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Abstract

Objectives: The aim of this study was to harmonize the
criteria for the Bhattacharya indirect method Microsoft
Excel Spreadsheet for reference intervals calculation to
reduce between-user variability and use these criteria to
calculate and evaluate reference intervals for eight analy-
tes in two different years.
Methods: Anonymized laboratory test results from out-
patients were extracted from January 1st 2018 to December
31st 2019. To assure data quality, we examined themonthly
results froman external quality control program. Reference
intervals were determined by the Bhattacharya method
with the St Vincent’s hospital Spreadsheet firstly using
original criteria and then using additional harmonized
criteria defined in this study. Consensus reference intervals
using the additional harmonized criteria were calculated
as the mean of four users’ lower and upper reference in-
terval results. To further test the operation criteria and

robustness of the obtained reference intervals, an external
user validated the Spreadsheet procedure.
Results: The extracted test results for all selected labora-
tory tests fulfilled the quality criteria and were included in
the present study. Differences between users in calculated
reference intervals were frequent when using the Spread-
sheet. Therefore, additional criteria for the Spreadsheet
were proposed and applied by independent users, such as:
to set central bin as the mean of all the data, bin size as
small as possible, at least three consecutive bins and a high
proportion of bins within the curve.
Conclusions: The proposed criteria contributed to the
harmonization of reference interval calculation between
users of the Bhattacharya indirect method Spreadsheet.

Keywords:Bhattacharya; harmonization; indirect approach;
reference intervals.

Introduction

Reference intervals are very important, as they support
clinical decision making based on laboratory results [1, 2].
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Laboratory test results outside the reference interval could
be defined as pathological and may warrant further
attention [2]. In addition, the accuracy of in-range values is
also important, since the unjustified absence of medical
actions could also drive negative long-term consequences
for patients [3]. Therefore, establishing correct, updated
and specific reference intervals for our population is a
critical point in the clinical laboratory and assuring their
quality and reliability is one of the most important tasks of
specialists in clinical laboratory medicine.

Reference intervals are currently calculated using the
direct approach [4]. The limitations and disadvantages of
this methodology have been widely discussed [5]. To note:
Complexity to select, contact and enrol 120 healthy random
individuals, especially for those tests that require multiple
partitions per sex and age or the costs of performing the
study; among others. These drawbacks may become so
tedious that routine laboratories frequently choose to
adopt the reference intervals suggested by the manufac-
turer, calculated using a different population and settings.

Given these limitations, indirect methods have
emerged as an alternative approach [6–10] and are
increasingly used. Thesemethods use data from thousands
of individuals from already performed routine analyses,
collecting the data from the laboratory information system
(LIS) and subsequently analysing them statistically.

Availability of a high number of test results in the LIS is
an essential requirement for the calculation of reference
intervals by indirect approaches. Clinical Laboratory Vall
d’Hebron is one of the largest laboratories in Europe by
workload and complexity asmore than 60,000 tests results
are produced every day and the catalogue includes more
than 1,000 tests, providing “in vitro diagnostics” service to
the majority of the Barcelona city public health activity.
Faced with this scenario, we consider the calculation of
reference intervals by indirect approaches a positive and
revolutionary opportunity in our laboratory.

In 2019, the International Federation of Clinical
Chemistry (IFCC) published a review encouraging clinical
laboratories to participate in the development of indirect
methods for reference intervals determination [11]. Multi-
ple methods have been developed using the idea of
calculating reference intervals from patient populations:
Hoffmann [12], Pryce [13], Bhattacharya [14], NUMBER [8],
kosmic [15], truncated minimum chi-squared (TMC) [16],
among others. In this study the Bhattacharya method was
used due to a free access tool available online that facilitate
the handling of indirect methods (often highly complex
statistically) for non-statistical experts in the laboratory.

The Bhattacharya method was described in 1967 [14]
and is a graphical method for identifying a Gaussian

distribution (reference population) in the midst of a
complete dataset with both reference individuals
and non-reference individuals (non-healthy subjects).
Two requirements are necessary to separate these two
populations mathematically: 1) they do not highly
overlap and 2) the total sample size is large enough (more
than 1,500 in the original description). In the original
description of the method, the Gaussian distribution of
data was considered another requirement. Since most
laboratory data do not show a normal distribution,
Baadenhuijsen et al. and Oosterhuis et al. described
some modifications to address some of these limitations
[17, 18].

