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Abstract 

Testing for infectious diseases underpins diagnosis, treatment, surveillance, and epidemiology of disease 

as well as maintaining safe transplantation of blood and tissue. Over the past decades, infectious disease 

testing has changed from manual, qualitative functional biological methodologies such as 

haemagglutination inhibition and complement fixation, to highly automated immunoassay and molecular 

platforms. In developed countries, much of this testing has moved from specialised microbiology 

laboratories to high throughput “core” laboratories testing a range of clinical chemistry and other medical 

pathology analytes on the same test platforms. As these test systems are generally managed and controlled 

by clinical chemists, it is not surprising that methods used to standardise and control testing usually 

employed in clinical chemistry are being introduced for infectious disease testing. However, there are 

significant differences between inert, homogeneous clinical chemistry analytes, such as glucose, potassium 

and urea, and the highly variable and heterogeneous biological testing used for infectious diseases. These 

differences in testing have been identified as the reason why standardisation and control processes have 

been largely unsuccessful when applied to infectious disease testing. 

This thesis details my original and significant body of work identifying the deficiencies of traditional 

approaches to standardisation and control when applied to infectious disease testing. Papers presented in 

the thesis demonstrate the lack of standardisation of rubella IgG tests across two decades and investigates 

the clinical impact caused by poor standardisation. A further publication demonstrates that the traditional 

standardisation approach is appropriate for molecular testing using the quantification of CMV DNA as the 

example. My work in developing a novel approach to understanding and interpreting external run control 

results has had significant impact, being the only scientifically validated method for controlling infectious 

disease testing and is now licensed of use by two large quality control manufacturers. One paper presented 

demonstrates the QConnect™ concept and associated software EDCNet™. Additional papers demonstrate 

that QConnect™ is more fit-for-purpose than traditional methods such as Westgard rules when applied to 

infectious disease serology. Finally, a significant paper investigated whether variation detected by quality 

control had an impact on the clinical sensitivity and specificity of a test system. 

The concepts presented in this thesis have been developed over time in a systematic manner, building upon 

each study to develop an understanding of the standardisation of infectious disease testing. This concept 

remains relevant and topical today with the emergence of SARS-CoV-2 infections and the release of an 

international standard for anti-SARS-CoV-2. The thesis highlights the differences between clinical chemistry 

and infectious disease analytes; reviews the utility of traditional methods for standardisation and control 

of medical testing when applied to infectious disease testing and describes and validates novel, alternative 

approaches. The clinical impact of the proposed alternatives was investigated. Together, these peer-

reviewed publications form a significant and on-going impact on knowledge in the areas of standardisation 

and controls of infectious disease testing and continue to inform scientific discussion and influence national 

and international policy in this area. 
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Chapter One: Introduction to standardisation 

and control of infectious disease testing 
This introduction is a modification of my review entitled “The Standardization and Control of Serology and 

Nucleic Acid Testing for Infectious Diseases” (1), first published in 2021 in the Journal of Clinical 

Microbiology Reviews, a journal with an impact factor of 26.13 in 2020-21. The modifications were made 

to update the thesis with recent, relevant information, in particular relating to SARS-CoV-2, reflect 

additional areas of relevant knowledge required of a comprehensive PhD thesis, and to maintain the flow 

of the thesis. 

Introduction 

Testing for infectious diseases detects infection, monitors efficacy of treatment, identifies stages of disease 

and provides evidence of immunity and disease prevalence. Since the 1960s, infectious disease testing has 

experienced dramatic changes as a result of increased knowledge of the immune system; the advent of 

significant technologies such as immunoassays (IAs) and nucleic acid testing (NAT); biomedical engineering 

and robotics and the introduction of stringent, national regulatory systems, each having a major impact on 

the delivery of more accurate and timely results. More recently, near-patient or point of care testing (PoCT), 

as well as self-testing, has extended the provision of infectious disease testing into remote and regional, 

community-based facilities. A recent example is molecular testing for SARS-CoV-2, now performed in 

remote regions such as first nations communities in Australia and Canada, and SARS-CoV-2 antigen testing 

in non-heath facilities such as schools, aged care facilities, mines and airports (2, 3). Irrespective of the 

mode of testing, infectious disease science has faced the challenge of managing the standardisation and 

control of these tests. It is important that patients receive comparable results when tested in different 

testing facilities, using different tests (standardised) and that the results from each facility are reproducible 

over time (controlled).  

Disease Transmission and Human Immune Response to Infection 

The routes of transmission of infectious agents to humans are varied. Although outside the scope of this 

paper a brief, representative summary of the ways pathogens breaches the human immune system is 

presented (4). Skin damage can be a primary route of transmission. Damage can be intentional, such as 

through medical procedures, resulting in transfusion transmitted infections with HIV and hepatitis B and C. 

Accidental tissue damage, including cuts and abrasions, punctures (e.g. hypodermic needles, trauma, insect 

or animal bites), burns or necrosis due to lack of blood supply (e.g. diabetes, tumour, crush injuries) allow 

the introduction of pathogens. Parasites such as Strongyloides spp. and Schistosoma spp. actively penetrate 

the skin on contact.  Organisms can bypass mucosal barriers though insertion (e.g. catheter insertion, 

intrauterine devices, foreign bodies, sexual activity). These breaches can allow the introduction of 

pathogens of various sources, such as environmental, zoonotic, commensal or nosocomial. Pathogens are 

also introduced through inhalation of viruses in respiratory droplets (e.g. rubella, SARS-CoV-2 and other 

respiratory viruses) (5), spores (e.g. anthrax, histoplasma), or fomites (6). Other sources of infection include 

ingestion of meat from infected animals, food and water or fomites contaminated by faecal material, dried 

respiratory droplets or animal excretions (e.g. bat droppings) (4). A commensal organism that usually does 

not cause infection may become a pathogen in certain circumstances. Overgrowth of organisms, such as in 

bacterial vaginosis or candida vaginosis can occur due to changes in localised environmental conditions, 

such as pH. Infections caused by commensal organisms can also occur during immunodeficiency (e.g. 

Human herpes virus 8 causing Kaposi’s sarcoma), or poor health (Streptococcus pneumoniae pneumonia of 
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alcoholics). Commensal or environmental organisms may cause infections when introduced into normally 

sterile anatomical organs such as the bloodstream, brain, lower respiratory system or peritoneum (6). 

The immune response is designed to protect humans from potential infection. There are multiple layers to 

the immune response, including physical and chemical barriers (7, 8). The non-specific host-defence 

barriers of the innate immune system includes the physical barrier to infection created by skin and mucous 

membranes of the mouth, genitourinary system and external gastrointestinal tract. Potential pathogens 

contend with normal flora, entrapment in secreted mucous, low pH and chemical inhibitors, while cilia 

remove organisms trapped in mucous. If these barriers are breached, local immune cells produce cytokines 

such as tumour necrosis factor, interleukin 1 and interleukin 6 (8). Numerous other cell types are involved 

in the innate immune response, including neutrophils, macrophages, eosinophils and natural killer cells. 

These cells have a range of activities.  Neutrophils and macrophages actively phagocytose bacteria and 

fungi.  Eosinophils degranulate releasing enzymes, growth factors and cytokines, while natural killer cells 

destroy infected cells through the release of perforins and granzymes (8).  

The adaptive immune response has two main cell types – T cell response and the B cell response (7, 8). 

When exposed to antigen-presenting cells that have digested an antigen and is displaying a specific  peptide, 

T cells receptors are activated to differentiate into either mature cytotoxic T cells (CD8+ cells) that destroys 

cells containing foreign antigens, or become mature helper T cells (CD4+) that secrete cytokines that 

promote B cell maturity and mediate the immune response by directing other cells (9). B cells are produced 

in the bone marrow and circulate in blood and lymphatics. They can recognise antigens without the aid of 

antigen-producing cells. Once in contact with a recognised antigen, B cells proliferate and differentiate into 

either antibody-secreting plasma cells or memory cells (8, 9). Plasma cells have a relatively short life span, 

often undergoing apoptosis when the antigen is eliminated. However, plasma cells can produce large 

amounts of antibodies during its lifetime. In contrast, memory cells persist for long periods and, on 

subsequent contact with the same antigen, can release a rapid antibody response at re-exposure. 

Immunoglobulins produced by B cells can inactivate or inhibit viral attachment and reproduction but cannot 

eliminate infection. B cells produce five different immunoglobulins, IgA, IgD, IgE, IgG and IgM (Table 1), 

each having different functions (8). IgA is associated with mucosal protection, preventing pathogens binding 

to mucosal sites. The function of IgD is poorly understood but appears to be involved in homeostasis. It is 

also thought to play a central role in the regulation of tolerogenic and protective B cell responses (10). IgE 

antibodies are involved in allergic reactions and are also associated with parasitic infection (8). The 

detection of IgM and IgG is the primary method of laboratory diagnosis of infection, as described below. 

When an immunocompetent human is exposed to an organism, they elicit an immune response. Typically, 

the response will be a primary or secondary immune response. In a primary response, the B lymphocytes 

circulating in a person who is naïve i.e. has never been in contract with the antigen, will produce antibodies 

to the antigen(s) present on the organism. This response is delayed and initially produces antibodies of low 

affinity (9). The initial antibody response is usually the production of antigen-specific IgM, followed by IgG 

antibodies. Initially the antibody reaction is immature and not necessarily specific to the antigen and 

sometimes target only certain immunogenic sites of the pathogen. Over time, the elicited antibodies 

increase in affinity (the strength of the bond between the antibody and the specific antigen) and avidity 

(the overall strength of the bonds between all antibodies and the antigen) and develop reactivity to the full 

range of that organism’s immunogenic sites. At the same time a cell mediated response occurs and memory 

B cells are also created. On re-exposure to the antigen, the memory cells are primed to develop high avidity 

IgG, enabling a more rapid and specific secondary immune response. The difference between high and low 

avidity antibodies can be detected using an avidity assay. The changes in the affinity and avidity of the 

antibodies over time can directly impact on the binding of these antibodies to antigens used in assays. 
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Therefore, the stage of disease is an important consideration when understanding an assay’s ability to 

detect specific antibodies. 

IgG can be divided into four sub-classes, (IgG1, IgG2, IgG3, and IgG4) each having different functions, and 

unique profiles with respect to antigen binding, immune complex formation, complement activation and 

triggering of effector cells (11). Along with other immunoglobulins, IgG antibodies are neutralising 

antibodies, inhibiting the ability of viruses, in particular, to bind to receptor sites on human cells, limiting 

the viruses’ ability to replicate (5, 8, 12). 

Table 1. Structure and functions of immunoglobulins. 

Immunoglobulin Structure Immune function Activity 

IgA 

Monomer or dimer in 
plasma and/or 
secretions. 

Critical for protecting mucosal 
surfaces. 

Moderate serum levels; 

Predominant immunoglobulin 
in secretions (saliva and 
breast milk). 

IgD 

“Y-shaped” monomer. 
Unclear function; 

Possible role in homeostasis. 

Low levels in plasma; 

Short lived response. 

IgE 

“Y-shaped” monomer. 

associated with hypersensitivity 
and allergic reactions; 

Involved in parasitic immune 
response. 

Lowest serum concentration; 

Shortest half-life of 
immunoglobulins. 

IgG 

“Y-shaped” monomer; 

Four IgG subclasses 

Activation of the complement 
cascade; 

Neutralisation of 
toxins and viruses. 

Predominant 
immunoglobulin; 

Slow development after 
infection but lifelong; 

Crosses placenta barrier; 

Used in serological diagnosis 
to determine previous 
exposure. 

IgM 

Pentameric 

Primary immune response; 

Opsonising (coating) antigen for 
destruction; 

Complement fixation. 

Poly-reactive; 

Does not cross the placenta 
barrier; 

Rapid response; 

Used in serological diagnosis 
to determine acute infection. 

* Table 1 adapted from Marshall (8) and Schroeder(13).

Antigen-specific IgG become detectable shortly after IgM and rises rapidly in both quantity and avidity (12). 

The IgG response to different antigens from the same organism can rise and fall at different times. As 

examples, the IgG response to rubella envelope 2 antigen follows the response to envelop 1 antigen (Figure 

1) (14). In Epstein-Barr virus (EBV) infection, anti-viral capsid antigen (VCA) specific IgM is the first antibody
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response to be detectable and decreases relatively quickly over time, whereas the IgG antibodies to VCA is 

detectable shortly after the onset of symptoms and remains detectable for life in immunocompetent 

individuals (15). The IgG response to the “early antigen” is also present early in infection and declines to 

undetectable levels over time. In contrast, the IgG antibody response to the nucleocapsid antigen is usually 

detectable approximately four weeks post symptoms and remains detectable lifelong. Given the predicable 

rise and fall of these antibodies, the stage of disease post infection with EBV can be determined serologically 

with a single bleed. This is also the case with the serology of many other infections, notably hepatitis B 

virus, where the detection of hepatitis B surface antigen (HBsAg) and envelope antigen (HBeAg), and the 

levels of antibodies developed against hepatitis B surface antigen (anti-HBs), envelope antigen (anti-HBe) 

and core antigens (anti-HBc), can be utilised for determining the stage of disease as well as whether the 

infected individual has developed chronic hepatitis or has resolved infection.  Detection of anti-HBs in 

isolation indicates past vaccination. 

Figure 1. At the right is a schematic diagram detailing the structure of the rubella virus, including the 

three immunogenic antigens, i.e., two envelope (E1 and E2) antigens and a capsid (C) antigen, and 

single-stranded RNA (ssRNA). At the left is a plot of a normal immune response to rubella virus 

infections over time. (Reproduced with permission: Dimech et al (14))  

Laboratory testing is employed throughout the disease process, from initial infection to disease resolution, 

to diagnose infection, monitor the disease progression or the efficacy of medical intervention and therapy, 

and to determine the prevalence of disease in the population. Direct detection of an infecting organism 

though culture or through direct detection of proteins or nucleic acid associated with the organism can be 

used to identify infection through laboratory testing of samples taken from the site of infection (4). A recent 

example is SARS-CoV-2 infection, where nasal or nasopharyngeal swabs are tested using rapid antigen tests 

or nucleic acid testing. Very early in the infection, direct detection of the organism is the only laboratory 

marker of infection, until the antibody response is initiated (Figure 1). Testing for antigen-specific IgG and 

IgM antibodies are most frequently employed in laboratory testing for infectious diseases (Table 1), as 

these antibodies circulate in abundance in human plasma, with IgG accounting for more than 10% of all 

plasma protein (11). On contact with an antigen, IgM is usually the first detectable immunoglobulin, 

opsonising (coating) the antigen to facilitating its destruction. IgM can also fix complement (8). The IgM 

response is usually transient, lasting for period of weeks post infection before becoming undetectable. 

Therefore, the detection of antigen-specific IgM is considered good evidence of acute infection. However, 

on re-infection or at times of re-exacerbation of infection, IgM response may become detectable for short 

period of time. The re-exacerbation of IgM, along with cross-reactivity of IgM antibodies with similar 

antigens on other organisms, complicate the diagnosis using IgM detection (16). To elucidate in clinically 

important situations, a positive IgM response can be confirmed using avidity assays, where the avidity of 

the patient’s IgG response to the same organisms is subjected to chaotropic agents such as urea. Low IgG 
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avidity is an indicator of an acute infection and adds evidence to the diagnosis, whereas high avidity is 

associated with convalescence (17). The detection of antigen-specific IgG from a single bleed indicates past 

exposure to the antigen through infection or vaccination.  

History of Infectious Disease Testing 

There are well-established methods used to support the diagnosis of infection including microscopy, direct 

antigen detection or the culture and characterisation of organisms using biochemical testing (18) or MALDI-

Tof mass spectrometry testing (19, 20). Inferences can be made from haematology full blood analysis of 

white and red blood cells, or quantification of CD4 makers. The human immune response includes a range 

of biomarkers such as C-reactive protein, procalcitonin, pancreatic stone protein and interleukins which are 

non-specific markers of infection (21), and a growing number of miRNAs and other emerging non-specific 

nucleic acid marker classes have been described (22).   However, the diagnosis of most pathogenic 

infectious diseases depends on the detection of organism-specific immunoglobulin or nucleic acids.  As the 

focus of this thesis is primarily on antibody, antigen and nucleic acid detection, these other markers are out 

of scope for this thesis. 

Prior to the 1980s, the detection of antibodies and antigens associated with infections were predominantly 

conducted using laboratory-developed tests such as haemagglutination inhibition assays (HAI), 

complement fixation tests, plaque neutralisation assays (PNT), immunofluorescence, radial haemolysis or 

Ouchterlony double immunodiffusion. These bioassays detect the functional reactivity between antibodies 

and antigens and were the first test systems employed for the detection and semi-quantification of 

infectious disease serological testing (14). These test systems were labour intensive and require specific 

technical skills. The results varied depending on reagents used and their quality (23-25). The antigen source 

was usually whole organisms, and the test systems detect, without differentiation, all circulating antibody 

isotypes, in particular IgG, IgM and IgA. A lack of standardisation of these tests was reported (14, 26) and 

some professional bodies sought to introduce standard techniques (27) and quality assurance programs 

that improved commutability of results across laboratories (28, 29). However, these efforts were not 

universally applied. Over time, these technologies have been replaced with more efficient, automated 

options as detailed below. The introduction of these new technologies facilitated the introduction of 

automated processes, increased standardisation and allowed the development of more precise and 

accurate testing but introduced new issues relating to quantification of biological analytes, the 

standardisation of quantification of these measurements and the processes related to the control of 

automated testing. My work, over the past decade, has identified, elucidated, and highlighted these issues, 

and proposed alternative approaches to address the impact of the issues. 

All infectious disease testing systems use the biological functions of the antibody response to the antigen 

to generate a detectable signal. PNT uses infectious virus inoculated onto a cell culture to create viral 

plaques. In the presence of a serial dilution of patient sample, the dilution that reduces the number of 

plaques by 50% is used to determine the end point of the test. HAI uses the ability of some antigens to 

agglutinate red blood cells of specific animal species. When the antigen is incubated with specific 

antibodies, all the binding sites become unavailable and the haemagglutination effect of the antigen is 

inhibited. In a similar manner, complement fixation tests employs a combination of the patient sample, a 

standardised concentration of the target antigen and complement. The complement is “fixed” when the 

antigen:antibody complex is formed. If the complement remains unfixed due to a lack of antigen-specific 

antibodies (either because the patient has no antibodies or the antibodies have been diluted out by serial 

dilution), the free complement lyses antibody-coated red blood cells added to the test system. For each of 

these biological test systems, a serial dilution of patient samples can be tested to determine an “end point”; 

the dilution of patient serum at which the signal is no longer detectable. Traditionally, a two-fold increase 
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in doubling dilution end points in patient samples obtained 10-14 days apart indicates a recent (acute) 

infection. 

In 1979, Voller et al reported the use of an enzyme-linked immunoassay for the detection of specific 

antibodies (30). This technique has since been applied to the detection of viral antigens such as hepatitis B 

surface antigen and HIV p24 (31, 32). The introduction of immunoassays (IAs) has revolutionised infectious 

disease serology. Chemical detection systems used in IAs (substrates) included enzyme-based colour 

reactions (EIA), radioactive labels, fluorescence and chemiluminescence (33). Usually, the test system has 

the target antigen bound to a solid, immovable phase (e.g. a microtitre plate, magnetic beads, plastic 

beads). The patient sample is incubated with the bound antigens and antibodies specific to the target 

antigen(s) are bound. After washing, a labelled anti-human conjugate is added, and the conjugate binds to 

the patient antibodies. After a further wash the chemical substrate is added and the resulting signal 

detected. Generally, there is a dose response, where the signal increases with the amount of bound 

antibody. However, depending on the assay design, there are plateaus in the dose response prior to the 

antibody concentration being detectable and another plateau when the test system is saturated. Between 

these two plateaus, the dose response is usually linear in nature with the rise in signal proportional to the 

increase in concentration of the antibody being detected (33). This dose response curve is often presented 

graphically as a sigmoidal curve. Importantly, this dose response is specific to the test system and cannot 

be assumed to behave with the same dynamics across different test systems, even when detecting the 

same analyte.  

In the past two decades, immunoassays have become increasingly automated, with numerous continuous-

access robotic platforms routinely used in clinical and blood screening laboratories. These test systems are 

well-controlled, highly sensitive, specific and precise, facilitating increased control of test results. During 

the early 1980s Mullis et al described a process called polymerase chain reaction (PCR), allowing the 

amplification of specific nucleic acid sequences (34). This technology initiated or further developed 

molecular techniques, since applied to infectious diseases, including the use of chemical probes to detect 

amplified nucleic acid; reverse transcription for the detection of RNA, and real-time or quantitative PCR 

(qPCR). These technologies allowed a transition away from slow and labour-intensive viral culture or direct 

antigen detection and are now applied for the detection of the causative agents for most infectious 

diseases. As with the developments associated with serological methods, NAT has allowed for the 

automation, standardisation and control of the test systems. 

It is notable that the emergence of IAs and NAT coincided with the onset of the Human Immunodeficiency 

Virus (HIV) epidemic. This situation elicited large investments into research and development of 

technologies used for infectious disease testing. The use of HIV viral load to initiate and monitor treatment 

drove a need for standardisation across NAT, leading to the creation of a WHO international standard  for 

HIV viral load (35). It also saw a strengthening of the regulatory environment (36-38), not only in clinical 

laboratories but especially in blood screening where several notable failures to apply emerging technologies 

to HIV, and subsequently Hepatitis C virus (HCV), had severe medicolegal consequences (39, 40). 

Governments of most developed countries introduced regulations to control the supply of in-vitro 

diagnostic devices (IVDs) used to detect pathogens that have a high risk to the community. In an increasing 

number of jurisdictions, manufacturers and testing laboratories are now required to have accreditation or 

certification to relevant International Organization for Standardization (ISO) standards. National regulatory 

bodies and associated frameworks were strengthened, requiring IVDs to comply with set performance 

standards, such as the European Union Common Technical Specifications (36). A Global Harmonisation Task 

Force, now replaced by the International Medical Device Regulators Forum, was established to standardise 

IVD requirements across jurisdiction and therefore reduce regulatory burden on manufactures (41). To 
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support countries lacking a national regulatory framework and to guide IVD procurement by funding and 

implementing bodies such as Global Fund, UNDP, World Bank and Clinton Foundation, the World Health 

Organization (WHO) established the Prequalification of IVDs, coordinated through the Department of 

Essential Medicines and Health Products. This activity focuses on testing for priority diseases in resource-

limited settings, such as HIV, malaria and TB (42). Many countries with immature regulatory systems use 

WHO prequalification as a guide for selection of test kits. National regulatory systems such as the 

Therapeutics Goods Administration in Australia and the Food and Drug Administration in USA are 

independent and do not refer to WHO prequalification, whereas WHO prequalification process does 

consider registration of IVDs by national regulatory systems. 

Standardisation and Control of Clinical Chemistry Testing 

Over time, efforts to standardise and control medical testing were championed by clinical chemists, 

beginning with external quality assessment (EQA) schemes, introduction of standard methods and 

metrological traceability of measurands of higher order reference materials through ISO 17511 standard 

(28). National Measurement Institutes measure pure, high-grade analytical materials such as glucose or 

potassium using certified reference methods, such as high-performance liquid chromatography (HPLC) or 

atomic absorption, to produce certified reference standards, often traceable to an SI measurement. 

Through a chain of commutability, secondary standards are produced and these, in turn, are used to create 

calibrators and standards for use in medical test systems (Figure 2). Using this traceability hierarchy, results 

in clinical chemistry can assure patient samples tested on different test systems report the same result 

within a known confidence (43). EQA programs can monitor the success or failure of this process by 

systematically assessing the results of testing by laboratories using different test systems to detect the same 

measurand (28). Commutability of multiple clinical chemistry analytes has been a focus of professional 

bodies (44, 45). 

Figure 2. Hierarchy of development of international standards indicating the relationship of 

international standards (primary), secondary standards and tertiary (working) standards. 

To control clinical chemistry test systems, modifications of statistical process controls created by Walter 

Shewhart and championed by W. Edwards Deming in post-war Japan, were introduced into the laboratory 

setting (46, 47). Assuming the results of repeated testing of the same sample would have Gaussian (normal) 

distribution, 95% of all normal results will be within +/- two standard deviations (SD) of the mean of the 

results and 99.7% within +/-3SD. Traditional quality control (QC) monitoring methods use this principle to 
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establish QC acceptance limits, noting that 5% of “true” results will be falsely rejected if mean +/-2SD is 

used as acceptance limits. Results outside of mean +/-2SD are further investigated to determine the root 

cause of the variation or are rejected and the test repeated. James Westgard published a set of rules, 

commonly known as Westgard Rules, which created a framework of decision making around the acceptance 

or rejection of QC results. These rules are almost universally adopted in clinical chemistry testing (48-50). 

Briefly, the Westgard rules consist of six or more separate rules to identify if a QC result is “out of control” 

(Table 2). The mean and SD of a QC dataset is calculated. If the subsequent QC results are within the mean 

+/- 2SD, the results are accepted, and testing continues. However, if the results deviates, the Westgard 

rules are used to accept or reject the QC results or signal a warning that the QC results should be closely 

observed until results return to expected levels. However, the application of Westgard rules is based on 

several assumptions, including that the QC results are normally distributed, and the QC results are 

commutable with patient samples. Standards promoting the use of these rules suggest as few as 20 QC 

results can be used to establish the mean and SD (51-53). This assumes that these 20 results are indicative 

of the inherent variation within that test system and are reflective of all subsequent QC results. The papers 

presented in Chapter 4 demonstrate that none of these assumptions are true for infectious disease 

serology. 

Table 2. Description of the common Westgard rules and the actions required. 

Rule 
Notation 

Rule Description Action 

13S One QC result is greater than mean +/- 3SD Reject run 

12S One QC result is greater than mean +/- 2SD Warning 

22S Two consecutive QC results greater than mean +/- 2SD Reject run 

R4S 
One QC result exceeds 2SD and the subsequent QC result 
exceeds 2SD in the other direction 

Reject run 

41S Four consecutive QC results are greater than mean +/-1SD Reject run 

10X Ten consecutive QC results fall one side of the calculated mean Reject run 

More recently, a risk-based approach to monitoring the performance of medical test systems has been 

encouraged (54), with some commentators promoting six sigma principles (55-57). Six sigma, developed in 

1986 for the Japanese manufacturer Motorola, is a process that identifies and measures the numbers of 

defects in a process and then implements design changes to reduce the defect rate. Six sigma assumes that, 

when implemented successfully, the process controls will produce fewer than 0.0005% defects, or less than 

3.4 defects per million times the process is undertaken. There have been several attempts to utilise this 

concept in medical testing (56, 58), utilising existing metrics, such as external quality assessment results 

and quality control data to develop tolerance limits (59). These limits can then use used to identify, and 

then measure, the number of defects encountered when performing laboratory testing. However, at the 

time of writing this thesis, no systematic review of these rules’ applicability to other disciplines such as 

infectious disease serology has been undertaken. 

There are significant differences between the measurement of clinical chemistry analytes and infectious 

diseases serology. The underlying reason for these differences is that, when testing for an inert chemical 

such as glucose, the test system is determining the actual quantity (how much) glucose is present. Although 

there is a dose response when testing for antibodies, the test system is also determining the efficacy of 

binding (how well) antibodies to the antigen. A patient sample having low levels of antibodies with high 
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affinity and avidity to a specific antigen could have a higher level of reactivity compared with a sample with 

a high concentration of low-avidity antibodies.  

As infectious disease testing became more automated, test systems used in clinical chemistry have been 

adapted for the detection of infectious disease antibodies and antigens. Many larger pathology laboratories 

have introduced the concept of a “core laboratory”, where samples for an increasing range of analytes, 

including infectious diseases, are tested on the platforms linked by a “track”, increasing the efficiency of 

the laboratory. As these core laboratories are commonly overseen by clinical chemists, it is not surprising 

that methods used to standardise and control clinical chemistry testing were implemented for infectious 

disease testing. Unfortunately, it has become evident that these methods, notably the standardisation of 

quantitative antibody testing and the use of Westgard Rules, are not appropriate for infectious disease 

testing. Over the past three decades, a significant body of work has provided insight into these deficiencies 

and have culminated into the abandonment of the use of the WHO International Standard for the 

calibration of anti-rubella IgG assays and in the development of an alternative and more appropriate 

method to monitor and interpret the results of infectious disease serology QC. This thesis outlines my 

contribution to the understanding of this situation and identifies the significant impact my work has 

contributed to the standardisation and control of infectious disease testing. 

Variability of Markers for Infectious Diseases 

When discussing measurable quantities, the International Vocabulary of Metrology utilises the term 

“measurand” to describe the particular quantity subject to measurement. The specification of a measurand 

may require statements about quantities such as time, temperature and pressure (60). Many clinical 

chemistry measurands, such as glucose, are small molecules, have minimal heterogeneity and can be 

described as a chemical formula (e.g. C6H12O6). These are referred to a “type A” analytes. In contrast, 

analytes like antibodies that measure functional, biological activity, called “type B” analyte (Table 3), are 

heterogeneous and are not directly traceable to SI units (61, 62). Unlike clinical chemistry analytes, the 

standardisation of testing for infectious diseases has a chequered history. Although numbers of 

international standards for infectious diseases have been developed since the 1960s and have subsequently 

been used to try to standardise serological tests, these efforts have, by and large, been unsuccessful (13, 

55). This is due to many issues. Of note, many international standards for serology were developed without 

due consideration to metrological principles (54, 56-58); serological assays are generally qualitative 

detecting the presence or absence of antibodies. The analytes being measured are complex, biological and 

polyclonal in nature (13, 54, 59). Antibodies can be of variable classes/subclasses, fragmented, polyclonal 

or monoclonal, free or complexed and have variable affinity and avidity (54). Unfortunately, although these 

factors have been recognised, and warnings published (54, 59, 60), it has been assumed that the method 

of standardisation used for “type A” clinical chemistry measurands would be suitable for application to 

antibody testing, resulting in unforeseen consequences that have taken decades to resolve (13, 61). As 

detailed in the publications presented in Chapter 2 of this thesis (62, 63), the consequences include a lack 

of comparability of quantitative test results reported by assays measuring what is assumed to be the same 

analyte; poor clinical interpretation of results; difficulties in the design of assays and a general inaccurate 

acceptance that “type B” analytes behave in the same manner as “type A” analytes (64).  

Pathogenic organisms are complex and variable in structure and often mutate over time. All organisms, 

whether viruses, bacteria, fungi or parasites, have one or more immunogenic sites. Humans elicit an 

immune response when exposed to these antigens. For example, rubella virus has three immunogenic 

proteins; two envelope proteins designated E1 and E2 and one capsid protein, but has only a single serotype 

(14). Similarly, wild-type measles virus has eight clades containing 24 genotypes based on the nucleotide 

17



sequences of their hemagglutinin and nucleoprotein genes, which are the most variable genes in the viral 

genome (63).  

Table 3. Differences between clinical chemistry and infectious disease serology testing 
 

Clinical Chemistry Infectious Disease Serology 

“Type A” inert analyte  
• Known molecular structure 

• Known molecular weight 

• Invariable composition 

• No change over time 

“Type B” functional biological analyte 
• Variable structures 

• Different classes and subclasses 

• Antibody response matures over time 

• Antibodies may be fragmented, polyclonal or 
monoclonal, free or complexed 

• Variable avidity and affinity 

Several medical decision points 
• e.g. 3.9 – 5.6 mmol/L mean fasting glucose to 

differentiate hypo- and hyper-glycemia; 

• 0.74 to 1.35 mg/dL creatinine normal range for 
adult males to assess kidney function and diet; 

• 3.6 to 5.2 mmol/L potassium, where hypokalemia 
or hyperkalemia can lead to heart failure 

Single decision point  
• Determining the absence of presence of antibodies by 

use of a single cut-of value 

• Viral load result being above the limit of quantification 
of the assay 

Quantitative 
• Determining absolute amount of analyte 

Qualitative 
• Determining binding efficiency 

• Use chemical signal to detect measurand 

Single homogeneous molecule 
• No or minimal heterogeneity 

• Test developed for specific molecular composition 

Multiple and varying antigens 
• Different genotypes/serotypes 

• Antigenic mutations  

Lower level of regulation 
• Generally low-risk analytes 

• Assessed as Class 2/B IVDs by regulatory 
authorities 

• Self-declared evidence 

• No batch release testing required 

• No risk to community 

• Low to moderate risk to individual 

Highly regulated 
• Generally moderate to high risk 

• Assessed as Class 3 or 4/C or D by regulatory 
authorities 

• Mandatory technical file review by authorities 

• Class 4/D IVDs undergo mandatory batch release 
testing 

• Mod/High risk to community 

• Mod/High risk to individual 

Linear dose response curve 
• Highly sensitive tests detect low levels of analyte 

• Normal samples have relatively high levels of 
circulating analyte 

Non-linear dose response curve 
• No response if analyte concentration is low 

• No increase in response if test system is saturated 

Adjust for reagent lot variation (Bias) 
• Can re-calibrate test system to adjust for bias 

• Calibrators traceable to international standard  

Cannot adjust for reagent lot variation (Bias) 
• Tests are highly regulated not allowing modification 

• No international standards 

• Lack of commutability to international standards 

International standards available 

• Well defined international standards available 

• Secondary standards traceable to international 
standard 

Poor or no international standards 
• No international standards for many analytes 

• Lack of commutability to international standards 

• Many tests are not calibrated to internationals 
standard when they exist 

Certified reference methods (CRM) 
• Well established CRM 

• e.g. Atomic absorption, HPLC 

No certified reference methods 
• No CRM available 

• Variable quantitative results between test systems 

 

18



The eight clades are designated A to H, with numerals identifying the individual genotypes. Measles virus is 

immunologically stable with no detectable serological variation (64). In contrast, HIV elicits antibody 

responses to group-specific antigen protein p24 and its precursor p55; antibodies to the envelope precursor 

protein gp160 and proteins gp120 and gp41. Antibodies to the polymerase gene products p31, p51 and p66 

are also commonly detectable in infected patient samples. HIV-1 has four groups – M (Major), O (Outlier), 

N (non-M, non-O) and P. Group M has nine subtypes (65). HIV antibody assays usually test for antibodies 

to HIV-1 and HIV-2 as well detect HIV p24 antigen. The assays are designed to detect each of these analytes 

but report a single positive or negative result. So, unlike clinical chemistry, the test systems are complex, 

detecting several different analytes concurrently. 

Generally, the number of immunogenic sites increases with the complexity of the organism. Like HIV, many 

organisms have different genotypes and/or serotypes. When organisms share a large percentage of 

genome but vary in the immunogenic regions, the difference in the immune response they elicit can be 

detected and differentiated. As an example, whereas rubella virus has a single serotype, dengue virus has 

four serotypes DEN-1, DEN-2, DEN-3 and DEN-4, which can be differentiated serologically (66). The variation 

in the genome of pathogens can also be detected by nucleic acid testing. HCV has six common genotypes 

designated 1-6; their distribution varying around the world. So differentiation of HCV can be achieved by 

either serotyping or genotyping (67).  

The immunogenicity of organisms also changes over time through mutation. Recent experience with SARS-

CoV-2 has highlighted the importance of the ever-changing nature of the virus (68). SARS-CoV2 remained 

relatively evolutionary stable for the first 11 months, after which there was a rapid emergence of variants 

globally.  The nucleotide mutation rate of the S gene was 8.066 × 10−4 substitution per site per year, which 

was at a medium level compared with other RNA viruses (69).  Changes in the spike protein, in particular 

the variable receptor-binding domain which bind to receptors found in the respiratory system, 

gastrointestinal tract, heart, and kidneys are of greatest significance, reducing the neutralising antibody 

response and increasing infectivity (5). Whereas single point mutations were commonly detected, multiple 

mutations were found in emerging variants of concern (70).  Mutations of SARS-CoV-2 have been associated 

with increased transmission and virulence of the virus and have the potential to evade vaccine-induced 

and/or natural immunity (71) due to escape mutants.  Changes to the virus potentially can impact on the 

efficacy of both serology and molecular diagnostic tests.  

The influenza virus is well known for its antigenic “drifts” and “shifts”. Antigenic drifts are small changes in 

the genes of the virus over time (29). This phenomenon is also seen in HIV (65), which is one of the reasons 

the development of a vaccine has proven difficult for both organisms. Antigenic shift is a major change in 

the virus. In Influenza virus, a shift is commonly associated with the combination of the genomes of two 

influenza viruses derived from different animal species, creating a strain that can evade previously 

developed antibody responses. Some viruses are prone to mutation. Hepatitis B virus (HBV) has a unique 

life cycle which includes an error-prone enzyme, reverse transcriptase, and a very high virion replication 

rate. Antiviral treatment of blood-borne infections such as HIV, HCV and HBV can select out sub-populations 

creating a change in immunogenicity over time (72). Therefore, infectious disease test systems testing for 

a specific organism needs to be designed to detect variable antibodies responses and nucleic acids present 

in ever-changing organisms. 

Current IAs are developed to detect antibodies subclasses to a specific antigen e.g. anti-EBV viral capsid 

antigen IgM or anti-hepatitis B core total (IgM and IgG) antibodies. The manufacturer uses various sources 

of antigen (whole virus, disrupted virus, purified viral antigens or recombinant antigens) and conjugates, 

which may be polyclonal, across multiple subclasses (total antibodies) or class specific, or monoclonal 

antibodies directed to a specific viral epitope. Several monoclonal antibodies could be used in the design 
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of an assay. Test systems for antibodies must account for this array of variables, emphasising the difference 

between infectious disease serology and testing analytes such as glucose or potassium. Unlike inert clinical 

chemistry analytes, the measurand detected in infectious disease serology is extremely variable in 

individual immune responses, antigen targets, antibodies detected, assay design, and the affinity and 

avidity of antibodies. Therefore, unless test systems use the same components (antigen source, conjugate 

and substrate), the measurand is specific to each test system and quantitative results between assays 

cannot be compared. As an example, it has been well established that the quantitative results of anti-rubella 

IgG assays are not comparable (14, 73-76). The principles of standardisation (Chapter 2) and control 

(Chapter 4) traditionally applied to clinical chemistry analytes cannot be used in infectious disease serology 

(77).  

