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Abstract

Objective: The establishment of reference intervals (RIs)
for complement 3 (C3) and complement 4 (C4) is rare,

especially by indirect methods. Therefore, this study aims
to establish regional RIs for C3 and C4 by an indirect
method, using relevant statistical methods.

Methods: Total of 12,313 data points for C3 and 12,125
data points for C4 were obtained from the First Hospital
of Jilin University’s database in China and standardised
using the Tukey and Box—Cox statistical methods. The
coefficients of the skewness-median-coefficient of varia-
tion curves (LMS) were used to determine the critical
value for age, and a subsequent z test used to compare the
differences. A non-parametric method was used to
establish the RIs.

Results: The C3 and C4 concentrations showed no sig-
nificant differences by sex, and a weak correlation with
age. No significant difference was found after calculating
the z value for the age points on the LMS curves. The Rls
for C3 and C4 were 0.83—1.58 g/L and 0.15—0.40 g/L,
respectively. The Rls all passed verification.

Conclusion: Suitable RIs for C3 and C4 were established
for the local population, and will benefit clinical diag-
nosis. The feasibility and practicability of the indirect
method were demonstrated.

Keywords: China; Data mining; Indirect method; Reference
intervals; Serum complement 3; Serum complement 4
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Introduction

The complement system plays a crucial role in the innate
immune system, and promotes inflammatory and immune
responses.. Many compounds are produced when members
of the complement system perform their immunological
functions in destroying pathogenic microorganisms. The
complement system was recently shown to predict in-
hospital mortality in the case of SARS-CoV-2 infected pa-
tients.” Research on SARS-CoV, which is closely related to
SARS-CoV-2, has demonstrated that the activation of
complement 3 (C3) exacerbates disease in SARS-CoV-
associated ARDS™; additionally, the complement system
is more than just a first line of defence: its considerable
degree of sophistication during the course of evolution
enables it to interact efficiently with other effector systems
of innate immunity as well as those of adaptive immunity.’
This raises its importance, to a certain extent. Moreover,
C3 and complement 4 (C4) are closely related to metabolic
diseases, such as insulin resistance and other
cardiometabolic diseases. Because C3 and C4 play such a
vital role in various infectious and inflammatory diseases,
and gradually occupy a place in other emerging diagnostic
fields, such as myocardial and metabolic diseases,’ the need
to establish suitable reference intervals (RIs) for them
should be emphasised in clinical practice.

RIs are critical for clinicians to interpret laboratory re-
sults and make subsequent diagnostic and intervention de-
cisions.’ However, the RIs recommended by manufacturers
are not always applicable to local populations, since
biomedical analyte concentrations are affected by region,
experimental instrument, or other factors. Hence, from
1987 to 1991, the International Federation of Clinical
Chemistry (IFCC) published a series of 6 papers, in which
it was recommended that each laboratory should follow
defined procedures to produce its own RIs.5 ! According
to the principle of statistics, the analyte level of a healthy
population in a region can represent the normal level for
the whole region, to a certain extent. The establishment of
RIs is a process of using the analyte data of healthy
subjects to calculate the analyte concentration range that is
suitable for healthy people through statistical methods.
This normal range can be used clinically as a critical state
to evaluate the health status of patients; the critical state is
affected by age, gender, region, and other factors.
According to the IFCC’s and the Clinical and Laboratory
Standards Institute’s (CLSI) recommendations, the so-
called ‘direct method’ is preferred for establishing RlIs, in
which it is necessary to select healthy individuals’ data for
analysis.lz’13 Nevertheless, one of the difficulties in this
method is that many measures are required to select
healthy subjects. In addition, when establishing RIs for
paediatric and geriatric groups, or those involving other
uncommon sample types (e.g. cerebrospinal ﬁuid),14
collecting enough samples is undeniably twice as tricky.
Moreover, there are labour and time constraints. These
limitations, coupled with the development of medical

information systems,]5 have led to the emergence of a new
indirect method that uses modern medical databases.
Researchers prefer the indirect method from clinical
practice to the direct method in clinical decision-making.
Generally, researchers have noted the following advantages
of the indirect method over the direct method: (1) less time-
consuming and costly, (2) guaranteed sample size for each
interval when partitioning, (3) reflection of routine labora-
tory operating conditions, and (4) ethical advantages, as, for
a reference interval study, participants are not subjected
solely to venesection. 16

