
Laboratory testing for factor VIII and IX inhibitors in 
haemophilia: A review

C. H. Miller
Division of Blood Disorders, National Center on Birth Defects and Developmental Disabilities, 
Centers for Disease Control and Prevention, Atlanta, GA, USA

Abstract

Inhibitors are antibodies directed against haemophilia treatment products which interfere with 

their function. Factor VIII (FVIII) inhibitors in haemophilia A and factor IX (FIX) inhibitors in 

haemophilia B are significant clinically when they require a change in a patient’s treatment 

regimen. Their persistence may increase morbidity and mortality. Multiple laboratory tests are 

now available for detecting and understanding inhibitors in haemophilia. Inhibitors are 

traditionally measured by their interference in clotting or chromogenic factor assays. They may 

also be detected using immunologic assays, such as enzyme-linked immunosorbent assay or 

fluorescence immunoassay. Anti-FVIII or anti-FIX antibodies of IgG4 subclass best correlate with 

the presence of functional inhibitors. Improvements in inhibitor measurement have been recently 

introduced. Preanalytical heat treatment of patient specimens allows testing of patients without 

delaying treatment. Use of chromogenic and immunologic assays may aid in identification of 

false-positive results, which are frequent among low-titre inhibitors. Validated reagent 

substitutions can be used to reduce assay cost. New methods for defining assay positivity and 

reporting low-titre inhibitors have been suggested. Challenges remain in the areas of quality 

control, assay standardization, monitoring of patients undergoing immune tolerance induction 

therapy and testing in the presence of modified and novel treatment products.
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1 | INTRODUCTION

People with haemophilia A (HA) or haemophilia B (HB) may develop inhibitors, which are 

antibodies that interfere with the function of the factor VIII (FVIII) or factor IX (FIX) 

products with which they are treated. Such antibodies occur as a natural process when the 

immune system does not recognize the normal clotting factor used for treatment, because the 
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individual produces no clotting factor or produces only a structurally abnormal protein.1,2 

Inhibitors act by combining with the factor and either blocking its action in clotting or 

removing it from the circulation. Inhibitors, by definition, interfere with or “neutralize” 

clotting factor activity. Anti-FVIII or anti-FIX antibodies that do not interfere with clotting 

factor function may also be present; these have been called “non-neutralizing” or “non-

inhibitory” antibodies.3-5 Thus, antidrug antibodies occurring in haemophilia may or may 

not interfere with clotting function, and not all are correctly termed “inhibitors.” FVIII or 

FIX inhibitors may also occur in individuals without haemophilia as part of an autoimmune 

process.6

Inhibitors in haemophilia are of clinical significance when they require alteration of the 

patient’s treatment regimen. The most significant inhibitors show an anamnestic response to 

factor infusion and require the use of by-passing agents to achieve haemostasis and/or 

immune tolerance induction (ITI) therapy to eliminate the inhibitor.7,8 Some FIX inhibitors 

may produce a dangerous anaphylactic response.9,10 Non-anamnestic inhibitors may persist 

at a low level, allowing treatment with larger doses of factor products. Other inhibitors, 

termed “transient,” disappear spontaneously within 6 months.11 The long-term presence of 

an inhibitor increases both morbidity12 and mortality13 in haemophilia patients. At first 

detection, it may not be possible to determine which kind of inhibitor is present, and close 

monitoring is necessary to determine prognosis. Because early detection of inhibitors can 

lead to more successful treatment of those requiring ITI,14 annual inhibitor tests have been 

recommended for all patients with more frequent testing during early exposures to factor, 

when risk of developing an inhibitor is greatest.15

Innovation in clinical tests for inhibitors has been slow, with advances occurring only at 20-

year intervals. This review will describe the evolution of inhibitor testing, its pitfalls, and the 

testing issues raised by new treatment products in haemophilia.

2 | FACTOR VIII AND FACTOR IX CHARACTERISTICS

FVIII is a large protein of 2332 amino acids that circulates in complex with von Willebrand 

factor (VWF). It has a structure consisting of 6 domains, designated A1-A2-B-A3-C1-C2, 

with an activation peptide between the B and A3 domains.2,16 FVIII is released from VWF 

and the B-domain is removed upon its activation to FVIIIa, the cofactor that facilitates the 

junction of activated factor IX (FIXa) and factor X on the phospholipid membrane to 

produce activated factor X (FXa).16 Conventional treatment products for HA have included 

recombinant full-length FVIII, recombinant FVIII with the B-domain deleted, plasma-

derived purified FVIII and plasma-derived FVIII with VWF. Products have recently come to 

market that have been modified to increase half-life by PEGylation or by fusing FVIII to the 

Fc portion of immunoglobulins or to albumin.17 A novel FVIII-mimetic drug, Hemlibra® 

(emicizumab), which has recently been approved for use in FVIII inhibitor patients in the 