Quantification of Antibodies to Infectious Diseases 

The level of antibody in a patient is rarely useful in a clinical setting. In biological test systems, a rise in 

antibody titre, from negative to detectable (seroconversion) can be used to confirm an acute infection. In 

some infectious disease tests, such as syphilis rapid plasma reagin, a doubling dilution titre of greater or 

equal to 1:8 is indicative of untreated infection. Occasionally, clinicians will use a low-level antibody 

response to trigger re-vaccination, however, this is not necessarily appropriate (78). Rarely does an IA 

manufacturer’s instructions for use suggest a rise in signal reported by their IA indicate an acute infection.  

Although there are many international standards for infectious disease serology, routine reporting of 

results in international units (IU) and having a defined clinical cut-off associated with this unitage has been 

limited to three main analytes: anti-rubella IgG, anti-hepatitis B surface antigen (HBsAb) and anti-measles 

IgG. The cut-off for immunity for anti-rubella IgG and HBsAb is assumed to be 10 IU/mL and 10 mIU/mL 

respectively. As a result of my published work, the cut-off for rubella has been seriously questioned and is 

under review (77, 79). Number of studies have identified poor correlation between the quantitative anti-

rubella IgG test results reported by different test systems. One study tested a panel of 325 samples that 

had been reported as having undetectable anti-rubella IgG in seven other quantitative rubella IgG tests and 

an immunoblot. Only 129 (39.7%) of the samples were found to be anti-rubella IgG negative by all the other 

tests. However, 59% of the samples were reported as immunoblot positive, indicating initial false negative 

reactivity. Of note, there was up to a ten-fold difference in the quantitative results reported by the tests 

(Table 4) (79).  

Results of different HBsAb assays have also been shown to report different quantitative results when testing 

the same samples (80), the author concluded “Thus, our study shows that levels of anti-HBs determined by 

one assay system cannot be compared with those determined by other systems, although all the assays are 

calibrated with the same international standard”. The measles PNT titre that corresponded to the 

protective titre was found to be ≥120 mIU/mL in a study that reviewed protective immunity of university 

students after a measles outbreak (81). PNT assays have been standardised against the WHO measles 

antibody international standard (currently the WHO 3rd international standard; NIBSC 97/648). However, 

the package insert of that International Standard states “This preparation has not been calibrated for use 

in ELISA assays and/or a unitage assigned for this use.” 

The history of the development of international standards for rubella IgG serology is informative (Figure 3). 

Serological international standards were first produced in the 1960s, primarily for the purpose of assessing 

the potencies of vaccines for rubella and measles. Studies on the preparation of standards are referred to 

the WHO Expert Committee on Biological Standards for adoption (82-85).  

20



Table 4. Comparison of qualitative and quantitative results of eight commercial anti-rubella IgG tests 

when testing patient samples having low levels of rubella IgG confirmed by immunoblot. Quantitative 

results, expressed as international units per millilitre, and the qualitative interpretation are presented. 
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(Equivocal range in IU/mL)
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P1 11,1 E2 1,8 N3 13 E 16 P 21,9 P 4,3 N 42,1 P 28,4 P 

P 12,8 E 4,3 N 13 E 6 E 5,4 E 11,6 P 11,1 P 7,36 N 

P 12,2 E 4,1 N 11 E 5 E 8,8 E 10,5 P 25,1 P 14,5 E 

P 9,4 N 5 E 10 E 6 E 3,5 N 60,4 P 10,7 P 8,11 N 

P 9,8 N 7,6 E 13 E 8 P 5,5 E 5 N 11,7 P 10,8 E 

P 7,7 N 4,8 N 9 N 5 E 6,3 E 61,1 P 13,3 P 9,35 N 

P 6,8 N 4,2 N 7 N 5 E <3 N 11,8 P 9,3 E 6,1 N 

P 8,9 N 5 E 14 E 8 P 5,7 E 41,2 P 17,1 P 10,6 E 

P 8,3 N 4,8 N 11 E 8 P 8,8 E 11,4 P 13,6 P 12,1 E 

P 12 E 4,1 N 12 E 7 P 8,6 E 7,7 N 23,5 P 12,5 E 

P 12,2 E 7 E 10 E 13 P 4,9 N >500 P 14,1 P 10,8 E 

P 9,5 N 6,1 E 12 E 8 P 4,4 N 19,2 P 7,4 E 11,4 E 

(Adapted from Bouthry (79)) 
P Positive 
E  Equivocal 
N Negative 

The first international reference preparation of anti-rubella serum was prepared in 1966 using a pool of 

convalescent-phase human sera (86). It was replaced in 1968, with the second international reference 

preparation of anti-rubella serum designated BS/96.1833, also known as RUBS (82, 83, 87). Despite its name 

referring to the standard as being of human serum origin, implying it was the same matrix of patient 

samples, it was prepared from normal concentrated, human immunoglobulin. The current rubella IgG 

international standard, designated RUB-1-94, was introduced in 1995, but was originally developed by the 

Staten Serum Institut (Copenhagen, Denmark) in the 1970s (82, 88). It was also prepared from pooled, 

concentrated human immunoglobulin in equal parts with saline. It should be highlighted that RUBS and 
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RUB-1-94 preparations are purified immunoglobulin rather than normal human serum or plasma (84) and 

therefore a different sample type (matrix) i.e. serum, plasma or purified immunoglobulin, to the patient’s 

samples.  

Figure 3. History of the development of anti-rubella standards, where potency if the standard is the 

designated amount of analyte (in this case anti-rubella IgG) measured in international units per 

millilitre.  

In parallel with the development of international standards for anti-rubella, National Institute of Biological 

Standards and Controls (NIBSC, Potters Bar, UK) created and released British standards. The 1st British 

Standard for Anti-Rubella Serum, Human, designated 69/60, was developed in 1974 using convalescent 

serum  (89). At the time of development, several candidate samples were compared in parallel including 
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sample designated 67/182, which was later selected to be the 2nd British Standard for Anti-Rubella Serum, 

Human in 1986 when the first standard was depleted (90). Importantly, this standard was calibrated against 

the 2nd WHO International Reference Preparation of Anti-Rubella Serum, Human (91). 

The potency of RUB-1-94 was assessed in a multicentre trial, including 11 laboratories from seven countries. 

The laboratories used biological HAI or radial haemolysis assays or first generation EIAs. Since this time, 

most commercial anti-rubella IgG assays have been calibrated against this international standard and report 

results in IU/mL (14, 88). However there have been many studies demonstrating a lack in correlation of the 

quantitative results between assays reporting anti-rubella IgG results in IU/mL (14, 73, 75, 76, 92-96). Often, 

these discrepancies in quantification lead to different clinical interpretations (Table 4), with individuals 

being assumed to be immune when they are not, or visa-versa (75). Unfortunately, this situation can have 

adverse clinical outcomes or incorrect interpretations, resulting in unnecessary terminations of pregnancy 

or, conversely delivery of babies with congenital rubella syndrome (14, 75, 76). 

More recently, the First WHO International Standard for anti-SARS-CoV-2 immunoglobulin (human) (Code: 

20/136) has been released by NIBSC. It is made from human plasma collected from convalescent individuals 

and has an assigned value of 1000 IU per vial. The instructions for use indicate that the intended use of the 

standard is “for the calibration and harmonisation of serological assays detecting anti-SARS-CoV-2 

neutralising antibodies” and that “for binding antibody assays, an arbitrary unitage of 1000 binding 

antibody units (BAU)/mL can be used to assist the comparison of assays detecting the same class of 

immunoglobulins with the same specificity (e.g. anti-RBD IgG, anti-N IgM, etc.)”. Only months after release 

of the standard, commercial manufacturers had released “quantitative SARS-CoV-2” EIAs. Over the 

following years, the emergence of numerous SARS-CoV-2 variants will have also added complexity to the 

standardisation of SARS-CoV-2 antibody testing (68). I have initiated an investigation comparing the 

quantitative results reported by these assays, with an aim to determining whether standardisation of SARS-

CoV-2 serology assays experiences issues similar to that identified with rubella IgG and HBsAb. Results of 

this testing have been finalised but data analysis and submission of a manuscript for peer review is yet to 

be performed. 

Difficulties in the Standardisation of Antibody Quantification  

The theoretical reasons underlying the difficulties in standardisation of “type B” analytes such as antibodies 

quantification is detailed elsewhere (62, 97, 98). The three elements of a “type B” analyte is the system 

(e.g., serum), the component (e.g., anti-rubella virus IgG, being the antigen specificity and the antibody 

isotype(s)), and the kind of quantity (essentially the biological response or biological activity); together 

making up the measurand (62). Metrological principles for establishing standards, which are difficult to 

apply to biological standards, require nominated reference laboratories to prepare standards comprised of 

the same matrix used in the testing system. The measurand must be defined and be in an invariable form 

in the sample. The amount of measurand should be measured using a certified reference method and 

ideally expressed in SI units (99, 100). These principles cannot be achieved in the case of biological, “type 

B” analytes because the measurand is variable, not in pure from and there are no certified reference 

methods available.  

For almost all biological standards, one or more of these elements varies across test systems. As described 

above, the antibodies that develop in response to infection vary due to antigenic differences across 

genotype and subtypes, the stage of disease progression, antibody avidity and affinity, the test systems 

used (different antigen sources or detection systems), as well as functional variability within the test. 

Therefore, the measurands differ across test systems used to detect and quantify the same analyte e.g. 

anti-rubella IgG. It is not surprising that it has proved impossible to standardise quantitative antibody 
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testing. Each test system is quantifying different measurands, and therefore the results cannot be 

compared. It should be noted that, even though serological assays used to detect the antibodies directed 

at the same organism are difficult to standardise, they usually have comparable clinical sensitivity and 

specificity, where the clinical sensitivity measures the ability of the test kit to detect analytes when they 

are present, and the clinical specificity measure the ability to report a negative result when the analyte is 

absent.  These performance criteria are assessed by the IVD regulator prior to the product being sold into 

the market (36, 38, 101).  Other performance criteria assessed include the analytical sensitivity (or limit of 

detection) which determines the lowest amount of an analyte that will cause a positive signal in the test 

kit, analytical specificity that assesses cross-reactions to other analytes that may be present in the sample, 

the effects of interfering substances such as excessive lipid, haemoglobin or bilirubin and linearity, a 

measure of the dose response.  The positive and negative predictive value determines the percentage of 

positive and negative results were truly positive and truly negative, respectively.  Both predictive values are 

influenced by the prevalence of the analyte (102). So, although a patient sample may have an anti-rubella 

IgG result of 20 IU/mL on assay one and a result of 200 IU/mL on assay two, but both assays report a positive 

result. This difference in quantification of rubella antibodies has been described previously (73, 79, 92, 93, 

95). Fortunately, clinical decisions are made on the qualitative result and rarely on the quantitative result.  

Although standardisation of serological tests has been fraught, there are some factors compelling 

manufacturers to attempt calibration using the WHO International standards. Arguably, this began in 1995 

with the WHO Expert Committee on Biological Standards 45th report, which stated that there was a need 

for a rubella standard “for the calibration of diagnostic kits” (83). Although not explicit, both European and 

USA IVD directives suggest that all IVDs be traceable to a higher order standard where one exists. The 1998 

European Directive stated “The traceability of values assigned to calibrators and/or control materials must 

be assured through available reference measurement procedures and/or available reference materials of a 

higher order” (38). Therefore, many IVD manufactures have used the WHO international standards to 

calibrate a range of assays to report in IU/mL, including tests for antibodies for toxoplasma, 

cytomegalovirus (CMV) and syphilis, although quantitative reporting has rarely been used for clinical 

decision-making outside anti-rubella IgG and HBsAb testing. There are currently many International 

Standards available for antibody testing (Appendix A). 

Standardisation of Antigens and Nucleic Acid Testing 

The detection of antigens has been clinically useful, with a recent example being rapid testing for SARS-

CoV-2 antigens as a public health tool (103).  Rapid tests detecting influenza virus, sexually transmitted 

infections such as chlamydia and gonorrhoea as well as testing for malaria and dengue are available.  These 

tests are qualitative and therefore out of scope of this thesis. Only a few quantitative antigen tests are 

available, and these are addressed below.  There are several international standards for infectious disease 

antigens, such as Hepatitis B surface antigen (HBsAg) (104) and HIV p24 (105), which have been used to 

calibrate IAs. However, the quantitative results of these tests are not commonly used in clinical decision 

making, mainly because they have been superseded by nucleic acid viral load tests. Limited evidence would 

suggest that standardisation of antigen testing is less problematic than antibody testing (32). Whereas 

HBsAg quantification may have some clinical use (106), HBV viral load testing is more commonly used to 

monitor therapy and disease progression (107). Similarly, HIV viral load testing is more commonly used in 

clinical decisions compared with HIV p24 quantification, and only a few studies had investigated the 

relationship between HIV p24 levels and disease progression (31) before the viral load assays replaced 

quantitative HIV p24 assay.  

The standardisation of viral load quantification has been more successful than infectious disease serology. 

When detecting nucleic acid, primers are chosen to target conserved regions of the organism genome. The 

24



signal of the assays is proportional to the amount of target in the sample. Therefore, even if assays target 

different conserved genome sequences, it is expected that signal of assays calibrated with an international 

standard, will be comparable. A comprehensive review of standardisation of molecular testing for infectious 

agents was recently published (108). Standardisation of viral load testing has been championed by 

Standardisation of Genome Amplification Technology, formed by the WHO and coordinated by the NIBSC 

and the Paul Ehrlich Institute (Langen, Germany). The Joint Committee for Traceability in Laboratory 

Medicine was formed in 2002 and facilitates the traceability to higher order standards. Results reported by 

viral load assays calibrated against international standards have demonstrated commutability, especially 

for blood-borne viruses HCV and HIV RNA and HBV DNA, which were the first organisms to have 

international standards created;  in 1997 (HCV RNA) (109) and 1999 (HIV RNA and HBV DNA) (35, 110). Since 

this time, more than 20 international standards for viral and parasitic (malaria and toxoplasma) nucleic 

acids have been released (108). The potency of these international standards is determined by collaborative 

studies, whereby candidate materials, usually plasma from infected donors, are tested by numbers of 

laboratories using different technologies (35, 108-112). The consensus potency is calculated and expressed 

as in International Units, a measure of biological functionality rather than being expressed as SI units. This 

approach assumes that variation in extraction efficiency; region, length and conservation of the target; and 

detection systems are accounted for. However, some institutes have utilised digital droplet PCR to more 

accurately quantify the numbers of copies of a reference standard and, accounting for extraction efficiency 

of the test system, compare the copy numbers with the amount, by weight, of RNA or DNA using HPLC 

(113). In this way the viral load can be expressed in SI units (ng/uL), reported in a similar manner to “type 

A” measurands (114).  

Although standardisation of nucleic acid testing has been successful, it is not without issues. Creation of 

molecular standards need to consider amplification efficiency of qPCR.  The reverse transcription step used 

in the detection and quantification of RNA is known to be variable (115) and  an estimation of the efficiency 

of the reverse transcription step and amplification should be factored into the final quantification (116).  

Digital droplet PCR has been promoted by some as an alternative to quantify nucleic acids (117). NIBSC 

manufactures and distributes international standards, providing them on request to IVD manufacturers and 

testing or research facilities. Although there are some restrictions around the supply of international 

standards, some standards have been exhausted and have required replacement. For example, the current 

HCV international standard is the sixth standard. To assess commutability between each new standard, 

NIBSC compared the new release with the previous version, rather than the initial version. An argument 

could be made that a better approach would be to reserve a single international standard that is used solely 

to create secondary standards and have these provided to manufacturers and testing facilities. In this way, 

commutability from standard to standard could be strengthened. Fragmentation of the target genome 

found in the patient sample can also cause difficulties in the quantification of nucleic acid, as experienced 

with herpesviruses such as EBV and CMV DNA (118, 119). Even in these circumstances, it has been 

demonstrated that results from tests calibrated with an international standard correlate better than 

uncalibrated tests. Only through standardisation of assays can clinical thresholds be created for monitoring 

treatment efficacy or intervention (108, 120, 121). 

Control of Infectious Disease Testing 

Quality control processes are an important mechanism used to monitor the performance of a test system 

over time (49, 122-124). Quality control samples, usually one having reactivity close to the medical decision 

point(s), are tested frequently and the results monitored using Levey-Jennings graphs (Figure 4).  

All test systems experience normal variation due to changes in instrument calibration and maintenance, 

operator processes, conditions of reagent transport and storage and environmental conditions such as 
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temperature and humidity. In infectious disease testing, the greatest variable effecting quality control test 

results is due to changes in reagent lot numbers over time. As these reagents contain complex biological 

components including antigens and antibodies, maintaining exact reproducibility when components are 

replaced during manufacture is not possible. Therefore, especially when new master lots are introduced, 

significant but normal variation in quality control results is observed (122, 125, 126).  

Figure 4. Levey-Jennings chart of a quality control (QC) tested over time. The Y axis represents the 

signal to cut-off (S/Co) of the QC result. The X axis represents the date of testing. Each colour 

represents results obtained from different test lot numbers. The changes in the QC test results 

indicates the variation experienced by the test system. Lower and upper acceptance are not displayed. 

The quality control of infectious disease testing suffers from a different, but related, set of issues compared 

with attempts of standardisation of serology. The application of control processes such as Westgard rules, 

which are almost universally accepted for use in clinical chemistry, have been applied to infection disease 

testing without systematic studies to determine their applicability to tests measuring biological 

functionality. Internationally accepted guidelines for quality control use in medical pathology have been 

written by clinical chemists, for clinical chemistry (51, 52, 54, 127, 128). However, QC results for infectious 

disease serology do not have Gaussian (normal) distribution required by these QC methods, because bias 

is introduced by each new reagent lot. Therefore, these commonly accepted control principles do not apply 

to infectious disease testing, especially serology (125). Until recently, no systematic review of the 

applicability of these QC rules to infectious disease serology has been undertaken. In fact, apart from my 

peer-reviewed papers, jointly published with the colleagues from the National Serology Reference 

Laboratory, Australia (NRL) and other collaborators, there have been very few peer-reviewed publications 

on the application of QC principles on infectious disease serology in the past two decades, although a paper 

reviewing the results of CMV, EBV, and HIV viral load QC results was recently published (57). 
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When establishing acceptance limits, guidelines suggest using 20 to 30 data points to calculate the mean 

and SD (49-53, 127, 129). This principle can  be applied to clinical chemistry where standardisation protocols 

facilitate traceability of patient’s results to an international standard through a series of calibrations of 

secondary and working standards, to manufacturer assay calibrators (99). Recalibration of the test system 

accounts for any bias associated with changes in assay component, resulting in minimal reagent lot-to-lot 

differences in result. Therefore, patient or QC samples tested on different reagent lots are expected to 

report comparable quantitative values, within the precision of the test. The 20 to 30 data points are 

therefore predictive of all future QC test results. 

Infectious disease serology test results are qualitative, being derived from a quantitative measurement of 

a signal. However, the quantitative results, which are usually a ratio of the signal to a manufacturer defined 

cut-off, are assay-specific and not traceable to an international standard. As described above, international 

standards have not proven useful in the calibration of IAs across different test platforms. The issue is further 

complicated because, when testing the same QC sample over time, the introduction of new reagent lot 

numbers causes a change in the reactivity of the QC result (122, 124, 130). Previous publications have 

demonstrated that changes in reactivity due to a lot-to-lot change is more significant a source of variation 

than within-lot imprecision (122-124). The mean of results calculated from previous lots of reagents and 

used to establish QC acceptance limits no longer apply to the new reagent lots, subsequently causing QC 

rejection, as represented in Figure 4. This situation creates difficulties in interpretation for laboratories 

using Westgard rules, as guidelines are silent as to what approach should be used when reagent lots cause 

a change in QC reactivity.  

Proponents for the use of traditional QC methods for monitoring infectious disease serology suggested that 

serological assays are “just another assay which follows the same laws as any other” (131). Evidence rejects 

this statement (132). It has been suggested that SD could be calculated on each new reagent lot. This 

approach is impractical, as changes in lot number occur frequently and the calculated SD would be valid for 

only a short period of time prior to the next change of reagent lot. A pooling of SDs from multiple reagent 

lot has also been suggested (131), but both of these approaches account only for imprecision and not bias, 

whereas bias is of significant importance due to the reagent lot-to-lot variation. Others have suggested that 

a national approach evaluating new reagent lots (130), or that patient-based real-time quality control, 

where the results of patient testing is monitored over time  (133) could be useful alternatives to the 

traditional approaches to QC. However, these have not been validated for use in infectious disease 

serology. 

According to CLSI EP23A guideline, QC monitoring should be based on the risk of occurrence and the 

severity of harm caused (54). In infectious disease serology, the greatest risk is the reporting of a false 

negative result for diseases that pose a risk to both the individual and the community, such as HIV or 

hepatitis. This is especially true in a blood donor screening environment. A false positive test result may 

cause unnecessary distress to the patient, medicolegal complication and possibly inappropriate treatment. 

A false negative result may lead to transfusion-transmitted infections. Some test results may lead to 

unnecessary medical intervention, such as a termination of pregnancy in the case of rubella testing.  

The development of a well-designed, risk-based QC process is essential for testing for infectious diseases. 

Variation in testing is commonplace and the extent and frequency of variation should be monitored over 

time. Variation is derived from changes in reagents (123), processes, consumables (134) and equipment. By 

collecting metadata with the QC results and systematically graphing the results, investigations into the 

cause of unacceptable variation can be facilitated. This approach would be applicable to semi-quantitative 

serological assays, NAT and PoCT (135).  
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Outline of Thesis 

Testing for infectious diseases through serology and NAT have developed substantially over the past two 

decades; changing from tests utilising biological functions (such as haemagglutination inhibition or 

complement fixation) to high throughput, robotic, autoanalyser. As these changes were implemented, and 

testing moved from the microbiology to clinical chemistry departments, the complexity of testing for 

infectious diseases was somewhat ignored, especially where standardisation and control of these tests are 

concerned. This is evident in the lack of professional guidelines or standards specifically referencing 

infectious disease standardisation and control. Given my unique opportunity to work for an organisation 

that seeks to improve quality of testing for infectious diseases, access to numerous networks of infectious 

disease testing laboratories and overseeing several quality assurance programs that systematically collect 

comprehensive testing data, I have sought to better understand the nature of infectious disease testing and 

propose novel methods and concepts based on the analysis of these data. 

In the subsequent chapters, I present publications that highlight issues and propose solutions to 

standardisation and control of both serology and NAT infectious disease testing. In Chapter 2, I focus on 

the standardisation of rubella serology, as a representative model of the failures of standardisation of 

serological testing. Along with HBsAb, anti-rubella IgG testing results are routinely reported in IU/mL. Unlike 

HBsAb testing, anti-rubella IgG test results can lead to significant medical intervention such as termination 

of pregnancy. In this chapter, I present two significant first authored papers, supplemented by several other 

first and co-authored papers that demonstrate the issues and consequences associated with poor 

standardisation of serology tests and questions whether standardisation of antibody testing is possible. 

Whereas the feasibility of standardisation of serology assays has been questioned, an additional first-

authored publication confirming the appropriateness of applying standardisation principles to nucleic acid, 

using CMV DNA testing as a model, is presented in Chapter 3. 

Apart from standardisation, my published works have a strong focus on the monitoring of variation in 

infectious disease testing using quality control. Since early 2000’s, NRL has collected quality control test 

results and associated metadata from hundreds of clinical and blood screening laboratories globally, 

employing a large variety of IVDs. As the senior scientist managing these endeavours, several original and 

significant concepts have been developed and published, creating a novel model of quality control that is 

more fit for purpose that traditional processes used in clinical chemistry. Chapter 4 presents two first-

authored published papers which are representative of my body of work in this area. The first paper 

describes a novel method of establishing acceptance criteria for quality control of infectious disease testing 

(QConnect™) and the second describes a comparison of QConnect™ with other, more traditional methods; 

demonstrating QConnect™ as being a more suitable quality control process compared with the traditional 

alternatives. Chapter 5 presents a first-authored publication that demonstrates the utility of QConnect™, 

describing a real-life situation where an anti-HCV test kit failure was detected and subsequently the root 

cause identified and corrected. Using this situation, the consequences of a real-life failure detected by a 

quality control system were examined. 

This thesis demonstrates an original and significant contribution to scientific knowledge and understanding 

through my prior publications, impacting on WHO guidelines, challenging traditional approaches, and 

implementing novel QC methodologies that are now used globally. The relevance of this body of work has 

been highlighted with the emergence of SARS-CoV-2 and the release of First WHO International Standard 

for anti-SARS-CoV-2 immunoglobulin (human) and on-going difficulties experienced by laboratories that 

use traditional approaches for establishing control limits and applying Westgard rules. The publications 

presented in this thesis establishes a better understanding of the unresolved issues faced with the 

standardisation and control of infectious diseases and offers validated alternative to traditional methods. 
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Chapter Two: Standardisation of rubella 

serology 
In the early 1990’s, my interest in standardisation of serology testing started when the results of an EQA 

for anti-rubella IgG reported by my laboratory were assessed as aberrant. This situation, in retrospect, was 

due to several reasons. At the time, the Royal Melbourne Hospital microbiology serology laboratory used 

the Dade Behring anti-rubella IgG (Marburg, Germany) microtiter plate EIA, whereas the majority of 

Australian laboratories used the Abbott AxSYM anti-rubella IgG assay (Chicago, Ill, USA), an automated 

immunofluorescent assay. The EQA provider used a “consensus” approach to assess results that were 

specifically aimed at around the cut-off of the assay. This method of analysis compared the qualitative 

outcome for samples at the low end of the assay sensitivity from participating laboratories using various 

test systems. The qualitative results for a particular sample reported by more than 80% of the participants 

was deemed as being the “correct” result, irrespective of the test system(s) used. However, when most 

participants use the same test system, an erroneous result could inappropriately be deemed the “correct” 

result.  

Observing all laboratories’ EQAS results, ranging from negative to high positive, it was clear that different 

test systems clearly reported different quantitative results, indicating a lack of standardisation between 

assays. The qualitative results reported by any single test system, however, were similar. Some samples 

provided in the EQA were low positive samples. For these samples, results from different test systems 

reported a range of qualitative results, with the test system being used in our laboratory reporting a 

negative result, whereas the test system used by the majority of participants reporting positive results. 

Until that time, no peer-reviewed papers had demonstrated the difference in the quantification of anti-

rubella IgG results reported by various test systems, although several papers had reviewed differences in 

qualitative reporting of low positive samples, especially as compared with the “gold standard” HAI (96, 136, 

137). 

To investigate whether test systems calibrated with the same international standard demonstrated 

standardisation of results and to measure the differences between reported quantitative results, I 

coordinated a multicentre comparison of results reported by different commercial and in-house antirubella 

IgG test kits, which was undertaken and published in 1992 (73). The hypothesis was that the use of an 

international standard failed to standardise the results reported by different test systems. Seven local 

public and private laboratories, each using different anti-rubella IgG tests (five commercial IAs and one in-

house IA) that were calibrated with the WHO international standard RUB-1-94, tested the same set of 

positive and negative samples and the quantitative results of testing were compared. The samples were 

also tested on HAI. The test systems were evaluated for linearity, repeatability and reproducibility. The 

quantitative results of 40 individual samples, reported by each test, were compared. Results of the different 

commercial assays had a Pearson’s correlation coefficient ranging between 0.64 to 0.75 when compared 

with results obtained from the in-house EIA, which was also calibrated using the same standard.  When the 

results of the commercial tests were compared against each other, the correlation ranged between 0.63 to 

0.93. A correlation coefficient of 0.8 was considered to be a strong correlation, therefore the correlations 

between most test systems was considered moderate. The result of 0.93 was reported when comparing 

two tests from the same manufacturer. The conclusion of this study was “the international units reported 

by the commercial kits are insufficiently consistent to be of practical use in diagnostic clinical microbiology”, 

therefore setting the scene for future standardisation publications. 
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As State, and then National Convenor of the Australian Society for Microbiology, Serology Special Interest 

Group, the topic of rubella IgG standardisation was often explored at national conferences. A first-author 

publication on the topic, not included in the thesis was also published in 1995 (138). This study evaluated a 

novel single point calibration method, called the alpha method, developed by Dade-Behring for use in a 

microtiter-plate EIA for the quantification of anti-rubella IgG. The results of testing in the commercial EIA 

were compared with results of an in-house EIA calibrated with the WHO international standard. A total of 

40 serum samples obtained from routine antenatal testing were tested in both the commercial and in-

house assays and the quantitative results compared using Pearson’s coefficient of correlation. The 

correlation between the two assays was estimated as 0.7, indicating a moderate correlation. Over the next 

decade, HAI testing for anti-rubella antibodies was superseded by commercial, microtiter plate EIAs and 

automated platforms, almost all being calibrated with RUB-1-94 WHO international standard. By 2008, the 

test systems included in the 1992 publication were obsolete, mainly due to the adoption of automation and 

the use of different detection technologies. During the same period, reporting of anti-rubella IgG results in 

IU/mL was adopted universally by IVD manufacturers, professional bodies, medical laboratories and used 

in clinical interpretations. Even so, the results of EQA demonstrated that the lack of standardisation 

remained (139).  

In a conference abstract, the providers of the UKNEQAS quality assessment scheme reviewed the results 

from 48 samples distributed between 2002 and 2006. Of these 48 samples, 10 had low levels of anti-rubella 

IgG. Over 3,000 test results from multiple test systems for these 10 samples were reported, and up to 6% 

of participants reported these as being non-immune (139). The author concluded “Even though there has 

been an international standard for rubella available for many years there remains a difference in the 

quantitative results reported for different kits. For specimens containing low levels of antibodies this 

variation can result in the specimens being classified as coming from a patient who is nonimmune.” To 

confirm this assumption, I coordinated a new comparison of anti-rubella IgG results reported in IU/mL for 

eight commercial immunoassays in use at that time. The study was designed to assess if automated anti-

rubella IgG assays reported different quantitative results when testing the same samples. The hypothesis 

being that, although technology has changed, the use of an international standard to calibrate these new 

assays would not result in standardisation of quantitative results reported by the tests. A first-authored 

study similar to that published in 1992 was undertaken and published in 2008 (93) and is the first paper of 

this chapter. This study also identified that the comparator qualitative assays, HAI and a western blot (WB), 

were suitable confirmatory assays, and were utilised in future studies.  

Arising from these studies, a particular clinical interest was how to interpret a fixed, quantitative cut-off 

given a historical lack of standardisation of quantitative results reported by anti-rubella IgG assays at the 

limit of detection of test systems. Although previous publications demonstrated similar sensitivity and 

specificities across test kits based on qualitative results, laboratory scientists and medical microbiologists 

were concerned that low-level, quantitative anti-rubella IgG results may not be protective (139). To address 

this concern, I established a study to contribute to the interpretation of low-level quantitative anti-rubella 

IgG results (92). To determine the true antibody status 100 samples, found to have low-level reactivity in 

each of five commercial anti-rubella IgG assays reporting in IU/mL (total of 500 samples), were testing in 

HAI, in-house EIA and WB assays previously developed in our laboratory. The findings of this study were 

used to advise Australian medical laboratories establishing “grey-zones” for anti-rubella IgG testing. This 

study is presented in this thesis as the second paper contributed to Chapter 2.  
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An evaluation of anti-rubella virus immunoglobulin G (IgG) immunoassays that report in international
units per milliliter (IU/ml) was performed to determine their analytical performance and the degree of
correlation of the test results. A total of 321 samples were characterized based on results from a hemagglu-
tination inhibition assay. The 48 negative and 273 positive samples were used to determine the sensitivity and
specificity of the assays. When equivocal results were interpreted as reactive, the sensitivity of the immuno-
assays ranged from 98.9 to 99.9% and the specificity ranged from 77.1 to 95.8%. All assays had positive and
negative delta values of less than 2. A significant difference between the mean results of all assays was
demonstrated by analysis of variance. However, post hoc analysis showed there was good correlation in the
mean results expressed in IU/ml between some of the assays. Our results show the level of standardization
between anti-rubella virus IgG immunoassays reporting results expressed as IU/ml has improved since a
previous study in 1992, but further improvement is required.

Rubella virus causes a relatively benign childhood rash and
fever. However, primary maternal infection during the first
trimester is associated with a 80 to 90% risk of congenital
rubella syndrome (2, 3, 25). In developed countries, the risk of
congenital rubella syndrome has been minimized through vac-
cination programs (22–24) and by testing pregnant women for
evidence of rubella virus immunoglobulin G (IgG) at their first
antenatal visit (10, 11). Since the isolation of rubella virus in
1962, rubella testing has developed continuously, with the
hemagglutination inhibition (HAI) assay often being consid-
ered the reference method (4, 15, 29).

Since the 1980s, rubella virus IgG assays have been cali-
brated against the same World Health Organization (WHO)
international standard rubella virus serum (second standard
preparation) and test results have been reported in interna-
tional units per milliliter (IU/ml). The introduction of quanti-
tative measurement of rubella virus IgG had the potential to
increase standardization and facilitate the comparison between
the results of different tests.

In 1992, we published a multicenter evaluation comparing
commercial immunoassays used to measure rubella virus IgG
antibodies (9). The conclusion was that, although there was a

moderate degree of correlation, reporting anti-rubella virus
IgG levels in IU/ml had insufficient practical use. At that time,
we concluded that the results of rubella virus antibody testing
be confined to a statement concerning immunity rather than a
numerical value. More than 15 years later, the assays compared
in the 1992 study are no longer in common usage in Australia
and have generally been replaced with random-access analyz-
ers that perform a range of immunoassays of multiple disci-
plines. A comparison of six random-access and two microtiter
plate (MTP) immunoassays that report anti-rubella virus IgG
levels in IU/ml was undertaken to review analytical perfor-
mance and determine whether the standardization of reporting
in the newer assays had improved. While the standardization of
reporting for rubella virus IgG levels is greater with the intro-
duction of automated immunoassays, further improvement is
needed.

MATERIALS AND METHODS

Samples. A total of 321 serum or plasma samples were included in the study.
The samples were from 201 plasma packs obtained from Australian blood donors
and 83 serum samples from individuals presenting for routine pathology tests
that were prescreened by the HAI assay and found to have low levels of rubella
virus IgG. Another 28 sera from individuals with serological evidence of acute
rubella infection were included in the study. They included 13 individual samples
and 15 samples from three seroconversion panels. Nine sera containing anti-
toxoplasma IgM antibodies were also tested.

Serum or plasma samples used in the study were collected and stored at
�20°C. Samples were thawed and aliquoted into single-use vials that were re-
frozen and stored at �20°C until they were used. Before testing, thawed aliquots
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were held at 4°C for up to 3 weeks or until use and then were discarded. No
sample underwent more than three freeze-thaw cycles.

Tests. All samples were tested by the HAI assay and eight commercially
available immunoassays. Selected samples were tested further using an in-house
Western blot assay.

(i) HAI assay. All samples were tested in an HAI assay (1, 13, 29). Briefly,
samples were treated with kaolin to remove nonspecific agglutinins. A twofold
serial dilution of each sample was made in phosphate-buffered saline buffer.
Fresh pigeon red blood cells coated with rubella virus antigen obtained from
Dade Behring (Marburg, Germany) were used as the indicator. The results were
expressed as the reciprocal of the titer. Each sample was tested in duplicate, and
the results were read by two independent readers. If a reading that exceeded a
difference of 1 doubling dilution between duplicate tests or between readers was
obtained, the sample was retested.

(ii) Immunoassays. Six of the assays were automated immunoassays using
random-access instruments that could perform a range of infectious disease and
biochemical assays, and two were 96-well MTP immunoassays. All tests were
performed as instructed by the manufacturer. The manufacturer’s cutoff was
applied to determine reactivity of the sample. All assays reported the test results
in IU/ml.

The random-access immunoassays were Access Rubella IgG (Beckman
Coulter, CA), AxSYM Rubella IgG (Abbott Diagnostics, IL), Advia Centaur
Rubella G (Bayer HealthCare, NY), Immulite 2000 Rubella Quantitative IgG
(Diagnostic Products Corporation, CA), Liaison Rubella IgG (DiaSorin, Salug-
gia, Italy), and Vidas Rub IgG II (bioMérieux, Marcy l’Etoile, France).

Access Rubella IgG (Beckman Coulter, CA) (Access) had rubella virus mem-
brane antigen bound to paramagnetic particles. Anti-rubella virus IgG bound to
the particles was detected using alkaline phosphatase-conjugated monoclonal
antibody and a chemiluminescent substrate (Lumi-Phos). The light produced was
proportional to the amount of bound patient anti-rubella virus IgG, and the
results were calibrated against a multipoint calibration curve standardized
against the WHO second international standard preparation for anti-rubella
virus serum.

AxSYM Rubella IgG (Abbott Diagnostics, IL) (AxSYM) (8, 21) used a mi-
croparticle solid phase coated with rubella virus antigen. Anti-human rubella
virus IgG bound to the solid phase was detected with an anti-human IgG con-
jugated to alkaline phosphatase and a 4-methylumbelliferyl phosphate substrate.

Advia Centaur Rubella G (Bayer HealthCare, NY) (Centaur) (6, 7, 17) em-
ployed a sandwich immunoassay using direct chemiluminometric technology. An
anti-human IgG monoclonal antibody was coupled to paramagnetic particles
acting as the solid phase. Rubella virus was labeled with acridinium ester. The
test sample was simultaneously incubated with the solid phase and labeled
rubella virus, and the resulting antibody-antigen complex was detected through
the addition of acid and base reagents.

Immulite 2000 Rubella Quantitative IgG (Diagnostic Products Corporation,
CA) (Immulite) (8, 20, 30) used beads coated with inactivated rubella virus as the
solid phase and alkaline phosphatase conjugated to monoclonal murine anti-
human IgG as the conjugate. Chemiluminescent substrate was used to detect the
antibody-antigen reaction.