The currently used Spreadsheet and other online
applications for the Bhattacharya method apply linear
regression to shape a line of best fit for the segment that the
user visually chooses as a straight-line. This line identifies
the reference population. Actually, more robust and
reliable reference intervals are estimated if larger
numbers of individuals are included (more than 5,000) and
a greater proportion of the dataset is from the reference
population [11].

In the present study, Bhattacharya analyses were
performed using St Vincent’s hospital Spreadsheet avail-
able online (http://www.sydpath.stvincents.com.au/).
This method requires the (subjective) input of the user for
selecting an appropriate bin size and the points included
on the graph [19]. The first purpose of this study was to
study between user variability when calculating reference
intervals in the Excel application; then a second purpose
was to standardize the criteria initially defined to reduce
between-user variability in the reference interval results.
Then, a third aim was to calculate and evaluate reference
intervals for eight tests during two different years (2018 and
2019), based on the new criteria.

Materials and methods

Data selection

Anonymized laboratory test results from individuals (more than 18
years old) visiting general practitioners were extracted from January
1st 2018 to December 31st 2019 from the LIS of the Clinical Laboratory
Vall d’Hebron in Barcelona.

Test results from outpatients belonging to primary care attention
centres were included, since we expected a high proportion of healthy
people. Haemolytic (>0.03 mmol/L haemoglobin), lipaemic
(>0.45 mmol/L Intralipid®) and icteric (>23.94 μmol/L bilirubin) sam-
pleswere excluded. A total of 1,067,794 clinical requestswere selected
(509,408 from 2018 and 558,386 from 2019). A detailed description of
the dataset from 2018 is provided elsewhere [20].
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Analytical measurements

Samples were collected from 62 blood collection centres and were
transported via eight different routes to the laboratory (average
transportation time 3 h). Serum tubes included separating gel and
coagulation activator (BDVacutainer®). The sampleswere transported
to the laboratory in cool boxes with a temperature monitoring system.
After arriving in the laboratory, the samples were centrifuged either
12min at 3,500 rpm (2,438g) when handledmanually outside the track
or 10 min at 3,000 rpm (2,113g) when on the track. No clinically sig-
nificant differences in the test results were found when comparing the
two centrifugation conditions (results not shown).

Biochemistry tests were measured on AU5800 chemistry analy-
sers (Beckman Coulter®). The following test methods were used ac-
cording to the instructions for use of the manufacturer: alanine
aminotransferase (ALT), IFCC recommended method without pyri-
doxal phosphate traceable to Beckmann coulter master calibrator;
glucose, reaction with hexokinase traceable to NIST SRM 965; cal-
cium, reaction with arsenazo III traceable to NIST SRM 909bL1;
magnesium, direct method with xylidyl blue traceable to NIST SRM
909bL2; inorganic phosphorus, reaction with ammonium molybdate
traceable to Beckmann coulter master calibrator; chloride, potassium
and sodium by indirect ion selective electrodes traceable to NIST SRM
919, 918 and 919 respectively.

Quality assessment

To assure data quality, we examined the monthly results from the
biochemistry specific external quality control program from the
Spanish Society of Laboratory Medicine (Sociedad Española de
Medicina de Laboratorio, SEQCML). In this scheme, the results from the
external quality control materials obtained in our laboratory were
compared with the average calculated from every laboratory partici-
pating in the program using the same analytical method and/or in-
strument. Alike routine laboratory practice, when our result was
within two times the standard deviation from other laboratories
participating in the scheme using the same method, data from this
particular month and test were accepted as valid. If our result excee-
ded ± two standard deviations, we excluded the data from that
particular test, month and instrument. In addition, uncertainty was
calculated as the sum of standard uncertainty from the calibrator
material, the analytical coefficient of variation and the uncertainty of
the analytical system.

To assess longitudinal accuracy across lot numbers, daily averages
of the extracted General Practitioner test results were investigated to
check for analytical stability over time. Averages were calculated per
batch of 200 results a day andwere visually compared with the average
per month and average for the whole year 2018 or 2019.