USA, is a bivalent antibody that substitutes for FVIIIa in the production of FXa.18 It may be 

used to treat patients with inhibitors, because it does not contain FVIII. Other by-passing 

agents used to treat patients with inhibitors contain activated clotting factors that by-pass 

FVIII in the clotting cascade; these include recombinant factor VIIa and activated 

prothrombin complex concentrates (FEIBA).19
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FIX is a vitamin K-dependent protease with a mature protein length of 415 amino acids, 

organized into a gamma-glutamic acid (GLA) domain, two epidermal growth factor-like 

(EGF) domains, an activation peptide and a serine protease or catalytic domain. It is 

activated to FIXa when cleaved by activated factor XI or tissue factor-factor VIIa.20 Its 

decreased immunogenicity compared to FVIII may be influenced by its smaller size and its 

homology to factors II, VII and X. Conventional treatment products for HB include 

recombinant full-length FIX and plasma-derived FIX. Modified longer half-life products 

include Fc-fusion and albumin-fusion FIX.17

3 | INHIBITOR CHARACTERISTICS

Inhibitors in haemophilia are usually polyclonal2,21 and predominately of IgG class, 

although other immunoglobulin classes are also seen.22-24 FVIII inhibitors usually show 

both IgG1 and IgG4 subclasses,5,21,25 although IgG1 antibodies are also found in a 

significant number of patients without functional inhibitors (Table 1A).26 FIX inhibitors are 

also predominately of IgG4 subclass, with other subclasses seen less frequently (Table 1B).
27-29 Thus, in both haemophilia A and B, functional inhibitors are most strongly correlated 

with the presence of antibodies of IgG4 subclass. The reaction of FVIII inhibitors is time- 

and temperature-dependent; they react slowly to inactivate FVIII and are most effective at 

37°C.30,31 Time dependence is used to distinguish FVIII inhibitors from lupus 

anticoagulants (LA) and other non-specific inhibitors of coagulation, which usually do not 

show increased inhibition over time.32 FIX inhibitors are not time-dependent.33 It has been 

hypothesized that this unique property of FVIII inhibitors is due to steric hindrance caused 

by the large size of the FVIII/VWF complex. FVIII and FIX inhibitors do not fix 

complement, consistent with other IgG4 antibodies, and do not form precipitating complexes 

in gels34,35 Both FVIII and FIX inhibitors have been shown to form circulating immune 

complexes with their antigens in haemophilia patients, sometimes masking the presence of 

the inhibitor in vitro.34,36-38 Immune complexes containing FVIII and FVIII inhibitors may 

be separated by heating or by acidification.34,39 Heating also appears to separate FIX from 

FIX inhibitors, although perhaps less effectively.40,41 Clearance of circulating immune 

complexes, rather than blocking of FVIII or IX activity, may be the mechanism of action of 

some inhibitors. Such clearance may remove antibodies and prevent the in vitro detection of 

inhibition under conditions of antigen excess.

FVIII inhibitors are directed at limited epitopes of the large FVIII molecule, most often 

against the A2, C1 and C2 domains.2,42,43 Individual FVIII inhibitors show different 

affinities for FVIII44 and different kinetics of interaction with it.45-48 They are classified as 

having Type 1 kinetics, if they can be completely neutralized by added FVIII, or Type 2 

kinetics, if residual FVIII activity remains in the presence of large amounts of inhibitor. 

Type 1 and Type 2 inhibitors react differently in inhibitor tests, as described below. Affinity 

differences in FVIII antibodies have been demonstrated primarily in immunologic assays, 

and it is unclear how they may affect functional inhibitor assays and whether the affinity and 

kinetic differences observed in vitro reflect differences in inhibitor action in vivo.

FIX inhibitors are most often directed against the GLA or protease domains.49 Their kinetics 

have been only minimally studied.
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4 | INHIBITOR MEASUREMENT METHODS

Functional assays for inhibitors are based on the principle of comparison of the activity 

remaining in a test mixture containing patient plasma and a source of FVIII or FIX with the 

activity remaining in a control mixture of a diluent and the factor source, when both 

mixtures are prepared and incubated in parallel (Figure 1). For FVIII inhibitors, a defined 

time of incubation is used; for FIX inhibitors, incubation is not required. The FVIII or FIX 

source is usually normal pooled plasma (NPP). Treatment products have sometimes been 

used; however, recombinant FVIII products lack the VWF present in vivo and do not 

produce results equivalent to plasma.50 Porcine FVIII has been substituted as the FVIII 

source to detect inhibitors that cross-react with that product.51 The amount of factor activity 

remaining in the patient mixture divided by the activity of the control mixture, multiplied by 

100, gives the % residual activity (RA), which is converted to arbitrary units of inhibitor. 

Published inhibitor methods have differed in their definitions of an inhibitor unit, as well as 

in the time of incubation, reagent composition and method of endpoint determination. Three 

methods of endpoint determination have been used for FVIII inhibitor tests: one-stage 

clotting, two-stage clotting and two-stage chromogenic. For FIX inhibitors, one-stage 

clotting is most commonly used. Strong inhibitors must be diluted prior to testing, 

introducing the additional variables of diluent and dilution scheme.