Liaison Rubella IgG (DiaSorin Saluggia, Italy) (Liaison) (21) had rubella virus
antigen coated onto magnetic particles as the solid phase. The secondary anti-
body was a mouse monoclonal antibody linked to an isoluminol derivative. To
detect bound anti-rubella virus IgG, a starter reagent was added and a flash
chemiluminescence reaction was induced. The resulting light signal was mea-
sured using a photomultiplier and converted to relative light units that were
proportional to the amount of anti-rubella virus IgG present in the sample.

Vidas Rub IgG II (bioMérieux, Marcy l’Etoile, France) (Vidas) (21, 30)
combined a two-step sandwich immunoassay method using a fluorescence de-
tection system. The solid-phase receptacle acted as both the solid phase and
pipetting device. The conjugate was an alkaline phosphatase-labeled monoclonal
anti-human IgG (mouse), and the substrate was 4-methylumbelliferyl phosphate.

The two MTP immunoassays used 96-well plates coated with rubella virus
antigen and a series of standards to calibrate the assay. They were ETI-
RUBEK-G Plus (DiaSorin, Saluggia, Italy) and Enzygnost Anti-Rubella-Virus/
IgG (Dade Behring, Marburg, Germany).

ETI-RUBEK-G Plus (DiaSorin, Saluggia, Italy) (DiaSorin) (9) was a MTP
immunoassay using rubella virus coated to the MTP wells. Anti-rubella virus
antibodies in the sample were bound to the rubella virus and were detected using
a protein A conjugated to horseradish peroxidase tracer and a tetramethyl-
benzidine-hydrogen peroxide substrate, giving a color change that was propor-
tional to the amount of anti-human IgG bound to the solid phase.

Enzygnost Anti-Rubella-Virus/IgG (Dade Behring, Marburg, Germany)
(Enzygnost) was a MTP immunoassay consisting of duplicate test wells, one

coated with rubella virus and the other control well coated with noninfected cell
culture. The secondary antibody was a rabbit antibody conjugated with peroxi-
dase. The antibody-antigen reaction was detected using a tetramethylbenzidine-
hydrogen peroxide substrate. The optical density of the control well antigen was
subtracted from that of the antigen-coated well for each sample to reduce the
effect of nonspecific reactivity.

Western blot assay. Samples that were negative by the HAI assay but had an
equivocal or positive test result in one or more immunoassays were tested by
Western blotting if sufficient sample remained. Western blots were performed by
running rubella virus lysate on a nonreducing 10% sodium dodecyl sulfate-
polyacrylamide gel, transferring the proteins to nitrocellulose, and probing for
antibody in plasma samples that were diluted 1 in 100 in buffer (16, 31, 32).

Analysis. (i) Sensitivity and specificity. The results of the HAI assay were used
to assign a negative or positive status to the samples. An HAI titer of less than
8 was considered negative for anti-rubella virus immunoglobulin. A titer of 8 or
more was considered positive (15). The analytical sensitivity and specificity of
each immunoassay were estimated by comparing the immunoassay qualitative
results with the sample’s assigned positive or negative status. The sensitivity and
specificity of the immunoassays were calculated twice, first interpreting equivocal
results as negative and then as positive. The Western blot result did not change
the status of any samples and did not affect the estimations of sensitivity or
specificity.

(ii) Statistical analyses. The results expressed as IU/ml were used in statistical
analyses. Where an assay produced a result expressed as greater than the highest
limit of the assay, the result was assigned a value of the limit level plus one. For
example, if the assay’s highest reportable result was 300 IU/ml, results greater
than 300 IU/ml were assigned a value of 301 IU/ml prior to statistical analyses.
The exception was results from Centaur, because the highest reportable result
changed from 500 IU/ml to 175 IU/ml midway through the evaluation. All results
greater than 175 IU/ml were converted to 176 IU/ml for statistical analysis for
this assay.

For all immunoassays, the mean values of the results expressed in IU/ml were
compared by analysis of variance, and Tamhane’s T2 post hoc test using SPSS
(SPSS Inc., Chicago, IL) version 15.0. A P value of �0.05 was considered
statistically significant. Positive and negative delta values were estimated for each
immunoassay (5). The delta value is the distance the mean of the positive and
negative populations of a data set is removed from the cutoff and is measured in
standard deviations. To calculate the delta value, a cutoff of 10 IU/ml was used
for each assay, with all results greater than or equal to 10 IU/ml being analyzed
as positive. Results less than 10 IU/ml were analyzed as negative.

RESULTS

Of the 321 samples that were tested by the HAI assay, 48
samples had HAI results less than 8 and were considered to have
a negative status for anti-rubella virus antibodies. The 273 sam-
ples with an HAI titer of 8 or greater were considered positive
and consisted of 20 samples with a titer of 8, 27 samples with a
titer of 16, 56 samples with a titer of 32, 63 samples with a titer of
64, 52 samples with a titer of 128, 28 samples with a titer of 256,
19 samples with a titer of 512, and 8 samples with a titer of 1,024
or greater. The sensitivity and specificity for each immunoassay
were estimated twice, once interpreting equivocal results as
positive and again interpreting equivocal results as negative
(Table 1).

There were 48 negative samples tested in all eight immuno-
assays. When the immunoassay equivocal results were assigned
a negative status, the specificity of the eight immunoassays
ranged from 85.4 to 95.8%. Twenty-eight of the 48 negative
samples were negative in all eight immunoassays. The results
for the other 20 samples are presented in Table 2. A Western
blot assay could not be performed on 6 of the 20 samples. Of
the remaining 14 samples, 10 were negative and 4 were positive
by Western blotting. All four Western blot-positive samples
had a positive or equivocal test result in three or more immu-
noassays. One sample was positive in all eight immunoassays.
Two of the six samples that were not tested by Western blotting
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had six or more positive or equivocal immunoassay test results.
There were 14 samples that were reactive by either one or two
immunoassay test results. Access, Centaur, Liaison, and Vidas
gave negative results for all of these 14 samples, whereas
Enzygnost, Immulite, DiaSorin, and AxSYM gave a positive or
equivocal result for 1, 4, 5, and 7 of these samples, respectively.

Of the 273 samples assigned a positive status, 255 were
positive by all immunoassays. The other 18 positive samples
were negative or equivocal in one or more immunoassays.
When equivocal immunoassay results were considered posi-
tive, the assay’s sensitivities ranged from 98.9 to 99.9%. Five
samples were reactive in one immunoassay only, eight samples
were reactive in two immunoassays, three samples were reac-
tive in three immunoassays, and two samples were reactive in
four immunoassays (Table 3). Of the 18 samples, six samples
had an HAI titer of 8 or 16, four samples had a titer of 32, and
one sample each had a titer of 128 and 256. No sample as-
signed a positive status was negative or equivocal in more than
four immunoassays. No assay reported a negative result on
more than 3 of the 18 samples.

The mean of the results expressed in IU/ml of all eight
immunoassays were significantly different (F � 8.375 with 7 df
[P � 0.001]) (Fig. 1). Post hoc tests showed that the results of
the DiaSorin assay were significantly different from the results
from the other assays. The Access and AxSYM results dem-
onstrated no significant difference compared to the results of
all other assays, except DiaSorin. A significant difference be-
tween results of various combinations of the other assays was
demonstrated (Table 4).

The negative and positive delta values were calculated for
each immunoassay (Table 5). All assays had a delta value
below 2, indicating that the mean of the negative and positive
sample populations was less than 2 standard deviations re-
moved from the cutoff of 10 IU/ml. DiaSorin had a negative
delta value of less than 1, and AxSYM had a positive delta
value of less than 1. The smaller the delta value, the greater the
potential of false-positive or negative test results. However, the
delta values may have been skewed because a number of test
results were reported as greater or less than the limits of
reporting for each assay.

DISCUSSION

Testing samples for the presence of anti-rubella virus IgG to
determine immune status is performed routinely, especially on

women presenting for their first antenatal visit. For the past 15
years, most commercial immunoassays have been calibrated
against a WHO international standard, and their results were
reported in IU/ml, with 10 IU/ml generally considered the
cutoff between immune and nonimmune status (14, 15, 26). In
1992, a multicenter evaluation of immunoassays reporting anti-
rubella virus IgG results in IU/ml determined that only a mod-
erate correlation between the results reported by each assay
existed (9). Since this time, there have been few published
investigations into anti-rubella virus IgG testing, even though
many new assays have become available. The present study was
undertaken to determine the performance characteristics of
some new assays and to establish whether correlation between
results reported in IU/ml had improved.

The status of all samples was assigned by HAI testing. Al-
though HAI testing is often considered to be the reference
method for rubella virus antibody detection, it must be noted
that, unlike rubella virus IgG-specific immunoassays, HAI test-
ing detects both IgG and IgM (13, 15). There were 28 samples
from individuals known to have acute rubella infection in-
cluded in the study, and all these samples were reactive by both
the HAI test and immunoassays. Therefore, any discrepancy
between the HAI test and immunoassays was not due to the
detection of rubella virus IgM.

When a cutoff of 10 IU/ml was used, all assays included in
the study had comparable sensitivity and specificity, with over-
lapping 95% confidence intervals. All assays reported some
false-negative and false-positive test results. It is more accept-
able to report a false-negative anti-rubella virus IgG test result
than a false-positive result. Clinically, a false-negative result
may give rise to unnecessary vaccination or, at worst, anxiety
for a pregnant woman who has had contact with rubella. A
false-positive result may lead to a susceptible person not
being vaccinated and result in an infection if she is subse-
quently exposed to the virus. If a woman is in the first
trimester of pregnancy, a congenitally acquired rubella in-
fection may ensue.

When the equivocal test results were considered reactive, all
assays had a sensitivity of 98.9% or greater, offering confidence
in their ability to detect the presence of anti-rubella virus IgG.
A relatively small percentage of false-negative results would be
reported using any of the assays evaluated. However, the spec-
ificity of the assays would result in a higher percentage of
false-positive results, with up to 22% false-positive results with
AxSYM. The AxSYM specificity reported by Diepersloot et al.

TABLE 1. Sensitivity and specificity of eight immunoassays testing 48 negative and 273 positive samples for anti-rubella virus IgGa

Assay

Sensitivity (%) (95% confidence limits �%�) with
equivocal results assigned as:

Specificity (%) (95% confidence limits �%�) with
equivocal results assigned as:

Negative Positive Negative Positive

Access 96.0 (92.7–97.9) 99.3 (97.1–99.9) 95.8 (84.6–99.3) 91.7 (79.1–97.3)
AxSYM 98.2 (95.5–99.3) 99.3 (97.1–99.9) 85.4 (71.6–93.5) 77.1 (62.3–87.5)
Centaur 99.3 (97.1–99.9) 99.6 (97.7–99.9) 93.8 (81.8–98.4) 87.5 (74.1–94.8)
Enzygnost 99.6 (97.7–99.9) 99.6 (97.7–99.9) 91.7 (79.1–97.3) 85.4 (71.6–93.5)
Immulite 99.3 (97.1–99.9) 99.6 (97.7–99.9) 91.7 (79.1–97.3) 81.3 (66.9–90.6)
Liaison 98.2 (95.5–99.3) 98.9 (96.6–99.7) 95.8 (84.6–99.3) 91.7 (79.1–97.3)
DiaSorin 98.9 (96.6–99.7) 99.9 (98.3–99.9) 87.5 (74.1–94.8) 83.3 (69.2–92.0)
Vidas 96.7 (93.6–98.4) 99.6 (97.7–99.9) 95.8 (84.6–99.3) 95.8 (84.6–99.3)

a Positive and negative status was defined by HAI test results.
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was 81.5% (8). In Australia, many laboratories use the manu-
facturer’s cutoff to determine nonimmune status but apply a
“gray zone” to express doubt over the levels of immunity con-
ferred by low levels of reactivity. The “gray zone” used differs
widely between laboratories.

Of the 48 samples with an HAI result of �8, four samples
were subsequently found to be Western blot positive. Two
samples had insufficient volume for Western blotting but were
reactive in at least six of the eight immunoassays. It has been
noted previously that using methods other than HAI testing,
immune individuals with specific but low levels of rubella virus
antibodies have been identified (12, 15, 18, 27, 28). Of the
remaining 42 samples, Access, Centaur, Liaison, and Vidas
reported no false-positive results; Enzygnost had one equivocal
result (6 IU/ml). Immulite gave one positive test result (10.8
IU/ml) and three equivocal test results for the 42 samples. The
application of a “gray zone” to these assays may not be nec-
essary. AxSYM gave four positive and three equivocal results,
the highest results being 28 IU/ml. This confirms previous
findings which indicated about 1% of AxSYM positive results
could not be confirmed (19). A “gray zone” of 30 IU/ml and a
comment indicating doubt in immune status with results be-
tween 10 and 30 IU/ml may be considered for this assay.

DiaSorin gave three positive test results (20.8, 47.9, and 108.7
IU/ml) and two equivocal test results. The spread of results
overlapped considerably with the results reported for positive
samples. An application of a “gray zone” to this assay would be
impractical.

Statistical comparisons of the results reported by all eight
immunoassays suggested that several assays gave comparable
results. Results from the automated immunoassays Access,
AxSYM, Centaur, and Immulite assays compared well, as did
the Immulite, Liaison, and Vidas assays. Results from the MTP
immunoassay DiaSorin (and, to a lesser extent Enzygost) did
not compare well with any other assay. These results indicate
that standardization of some anti-rubella virus IgG assays that
report in IU/ml has occurred, but greater standardization
throughout all immunoassays is required.

Positive and negative delta values were calculated for all
immunoassays. The delta value describes the distance the
mean of the positive and negative populations of a data set is
removed from the cutoff and is measured in standard devia-
tions. Therefore, an assay with a positive delta value of 4.0 has
a mean of the results of positive samples 4 standard deviations
from the cutoff. All immunoassays had a delta value of less
than 2, implying poor separation of the negative and positive
population, potentially leading to the false-negative and false-
positive test results. Assays undergo variation from test event
to test event, arising from changes of reagent batches, variation
in the volume of reagents pipetted, temperature, length of
incubation, and other process changes. A low delta value in-

FIG. 1. Mean and 95% confidence intervals of results reported for
321 samples tested with eight immunoassays for anti-rubella virus IgG
tests giving results in international units per milliliter.

TABLE 4. Tamhane’s post hoc analysis of the means of anti-rubella virus IgG resultsa

Immunoassay
Significance (P value)b of the difference of the means of immunoassays

Access AxSYM Centaur Enzygnost Immulite Liaison DiaSorin Vidas

Access
AxSYM 1.000
Centaur 1.000 1.000
Enzygnost 0.129 0.351 0.302
Immulite 1.000 1.000 0.892 0.013
Liaison 0.127 0.092 0.000 0.000 0.797
DiaSorin 0.000 0.000 0.000 0.001 0.000 0.000
Vidas 0.591 0.469 0.010 0.000 0.998 1.000 0.000

a Anti-rubella virus IgG results were expressed as international units per milliliter from 321 samples tested on eight immunoassays.
b Significance is defined as P � 0.05, and significant P values are indicated by bold font.

TABLE 5. Estimated delta values of 48 negative samples and 273
positive samples tested for the quantification of anti-rubella

virus IgG in eight immunoassays

Immunoassay
Estimated delta valuea

Negative Positive

Access �1.64 1.68
AxSYM �1.08 0.86
Centaur �1.83 1.71
Enzygnost �1.74 1.54
Immulite �1.47 1.27
Liaison �1.46 1.30
DiaSorin �0.62 1.79
Vidas �1.29 1.75

a Estimated delta values expressed as standard deviations.
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dicates an increased possibility of these variations in the test
system affecting the sensitivity or specificity of the assay.

Immunoassays used for the quantification of rubella virus
IgG are standardized to the WHO international standard
rubella virus serum (second standard preparation) and report
results in IU/ml. A report expressed in IU/ml implies trace-
ability from one assay to another, much in the manner of many
biochemistry assays. This and previous investigations indicate
that the assumption of transferability of IU/ml is incorrect.
Therefore, greater standardization of assays reporting rubella
virus IgG in IU/ml is required.
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Investigation into Low-Level Anti-Rubella Virus IgG Results Reported
by Commercial Immunoassays

Wayne Dimech, Nilukshi Arachchi, Jingjing Cai, Terri Sahin, Kim Wilson

NRL, Melbourne Australia, Victoria, Australia

Since the 1980s, commercial anti-rubella virus IgG assays have been calibrated against a WHO International Standard and re-
sults have been reported in international units per milliliter (IU/ml). Laboratories testing routine patients’ samples collected 100
samples that gave anti-rubella virus IgG results of 40 IU/ml or less from each of five different commercial immunoassays (CIA).
The total of 500 quantitative results obtained from 100 samples from each CIA were compared with results obtained from an
in-house enzyme immunoassay (IH-EIA) calibrated using the WHO standard. All 500 samples were screened using a hemagglu-
tination inhibition assay (HAI). Any sample having an HAI titer of 1:8 or less was assigned a negative anti-rubella virus antibody
status. If the HAI titer was greater than 1:8, the sample was tested in an immunoblot (IB) assay. If the IB result was negative, the
sample was assigned a negative anti-rubella virus IgG status; otherwise, the sample was assigned a positive status. Concordance
between the CIA qualitative results and the assigned negative status ranged from 50.0 to 93.8% and 74.5 to 97.8% for the as-
signed positive status. Using a receiver operating characteristic analysis with the cutoff set at 10 IU/ml, the estimated sensitivity
and specificity ranged from 70.2 to 91.2% and 65.9 to 100%, respectively. There was poor correlation between the quantitative
CIA results and those obtained by the IH-EIA, with the coefficient of determination (R2) ranging from 0.002 to 0.413. Although
CIAs have been calibrated with the same international standard for more than 2 decades, the level of standardization continues
to be poor. It may be time for the scientific community to reevaluate the relevance of quantification of anti-rubella virus IgG.

Infection with the rubella virus usually results in a mild child-
hood illness. However, infection during the first trimester of

pregnancy can result in the neonate developing congenital rubella
syndrome (1). For this reason, rubella vaccination programs have
been established (2–5). In Australia, most diagnostic testing for
rubella immunity is performed as part of an antenatal screen to
ensure that the mother has protective levels of antibody. A hem-
agglutination inhibition titer greater than or equal to 1:16 and/or
an antibody concentration greater than 10 or 15 IU/ml, depending
upon the assay, is considered protective (6, 7). Some laboratories
choose to report a “gray zone” to indicate uncertainty in the de-
gree of protection conferred by low anti-rubella virus IgG levels.
In Australia, the most frequently used gray-zone range is 10 to 30
IU/ml.

Since the 1980s, commercial assays used for the quantification
of anti-rubella virus IgG have been calibrated against the World
Health Organization (WHO) international standard rubella virus
serum and test results have been reported in international units
per milliliter (IU/ml) (8, 9). In theory, the calibration of assays
should lead to standardization of quantitative results (10). How-
ever, several reports have indicated that quantitative anti-rubella
virus IgG results reported by different assays are not always com-
parable (8, 9, 11). Consequently, individuals presenting to labo-
ratories using different assays may be given different clinical in-
terpretations, especially if their anti-rubella virus IgG levels are
low.

Recently, several new commercial anti-rubella virus IgG assays
have become available. New assays require validation prior to in-
troduction into routine use (12). A common approach to valida-
tion used by laboratories is the comparison of results obtained
from the new assay with those obtained from the assay routinely
used by the laboratory (11, 13, 14). However, if a difference in
qualitative or quantitative results obtained with the two assays

occurs, it is difficult to elucidate which assay’s result is correct
(11).

In this study, the results of a hemagglutination inhibition assay
(HAI) (15, 16) and a rubella immunoblot (IB) assay (17–20) were
used to assign an anti-rubella virus IgG status. Samples with test
results less than or equal to 40 IU/ml were collected from collab-
orating laboratories using each of five different commercial anti-
rubella virus IgG immunoassays (CIAs). The 500 samples were
tested by HAI and IB assays, and the qualitative results from the
CIAs were compared with the assigned anti-rubella virus IgG sta-
tus. To investigate the accuracy of quantification of anti-rubella
virus IgG levels by the CIAs, all samples were tested in an in-house
enzyme immunoassay (IH-EIA) developed to detect and quantify
low levels of anti-rubella virus IgG.

MATERIALS AND METHODS
Samples. For each of five CIAs used routinely in collaborating laborato-
ries, 100 routine clinical samples giving an anti-rubella virus IgG test
result of 40 IU/ml or less, totaling 500 individual samples, were collected.
After initial CIA testing in the collaborating laboratories, the samples were
transported at ambient temperature to a central laboratory where they
were stored at �20°C until further testing was performed. Prior to testing,
the samples were thawed and tested in a testing strategy as described
below. All testing, including repeat testing, was performed within 1 week
of thawing. After testing, the remaining volume was divided into aliquots
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cording to the manufacturer’s instructions. The nitrocellulose strips pro-
vided by the manufacturer contained recombinant rubella antigens which
were separated by SDS-PAGE and transferred to the nitrocellulose mem-
brane. Briefly, 20 �l of sample or control was diluted in 2 ml of Tris buffer
and incubated with the nitrocellulose strip containing rubella antigen
overnight at room temperature with gentle shaking. After incubation, the
strips were washed and a rabbit anti-human IgG-horseradish peroxidase
conjugate was added. The strips were incubated for 1 h at room temper-
ature and washed. Tetramethylbenzidine substrate was then added, form-
ing a color reaction where anti-rubella virus IgG present in the sample was
bound to the rubella antigens (E1, E2, c, and an E1/E2 complex) on the
strip. An E2 weak-positive control, provided by the manufacturer, was
tested with each set of 20 samples. The intensity of the color reaction of the
E2 control acted as an assay cutoff, with any band being considered pos-
itive if its intensity was greater than that of the intensity of E2 control
band. All results were scored independently by two different individuals,
and any discrepant readings were resolved by consensus. Any sample hav-
ing one or more reactive bands was deemed IB positive. To ensure that any
lack of reactivity was not due to technical error, all samples with a negative
IB result were retested in a single assay.

(iii) In-house EIA. An IH-EIA was developed by NRL. Microtiter flat-
bottom plates (Nunc, Roskilde, Denmark) were coated with 50 �l of ru-
bella virus antigen (HPV-77 strain) (MyBioSource, San Diego, CA) at a
concentration of 0.5 �g/well in a carbonate buffer (pH 9.6) and incubated
overnight at 37°C. After washing in PBS-T (phosphate-buffered saline
[pH 7.4] containing 0.01% [vol/vol] Tween 20), 150 �l of blotto (50 mM
Tris-HCl [pH 8.0], containing 5% skim milk powder, 2 mM CaCl2, 150
mM NaCl, and 0.2% Nonidet P-40) was added, and the reaction mixture
was incubated for 1.5 h at 37°C to block nonspecific binding. Plates were
washed three times with PBS-T, and then 10 �l of control or sample was
diluted in 90 �l of blotto and added to each well. A plate shaker was used
to ensure adequate mixing before incubation at 37°C for 1 h. After being
washed with PBS-T, 100 �l of mouse anti-human IgG conjugated to
horseradish peroxidase (Southern Biotechnology Associates, Birming-
ham, AL) diluted 1:1,000 in blotto was added to each well, and the reaction
mixture was incubated for 1 h at 37°C. After washing, 100 �l of substrate,
2 mM ABTS (2=-azinobis [3-ethylbenzthiazoline-6-sulfonic acid]), in 25
mM sodium citrate buffer (pH 4.5) containing 0.3% hydrogen peroxide
was added to each well, and the reaction mixture was incubated in the dark
at room temperature for 20 min. The reaction was stopped with the ad-

TABLE 1 Summary of the assay characteristics of five commercial immunoassays

Assay characteristic

Description or value for indicated commercial immunoassay

Abbott Architect Abbott AxSYM Roche Elecsys bioMérieux Vidas Ortho Vitros

Solid phase Microparticles Microparticles Magnetic beads Solid-phase receptacles Plastic wells
Antigen Partially purified rubella

virus
Partially purified rubella

virus (strain HPV77)
Rubella-like particles

and recombinant
E1 antigen

Rubella antigen (strain
MR 383)

UV-treated rubella
antigen from
cell culture

Detection system Chemiluminescence MUBa Chemiluminescence MUB Luminescence
No. of calibrators 6 6 2 1 4-parameter

logistic curve
Calibration range (IU/mlb) 0–500 0–500 0.17–500 0–250 0–350
Standard RUB-1-94c WHO standard (not

specified)
RUB-1-94 RUB-1-94 RUB-1-94

Negative range (IU/ml) �4.9 �5.0 �10.0 �5.0 �9.99
Equivocal range (IU/ml) 5.0–9.9 5.0–9.9 NAd 5.0–10.0 NA
Low positive (IU/ml) NA NA NA NA 10.0–14.9
Positive range (IU/ml) �10.0 �10.0 �10.0 �10.0 �15.0

Dimech et al.

a MUB, methylumbelliferyl.
b IU/ml, international units per milliliter.
c RUB-1-94, WHO standard (1st International Standard).
d NA, not applicable.

in 1-ml vials for future use. No sample underwent more than three freeze-
thaw cycles.

Tests. Samples were tested using the manufacturer’s instructions in 
one of five CIAs: Architect rubella IgG (Abbott Diagnostics, Abbott Park, 
IL), AxSYM rubella IgG assay (Abbott Diagnostics, Abbott Park, IL), Vi-
das Rub IgG II (bioMérieux, Durham, NC), Vitros rubella IgG (Ortho 
Clinical Diagnostics, Buckinghamshire, United Kingdom), and Elecsys 
rubella IgG (Roche Diagnostics, Mannheim, Germany). A description of 
the characteristics of each CIA is presented in Table 1. To determine the 
anti-rubella virus IgG status, all 500 samples were tested in a commercial 
HAI and IB assay. To assess the accuracy of quantification, the samples 
were tested in the IH-EIA.

(i) HAI assay. All 500 samples were tested in the Siemens RubeHIT
(Siemens Health Care, Marburg, Germany). Briefly, nonspecific aggluti-
nins were removed by incubating samples and controls in a kaolin sus-
pension (250 g per liter) for 20 min at room temperature. The samples 
were centrifuged at 3,000 � g for 10 min, and the supernatant was re-
tained. Doubling dilutions of the supernatant were made in a CaCl2-
bovine albumin-NaCl-MgSO4 (CANM) saline solution, provided with 
the kit. A standard concentration of rubella antigen, at 4 to 8 hemagglu-
tinating units per 25 �l, was added to each dilution, and the reaction 
mixture was incubated for 1 h at room temperature. A 4% (vol/vol) sus-
pension of human erythrocytes was added to each well, and the reaction 
mixture was incubated overnight at room temperature. The highest dilu-
tion in which the hemagglutination was inhibited was considered the 
endpoint titer. All test results were scored by each of two different indi-
viduals without reference to the results determined by the other. Any 
discrepant results were reviewed by both readers, and a consensus result 
was obtained. Samples with HAI results of 1:16 or greater were deemed to 
be HAI positive. To ensure that any lack of reactivity was not due to 
technical error, tests of samples with a HAI titer of 1:8 or less were re-
peated in duplicate. Samples with HAI results repeatedly less than or equal 
to 1:8 were considered HAI negative.

With each HAI test run, negative, low-positive, and high-positive con-
trols, provided by the manufacturer, were tested. Negative, low-positive, 
and high-positive external controls with known reactivity were also tested 
in each test run. Each control was required to produce an HAI titer within 
1 doubling dilution of its target result for the run to be considered valid. 
No runs were invalid.

(ii) Immunoblot analysis. All HAI-positive samples were tested in the 
recombBlot rubella IgG (Mikrogen Diagnostik, Neuried, Germany) ac-
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dition of 50 �l of 5% oxalic acid. The optical density of each control and
sample was read at 405 nm.

Each microtiter plate contained an eight-point standard curve. The
standard curve was constructed using duplicate, doubling dilutions of the
WHO international anti-rubella immunoglobulin standard (RUBI-1-94)
starting at a concentration of 200 IU/ml. An anti-rubella virus IgG exter-
nal quality control (QC) sample (AcroMetrix, Benicia, CA), calibrated at
20 IU/ml, was tested at least once in each plate. The results of the QC
sample were used to determine the assay’s repeatability and reproducibil-
ity. To determine the linearity of the IH-EIA, a secondary standard, inde-
pendently calibrated against RUBI-1-94 (2°STD; AcroMetrix, Alkmaar,
The Netherlands), and consisting of seven doubling dilutions from 68 to
1.0625 IU/ml was tested and quantified using the standard curve. The
IH-EIA was validated using a panel of known anti-rubella virus antibody-
positive (n � 95) and -negative (n � 25) samples.

Testing strategy. All 500 samples were screened using the HAI. All
samples having an HAI titer of 1:8 or less were assigned a negative anti-
rubella virus antibody status. As HAI detects both rubella virus IgG and
IgM, any sample that had an HAI titer of greater than 1:8 was tested in the
IB assay. If the IB result was negative, the sample was assigned a negative
anti-rubella virus IgG status. If the IB result was positive, that sample was
assigned a positive anti-rubella virus IgG status. All 500 samples were then
tested on the IH-EIA.

Analysis. The qualitative results of the CIAs were compared with the
assigned anti-rubella virus IgG status derived from the HAI and IB testing;
where more than 20 results were available for analysis, the percentage of
concordance with the assigned status and 95% confidence intervals (95%
CI) were determined for each CIA. The quantitative results reported by
the CIAs were analyzed using a receiver operating characteristic (ROC)
analysis (Analyze-it for Excel; Analyze-it Software, Leeds, United King-
dom) in order to predict the CIAs ’ sensitivities and specificities (12, 21).
The quantitative results obtained from the CIAs were also compared with
those obtained from the IH-EIA using the coefficient of determination
(R2) and Bland-Altman analyses (Analyze-it for Excel; Analyze-it Soft-
ware, Leeds, United Kingdom) (22–24).

RESULTS

All samples that were initially negative in the HAI and IB were
negative on repeat testing. The qualitative results reported by each
of the five CIAs were compared with the assigned anti-rubella
virus IgG status. The percentage and 95% CI of CIA qualitative
results that were concordant with the assigned status were esti-
mated by assuming equivocal results to be either negative or pos-
itive (Table 2). As each CIA had a different set of 100 samples
analyzed, different proportions of the 100 samples were assigned a
positive or negative status. The range of quantitative test results
reported by each CIA for samples assigned a negative or positive

status is represented graphically in Fig. 1. Only the bioMérieux
Vidas reported all samples with a negative status as negative (n �
6) but reported 6 and 18 samples assigned a positive status (n �
94) as negative and equivocal, respectively. The Roche Elecsys re-
ported 5 of 56 samples with a positive status as negative and 15 of
44 samples with a negative status as positive.

A total of 23 samples assigned a negative status, ranging from 0
to 15 samples per assay, were reported as positive by a CIA (Table
3). Although assigned a negative status by the testing strategy, 19
of the 23 samples had a HAI titer of 16 or greater. All 19 had a
negative IB results. HAI detects antibody reactivity against E1 an-
tigens but not E2 or core. Three of the remaining four samples had
an HAI titer of 8 and a positive IB result, with evidence of antibody
reactivity to E2 antigen. Only 1 of the 23 samples had negative HAI
and IB results. The highest positive CIA test result obtained on a
sample with a negative status was 36 IU/ml, reported by the Ab-
bott AxSYM. The 15 Roche Elecsys-positive results obtained from
samples with a negative status ranged from 10 to 35 IU/ml. A total
of 20 samples assigned a positive status, ranging from 1 to 6 sam-
ples per assay, were reported as negative by a CIA. All 20 samples
were positive for both the HAI and IB tests.

The CIA results were used to perform ROC analysis. Using a
cutoff of 10 IU/ml, the ROC analysis was used to determine the
predicted sensitivity and specificity, including the 95% CI, of the
CIAs for this population of samples (Table 4). The predicted sen-
sitivity for the CIAs ranged from 70.2% for the bioMérieux Vidas
to 91.2% for both the Ortho Vitros and the Abbott AxSYM. The
predicted specificity ranged from 65.9% for the Roche Elecsys to
100% for the bioMérieux Vidas. However, it is noted that the
confidence limits, especially for the specificity calculations, were
large due to the relatively low number of samples assigned a neg-
ative status. Further, the sensitivity and specificity are not reflec-
tive of the assays’ performances when testing a normal popula-
tion, as the samples in this study were selected as having low
positive reactivity.

The 23 QC test results obtained from 10 test runs gave a mean
of 25.1 IU/ml and a coefficient of variation (CV), expressed as a
percentage, of 19.6%. A further 39 QC test results, obtained from
a single run, gave a mean of 26.5 IU/ml and a CV of 9.4%.

The 2°STD was tested in two test runs, once in duplicate and
once in a single assay, for a total of three test results for each of the
seven panel members. When the results of the 2°STD test were

TABLE 2 Qualitative test results obtained from five commercial immunoassays compared with an anti-rubella virus IgG statusa

Assay

Samples with negative rubella IgG status Samples with positive rubella IgG status

Total
no. of
samples

No. of samples with indicated
assay result

Concordance with status (%)
(95% CI)

Total
no. of
samples

No. of samples with indicated
assay result

Concordance with status (%)
(95% CI)

Negative Equivocal Positive

Equivocal result
considered
negative

Equivocal result
considered
positive Negative Equivocal Positive

Equivocal result
considered
negative

Equivocal result
considered positive

Abbott Architect 23 13 5 5 69.2 (48.1–84.9) 50.0 (30.3–69.6) 77 1 7 69 89.6 (80.0–95.1) 90.9 (81.6–96.0)
Abbott AxSYM 9 6 2 1 NAb NA 91 2 5 84 92.3 (84.3–96.6) 97.8 (81.5–99.6)
bioMérieux Vidas 6 6 NA NA 94 6 18 70 74.5 (64.2–82.7) 93.6 (86.1–97.4)
Ortho Vitros 32 29 1 2 93.8 (77.8–98.9) 90.6 (73.8–97.5) 68 6 7c 55 80.9 (69.2–89.0) 91.1 (81.1–96.4)
Roche Elecsys 44 29 15 65.9 (50.0–79.1) NA 56 5 51 91.1 (79.6–96.7) NA

a Concordance of commercial immunoassay results with status, including 95% confidence limits (95% CI), were estimated by considering equivocal results to be both negative and
positive.
b NA, not applicable.
c Seven Ortho Vitros results between 10 and 15 IU/ml were considered low positive rather than equivocal.
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plotted against the expected value, the R2 was 0.99 and the equa-
tion describing the correlation was y � 0.90x � 6.26.

Of the 500 samples, 497 were tested in the IH-EIA. Three sam-
ples had insufficient volume to complete the testing. Of the 497
samples tested, 115 were assigned a negative status and 382 a pos-
itive status when tested in the HAI and the IB assay. The quanti-
tative results reported by the CIAs were compared with those re-
ported by the IH-EIA. Using Bland-Altman analysis, the IH-EIA
quantitative results were within the 95% confidence limits of
agreement for all CIA quantitative results up to approximately 60
IU/ml. At concentrations higher than this, the IH-EIA consis-
tently reported levels of anti-rubella virus IgG that were higher
than those reported by the CIAs. The R2, slope, and bias of the
comparison of IH-EIA quantitative results with the correspond-
ing CIA result were estimated with and without the IH-EIA results
greater than 60 IU/ml (Table 5). When the samples having an
IH-EIA result of greater than 60 IU/ml were removed, the R2

ranged from 0.210 to 0.421, indicating a lack of correlation be-
tween the results of the IH-EIA and each of the CIAs. When all test
results were used to calculate the R2, the R2 values were even lower.
Using Bland-Altman analysis, the IH-EIA had a positive bias com-
pared with each of the CIAs, ranging from 3.71 to 9.11 IU/ml.

DISCUSSION

The instructions for use (IFU) of the international rubella stan-
dard state that “RUB-1-94 consists of freeze-dried residuals of 2.0
ml of a mixture of normal human immunoglobulin and an equal
volume of sterile distilled water.” It was calibrated against the
second International Standard for Rubella Serum and was esti-
mated to contain 1,600 IU per ampoule. This standard has been
used to calibrate commercial anti-rubella virus IgG assays since
1995 (8–10). The European in vitro diagnostics directive states
that “the traceability of values assigned to calibrators and/or con-
trol materials must be assured through available reference mea-
surement procedures and/or available reference materials of a
higher order” (25). However, others have questioned the practi-
cality of standardizing biologicals that are traceable not to Système
International d’Unités (SI) units but to arbitrary units such as
WHO international standards, stating that “immunogenic pro-
teins such as viral proteins are generally highly complex and het-
erogeneous mixtures in biological fluids” (26). In these cases, the
reference materials and the biological fluids are therefore “non-
identical,” which consequently invalidates the basic principle of
traceability: to compare like with like (27). Indeed, the WHO stan-
dard is polyclonal in nature and it is generally not possible to
create a secondary standard or certified reference material that
would behave in the same manner when tested in the same immu-
noassay. The shape of the curve generated by the secondary stan-
dards would always differ from that generated by the WHO stan-

FIG 1 Dot histograms of the quantitative test result, expressed in international units per milliliter (IU/ml), of 100 low-positive (Pos) and negative (Neg) results
obtained from each of five commercial immunoassays, for a total of 500 results, plotted against an assigned negative or positive status. The assay’s cutoff is
represented with a horizontal line, and equivocal ranges are represented with a hashed line.

TABLE 3 The number and range of quantitative test results reported by
five commercial anti-rubella virus IgG immunoassays that were
discordant compared with an assigned anti-rubella virus IgG statusa

Assay

CIA-positive results for
samples assigned a
negative status

CIA-negative results for
samples assigned a
positive status

No. Range (IU/ml) No. Range (IU/ml)

Abbott Architect 5 11–22 1 4.3
Abbott AxSYM 1 36 2 0.0–0.5
bioMérieux Vidas 0 6 1.0–4.0
Ortho Vitros 2 20–22 6 3.9–9.1
Roche Elecsys 15 10–35 5 0.4–9.5
a CIA, commercial anti-rubella virus IgG immunoassay.
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dard, and this would be most apparent at the lower region of the
curve (28). Considering the differences in the formulations of the
CIAs (Table 1), in particular, in the antigen(s) bound to the solid
phase, a lack of standardization between CIAs is not surprising.