The establishment of C3 and C4 RIs plays a significant
role in the diagnosis of clinical immune diseases and the
assessment of immune status and inflammatory response.
Suitable RIs for a specific region can greatly improve
diagnosis efficiency and avoid the diagnosis error caused
by differences in population characteristics in different
regions. Most previous studies have selected healthy in-
dividuals as the reference population to establish Rls,
based on questionnaire investigation or voluntary regis-
tration. However, few RIs have been established using data
from hospital databases of health examination records. In
addition, the concentrations of immunoglobulins and
complement components may vary in diverse geographical
regions, due to sex, age, and race. However, these differ-
ences are generally not significant, while knowledge of
these subtle varieties is sometimes critical for clinical
explanation.17 Because the indirect method and the RIs of
C3 and C4 are assessed separately, the purpose of this
study is to use data from the Laboratory Information
System (LIS) to establish age- and sex-specific RIs for C3
and C4 by the indirect method, to promote diagnostic ef-
ficiency in various diseases. A comparison with Chinese
national standards and a verification of the RIs were also
performed for this method to be helpful in interpreting
laboratory data.

Material and Methods
Study group

C3 and C4 records were collected from the LIS in the First
Hospital of Jilin University, China. All the individuals who
had undergone immune testing in the health examination
centre were enrolled in the study from January 2014 to
November 2020. To improve the accuracy of the Rls in this
study, the following exclusion criteria were implemented: a
recent history of acute or chronic infection; digestive, kidney,
metabolic, rheumatic, and thyroid diseases; any systemic
disease; atherosclerosis and vascular disease; heart disease;
malignant tumours; burns and muscle damage; weight and
height exceeding 10% of the average for the same sex; hy-
pertension (systolic blood pressure >140 mm Hg and dia-
stolic blood pressure >90 mm Hg). The specific protocol for
data removal is shown in Figure 1. Among the procedures,
12,313 C3 and 12,125 C4 data points were included for
further research.
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Analytical measurement and quality control

C3 and C4 were quantitatively measured using the
immunonephelometric method on Siemens BN II automatic
protein analyser (Equipment Number: YZB/GEM 1473-
2009/223034), according to the manufacturer’s package in-
serts and standard laboratory operating procedures. N
Antiserum to Human C3c and C4 were detected by means of
test kits from Siemens Healthcare Diagnostics Products
GmbH. Reagents were stored at 4+ 2 °C to +8 °C for direct
examination, while the precipitate did not contain any par-
ticles or residual fibres after the centrifugation of the serum
samples. The assay was calibrated by Siemens multiple pro-
tein calibrators (2014 No. 3402493) and quality control
material (Bole liquid immunology and protein control ma-
terial: No. 20142405918). Both the calibration and the assay
reagents were the same across the whole study period. The
typical within-day and between-days CV%s for C3 were CV
% < 6.25% and CV% < 8.33%, respectively, while for C4,
they were CV% < 6.25% and CV% < 8.33%, respectively,
during the quality control measurements. Moreover, internal
quality control was performed to test N/T protein controls
for SL/L, M, and H, after establishing reference curves, using
antiserum for the first time and running samples for a round.
In addition, quality assurance was performed according to
laboratory standard procedures.

Evaluation of factors of Rls

Harris and Boyd’s method (z test) was used to determine
sex differences for C3 and C4. Spearman’s rank correlation
was performed to determine whether the concentrations of
analytes were age-independent. In addition, in recent studies,
the coefficient of skewness-median-coefficient of variation
(LMS) method was used to divide subgroups and establish
RIs." In this method, three parameters, namely, the power
index of the Box—Cox transformation A (L), median p
(M), and coefficient of variation o (S), were used to calculate
the percentiles, followed by the adjustments of the valid de-
grees of freedom to obtain smooth curves.”” The centile 1000,
of y at t was given by Ciooa(t) = M(D)[1 + L(t)S(t)Zo]"/t,
where Zo was the normal equivalent deviate of size o’
Through the curves, the critical segmentation point for age
could be observed. Subsequently, z and the critical z (z¥*)
values were calculated to review the difference between the
two age subgroups against the C28-A3 guideline issued by
the CLSL."* A subgroup was considered significant if z > z*.
The formulas were as follows:

X1 -X2
SR e} (A1)
STy S
n I
. no ny +np
=310 73 40 (A2)

X; and X, are the mean values for the first and second
groups, respectively; S; and S, are the standard deviations
(SD) for the first and second groups, respectively; n; and n;

are the numbers of observations in the first and second
groups, respectively.