4.1 | Clot-based functional assays

FVIII inhibitor measurement was first described in 1959 by Biggs and Bidwell using the 

two-stage clotting assay for FVIII, with an incubation time of one hour and one inhibitor 

unit defined as the amount destroying 75% of the FVIII activity.30 In 1975, a group of 

investigators meeting in Bethesda, Maryland,52 standardized the inhibitor test used in the 

United States, defining one Bethesda unit (BU) as the amount of inhibitor in 1 millilitre 

(mL) of patient plasma that would destroy 50% of the FVIII activity of an equal amount of 

NPP in 2 hours at 37°C (Figure 1). This was quantitated using a 1-stage clotting assay to 

measure FVIII activity in a mixture of patient plasma plus NPP and a control mixture of 

imidazole buffer plus NPP. A graph of log % RA vs dilution was provided for BU 

calculation. This “Bethesda assay” (BA) was gradually adopted internationally, and methods 

using the two-stage FVIII assay became less popular. This method was largely unchanged 

until 1995 when Verbruggen and colleagues53 suggested 2 modifications: (i) buffering of the 

NPP with imidazole, and (ii) use of factor VIII-deficient plasma (FVIIIDP) rather than 

buffer in the control mixture and for dilution of higher titre inhibitor plasmas. These 

changes, underlined in Figure 1, were designed to stabilize the protein concentration and the 

pH of the mixtures during incubation. Following the observation that it reduced low-titre 

positive results compared to the BA in 877 specimens, this method, called the Nijmegen 

modification or the Nijmegen-Bethesda assay (NBA), was endorsed by the International 

Society on Thrombosis and Haemostasis (ISTH) and became the “gold standard” for 

inhibitor testing.54 In 2012, CDC investigators validated a previously proposed modification 

to the NBA using preanalytical heat treatment (PHT) of patient plasma to remove factor, 

which allows accurate testing of patients recently treated or on prophylaxis or ITI with 

conventional FVIII or FIX products.40 This CDC-modified NBA (CDC-NBA), performed as 

shown in Figure 1, has been used to test for both FVIII and IX inhibitors.
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4.2 | Chromogenic functional assays

Inhibitor tests using factor assays that have the endpoint of clot formation have certain 

limitations. The formation of a fibrin clot relies on many variables and may be inhibited by 

unfractionated heparin (UFH) from central lines or ports,55 LA56 and non-specific inhibitors 

of coagulation common in children.57 It is often difficult to distinguish this inhibition of 

clotting from a true factor inhibitor. Because tests for FVIII using chromogenic substrates 

have a more specific endpoint, cleavage of factor Xa, their use in inhibitor testing was 

proposed by Blanco et al.58 Chromogenic factor assays also have the advantage of increased 

precision.59 A chromogenic Bethesda assay (CBA), identical to the CDC-NBA except for 

use of a chromogenic factor assay to measure the FVIII endpoint, has been described.60 

When 1005 specimens were tested with both the CDC-NBA and the CBA, 0.3% of 883 

NBA-negative specimens, 54% of 80 positive specimens with 0.5–1.9 Nijmegen-Bethesda 

units (NBU) and 100% of 42 specimens with ≥2.0 NBU were also positive with the CBA. A 

fluorescence immunoassay (FLI) recognizing IgG and IgM anti-FVIII antibodies was 

positive in 50 (98%) of 51 CBA-positive specimens but in only 84 (82%) of 103 NBA-

positive specimens (P = .004), suggesting that the CBA is more indicative of the presence of 

specific anti-FVIII antibodies. The CDC-NBA, CBA and FLI generally agreed on negative 

specimens and specimens with ≥2.0 NBU; however, among specimens with 0.5–1.9 NBU, 

26% did not react in the CBA or demonstrate anti-FVIII antibodies, suggesting that the 

inhibition observed was not FVIII-specific and that the results were false-positive tests. 

Some had evidence of non-time-dependent inhibition. The correlation between CDC-NBA 

and CBA results for specimens with ≥2.0 NBU was excellent (r = .98, P < .0001). Use of 

FIX chromogenic assays for inhibitor testing has been limited. No commercial reagents for 

chromogenic FIX measurement have been approved for clinical use by the US Food and 