Past studies have demonstrated a lack of standardization be-
tween some assays used to quantify anti-rubella virus IgG in se-
rum (8, 9). In conjunction with a lack of standardization, vacci-
nation programs have resulted in lower levels of anti-rubella virus
IgG being detected in the population (2, 3). This lack of standard-
ization and the number of individuals having vaccine-induced
low-level anti-rubella virus IgG can cause difficulties in the inter-
pretation of the results, especially when the result is close to the
cutoff of the assay (7, 29). Studies indicate that the sensitivities and
specificities of many commercial EIAs are similar (9, 14, 30, 31).
However, as most CIAs use 10 IU/ml as a cutoff for immunity,
different qualitative results for the same sample are reported by
different assays. Therefore, results generated from an individual’s
sample that is tested in one assay cannot be compared with results
obtained in other assays. So when results are obtained from acute
and convalescent samples and each sample is tested in different
assays, the results may resemble a seroconversion to anti-rubella
virus IgG, with the early sample testing negative in one assay and
later samples testing positive in another. Potentially, these results
may be interpreted as evidence of a recent rubella virus infection.
This situation may lead to anxiety for the patient or even a recom-
mendation for termination of pregnancy. Therefore, consecutive
samples from the same individual should be tested together with
the same assay (11).

As new commercial immunoassays are introduced to the mar-
ket, scientists comparing the results obtained from the new assay
with those obtained from their routine assay experience difficulty
in elucidating discordant test results. Testing samples with discor-

dant test results on a third assay is not recommended (32, 33).
Comparison of qualitative results with those obtained from a gold
standard reference test is preferred (12, 28). For anti-rubella virus
IgG testing, HAI, viral neutralization, and Western blot analyses
have been considered appropriate reference tests, although very
few laboratories worldwide retain the expertise for neutralization
testing (6, 15, 16, 19). Further, these tests are manual and complex
and also subject to variation (15, 16, 34). Of the 23 samples as-
signed a negative status but having a positive CIA result, 22 had a
positive result in either HAI or IB testing but a negative result in
the other test. The negative result may have been due to a lack of
sensitivity of the assay. Also, HAI detects only antibodies to E1
antigen. This phenomenon caused three samples to be assigned a
negative status in the testing strategy, whereas the CIA reported a
positive result and the IB assay had evidence of E2 antibody reac-
tivity. The HAI can detect anti-rubella IgM, whereas the IB test
and the CIA detect only IgG-specific antibodies. The presence of
anti-rubella virus IgM may explain why some samples were HAI
positive but IB negative. These results underline the difficulty of
selecting a reference testing strategy to confirm qualitative anti-
rubella virus IgG results.

The qualitative test results of the CIAs were compared with a
status determined by HAI and IB testing. If the equivocal results in
the CIAs were assumed to be positive for anti-rubella virus IgG,
the qualitative results of all CIAs gave greater than 90% concor-
dance with the assigned positive status. If the equivocal results in
the CIAs were assumed to be negative, the percentages of concor-
dance of the qualitative test results on the Abbott Architect and
Roche Elecsys with the assigned negative status were poor, at 69.2
and 65.9%, respectively. However, the concordance of the quali-
tative results on the Ortho Vitros with assigned negative status was
higher at 83.8%. These findings are not indicative of the sensitiv-

TABLE 4 Estimation of the sensitivity and specificity, using receiver operating characteristic analysis with a cutoff set at 10 international units per
milliliter, of five commercial immunoassays using samples having low-level and negative results to anti-rubella virus IgGa

ROC analysis parameter Abbott Architect Abbott AxSYM bioMérieux Vidas Roche Elecsys Ortho Vitros

Curve area 0.93 0.88 1.00 0.88 0.97
Predicted specificity (%) 78.3 88.9 100 65.9 93.8
95% confidence interval 56.3–92.5 51.8–99.7 54.1–100.0 50.1–79.5 79.2–99.2
Predicted sensitivity (%) 89.6 91.2 70.2 89.3 91.2
95% confidence interval 80.6–95.4 83.4–96.1 59.9–79.2 80.4–97.0 81.8–96.7
a ROC, receiver operating characteristic.

TABLE 5 Summary of the analysis of correlation between quantitative results, reported as international units per milliliter obtained from five
commercial anti-rubella virus IgG immunoassays and an in-house immunoassay calibrated with the World Health Organization international
standard rubella virus serum RUB-1-94a

Analysis category and parameter

Commercial EIA

Abbott Architect Abbott AxSYM bioMérieux Vidas Roche Elecsys Ortho Vitros

Samples with IH-EIA results less than 60 IU/ml
Coefficient of determination (R2) 0.421 0.210 0.276 0.227 0.420
Slope 0.58 0.52 0.42 0.41 0.49
Intercept (IU/ml) 2.48 14.04 5.78 6.41 4.42

All samples
Coefficient of determination (R2) 0.354 0.106 0.169 0.063 0.110
Slope 1.35 0.90 1.12 0.60 0.94
Intercept (IU/ml) 10.50 15.12 15.12 20.57 23.41

a IH-EIA, in-house immunoassay; IU/ml, international units per milliliter.
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taken did not consider factors such as biological variation and the
complexity of the proteins being detected, the reactivity of these
antigens with antibodies of differing levels of avidity and affinity,
the characteristics of the assay being used, and the stage of disease
of the patient being tested (26, 27). Anti-rubella virus IgG testing
has no quantitative reference method with known and defined
uncertainty. Indeed, the results of testing of RUBI-1-94 were
never published, no details of the methods for calibration are
available, and the manufacturer’s IFU indicates that “This study
has almost been completed.”

Although an international reference standard has been avail-
able since the 1980s and has been used to calibrate assays for the
detection and quantification of anti-rubella virus IgG, it has not
led to greater levels of standardization between commercial assays
and issues reported in 1992 remain. It may be time for the scien-
tific community to question the relevance of quantification of
anti-rubella virus IgG. It may be possible for manufacturers of
commercial assays to assign a cutoff for their assays by maximizing
sensitivity and specificity using well-validated panels of samples
with a known status, disregarding the WHO standard, and no
longer reporting the anti-rubella virus IgG results in IU/ml but as
a qualitative result.
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ities and specificities of the assays for testing an unselected popu-
lation, as the samples in the study were preselected for low positive 
reactivity. Generally, CIAs have sensitivity greater than 98% and 
specificity of greater than 85% (9, 31).

The IFU for the two Abbott assays and bioMérieux Vidas spec-
ify equivocal ranges from 5.0 to 9.9 IU/ml, whereas the Ortho 
Vitros IFU specify an equivocal range of 10.0 to 14.9 IU/ml. The 
Roche Elecsys IFU do not state an equivocal range. Only the Ab-
bott AxSYM and the Roche Elecsys reported test results greater 
than 30 IU/ml. No CIA reported a positive result greater than 36 
IU/ml for a sample that was assigned a negative status. The use of 
a strict cutoff of 10 IU/ml invariably results in the reporting of 
false-positive and -negative test results. Many Australian labora-
tories testing for anti-rubella virus IgG choose to report results 
between 10 and 30 IU/ml as positive but add a clinical interpreta-
tion stating that the clinical significance of the result is in doubt. 
The sources for this uncertainty are the imprecision of the assay 
and biological false reactivity of some samples in the assay. Estab-
lishing and reporting a gray zone allows laboratories to follow the 
manufacturer’s instructions while acknowledging the uncertainty 
of the clinical interpretation at low levels of antibodies.

The qualitative nature of the reference test results does not aid 
in determining the accuracy of quantification of antibodies. The 
present study evaluated quantitative CIA results by testing sets of 
samples having negative or low-level rubella virus IgG in an IH-
EIA, which was directly calibrated using RUBI-1-94 and designed 
to be linear at low levels of anti-rubella virus IgG. Results obtained 
from the IH-EIA were shown to be precise, with repeatability 
(within-run precision) of less than 10% and reproducibility (be-
tween-run precision) of 20%. Excellent correlation with results 
obtained from the independent secondary standard, 2°STD, indi-
cated that the IH-EIA was accurate to a level of about 60 IU/ml. 
When the quantitative results of CIAs were compared with those 
obtained from the IH-EIA, the level of correlation was very poor 
for all CIAs and the IH-EIA had a positive bias ranging from 3.7 to 
9.1 IU/ml. This would support the theory that CIAs lack standard-
ization, particularly at low levels of rubella virus IgG, even though 
the calibrators of all but one CIA were traceable to RUBI-1-94.

All assays experience imprecision (35). In our experience con-
ducting QC programs for infectious disease testing for more than 
10 years, results of testing the same QC sample on manual micro-
titer plate assays generally show variation of less than 20% whereas 
those from instrument-based serology assays show variation of 
less than 15%. The results of a peer-comparison QC program 
using a QC sample calibrated at 20 IU/ml against RUBI-1-94 dem-
onstrated that the imprecision of CIAs ranged between 5 and 20%, 
with a measurement uncertainty (MU) of about 2 to 5 IU/ml 
(unpublished data). That is, when the MU is 5 IU/ml, a result of 10 
IU/ml has a 95% confidence of being between 5 and 15 IU/ml. 
Therefore, the interpretation of low-positive test results is difficult 
when both the imprecision and lack of standardization (bias) of 
the assays are considered.

This study has demonstrated the difficulty in both standardiz-
ing assays designed to detect and quantify antibodies and, conse-
quently, using quantitative results to set immune/nonimmune 
cutoffs. Both imprecision and bias contribute to these difficulties 
(35). However, the main contributing factor to the lack of stan-
dardization is the poor implementation of traceability protocols. 
When the WHO standard was developed, there was insufficient 
definition of the analyte as required in traceability. The approach
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Chapter Two - Conclusion  

The results of the first paper (93) found some of the assays under investigation reported comparable 

quantitative results whereas others did not. The study concluded “Our results show the level of 

standardization between anti-rubella virus IgG immunoassays reporting results expressed as IU/ml has 

improved since a previous study in 1992, but further improvement is required.” The findings of this study 

were subsequently confirmed by other European colleagues (75, 76, 94). These studies also highlighted 

issues relating to the use of a quantitative cut-off and further raised the issue regarding the potential of 

false test results leading to misinterpretation and poor clinical outcomes. Indeed, this seems to be the case 

in a paper “evaluating a possible re-emergence of rubella” where, of 298 women, it was concluded that 19 

(6.4%) “seroconverted from no detectable anti-rubella IgG to detectable antibodies during pregnancy” 

(140). An assessment of the paper’s methodology indicated that the change in detectable antibody levels 

was most likely due to testing patient samples on different test systems, where the initial sample contained 

low levels of anti-rubella IgG but that was identified as being negative and non-immune in some test 

systems, whereas subsequent bleeds from the same individual post-partum reported a positive result. The 

differences were due to the use of different assays when testing the pre- and post-partum samples, rather 

than a true seroconversion. In serology, acute and convalescent samples must always be tested at the same 

time (in parallel). Although the paper identified some neonatal abnormalities, these were not due to 

congenital rubella and no definitive evidence of the mothers having rubella infection was presented. There 

are medical consequences to a misleading anti-rubella serology result.  A false positive result can give a 

pregnant woman a false sense of immunity, especially if they are exposed to the infection. A false negative 

result, or a pseudo seroconversion, can lead to an unnecessary termination of pregnancy. 

The results of the second, subsequent study (92) provided a better understanding of the clinical relevance 

of low-level anti-rubella IgG reactivity. The study demonstrated that no assay reported a positive result 

greater than 36 IU/ml for any of 500 sample that were assigned a negative status by the HAI and WB 

reference testing. This finding, along with other studies presented at National conferences, established a 

“grey-zone” of 10 to 30 IU/mL for interpreting anti-rubella IgG results as being “doubtful immunity”. This 

range was adopted by many Australian laboratories when reporting rubella serology results. Following the 

second paper included in Chapter 2 (92), Picone et al conducted a significant study investigating the 

humoral and T cell response to rubella infection in antenatal women (95). Women having low-level anti-

rubella IgG immune responses of 1 to 10 IU/mL on antenatal testing, were vaccinated post-partum and 

subsequently tested with an immunoblot, a T cell stimulation assay, anti-rubella IgG and IgM assays, as well 

as anti-rubella IgG avidity testing, to determine if the immune response was primary or secondary.  The 

study found that 52.2% of the women with low levels of anti-rubella IgG elicited a secondary response on 

vaccination, indicating that the original result of between 1 and 10 IU/mL was reflective of true anti-rubella 

IgG prior to vaccination. Indeed, the suggested grey-zone of 10-30 IU/mL was found to be conservative, and 

individuals having detectable levels of anti-rubella IgG of less than 10 IU/mL in most assays elicited a 

secondary response when challenged by vaccination. 

The significant impact of original work presented in Chapter 2 was multi-fold. An incidental but useful 

finding from these collective studies demonstrated that anti-rubella IgG immunoblot results are highly 

specific and sufficiently sensitive to be used by others as a confirmatory test for anti-rubella IgG (76, 95). 

Moreover, the detection of anti-rubella E1 antibodies on immunoblot was indicative of a secondary 

immune response following re-immunisation, irrespective of the level of antibodies (95).  

More significantly, the papers include in this thesis and others, highlighted the lack of commutability of the 

WHO International standard RUB-1-94. Its use as a calibrator over a period of two decades has failed to 

standardise anti-rubella IgG IAs. Multiple publications by myself and colleagues highlighted this lack of 
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standardisation of anti-rubella IgG test results and the concern raised by these publications resulted in the 

convening of three extra-ordinary WHO-sponsored meeting in Barcelona (2014), Copenhagen (2015) and 

Geneva (2017) to address the issue (Appendix B). These meetings identified the need for a comprehensive 

review of rubella standardisation, which I first authored (14), and the development of a panel of anti-rubella 

IgG negative samples that manufacturers could use to maximise assay specificity (141). Ultimately, the 

impact of my work, and that of others, resulted in a submission to the WHO Expert Committee on Biological 

Standardisation, who authorised an amendment to the RUB-1-94 International standard IFU (Appendix C) 

to include the statement “IVD manufacturers, regulators and assay users should be made aware of RUBI-1-

94 potential lack of commutability when used as a calibrant” (85).  

My studies have focused attention on the use of a quantitative cut-off for anti-rubella IgG testing. A paper 

co-authored by me and representatives from WHO, USA CDC, USA FDA, Paul Ehrlich Institute and NIBSC 

reported the recommendations of the WHO Expert Committee on Biological Standards. It concluded that 

stakeholders “should be encouraged to reconsider the appropriateness of quantitative anti-rubella 

measurement for the determination of immune status and use of 10 IU/mL as a cut-off point for assessing 

immune protection” (77, 85). Manufacturers of commercial anti-rubella IgG assays are encouraged to adopt 

qualitative reporting of results. However, there is little evidence of this happening, although anecdotally 

there are some considerations of this approach by certain manufacturers. Developing tests with qualitative 

results will allow easier differentiation of positive and negative populations, thereby reducing the need for 

a “indeterminate” or “doubtful significant” result. There is still significant work required to elucidate the 

understanding of rubella testing. Until then, clinicians will need to interpret “grey-zone” results with 

caution. Indeed, an alternative outcome is the abandonment of routine screening for immunity to rubella 

in very low prevalence settings, as has occurred in the UK in 2016 (142).  

However, the issue of lack of standardisation of serology tests has not been resolved, as evident by the 

recent release of a WHO international standard for SARS-CoV-2 antibodies (143, 144). A recent study 

questions the effectiveness of this standard (145). As the lead investigator of a comprehensive evaluation 

of anti-SARS-CoV-2 serology test kits, in collaboration with the WHO, studies investigating the efficacy of 

the calibration of commercial immunoassays using the new international standard are currently in progress.  
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Chapter Three: Standardisation of nucleic acid 

testing for infectious diseases 
Processes used to standardise viral load NAT have proven more successful than those applied to infectious 

disease serology (108). Numerous international standards have been developed and utilised to calibrate 

commercial assays. Results reported by different test systems calibrated against these standards have been 

shown to correlate (108). This is because, generally, molecular assays are designed to detect segments of 

the viral genome that are highly conserved, whereas in serology, the measurand varies considerably from 

one assay to another even when detecting antibodies against the same organism. So even though different 

molecular assay may detect different regions of the genome, a similar number of copies of that genome 

are present prior to amplification and therefore similar quantitative values are reported, meaning the 

measurand responds more like a “type A” analyte.  

It has been observed that differences in quantification associated with different genotypes may occur when 

an assay has been optimised for a predominant genotype (146). Another potential cause of poor 

standardisation of NAT is due to the presence of circulating genomic fragments in the patient’s sample. This 

is particularly problematic in the quantification of CMV and EBV, most commonly tested post solid tissue 

transplantation. (118, 119). The cause of this phenomenon is unknown (118). The consequence is that these 

non-infectious fragments of DNA circulate and, depending on the target region and primers used, these 

fragments may or may not be detectable and therefore measured. This situation potentially impacts the 

ability to standardise test systems, as each test system is potentially detecting different measurands (i.e. 

including or excluding different fragments depending on the target). In 2017, CMV DNA quantification was 

performed by laboratories globally using a mixture of commercial and in-house tests, as evident by results 

reports to multiple proficiency test providers described in the paper presented in Chapter 3. To investigate 

the effectiveness of the international standard in calibrating CMV viral load results of commercial assays, I 

lead a study of three international EQA providers, UKNEQAS (Colindale, UK), Instand (Duesseldorf, 

Germany) and NRL to test the hypothesis that all CMV DNA test systems, testing the same samples, would 

report comparable quantitated results. Although the 1st WHO International Standard for Human 

Cytomegalovirus for Nucleic Acid Amplification Techniques (Code 09/162), was released by NIBSC in 2010, 

only some commercial assays were calibrated against the standard, and other assays allowed the user to 

report in either IU/mL or copies/mL. Test systems that utilised calibrators standardised against the WHO 

international standard could report results in IU/mL, whereas all other tests systems not calibrated against 

the WHO international standard reported in copies/mL. The process that manufacturers of commercial 

assays and laboratories using in-house tests used for establishing the copies/mL is not well defined. Possible 

methods could include the use of commercial standards with results expressed in copies/mL or using 

droplet digital PCR or next generation sequencing. Other non-standardised assays only reported in 

copies/mL. In partnership with the two other EQA providers, the same set of samples were sent to 

participants globally and the results reported in IU/mL and copies/mL from different assays were compared 

(147). The panel was comprised of five samples – three dilutions of CMV culture supernatant (AD169 strain); 

a dilution of a clinical sample obtained from infected amniotic fluid and a sample negative for CMV virus.  

The paper presented in Chapter 3 adds to the understanding of the effectiveness of the WHO international 

standard in standardising CMV viral load assays and determines the relationship between CMV viral load 

assays that express results in IU/mL and copies/mL, indicating the equivalence of the two units of measure. 

However, the study also found that there was no significant difference determined between the results 

from assays reporting in IU/mL, whereas there were significant differences between assays reporting in 

c/mL, highlighting the utility of the international standard in standardising CMV DNA viral load results. 
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A B S T R A C T

Quantification of Cytomegalovirus (CMV) DNA is required for the initiation and monitoring of anti-viral
treatment and the detection of viral resistance. However, due to the lack of standardisation of CMV DNA nucleic
acid tests, it is difficult to set universal thresholds. In 2010, the 1st WHO International Standard for Human
Cytomegalovirus for Nucleic Acid Amplification Techniques was released. Since then CMV DNA viral load assays
have been calibrated using this standard. Three external quality assessment (EQA) providers sent the same five
samples to their participants and analysed the results to determine the equivalence of reporting CMV DNA results
in international units per millilitre (IU/mL), and compared the difference in results reported in IU/mL with those
reported in copies per millilitre (c/mL), and to determine the rate of adoption of IU/mL. About 78% of parti-
cipants continue to report results in c/mL even though six of the 12 commercial assays are calibrated against the
standard. The range of the results reported in IU/mL was less than those reported in c/mL indicating that the
adoption of the WHO standard successfully improved the reporting of the CMV viral load. The variation in
individual sample results reported by different assays, irrespective of whether in IU/mL or c/mL, is still great and
therefore more standardisation of the assays is needed to allow the setting of treatment and monitoring
thresholds. This study can act as a bench mark to determine rate of future adoption if reporting CMV DNA viral
load results in IU/mL.

1. Background

Human cytomegalovirus (CMV) is a double-stranded DNA virus of
the Herpesviridae family (Ramanan and Razonable, 2013; Ross et al.,
2011) causing mild or asymptomatic infection in healthy humans and
becomes latent systemically in the host (Ross et al., 2011). Transmis-
sion occurs through various routes, including person-to-person, verti-
cally from mother to child or through blood or solid organ donation
(Ramanan and Razonable, 2013; Razonable and Hayden, 2013). CMV is
the most common cause of congenital infection (Ross et al., 2011).

CMV can cause serious infection in the immunocompromised
(Ramanan and Razonable, 2013; Razonable and Hayden, 2013; Babady
et al., 2015). To reduce the risk of transmission to the im-
munocompromised, recipient are treated with antiviral drugs. The

success of treatment is determined by testing for CMV DNA viral load
(VL) using nucleic acid tests (NAT) (Ramanan and Razonable, 2013;
Razonable and Hayden, 2013). Accurate CMV DNA VL quantification is
critical in management and the prevention of CMV infection (Kraft
et al., 2012). In 2010 the 1st WHO International Standard for Human
Cytomegalovirus for Nucleic Acid Amplification Techniques (Code 09/
162) (NIBSC, Potters Bar, UK) (Freyer et al., 2010) was released. Whilst
many commercially manufactured assays that measure CMV DNA VL
now report test results in international units per millilitre (IU/mL), the
transition from reporting results in copies per millilitre (c/mL) to IU/
mL has taken a relatively long period of time.

Assessment of the performance of CMV DNA VL testing can be de-
termined through participation in External Quality Assessment (EQA)
schemes (Hayden et al., 2012). One drawback with these schemes is
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that different sample sets are distributed by different scheme providers.
Three of scheme providers, INSTAND Gesellschaft zur Foerderung der
Qualitaetssicherung in medizinischen Laboratorien e.V. (INSTAND e.V.,
Duesseldorf, Germany), UK National External Quality Assurance
Scheme (UK NEQAS) for Microbiology (London, UK) and the National
Serology Reference Laboratory, Australia (NRL, Melbourne, Australia)
collaborated by providing the same set of samples to all participants in

their respective CMV DNA VL schemes, represents the first and largest
global assessment of variation in CMV DNA VL test results reported
internationally.

2. Objectives

To compare results of CMV DNA VL assays reporting in IU/mL and

Table 1
Summary of results, expressed as log10 copies per millilitre (log10 c/mL) and International Units per millilitre (log10 IU/mL), reported by participants testing four samples positive for
human cytomegalovirus DNA, distributed by three external quality assessment (EQA) scheme providers.

Sample EQAS provider Units Count Mean Median SD* Minimum Maximum Range

1 Instand log10 c/mL 54 4.98 4.99 0.40 3.56 6.08 2.52
log10 IU/mL 27 5.07 5.09 0.24 4.34 5.34 1.00

NRL log10 c/mL 9 4.94 4.94 0.42 4.24 5.93 1.68
log10 IU/mL 3 5.07 4.95 0.34 4.73 5.53 0.80

UKNEQAS log10 c/mL 84 5.03 5.00 0.46 2.83 6.53 3.70
log10 IU/mL 11 4.94 4.95 0.20 4.62 5.28 0.67

All Data log10 c/mL 147 5.00 4.99 0.44 2.83 6.53 3.70
log10 IU/mL 41 5.03 5.03 0.24 4.34 5.53 1.19

2 Instand log10 c/mL 53 3.97 3.95 0.42 0.00 5.11 5.11
log10 IU/mL 27 4.14 4.13 0.25 3.44 4.68 1.24

NRL log10 c/mL 9 4.00 4.00 0.39 3.36 4.85 1.48
log10 IU/mL 3 3.95 3.95 0.11 3.82 4.09 0.27

UKNEQAS log10 c/mL 84 4.03 4.07 0.41 2.94 5.28 2.34
log10 IU/mL 12 3.84 3.97 0.51 2.34 4.48 2.13

All Data log10 c/mL 146 4.03 4.01 0.41 2.30 5.28 2.98
log10 IU/mL 42 4.04 4.09 0.37 2.34 4.68 2.34

4 Instand log10 c/mL 54 3.97 3.95 0.40 2.30 4.99 2.69
log10 IU/mL 27 4.10 4.15 0.23 3.55 4.52 0.97

NRL log10 c/mL 9 4.00 3.99 0.44 3.20 4.95 1.76
log10 IU/mL 3 4.00 4.07 0.13 3.82 4.12 0.30

UKNEQAS log10 c/mL 84 4.10 4.05 0.42 2.49 5.41 2.92
log10 IU/mL 12 3.95 3.99 0.36 3.08 4.41 1.34

All Data log10 c/mL 147 4.05 4.03 0.42 2.30 5.41 3.12
log10 IU/mL 42 4.05 4.09 0.28 3.08 4.52 1.44

5 Instand log10 c/mL 54 5.04 5.07 0.49 3.41 6.18 2.76
log10 IU/mL 27 5.15 5.25 0.30 4.00 5.72 1.72

NRL log10 c/mL 9 5.08 5.06 0.40 4.45 6.00 1.55
log10 IU/mL 3 5.46 5.26 0.36 5.16 5.97 0.81

UKNEQAS log10 c/mL 84 5.12 5.12 0.46 3.38 6.46 3.08
log10 IU/mL 11 4.90 4.93 0.37 4.15 5.45 1.30

All Data log10 c/mL 147 5.09 5.11 0.47 3.38 6.46 3.08
log10 IU/mL 41 5.11 5.16 0.36 4.00 5.97 1.97

*SD Standard deviation.

Fig. 1. Accumulated results for quantitative CMV DNA testing for all four
CMV DNA positive samples (n = 147 for each sample) from the partici-
pants of three EQA providers, INSTAND, NRL and UKNEQAS: results of all
applied methods expressed in Log10 copies/ml.
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c/mL to determine equivalence and to assess the rate of adoption of
reporting CMV DNA VL results in IU/mL.

3. Study design

3.1. EQA providers

Three EQA providers participated in the project; INSTAND, NRL and
UKNEQAS. All three organisations are not-for-profit, scientific organi-
sations providing a range of interdisciplinary EQA programmes to
hundreds of laboratories each, with the aim of monitoring the perfor-
mance of the participating laboratories and the assays used. The three
organisations routinely provide CMV VL EQA to participants globally,
with participants ranging across Europe, Asia Pacific and elsewhere.

3.2. Samples

Five samples were provided to the participants of each of the col-
laborating EQA providers. Sample one was a dilution of CMV culture
supernatant (AD169 strain) at a viral load of 5 log10 copies/mL, diluted
in normal human plasma (NHP) negative for CMV DNA and CMV-
specific antibodies. Samples two and four were duplicate ten-fold di-
lutions of sample one (4 log10 copies/mL) also diluted in NHP. Sample
three was NHP tested negative for CMV DNA. Sample five was a dilu-
tion of a clinical sample, obtained from infected amniotic fluid having
an extremely high VL, diluted in negative NHP to a concentration of 5
log10 copies/mL. Post production testing was conducted by UKNEQAS
to determine the accuracy of the sample production prior to distribu-
tion. The collaboration did not use the WHO international standard as
the sample source for several reasons. Primarily, the viral load of the
standard is 5 × 6 log10 IU/mL, therefore many vials would have been

Fig. 2. Accumulated results for quantitative CMV DNA testing for all four
CMV DNA positive samples (n = 42 for each sample) from the participants
of three EQA providers, INSTAND, NRL and UKNEQAS: results of all ap-
plied methods expressed in Log10 IU/ml.

Fig. 3. Selected results for quantitative CMV DNA for all four CMV posi-
tive samples (n = 54 for samples 1, 4 and 5; 53 for sample 2) from the
participants of EQA provider INSTAND: results of all applied methods in
Log10 copies/ml.
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required to prepare all the samples. Also, it is not encouraged to use
WHO standards in this way. The standards are a primary reference
material and researchers are expected to use the standard to calibrate a
secondary standard for use in research.

Sample vials were prepared and lyophilised by UKNQAS prior to
shipping appropriate numbers of panels to the other providers. In ad-
dition all samples were pre-tested by four INSTAND expert laboratories
before distribution of the panels to the participants. Each EQA provider
distributed panels to their participants at ambient temperature. The
participants were given written instructions on how to test the samples
and report the test results and associated information regarding testing
protocols to their EQA provider. The associated information included
the testing system used, detailing extraction, amplification and detec-
tion test processes, the reagent lot numbers and the unit of measure of
the result.

All information was sent to INSTAND for compilation and analysis.

All data were stratified by EQA provider and by unit of measure (e.g c/
mL or IU/mL). The median, mean, standard deviation (SD) and other
summary statistics were estimated for each category. The results ob-
tained from the participants, expressed as c/mL and as IU/mL, were
analysed by plotting distribution and box and whisker graphs for each
positive sample. The test results obtained by each EQA provider were
analysed individually and as combined data sets. For replicate samples
two and four, the results submitted by the participants, expressed as c/
mL or IU/mL, were plotted against each other and identified by test
method (assay). The mean of data stratified by EQA provider and by
assay were compared using the Tukey-Kramer HSD comparison test as
were results reported for duplicate samples 2 and 4 and samples 1 and
5, which had the same target VL but had different sources of CMV.

Fig. 4. Selected results for quantitative CMV DNA for all four CMV posi-
tive samples (n = 27 for all samples) from the participants of EQA pro-
vider INSTAND: results of all applied methods in Log10 IU/ml.

Fig. 5. Selected results for quantitative CMV DNA for all four CMV posi-
tive samples (n = 9 for all samples) from the participants of NRL: results
of all applied methods in Log10 copies/ml.
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4. Results

There were 96 UKNEQAS participants reporting 96 sets of quanti-
tative results; 12 reported results in IU/mL and 84 reported results as c/
mL. INSTAND received results from 91 participants, reporting 81 da-
tasets of quantitative results; 27 as IU/mL and 54 as c/mL; in addition
10 INSTAND participants reported qualitative data only. NRL had 12
participants reporting 12 quantitative data sets; 3 IU/mL and 9 c/mL.
Overall only 22% of the participants reported CMV VL expressed in IU/
mL.

Only two participants reported detecting CMV DNA in the CMV
negative sample 3. One participant, testing with the Abbott Real-time
CMV DNA assay, reported sample 3 having CMV DNA at a concentra-
tion of 1.46 log10 IU/mL and another participant, using the Argene
CMV DNA assay reported detected CMV DNA at a concentration of 2.68
log10 IU/mL.

The results for each of the four positive samples were combined and
further analysed (Table 1). The ratio of the mean of total results re-
ported in different units (i.e. mean IU/mL divided by mean c/mL) for
the four positive samples, irrespective of the assay used or EQA pro-
vider, ranged from 0.9999 to 1.0059; effective demonstrating equiva-
lence. The results reported for each positive sample, as c/mL and IU/
mL, were graphed using a distribution and box and whisker graphs
(Figs. 1–8).

Sample 1 had a target concentration of 5 log10 c/mL. The mean and
median of 147 participants test results reported for sample 1 was 5.00
and 4.99 log10 c/mL respectively. The range of results reported in c/mL
was 3.7 log10 c/mL. This was compared with the results for sample 1
obtained from the 41 participants reporting in IU/mL, having both a
mean and median of 5.03 log10 IU/mL with a smaller range of 1.19
log10 IU/mL.

Samples 2 and 4 were duplicate samples, made using a 10-fold

Fig. 6. Selected results for quantitative CMV DNA for all four CMV posi-
tive samples (n = 3 for all samples) from the participants of NRL: results
of all applied methods in Log10 IU/ml.

Fig. 7. Selected results for quantitative CMV DNA for all four CMV posi-
tive samples (n = 84 for all samples) from the participants of UKNEQAS:
results of all applied methods in Log10 copies/ml.
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dilution of sample 1, having a target VL of 4 log10 c/mL. The mean of
results reported in c/mL for sample 2 (n = 146) and sample 4
(n = 147) was 4.03 and 4.05 log10 c/mL respectively. The mean of
results reported in IU/mL for the same samples (n = 42 for both sam-
ples) was 4.04 and 4.05 respectively. Using Tukey-Kramer HSD com-
parison test, there was no significant difference is test results reported
in c/mL or IU/mL for sample 2 compared with sample 4 (p = 0.98,
p = 0.99 respectively) indicating excellent reproducibility of assays.

Sample 5 was included as a clinical sample known to contain high
levels of CMV DNA, in part to determine if the quantification of a
clinical strain differs from that of derived laboratory-adapted strain.
The mean of all results for sample 5 reported in c/mL (n = 147) was
5.09 log10 c/mL with the results ranging from 3.38 to 6.46 log10 c/mL.
The mean of results reported as IU/mL (n = 42) was 5.11 log10 IU/mL
with a range from 4.00 to 5.97 log10 IU/mL. There was no significant
difference in test results reported in c/mL or IU/mL for samples 1 or 5

Fig. 8. Selected results for quantitative CMV DNA for all four CMV posi-
tive samples (n = 11 for samples 1 and 4, 12 for samples 2 and 5) from the
participants of UKNEQAS: results of all applied methods in Log10 IU/ml.

Table 2
Summary of the quantitative results of testing four samples positive for human cytomegalovirus DNA on different commercial and in-house assays.

Assay Number of results Average [SD*] of result (log10 copies/mL)

Sample 1 Sample 2 Sample 4 Sample 5

In house assays 42 5.1 [0.6] 4.1 [0.5] 4.1 [0.5] 5.1 [0.6]
artus CMV RG PCR Kit 36 4.9 [0.3] 4.0 [0.4] 4.0 [0.4] 5.0 [0.4]
COBAS AmpliPrep/COBAS TaqMan CMV Test 16 4.8 [0.3] 3.8 [0.2] 3.9 [0.2] 4.8 [0.3]
Nanogen AD: R-T Alert 13 5.1 [0.3] 4.2 [0.3 4.2 [0.3] 5.2 [0.3]
ARGENE real-time CMV DNA PCR 11 5.5 [0.2] 4.5 [0.4] 4.5 [0.3] 5.6 [0.3]
Other manufacturer 7 4.9 3.8 3.8 5.0
Abbott RealTime CMV 6 4.9 3.9 4.0 5.1
ELITech CMV ELITe MGB® Kit 5 5.1 4.1 3.9 5.1
Priv. Inst. Immunol. Molekulargen. Amplignost CMV 5 4.7 3.9 3.8 4.9
GeneProof Cytomegalovirus (CMV) PCR Kit 2 4.6 3.6 4.2 4.2
RealStar® CMV PCR 1 5.1 3.9 4.0 5.3
Focus Diagnostics Simplexa CMV Kit 1 4.4 3.5 3.6 4.5
Mikrogen CMV DNA Real Time PCR 1 5.1 4.3 4.1 5.2
Roche LightCycler CMV Quant kit 1 5.6 4.6 4.7 5.8
Combined results 147 5.0 4.0 4.0 5.1

Assay Number of results Average [SD*] of result (log10 IU/mL)

Sample 1 Sample 2 Sample 4 Sample 5

RealStar CMV PCR 17 5.1 [0.3] 4.2 [0.3] 4.2 [0.2] 5.2[0.3]
In house assays 11 5.0 [0.2] 4.1 [0.2] 4.1 [0.2] 5.1 [0.3]
COBAS AmpliPrep/COBAS TaqMan CMV Test 4 4.8 3.8 3.8 5.0
Abbott RealTime CMV 3 5.1 4.1 4.1 5.3
ARGENE® real-time CMV DNA PCR 2 4.8 3.2 3.5 4.6
Other manufacturer 2 5.0 4.0 4.1 5.2
artus CMV RG PCR Kit 2 5.1 4.3 4.0 5.1
Focus Diagnostics Simplexa CMV Kit 1 5.5 4.1 4.1 5.2
Combined results 42 5.0 4.0 4.0 5.1

*SD Standard deviation (datasets greater than 10).
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using Tukey-Kramer HSD comparison test (p = 0.34, p = 0.67 respec-
tively).

A total of 12 different commercial assays were used by the partici-
pants; the results for the four positive samples summarised in Table 2.
Some participants reported using in-house assays or did not specify the
manufacturer of the assay used. All commercial assays reported the
results in c/mL and six of the 12 assays also reported in IU/mL. Of note,
the greatest number of results expressed in c/mL was obtained from
participants testing on the Qiagen ARTUS CMV DNA assay (n = 36;
24.5%), whereas only two of the 42 (4.8%) participants reporting in IU/
mL used the Qiagen assay. A total of 42 participants reporting in c/mL
(28.6%) and 11 of 42 participants reporting in IU/mL (26.2%) used an
in-house assay. The Altona Realstar CMV DNA assay was the most
frequently used assay where participants reported in IU/mL. Using the
Tukey-Kramer HSD comparison test, a significant difference in test re-
sults reported in c/mL for the ARGENE® real-time CMV DNA PCR
compared with those reported by the GeneProof Cytomegalovirus
(CMV) PCR Kit (p = 0.027), AmpliGnost CMV PCR Kit (Priv. Inst. fuer
Immunologie und Molekulargenetik, Karlsruhe, Germany) (p = 0.011),
QIAGEN artus® CMV RG PCR Kit (p = 0.0002), COBAS® AmpliPrep/
COBAS TaqMan® CMV Test (p ≦ 0.0001), in-house (p = 0.01) and non-
specified assays (p = 0.003). Notably, no difference was found in the
test results by different assays when results were reported in IU/mL.

Youden plots were graphed comparing the mean result of duplicate
samples 2 and 4 when results were reported in c/mL (Fig. 9) and IU/mL
(Fig. 10). A square, representing 0.80 log10 c/mL of the median of all
results reported in c/mL for these two samples was overlayed on the
Youden plot. Of the 146 participants, reporting results in c/mL for both
samples, 16 (11,0%), obtained from seven different assays, reported
results outside the square. In contrast, only one of the 42 participants
reporting results in IU/mL reported a result outside the 0.8 log10 IU/mL
square.