Reference intervals calculation and statistical analysis

The Bhattacharya method was performed to determine the reference
intervals using the programmed Microsoft Excel sheet by St Vincent’s
hospital (available in: http://www.sydpath.stvincents.com.au/) as
advised by the IFCC Committee on Reference Intervals and Decision
Limits (C-RIDL) [11]. A workflow with the main steps followed during
the project process is presented in Figure 1.

First, identical excel templates were made, avoiding errors in
data transfer. Then, four different laboratory specialists (users)
worked independently to obtain the reference intervals following the
initial recommendations from the original sheet. The variability be-
tween users was compared and evaluated using the coefficient of

Baseline (pre-harmoniza on)
Four independent users 
calculated RI with the Excel 
spreadsheet

Results comparison
(pre-harmoniza on)
Between users CV% was 
calculated

Define rules to 
harmonize results and 

reduce subjec vity

Results comparison
(post-harmoniza on)
Between users CV% was 
calculated

Apply rules 
(post-harmoniza on)
Four independent users 
calculated RI with the Excel 
spreadsheet

Valida on of harmoniza on 
rules and RI by external user

Figure 1: Workflow with the main steps followed during the project.
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variation (CV) of the reference interval limits calculated bymagnitude
and partition. To simplify results presentation, the CV is shown
together for 2018 and 2019 and separating low and high interval per
test. For ALT only the high interval is shown as the low intervals were
not considered clinically relevant.

To reduce variability between users, we focused on the user-
dependent variables based on the results obtained, i.e. in the bin size,
the total number of bins included in the reference population (#points)
and the number of bins graphically inside the curve (which was
considered 0.5 when half bin stood outside the curve) (Figure 2). Based
on our experiences with the Spreadsheet, we developed additional new
consensus criteria for the use andoperation of the excel sheet in order to
reduce inter-user variability. Again, the same four users obtained the
reference intervals independently using the new consensus criteria.

We calculated the mean between the four users and the 95%
confidence interval (CI) using the formula μ ± Zα/2 ⋅ σ̅

n
√ , being

µ=mean, Zα/2=1.96 and σ=standard deviation (SD) with n=4 for the
four independently obtained low and high limits of the reference
intervals. If, after this calculation, any of the four users, either the
low or high limit of the calculated reference interval lay outside the
95% CI, then its results were considered not valid and discarded for
the final calculation of the new 95% CI and reference intervals.
Consensus reference intervals were calculated as the mean of the
valid users’ high and low results. As an example, the results obtained
for the high limit for potassium in mmol/L in 2018 were: user 1=4.99;
user 2=5.03; user 3=5.11 and user 4=5.03. The 95% CI calculated for
the four users (n=4) was 4.99–5.04. Therefore, as the result from user
three was higher than the 95% CI, it was considered not valid and the
mean reference interval was re-calculated using the remaining three
users’ results.

Per test and per group boxplots were visually inspected to decide
whether or not subgroup differentiated reference intervals were
necessary per sex and age.

Results evaluation

To test for significant differences between pre and post harmonization
strategies, the F-test [21] was applied to the SD before and after
harmonization. In addition, to decide upon the acceptance of the

obtained CV after harmonization within-individual biological varia-
tion was used [22].

To reduce variability of the user dependent variables, statistical
correlations between them were analysed. After applying the new
criteria, the number of data (n), the number of decimal points and the
central bin (defined by the data) were considered as independent
variables. The contribution of the independent variables on the bin
size and the bins included in the line (#points) were analysed in
univariate and multivariate models using linear regression analysis
and Pearson correlation.

To further test the operation criteria and robustness of the ob-
tained reference intervals, an external user reproduced the Spread-
sheet procedure applying the defined criteria.

Flagging rates per test and per year were calculated with an in-
dependent dataset from primary care (1st January 2020 to 31st
December 2020). Results are shown as the percentage of individuals
outside the reference intervals.