Drug Administration (FDA). A FIX CBA has been used to determine that a haemophilia B 

patient had a LA rather than a specific FIX inhibitor.61 Although often perceived as being 

more expensive than clotting tests, chromogenic tests used in inhibitor assays may decrease 

the number of false-positive results and thus the need for additional testing, as well as 

patient follow-up. Modification of chromogenic test kits through changes in packaging or 

validation of the ability to freeze reagents can produce assay costs that are equal to or less 

than the cost of clotting reagents.62

4.3 | Antibody detection assays

Methods developed to detect antibodies to FVIII and FIX include the enzyme-linked 

immunosorbent assay (ELISA),63–65 immunoprecipitation assay (IP),66 fluorescence 

immunoassay (FLI)60,67,68 and surface plasmon resonance assay.69 Because they measure 

both inhibitory and non-inhibitory antibodies, they are not equivalent to and cannot be 

substituted for functional inhibitor assays. They may be used to screen specimens for those 

requiring inhibitor assays65 or to confirm the presence of specific antibodies.60,70,71 They 

are much more sensitive than functional assays, with the FLI capable of detecting FVIII 

inhibitors diluted to 0.03 NBU.60 An ELISA measuring IgG antibody binding to FVIII 

immobilized on a plastic surface is commercially available.65 The FLI measures antibody 

binding to FVIII or FIX immobilized on fluorescent beads.26,29,67,68 Its multiplex capability 

allows the immunoglobulin subclass profile of the anti-FVIII or anti-FIX to be assessed in 

one test. As noted above, the presence of a functional inhibitor of FVIII correlates with anti-
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FVIII antibodies of IgG4 subclass.5,21,64,72 IgG1 antibodies are present in both inhibitor-

negative and inhibitor-positive patients; preliminary evidence suggests that they appear 

earlier and can be predictive of subsequent inhibitor development in HA,26 as well as 

remaining present when high-titre inhibitors decline.72 The commercial anti-FVIII ELISA 

has also detected antibodies in some non-haemophilic patients with LA,73 although the IgG 

subclass was not reported. FIX inhibitors have similarly been linked to the presence of anti-

FIX antibodies of IgG4 subclass with ELISA28,49 and FLI.29

5 | RECENT ASSAY MODIFICATIONS

5.1 | Preanalytical heat treatment

Patients undergoing prophylactic or ITI therapy or being treated for a bleeding episode may 

have FVIII or FIX circulating continuously. Failure to account for this factor in performance 

of the BA or NBA may produce a false-negative test, unless a relatively high-titre inhibitor is 

present, by causing RA to be 100% or higher leading to an NBU of 0. This is sometimes 

accounted for by adding half of the patient’s factor level to the activity of the control mixture 

before calculating the RA.74 It has not been documented, however, that this modification 

allows detection of low-titre inhibitors, which may be complexed with the infused factor.
34,36 Allain and Frommel39 showed that heating of patient plasmas to 56° for 30 minutes 

separated antigen-antibody complexes and denatured FVIII. Other investigators have used 

the same procedure, which is a standard antibody preparation step in immunology, to study 

postinfusion specimens.75–77 Verbruggen et al76 and others70 have proposed heating plasma 

to 58° for 90 minutes. This more vigorous process can be demonstrated to significantly 

reduce antibody levels, as shown in Table 2.78 It also adds significantly to the time for 

performance of inhibitor tests. Heating to 56° for 30 minutes, followed by centrifugation, 

has been shown to reduce both FVIII activity and FVIII antigen to <1 unit/decilitre and to 

result in changes in NBA results.40 Among 202 specimens with negative results before 

heating, 3% showed a change to positive after heating, including 1% of those from patients 

with no history of inhibitor and 17% of those with previous positive inhibitors. The value of 

PHT of specimens in revealing low-titre FVIII inhibitors is greater in patients undergoing 

ITI79 and those with acquired haemophilia.70 The latter study showed a 10-fold increase in 

detection of acquired inhibitors after heating; however, using the more vigorous heating 

method, it also documented some loss of antibodies measured by ELISA. Millner et al41 

have documented that FIX inhibitors cannot be accurately measured in the presence of 

residual FIX. They also showed that heat inactivation or a heat/cold modification improved 

inhibitor detection with a glycoPEGylated recombinant FIX product, N9-GP. While PHT is 

successful at eliminating conventional infused FVIII and FIX products, validation of this 

step with each novel product introduced is required. The bivalent antibody treatment 

product, Hemlibra® (emicizumab), is not destroyed by heating, but inhibitors can be 

measured in the presence of the product by CBA.80

5.2 | Identification of false-positive results

The finding that more than 25% of specimens with inhibitor titres of 0.5–1.9 NBU lack anti-

FVIII antibodies has led to the suggestion that inhibitor results in that range be confirmed 

with more specific tests.60,71 Testing with the CBA confirms that the inhibition of clotting 
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observed is specific to FVIII and not the result of a LA, UFH contamination or a non-

specific inhibitor.58,59 The absence of specific anti-FVIII or anti-FIX antibodies in 

immunologic tests makes a true inhibitor unlikely. Antibodies are present, however, in some 

patients who lack a functional inhibitor. Additional steps useful in characterizing very low-

titre inhibitors are repeating the inhibitor test to detect laboratory error and testing for LA. 

Haemophilia patients may have concurrent FVIII inhibitors and LA.58,60 The protocol for 

the U.S. national inhibitor surveillance programme81 treats positive inhibitor results below 

2.0 NBU for FVIII and below 1.0 NBU for FIX as “grey zone” results, requiring repeating 

the test and performance of CBA for FVIII and antibody tests for FVIII and FIX for 

confirmation before reporting.