No significant difference between results reported in c/mL or IU/mL
by each EQA provider participant was found using Tukey-Kramer HSD
comparison test.

5. Conclusion

CMV DNA quantification is to guide the initiation and monitoring of
anti-viral therapy and to indicate the risk of clinical relapse or the
emergence of viral drug resistance (Babady et al., 2015; Kraft et al.,
2012; Hayden et al., 2012). To use CMV VL testing for these purposes,
universal VL thresh-holds need to be established and accurately defined
and the assays used need to be standardised (Razonable and Hayden,
2013; Razonable et al., 2013). Several authors reported a lack of
standardisation of CMV DNA VL test results prior to 2010 (Razonable
and Hayden, 2013; Hayden et al., 2012; Pang et al., 2009). Therefore
clinicians had resorted to laboratory-specific treatment and monitoring
thresholds (Pang et al., 2009). The introduction of a WHO international
standard for CMV DNA was expected to aid in the standardisation of
assays (Kraft et al., 2012). Five years after the release of the WHO
standard, three EQA providers distributed the same five samples to
their participants and analysed the results to determine the rate of
adoption of IU/mL and compare the results reported in c/mL and IU/
mL.

The introduction of an international standard has resulted in the
standardisation of test results reported by different manufacturers of
HCV RNA, HBV DNA and other viral load assays (Hayden et al., 2012;
Fryer and Minor, 2009; Hayden et al., 2008). The 1 st WHO Interna-
tional Standard for Human Cytomegalovirus for Nucleic Acid Amplifi-
cation Techniques (Code 09/162), released in 2010 was developed
using the Human CMV Merlin strain and has concentration of
5,000,000 IU/vial (Freyer et al., 2010). The mean potency estimate for
the candidate standard in the original study was 5 × 106 (6.7 log10) c/

Fig. 9. Results for the duplicate CMV DNA positive samples 2 and 4 (n = 146) expressed in Log10 copies/ml summarized using a Youden plot. The results of sample 2 are in the X axis and
the results of sample 4 on the Y axis. The methods used to produce the result. s are coded using colors and symbols.

W. Dimech et al. Journal of Virological Methods 252 (2018) 15–23

53



mL. Therefore, it is expected that the results reported in IU/mL and c/
mL should be equivalent.

Many factors potentially contribute to a lack of standardisation of
NATs. Each assay may differ in position, length and number of targets
sites, the probes and chemistries used, the extraction methods and its
efficiencies, and sample types and volumes (Kraft et al., 2012; Hayden
et al., 2012). CMV nucleic acid is usually freely circulating and highly
fragmented (Preiksaitis et al., 2016). Therefore, assays that target large
amplicons may not efficiently detect smaller fragments. Also the com-
mutability of the WHO standard compared with patient samples differs
from assay to assay (Hayden et al., 2015). This may be due to the fact
that the WHO standard is cell culture derived whole virus, rather than
fragmented circulating free DNA (Preiksaitis et al., 2016). To determine
if there was a detectable difference in the results reported for cell-cul-
ture derived and clinical samples, CMV from amniotic fluid was used in
sample 5. However, no assessment of the amount of viral fragmentation
was assessed. It is possible that little or no fragmentation is found in this
sample type. Providers of EQA should consider viral fragmentation in
the selection of samples for CMV viral load programmes.

Prior to the introduction of the WHO standard, a multi-centre study
compare the results of different CMV DNA VL assays. The mean of test
results from different assays testing the same sample were similar but
the range of results was large, sometimes up to 4.3 log10 c/mL (Pang
et al., 2009). A study comparing the results of dilutions of the WHO
international standard reported a range of variance was 0.69–1.35 IU/
mL; mean difference being 0.94 IU/mL (Preiksaitis et al., 2016). The
greatest variation was found in samples with lower VL (Pang et al.,
2009; Hirsch et al., 2013). In the current study, the variation in results
reported in c/mL was greater than those reported in IU/mL. For du-
plicate samples 2 and 4 (4 log10 c/mL), the range of test results reported
in c/mL and IU/mL were 2.98 and 3.12 c/mL and the 2.34 and 1.44 IU/

mL respectively. For samples 1 and 5 (5 log10 c/mL), the ranges were
3.70 and 3.08 c/mL and 1.19 and 1.97 IU/mL respectively. The Youden
plots had fewer results fell outside the 0.8 log10 IU/mL square, in-
dicating greater standardisation when reporting in IU/mL. Comparing
the results for each individual sample tested on each assay, no sig-
nificant difference was determined between the results reported in IU/
mL, whereas there were differences between assays reporting in c/mL.
This may be in part due to a greater number of participants reporting in
c/mL, and therefore a greater possibility of laboratory to laboratory
variation. Although the variation in results reported in IU/mL was less
than those reported in c/mL, the range was still unacceptably large.

Notably, the mean of the results reported by each individual assay,
and the mean of the combined results, were very close to the target VL
(Table 2). The mean of the combined results for all four samples were
within one decimal place of the target result, whether reported in c/mL
or IU/mL. Generally, the ARGENE® real-time CMV DNA PCR and the
Roche LightCycler CMV Quant kits overestimated and the GeneProof
Cytomegalovirus (CMV) PCR Kit and Focus Diagnostics Simplexa™ CMV
Kits underestimated the viral loads when reporting in c/mL.

There was little difference in the results expressed in c/mL and IU/
mL, the units being effectively equivalent in the current study. This
differs somewhat from a previous report that found the conversion
factor was 1.16 when the WHO standard was diluted in PBS and tested
on the Abbott RealTime CMV DNA assay. The manufacture of that assay
recommends a conversion factor of 1.56 copies/IU. The Roche COBAS
AmpliPrep/COBAS TaqMan CMV test package insert recommends
conversion factors of 1.1 copies/IU for that assay. However, for the
samples included in the current study, the mean of the results, from all
assays, reported in c/mL were equivalent to the mean of results re-
ported in IU/mL.

The introduction of the WHO international standard for CMV DNA

Fig. 10. Results for the duplicate CMV DNA positive samples 2 and 4 (n = 42) expressed in Log10 IU/ml summarized using a Youden plot. The results of sample 2 are in the X axis and the
results of sample 4 on the Y axis. The methods used to produce the results are coded using colors and symbols.
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is expected to reduce the variation in test results obtained from dif-
ferent assays. Our data demonstrates that not all participating labora-
tories using commercial assays report results in IU/mL even when the
assay is calibrated against the WHO standard. The majority of partici-
pants reported results in c/mL, even though the variation in results
reported a c/mL is greater. The results reported in this study demon-
strates that variation in tests quantifying CMV DNA is still a limitation
in setting thresholds for implementation and monitoring of anti-viral
therapy.
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Chapter Three - Conclusion 

The mean of the results obtained from all assays that reported in copies/mL were equivalent to the mean 

of results reported in IU/mL, indicating equivalency of the units. The study concluded “Our data 

demonstrates that not all participating laboratories using commercial assays report results in IU/mL even 

when the assay is calibrated against the WHO standard. The majority of participants reported results in 

c/mL, even though the variation in results reported a c/mL is greater”. Although CMV viral load testing is 

affected by circulating DNA fragments, this study demonstrated that quantitative results reported between 

test system were comparable, irrespective whether they reported in IU/mL or copies/mL. 

Quantitative molecular assays experience many different sources of variation both within and between test 

systems. They are designed to detect different targets, have different chemistries, method of nucleic acid 

extraction and amplification efficiencies. Both the extraction and amplification efficiencies of the methods 

used can influence the amount of target nucleic acid as well as “differences in primer/probe sequences, 

alternate DNA/RNA extraction methodologies, PCR instrumentation, the source of calibrators that facilitate 

quantification, and even the fragmentation of circulating nucleic acid for a particular pathogen and 

specimen type” (148).  For CMV and other viruses, circulation of fragmented DNA is another separate source 

of variation (149). Without a point of reference, the results from each assay are less likely to be comparable, 

as indicated by this study. The use of an international standard provides that point of reference for the 

manufacturers to optimise their assays.  

This study highlighted a reluctance of some manufacturers to calibrate their assays using the international 

standard, and of some laboratories to report in IU/mL even when the assay being used was calibrated. The 

study found that results reported in IU/mL from difference assays did not have statistically significant 

differences whereas those reporting in copies/mL were statistically significant, indicating that the use of 

the standard was effective harmonising viral load results across assays. However, the results between 

assays reporting in IU/mL were still too wide to allow assay-to-assay result comparisons for clinical use (150, 

151). Several studies highlighted a difference in the reporting of results of CMV DNA viral load leading to 

different quantitative results or clinical outcomes (152, 153). However, others suggest that the progress 

towards standardisation of CMV viral load has enables clinicians to utilise the quantitative results to 

establish thresholds for patient management if the results are expressed in IU/mL and the commutability 

of results are established  (149). 

Errata: Results of Cytomegalovirus DNA Viral Loads Expressed in Copies per Millilitre and International Units 

per Millilitre are Equivalent. 

• Legend for Figure 9 should read: “The methods used to produce the results are coded using colors 
and symbols.”

• Last sentence of page 53 should read “The mean potency estimate for the candidate standard in 
the original study was 5× 106 (6.7 log10) c/mL”
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Chapter Four: Quality control of infectious 

disease testing 
NRL has provided a QC program for infectious disease testing for decades. In 2001, the first internet-based 

QC monitoring software globally (EDCNet™ - www.nrlquality.org.au/qconnect) was developed and 

deployed (122). It was re-written in 2014 by Ashvins Group (Miami, Fl.). As senior scientist and project 

manager, I contributed significantly to the design specifications of both the original and subsequent release 

of the software, project managed the software development and coordinated the validation of the system. 

Briefly, this peer-comparison software allows for the data entry of QC results (both from manufacturer-

provided kit controls and third-party external controls) and associated metadata from participating 

laboratories into a single database. QC results from laboratories testing the same QC sample on the same 

assay (peer group) can be compared using a range of graphical and tabular reports. Metadata, such as 

instrument identification, operator details, reagent and QC lot numbers, are associated with each QC result 

as line-listed data, allowing the results to be analysed, reviewed and/or filtered, based on the user’s specific 

selections (122, 124). Unlike other internet-based QC monitoring systems that were subsequently released 

by other providers, EDCNet™ is designed predominantly for infectious disease serology and NAT (122, 154). 

It is now used globally and has been instrumental in the detection of several, significant adverse IVD 

performance issues (123, 134). Data have also been used to determine the uncertainty of measurement of 

serology assays, a requirement for ISO 15189 accredited laboratories (155).  

From reviewing QC data submitted into EDCNet™, it became obvious the results of QC testing for infectious 

diseases did not follow the rules universally applied to clinical chemistry, including the Westgard rules (48-

50) described in detail in Chapter 1. Indeed, this situation was found to cause difficulty for infectious disease

testing laboratories trying to comply with traditional QC guidelines (51-53, 127, 156). Therefore, with the

support of colleagues and a biostatistician, I developed and published an alternative to Westgard rules

(125). Using data accumulated by the NRL QC program, I led the development of a novel method to establish

QC acceptance criteria, called QConnect™. QConnect™ uses historical QC data to determine acceptance

limits for QC testing for infectious diseases and is based on several principles. QC samples using the

QConnect™ principles are optimised for each assay. As highlighted in the Chapter 1, an infectious disease

serology measurand is assay specific. Therefore, a patient or QC sample will elicit differing quantitative test

results when tested on different assays. To develop a QConnect™ QC sample, a series of dilutions of a stock

material containing the analyte to be monitored is tested on each assay to obtain low-level reactivity on

the linear part of each assay’s dose response curve, where the variation inherent in the test system will be

greatest. QCs that are too high or too low will be on the plateau of the dose response curve and not be

sensitive to change. Once the dilution is selected, each new lot of the assay-specific QC sample is

manufactured using the same stock material at the same concentration. In this way, the same low-level

reactivity is obtained from each lot of QC sample, allowing for continuous monitoring of the assay’s

performance over time. The QC results are entered into EDCNet™ by participating laboratories (122, 124).

Using these historical data, a method for establishing acceptance limits, calculated for each QC/assay

combination, based on many thousands of data points (rather than 20 to 30 data point used by traditional

QC methods) was developed (125) and the publication presented in Chapter 4 of this thesis. Any results

outside these QConnect™ limits are unexpected and should trigger a root cause investigation. The

introduction of QConnect™ represents the first alternative to traditional approaches to establishing

acceptance criteria for QC test results from both serology and NAT infectious disease testing.
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The traditional QC approaches are supported by professional body guidelines (51-54, 127) and, as such, 

laboratory technical auditors expect them to be used. To assess the respective utility of different 

approaches to establishing QC acceptance limits, I led a study which reviewed the number of QC rejection 

when 103 QC data sets were subjected to different QC methods, including QConnect™, Westgard rules and 

the German RiliBÄK rules (157). The data used were collected from clinical or blood screening laboratories 

that participated in the NRL QConnect™ program and entered data into EDCNet™ for the calendar year of 

2015. In total, 21,510 QC test results, tested in five different countries, from 14 different assays testing for 

six different analytes commonly used in infectious disease serology testing laboratories were analysed. All 

results were indicated as being “valid” by the contributing laboratory. A “valid” result was a result of a 

QConnect™ sample tested in an assay meeting the manufacturer’s release criteria. Therefore, the numbers 

of failures were expected to be low. Where there were more than 10 laboratories using the same test and 

QC combination, ten datasets used were randomly selected for analysis. Analysis of results for all analytes, 

submitted by all laboratories, indicated that the Westgard and RiliBÄK rules reported numerous 

“rejections”, with many of the 103 data sets having more than 20% of QC results failing the respective rules. 

It was concluded that these QC rules were not fit for purpose for the assays being monitored. The 

consequence of laboratories using these rules would be unnecessary investigations into “valid” QC results. 

In contrast, QConnect™ limits reported only two of the 103 datasets as having more than 20% rejections. 

Of these two datasets, both demonstrated obvious unacceptable variation on review. These examples are 

described in detail on the paper presented in Chapter 4. 

This study is important as it utilises real QC data obtained from multiple laboratories testing multiple 

analytes. Therefore, it compares the QC methodologies using “real-world” data, rather than theoretical 

assumptions commonly employed in QC discussions. QConnect™, was found to be the most appropriate 

method of establishing QC acceptance limits for serology testing. The use of historical QC data to set limits 

accounted for the lot-to-lot variation that is inherent in serology testing. This variation is ignored by 

Westgard and RiliBÄK rules, accounting for the unacceptable level of “false rejections”. The study validated 

the approach designed and implemented at NRL, under my guidance. QConnect™ is the first, and currently 

the only, published, validated QC method fit-for-purpose for serology testing. 
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Abstract

Background: An effective quality control (QC) program 
requires the establishment of control limits within which 
the results of the QC sample is expected to fall. Tradition-
ally, the mean plus/minus two standard deviations cal-
culated for a set of QC sample results is used to establish 
control limits. Allowable total error (TEa) and Westgard 
rules aid in interpreting QC sample results. Westgard rules 
assume QC sample results are normally distributed and 
TEa assumes commutability between the QC sample and 
patient results. None of these paradigms apply to infec-
tious disease testing.
Methods: Results from the NRL’s QC program were 
extracted and sorted into assay/QC lot number-specific 
data. Control limits for selected QC samples used to 
monitor 64 commonly used serological assays were calcu-
lated and validated using the within- and between-QC lot 
variance of data from each of the assay/QC combinations.
Results: No assay/QC combination had more than 10% 
of results less than the lower control limit or greater than 
the upper control limit. Of the 423 assay/QC lot combina-
tions, 14 (3.3%) had more than 5% of results less than the 
lower limit and 48 (11.3%) had more than 5% of results 
greater than the upper limit calculated for that assay/QC 
combination.
Conclusions: The control limits, established by this novel 
method, are based on more than a decade of QC test results 
from  > 300 laboratories from 30 countries and provides 
users of the NRL QC program evidence-based control lim-
its that can be applied in isolation or in conjunction with 
more traditional methods for establishing control limits.

Keywords: control limits; infectious diseases; QConnect; 
quality control; serology.

Introduction
In infectious disease serology, the use of a quality control 
(QC) sample, independent of the assay manufacturer’s 
kit controls is a requirement in some jurisdictions [1–3] 
and highly recommended by others [4–6]. Standards and 
guidance documents direct laboratory staff to develop 
and maintain a system of monitoring the results of the QC 
samples [1, 4–10]. In this way, unexpected shifts or trends 
can be detected and corrective action taken. A critical 
aspect of control charts is the establishment of lower and 
upper control limits. QC results outside these limits may 
indicate unexpected variation in the testing system and 
trigger a review of test processes.

Variation in QC test results arise from several common 
sources: changes in assay production, especially the intro-
duction of new assay master lot components, differences 
in transport and storage of reagents and consumables, 
instrumentation, divergent operator processes and envi-
ronmental conditions. The monitoring of results of QC 
testing over time is sensitive to these changes. Using a 
Levey-Jennings chart will monitor variation within an 
individual laboratory and give a graphical representation 
of the imprecision of the test.

The establishment of control limits in laboratory med-
icine has traditionally relied on calculating the mean of 
a set of QC test results and applying a range determined 
as the mean  ± x standard deviations (SD) of the same QC 
test results, where x is usually equal to two or three [4, 5, 
7, 8, 11, 12]. A consensus agreement of experts suggested 
quality specifications of a laboratory test system should 
be determined using a hierarchy of criteria starting with 
an evaluation of the effect of the analytical performance 
of the test system on clinical outcomes in specific clini-
cal settings, professional recommendations or goals set by 
regulatory bodies or external quality assessment schemes 
[13–15].
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If the effect of the change in QC test results is assumed 
to measure change in the analytical performance of a test 
system, there must similarly be an assumption that the 
patient test results are affected proportionally to those 
of the QC sample due to that change, i.e., commutability. 
That is, if the QC test results decrease unexpectedly, the 
results of the patient population tested in the same condi-
tions as the QC sample would be expected to decrease in a 
proportional manner [14, 16–19]. Although this may occur 
in clinical chemistry, there is evidence that it is not uni-
versal [20] and, to our knowledge, there are no systematic 
evaluations of this phenomenon for infectious disease 
serology except that reported by Dimech et al. [21].

Our institution, NRL (Melbourne Australia) has con-
ducted an international QC program (www.nrl.gov.au/
qconnect) for laboratories performing infectious disease 
serology for over a decade [22]. QConnect QC samples 
(previously known as PeliSpy) are selected to give low-
level reactivity on specific assays [21, 22]. Each lot of 
QC is manufactured using the same stock material at 
the same concentration, thereby minimising the lot-to-
lot variation. Laboratories testing the QC sample enter 
results and associated information into an internet-
based program (EDCNet; NRL, Melbourne, Australia). 
Results are monitored through a range of tabular and 
graphical reports and QC test results for laboratories 
testing the same assay and QC combination (peer group) 
can be compared [23]. In this way, NRL has collected 
thousands of QC sample results from different lots of QC 
for each peer group.

Establishing QC control limits for serological assays 
is problematic. When a traditional mean  ± x SD is used 
to establish the control limits for the QC samples used to 
monitor serological assays, large shifts in reactivity, often 
seen with the introduction of a new assay lot number, 
can cause all subsequent QC test results to fail QC rules, 
even though the assay kit control results are valid as per 
the manufacturer’s instructions for use [12, 24]. Unlike 
clinical chemistry, it is not possible to correct the bias 
introduced by the change in reagent lot numbers using 
a calibrator referenced to an international standard. The 
QC officer is required to recalculate the control limits, or 
use the manufacturer’s instructions alone to validate the 
test run.

An alternative method of setting control limits for 
specific assay/QC combinations has been developed. This 
manuscript describes an improved approach to establish-
ing control limits that uses all QC test results for each 
peer group, and incorporates the variance in QC test 
results arising from within and between each QC lot. The 
method uses weighting to account for different numbers 

of test results obtained for different QC lots. As the method 
incorporates 10 years of QC test result data, it included all 
expected sources of variation in the test system includ-
ing variation derived from multiple changes in assay lot 
numbers, and from many instruments, operators and 
environmental conditions.

The aim of the study was to develop lower and upper 
control limits for assay/QC combinations based on data 
collected over a period of time  > 10 years.

Materials and methods

QC samples

QC samples for a range of analytes were developed and manufac-
tured by AcroMetrix, a part of Thermo Fisher (Benicia, CA, USA) 
under ISO 13485 conditions [25]. Generally, the QC samples were 
manufactured by diluting a stock material, having a high concentra-
tion of the required analyte, in a base matrix of normal human, defi-
brinated, delipidated, plasma. Large numbers of aliquots of the stock 
material were stored in liquid nitrogen prior to use so that the same 
stock material could be used over many QC production lots. Different 
concentrations of the stock material were used to achieve low-level 
reactivity, usually 2–3 times the assay manufacturer’s cut-off value 
in different assays. QC samples used to monitor serological assays 
testing for blood-borne viruses (HBsAg and anti-HIV, -HCV, -HBc and 
-HTLV) were manufactured as multimarker samples, i.e., a single
QC sample with optimised reactivity for multiple analytes. Other QC
samples, such as those for anti-rubella IgG, syphilis and HIV-1 p24
Ag, were manufactured as single analyte QC samples. Where rel-
evant, the QC sample was calibrated against the WHO International
Standard (NIBSC, Potters Bar, UK) using an ISO 17511 traceability
claim [26]. The QC sample could therefore be used as a secondary
standard [27].

Participating laboratories

More than 300 laboratories from 30 countries have participated in 
the NRL QC program since January 2001.

Data collection

Participants in the NRL QC program tested the QC samples periodi-
cally, usually daily, and entered the results into EDCNet. All QC test 
results were extracted into MS Excel in January 2013. The QC sample 
results were sorted into assay/QC sample lot number-specific data 
(assay/QC lot) sets which were combined to form assay/QC sample-
specific data sets (assay/QC). For example, multiple lots of the QC 
sample QConnect Blue were tested on the Abbott Architect anti-HCV 
assay. When these data are analysed for individual QC lots (not com-
bined) they are referred to as ‘assay/QC lot’ data. When combined 
these assay/QC lot data are referred to as assay/QC data.
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Data removal

Data from some assay/QC lot combinations were removed from 
analysis because the manufacture of these lots did not comply with 
standard procedure. In addition, assay/QC lot data sets that had 
fewer than 10 results and assay/QC combinations with a single QC lot 
were excluded from the calculations.

Data analysis

For each assay/QC lot data set the number of replicates, mean and 
SD were calculated. An analysis of variance (ANOVA) was used to 
estimate the within- and between-lot variance components. The total 
variance was calculated as the sum of the within- and between-lot 
variances and the total SD (SDqc) was estimated as the square root 
of the total variance. The overall mean qc( )x  for the assay/QC data 
set was calculated as the weighted average of the within-lot averages 
(with weights being dependent upon the within-lot replicate counts). 
The lower assay/QC limit was qc qc2SDx −  and the upper assay/QC-
specific limit was qc qc2SD .x +

The overall mean was a weighted average of the prior mean (the 
mean of all previously tested lots) and the mean of the data with the 
new lot. The weight for the prior mean is 1 over the lot-to-lot variance, 
so if the lot-to-lot variance is large, the prior mean will get relatively 
little weight whereas if prior lots were very consistent (small varia-
tion), it will take more new data to overpower the historical results. 
The weight given to the new data increases as n increases (n = number 
of observations with new lot) and depended on the within-lot vari-
ability of that lot of QC.

Control limit validation

The calculation of each assay/QC control limit was based on results 
obtained from multiple lots of QC. It was possible that the calculated 
control limits would not be appropriate for some lots of QC sam-
ples, especially if lot-to-lot variation of QC samples was too great. 
Therefore the limits were validated by applying them to the results 
obtained for each individual assay/QC lot dataset to determine the 
number and percentage of individual QC sample results that would 
have fallen outside these limits. Assay/QC lot data sets that had more 
than 10% of results outside the control limits were noted. The total 
number of QC sample results falling outside the control limits for 
any assay/QC combination, irrespective of the QC lot was expected 
to be  < 5%.

Results
There were a total of 255 assay/multimarker QC lot com-
binations included in the study. A total of 11 lots of mul-
timarker QC (4.3%) were excluded from analysis for one 
or more analytes. One lot of QC was excluded for three 
analytes; anti-HIV, -HCV and HBsAg. A second lot was 
excluded for two analytes; anti-HIV and HBsAg. Seven lots 

were excluded for HBsAg only and two lots excluded for 
anti-HIV only. The exclusion of QC lots for HBsAg testing 
was due to the QC samples having unacceptable levels of 
anti-HBs in the base matrix resulting in low reactivity in 
most HBsAg assays. Other QC lots were excluded due to 
unexplained high reactivity in some assays for anti-HIV 
and anti-HCV, probably due to deviations in manufactur-
ing processes, a change in the components of the assays, 
or due to results being entered into EDCNet under the 
incorrect assay. No lot of a single analyte QC sample was 
excluded.

Control limits were established for four single analyte 
and four multi marker QC samples, each used for multiple 
assays (Table 1). Control limits for a total of 64 commonly 
used serological assays were established. The number of 
QC lots used to establish the control limits ranged from 
2 to 22. The number of QC test results for any assay/QC 
combination ranged from 83 for the QConnect Syphilis QC 
tested on the Siemens ADVIA Centaur Syphilis ChLIA to 
112,241 for the QConnect Yellow QC tested on the Abbott 
PRISM HCV ChLIA.

The control limits for each assay/QC combination were 
determined (Table 1). In general, the difference between 
the lower and upper control limits was  < 5 units for each 
assay/QC combination and the lower control limit was 
close to the assay’s cut-off in most cases. Some excep-
tions were noted. Results for the QC sample tested on the 
Roche Elecsys  Anti-HCV ECLIA were high, with QC limits 
determined as 235–400 CIO. QConnect Green tested in the 
Bio-Rad Genscreen HIV-1/2 Version 2 EIA had QC limits 
determined as 0.7–10.4 signal to cut-off ratio (S/Co). QCon-
nect anti-HBs and QConnect RubG were calibrated against 
the relevant WHO international standard at a concentration 
of 10 mIU/mL and IU/mL, respectively, the cut-off value for 
most of these assays. Different assays produced a range of 
results for these two QC samples. The QC limits determined 
for QConnect Syphilis tested in the Sekisui Mediace TPLA 
were 27.9–47.7 S/Co. Of the 64 assay/QC combinations, 
more than 5% of results were less than the lower QC limit 
in two instances and more than 5% of results greater than 
the upper QC limit in nine instances. None of the 64 assay/
QC combinations had more than 10% of results less than 
the lower limit or greater than the upper limit.

To validate the control limits that were calculated 
using the results for all QC lot numbers combined, the 
control limits were applied to the results reported for each 
QC lot number individually. For example, the control limits 
of S/Co 2.0–3.0 for the Abbott Architect anti-HCV CMIA/
QConnect Blue assay/QC combination were determined 
using approximately 86,000 QC test results from 11 QC lots. 
When these QC limits were applied to the results obtained 
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Table 1 The number of QC lots and QC sample test results used to determine the lower and upper control limits for each assay/quality 
control combination.

QC sample Assay No. QC 
lots

  Calculated 
control limits

  Unit No. QC 
results

QConnect Red Abbott AxSYM HBsAg Version 2 MEIA 14  1.7–3.0  S/Co 36,187
Abbott AxSYM HCV Version 3.0 MEIA 16  2.1–3.8  S/Co 46,871
Abbott AxSYM HIV Ag/Ab Combo MEIA 14  2.4–5.1  S/Co 32,308
bioMerieux VIDAS HBsAg ELFA 6  0.3–1.0  TV 628
bioMerieux VIDAS HBsAg Ultra ELFA 2  0.2–0.6  TV 423
Bio-Rad Access HIV 1/2 New ChLIA 5  3.5–8.2  S/Co 295
Ortho Vitros Anti-HCV Assay 14  1.5–4.1  S/Co 39,706
Ortho Vitros Anti-HIV 1+2 Assay 14  0.9–2.9  S/Co 36,472
Ortho Vitros HBsAg Assay 13  1.8–5.1  S/Co 27,922
Roche Elecsys HBsAg ECLIA 8  3.0–7.4  COI 5682
Roche Elecsys HBsAg II ECLIA 5  2.8–8.0  COI 1967

QConnect Yellow Abbott PRISM HBsAg ChLIA 16  1.7–2.9  S/Co 80,159
Abbott PRISM HBcore ChLIA 9  0.1–0.3  S/Co 11,864
Abbott PRISM HCV ChLIA 22  2.0–4.5  S/Co 112,241
Abbott PRISM HIV O Plus ChLIA 22  1.3–4.2  S/Co 108,757
Abbott PRISM HTLV-I/HTLV-II ChLIA 10  1.3–3.8  S/Co 44,064
Abbott ARCHITECT Anti-HBc II CMIA 3  6.0–8.7  S/Co 698
Abbott ARCHITECT rHTLV-I/II CMIA 6  1.8–4.2  S/Co 8637
bioMerieux VIDAS Anti-HBc Total II ELFA 3  0.2–0.3  TV 246
DiaSorin Murex HTLV I+II EIA 6  1.9–5.0  S/Co 3307

QConnect Blue Abbott ARCHITECT Anti-HCV CMIA 11  2.0–3.0  S/Co 85,960
Abbott ARCHITECT HBsAg CMIA 8  0.1–0.3  S/Co 39,719
Abbott ARCHITECT HBsAg Qualitative CMIA 4  1.7–4.7  S/Co 31,333
Abbott ARCHITECT HIV Ag/Ab Combo CMIA 13  2.0–5.1  S/Co 108,931
Roche Elecsys Anti-HCV ECLIA 5  235–400  COI 6539
Roche Elecsys HIV Combi ECLIA 4  2.3–4.6  COI 6122
Siemens ADVIA Centaur HBsAg ChLIA 7  3.0–6.2  IV 11,205
Siemens ADVIA Centaur HBsAgII ChLIA 2  2.2–5.6  IV 1366
Siemens ADVIA Centaur HCV Assay 8  2.2–4.7  IV 13,080
Siemens ADVIA Centaur HIV1/O/2 Enhanced (EHIV) Assay  6  1.0–2.3  IV 6874
Siemens ADVIA Centaur HIV Ag/Ab Combo (CHIV) ChLIA   3  1.8–2.7  IV 1317
DiaSorin Murex HBsAg Version 3 EIA 5  1.2–3.9  S/Co 848
DiaSorin Murex HIV-1.2.O EIA 9  1.5–4.3  S/Co 2365
DiaSorin Murex anti-HCV (version 4.0) EIA 12  0.9–3.3  S/Co 15,418

QConnect Green Bio-Rad Genscreen HIV-1/2 Version 2 EIA 7  0.7–10.4  S/Co 1752
Bio-Rad Genscreen Plus HIV Ag-Ab EIA 3  1.8–5.1  S/Co 551
Bio-Rad Genscreen ULTRA HIV Ag-Ab EIA 8  0.8–5.7  S/Co 9622
Bio-Rad MONOLISA anti-HCV Plus Version 2 EIA 3  1.2–3.0  S/Co 605
Bio-Rad MONOLISA HBsAg ULTRA EIA 3  0.2–4.1  S/Co 5858
Bio-Rad MONOLISA HCV Ag-Ab ULTRA EIA 5  1.2–4.4  S/Co 9846
Bio-Rad MONOLISA anti-HBc Plus EIA 4  4.4–6.9  S/Co 557

QConnect AntiHBs  Abbott ARCHITECT Anti-HBs CMIA 5  3.0–16.0  mIU/mL  16,552
Abbott AxSYM AUSAB MEIA 5  7.0–18.0  mIU/mL  8146
bioMerieux VIDAS Anti-HBs Total Quick ELFA 2  9.4–14.4  mIU/mL  225
Ortho Vitros Anti-HBs Assay 5  4.0–18.0  mIU/mL  996
Siemens ADVIA Centaur Anti-HBs ChLIA 5  5.0–22.0  mIU/mL  2535

QConnect Syphilis  Abbott ARCHITECT Syphilis TP CMIA 5  1.2–3.4  S/Co 22,489
Sekisui Mediace TPLA 2  27.9–47.7  TU 107
Siemens ADVIA Centaur Syphilis (SYPH) ChLIA 2  5.9–9.3  S/Co 83
DiaSorin Murex ICE* Syphilis EIA 5  1.3–3.2  S/Co 139

QConnect RubG Abbott ARCHITECT Rubella IgG CMIA 6  6.0–15.0  IU/mL 18,604
bioMerieux VIDAS RUB IgG II ELFA 4  1 0.0–21.0  IU/mL 1665
Ortho Vitros Rubella IgG Assay 3  20.0–35.0  IU/mL 1008
Roche Elecsys Rubella IgG ECLIA 2  15.0–34.0  IU/mL 329
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QC sample Assay No. QC 
lots

  Calculated 
control limits

  Unit No. QC 
results

Siemens ADVIA Centaur Rubella G Assay 4  14.0–39.0  IU/mL 4310
Abbott AxSYM Rubella IgG MEIA 5  6.5–17.7  IU/mL 7816
Siemens IMMULITE 2000 Rubella Quantitative IgG CLEIA 3  11.0–19.0  IU/mL 955

QConnect HIVp24   Abbott ARCHITECT HIV Ag/Ab Combo CMIA 6  1.1–5.9  S/Co 31,933
Abbott AxSYM HIV Ag/Ab Combo MEIA 6  1.2–2.8  S/Co 5204
Abbott PRISM HIV Ag/Ab Combo ChLIA 2  1.0–3.5  S/Co 426
Roche Elecsys HIV Combi ECLIA 2  0.7–1.7  COI 2571
Roche Elecsys HIV combi PT ECLIA 4  1.4–4.4  COI 3488
Bio-Rad Genscreen ULTRA HIV Ag-Ab EIA 6  1.1–4.9  S/Co 1239
Bio-Rad Genscreen HIV-1 Ag EIA 3  1.8–6.4  S/Co 240

(Table 1 Continued)

from each of the 11 QC lots individually,  > 5% of results were 
less than S/Co = 2.0 in two lots and  > 5% of results greater 
than S/Co = 3.0 in one lot. Overall, of the almost 90,000 
QC test results analysed to validate the range, only 3375 
(3.75%) were less than S/Co = 2.0 and 1553 (1.73%) results 
were greater than S/Co = 3.0. Overall, there were 423 assay/
QC lot combinations. Of these, 14 QC lots (3.3%) had more 
than 5% of results less than the lower limit determined for 
the assay/QC combination and 48 QC lots (11.3%) had more 
than 5% of results greater than the upper limit determined 
for the relevant assay/QC combination (Table 2).

Discussion
QC programs have been used in clinical chemistry for 
decades to quantify the repeatability and precision of 

Table 2 The number of assay/QC lots analysed for each QConnect 
sample, the number of each assay/QC lot having more than 5% of 
results less than the lower control limit or greater than the upper 
control limit and percentage of the total.

QC sample Number 
of assay/

QC lots

  Number assay/QC lots with more 
than 5% of results

Less than lower 
control limit

  Greater than upper 
control limit

QConnect Red   119  5  9
QConnect Blue   96  3  10
QConnect Yellow   84  4  10
QConnect Green   33  2  7
QConnect AntiHBs  22  Nil  4
QConnect RubG   26  Nil  5
QConnect HIVp24   29  Nil  2
QConnect Syphilis  14  Nil  1
Total 423  14 (3.3%)  48 (11.3%)

measurement procedures [28–32]. Traditionally, a defined 
minimum set of QC values, often cited as 20 values [4, 5, 
7], are used to calculate control limits; often using the 
mean plus and minus two or three SDs of that sample’s 
results [4, 5, 7]. This approach assumes that the results 
obtained were normally distributed and that there will 
be approximately 5% (mean ± 2SD) or 1% (mean ± 3SD) of 
results falsely rejected [4, 7]. The approach also assumes 
that these approximately 20 values used to establish 
the control limits will be representative of future QC test 
results. Westgard rules are often applied to aid the inter-
pretation of QC sample test results [8, 9, 32]. Allowable 
total error (TEa) is another means of establishing control 
limits [4, 7, 9, 10, 33]. Some authors have called for the sim-
plification of QC processes to increase compliance [34, 35].

The accurate measurement of analytes, such as 
glucose, relies on several concepts. Certified reference 
materials (CRM) are prepared from high-grade analytical 
materials and are quantified using sophisticated meth-
odologies such as isotope dilution mass spectrometry 
and strict metrological traceability principles [36, 37]. 
IVD manufacturers use CRM to produce calibrators for 
assays, thereby allowing the results to be reported in SI 
units, such as mmol/L. Only about 30 routine biochemi-
cal measurands are traceable to SI in this way [38]. Gener-
ally, the levels of these analytes in a normal population 
have a Gaussian distribution (Figure 1). Using population 
studies, ‘reference intervals’ are established, with medical 
decision points assigned, often adjusted for gender and 
age. If the results of testing exceed these values, medical 
intervention may be initiated [39].

When testing a QC sample targeted at the medical 
decision level, a change in QC sample results may predict 
a change in patient results at that same level, if commuta-
bility is assumed. In this case, TEa is a useful metric when 
establishing control limits.
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or should the laboratory re-establish the QC limits? In our 
experience conducting QC programs for infectious disease 
testing for over a decade, this situation frequently arises.

The principles used in establishing control limits 
when testing for inert analytes does not apply to infectious 
disease serology. Even assuming commutability of QC and 
patient samples, if there was a proportional change in 
patient and QC test results, the number of falsely reported 
patient results will be minimal because there are very few 
true patient results around the cut-off. The concept of TEa 
does not apply because there is no error allowed in the 
detection of infectious diseases. That is, a positive patient 
sample should always be reactive and negative patient 
samples reported non-reactive, especially in a blood 
donor screening setting. Although traditional QC prin-
ciples have been applied to infectious disease serology, 
there have been very few publications on their application 
[12, 41, 42].

NRL’s QC program, called QConnect (www.nrl.gov.au/
qconnect) has allowed the collection of hundreds of thou-
sands of QC test results for many assay/QC combinations. 
Uniquely, each lot of QC was manufactured using the same 
stock materials and, where possible, calibrated against 
a reference standard using ISO 17511 traceability claims 
[26]. Therefore the QC lot-to-lot variability was minimised. 
Using these data, NRL sought to establish assay/QC limits 
using the within- and between-QC lot variation in place of 
traditional methods of establishing control limits.