Establishment and verification of Rls

The lower limits (LRL) and the upper limits (URL) of the
RIs (2.5th and 97.5th percentiles), and the 90% confidence
intervals of the above two limits were calculated using a
nonparametric method and a bootstrap program through
random resampling of the same dataset for 1000 times.' >
According to the IFCC’s recommendation for evaluating
the accuracy of the established RIs, 100 individuals were
randomly selected from the health examination centre in
the First Hospital of Jilin University. The proportion of
individuals outside the RIs was calculated. The RIs were
verified if the rate was less than 5%. A comparison and
verification exercise was performed according to the
Chinese national standards for C3 and C4 issued in 2018.

Statistical methods

All the analyses were performed using Microsoft Excel for
Windows, SPSS version 22.0 (SPSS), and Minitab version
19.0. GraphPad Prism 8.0.2 software (GraphPad Software)
and LMS chartmaker Light 2.54 (Medical Research Council)
were used as auxiliary software. The process of establishing
RIs involved mainly the normal transformation, outlier
elimination, correlation analysis of factors, and the estab-
lishment and accuracy verification of the RIs against Chinese
national standards. The specific steps were as follows.

Data pre-processing

The skewness-Kurtosis test was used to evaluate the
normal distribution of the data.'® If the data showed a non-
Gaussian distribution, a Box—Cox transformation was per-
formed to transform the data to an approximately normal
distribution.

Outlier removal

The Tukey method was used to remove outliers."” Briefly,
Q1 (1st quartile) and Q3 (3rd quartile) were calculated, which
involved the 25th (P25) and 75th percentiles (P75),
respectively, followed by calculation of interquartile ranges
(IQR: Q3 minus Q1). Thereafter, the lower and upper
limits were calculated according to the formulas, P25—
1.5 x IQR and P75 + 1.5 x IQR, respectively. Outliers
were identified whenever the data lay outside the range of
the above two limits.

Results
Distribution and elimination of enrolled data

Data on 16,527 individuals were collected from the LIS.
Of these, 4,214 C3 and 4,402 C4 data points were excluded,
due to either incomplete information or duplicate data, or for
exceeding twice the national standard or that of the Tukey
method. Finally, 12,313 data points for C3 (6,028 males and
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Individuals (7 =16527)

Individuals (2 = 14896)

Individuals of C3
(n =12488)

Individuals (2 = 12501)

Individuals of C4
(n =12475)

Outliers of C3 (n=175)

Outliers of C4
(n=350)

Figure 1: Protocol for the elimination of individuals. National standards: C3, 0.7—1.4 g/L; C4, 0.1—0.4 g/L.

6,285 females aged 6—100 years) and 12,125 data points for
C4 (5,965 males and 6,160 females aged 6—102 years) were
included after the exclusions. The distributions of C3 and C4
were skewed, according to the skewness-kurtosis test.
Therefore, the skewed data were transformed to an
approximate Gaussian distribution using the Box—Cox
method.

Analysis of variable factors and establishment of Rls

The sex difference was not statistically significant for C3
(z=23.14,z% = 21.48) and C4 (z = 5.28, z* = 21.32), while the
concentration distribution for sex for C3 and C4 is shown in

Figure 2. Weak positive correlations were found between age
and analyte concentration for both C3 and C4 (C3: r = 0.02,
P < 0.05; C4: r = 0.1, P < 0.05). However, although the
differences between the parameters and age were
statistically significant from the correlation coefficient, the
correlation between the analytes and age was extremely
weak and almost negligible, which was also verified in the
subsequent statistical analysis.

The continuous percentile curves for C3 and C4 are
shown in Figure 3. The following results were interpreted by
the medium lines (50th percentiles) of the charts since they
are the most stable and representative of physiology. The
C3 concentrations remained stable throughout the age
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Figure 2: Concentration trends for C3 and C4 in males and fe-
males: A for C3 and B for C4.

Table 1: Establishment and verification of Rls for C3 and C4.
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Figure 3: The combination of continuous percentile curves and
scatter plots of C3 and C4. A for C3 and B for C4. P stands for
percentile. P2.5, P25, P50, P75, and P97.5 denote, respectively, the
2.5th, the 25th, the median, the 75th, and the 97.5th values of the

group.