5.3 | Reagent substitutions

Adoption of the NBA has met barriers in some clinical laboratories, due to the increased cost 

of FVIIIDP over buffer as diluent and the lack of commercial availability of appropriate 

reagents. Some reagent substitutions have been evaluated. A small study found that 

substitution of immunodepleted FVIIIDP from two manufacturers for naturally deficient 

FVIIIDP in the control mixture produced significant differences in inhibitor titres; the 

authors suggested that this might be due to either lack of VWF or the presence of 

preparatory antibodies in the FVIIIDP.82 Chemically depleted FVIIIDP was also found to be 

problematic. The key ISTH study of the NBA, however, used immunodepleted FVIIIDP, 

also recommending that chemically depleted FVIIIDP not be used due to the possible 

presence of FVIII fragments.54 A multi-laboratory study demonstrated differences, primarily 

when the immunodepleted FVIIIDP was used to dilute specimens.83 Because non-plasma 

diluents have been successfully substituted for FVIIIDP, it seems unlikely that lack of VWF 

is the key variable. The presence of contaminating antibodies in some FVIIIDP preparations 

seems more likely. A conclusive study comparing multiple sources of FVIIIDP has not been 

conducted. This reagent, however, is a potential source of inter-laboratory variability and 

may not be necessary if non-plasma reagents can be substituted.

Substitution of 4% bovine serum albumin (BSA) for FVIIIDP in the NBA as a cheaper and 

more uniform option was originally reported to be satisfactory in a small number of 

specimens.84 This was confirmed by Kershaw et al85 in a larger study. Use of imidazole 

buffer alone, as in the original BA, has also been supported.83 The efficacy of different 

diluents in the CDC-NBA was evaluated in 326 specimens, using 4% BSA, imidazole-

buffered BSA or imidazole buffer alone. All could be successfully substituted for FVIIIDP 

in the control mixture, with 4% BSA providing sensitivity of 97% and specificity of 99% 

compared to FVIIIDP.86 Non-plasma diluents provided greater stability of FVIII activity 

during incubation than did FVIIIDP (Figure 2).86 A similar stability comparison showed that 

HEPES-buffered and unbuffered NPP were inferior to imidazole-buffered NPP at 

maintaining both FVIII and pH stability.86 Comparison of the many commercial buffered 

NPP reagents has not been reported. Any reagent substitution used in the NBA or the BA 

must be validated; it cannot be assumed that reagents suitable for other purposes can 

withstand the 2 hours at 37°C required for these assays. Also, substitutions may alter assay 

performance: use of BSA required that the threshold for positivity of the CDC-NBA be 

raised from ≥0.5 to ≥0.6 NBU to achieve the same results, as discussed below.86
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5.4 | Definition of assay positivity

The Scientific and Standardization Committee of the ISTH has recommended that a FVIII 

inhibitor test by NBA be considered positive if the results are ≥0.6 NBU.11 The definitive 

paper validating the NBA, however, used ≥0.5 NBU.54 Analysis suggests that the threshold 

for positivity for these, as for other clinical tests, is method-specific. Using the CDC-NBA, 

results on over 600 specimens from patients with negative or positive history of an inhibitor 

suggested that a threshold of ≥0.5 NBU was appropriate for that method.40 Comparison of 

results of the CDC-NBA with the presence of anti-FVIII IgG4 antibodies showed that the 

presence of such antibodies increased from 14% at 0.4 NBU to 67% at 0.5 NBU, confirming 

that threshold (Figure 3).87 For FIX inhibitor tests using the CDC-NBA, a threshold of ≥0.3 

NBU was established using more than 200 specimens.40 Comparison of the results with the 

presence of IgG4 anti-FIX antibodies (Figure 4) confirmed the validity of that threshold, 

with 60% of specimens at 0.3 NBU and 100% of specimens ≥0.4 NBU having IgG4 anti-

FIX antibodies. Tests for specific antibodies are useful in setting thresholds, and their use in 

confirming antibody presence in the assays’ “grey zones” can reduce false-positive results. 

In both HA and HB, antibodies are present in some patients with NBU below these limits. 

They may represent developing inhibitors which have not yet reached the detection threshold 

of the NBA, antibodies which do not inhibit well in vitro but may have an in vivo effect, or 

low-affinity antibodies with no clinical significance.