In the QConnect program all laboratories using the 
same assay also used the same QC, allowing comparison 
of QC sample test results across an assay/QC peer group. 

In infectious disease serology, such as the detection 
of anti-HIV antibodies, the paradigm above does not 
apply [21, 23]. There are generally no CRM to facilitate 
quantification; the exception being analytes such as anti-
hepatitis B surface antigen and anti-rubella IgG [12]. The 
cut-off of the assay is determined by applying a manufac-
turer-defined algorithm. The cut-off divides the popula-
tion into a dichotomous grouping; those with the analyte 
under investigation and those without. Therefore, unlike 
the inert analytes discussed above, the detection of anti-
bodies (or antigens) is bimodal, not normally distributed. 
Assay manufacturers design serological assays to sepa-
rate the positive and negative populations as widely as 
possible (Figure 2). This separation can be quantified as 
the Δ Value (DV), which is the number of SDs the mean of 
the positive (DV+) or negative (DV–) population’s results 
are removed from the cut-off [40]. Third and fourth gen-
eration serological assays have DVs  > 10 so that very few 
true negative or positive test results fall close to the cut-
off. Indeed, in a previous study, over a 4-year period, of a 
total of 5 million blood donations for hepatitis B surface 
antigen, only five of 281 confirmed positive donations had 
initial test results with S/Co results of 2.00 or less [21].

Serological assays used to test for infectious diseases 
often experience considerable variation associated with 
the introduction of new assay lot numbers [12, 23, 24, 41]. 
Therefore, after setting control limits using the traditional 
method of determining the mean  ± 2 or 3 times the SD from 
a previous approximately 20 QC sample results, subse-
quent results frequently fall outside these control limits 
when a new assay lot number is introduced. In these 
cases, should the patients’ results be rejected even though 
the assay is valid as per the manufacturer’s instructions, 
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Figure 1 Schematic diagram of the distribution of fasting blood 
glucose in healthy adults.
The area shaded in light grey highlights the normal range for blood 
glucose. The dotted lines indicate a possible change in patient test 
results associated with a proportional change in QC sample results. 
The dark grey indicates the proportion of individuals that could be 
mis-classified due to the change in QC sample results.
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Figure 2 Schematic diagram of the bi-modal distribution of anti-
HIV antibodies in an adult population, demonstrating a population 
of negative results (S/Co < 1) and positive results (S/Co > 1).
The dotted lines indicate a possible change in patient test results 
associated with a proportional change in QC sample results. Theo-
retically very few true negative or positive results will be misclas-
sified if a proportional change in patient and QC sample results is 
assumed, because of the distance of the populations from the assay 
cut-off.
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Analysis of the results of assay/QC combinations confirmed 
that the lot-to-lot variation in QC reactivity was low, given 
that the results reflect the variation in manufacturing of 
the assay, along with multiple instruments, operators and 
environmental conditions over a long period of time. For 
the majority of the 64 assay/QC combinations  < 5% of QC 
results were outside the determined control limits. None 
had more than 10% results outside the range. A greater 
number of individual QC lots had more than 5% of the 
results outside the established limits, with 30 of the 432 
assay/QC lot number combinations having more than 10% 
of results outside the established limits.

There were 11 QC lots that had were removed from 
the data set establishing QConnect limits for one or more 
assays. This represented approximately 4% of QC lots. 
Each QC lot removed was manufactured under processes 
that did not conform with the standard manufacturing 
process. Nine of the 11 QC lost were removed because the 
base matrix used to dilute the stock material had low levels 
of anti-HBs, resulting in unacceptable low level reactivity 
of the HBsAg. The other lots were removed only for spe-
cific assays, indicating either a change in the assays’ per-
formance characteristics or that the participants entered 
data under the incorrect assay.

Now that control limits have been established, they 
can be used to determine the QC lot release criteria. When 
new lots of QC are produced, results of pre-release testing 
would be expected to fall within this pre-determined 
range, thereby eliminating the risk of QC test results being 
outside the limits due to variation in QC manufacturing. In 
the future, QC production lots having unexpected results, 
such as those that were excluded from this analysis, will 
fail lot release and not be provided to participants in 
the QC programme. In order to set control limits for new 
assays, results of at least two lots of QC are required.

Although widely used, traditional methods of setting 
control limits have yet to be proven to apply to infectious 
disease serology, as there are few publications critically 
analysing whether these practices are applicable. Widely 
fluctuating levels of QC sample reactivity with changes 
in assay lot numbers and the fact that results of patient’s 
samples are bimodal rather than Gaussian have not been 
considered when applying mean  ± 2 or 3 SD.

The approach of setting control limits based on his-
torical data takes into account total variation expected 
in a test system and offers a more robust and meaningful 
mechanism for setting control limits, which can be used 
in isolation or in conjunction with other methods. The 
QC method described will improve the outcomes of QC 
monitoring because it: 1) provides evidence-based limits 
developed from tens of thousands of test results over a 

long period of time; 2) gives clear guidance to the method 
users; and 3) simplifies and demystifies QC, making it 
more accessible to laboratory workers.
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Abstract

Background: A general trend towards conducting infec-
tious disease serology testing in centralized laboratories 
means that quality control (QC) principles used for clini-
cal chemistry testing are applied to infectious disease 
testing. However, no systematic assessment of methods 
used to establish QC limits has been applied to infectious 
disease serology testing.
Methods: A total of 103 QC data sets, obtained from six 
different infectious disease serology analytes, were 
parsed through standard methods for establishing statisti-
cal control limits, including guidelines from Public Health 
England, USA Clinical and Laboratory Standards Insti-
tute (CLSI), German Richtlinien der Bundesärztekammer 
(RiliBÄK) and Australian QConnect. The percentage of QC 
results failing each method was compared.
Results: The percentage of data sets having more than 
20% of QC results failing Westgard rules when the first 20 
results were used to calculate the mean ± 2 standard devi-
ation (SD) ranged from 3 (2.9%) for R4S to 66 (64.1%) for 10X 
rule, whereas the percentage ranged from 0 (0%) for R4S to 
32 (40.5%) for 10X when the first 100 results were used to 
calculate the mean ± 2 SD. By contrast, the percentage of 
data sets with >20% failing the RiliBÄK control limits was 
25 (24.3%). Only two data sets (1.9%) had more than 20% 
of results outside the QConnect Limits.
Conclusions: The rate of failure of QCs using QCon-
nect Limits was more applicable for monitoring infec-
tious disease serology testing compared with UK Public 
Health, CLSI and RiliBÄK, as the alternatives to QConnect 

Limits reported an unacceptably high percentage of fail-
ures across the 103 data sets.

Keywords: infectious disease; QConnect Limits; run 
control; serology; Westgard rules.

Introduction
The use of third-party controls to monitor the perfor-
mance of testing systems in medical pathology is gener-
ally considered best practice [1–4]. Most clinical chemistry 
laboratories use third-party controls (also called internal 
quality controls, run controls or quality controls [QC]) rou-
tinely. This is not the case for infectious disease serology 
testing, where the use of QC is sporadic. An effective QC 
system requires several components: QC samples reactive 
at an appropriate level, access to a single QC lot number 
over a long period of time, a process for plotting, visual-
izing and analyzing the QC test results and a system for 
setting control limits within which the QC test results are 
expected to fall  [3–7]. Control limits set too tightly will 
lead to unnecessary investigations and delays in patients’ 
reports whereas control limits set too widely potentially 
allow reporting incorrect patients’ results [3, 7].

Traditionally, setting control limits has relied on prin-
ciples established by Walter A. Shewhart and S. Levey and 
E.R. Jennings and further developed by James Westgard, 
who created a set of statistics-based rules, commonly 
known in medical testing laboratories as “Westgard rules” 
[8, 9]. With the advent of “core” laboratories, an increas-
ing number of organizations are incorporating testing for 
infectious disease serology onto automated platforms 
that perform cross-discipline testing. As a result, the tra-
ditional approach to monitoring QC is being applied to 
infectious disease tests (in this document referred to as 
“assays”).

A growing number of alternative methods for moni-
toring test systems are being adopted, and Westgard rules 
are no longer applied in a blanket fashion [2, 7]. However, 
laboratory scientists and managers rely on standards 
and guidelines written by experts and published by 
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professional bodies when adopting processes such as 
setting acceptable limits for monitoring QC results. Some 
guidelines suggest that control limits be established by 
testing each new lot of QC sample 15–20 times on sepa-
rate days and calculating the mean and standard devia-
tion (SD) of the results [3, 4, 6, 7]. Some recent guidelines 
state that 20 results are appropriate without any caveat 
[4]; others, such as German Richtlinien der Bundesär-
ztekammer (RiliBÄK) standards [10], suggest using the 
first 15 results. Other standards suggest control limits, 
initially calculated using 20 data points, be reviewed 
periodically and where necessary adjusted over time [6, 
7], although no specific instructions are given on how 
long a time period or how many data points are required. 
Anecdotally, many laboratories persist with using 20 data 
points to set their control limits and apply Westgard rules 
to infectious disease serology testing assuming a normal 
(Gaussian) distribution over time [9]. However, there has 
been no report of a systematic review of the suitability of 
this approach to monitoring infectious disease testing.

More recently, the National Serology Reference Labo-
ratory (NRL), Australia, developed a comprehensive QC 
program for serology laboratories testing for infectious 
diseases [11, 12] and devised and published a method of 
determining assay-specific control limits, called QConnect 
Limits, within which QC sample results were expected to 
fall [13]. Briefly, QConnect Limits combine the variance of 
QC results reported for each QC lot number with the vari-
ance between the mean of results reported for each QC lot 
number tested on the same assay by multiple laboratories 
[11, 12].

The purpose of this study was to perform a systematic 
review of the percentage of QC test results, obtained from 
routine infectious disease serology testing, that would be 
flagged as out of control when subjected to the unmodi-
fied processes described in each of four different stand-
ards for establishing control limits and monitoring QC 
test results. The Clinical and Laboratory Standards Insti-
tute (CLSI) guideline C24  states “Empirical evaluation 
of QC rules performance can also be done by obtaining 
a large series of QC results from the measurand proce-
dure that has been operating in a stable condition over 
a sufficiently long period of time interval to include all 
major sources of variability in the data” [7]. As only QC 
test results obtained from test runs that passed the manu-
facturer’s validation criteria were used, it was expected 
that the percentage of flagged results would be small. The 
information obtained will provide those involved with 
selecting infectious disease testing QC monitoring pro-
cesses evidence to support an informed choice between 
published standards.

Materials and methods
Single or multimarker QConnect™ QC samples were tested by partici-
pating clinical or blood screening laboratories testing for infectious 
diseases. The results of the QC sample testing were entered into inter-
net-based QC monitoring software system, EDCNet (NRL, Australia; 
www.nrlquality.org.au), along with associated data such as date of 
testing, QC and reagent lot numbers, instrument serial number and 
operator identification. A detailed description of the QC program can 
be found elsewhere [12]. Only QC results from test runs fulfilling the 
manufacturer’s criteria for acceptance were analyzed.

Data submitted for the calendar year 2015  were extracted. 
Results from the QC lot that was predominantly used for a particular 
assay during that time period were selected for the study. Assum-
ing laboratories would establish control limits when each new lot of 
QC was introduced, any QC that was being used in the first week of 
January had further data from 2014 extracted to include data from 
the date of introduction of that QC lot. All assay/QC combinations 
with 50 or more test results for the selected period of time were ana-
lyzed. If there were more than 10 laboratories with >50 results for an 
assay/QC combination, results from 10 laboratories using that assay/
QC combination were randomly selected to be included in the analy-
sis. Where a laboratory used more than one of the same instrument, 
data from each instrument were analyzed separately. In this paper, 
QC results from an assay/QC/laboratory/instrument are referred to as 
data sets, i.e. QC results reported by a laboratory testing a QC sample 
on a particular assay and a particular instrument.

The extracted data sets were subjected to four different meth-
ods for setting QC limits. The standard published by Public Health 
England [4] states that 20 QC results be used to establish mean ± 1, 2 
and 3 SDs and Westgard rule be applied. The CLSI guide C24, 4th ed. 
[7] states “initial estimates of SD are obtained by measuring at least
20 data points on separate days” and that Westgard rules be applied. 
The guide acknowledges that these initial estimates have “limited
reliability” and that “cumulative SD over the first several months of
operation gives a better estimate of SD”. To this end, the mean and
SD used to establish limits for Westgard rules was estimated using
both the first 20 (Westgard20), as per the Public Health England guide-
line and 100 (Westgard100) QC test result in line with the CLSI guid-
ance document.

To establish QC limits in accordance with the RiliBÄK standard, 
the equation 2   2 2

MAX       ep epK S δ= ∗ +∆  was used, where K is the cover-
age factor for calculating the internal laboratory deviation limits, Sep 
is the empirical SD of the control sample measurements used in the 
calculations during the preevaluation period and δep is the systematic 
deviation of measurement of the QC measurements used in the cal-
culations during the evaluation period, i.e. the bias. Given that infec-
tious disease serology QC samples do not have a “true value”, for the 
purposes of this study, the equation = ∗∆ 2   2

MAX      epK S  was used, where 
the RiliBÄK control limits were mean of the first 15 test results ± ΔMAX. 
Each data set was also subjected to the relevant QConnect Limits, 
which have been previously established using historical data.

Using a Microsoft® Excel spreadsheet, each data set was parsed 
through the four methods Westgard20, Westgard100, RiliBÄK and 
QConnect. Where applicable, the QC results were subjected to the 
Westgard rules 12S, 13S, 22S, 41S, 10X and R4S. The total number of results, 
the mean, the SD, and the number of QC test results failing each rule 
were calculated for each data set. The percentage of QC results from 
each data set that was outside the respective limits was categorized 
into <10%, 10%–20% and >20%.
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The total number of reagent lots used in each data set was cal-
culated and the mean number of QC test results reported for each 
reagent lot number was estimated.

Results
A total of 21,510 QC test results from 14 different assays that 
are commonly used in infectious disease serology testing 
laboratories were analyzed (Table  1). The participants 
represented hospital-based, private, blood screening 
and reference laboratories from five countries: Australia, 
Canada, Israel, Poland and New Zealand. In total, 103 
assay/QC/laboratory/instrument data sets were analyzed 
across six of the most commonly tested infectious disease 
serology analytes, including assays that detect antibodies 
and antigens. The percentage of QC results failing each 
rule was divided into three categories: <10%, between 
10% and 20%, and >20%. A representative data set of 
results of testing QConnect™ Blue, lot number 424521, 
on the Siemens ADVIA Centaur hepatitis C virus assay is 
given in Table 2. In this example, seven data sets from four 
laboratories are shown. The number of QC results for each 
data set ranged from 58 to 400. Only one data set has more 
than 20% of QC results failing a single rule (Participant 
877; Westgard20; 12S rule). Similar tables for the remaining 
102 data sets were developed.

For each assay, the number of data sets within each 
category of percentage failures was tabulated for each 
rule (Supplementary Data, Table S1), and the percent-
age of 103 data sets with more than 20% of results failing 
each rule was calculated (Table 3). Of the 103 data sets, 
the number of data sets that had more than 20% of QC 
results fail Westgard20 rules ranged from 3 (2.9%) for R4S to 
66 (64.1%) for 10X rule. Of the 103 data sets, 79 had more 
than 100 results, allowing the application of Westgard100. 
The number of data sets that had more than 20% of QC 
results failing each Westgard100 rule ranged from 0 (0%) 
for R4S to 32 (40.5%) for 10X rule. By contrast, the number 
of data sets with >20% failing the RiliBÄK control limits 
was 25 (24.3%). The study showed that 95 (92.2%) of the 
103 datasets had <10% of results failing the QConnect 
Limits. There were only two data sets with more than 20% 
of results outside the QConnect Limits: one participant 
using the Abbott ARCHITECT HBsAg Qualitative II CMIA 
and another using the Roche Elecsys HBsAg II ECLIA. 
These two instances were investigated further.

A participant testing in the ARCHITECT HBsAg assay 
reported 180 QConnect Blue test results between July and 
December 2015. Of these, 81 (45.0%) were greater than the 
upper QConnect Limit of signal to cutoff ratio (S/Co) of Ta

bl
e 

1:
 S

um
m

ar
y 

of
 th

e 
QC

on
ne

ct
 L

im
its

 fo
r e

ac
h 

of
 th

e 
qu

al
ity

 co
nt

ro
l s

am
pl

e 
lo

ts
 te

st
ed

 o
n 

ea
ch

 a
ss

ay
.

As
sa

y
An

al
yt

e
QC

on
ne

ct
 Q

C 
na

m
e

QC
on

ne
ct

 Q
C 

lo
t n

um
be

r 
QC

on
ne

ct
 L

im
its

, u
ni

ts
 

Nu
m

be
r o

f l
ab

or
at

or
ie

s 
Nu

m
be

r o
f i

ns
tr

um
en

ts

Ab
bo

tt 
AR

CH
IT

EC
T 

an
ti-

HB
s 

CM
IA

An
ti-

HB
s

QC
on

ne
ct

 A
nt

i-H
Bs

42
27

01
 

3.
0–

16
.0

 m
IU

/m
L

10
 

10
Ab

bo
tt 

AR
CH

IT
EC

T 
an

ti-
HC

V 
CM

IA
An

ti-
HC

V
QC

on
ne

ct
 B

lu
e

42
45

21
 

1.
7–

2.
9 

S/
Co

10
 

13
Ab

bo
tt 

AR
CH

IT
EC

T 
HB

sA
g 

Qu
al

ita
tiv

e 
II 

CM
IA

 
HB

sA
g

QC
on

ne
ct

 B
lu

e
42

45
21

 
3.

1–
6.

0 
S/

Co
10

 
13

Ab
bo

tt 
AR

CH
IT

EC
T 

Ru
be

lla
 Ig

G 
CM

IA
An

ti-
ru

be
lla

 Ig
G

 
QC

on
ne

ct
 R

ub
el

la
 G

 
33

01
01

 
10

.5
–1

5.
0 

IU
/m

L
10

 
11

Di
aS

or
in

 M
ur

ex
 A

nt
i-H

CV
 (v

er
si

on
 4

.0
) E

IA
An

ti-
HC

V
QC

on
ne

ct
 B

lu
e

42
45

21
 

0.
8–

3.
5 

S/
Co

5 
NA

Di
aS

or
in

 M
ur

ex
 H

TL
V 

I +
 II

 E
IA

An
ti-

hT
LV

QC
on

ne
ct

 Y
el

lo
w

43
35

07
 

1.
9–

5.
0 

S/
Co

4 
NA

Or
th

o 
VI

TR
OS

 a
nt

i-H
CV

 a
ss

ay
An

ti-
HC

V
QC

on
ne

ct
 R

ed
43

42
12

 
3.

1–
4.

9 
S/

Co
7 

7
Or

th
o 

VI
TR

OS
 a

nt
i-H

IV
 1

 +
 2

 a
ss

ay
An

ti-
hi

v
QC

on
ne

ct
 R

ed
43

42
12

 
2.

0–
3.

3 
S/

Co
6 

6
Si

em
en

s 
AD

VI
A 

Ce
nt

au
r H

Bs
Ag

 II
 C

hL
IA

HB
sA

g
QC

on
ne

ct
 B

lu
e

42
45

21
 

1.
5–

5.
1 

S/
Co

4 
7

Si
em

en
s 

AD
VI

A 
Ce

nt
au

r H
CV

 a
ss

ay
An

ti-
HC

V
QC

on
ne

ct
 B

lu
e

42
45

21
 

2.
2–

4.
7 

S/
Co

4 
7

Si
em

en
s 

AD
VI

A 
Ce

nt
au

r R
ub

el
la

 G
 a

ss
ay

An
ti-

ru
be

lla
 Ig

G
 

QC
on

ne
ct

 R
ub

el
la

 G
 

33
01

01
 

30
–7

0 
IU

/m
L

3 
4

Ro
ch

e 
El

ec
sy

s 
An

ti-
HC

V 
II 

EC
LI

A
An

ti-
HC

V
QC

on
ne

ct
 B

lu
e

42
45

21
 

13
.4

–1
38

.2
 C

OI
10

 
10

Ro
ch

e 
El

ec
sy

s 
HB

sA
g 

II 
EC

LI
A

HB
sA

g
QC

on
ne

ct
 R

ed
43

42
12

 
2.

8–
8.

0 
CO

I
4 

4
Ro

ch
e 

El
ec

sy
s 

Ru
be

lla
 Ig

G 
EC

LI
A

An
ti-

ru
be

lla
 Ig

G
 

QC
on

ne
ct

 R
ub

el
la

 G
 

33
01

01
 

15
.0

–3
4.

0 
IU

/m
L

2 
2

69



Dimech et al.: Quality control limits for infectious disease serology 

Ta
bl

e 
2:

 R
es

ul
ts

 o
f t

es
tin

g 
QC

on
ne

ct
 B

lu
e,

 lo
t n

um
be

r 4
24

52
1 o

n 
th

e 
Si

em
en

s 
AD

VI
A 

Ce
nt

au
r H

CV
 a

ss
ay

.

La
bo

ra
to

ry
 

id
en

tif
ic

at
io

n 
(in

st
ru

m
en

t 
id

en
tif

ic
at

io
n)

Nu
m

be
r 

of
 re

su
lts

 
Fa

ilu
re

 a
bo

ve
 

or
 b

el
ow

 
ac

ce
pt

an
ce

 
ra

ng
e

Nu
m

be
r o

f r
es

ul
ts

 fa
ili

ng
 W

es
tg

ar
d 

ru
le

s 
QC

on
ne

ct
 

Li
m

its
 

Ri
liB

ÄK
 

co
nt

ro
l l

im
it

Fi
rs

t 2
0 

re
su

lts
   

Fi
rs

t 1
00

 re
su

lts

1 2S
 

1 3S
 

2 2S
 

4 1S
 

10
X 

R 4S
1 2S

 
1 3S

 
2 2S

 
4 1S

 
10

X 
R 4S

15
15

3 
Lo

w
8 

5 
0 

3 
2 

0 
0 

0 
0 

0 
4 

10
Hi

gh
20

 
15

 
15

 
16

 
11

 
1 

0 
0 

0 
0 

0 
1

To
ta

l
28

 
20

 
15

 
19

 
13

 
12

 
1 

0 
0 

0 
0 

1 
4 

11
Pe

rc
en

ta
ge

18
.3

0%
 

13
.1

0%
 

9.
80

%
 

12
.4

0%
 

8.
50

%
 

7.
80

%
 

0.
70

%
 

0.
00

%
 

0.
00

%
 

0.
00

%
 

0.
00

%
 

0.
70

%
 

2.
90

%
 

7.
20

%
47

 (S
N 

3)
58

 
Lo

w
0 

0 
0 

0 
1 

0 
0 

0 
0 

0 
0 

0
Hi

gh
0 

0 
0 

0 
6 

0 
0 

0 
0 

0 
0 

0
To

ta
l

0 
0 

0 
0 

7 
0 

0 
0 

0 
0 

0 
0 

0 
0

 
Pe

rc
en

ta
ge

0.
00

%
 

0.
00

%
 

0.
00

%
 

0.
00

%
 

12
.1

0%
 

0.
00

%
 

0.
00

%
 

0.
00

%
 

0.
00

%
 

0.
00

%
 

0.
00

%
 

0.
00

%
 

0.
00

%
 

0.
00

%
47

 (C
1)

39
0 

Lo
w

10
 

3 
0 

3 
12

 
24

 
5 

0 
6 

55
 

4 
2

Hi
gh

8 
0 

3 
4 

24
 

5 
0 

5 
2 

2 
0 

0
To

ta
l

18
 

3 
3 

7 
36

 
15

 
29

 
5 

5 
8 

57
 

24
 

4 
2

Pe
rc

en
ta

ge
4.

60
%

 
0.

80
%

 
0.

80
%

 
1.

80
%

 
9.

20
%

 
3.

80
%

 
7.

40
%

 
1.

30
%

 
1.

30
%

 
2.

10
%

 
14

.6
0%

 
6.

20
%

 
1.

00
%

 
0.

50
%

47
 (C

4)
40

0 
Lo

w
8 

0 
0 

1 
9 

20
 

3 
0 

10
 

9 
0 

0
Hi

gh
1 

0 
0 

0 
1 

9 
1 

3 
1 

1 
0 

0
To

ta
l

9 
0 

0 
1 

10
 

9 
29

 
4 

3 
11

 
10

 
26

 
0 

0
Pe

rc
en

ta
ge

2.
30

%
 

0.
00

%
 

0.
00

%
 

0.
30

%
 

2.
50

%
 

2.
30

%
 

7.
30

%
 

1.
00

%
 

0.
80

%
 

2.
80

%
 

2.
50

%
 

6.
50

%
 

0.
00

%
 

0.
00

%
47

 (X
PT

)
63

 
Lo

w
0 

0 
0 

0 
2 

0 
0 

0 
0 

0 
0 

0
Hi

gh
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0
To

ta
l

0 
0 

0 
0 

2 
0 

0 
0 

0 
0 

0 
0 

0 
0

 
Pe

rc
en

ta
ge

0.
00

%
 

0.
00

%
 

0.
00

%
 

0.
00

%
 

3.
20

%
 

0.
00

%
 

0.
00

%
 

0.
00

%
 

0.
00

%
 

0.
00

%
 

0.
00

%
 

0.
00

%
 

0.
00

%
 

0.
00

%
11

5
20

3 
Lo

w
3 

0 
0 

1 
3 

3 
0 

0 
0 

0 
0 

0
Hi

gh
6 

1 
2 

5 
10

 
1 

0 
1 

0 
6 

0 
1

To
ta

l
9 

1 
2 

6 
13

 
6 

4 
0 

1 
0 

6 
2 

0 
1

Pe
rc

en
ta

ge
4.

40
%

 
0.

50
%

 
1.

00
%

 
3.

00
%

 
6.

40
%

 
3.

00
%

 
2.

00
%

 
0.

00
%

 
0.

50
%

 
0.

00
%

 
3.

00
%

 
1.

00
%

 
0.

00
%

 
0.

50
%

87
7

14
4 

Lo
w

21
 

8 
0 

10
 

16
 

4 
0 

0 
0 

6 
0 

8
Hi

gh
22

 
8 

15
 

7 
2 

0 
0 

1 
0 

0 
0 

6
To

ta
l

43
 

16
 

15
 

17
 

18
 

28
 

4 
0 

1 
0 

6 
3 

0 
14

Pe
rc

en
ta

ge
29

.9
0%

 
11

.1
0%

 
10

.4
0%

 
11

.8
0%

 
12

.5
0%

 
19

.4
0%

 
2.

80
%

 
0.

00
%

 
0.

70
%

 
0.

00
%

 
4.

20
%

 
2.

10
%

 
0.

00
%

 
9.

70
%

70



 Dimech et al.: Quality control limits for infectious disease serology

6.0 (Supplementary Data, Figure S1). Over the same time 
period, additional 22 participants reported QConnect Blue 
results using the same reagent lot numbers. Of the 22, only 
6 (27.3%), including the participant under investigation, 
reported any results greater than the QConnect upper 
limit. The other five participants reported few results 
above S/Co 6.0, the most being 9 (15.0%) of 60 results 
(Supplementary Data, Figure S2).

The participant testing in the Roche Elecsys HBsAg 
assay reported 105 QConnect Red test results, of which 
72 (68.6%) were greater than the upper QConnect Limit 
of cutoff index (COI) 8.0 for that assay/QC combination 
(Figure  1). Over the same time period, five other par-
ticipants tested the same QC sample in the same assay 
reagent lots, and none reported results outside the QCon-
nect Limits (Figure  2). For both examples, the investiga-
tion indicated the source of variation causing results to be 
outside the QConnect Limits was confined to the partici-
pant’s laboratories, not the reagents.

The failures observed when applying Westgard20 rules 
to each data set were mainly due to the introduction of dif-
ferent reagent lots. A possible procedure to accommodate 
these changes would be to reestablish the mean and SD 
when each new reagent lot was introduced. To assess the 
feasibility of this approach, the numbers of QC test results 
submitted for each reagent lot were assessed for each of 
the 103 assay/QC/laboratory/instrument data sets (Sup-
plementary Data, Table S2). The mean number of QC test 
results reported for each reagent lot varied from assay to 
assay but ranged from 19 to 83. However, of the 638 rea-
gents lots analyzed, 373 (58.5%) had ≤30 QC test results 
and 504 (79.0%) had ≤50 QC test results, meaning that 
setting new limits based on the first 20 results obtained 
for each new reagent lot was impractical, as the reagent 
lot would be exhausted before, or soon after, the 20 data 
points were collected.

Discussion
Monitoring the variation of testing systems using third-
party controls is considered best practice [1, 3, 4, 7, 14]. 
Laboratory scientists and managers rely on standards and 
associated commentaries [5, 6, 8, 15–18] when establishing 
procedures. These standards, as well as auditors, direct 
laboratory staff to utilize the processes outlined without 
modification. In the present study, four different methods 
were applied to 103 data sets obtained from routine infec-
tious disease serology testing: Westgard20, as specified by 
Public Health England; (Westgard100) in line with CLSI, Ta
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e 
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Figure 1: Levey-Jennings chart of results from Participant 174 testing QConnect Red lot number 434212 in the Roche Elecsys HBsAg II ECLIA 
over the period 29 July 2015 to 31 December 2015.
The top of the graph shows the change of reagent lot numbers. The horizontal bar at 2.8 and 8.0 cutoff index (COI) represent the lower and 
upper QConnect Limits for that assay/QC combination.
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USA; and the German RiliBÄK standard and Australian 
QConnect Limits. All QC results in the data sets were from 
tests deemed valid by the manufacturers’ instruction for 
use (IFU).

All test systems experience “normal” variation. There 
are many sources of variation including, but not limited 
to, changes in reagent lots, instrument and equipment 
calibration and maintenance, operator processes, storage 
and transport conditions of reagents and consumables 
and/or environmental conditions [12]. A comprehensive 
study by Algeciras-Schimnich demonstrated significant 
reagent lot variation in insulin-like growth factor 1 assays 
across several years, leading to changes in the percent-
age of patient results reported as being unexpectedly high 
[19]. Reagent lot change is the major source of variation 
in infectious disease serology testing [12, 20], and unlike 
clinical chemistry, variation between reagent lots cannot 
be corrected by recalibration. However, it is unlikely that 
reagent lot change contributes significantly to changes 
in clinical sensitivity or specificity of infectious disease 
assays.

The guideline published by Public Health England, 
which is specific for infectious disease testing, is proscrip-
tive and directs laboratories to “test the control material 
in 20 separate assay runs” to establish mean ± 2 SD and to 
use the Westgard rules to monitor QC results [4]. The CLSI 
guidelines state that limits should initially be established 
using the mean ± 2 SD of the first 20 QC test results [3, 7]. 
Once control limits are established, tools including West-
gard rules can be applied to data to determine if future 
results are acceptable [3, 6, 7, 17]. The more recent CLSI 
guideline suggests that QC limits should be recalculated 
once several months’ of data are collected [7]. The RiliBÄK 
standard [10] states that 15 QC results should be used to 
establish QC limits using a specific calculation.

These standards have been developed for and used 
in clinical chemistry testing for decades and have been 
adopted for infectious disease serology testing for various 
reasons, such as the introduction of automation allowing 
such testing to be performed in a central or “core” labo-
ratory and the lack of an alternative method to establish 
control limits for infectious disease serology. This study 
is the first to systematically assess the suitability of pub-
lished guidelines for establishing QC limits. Indeed, 
only four previous studies focusing on QC for serological 
assays, other than those originating from NRL, were found 
in a literature search of English language publications 
[20–23] since the mid-1990s.

When a new infectious disease serology assay reagent 
lot is introduced, frequently the results of the QC con-
sistently fall either above or below the mean and often 

fall outside the 2 SD range established using the first 20 
results. The present study confirms this theory with more 
than 64% of data sets failing the 10X rule more than 20% 
of the time, and 26.2%, 21.4%, 28.2% and 47.6% failing 12S, 
13S, 22S and 41S rules more than 20% of the time, respec-
tively. Therefore, it is concluded that using the first 20 
data points to establish control limits based on mean ± SD 
is not appropriate, as the limits established using this 
method include insufficient “normal” variation to predict 
future test results.

Using a larger number of data points (in our case the 
first 100 results) increases the amount of “normal” vari-
ation when establishing the control limits and therefore 
increases the range of the control limits. Although this 
approach reduced the percentage of data sets with more 
than 20% failures, 40.5% of all data sets failed the 10X rule 
and 20.3% failed the 41S rule rendering the universal appli-
cation of Westgard 100 rules inappropriate. The selective 
use of the 12S (12.7% failing more than 20% of the time), 13S 
(2.5%), 22S (6.3%) and 44S (0.0%) rules could be deemed 
appropriate. However, only 79 of the 103 data sets inves-
tigated had more than 100 QC results. Also, if testing on 
a daily basis, collection of results to establish the control 
limits would take more than 3 months. Most standards are 
silent on what method a laboratory should use to monitor 
their QC results while they are collecting sufficient data to 
establish control limits.

The RiliBÄK standard is essentially a variation of 
mean ± 3SD, if the correction for bias is removed as is nec-
essary for infectious disease serology. Using mean ± 3SD 
to establish control limits increases the range compared 
with ±2 SD, thereby reducing the number of failures. About 
24% of data sets had a failure rate of >20%, and 17.5% of 
data sets had a failure rate between 10% and 20%. We 
believe this is still unacceptably high for QC results origi-
nating from valid test runs. The advantage of the RiliBÄK 
standard is that it uses only 15 results to establish and is 
easy to apply, although 15 results is still not representative 
of future results.

By contrast, the QConnect Limits, established by NRL 
for each assay/QC combination, had fewer failures and 
can be applied to all data from the time of introducing a 
new lot of QC. All but eight of the 103 data sets (7.7%) ana-
lyzed had QConnect Limit failure rates of less than 10%. 
Investigations into the two data sets (1.9%) that reported 
>20% failure rate indicated that the variation experienced 
was laboratory specific. Due to the frequent changes
in infectious disease assay reagent lot numbers and the
consequential change in QC reactivity, the approach to
setting control limits based on small data sets is not fit for
purpose. When the mean ± SD values are established using 
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approximately 20 QC test results, the resulting control 
limits will only be suitable until the introduction of a 
reagent lot that performs differently. The person monitor-
ing the QC test results must then decide on their response. 
Anecdotally, actions range from approving the QC test 
results and ignoring the failure; resetting the limits [20]; 
retesting the QC sample or recalibrating the instrument 
with the hope it will change the QC result; or reporting 
the situation to the manufacturer, initiating an expensive 
and often futile investigation [6, 15, 24]. In extreme cir-
cumstances, laboratories have requested certain reagent 
lots to be exchanged, even though the assay is performing 
within manufacturers’ specifications.

It is theoretically possible to recalculate the mean ± 2 SD 
at the change of every reagent batch to avoid the influence 
of reagent batch-to-batch variation. This approach was 
suggested previously [20] where a small set of data were 
investigated. In this study, Westgard20 rules were applied 
to nine assays, with only 60 failures from 1808 test runs 
(3.3%). However, only one assay experienced a reagent lot 
change and many of the failures were associated with this 
change. The authors recalculated the mean and SD for the 
new lot.

It is not possible to determine if the failures flagged 
in this study by any of the methods described were “true” 
or “false”. Further experiments would be required. What 
is known is that the QC results examined were derived 
from test runs that were valid by the manufacturers’ 
IFU. The high percentage of failures using the Westard20, 
 Westgard100 and RiliBÄK approaches was therefore unex-
pected. It is possible that the QConnect Limit approach 
failed to detect “true failures”. However, all the results 
analyzed were obtained from test runs validated by the 
manufacturer’s instructions, and the investigations into 
the two data sets with >20% failures using QConnect 
Limits did highlight laboratory specific issues.

The use of QC to monitor serological assays is highly 
recommended [1–4, 6]. The traditional approach to 
QC monitoring using mean ± 2 SD and Westgard rules 
does not fulfill these criteria when applied to infectious 
disease serology testing. The Public Health, England 
guideline [4], which is specific for virology and serology 
laboratories testing for infectious diseases, suggests using 
mean ± 2  SD without caveat. This guideline should be 
retracted and replaced. Other guidelines [7] that suggest 
using mean ± 2  SD and then periodically recalculating 
using additional QC results should be modified to specify 
the limitations of this approach. Those laboratories apply-
ing RiliBÄK standards [10] to monitor QC results should be 
aware of its limitations. Our investigation indicated that 
using QConnect Limits was easily applied without delay of 

collecting results and is an appropriate method for moni-
toring QC results from infectious disease serology testing.
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Chapter Four - Conclusion 

The two publications comprising Chapter 4 build on each other. The first describes QConnect™ principles 

and offers it as an alternative to traditional QC processes, including Westgard rules. Our approach uses 

large data sets and includes all normal sources of variation, including reagent lot changes, over time. This 

publication demonstrates that “QC method described will improve the outcomes of QC monitoring because 

it: 1) provides evidence-based limits developed from tens of thousands of test results over a long period of 

time; 2) gives clear guidance to the method users; and 3) simplifies and demystifies QC, making it more 

accessible to laboratory workers”. When traditional methods for QC monitoring are applied to serology 

testing, laboratory staff are commonly faced with an unacceptable level of rejections and are obligated by 

accreditation and good laboratory practice to investigate the source of these issues. This results in a waste 

of staff time and a frustration by scientific staff. While professional guidance documents, designed for 

clinical chemistry, requires the laboratories to implement traditional QC methods, the outcome results in 

confusion as to why they cause false rejections, or lead to inappropriate and/or unvalidated manipulation 

of the QC methods to limit the negative impact. 