Results

The data obtained fulfilled the quality criteria and, there-
fore, were included in the present study. Longitudinal ac-
curacy was also considered fulfilled as observed in annual
averages for the eight laboratory tests studied (Supple-
mentary Table 1) and in the monthly averages plots. An
example of these plots is shown in Figure 3 for potassium,
where increase in potassium concentrations was observed
during colder temperatures months [23].

Table 1 shows the coefficient of variation (CV) between
users’ reference intervals calculations when applying the
original criteria (pre-harmonization), median (Q1–Q3) of
3.99% (1.49–10.95). The additional criteria defined to stan-
dardize the analysis by reducing between user variability in
the reference intervals calculation and their justifications are
shown in Table 2. The CVs after applying these additional
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Δln(x) Figure 2: Representation of the graphs
obtained using the St Vincent’s hospital excel
Spreadsheet (http://www.sydpath.
stvincents.com.au/) for Bhattacharya indirect
method reference interval calculation.
Raw data present how the original data is
distributed according to the selected bin size;
predicted data present how the data would be
distributed according to the bin size selected
and to the number of bins included in the line
and considered for the calculations.
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Figure 3: Daily averages of consecutive
primary attention patient results in the
extracted datasets (black dots) for
potassium results in 2018 and 2019.
Monthly average (black) and annual
average (red) are represented as lines and
biological variation percentage over and
under the mean is represented a slashed
lines.

Table : Coefficient of variation (CV) between the reference intervals results calculated between the four users per each test in  and 
for the upper reference limit (URL) and the lower reference limit (LRL) with the original criteria of Microsoft Excel Bhattacharya Spreadsheet
(pre-harmonization) and with the criteria proposed within this study (post-harmonization). Within-subject biological variation (CVi) and
p-value for the F-test between the pre and post harmonization results are also shown.

Analytical test RV 

and 

CVi, % CV, %
pre-harmonization

CV, %
post-harmonization

p-Value
(F-test)

Sodium LRL . . . .
URL . . .

Potassium LRL . . . .
URL . . .

Chloride LRL . . . <.
URL . . <.

Calcium LRL . . . <.
URL . . <.

Magnesium LRL . . . <.
URL . . <.

Phosphate (males – years) LRL . . . .
URL . . .

Phosphate (females – years) LRL . . .
URL . . .

Phosphate (males – years) LRL . . <.
URL . . <.

Phosphate (females – years) LRL . . <.
URL . . <.

Phosphate (males > years) LRL . . .
URL . . .

Phosphate (females > years) LRL . . .
URL . . .

Glucose LRL . . . .
URL . . .

ALT (males – years) URL . . . .
ALT (females – years) URL . . .
ALT (males – years) URL . . .
ALT (females – years) URL . . <.
ALT (males – years) URL . . .
ALT (females – years) URL . . .
ALT (males > years) URL . . .
ALT (females > years) URL . . .
Median (Q) . .
Lower quartile (Q) . .
Upper quartile (Q) . .

Significant p-values and summary results are highlighted in bold.
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criteria are also presented in Table 1 (post-harmonization).
Considerably less inter-user variability was obtained in the
post-harmonization results, with amedian (Q1–Q3) of 2.90%
(0.06–7.35). Table 1 also shows within-subject biological
variation for comparison with the obtained CV and the
p-value from the F-test to assess significant differences
between variation of the pre and post harmonization results.

Results of the bin size, the number of total points
included in the line (#points) and the number of points
within the distribution curve (#points inside) obtained by
each of the four users are shown in Supplementary Table 2.

Supplementary Table 3 shows the reference intervals
results obtained in the years 2018 and 2019 per user, the
final 95% CI between the users and the reference intervals
currently used in our laboratory derived from analyser in-
serts (RIcu) for the eight tests studied. Shaded results in
Supplementary Table 3 were considered not valid (outside
95% CI, n=4) and discarded for the final calculation of the
final 95% CI (n=3) and reference intervals.

A linear correlation was found by the univariate model
between the bins or points included in the line (see
Figure 2, y=#points) and the number of available data
(x=n) (r=0.277; p<0.001). This correlation was defined by
the formula: y=5.818 + 0.53 × 10−5 x. According to that,
when calculating reference intervals for a laboratory test
with for example 10,000 results, the recommended points
or bins over the curve based on our formula are 5.8,
rounded to six included bins. It means that there is a pro-
portional increase in #points with higher n. In the multiple
linear regression analysis, bin size was statistically asso-
ciated with the central bin (β=0.071, p<0.001) and decimal
points (−0.0943, p<0.001) (R2

adjusted=0.706). It is important
to remark that the observed correlations are specific for the
selected analytes, the units and the methodology.

