of 
21–88; cestimated by using 549 reference subjects with normal free T4; destimated by 2.5th and 97.5th percentiles of 516 reference subjects.
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simultaneously by all the three immunoassay methods, 
providing a total of 610, 638 and 639 results from Access, 
Architect and Elecsys, respectively. After data log10 trans-
formation, RCALs were applied. For each method a further 
step of inverse recalibration was used to obtain results 
calibrated against the other two methods. For example, 
RCALs were used to recalibrate Access data to Architect 
or Elecsys. The high number of TSH values of this dataset 
with respect to EQA samples allowed a better compari-
son of RCAL performances. Moreover, TSH results of this 
second dataset represent real distributions of TSH values 
(mIU/L), measured in the Italian population, similar to 
data used to derive the RCALs.

Comparative values for Access, Architect and Elecsys 
obtained before (original data) and after RCAL are reported 
in Table 4. For each method, the recalibration accuracy 
was evaluated by using mean (±SD) and median and IQR 
of the differences in the results. Furthermore, p-values of 
paired comparisons were calculated and reported.

Estimation of TSH reference intervals after 
RCAL, according to age classes and gender

A published dataset, made of a series of n = 142,821 TSH 
values stored in the LIS of four Italian city hospitals’ clini-
cal laboratories, was used to estimate TSH RI after RCAL. 
All laboratories used the same analytical method for TSH 
determination, the Access. Original data (before RCAL) 
showed a median TSH value equal to 1.75, with 2.5th and 
97.5th percentiles being 0.36 and 5.28, respectively [29]. 
TSH distributions, before and after RCAL, resulted in 
statistically significant differences (Wilcoxon rank sum 
test, W = 1 × 10 e10, p < 0.0001), being the 97.5th percen-
tiles 5.28 mIU/L and 5.11 mIU/L, respectively. Considering 
gender, statistically significant differences were found 
between the female and male TSH values after RCAL 
(X2 = 465.01, p < 0.001) (Figure 2). Thus, the following age 
classes were considered: (a) age <35  years, (b) 35 ≤age 
<50  years, (c) 50 ≤ age < 70  years and (d) age ≥70  years. 
TSH values after RCAL were statistically significant differ-
ent among age classes (X2 = 1038.58, Bonferroni’s adjusted 
p-value <0.001 in all comparisons), even after applying a 
further stratification for both females (X2 = 439.34, Bonfer-
roni’s adjusted p-value <0.001 for all comparisons) and 
males (X2 = 722.23, Bonferroni’s adjusted p-value <0.001 
for all comparisons). Table 5 reports the median, IQR, RI 
2.5th and 97.5th percentiles (and the corresponding 90% 
CI) of RCAL TSH values, overall, stratified by gender or 
by gender and age classes. Comparison of percentiles 
showed that in the female group, 2.5th and the 97.5th Ta
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percentiles differ across age classes, except for the com-
parison of the 2.5th percentile between groups (a) vs. (c) 
(pairwise permutation tests across groups for percentiles, 
p-adjusted = 0.287). In the male groups, significant dif-
ferences were found across age classes for the 97.5th per-
centile, while in the case of 2.5th percentiles, statistically 
significant differences were found for the comparisons 
between groups (a) vs. (d), (b) vs. (d) and (c) vs. (d).

Discussion
Thyroid dysfunction represents an important endocrine 
disorder, with a prevalence of 3.82% of cases in Europe 
[34] and in the clinical setting, TSH laboratory testing 
is considered key to attaining quality medical care in 
patients with suspected disease. Indeed, TSH has been 
recently included in the list of the Top 25 Laboratory Tests 
by Volume and Revenue [35].

In this study, we investigated and validated a novel 
statistical approach for harmonizing TSH results, using 
a workflow based on a two-phase approach. In the first 
phase, RCALs were estimated using TSH values of a huge 
explorative dataset obtained from LIS of seven different 
laboratories of Italy, and a validation phase, performed 
using two different testing datasets.

The basic assumption of the approach proposed 
in this study is that TSH values obtained from different 
immunoassays represent subsamples of the whole dis-
tribution of TSH, the population data. Considering that 
each method measures subsamples originating from 
the same distribution, harmonization can be obtained 
by recalibrating through merged data (randomly resam-
pled) from different immunoassays. The percentile trans-
formation implemented in this study is similar to the 

“percentile normalization” approach, used for normaliz-
ing other types of data (e.g. microarray data), a technique 
for making two distributions similar for statistical proper-
ties. Interestingly, this is a distributional “constrains-free” 
approach and does not suffer from the limitations that 
are typical of parametric methods, such as deviation from 
normality and outliers. To our knowledge, the usage of 
bootstrapping resampling and of percentile transforma-
tion represents a novel approach for harmonizing immu-
noassay distributions of TSH values.