The studies presented in Chapter 4 provides evidence that will support the acceptance of QConnect™ as an 

alternative approach to traditional methods. The second paper provides further evidence that QConnect™ 

is a more appropriate QC approach for infectious diseases, and that Westgard rules and other traditional 

methods were not-fit for-purpose. This study supported the theory that Westgard and RiliBÄK rules 

generated an unacceptably high levels of QC rejections, which would cause infectious disease laboratories 

employing these methods considerable waste in resources investigating inappropriate QC rejections. Of the 

103 data sets analysed, the number of data sets that had more than 20% of QC results fail Westgard rules 

when the first 20 data points were used to establish the acceptance limits ranged from 3 (2.9%) for R4S to 

66 (64.1%) for 10X rule. The number of data sets that had more than 20% of QC results failing each Westgard 

rule when the first 100 datapoints were used to establish the acceptance limits ranged from 0 (0%) for R4S 

to 32 (40.5%) for 10X rule. By contrast, the number of data sets with more than 20% failing the RiliBÄK 

control limits was 25 (24.3%). QConnect™ identified only two of the 103 data sets as having more than 20% 

of the QC results rejected. On further investigation, the rejection of these two data sets were found to 

identify testing issues within the reporting laboratory, with the majority of results submitted by those 

laboratories being outside the QConnect™ limits. Other laboratories, testing the same assay/QC 

combination reported all results within the QConnect limits. Therefore, QConnect™ accurately identified 

unacceptable variation in the relevant test system. 

The impact of these two studies is significant. The QConnect™ concept is the first scientifically validated 

method for monitoring QC test results for infectious diseases. The data collected by EDCNet™ is continually 

reviewed by NRL staff and the data periodically added to the historical dataset used to calculate the 

QConnect limits. In this way, unexpected QC results can be investigated proactively, reducing the risk of a 

catastrophic failure of testing. The second study provides evidence that the QConnect™ concept is fit for 

purpose and therefore offers testing laboratories a genuine alternative to traditional QC methods. The 

success of this approach is demonstrated in Chapter 5. The concept is now used by several hundred 

laboratories globally and has been adopted by two major QC manufacturers through contractual licensing 

agreements, Technopath Clinical Diagnostics (Ballina, Ireland) and DiaMex (Heidelberg, Germany).  

However, acceptance of QConnect™ as an alternative to Westgard rules must overcome entrenched 

opinions of professional bodies. NRL staff will advocate for change through publications, presentations at 

international conferences, communications directly to key opinion leaders and professional bodies and 

continue to publish evidence-based studies. Further studies reviewing the cost-benefit of the QConnect™ 

approach will be undertaken with key opinion leaders in diagnostic and blood screening laboratories. An 
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opinion piece, highlighting the need for an alternative to traditional methods for QC, authored by myself 

and colleagues in Europe and the USA is in draft. Some acceptance is evident with the Public Health England, 

who referenced QConnect™ in their standard for quality assurance in the diagnostic infection sciences 

laboratory (128) as an alternative approach to establishing QC limits stating “However, other methods 

available include, but are not limited to, use of national guidelines such as the Richtlinien der 

Bundesärztekammer (RiliBÄEK) guidelines used in Germany or the use of larger datasets such as the entire 

historical dataset for a given assay/QC combination” referencing the papers presented in Chapter 4. 
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Chapter Five: Understanding the relationship 

between QC and patient samples 
Monitoring variation of a test system using QC measures the amount of imprecision in the test system over 

time. If the mean of QC test results from a laboratory is compared with the mean of QC results of the peer 

group (laboratories using the same QC and assay combination) then a sense of the inherent bias can be 

determined. However, there was an unresolved question about the commutability of the QC samples and 

patient results; that is, if QC results were unexpectedly high or low due to a source of variation, does this 

increase the possibility of false positive or negative patient results? Put another way, can QC results predict 

changes in sensitivity and specificity of a test system. Several co-authored studies were undertaken to test 

this assumption. These studies used QC data and blood donor results from serological testing for blood-

borne infections, the majority of which were negative. In one set of studies, changes in the QC sample 

reactivity were mapped against the changes in reactivity of a population of blood donor samples screened 

negative for blood-borne viruses (158-160). No significant commutability between the QC and negative 

donor samples was observed. This is not surprising because, in serological assays screening for blood-borne 

infections, by design, the mean negative donor result is far removed from the assay cut-off.  Additionally, 

any donor at risk of infection is deferred prior to donation by a questionnaire of risk factors, and any donor 

with an initial biological false reaction is also deferred from future donations. It is noted that this study was 

performed on only tests for HBsAg and anti-HIV antibodies from the same assay manufacturer (158). Assays 

with different characteristics may have a different outcome, so the outcomes cannot be generalised. A 

method for the visualisation of the relationship between QC and donor sample results, as well as other 

correlations, have previously been described (159, 160). 

More important was the question of the possibility of a false negative patient result if the QC reactivity 

decreased significantly. True low positive IgG serology test results are found during early infection when 

the immune response is developing, and late in infection when antibodies may wane. On exposure to an 

antigen, the immune response develops a humoral response, creating circulating IgG antibodies rising to a 

detectable level (window period). Once detectable, the low-level IgG reactivity within that test system lasts 

less than 72 hours, as the levels of IgG rise rapidly during early infection.  It is during this period that a false 

negative result may be possible if a reagent lot produces lower than expected reactivity. The QC samples 

provided by NRL are tested daily by the participating laboratories, and the results are expected to fall within 

the QConnect™ limits. The QC results that fall outside the QConnect™ limits indicates unacceptable 

variation. In this paper (Chapter 5), I used an unexpected decrease in QC results associated with a change 

of reagent lots of a commercial anti-HCV assay to assess the likelihood of false negative patient results 

(126).  

To investigate if the change associated with the affected reagent lot numbers changed the reactivity of true, 

low positive patient samples, we tested selected seroconversion panel samples. Seroconversion panels are 

samples collected from individuals known to be undergoing a seroconversion event. Blood samples are 

drawn from the individuals from the time of exposure to the time of a detectable antibodies. Of these 

panels, samples with very low, true positive reactivity were tested in both the affected and unaffected 

reagent lots and the results compared. Six reagent lots were found to produce lower than expected QC 

reactivity. A total of 44 low-positive seroconversion samples, obtained from 35 different individuals, were 

tested in affected and unaffected assay lots. Only three of the 44 samples reported results below the assay 

cut-off when tested on two of the six affected assay lot. A further sample had results below the cut-off for 

only one affected lot. The risk of false negative results when screening clinical or donor populations due to 

changes in reagent lot reactivity was concluded to be low, as the possibility of a true seroconversion sample 
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at very early stages of disease is rare and less than 10% of these would be falsely negative. The study 

provides evidence that QConnect™ acceptance criteria are effective in identifying true analytical errors, 

even further reducing the risk of changes in reagent reactivity.  
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Abstract

Background: Laboratories use quality control (QC) 
testing to monitor the extent of normal variation. Assay 
lot number changes contribute the greatest amount of 
variation in infectious disease serology testing. An unex-
pected change in six lots of an anti-HCV assay allowed the 
determination of the effect these lot changes made to the 
assay’s clinical sensitivity.
Methods: Two sets of seroconversion samples comprising 
of 44 individual samples and 9 external quality assess-
ment scheme (EQAS) samples, all positive to anti-HCV, 
were tested in affected and unaffected assay lots, and the 
difference in the quantitative and qualitative results of the 
samples was analyzed.
Results: Of 44 low-positive seroconversion samples tested 
in affected and unaffected assay lots, only three samples 
had results reported below the assay cutoff when tested 
on two of the six affected assay lot. A further sample had 
results below the cutoff for only one affected lot. None of 
the EQAS samples reported false-negative results. Samples 
having a signal to cutoff value of less than 6.0 generally 
had lower results in the affected lots compared with the 
unaffected lots.
Conclusions: Unexpected changes in QC reactivity related 
to variation, in particular assay lot changes, may affect 
patient results. This study demonstrated that QConnect 
Limits facilitated the detection of an unexpectedly large 
variation in QC test results, allowed for the identification 
of the root cause of the change, and showed that the risk 
associated with the change was low but credible. The 
use of evidence-based QC program is essential to detect 
changes in test systems.

Keywords: anti-hepatitis C assay; clinical sensitivity; 
quality control; seroconversion.

Introduction
When monitoring infectious diseases serological testing 
quality control (QC) results, a change in assay lot number 
is often associated with a change in reactivity of the QC 
sample [1–4]. Although this change should be considered 
normal in most cases, occasionally a QC reactivity change 
associated with the new assay lot is greater than previ-
ously experienced. This QC reactivity change raises the 
question, what amount of QC reactivity change is allow-
able before there is an increased probability of reporting 
an incorrect patient/donor result? The question assumes 
that the QC results change proportionally with those of 
the patient/donor specimen. This assumption is yet to be 
tested in a systematic manner.

QC samples are usually manufactured by diluting a 
sample with a known, high concentration of the analyte 
into a negative matrix, often pooled human plasma 
screened negative to the analyte in question. The QCs 
typically have low-level reactivity on the test platforms 
for which they are designed and are often considered to 
mimic the level of reactivity of a seroconversion sample. 
However, during a seroconversion event, the antibodies 
are immature, have low avidity and affinity, and are often 
produced against a limited number of specific immuno-
genic proteins. In contrast to those early antibodies, sera 
from chronically infected individuals used to manufac-
ture the QC samples have a mature antibody response, 
with high avidity and reactivity to a broader range of anti-
gens and in some cases representing different antibody 
 isotopes to that seen with seroconversion response.

NRL, Australia (www.nrlquality.org.au), provides 
an international QC monitoring program for laborato-
ries testing for infectious diseases (QConnect; NRL, Aus-
tralia) [3]. QConnect uses QC samples that are optimized 
for each test platform; provides access to an online, peer 
comparison, QC monitoring program (EDCNet, NRL, Aus-
tralia; https://edcnet.nrlquality.org.au); and incorporates 
a novel process for establishing control limits, which 
accounts for normal assay lot-to-lot variation as well as 
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other sources of variation (QConnect Limits) [5]. However, 
various international guidelines for monitoring QC results 
are primarily written for clinical chemistry and do not 
provide guidance for managing the effects of assay lot 
changes on serological QC results [6–9].

In February 2019, several assay lots of the Abbott 
ARCHITECT anti-HCV CMIA (Abbott Laboratories, 
Chicago, IL, USA), henceforth referred to as ARCHITECT 
HCV, were associated with a decrease in QConnect Blue 
(DiaMex GmbH, Heidelberg, Germany), a multimarker QC 
sample designed to monitor the performance of ARCHI-
TECT blood screening assays. The decrease in reactivity 
of QConnect Blue was much greater than previously expe-
rienced with other ARCHITECT HCV assay lot numbers. 
From February 2018 to the release of the affected assay 
lots in February 2019, QConnect Blue was tested on 45 sep-
arate ARCHITECT HCV assay lots, each having at least 30 
QC tests, for a total of 19,158 results; the overall mean 
being signal to cutoff (S/Co) 2.81. The mean QC result for 
each individual assay lot ranged from S/Co 2.35 to 3.08. 
The QConnect Limits of this QC/Assay combination were 
S/Co 2.1–3.5 (Figure 1).

There were seven affected assay lots. The mean of 
2086 QConnect Blue results on these assay lots ranged 
from S/Co 2.06 to 2.22 (Figure 1), with the majority of 
results below the lower QConnect Limit. Using this event, 

a study was designed to determine whether a change in 
QC reactivity had a corresponding effect on the quantita-
tive results of seroconversion samples and if there was an 
increased likelihood of reporting a false-negative patient/
donor result when using these assay lot numbers.

Materials and methods
The study was designed in two parts: the comparison of the reactiv-
ity of early seroconversion samples tested on affected and unaffected 
assay lots and the change in reactivity of external quality assessment 
scheme (EQAS) samples on the same assay lots.

Seroconversion samples

Two sets of seroconversion samples were tested on both affected 
and unaffected assay lots. In the first set, a total of 25  seroconver-
sion samples obtained from 16 individuals, each having an S/Co of 
less than 10 reported by the sample supplier or in previous testing 
at NRL, were tested in three ARCHITECT HCV assay lots: 93093LI00, 
95367LI00, and 94655LI00. Assay lot 93093LI00 was not affected by 
the change in reactivity, whereas assay lots 95367LI00 and 94655LI00 
demonstrated a decrease in reactivity of the NRL QConnect Blue QC 
sample. Each seroconversion sample was tested in singlicate in 
 parallel with the QConnect Blue QC.

The second set of seroconversion samples consisted of 19 indi-
vidual samples obtained from commercial suppliers, Zeptometrix 

3.70

3.60

3.50

3.40

3.30

3.20

3.10

3.00

2.90

2.80

2.70

2.60

2.50

S
/C

o

2.40

2.30

2.20

2.10

2.00

1.90

1.80

1.70

1.60

1.50

1.40

1.30

Test kit lot number

01
63

8B
E

00
01

78
7B

E
00

01
80

5B
E

00
02

15
4B

E
00

02
36

0B
E

00
03

23
1B

E
00

85
22

9L
I0

0
86

06
1L

I0
0

86
07

7L
I0

0
87

02
4L

I0
0

87
05

8L
I0

0
89

02
4L

I0
0

89
03

4L
I0

0
89

04
2L

I0
0

89
22

7L
I0

0
90

05
6L

I0
0

90
22

2L
I0

0
90

22
6L

I0
0

91
22

8L
I0

0
91

22
9L

I0
0

91
42

4L
I0

0
92

11
4L

I0
0

92
11

8L
I0

0
92

14
4L

I0
0

92
61

0L
I0

0
93

09
3L

I0
0

93
09

7L
I0

0
94

01
6L

I0
0

94
02

0L
I0

0

94
22

8L
I0

0
94

25
6L

I0
0

94
35

7L
I0

0
94

36
1L

I0
0

94
65

5L
I0

0
95

36
7L

I0
0

95
37

1L
I0

0
95

52
2L

I0
0

95
52

6L
I0

0
96

14
8L

I0
0

96
15

2L
I0

0

Figure 1: Representative results of QConnect Blue, tested in different lots of ARCHITECT HCV assay, where the central bar is the mean of the 
QC test results and the vertical bars represent the mean ± 2 standard deviations.
The S/Co value is presented in the y axis and the assay lot numbers on the x axis. Horizontal lines indicate the NRL acceptance range 
“Connect Limits” for QConnect Blue QC sample testing in the Abbott Architect anti-HCV CMIA.
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(Buffalo, NY, USA) and SeraCare (Milford, MA, USA). Each sample 
was tested in singlicate on unaffected assay lot 94020LI00 and on 
four of the six affected lots – 94655LI00, 95526LI00, 94361LI00, and 
95367LI00. Of the 19  samples, 6  were also tested on the other two 
affected lots – 95367LI00 and 95371LI00 only because of the low 
volume of specimen. Results of each sample tested in each assay lot 
were compared.

EQAS samples

During the period when laboratories were using the affected assay 
lots, NRL conducted an EQAS test event. The results of two EQAS 
(hepatitis serology [HEPM] and multimarker blood screening [MMBS] 
schemes) were extracted and reviewed. The panel samples for each 
of the two programs were pooled, undiluted, citrated human plasma 
obtained from blood donors confirmed as anti-HCV positive. These 
samples are considered representative of the reactivity normally 
encountered in a clinical or donor screening setting. The results 
reported by the participants for each of the four positive panel sam-
ples from HEPM and five positive samples from MMBS using different 
assay lots of the ARCHITECT HCV were compared. Only assay lots 
with five or more test results and from two or more different laborato-
ries were included in the analysis.

Time of seroconversion

Where available, information provided in the certificates of analy-
ses of the seroconversion panels used in the study was reviewed to 
determine the period when low-level reactivity lasts. A total of eight 
seroconversion panels tested in the ARCHITECT HCV and further two 
panels tested on the Abbott AxSYM had one or more bleeds having 
an S/Co value between 1.0 and 2.0. The number of days between that 
bleed and the next subsequent bleed that had an S/Co value >3.0 was 
determined.

Results

Seroconversion samples

The results of testing the first set of 25  seroconversion 
samples and the QConnect Blue QC sample are pre-
sented in Figure 2. All but one sample had an S/Co value 
of less than 12, and 19 of 25 samples had an S/Co value 
of less than 10  when tested on the unaffected assay lot 
93093LI00 (Table 1). The reactivity of QConnect Blue was 
S/Co 3.15  when tested on assay lot 93093LI00, but S/Co 
1.98 and 1.74 when tested on affected assay lots 95367LI00 
and 94655LI00, respectively. All but three samples had a 
lower reactivity on assay lot 95367LI00, and all 25 samples 
had lower reactivity on assay lot 94655LI00  when com-
pared with results obtained when testing on assay lot 
93093LI00. No sample results were less than the cutoff 
(S/Co 1.0) when tested on assay lot 93093LI00; however, 
four sample results were below the cutoff when tested on 
assay lot 94655LI00, and three of these four samples were 
also below the cutoff when tested on assay lot 95367LI00. 
These results would be interpreted as nonreactive as per 
the manufacturer’s instructions for use (IFU). However, 
three of the four samples had reactivity of S/Co of 0.8 or 
above and, thus, may have undergone scrutiny depend-
ing on individual laboratory validation of test results. One 
sample had a high negative reactivity of S/Co 0.62 in one 
assay lot.

None of the results of the second set of serocon-
version samples had reactivity below the cutoff when 
tested in any of the four affected assay lots (Table 2). The 
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Figure 2: Graph of test results of 25 seroconversion samples (set 1) and QConnect Blue tested in three different ARCHITECT HCV assay lot 
numbers, sorted in ascending order of the sample reactivity on unaffected assay lot number 93093LI00.
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Table 1: Results of seroconversion samples (set 1) and QConnect Blue on three different assay lots of ARCHITECT HCV assay.

Patient 
number

  Seroconversion 
panel number

  Sample 
identification 

Abbott ARCHITECT anti-HCV assay lot number (S/Co)

93093LI00  95367LI00  94655LI00

1 N/A 62027488 1.44  0.92  0.80
2 N/A K00173 4.54  2.40  1.78
3 N/A K00516 9.78  9.86  8.73
4 N/A K00802 4.00  2.22  1.67
5 N/A K00861 5.80  3.71  2.31
6 N/A K00983 1.67  0.98  0.62
7 N/A K10111 3.50  2.07  1.57
8 N/A K10369 2.53  1.31  1.21
9 SCP-HCV-009 SCP 009-06 1.78  0.98  0.78
9 SCP-HCV-009 SCP 009-07 5.76  3.40  2.55
9 SCP-HCV-009 SCP 009-08 9.16  7.32  6.11
10 SCP-HCV-001 SCP 001-15 2.31  1.21  0.91
10 SCP-HCV-001 SCP 001-16 2.72  1.56  1.13
10 SCP-HCV-001 SCP 001-17 6.07  3.64  2.87
11 549 Z328261 4.75  2.82  2.43
12 541 Z332203 4.65  3.79  2.9
12 541 Z332204 11.24  9.85  7.73
12 541 Z332205 10.79  10.75  9.12
13 542 Z332216 7.05  5.33  3.96
13 542 Z332217 7.74  7.07  5.84
14 543 Z332225 16.05  18.9  14.68
15 9045 Z332233 5.14  4.75  3.43
16 9047 Z332241 10.28  9.98  8.35
16 9047 Z332242 11.6  11.43  9.11
16 9047 Z332243 11.88  11.65  10.41

QConnect BLUE (DM18210) 3.15  1.98  1.74

Table 2: Results of seroconversion samples (set 2) and QConnect Blue on three different assay lots of ARCHITECT HCV assay.

Seroconversion 
panel number

  Panel supplier Abbott ARCHITECT anti-HCV assay lot number (S/Co)

94655LI00 95526LI00   94361LI00   95367LI00 94020LI00

HCV-6229 Zeptometrix 1.39 1.62   1.14   1.57 1.67
HCV-6225 Zeptometrix 1.51 1.18   N/A   N/A 1.78
HCV-6226 Zeptometrix 1.55 1.57   1.53   1.92 2.10
HCV-9058 Zeptometrix 1.70 1.63   1.45   1.90 2.30
HCV-6224 Zeptometrix 1.87 1.89   1.99   2.00 2.39
HCV-10041 Zeptometrix 2.14 2.02   2.21   1.95 2.53
HCV-6215 Zeptometrix 2.48 2.23   2.35   2.66 2.78
PHV913 BBI Diagnostics  2.13 2.23   2.08   2.61 3.26
HCV-6216 Zeptometrix 3.04 2.62   2.66   2.47 3.39
HCV-9045 Zeptometrix 2.38 2.32   2.93   2.56 3.47
HCV-9047 Zeptometrix 3.95 3.97   4.23   4.64 4.69
PHV923 BBI Diagnostics  3.62 3.59   3.3   3.45 4.96
HCV-10165 Zeptometrix 3.52 3.43   4.04   4.02 5.27
HCV-6222 Zeptometrix 5.11 5.40   5.36   5.15 6.26
PHV919 BBI Diagnostics  6.65 6.20   6.71   5.73 6.72
HCV-6227 Zeptometrix 6.70 6.34   5.96   6.35 6.92
PHV906 BBI Diagnostics  7.60 6.89   7.36   7.90 8.13
HCV-10185 Zeptometrix 11.58 11.21   11.57   11.45 11.25
HCV-9046 Zeptometrix 11.20 12.60   12.91   13.36 12.79
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result of the 19  samples had reactivity ranging from S/
Co 1.67 to 12.79  when tested in the unaffected assay lot 
94020LI00 (Figure 3). One sample (HCV-6225) had insuf-
ficient volume to test on affected assay lots 94361LI00 
and 95367LI00. There were seven samples with a result 
less than S/Co 3.0  when tested on the unaffected assay 
lot 94020LI00. The lowest result obtained from these 
seven samples was S/Co 1.14 when sample HCV-6229 was 
tested in assay lot 94361LI00. Of the 19  samples, 6  were 
tested on the other two lot numbers of affected reagents 
94357LI00 and 95371LI00. When tested on the unaffected 
lot 94020LI00, the range of reactivity was S/Co 1.78–4.69. 
The sample with the lowest result on the unaffected lot 
reported S/Co results of 1.47 and 1.28 when tested on assay 
lots 94357LI00 and 95371LI00, respectively. None of the six 
samples had a result less than S/Co 1.0 on any assay lot 
number.

EQAS samples

The results of the positive EQAS samples tested on differ-
ent assay lot numbers were analyzed by box and whisker 
outlier graphs (Figures 4 and 5). EQAS participants tested 
the four positive HEPM samples in unaffected assay lot 
94256LI00 (13 participants) and three affected assay lots 
94357LI00 (5 participants), 94655LI00 (13 participants), 
and 95367LI00 (8 participants). Five positive MMBS 
samples were tested on unaffected assay lots 92114LI00 
and 94016LI00 (eight participants each) and affected lot 
94357LI00 (three participants). The number of results 
reported for any individual sample for each assay lot 
ranged from 8 (MMBS for assay lot 94357LI00) to 30 (HEPM 
for assay lot 94256LI00).

Sample I had the lowest mean S/Co values for the 
HEPM EQAS program. HEPM sample I had a mean value of 
S/Co 10.26 for unaffected assay lot number 94256LI00 and 
higher S/Co values of 11.34, 11.94, and 12.51 for affected 
assay lots 94357LI00, 94655LI00, and 95367LI00, respec-
tively. The mean value of each of the other three positive 
HEPM samples B, G, and C was higher when tested on 
three affected lots compared with the mean value when 
tested on the unaffected lots.

MMBS sample D had a mean S/Co value of 7.20 
and 7.22  when tested on unaffected assay lot numbers 
92114LI00 and 94016LI00 and a slightly lower mean value 
of 6.13 when tested affected assay lot 94357LI00. The other 
four other MMBS-positive samples H, L, O, and S each had 
mean S/Co greater than 10.0, and the mean results of each 
of these samples tested on the affected lot 94357LI00 were 
greater than the mean of each sample tested on unaf-
fected lots 94016LI00 and 92114LI00. It is noted that the 
results of all HEPM and MMBS EQAS samples, except for 
MMBS sample D, reported a higher mean when tested in 
the affected assay lots compared with unaffected reagent.

Time of seroconversion

Only samples with S/Co value of less than 2.31 tested on the 
unaffected assay lot 93093LI00  had a nonreactive result 
when tested on affected lot 95367LI00 and/or 94655LI00. 
Of eight commercial seroconversion panels reviewed, all 
had at least one bleed having a result between S/Co 1.0 
and 2.0. The average time before the subsequent bleed 
having a result of greater than S/Co 3.0 was 3.5 days (range 
2–5 days). The average S/Co value of the subsequent bleed 
was 5.3 (range 3.73–7.0).

Figure 3: Graph of test results of 19 seroconversion samples (set 2) tested in five different ARCHITECT HCV assay lot numbers, sorted 
in ascending order of the sample reactivity on unaffected assay lot number 94020LI00.
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Discussion
All test systems experience normal, expected levels of 
variation, and laboratories should monitor this varia-
tion using an external third party QC, in addition to the 
manufacturer’s kit controls. For infectious disease serol-
ogy testing, changes in assay lot numbers are the main 
sources of normal variation. However, the introduction 
of new lots of reagent is often associated with a change 
in reactivity of the QC sample [5]. Traditional methods of 
establishing QC limits based on mean ± x standard devia-
tions calculated on small numbers of data points, e.g. 20 
results as recommended by international guidelines [6–
9], has been demonstrated to be inappropriate for infec-
tious disease serology [1]. This traditional approach to QC 
does not account for assay lot changes as a source of vari-
ation and is heavily reliant on assumptions of normal dis-
tribution of QC sample data and the commutability of QC 
results to patient testing results. NRL developed an alter-
native approach to setting control limits, called QConnect 
Limits, based on historical QC peer-group data [5]. The 

calculations for QConnect Limits often include up to tens 
of thousands of QC results obtained from many laborato-
ries, instruments, and assay lot and, therefore, include all 
sources of variation experienced over time for an assay-QC 
peer-group.

An investigation into the root cause of QConnect Blue 
reactivity change in six assay lots of ARCHITECT HCV was 
initiated by the manufacturer, and a further investigation 
to determine the likelihood of false-negative test results 
associated with the affected assay lots was undertaken by 
NRL. Two sets of seroconversion samples were tested. Four 
of 25 seroconversion samples in set 1 reported nonreactive 
(S/Co <1.0) test results when tested on affected assay lot 
94655LI00, and three of four samples had nonreactive 
results when tested on assay lot 95367LI00. None of the 
19 seroconversion samples in set 2 had a result less than S/
Co 1.0. No sample having S/Co of greater than 2.31 would 
have been reported as nonreactive on the affected lots.

As the S/Co value of the sample tested on unaffected 
assay lots increased, the difference between sample 
results tested in unaffected lots and from those tested on 

Figure 4: Box and whisker graphs of results reported by participants of the NRL HEPM EQAS when testing positive samples in four different 
lot numbers of the ARCHITECT HCV assay.
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the affected decreased. Once the S/Co value was over 6.0 
on the unaffected lot, the results from the affected lots 
were similar and in some cases higher. This finding was 
supported by the review of the EQAS results. Each of the 
positive samples included in the NRL EQAS (HEPM and 
MMBS) represented samples usually seen in chronically 
infected individuals. All four positive samples included 
in the HEPM scheme and four of the five positive samples 
included in the MMBS program had mean S/Co values that 
were lower when tested in the unaffected assay lots com-
pared with testing on affected lots. These findings were 
not consistent with the decrease in reactivity observed 
when testing seroconversion samples.

This phenomenon may be due to the maturation of 
the antibody response and subsequent increased avidity, 
with immature antibodies being more prone to changes 
than a more mature antibody response, yet this theory 
was not examined further. However, the reason why low-
level samples are more sensitive to assay lot change may 
be due to the dose-response curve of the assay. As the 
concentration of the analyte increases, the ability of that 
sample to demonstrate a significant S/Co change in the 
test system decreases.

Testing and monitoring the results of an independent 
third party QC sample is highly recommended [7–13] and 
is an effective way of detecting unexpected variation in a 

Figure 5: Box and whisker graphs of results reported by participants of the NRL MMBS EQAS when testing positive samples in three 
different lot numbers of the ARCHITECT HCV assay.
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test system. Results of QC samples are not a measure of 
clinical sensitivity and should not be used for this purpose. 
Although the anti-HCV antibody window period is approx-
imately 6–7 weeks [14], true extremely low-level reactivity 
samples are only seen during a seroconversion event, and 
the low levels are present for approximately 48–72 h. Sero-
conversion samples have different antibody profiles com-
pared with diluted chronically infected samples.

The current study is the only publication that system-
atically maps the changes in clinical sensitivity associated 
with an unexpectedly large change in a QC sample result, 
although specificity changes have been previously mapped 
without conclusion [15]. The incidence of naïve HCV infec-
tion in very high-risk populations varies considerably in 
the literature. Reported incidence of HCV infection from 
high-risk populations includes 7.6 and 31 per 100 person 
years [16, 17]. The incidence in routine diagnostic labora-
tories, including the chance of obtaining a bleed during the 
48–72 h when the S/Co value is between 1.0 and 2.0, would 
be considerably lower. In a blood screening setting, pro-
cesses for limiting the possibility of a false-negative sero-
logical result include predonation deferral processes, such 
as questionnaires detecting high-risk activities, and the use 
of nucleic acid testing. It is therefore extremely unlikely that 
a true seroconversion sample would be falsely reported as 
negative, and in these extremely rare cases, other clinical 
and diagnostic tools would be used to mitigate this situa-
tion, including clinical history, antigen-antibody combina-
tion assays, repeat testing of high-risk individuals, and, 
especially in blood screening, nucleic acid testing.

All in vitro diagnostic devices (IVDs) for the detec-
tion of anti-HCV and other high-risk devices undergo 
batch release by the manufacturer and stringent assess-
ment, including performance testing, by regulatory 
bodies before being placed on the market. In Europe, all 
high-risk IVDs (IVD class D) such as for the detection of 
anti-HCV requires a premarket conformity assessment 
and individual lot release by a notified body according 
to the EU Regulations [18, 19]. In the United States, all 
high-risk devices (class III) must also be assessed by the 
FDA to determine the safety and effectiveness of the IVD, 
whereas those used for screening blood are assessed by 
the Center for Biologics Evaluation and Research using 
the 510(k) process [20]. Similar regulatory requirements 
are found in most countries with a developed IVD regu-
latory framework. Manufacturers must provide scientific 
evidence that the test system meets the intended use and 
that manufacturing processes comply with ISO 13485 or 
equivalent. It is important to note that the definition of 
the test system includes the manufacturer’s method of 
validating the performance of the test, in particular the 

use of the manufacturer’s positive and negative control 
validation criteria. The sensitivity and specificity pro-
vided by the manufacturer to the regulator, and stated in 
the IFU, relies on the manufacturer controls to be valid. It 
is therefore assumed that if the manufacturer’s controls 
are within expected limits, the sensitivity and specificity 
of the assay is as reported in the IFU.

The six affected assay lots passed lot release testing 
by the manufacturer and the independent notified body 
and were therefore considered fit for use under the exist-
ing regulations. However, although stringent pre- and 
postmarketing controls on high-risk IVDs are in place, it 
is important that laboratories continually monitor the per-
formance of their test systems. Variation can be introduced 
postmanufacture throughout the transport and storage 
of the reagents, changes in consumables, biological and 
nonbiological components of the test system, equipment 
and its maintenance (or lack of) and calibration, as well as 
human error. NRL QC program frequently detected these 
sources of variation, which can contribute to the poten-
tial of a false result as much as assay lot changes can [21]. 
This is even more the case for less regulated IVDs used to 
detect antibodies and antigens to infectious disease such 
as rubella and toxoplasma. Laboratories that do not use 
an evidence-based QC monitoring program independ-
ent of the manufacturer’s kit controls are naive to these 
variations and, therefore, accept a greater risk of report-
ing compromised results. It is the responsibility of each 
laboratory manager to assess and manage the level of risk 
presented in their laboratory setting [6].

In this case, detection of variation allowed Abbott, 
Germany, to undertake a root cause analysis, identify a 
new batch of nonbiological component of the assay as 
being the source of variation, and act quickly to release 
new, unaffected lots. Using QConnect Blue results, NRL 
could confirm the resolution of the situation, with results 
falling within the QConnect Limits when tested on each 
subsequent assay lot.

There were several limitations with this study. 
Obtaining seroconversion samples of low reactivity is 
difficult and expensive. Each sample was performed in 
singlicate and not on all six assay lots. The study only 
presents data on a single manufacturing root cause of 
variation in QC results, and similar variation cannot 
be assumed when different changes in manufacturing 
occurs. NRL has evidence to confirm that all serology 
assays, irrespective of the manufacturers, experienced 
detectable, sometimes significant, assay lot-to-lot vari-
ations in manufacturing. It cannot be assumed that 
QC samples provided by other QC manufacturers have 
the same level of sensitivity to variation because the 
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QConnect series of QC samples are optimised to be reac-
tive on the linear part of the assay’s dose-response curve 
and are comprised entirely of human plasma, not diluted 
plasma or plasma-derived components (such as human/
bovine serum albumin) in buffer.

However, the findings do represent the first detailed 
investigation into the relationship between reactivity of 
QC and patient samples when tested in a qualitative serol-
ogy assay and the first time the assumption that a decrease 
in QC reactivity may be associated with the increased pos-
sibility of a false-negative patient result has been tested. 
The findings add further evidence that the QConnect 
Limits, based on historical QC peer-group data, are appro-
priate for monitoring infectious disease serology testing.
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Chapter Five - Conclusion 

Laboratory staff often question whether a reduction in QC test reactivity is predictive of a greater risk of 

reporting false negative patient results. They are acutely aware that, if a low positive sample is reported as 

negative there could be dire consequences. In the blood screening setting, a false negative result could lead 

to a transfusion transmitted infection (161). Indeed, donations of whole blood, and particularly plasma, can 

be transfused into multiple individuals. Donated plasma is also fractionated and used in therapeutic goods. 

An infected donation could result in hundreds of vials of therapeutic goods being infected. Fortunately, 

there are many mitigating processes to limit this eventuality. The use of pre-donation donor deferral 

questionnaires identifies and removes at-risk individuals. Donations are screened by NAT to detect the 

presence of virus, and fractionated plasma are subject to viral inactivation processes. However, laboratory 

staff retain a real concern over medicolegal consequences, patient safety, and further spread of infection 

by transfusion of blood and blood products from donors with false negative results. It is noted that 

screening donations for blood-borne viruses by NAT is not universal, with many low and middle-income 

countries, where the burden of disease is high, being unable to afford this testing, thereby raising the risk 

of reporting of false results (161-163). 

Infectious disease serology assays are designed so that positive and negative patient populations are well 

removed from the cut-off (164). Therefore, if there is a systematic shift in reactivity due to a change in the 

test system, it is unlikely that a positive patient result will be reported as negative, except when the 

reactivity of the patient sample is extremely low, as in the case of a seroconversion event, a conclusion 

supported by others (165). Other possible clinical situations that can lead to low-level antibodies are during 

treatment (e.g. anti-retroviral therapy or pre-exposure prophylaxis for HIV), immunosuppression therapy 

or immunodeficiency syndromes or late in infection as antibodies decline. The likelihood of testing a patient 

at the time of seroconversion for HCV is low, even in high prevalence populations. Our study concluded 

“However, the findings do represent the first detailed investigation into the relationship between reactivity 

of QC and patient samples when tested in a qualitative serology assay and the first time the assumption 

that a decrease in QC reactivity may be associated with the increased possibility of a false-negative patient 

result has been tested. The findings add further evidence that the QConnect Limits, based on historical QC 

peer-group data, are appropriate for monitoring infectious disease serology testing”, thereby supporting 

the use of QConnect™ concept and providing some comfort to laboratory staff that the risk of a false 

negative result is minimal. 

The impact of this study is significant as it is the only such study published, and therefore is the reference 

paper for understanding the relation between QC test results and patient results for infectious disease 

serology. No other organisation has systematically compared the commutability of QC and patient results 

for serology, although others have for clinical chemistry analytes, also concluding that the level of 

commutability between the QC samples and patient samples was poor  (166). In the case studied, only 

NRL’s QConnect™ detected the change and highlighted the issue to the manufacturer, who was unaware 

of the situation, thereby validating NRL’s approach to QC monitoring. The study also highlighted the 

importance of having a robust, scientifically validated QC monitoring process like QConnect™ and prompted 

other to call for a review of QC methods (165).  
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Conclusion 
It is important that testing for infectious diseases by serology and NAT is accurate, has minimal bias and 

imprecision, and provides meaningful clinical information. Ideally, qualitative results for the presence or 

absence of an analyte, as is the case for antibody testing, should be comparable from one test system to 

another. That is, the clinical sensitivity of assays testing for the same analyte should be comparable. 

Quantitative infectious disease test results, such as viral load testing, are used to monitor the efficacy of 

therapy, the progress of disease or as a trigger for treatment. It is important that the quantitative results 

from one test system are comparable to the results reported by the same test system in different locations, 

and to different tests systems measuring the same analyte. This outcome can be achieved by standardising 

and controlling testing. However, principles of standardisation commonly applied to clinical chemistry have 

been shown not to be applicable for infectious disease serology because the detection and quantification 

of antibodies across test systems measure “type B” functional, biological analytes. Testing for biological 

functionality must account for a range of factors such as genetic variation and different serovars of the 

microorganisms, changes in the immune response over time, differences in assay design and components, 

reagent lot changes, as well as day-to-day variations due to the testing environment. The measurand of 

serological assays is assay-specific and therefore commutability of quantitative results between assays is 

yet to be achieved in a clinical meaningful way.  

So where to for standardisation of infectious disease serology testing?  There is strong evidence that 

international standards for antibody quantification cannot be used to calibrate serological IAs and 

regulatory bodies, WHO and other interested parties should state categorically that infectious disease 

serology assays should only report qualitative results. The package inserts of several serological 

international standards already have caveats stating they should not be used for the calibration of test kits. 

However, prior to my work, international standards for anti-rubella IgG and HBsAb have routinely been 

used for assay calibration, as has the recently released anti-SARS-CoV-2 standard. The publications 

presented in Chapters 2 to 4 represents a comprehensive body of work published on the subject of 

standardisation of infectious disease serology, highlighting the difficulties faced and presenting an 

understanding of why standardisation of serology is problematic.  