5.5 | Inhibitor calculations

Most automated analysers cannot be programmed to calculate %RA and NBU; however, 

simple statistical programs in database software or on calculators can be used for that 

purpose to assure that results are calculated correctly and avoid errors in graph reading. The 

formulas used are as follows: %RA = (factor level of patient + NPP mix/factor level of 

diluent + NPP mix) × 100, and NBU = (2-log %RA)/0.301.52 If testing of the undiluted 

patient plasma gives 25%-100% RA, then the original result is used. If it produces a result of 

<25% RA (>2.0 NBU), dilution of the patient plasma is required to achieve a %RA between 

25% and 75% for accurate quantitation. NBU is then multiplied by the dilution factor to 

calculate a final NBU for reporting (Table 3). When dilutions are carried out, the dilution 

curve of %RA should be examined. Even very low-titre inhibitors show a dilution effect, 

while negative inhibitors show similar %RA at all dilutions (Figure 5C). Inhibitors with 

Type 1 kinetics are expected to show a negative slope within that range, and multiplication 

of the calculated NBU by the dilution factors produces approximately equivalent results for 

each dilution (Table 3). Multiplication by a large dilution factor, however, magnifies small 

errors, and even acceptable variation in the performance of the factor assays can result in 

differences between dilutions and between different assays when multiplied by 10 or higher. 

Inhibitors with Type 2 kinetics show similar %RA at multiple dilutions, which can result in 

progressively higher inhibitor results with multiplication by dilution factors (Table 3). It is 

usually recommended to report the dilution having RA closest to 50%; however, some 

laboratories prefer to use the first dilution falling below 75% RA to avoid error introduced 

by use of larger multiplication factors. For monitoring change in titre over time, it may be 

most useful to follow the same dilution in each subsequent assay to detect rise or fall in the 

NBU.
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The original publication on the BA recommended that positive specimens be read from the 

curve with RA between 25% and 75% and stated that results with 75%-100% RA might 

require “more sensitive methods” for the detection of low-titre inhibitors.52This has been 

interpreted to mean that inhibitors in that range cannot be accurately quantitated.88 Using 

today’s assays (Figure 5), it can be demonstrated that when known FVIII inhibitors are 

diluted, the curves are linear and have a negative slope between 75 and 100% RA, 

suggesting that inhibitor titres in this range (<0.4 NBU) can be quantitated.87 These curves, 

however, do not cross the Y-axis at 0 NBU, indicating that the titre cannot be accurately 

detected below a limit, which for the CDC-NBA has been calculated to be 0.2 NBU. This 

was consistent with the finding that inhibitor titres in healthy individuals have a mean + 3 

standard deviations of 0.17, indicating a limit of detection (LOD) of 0.2 NBU.87 It is most 

accurate to report quantitative results from assays only for inhibitors equal to or greater than 

the LOD and to report lower results as less than the LOD. Inhibitors in the range between 

the LOD and the threshold for positivity, however, may be reported and in some cases, 

appear to be clinically significant.87

6 | QUALITY CONTROL

Most published methods do not address the issue of quality control for inhibitor assays. 

Inter-laboratory variation has been documented to be large by proficiency testing and 

external quality assessment programs worldwide. Coefficients of variation (CVs) as high as 

50% and false-positive rates up to 32% have been seen on distributed specimens.88,89 It is 

likely that differences in methods and reagents contribute to this variability among well-

qualified laboratories.88 Among North American laboratories surveyed by the North 

American Specialized Coagulation Laboratory Association, 20% reported using the 

Nijmegen method, 10% the Bethesda assay and 70% a combination of components best 

described as a hybrid assay.88,90 Many reported using multiple vendors for reagents such as 

NPP. Careful internal quality control, as used for other clinical tests, must be applied to 

inhibitor tests as well and has been shown to produce acceptable intra-laboratory 

reproducibility.40

Analytical variables playing a role in inter-laboratory variability include differences in key 

reagents, such as NPP, FVIIIDP and diluent; dilutions used for strong inhibitors91; 

incubation method; and controls. There have been only a few studies validating individual 

commercial reagents for suitability in inhibitor assays, discussed above. There has been no 

evidence that use of different instruments or reagents for clotting factor measurement as the 

endpoint determination for inhibitor assays influences results with conventional products. 

Comparison of 3 APTT reagents with a modified FIX product found no effect on the 

inhibitor results, when a heating step was used.41 If products are adequately removed by 

PHT, then only the added NPP will be measured in the test, and reagent differences should 

not affect the results. Factor measurement for inhibitor assays should be performed using a 

calibrator related to an international standard for FVIII and FIX, to produce consistency of 

results over time and allow use of published reference ranges.

Attempts to establish an international standard for inhibitor assays have been unsuccessful. 

To provide two levels of controls, use of a known inhibitor plasma diluted in FVIIIDP to a 
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level of 1 NBU as a positive control and monitoring of the FVIII activity of the control 

mixture as the negative control has been suggested.40 Using the CDC-NBA, the CV of the 

negative control was found to be 9.8% (n = 117) and CV of the positive control to be 10.3% 

(n = 114). Commercial control reagents are also available, usually prepared from 

monoclonal antibodies. Each assay should be evaluated to determine that both controls are 

within an acceptable range before reporting results. Careful adherence to a standard method 

and use of controls to assess assay validity can minimize intra-laboratory variability. The 

problem of inter-laboratory variability can only be addressed by the adoption of evidence-

based uniform methods and validated reagents across laboratories.