In the first phase, the dataset used included a series 
of 125,419 TSH values and after outlier removal, average 
and median values of the three distributions were dif-
ferent. For Access and Architect, the estimated RIs were 
wider than the manufacturers’ declared values, while for 
Elecsys they were closer than RIs declared into the insert. 
However, TSH results being highly skewed, data were log10 
transformed before further analyses. Shapes of method 
distributions and of the overall distribution (made from 
all method results) deviated from the normal, especially 
for the large left and thick right tails, which might under-
line that subjects with normal TSH, but with values at 
the boundary or exceeding the range 2.5th and 95th per-
centiles, are relevantly under- or overestimated by the 
different methods, especially for the Architect results 
(Supplementary Figure 1). Percentile transformations 
were applied to transform data. As stated above, the appli-
cability of this method is not limited by deviation from the 
log-normal TSH distributions.

RCAL results are obtained by implementing the robust 
regression (Huber method) with bootstrap resampling. 
Regression intercepts and slopes, calculated by averaging 
the bootstrapped results of several iterations, presented 
different meanings: the first parameter is used to correct 
for a systematic component across methods; in contrast, 
slopes account for random, method-dependent, variations. 
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Figure 1: Coefficient of variation in percentage (CV, %) of EQA sample results obtained from three different immunoassays, plotted against 
the mean TSH value (mIU/L).
Dotted line shows the median CVs % (10.72% before and 8.61% after RCAL).
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Confidence intervals obtained by bootstrap statistics 
showed that for Access, intercept was not statistically sig-
nificant, while for Elecsys, slope was not significant.

RCAL equations were validated by using two other 
datasets. Firstly, the EQA results were used to assess the 
validity of RCAL equations. The comparison of EQA dis-
tributions of TSH values before and after applying RCALs 
on log10-transformed values showed a good agreement 
among results, the median, 25th and 75th percentiles 
values being more similar (Table 3 and Supplementary 
Figure 2). Also, the variability of the results obtainable by 
measuring the same EQA samples with the three methods 
are more comparable, being the CV values highly signifi-
cantly reduced after RCAL (Figure 1).

A second dataset, containing numerous TSH results 
obtained by simultaneous measurements using the 
Access, Architect and Elecsys methods, was further used 
to verify the harmonization properties of RCAL equa-
tions. Each method was recalibrated against the other 
two, in order to achieve a direct method-to-method com-
parison. The results reported in Table 4 showed that, 
after recalibration, agreements were very good across all 
methods, the median of differences ranging from −0.0053 
to 0.1955 mIU/L of TSH. Statistical testing of paired data 
showed that results from Elecsys recalibrated to Access 
and vice-versa belong to the same data distribution. These 
results demonstrated that distributions of TSH results for 
different immunoassay methods can be harmonized to 
originating comparable results.

A further huge dataset, derived from TSH stored in 
the LIS of four Italian city hospitals’ clinical laborato-
ries, was used to estimate RIs of TSH after RCAL. Results Ta
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Figure 2: Scatterplot of log10 TSH values (obtained after RCAL) and 
age.
Cubic spline was used to obtain the TSH trend for female (red) and 
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showed that before and after RCAL results lead to different 
RIs, especially considering the upper limit and that TSH 
values are age and gender correlated (Figure 2). Therefore, 
age- and gender-specific RIs were calculated (Table 5). 
Especially for the lower RI limit, statistically significant 
differences were observed stratifying the TSH values for 
age and gender. Interestingly, while the upper bound of 
age-specific RIs showed a “U-shape” trend, the lower 
bound decreased with increasing age. These results shows 
a decreasing trend of TSH with age, and are in accordance 
with previously published results of the same group [29], 
while in the study by Lo Sasso et  al., made in the same 
geographical area and with a different analytical method, 
the “U-shape” was less remarked in the upper RI limit. In 
the latter study, RIs were 0.18  mIU/L (90% CI 0.14–0.21) 
and 3.54 mIU/L (90% CI 3.18–3.90), underlining a marked 
difference, especially in the upper RI limit [36].