The lack of standardisation of rubella IgG assays has now been well documented (1, 14, 73, 74, 76, 92-95, 

138, 139). Although less studied, there is evidence that the use of an international standard to calibrate 

HBsAb testing has also been unsuccessful (80). As a result of the publications presented in this thesis, along 

with those of other colleagues, in 2017 the WHO Expert Committee on Biological Standardization 

determined that the rubella IgG international standard should remain available, but IVD manufacturers 

should be made aware of the lack of commutability of the standard and therefore consider replacing rubella 

IgG quantitative tests, reporting in IU/mL, with qualitative assays (85). Recent publications, which I co-

authored with representatives of WHO, NIBSC, Paul Ehrlich Institut, USA CDC and USA FDA, have noted that 

results of rubella IgG assays should no longer be expressed in IU/mL (77). After more than a decade of 

activity by concerned scientists, the rubella RUB-1-94 standard package insert (88) was recently amended 

to include the statement “IVD manufacturers, regulators and assay users should be made aware of RUBI-1-

94 potential lack of commutability when used as a calibrant. This was highlighted by the WHO Expert 

Committee on Biological Standardization in TRS 68th Report (Section 3.3.4: 2018).” This statement is in line 

with a similar statement on the measles standard. However, no similar statement has yet been included in 

the HBsAb package insert even though there is evidence that standardisation of HBsAb assays is ineffective 

(80).  
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My published works, supported by other colleagues with similar interests, presents a compelling argument 

for the discontinuation of using WHO international standards for the calibration and attempted 

standardisation of serology assays used to detect infectious disease antibodies. In summary,  

• There are no certified reference methods for infectious disease serology; 

• serological tests do not measure the numbers of antibodies, it measures the ability of antibodies in 

a patient sample to bind to the antigenic target of the test system; 

• the quantitative amount of antibodies detected has no clinical use, only the presence or absence 

of antibodies are clinically important; 

• assays testing for the same analyte have different measurands because they target different 

antibody classes and subclasses, antigenic targets and have different detection systems; 

• decades of attempts to use the international standard for standardising rubella IgG have failed, and 

• WHO expert committees have conceded this and have subsequently modified the anti-rubella IgG 

international standard’s IFU accordingly. 

In spite of the compelling arguments against using serological international standards for assay calibration, 

this issue recurred with the release by NIBSC of the First WHO International Standard for anti-SARS-CoV-2 

immunoglobulin (human) (NIBSC code: 20/136) (143, 167, 168) and associated WHO guidance document 

(144). Several IVD manufacturers have released quantitative anti-SARS-CoV-2 assays calibrated against this 

standard. The utility of this standard is yet to be determined. One study reported that, by reporting results 

relative to the international standard, interlaboratory variation was reduced 50 fold for neutralising 

antibody assays and 2000 fold for EIAs (168). It was also stated that the standard could be used “ to assist 

the comparison of assays detecting the same class of immunoglobulins with the same specificity (eg, anti-

receptor binding domain IgG, anti-N IgM, etc)” (168). Others have also lauded the development of the SARS-

CoV-2 international standard for serology and advocated its use for standardisation of vaccine potency 

testing, but have identified “even between binding assays, antibody titres against two viral proteins (eg, 

nucleoprotein and S protein) might not necessarily correlate. This factor could be particularly relevant in 

situations where diagnostic assays (eg, for confirmation of natural infection) are conflate with quantitative 

assays that measure only vaccine antibody titres” (169). It should be noted that these statements recognise 

the fact that binding assays vary in types of immunoglobulins and antigenic targets, my stated causes of 

lack of standardisation between serology assays. Recently a study reviewed 13 different standards available 

for anti-SARS-CoV-2.  They found varying levels of concordance between diagnostic methods at specific 

antigen–antibody combinations but concluded “Our findings indicate that the arbitrary units of the WHO IS 

are not an accurate means to compare SARS-CoV-2 serology results between different laboratories or 

methods” (145).  

Although over 2400 vials of the 1st International SARS-CoV-2 standard was manufactured, a replacement 

batch was required by August 2021.  As mentioned previously, SARS-CoV-2 developed numerous variants 

over the past several years (68).  At the beginning of the study to assign unitage to the second standard, 

there were five variants of concern listed by the WHO (170) and by July 2022, Omicron and its lineage strains 

were the predominant strains circulating. Several candidate samples were tested in both neutralisation 

assays and binding assays. Differences were determined when the candidate samples were tested against 

variants of concern using neutralising assays, having a reduction of potency against beta and delta strains, 

as compared with ancestral strain. When tested alongside the candidate samples, 1st International 

standard, WHO IS 20/136, could not detect neutralising antibodies against Omicron (170).  The 2nd WHO IS 

for anti SARS CoV 2 immunoglobulin (21/340) was manufactured from convalescent plasma from 

individuals infected early 2020 and released for use in October 2021. 
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This situation highlights the impact on the ability to standardise antibody testing due to emergence of new 

strains over time. The 2nd WHO IS for anti SARS CoV 2 immunoglobulin (21/340) IFU (171) contains a table, 

“intended for guidance only”, with the recommended potencies against the de-classified variants of 

concern.  It also states that “The intended use of the International Standard is for the calibration and 

harmonisation of neutralisation assays using SARS-CoV-2 early isolates (2020). For the calibration of 

secondary reagents used in neutralisation assay against variants of concerns the 1st WHO International 

Standard for anti-SARS-CoV-2 variants of concern immunoglobulin, NIBSC code 21/338, should be 

used”(171). 

New strains may impact the ability of manufacturers to standardise the quantification of SARS-CoV-2 

antibodies. Only a rigorous comparison of quantitative results, reported in international units, obtained 

from different anti-SARS-CoV-2 test kits will determine whether the standard has successfully facilitated 

standardised reporting. 

Whereas assays that quantify the amount of detectable antibody arguably can serve to monitor the levels 

of antibodies over time, it remains to be demonstrated that the levels reported by one assay correlate with 

those reported by another, or indeed that a quantitative measurement of binding antibodies has any 

correlation with protective immunity (168). If the rubella IgG scenario is reproduced with SARS-CoV-2, 

similar difficulties resulting from lack of standardisation are to be expected. I have coordinated a large-

scale, head-to-head evaluation of anti-SARS-CoV-2 serology assays on behalf of the WHO, the Australian 

TGA and directly with test kit manufacturers. To date, 12 rapid lateral flow test devices (RDT) have evaluated 

for TGA; 29 RDTs and nine EIAs evaluated for WHO and more than 10 high-throughput serology platforms 

have been evaluated on behalf of the manufacturers. Test kits under evaluation reported results for various 

SARS-CoV-2 antibodies including IgG, IgM, IgA, total antibodies, and neutralising antibodies; and to different 

antigens including spike and nucleocapsid.  The summary results published on the NRL website (172) with 

a final reports currently in draft. Of these assays, several are calibrated against the WHO international 

standard and report quantitative results. A dilution series of the standard has been tested with these assays 

to understand the accuracy of quantification compared with the standard. The more important study is to 

compare the quantitative results, reported in IU/mL, of 199 patients’ samples included in the study. This 

investigation will provide insight into the comparison of quantification across several quantitative assays. 

Analysis of the data obtained from this series of evaluations will assess the correlation of quantitative 

results. If hypothesis that serology assays cannot be standardised is supported, it is hoped that future IVD 

directives, professional bodies and key opinion leaders embrace the concept that the standardisation of 

serological assays for infectious diseases is not possible and promote the reporting of qualitative results. 

My position, which has been relayed to NIBSC and WHO, is that the SARS-CoV-2 antibody standard should 

have the intended use for the standardisation of viral neutralisation assays used to evaluate the potency of 

vaccines, and the international standard IFU categorically state that it should not be used as a calibrator of 

IAs. The use of virus neutralisation tests and plaque reduction neutralisation tests using pathogenic viruses 

are the gold standard method for measuring vaccine-induced neutralising antibodies, and the need for 

standardisation of these assays is required (167, 173). In 2020, the Coalition for Epidemic Preparedness 

Innovations established a global network to establish standardisation of COVID-19 vaccine development 

(174), where the availability of an international standard would be invaluable. 

We have briefly reviewed the potential of using monoclonal antibodies as standard or controls (unpublished 

data).  The argument for monoclonal antibodies serving these purposes is that they can be made in quantity, 

are stable when stored under appropriate conditions and are epitope specific.  Therefore, theoretically at 
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least, they do not have the variability associated with polyclonal, human derived samples.  However, this 

attribute is also a deficiency, as assays rarely detect a single epitope.  Our personal experience is that, when 

a toxoplasma-specific monoclonal IgM antibody was used as a QC sample, reactivity was at acceptable 

levels for most assays except one, which did not detect that epitope, underlying potential issues with this 

approach. 

This is not the case for NAT or antigen testing, where the traditional approach used to standardise “type A” 

analytes has resulted in the successful standardisation of test systems for RNA, DNA and, to a lesser extent, 

antigen quantification. There is good evidence that the development and use of international standards has 

harmonised reporting of results across test systems (108, 121). This fact has allowed the establishment of 

viral load thresholds for implementation or cessation of treatment (120, 150, 175), rejection of donor 

plasma prior to fractionation when NAT positive for viral pathogens (161) and the ability to compare test 

results across testing systems and therefore from laboratory to laboratory (108). There are some remaining 

issues identified relating to the standardisation of NAT, such as fragmentation of nucleic acids and the fact 

that international standards are produced sequentially rather than using a single standard to calibrate 

subsequent standards. My work has demonstrated that these are minor and do not materially impact on 

standardisation efforts for NAT. 

The control of test systems used by medical laboratories should be risk-based (54). As serological assays 

have become more automated, the traditional control mechanisms used by clinical chemists, especially the 

use of Westgard rules, have been adopted by testing laboratories. However, until recently, no systematic 

review of the applicability of these rules had been undertaken. My work has demonstrated an unacceptable 

number of false rejections are encountered if international guidelines for clinical chemistry QC are followed 

in the context of infectious disease testing (157). In collaboration with others, I lead the development and 

publication of an alternative approach, called QConnect™, which is more applicable to infectious disease 

serology (122, 125). QConnect™ method includes all normal variation when calculating acceptance criteria, 

especially the variation caused by changes of reagent lots over time. A recent study has demonstrated that, 

when using QConnect™, even when a test system experiences significant changes, as evidenced by a drop 

in QC reactivity, the risk of a true false negative result during a seroconversion event is minimal (126). The 

QConnect™ approach reduces unnecessary investigations of “false rejections” of QC results, allows 

laboratory staff to focus on true errors, and ultimately increases the confidence in test results. 

Through my work, I continually highlight the need for infectious disease testing laboratories to change away 

from traditional QC processes and adopt new approaches for monitoring testing. Recently, the QConnect™ 

method was referenced as a suitable alternative to traditional QC methods in the UK Standards for 

Microbiology Investigations, Quality Assurance in the Diagnostic Infection Sciences Laboratory guidance 

document (128), the first such international recognition of the concept. Although acceptance by 

professional bodies is muted, the QConnect™ approach has been more successful commercially, with major 

QC sample manufacturers embracing QConnect™. A working party of international experts, coordinated by 

and including me, has been assembled and a communique, seeking to highlight the need for change, is in 

draft, and is expected to be submitted as a publication as an opinion piece in a peer-reviewed journal in 

2022. Meanwhile, NRL is conducting further studies aimed at better understanding the imprecision of 

infectious disease assays. As the QConnect™ concept incorporates all sources of variation, including both 

bias and imprecision combined, a possible criticism of the approach is that it does not differentiate between 

these two sources of variation, and therefore the acceptance limits may be perceived to be too wide. 

Monitoring imprecision in isolation over time and establishing assay-specific acceptable levels of 

imprecision may address this objection. Line listed data from all test systems and all analytes submitted 

into EDCNet™, from the beginning of 2017 to end of 2021 have been extracted and are being analysed. This 
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represents over a million data points from hundreds of analytes and testing platforms, making it the most 

comprehensive investigation of infectious disease serology QC ever. It is expected that the data obtained 

from this analysis will inform additional algorithms that will eventually be published in peer-reviewed 

journals and subsequently built into the QConnect™ concept, strengthening its ability to identify 

unexpected variation.  

Starting three decades ago, and remaining relevant and important today, my publications have addressed 

the topics of standardisation and control of infectious disease testing, contributing significant and original 

knowledge to the understanding of medical laboratory testing. The work has highlighted deficiencies in 

approaches, especially related to infectious disease serology. The work has systematically identified 

inappropriate application of traditional methods for the standardisation and control of infectious disease 

serology, undertook to determine the root cause of why traditional approaches do not work and designed, 

implemented, and evaluated novel alternative approaches. In the case of standardisation of serology 

testing, my work led to extraordinary WHO meetings, including representatives from USA FDA, USA CDC, 

Paul Ehrlich Institut and NIBSC, resulting in a WHO expert committee publication (85) and a change to the 

rubella IgG International Standard IFU (88). For QC, my work has resulted in the development of 

trademarked internet-based quality control monitoring software EDCNet™, and a novel QC monitoring 

concept QConnect™, used by hundreds of accredited clinical and national blood screening laboratories 

globally and licenced to two major QC manufacturers. These developments have been systematically 

published in peer-reviewed journals, leading to a significant body of work (1, 2, 14, 73, 74, 77, 92, 93, 121-

126, 132, 134, 135, 138, 147, 154, 155, 157-160, 176-180). 

Infectious disease testing using biological function is different to testing for inert molecules (1). The rules 

applied to clinical chemistry for standardisation and control cannot and should not be applied without 

evidence. Indeed, evidence is mounting to indicate that specific approaches to standardisation and control 

of infectious disease testing is required. More detailed investigations in this area are encouraged. WHO, 

professional bodies, organisations publishing guidance documents and the IVD industry must heed this 

evidence and commit resources to developing a set of guidance documents for the standardisation and 

control of infectious disease testing, rather than applying inappropriate processes without evidence.  

Having highlighted the deficiencies of traditional QC methods, I will continue to advocate for the application 

of scientifically validated approach to monitoring the QC of infectious disease testing through publications, 

presentations, and communications to professional bodies and peers. I will continue to identify problems 

and educate interested laboratory staff of the inherent issues in medical laboratory testing due to the 

inappropriate implementation of approaches to standardisation and control of infectious disease testing, 

through conferences and company-sponsored webinars, social media posts, and through professional 

organisations. This is especially true where issues may potentially cause adverse impact on patient safety 

and clinical outcomes and will be achieved. This PhD thesis serves to summarise concisely the concepts 

involved in the standardisation and control of infectious disease testing, identify the areas of need and 

propose the future work required to address these gaps.  
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Appendix A. List of WHO International Standards for Infectious Diseases and 

Associated Information 
 

Human Anti-Pneumococcal capsule Reference Serum (1st International Standard) 

NIBSC code: 007sp 

1st International Standard for Human Anti-pneumococcal capsule Reference Serum (nibsc.org) 

007sp is for use in the enzyme-linked immunosorbent assay protocol for quantification of human IgG 

antibodies specific for Streptococcus pneumoniae capsular polysaccharides (Pn PS ELISA). 007sp is a pooled 

serum from 287 healthy volunteers following vaccination with 23 valent pneumococcal polysaccharide 

vaccine (Pneumovax II®). In order to estimate the concentration of antibodies 007sp antibody 

concentrations were defined through bridging to the previously established standard 89SF 

Anti-Toxoplasma IgG, Human (International Standard) 

NIBSC code: 01/600 

Anti-Toxoplasma IgG, Human (nibsc.org) 

The standard contains specific IgG only and is intended for standardisation of the Sabin Feldman Dye test 

and can be used in various immunoassays for the diagnosis of toxoplasmosis. 

Anti-Parvovirus B19, plasma, human (2nd International Standard) 

NIBSC code: 01/602 

2nd International Standard for Anti-Parvovirus B 19 plasma, human (nibsc.org) 

This material will serve as the primary biological standard for antibodies to Parvovirus B19. In the 

collaborative study in which this material was calibrated in International Units against the First International 

Standard for Anti-Parvovirus B19 serum, only assay kits which contained VP2 were used in the assignment 

of potency to this material. 

Tetanus Toxoid for Flocculation Test (2nd International Standard) 

 NIBSC code: 16/302 

WHO International Standard 3rd International Standard for Tetanus Toxoid for use in Flocculation Test 

The 3rd International Standard for Tetanus Toxoid for use in Flocculation Test (16/302) was established by 

the Expert Committee on Biological Standardization of the World Health Organisation in October 2019 

and replaces the 2nd IS coded 04/150. The material is intended to be used for standardization of the 

flocculation test to determine the Lf content of tetanus toxoid or toxin. 

Syphilitic plasma IgG (human) (1st International Standard) 

NIBSC code: 05/122 

1st IS for human syphilitic plasma IgG 
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The standard can be used to calibrate the Treponema pallidum passive particle agglutination assay (TPPA). 

In addition, the standard can be used as a positive control in the Fluorescent Treponema Antibody assay 

and IgG enzyme immunoassays 

Anti-human papillomavirus type 16 serum (1st International Standard) 

NIBSC code: 05/134 

05-134 HPV 16 antibodies (nibsc.org) 

This material will serve as the primary biological standard for antibodies to HPV 16. This material may be 

used in immunoassays utilising virus-like particles and pseudovirion neutralisation tests of adequate 

sensitivity 

Pertussis Antiserum (human)1st IS-WHO international Standard 

NIBSC code: 06/140 

Pertussis Antiserum (Human) 1st IS (nibsc.org) 

The freeze-dried anti-serum (ampoule code 06/140) was prepared from sera kindly donated by Dr Carl 

Heinz Wirsing von König, Institut für Infektiologie Krefeld GmbH (IIK), Krefeld, Germany. On behalf of WHO 

and in collaboration with members from CBER, FDA, USA and Institut für Infektiologie Krefeld GmbH, 

Germany a collaborative study to compare the candidate material with the US reference preparations lot 

3, lot 4 and lot 5 was organized by NIBSC in 2007. Twenty-two laboratories from 15 countries participated 

in this study. ELISAs for IgG anti-PT, anti-FHA and anti-69kDa were carried out by the participants. Data from 

the study showed that estimates of the antibody activity of preparation 06/140 in terms of the relevant US 

reference lot were in good agreement among laboratories 

Human Plasma Anti-Influenza H5N1 (1st International Standard) 

NIBSC code: 07/150 

International Standard for antibody to influenza H5N1 virus (nibsc.org) 

This material has been prepared from plasma of human recipients of A/Vietnam/1194/2004 (H5N1) (NIBRG-

14) vaccine. This is the first International Standard for antibody to influenza H5N1 virus. This material will 

serve as the primary biological standard for antibodies to A/Vietnam/2004 H5N1 Clade 1 virus. In the 

collaborative study in which this material was calibrated in International Units, it was shown that this 

material is not suitable as a biological standard for antibodies to H5N1 viruses from other genetic clades. 

Anti-hepatitis B surface antigen (Anti-HBs) immunoglobulin (2nd International Standard) 

NIBSC code: 07/164 

Second International Standard for anti-hepatitis B surface antigen (anti-HBs) immunoglobulin, human 

(nibsc.org) 

Hepatitis B immunoglobulins are produced in many countries and the minimum potency requirements and 

potencies of individual batches are expressed in International Units (IU). This material is also used in 

diagnostic assays to determine the antibody content of sera from naturally infected individuals and 

vaccinees. The unitage indicative of sero-conversion and sero-protection and the unitage indicative of long-

term protection is also given in IU. 
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Chagas (anti-Trypanosoma cruzi II) antibody in human plasma (1st International Standard) 

NIBSC code: 09/186 

1st International Standard for Chagas (anti-Trypanosoma cruzi II) antibody in human plasma (nibsc.org) 

Freeze-dried preparation 09/186 contains anti-Trypanosoma cruzi antibodies and is representative for 

seropositive samples from autochthonous individuals living in Brazil, the region where T. cruzi II is endemic. 

However, the parasite could not be isolated from blood of individual donors who are in the chronic stage 

of disease. Thus the T. cruzi genotype could not be confirmed. The preparation has been assessed in a 

collaborative study for its suitability for use in various enzyme linked immunosorbent assays, 

immunofluorescence assays, agglutination assays, lateral flow assays or rapid immunochromatographic 

assays, western blots and a radioimmunoprecipitation assay. The collaborative study report contains full 

details on the reactivity of 09/186. The preparation can be used to assess the analytical sensitivity of the 

tests for detection of antibodies to T.cruzi. 09/186 is one of two standards that make up the 1st WHO Anti 

Trypanosoma cruzi I and II Antibody Reference Panel and should be used concurrently with standard 

09/188. 

Chagas (anti-Trypanosoma cruzi I) antibody in Human Plasma (1st International Standard) 

NIBSC code: 09/188 

1st International Standard for Chagas (anti-Trypanosoma cruzi I) antibody in Human Plasma (nibsc.org) 

Freeze-dried preparation 09/188 contains anti-Trypanosoma cruzi antibodies and consists of seropositive 

samples from autochthonous individuals living in Mexcio, the region where T. cruzi I is endemic. However, 

the parasite could not be isolated from blood of individual donors who are in the chronic stage of disease. 

Thus the T. cruzi genotyope could not be confirmed. The preparation has been assessed in a collaborative 

study for its suitability for use in various enzyme linked immunosorbent assays, immunofluorescence 

assays, agglutination assays, lateral flow assays/rapid immunographic assays, western blots and a 

radioimmunoprecipitation assay. 

Anti-human papillomavirus [HPV] 18 serum (1st International Standard) 

NIBSC code: 10/140 

1st WHO International Standard for anti-human papillomavirus 18 serum (nibsc.org) 

This material will serve as the primary biological standard for antibodies to HPV 18. This material may be 

used in immunoassays utilising virus-like particles and pseudovirion neutralisation tests of adequate 

sensitivity 

Influenza antibody (Human) to A/California/7/2009 'like' (H1N1v) virus (2nd International standard) 

NIBSC code: 10/202 

WHO 2nd International Standard for antibody to influenza H1N1pdm virus (nibsc.org) 

This material has been prepared from plasma of human recipients of A/California/7/2009 (H1N1) (NYMC 

X179A) vaccine. This is the second International Standard for antibody to influenza H1N1pdm virus. This 

material will serve as the primary biological standard for antibodies to A/California/7/2009 like virus 
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Diphtheria Antitoxin Human IgG (1st International Standard) 

NIBSC code: 10/262 

1st International Standard for Diphtheria Antitoxin Human (nibsc.org) 

The 1st International Standard for Diphtheria Antitoxin Human is intended for use as a reference 

preparation in assays to determine the concentration of diphtheria antibody in human serum samples. The 

results of an international collaborative study suggest that this standard is suitable for use as a reference 

preparation in toxin neutralization tests and in vitro immunoassays (including ELISA), and that the standard 

showed comparable behaviour to native human serum samples in the majority of different assay methods 

used 

HBsAg (HBV genotype B4, HBsAg subtypes ayw1/adw2) (3rd International Standard) 

NIBSC code: 12/226 

Third International Standard for HBsAg (HBV genotype B4, HBsAg subtypes ayw1/adw2) (nibsc.org) 

This preparation contains inactivated HBsAg (HBV genotype B4, HBsAg subtypes ayw1/adw2) and has been 

calibrated in International Units (IU) in an international collaborative study. It was calibrated against the 

2nd international standard (IS) for HBsAg (A2, adw2) along with additional study samples representing 

different HBV genotypes. The 3rd WHO IS for HBsAg is intended to be used for the determination of 

analytical sensitivity of HBsAg assays and for the calibration of secondary references for HBsAg 

Antibodies, Human, to Toxoplasma gondii (4th International Standard) 

NIBSC code: 13/132 

4th IS for Antibodies, Human, to Toxoplasma gondii (nibsc.org) 

A collaborative study compared the potency of 13/132, the 4th International Standard (IS) for Antibodies, 

Human, to Toxoplasma gondii in the Sabin Feldman dye test relative to TOXM (3rd IS for anti-Toxoplasma 

Serum, Human; 1000 IU per ampoule) and 01/600 (1st IS for anti-Toxoplasma IgG, Human; 20 IU per 

ampoule). 13/132 is suitable for use in Enzyme Linked Fluorescence Assays and Enzyme Linked Immuno 

Sorbent Assays for Ig, IgA, IgM, IgG and IgG avidity, and for agglutination assays, Immuno Fluorescence 

Assays and Immunoblot assays to detect IgG and IgM. 13/132 reacted strongly positive for Ig, IgA, IgG and 

IgM in all these assays. The avidity of IgG from 13/132 is low and similar to TOXM. In terms of antibody 

potency, IS 13/132 falls between TOXM and 0/1600. 

Diphtheria Toxoid for use in Flocculation Test (3rd International Standard) 

NIBSC code: 13/212 

3rd IS for Diphtheria Toxoid for use in Flocculation Test (nibsc.org) 

The 3rd International Standard for Diphtheria Toxoid for use in Flocculation Test (13/212) was established 

by the Expert Committee on Biological Standardization of the World Health Organisation in October 2015. 

The material is intended to be used for standardization of flocculation assay to determine the Lf content of 

diphtheria toxoid. 13/212 may also be suitable as a reference preparation in other methods used to 

measure the Lf content of diphtheria toxoid, such as ELISA or SRD. Anti-Brucella abortus Serum, Bovine 

(International Standard) (2BADS) 
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Anti-Poliovirus serum types 1,2 and 3 (3rd International Standard) 

NIBSC code: 82/585 

3rd International Standard Anti-Poliovirus serum Types 1, 2 and 3 (nibsc.org) 

The 3rd International Standard serum is the primary material for the assay of human serum containing 

antibodies to the three poliovirus serotypes. The methodology used to assess the standard was a 

neutralizing antibody assay, with constant virus-varying serum (WHO/VSQ97.94) 

HIV-1 P24 Antigen WHO International Standard 

NIBSC code: 90/636 

HIV-1 P24 Antigen (nibsc.org) 

This material is intended for the calibration of secondary reference materials 

Anti-HBc (Anti-hepatitis B core antigen) WHO International Standard 

NIBSC code: 95/522 

First International Standard for anti-Hepatitis B core antigen (anti-HBc), plasma, human (nibsc.org) 

A WHO Collaborative Study organised by the Paul Ehrlich Institute was undertaken to assess the suitability 

of a candidate reference material (NIBSC code 95/522) for detection of antibodies to hepatitis B core 

antigen (anti-HBc) in diagnostic assays. Thirteen laboratories from 10 countries tested the above-described 

materials using 20 different anti-HBc assays 

Anti-Hepatitis A Immunoglobulin, Human (W1041) WHO International Standard  

NIBSC code: 97/646 

2nd International Standard for Anti-Hepatitis A, Immunoglobulin, Human (nibsc.org) 

The Second International Standard for Anti Hepatitis A, immunoglobulin, human, was established in 1998 

by the Expert Committee for Biological Standardisation and will serve as a biological reference preparation 

for antibodies to hepatitis A virus. This material was calibrated against the First International Standard for 

Anti-Hepatitis A Virus (Ferguson et al., 2001). 

Anti-Measles serum (3rd International Standard) 

NIBSC code: 97/648 

3rd International Standard for Anti-Measles (nibsc.org) 

The dual International Standard for anti-measles and anti-polio sera (2nd International Standard Anti-

Measles serum (Human)/2nd International Standard for anti-poliovirus serum types 1, 2, and 3: NIBSC Code: 

66/202) was established by the Expert Committee on Biological Standardization of the World Health 

Organization in 1991 (WHO, 1992) Stocks of the above standard are now exhausted and collaborative study 

was run in 2005/06 to establish a replacement. The 3rd International Standard was established by ECBS in 

2006 and is available from NIBSC. 
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Anti-rubella Immunoglobulin, Human WHO International Standard 

NIBSC code: RUBI-1-94 

Anti Rubella Immunoglobulin, Human (nibsc.org) 

This material has been prepared and characterised by the Statens Serum Institut (SSI), Copenhagen, 

Denmark. With effect from 1st July 1997, the National Institute for Biological Standards and Control (NIBSC), 

Potters Bar, UK is the custodian and distributor of this material. The package insert from SSI is shown on 

the last two pages of this document. IVD manufacturers, regulators and assay users should be made aware 

of RUBI-1-94 potential lack of commutability when used as a calibrant. This was highlighted by the WHO 

Expert Committee on Biological Standardization in TRS 68th Report (Section 3.3.4: 2018). RELEVANT 

INFORMATION : For details of this International Standard, please refer to the enclosed package insert from 

the Statens Serum Institut (prepared in 1995) which describes the preparation as the proposed 3rd 

international standard preparation for anti-rubella serum, human. The unpublished report of the 47th 

meeting of the WHO Expert Committee on Biological Standardization in 1996 contains the following 

explanation: “The Committee noted the confused nomenclature that had arisen when the first International 

Reference Preparation of Anti-Rubella Serum, Human (a serum) was replaced by the second (a preparation 

of normal immunoglobulin) and decided to take the necessary corrective action on replacement of the 

latter. In view of the results of the collaborative study, the Committee established the preparation coded 

RUBI-1-94 as the first International Standard for Anti-Rubella Immunoglobulin, Human and assigned a 

potency of 1600 International Units to the contents of each vial”. The first sentence of section 3 (Use of the 

Standard) in the enclosed package insert from the Statens Serum Institute should be disregarded 

Anti-Varicella zoster immunoglobulin WHO International Standard 

NIBSC code: W1044 

The First International Standard for varicella zoster immunoglobulin (1987) (nibsc.org) 

This material was established as the First International Standard for varicella zoster immunoglobulin and is 

suitable for use in EIAs. This material was previously distributed by Sanquin Diagnostic Services, the 

Netherlands. With effect from 1st February 2007, the National Institute for Biological Standards and Control 

(NIBSC), Potters Bar, UK, is the custodian and distributor of this material. 
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WHO International Standard 
Anti Rubella Immunoglobulin, Human 

NIBSC code: RUBI-1-94 
Instructions for use 

(Version 9.0, Dated 04/05/2020) 

1. INTENDED USE
This material has been prepared and characterised by the Statens Serum
Institut (SSI), Copenhagen, Denmark. With effect from 1st July 1997, the
National Institute for Biological Standards and Control (NIBSC), Potters
Bar, UK is the custodian and distributor of this material. The package 
insert from SSI is shown on the last two pages of this document.
IVD manufacturers, regulators and assay users should be made aware of
RUBI-1-94 potential lack of commutability when used as a calibrant. This
was highlighted by the WHO Expert Committee on Biological
Standardization in TRS 68th Report (Section 3.3.4: 2018).

RELEVANT INFORMATION 

For details of this International Standard, please refer to the enclosed 
package insert from the Statens Serum Institut (prepared in 1995) which 
describes the preparation as the proposed 3rd international standard 
preparation for anti-rubella serum, human. 

The unpublished report of the 47th meeting of the WHO Expert 
Committee on Biological Standardization in 1996 contains the following 
explanation:  “The Committee noted the confused nomenclature that had 
arisen when the first International Reference Preparation of Anti-Rubella 
Serum, Human (a serum) was replaced by the second (a preparation of 
normal immunoglobulin) and decided to take the necessary corrective 
action on replacement of the latter.  In view of the results of the 
collaborative study, the Committee established the preparation coded 
RUBI-1-94 as the first International Standard for Anti-Rubella 
Immunoglobulin, Human and assigned a potency of 1600 International 
Units to the contents of each vial”. 

The first sentence of section 3 (Use of the Standard) in the enclosed 
package insert from the Statens Serum Institute should be 
disregarded 

2. CAUTION
This preparation is not for administration to humans or animals in
the human food chain.

The preparation contains material of human origin, and either the final 
product or the source materials, from which it is derived, have been 
tested and found negative for HBsAg, anti-HIV and HCV RNA. 
The ampouled material has been tested and found negative fo HBsAg 
and anti-HIV, and HCV RNA not detectable by PCR. However,   As 
with all materials of biological origin, this preparation should be 
regarded as potentially hazardous to health.  It should be used and 
discarded according to your own laboratory's safety procedures.  Such 
safety procedures should include the wearing of protective gloves and 
avoiding the generation of aerosols.  Care should be exercised in 
opening ampoules or vials, to avoid cuts. 

3. UNITAGE
1600 International Units (IU) per vial

4. CONTENTS
Country of origin of biological material: Denmark.

5. STORAGE
Unopened vials should be stored at -20oC or below 
Please note: because of the inherent stability of lyophilized
material, NIBSC may ship these materials at ambient temperature.

6. DIRECTIONS FOR OPENING
Tap the ampoule gently to collect the material at the bottom (labelled)
end.   Ensure ampoule is scored all round at the narrow part of the neck,
with a diamond or tungsten carbide tipped glass knife file or other suitable
implement before attempting to open.  Place the ampoule in the ampoule
opener, positioning the score at position 'A'; shown in the diagram below.
Surround the ampoule with cloth or layers of tissue paper.  Grip the
ampoule and holder in the hand and squeeze at point 'B'.  The ampoule
will snap open.  Take care to avoid cuts and projectile glass fragments
that enter eyes.  Take care that no material is lost from the ampoule and
that no glass falls into the ampoule.

Side view of ampoule opening device containing an ampoule positioned 
ready to open.  'A' is the score mark and 'B' the point of applied pressure. 

7. USE OF MATERIAL
No attempt should be made to weigh out any portion of the freeze-dried 
material prior to reconstitution
Dissolve the total contents of the ampoule in a known volume of
physiological saline or any other suitable diluent.The solution will contain
1600 International Units per ampoule.

8. STABILITY
I
Reference materials are held at NIBSC within assured, temperature-
controlled storage facilities.  Reference Materials should be stored on
receipt as indicated on the label.

NIBSC follows the policy of WHO with respect to its reference materials. 

9. REFERENCES
Not applicable 

10. ACKNOWLEDGEMENTS
Not applicable 

11. FURTHER INFORMATION
Further information can be obtained as follows;
This material: enquiries@nibsc.org
WHO Biological Standards:
http://www.who.int/biologicals/en/
JCTLM Higher order reference materials:
http://www.bipm.org/en/committees/jc/jctlm/
Derivation of International Units:
http://www.nibsc.org/standardisation/international_standards.aspx
Ordering standards from NIBSC:
http://www.nibsc.org/products/ordering.aspx
NIBSC Terms & Conditions:
http://www.nibsc.org/terms_and_conditions.aspx

12. CUSTOMER FEEDBACK
Customers are encouraged to provide feedback on the suitability or use
of the material provided or other aspects of our service. Please send any
comments to enquiries@nibsc.org

Appendix C. WHO International Standard Anti Rubella Immunoglobulin, Human 
NIBSC code: RUBI-1-94 Instructions for use (Version 9.0, Dated 04/05/2020)

111

mailto:enquiries@nibsc.org
http://www.who.int/biologicals/en/
http://www.bipm.org/en/committees/jc/jctlm/
http://www.nibsc.org/standardisation/international_standards.aspx
http://www.nibsc.org/products/ordering.aspx
http://www.nibsc.ac.uk/terms_and_conditions.aspx
mailto:enquiries@nibsc.org


 

 
 

 
 

 
 

 Page 2 of 4 

13.    CITATION  
In all publications, including data sheets, in which this material is 
referenced, it is important that the preparation's title, its status, the 
NIBSC code number, and the name and address of NIBSC are cited 
and cited correctly. 
 
14.    MATERIAL SAFETY SHEET   

Classification in accordance with Directive 2000/54/EC, Regulation 
(EC) No 1272/2008: Not applicable or not classified 

Physical and Chemical properties 

Physical 
appearance: 
Freeze-dried 
powder 

Corrosive: No 

Stable: 
 Yes 

Oxidising:  No 

Hygroscopic:
 No 

Irritant: No 

Flammable:
 No 

Handling: See caution, Section 2 

Other (specify): Contains dried material of human origin 

Toxicological properties 

Effects of inhalation: Not established.  Avoid ingestion 

Effects of ingestion: Not established.  Avoid ingestion 
Effects of skin absorption: Not established.  Avoid ingestion 

Suggested First Aid 

Inhalation: Seek medical advice 
Ingestion: Seek medical advice 
Contact with eyes: Wash with copious amounts of water.  Seek 
medical advice 
Contact with skin: Wash thoroughly with water. 

Action on Spillage and Method of Disposal 

Spillage of ampoule contents should be taken up with absorbent 
material wetted with an appropriate disinfectant. Rinse area with an 
appropriate disinfectant followed by water. 
Absorbent materials used to treat spillage should be treated as 
biological waste. 
 
15.    LIABILITY AND  LOSS 
In the event that this document is translated into another language, the 
English language version shall prevail in the event of any 
inconsistencies between the documents. 

Unless expressly stated otherwise by NIBSC, NIBSC’s Standard 
Terms and Conditions for the Supply of Materials (available at 
http://www.nibsc.org/About_Us/Terms_and_Conditions.aspx or upon 
request by the Recipient) (“Conditions”) apply to the exclusion of all 
other terms and are hereby incorporated into this document by 
reference. The Recipient's attention is drawn in particular to the 
provisions of clause 11 of the Conditions. 
 
16.    INFORMATION FOR CUSTOMS USE ONLY 

Country of origin for customs purposes*:  Denmark 
* Defined as the country where the goods have been produced and/or 
sufficiently processed to be classed as originating from the country of 
supply, for example a change of state such as freeze-drying.  
Net weight:  0.1g 

Toxicity Statement: Non-toxic 

Veterinary certificate or other statement if applicable. 
Attached: No    

 
17.    CERTIFICATE OF ANALYSIS 

NIBSC does not provide a Certificate of Analysis for WHO Biological 
Reference Materials because they are internationally recognised primary 
reference materials fully described in the instructions for use.  The 
reference materials are established according to the WHO 
Recommendations for the preparation, characterization and 
establishment of international and other biological reference standards 
http://www.who.int/bloodproducts/publications/TRS932Annex2_Inter_biol
efstandardsrev2004.pdf (revised 2004). They are officially endorsed by 
the WHO Expert Committee on Biological Standardization (ECBS) based 
on the report of the international collaborative study which established 
their suitability for the intended use. 
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