The external user results differed in nine out of the
80 limits calculated by the initial users (Supplementary
Table 3). This was particularly the case for the lower and
upper limits for chloride of 98 mmol/L and 110 mmol/L

Table : Summary of original and additional criteria defined to harmonize the analysis by reducing between user variability in the reference
intervals calculated using St Vincent’s hospital Spreadsheet available online (http://www.sydpath.stvincents.com.au/).

Original criteria Additional criteria Explanation

Initial central bin (including log trans-
formed data) should be close to themean
or median.

Set the value of the central bin as the mean of all
the data.

Central bin could be fixed as the arithmetic mean
if there is a little influence from pathological re-
sults in the database and this would reduce the
variability.

Bin size must be equal to or larger than
the reporting interval.

To adjust the bin size, use the value of the
reporting interval of the data as a starting point
and increase it to meet all the following criteria.
Finally select the smallest possible bin size.

Higher bin sizes lead to low resolution graphsand
inappropriate reference interval results.

Select data from four to six bins to
include in the Bhattacharya analysis.

The line must be defined with a minimum of 
bins, at least three of them consecutively.

The biggest possible number of bins should be
selected, since it allows a larger population to be
included in the calculation of reference intervals.

If bins are not considered for the adjustment of
the line, they must be placed between two
included bins.

Excluding intermediate bins assumes that the
subpopulation is not homogeneous with respect
to the bins immediately nearby. Excluding a sin-
gle bin might be permissible, if a minimum bin
size is selected. Excluding more than one inter-
mediate bin would be an error and would skew
the result.

The Bhat line must be very straight.
Particularly data points “steeper” than
the line of best fit should be included.

R-squared value . is big enough. A larger R-squared does not modify or ensure
validity of the results obtained. Instead, looking
for a larger R-squared can penalize the selection
of the most important variables, the bin size and
the number of bins selected.

The maximum number of points on the line must
be included within the curve.

Points included inside the curve highlight the
importance of the central bunch of data for the
final calculation of reference intervals, in contrast
with the data found in the extremes of the
distribution.

If in doubt, seek expert advice and/or
another operator for validation.

The Spreadsheet should be explored by inde-
pendent scientists (four in our case).

Reducing the inherent subjectivity that could lead
to less reliable results when obtained by a single
user.
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respectively, the lower limit formagnesium of 0.78mmol/L
(1.9 mg/dL), the lower limit for phosphate in males
(>65 years) 0.68 mmol/L (2.1 mg/dL) from 2018, the upper
limit of phosphate in males (>65 years) of 1.42 mmol/L
(4.4 mg/dL) from 2019, the lower limit for ALT in males
(51–65 years) 9 U/L for 2018, the higher limit for ALT in
males (>80) 29 U/L for 2018 and the lower limits for ALT in
females (18–50) 5 U/L and (51–65) 7 U/L from 2018. The
remaining reference intervals calculated by the external
user fell within the 95% CI calculated by the independent
users.

Results of the flagging rates obtained by applying the
reference intervals calculated for 2018 and 2019 in a pop-
ulation sample from 2020 are shown in Figure 4. The per-
centages of the flagging rates for 2018 and 2019 exceeded
5% of pathological values for all analytes except for
phosphate in 2018.

Discussion

The Bhattacharya indirect method for reference intervals
calculation can be performed in a simple and easy way
using the Spreadsheet created by St Vincent’s hospital.
Initial recommendations, included in the “instruction”
sheet from the excel Spreadsheet, allows the user to obtain
reliable results but variability between users was found to
be an issue (Table 1). Additional criteria and recommen-
dations created within this study from the observation
of these variations (Table 2), reduced subjectivity when
performing the procedure for reference intervals calcula-
tion using the Spreadsheet. In addition, we observed a
dependency between some (subjective) decisions the user
has to face (as the number of points to be included in the
line or the bin size) and other known variables as the

number of results or the test units. When these relation-
ships are taken into account, even less between user vari-
ability may be observed.