Previous studies from Clerico et  al. [4] and Stöckl 
et al. [14] used other statistical approaches for harmoniz-
ing TSH results, reporting successful results. Both studies 
used robust factor analyses and are based on TSH results 
obtained from the measurement of a relatively low number 
of clinical and/or quality-control samples with some TSH 
methods. In contrast, in the present study, huge data-
sets were used both to derive RCALs and to validate their 
efficacy in harmonizing TSH distributions. Two-phase 
approaches allow reducing “overoptimistic” results that 
can be obtained sometimes when single-step methods 
are used. Further, the usage of the large dataset increases 
the generalizability of RCAL estimations, increasing the 

applicability of the obtained results [37]. Other advantages 
with respect to previous TSH harmonization attempts [4, 
14] are represented by the combination of percentile trans-
formation with robust regression for estimating the RCAL, 
and the usage of bootstrapping for iterating the whole 
procedure. On the one hand this allow to reduce the influ-
ence of large left and thick right tails on RCAL estimations. 
On the other hand, during bootstrapping, subsamples of 
the same size are considered and merged several times, 
further limiting the effects of outlier TSH results [30].

The aspect of accounting interferences is of utmost 
importance for the harmonization of TSH results [8, 9]. 
Potential interferences in immunometric methods with 
rheumatoid factors or heterophilic antibodies can occa-
sionally cause abnormal TSH concentrations [38, 39]. 
Further, samples with elevated levels of biotin or anti-
streptavidin antibodies might produce variability between 
analyzers [38, 39]. Interferences in immunometric 
methods could be considered as outliers [8, 9], and their 
frequency for TSH testing is estimated to be up to 1% [38]. 
Accordingly, the robust statistical approach used in this 
study should also be able to eliminate the interferences, 
which produce TSH values above or below the reference 
range (i.e. abnormal values).

The major disadvantage of the approach proposed in 
this study with respect to that proposed by Clerico et al. 
[4] and Stöckl et al. [14] is the high complexity of statistics 
due to the bootstrapping application, even if the usage of 
these resampling methods is limited to the initial setup 
of RCAL.

Table 5: Descriptive statistics, 2.5th and 97.5th percentiles (and the corresponding 90% CI) of data distribution of TSH values (mIU/L) 
measured by different laboratories with the method Access after recalibration equations (RCALs).

Access   Median (IRQ)   2.5th (90% CI)   97.5th (90% CI)

After RCAL
 Overall data   1.72 (1.14–2.54)   0.37 (0.36–0.37)   5.11 (5.06–5.13)
 Female   1.77 (1.16–2.60)   0.35 (0.34–0.36)   5.16 (5.29–5.39)
 Male   1.62 (1.09–2.37)   0.40 (0.39–0.41)   4.92 (4.83–4.98)

Females
 Age <35   1.87 (1.31–2.64)   0.49 (0.46–0.51)   4.96 (4.87–5.05)
 Age ≥35–50   1.77 (1.21–2.53)   0.38 (0.37–0.40)   4.81 (4.73–4.92)
 Age ≥50–70   1.76 (1.14–2.61)   0.33 (0.32–0.34)   5.13 (5.07–5.21)
 Age ≥70   1.70 (1.05–2.63)   0.31 (0.29–0.32)   5.48 (5.41–5.54)

Males
 Age <35   1.96 (1.41–4.88)   0.66 (0.64–0.70)   4.88 (4.74–5.05)
 Age ≥35–50   1.62 (1.14–2.30)   0.49 (0.47–0.51)   4.65 (4.52–4.73)
 Age ≥50–70   1.55 (0.39–2.27)   0.39 (0.37–0.41)   4.73 (4.63–4.83)
 Age ≥70   1.54 (0.99–5.27)   0.35 (0.33–0.36)   5.27 (5.18–5.36)

Data considered overall or subdivided by females and males, with or without stratification for age-classes, are reported. Bootstrap statistics 
(with R = 1000 iterations) was used to derive 90%CI of the 2.5th and 97.5th percentiles.
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In conclusion, the present study represents insights on 
the utilization of the percentile transformation approach 
and of bootstrapping statistics to derive RCALs, which are 
useful to harmonize TSH values. Further, this approach 
can lead to the estimation of method-independent RIs 
for TSH. On the other hand, this approach also presents 
some important limitations. For example, robust and valu-
able RCAL estimations require the availability of big data 
sources, collected possibly from different laboratories and 
in different time periods, which complicated the applica-
bility of bootstrapping methods that are computationally 
intensive.
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