Parameter Medium P2.5 90% CI P97.5 90% CI Rate (%)

LL UL LL UL National standard Present RIs
C3 (g/L) 1.17 0.83 0.83 0.84 1.58 1.59 89 97
C4 (g/L) 0.25 0.15 0.15 0.15 0.40 0.39 0.40 100 97

Abbreviations: LL, lower limits; UL, upper limits; Rate%, percentage of individuals who passed the validation exercise. P2.5 and P97.5 are

the 2.5th and the 97.5th percentiles, respectively.

range, but began to decrease slightly from 60 years old. The
concentration of C4 increased slightly at 60 years old, with a
subtle decreasing trend thereafter. There was no statistical
significance at the cut-off point of 60 years old for either
C3 or C4 (C3: 60 years old, z = 1.37, z* = 21.48; C4: 60 years
old, z = 4.72, z*¥ = 21.32). According to the above calcula-
tion, no analytes were partitioned by sex or age. The 2.5th
percentile, 97.5th percentile, and 90% confidence intervals
are presented in Table 1.

Comparison and verification of Rls

The RIs for the Chinese national standards (C3, 0.7—
1.4 g/L; C4, 0.1—0.4 g/L) were determined without age or sex
partitioning, as in this study. The national standards for C3
were wider than those in this study, while the present RIs for
C4 were similar to the national standards. The differences
between this study and other studies are shown in Table 2.
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Table 2: Comparison with previous studies.

Countries Equipment Age (y) C3 (g/L) C4 (g/L)
Males Females Males Females
Present study® Deling BN-II specific 0.83—1.58 0.15—0.40
protein analyser
France® Optilite® turbidimetric 0.89—1.87 0.15—-0.45
analyser
Russia® Beckman AU5800 0.78—1.34 0.15—0.45
SE Africa UniCel DxC (BC) 0.82—1.57 0.80—1.48 0.14—0.41 0.14—0.40
Japan UniCel DxC (BC) 0.74—1.35 0.71-1.26 0.12—0.31 0.11-0.30
India® Beckman Coulter 0.85—1.82 0.16—0.55
Immage 800
Chinese Beckman AUS5800 <45y 0.76—1.27 0.15—-0.45
multicentre study®
>45y 0.81—1.34 0.17—0.51

Abbreviations: y, years old

& One range indicates no sex difference in this group, while the RIs for males and females are the same.
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Figure 4: Validation of RIs for C3 and C4 by the indirect method.
The solid straight lines indicate the RIs by the indirect method,
with the lower limit on the left and the upper limit on the right; the
dotted straight lines indicate the manufacturer’s Rls, with the
lower limit on the left and the upper limit industry standard on the
right. A for C3 and B for C4.

The results of the applicable verification of RIs are shown
in Table 1. The RlIs in this study were considered valid,
although more than 5% of the values fell outside the
Chinese national standards, as shown in more detail in
Figure 4.

Discussion

To the best of our knowledge, this was one of the few RI
studies on C3 and C4 that used data from the LIS and the
indirect method. No age or sex partitions were required for
C3 and C4; thus, the RIs were calculated from pooled data.
The validation of the accuracy of the RIs by randomly
selecting 100 subjects represented an added value over pre-
vious reports on C3 and C4 Rls.

In this study, the individuals were selected from the LIS’s
health examination centre to avoid patients with major dis-
eases. These people had an extremely low probability of illness,
and were more reliable than past hospital patients. After all,
avoiding extreme values due to disease was an essential pre-
requisite for establishing the RIs. Noteworthily, the C3 and C4
samples for further analysis were different; indeed, this phe-
nomenon was also found in previous studies.”>”’ In this study,
the reason was that the individuals whose data exceeded twice
the URL of the Chinese national standards were excluded to
bring the skewness and kurtosis of the overall data
distribution within a reasonable range. This procedure could
also be considered a method to avoid extreme values. The
distribution of the C3 data was better than that of the C4
data, which led to more excluded data for C4.

The concentrations of C3 and C4 were influenced by
sample type, instruments, and race. A subtle difference in the
RIs for C3 and C4 was found between this study, which used
serum samples, and a previous study that used plasma
samples (C3: 0.85—1.80 g/L; C4: 0.13—0.39 g/L).”* This
phenomenon may be due to the difference in the
composition of plasma and serum.