A reduction in within user variation using the Excel
spreadsheet were gained in 22 out of 32 reference interval
limits presented in Table 1; 13 of those reductions were
statistically significant. For the 10 cases in which a reduc-
tion was not observed, the change in CV was not statisti-
cally significant. A reduction of CV appeared challenging
for ALT for which extreme values are found often and a
non-Gaussian distribution is present for the test results. As
the Bhattacharya method does not exclude extreme values
previous to reference intervals calculation, medical tests
with a high proportion of extreme values will have more
variability between users when using the tool. Between
user variations for the calculated reference intervals were
always lower than the within-subject biological variation
for both pre and post harmonization, except for ALT (males
and females, 18–50 and females 51–65) where CV pre
harmonization was higher than 10%. To note, the pre
harmonization CVswere in general very close to thewithin-
individual biological variation threshold for those tests in
which we gained a significant reduction of CV for the post
harmonization results by applying the additional harmo-
nized criteria.

In previous studies other procedures to exclude bin
selection, based on the differences in data frequency be-
tween consecutive bins, have been proposed; either by
establishing a minimum data frequency regarding the
mode or by graphical observation of the residues obtained
from Bhattacharya graphic against test concentration [24].
Since we aimed to propose a simple and objective method,
this was not considered in this study.

Bin size is also an important variable for method per-
formance. Smaller bin sizes will lead to higher random
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Figure 4: Validation of the calculated RIs in
the 2020 laboratory dataset. Percentage of
flagged patient results outside the
calculated reference intervals in 2018 and
2019.
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variation in the number of data per bin and therefore the
complexity of the linear fit that represents the Gaussian
population will be higher [25]. We noticed that the report-
ing interval of data is also an important source of vari-
ability between users (Supplementary Table 2). A lower
reporting interval of data leads to different bin sizes be-
tween users and therefore more variability in obtained
reference intervals. Potassium is an example of this.

The ratio of results outside the calculated reference
intervals (flagging rates) in 2018 and 2019, from a new
dataset with population from 2020 has shown similar re-
sults for all analytical tests. Therefore, even with slight
numeric differences in reference intervals, the method
leads to coherent results attending to the ratio of patho-
logical population detection. The expected results higher
than 5% in flagging rates (based on the statistical model of
reference intervals where 95% of healthy population are
within the intervals [26]) are accomplished in all cases
except for phosphate in 2018 (4.4%).

It is important to remark that the same dataset from
2018 was used in a previous study [20] for calculating
reference intervals using two indirect methods: The Dutch
NUMBER method [11] and the German reference limit esti-
mator method [16]. The calculated reference intervals were
comparable with the mentioned results [20] for all the
included analytical test. Comparison with other important
reference interval studies such as CALIPER (direct method)
[27], ARIA (indirect method) [28] and NORIP (direct
method) [29] also gives comparable results for all tests,
except for ALT. This is an important topic of further
research.

One of the weaknesses in our study is that level one
commutable external quality control was not applied yet in
our laboratory in 2018 and 2019. Two important aspects
from data quality should be always considered for data
reuse: 1) the use of methods traceable to higher order
reference materials and 2) the use of level one commutable
external quality control. The fulfilment of these two re-
quirements is a prerequisite for the application of calcu-
lated reference intervals to the clinical practice [5]. If data
quality is assured [30], the obtained reference intervals
from different populations can be universally compared.
The proposed methodology for the use of the Spreadsheet
in Bhattacharya calculation is useful for data from several
laboratories where these conditions are met.

To conclude, we assessed between user variability
when using the Bhattacharya Excel Spreadsheet and
designed additional criteria to harmonize reference in-
tervals calculation. Considering the eight laboratory tests
analysed, we conclude that the proposed additional
criteria for the use of St Vincent’s hospital Spreadsheet

contribute to the harmonization of reference intervals
calculation by the Bhattacharya method. This system,
including the additional criteria presented, could be
applied in other clinical laboratories to optimize reference
intervals calculation by the Bhattacharya method.
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