7 | PREANALYTICAL ISSUES

Preanalytical variables important for inhibitor assays include presence in the specimen of 

UFH or other contaminating substances, LA, non-specific inhibitors of coagulation and 

infused or endogenous factor.92 Appropriate clinical information must be collected to assess 

for these variables, including whether the specimen was collected from a port or central line 

flushed with UFH and any treatment product that might be present in the specimen. If PHT 

is used, it is not considered necessary to ask the patient to refrain from treatment to “wash 

out” the factor prior to testing with conventional treatment products.40,79 Information on the 

effects of by-passing agents and longer-acting products on inhibitor assays is incomplete and 

is discussed below. If UFH is present, the specimen may be treated to remove it prior to 

testing, or a CBA can be used.55 Presence of other anticoagulant drugs could also influence 

test results.

8 | MONITORING OF IMMUNE TOLERANCE INDUCTION (ITI) THERAPY

Because the NBA is a relatively insensitive test for inhibitors, detecting levels only to 

0.2-0.3 NBU,86,87 modifications have been proposed to increase assay sensitivity for 

monitoring for inhibitor eradication during ITI therapy. Dardikh et al93 developed a method 

using concentrated patient plasma, a ratio of patient plasma to NPP of 3:1 and a 

chromogenic endpoint and reported a LOD of 0.03 NBU, similar to that of the FLI.60 It 

allowed identification of the presence of inhibitors after successful ITI which reportedly 

reduced half-life and recovery, although the number of patients studied was small (n = 7). 

Immunologic methods may be more sensitive and specific for following ITI. Anti-FVIII IgG 

and/or IgM antibodies measured by FLI were absent in 15 of 15 patients with successful ITI, 

0 of 5 patients with failed ITI and 7 of 18 patients with ongoing ITI.26 Other investigators 

found IgG4 anti-FVIII antibodies to disappear after successful ITI in 23 patients, although 

other antibody subclasses remained.94

9 | MODIFIED AND NOVEL TREATMENT PRODUCTS

Most methods for inhibitor measurement have been designed and validated for conventional 

treatment products: recombinant and plasma-derived FVIII and FIX with little structural 

modification. Recently, altered recombinant products have been introduced with longer half-

lives to allow fewer infusions. In addition, novel treatment modalities not containing FVIII 

or FIX have entered practice. Information on inhibitor testing in patients treated with 
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modified products is limited. Because of their long half-lives and patient-specific 

pharmacokinetics,17,95 the process of “wash out” of factor prior to inhibitor testing becomes 

even more challenging with these products.

While measurement of postinfusion factors levels with some products is influenced by the 

APTT reagent used, that is not expected to be the case for inhibitor assays using PHT, as 

removal of treatment products with PHT leaves only the added NPP to be measured, not the 

product or patient’s factor. That appears to be the best course of action for laboratories in 

dealing with patients on multiple products; however, validation for each product that the 

PHT method used adequately removes both functional and immunologic reactivity is 

required. Few such studies have been reported, some using spiked specimens which may not 

be equivalent to patient plasmas. To date, the most significant problem noted has been with 

the FVIII-mimetic Hemlibra® (emicizumab). That drug, which is an antibody and cannot be 

removed by PHT, interferes with inhibitor measurement in clot-based assays; however, 

because it does not react with bovine factors, a bovine chromogenic assay can be used.80 An 

example of results on a patient receiving Hemlibra® during clinical trials is shown in Table 4 

with both assay types.

10 | INTERPRETATION OF INHIBITOR TEST RESULTS

Laboratory demonstration of inhibition or presence of antibodies does not always indicate a 

clinically significant condition. Inhibitor diagnosis is based on laboratory findings, response 

to therapy, and pharmacokinetic studies. The ISTH and UK guidelines state that <66% 

recovery of factor 10–15 minutes after infusion indicates a clinically significant inhibitor.
11,15 Because low-titre results in clot-based assays may represent false-positive tests or a 

transient inhibitor, both follow-up testing and clinical observation are required to determine 

the patient’s prognosis. False-positive inhibitors have influenced the results of clinical trials.
71 Conversely, pharmacokinetic studies are also recommended for those with poor response 

to therapy and negative inhibitor titres.15 It is not clear that all antibodies that can combine 

with factor and remove it from the circulation will be detected in vitro as inhibitors.

11 | CONCLUSIONS

Multiple laboratory tests are now available for detecting and understanding inhibitors in 

haemophilia. More accurate chromogenic tests have advantages over traditional clot-based 

tests. Measurement of specific anti-FVIII or anti-FIX antibodies may be the logical first step 

in screening for inhibitors, with only antibody-positive specimens receiving functional 

testing. This could decrease the number of inhibitor tests required, and thus their burden, for 

clinical laboratories, as well as providing more rapid results. Addition of immunologic tests 

to the clinical repertoire could bring about a paradigm change in inhibitor care by providing 

a better picture of the immune response.
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FIGURE 1. 
Schematic of the CDC Nijmegen-Bethesda assay based on the 1975 Bethesda assay52 with 

Nijmegen modifications53 underlined and CDC-validated modifications40 in italics
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FIGURE 2. 
Stability of factor VIII activity in imidazole-buffered normal pooled plasma in a 1:1 mix 

with factor VIII-deficient plasma (FVIIIDP), 4% bovine serum albumin (BSA), imidazole-

buffered BSA (IB-BSA) or imidazole buffer (IB) during 120-minute incubation at 37°C. 