Both the LRL and URL for C3 in this study were higher
than those of Russian and Asian countries.”> %’
Noteworthily, the opposite result was obtained in France’s
study on the Optilite® turbidimetric analyser28 and India’s
study on the Beckman Coulter Immage 800 autoanalyser.22
In this study, the RIs for C4 were similar to those of the
Chinese national standards, European countries, and
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Southeast Asia. Both the LRL and URL for C4 in this study
were lower than those in India’s study but higher than those in
Japan’s study. The differences may be due to the statistical
methods and instruments used and the variety of immune
functions affected by genes and race. The parametric
method was used to calculate the RlIs, while the latent
abnormal-value exclusion method was used to eliminate the
potential outliers for the second time in some of the above
studies, which narrowed down the RlIs. Several studies have
shown that the RIs established by the parametric method are
narrower than those established by the nonparametric
method.”>%’ Furthermore, different compositions and
performances were found in the instruments, which led to
various test results. The difference in the RIs for C3,
compared with other studies, was more significant than that
for C4; this phenomenon has occurred in other studies. The
reason may be the more complex mechanism of action for
C3 in the body’s immune system and the more possibilities
of being affected by various factors.

Some literature, including official documents, indicates
that the RIs for C3 and C4 are not partitioned by sex and
age.zz’%’zx Nevertheless, some studies have pointed out that
different trends are shown among males and females or in
a certain age groupAB‘27 The physiological trend for C3
and C4, which showed no sex difference in this study, was
consistent with all the compared studies except those for
Southeast Asia and Japan. First, this may be due to a
discrepancy in physical conditions and the ratio of males to
females. In addition, various statistical methods can also
lead to this phenomenon. Furthermore, the RIs for C3 and
C4 in this study were not partitioned by age, as with those
in the Chinese national standards and previous studies, but
different from those in the multicentre study in China.”’
The multicentre study suggested that RIs should be
partitioned for subjects who are 45 years old. Although
this was true for 60-year-olds in the current study, the z
test result did not show a significant difference at this age.
This may be because the sample was selected in various re-
gions. In addition, even if the concentrations of some ana-
Iytes in females fluctuated at middle age due to menopause or
oestrogen treatment, this fluctuation might not be significant
enough to show a noticeable age difference in analyte con-
centrations in this region.

The RIs for C3 and C4 in this study all passed the veri-
fication test; thus, the accuracy of the Rls established by the
indirect method in this study was confirmed. Surprisingly,
the applicability of the C3 national standard for the local
population was slightly low, which may be because the
concentrations of C3 were influenced by various physical
conditions between the local and national populations. This
phenomenon may also verify the practical clinical signifi-
cance of this study for establishing regional RIs.

The strengths of this study were the indirect sampling
technique and special statistical methods for the establish-
ment of the RIs. Although the direct sampling technique is
deemed an a priori approach, it is particularly helpful in
drawing on resources from modern laboratory databases
when the establishment of RIs faces practical constraints or
difficulties.'® In addition, the LMS method and z test were
used to determine the cut-off point for age. In recent years,
some scholars have proposed applying the LMS method to
the establishment of RIs and age partition.lg’m More

intuitive judgment could be provided to partition the age
point by the LMS method, while the smooth curves could
reflect the age change of analytes more minutely.

The study was not sufficiently stringent in screening the
physical conditions of healthy individuals; thus, some non-
healthy individuals might have been included. In addition,
the age cut-off point was observed by the visual method of
LMS curves, and therefore the result might inevitably have
been affected by subjective judgment. Furthermore, there
was no unified standard for the indirect method published
officially to establish RlIs; thus, different statistical methods
and sample sizes could lead to different results.

Conclusions

In conclusion, this study established the local RIs for C3
and C4, which exhibited no significant differences in sex and
age with the indirect method. In addition, verification was
performed and obtained a satisfactory result, thus confirm-
ing the accuracy of the established RIs. Certainly, the Rls in
this study may reflect the fluctuation in C3 and C4 in the
local population, and improve the efficiency of clinical
diagnosis, whether in immune system diseases or diseases of
other areas. It is uncommon to establish the RIs of the
complement system using the indirect method, with data
mining in the local area or the world. Therefore, this study
has provided a new pattern for the establishment of RIs for
immune indicators.
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