Mean of duplicate determinations on triplicate specimens. IU/dL = International Units per 

decilitre86
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FIGURE 3. 
Per cent (%) of haemophilia A specimens positive for anti-factor VIII IgG4 antibodies at 

various levels of inhibitor measured in Nijmegen-Bethesda units by the CDC Nijmegen-

Bethesda assay 87
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FIGURE 4. 
Per cent (%) of haemophilia B specimens positive for anti-factor IX IgG4 antibodies at 

various levels of inhibitor measured in Nijmegen-Bethesda units by the CDC Nijmegen-

Bethesda assay
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FIGURE 5. 
Linearity of dilution curves of specimens with various Nijmegen-Bethesda units (NBU) 87
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Miller Page 22

TABLE 1
Anti-factor VIII (A) and anti-factor IX (B) immunoglobulins (Ig) by fluorescence 
immunoassay among haemophilia patients negative or positive by modified Nijmegen-

Bethesda assay (NBA) compared to healthy donors (% positive). Adapted from 26, 29

(A) Haemophilia A n IgG1 IgG2 IgG3 IgG4 IgM

 Healthy Donors  56 5.4 5.4 1.8 1.8 7.1

 NBA-negative 369 23.3* 8.9 3.0 6.0 3.3

 NBA-positive 122 92.6** 42.6** 15.6** 88.5** 5.9

(B) Haemophilia B n IgG1 IgG2 IgG3 IgG4 IgA IgE

 Healthy Donors 50 4 4 2 2 6 4

 NBA-negative 25 12 20* 0 12 12 12

 NBA-positive 12 83** 83** 58** 100** 67** 75**

*
(A) P = .001

**
P < .0001.

*
(B) P = .0375

**
P < .0001.
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TABLE 2
Per cent (%) of baseline anti-factor VIII IgG4 remaining after preanalytical heat 

treatment of plasma from haemophilia patients with given Nijmegen-Bethesda units 

(NBU), measured by fluorescence immunoassay in median fluorescence intensity (MFI) 78

Baseline IgG4
(MFI)

% Remaining at 56°C
After

% Remaining at
58°C After

Specimens NBU 30′ 60′ 30′ 60′

Patient A 1.5   169 104  78  76 47

Patient B 1.6   1919 117 102  83 61

Patient C 19.3 12 596  91  92 100 75

Patient D 1.6 16 563  91  96  95 ND

Patient E 1.1   303 120 147  93 93

Patient F 1.1   1208 115 100  76 65

Patient G 0.5 17 194  80  93  72 39

Patient H 5.4 22 156  92  94  88 79

 Mean 101 100  85* 66*

 Range  80–120  78–147  72–93 39–93

*
Significantly different from original level in paired t test at P < .05; ND, no data.
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TABLE 3
Examples of calculation of Nijmegen-Bethesda units (NBU) in assays of factor VIII 
(FVIII) inhibitors with Type I and Type II kinetics

Predilution Patient Mix U/dL FVIIIa Control Mix U/dL FVIIIa % Residual Activityb Calculated NBUc Total NBUd

Type 1 inhibitor

 Undiluted 19 45 42.2 1.24 1.2

 1:2 30 45 66.7 0.58 1.2

 1:4 35 45 77.8 0.36 1.4

Type 2 Inhibitor

 Undiluted 27 45 60.0 0.74 0.7

 1:2 27 45 60.0 0.74 1.5

 1:4 27 45 60.0 0.74 3.0

a
Units per decilitre of FVIII activity.

b
Patient mix units per decilitre FVIII activity/control mix units per decilitre FVIII activity × 100.

c
NBU read from graph or calculated as NBU = (2-log %residual activity)(0.301)−1.

d
Calculated NBU × predilution factor.
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TABLE 4
Example of factor VIII (FVIII) inhibitor measurement on a haemophilia A patient 

specimen containing Hemlibra® (emicizumab, ACE910) using the Nijmegen-Bethesda 
assay and the chromogenic Bethesda assay

Predilution
Patient Mix U/dL
FVIIIa

Control Mix U/dL
FVIIIa

% Residual
Activityb Calculated Unitsc Total Unitsd

Nijmegen-Bethesda
 Assay

Undiluted 116 37 313.5 0 NBU IS

Chromogenic Bethesda
 Assay

Undiluted  23 37  62.2 0.69 CBU 0.7 CBU

IS, interfering substance.

a
Units per decilitre of FVIII activity.

b
Patient mix units per decilitre FVIII activity/control mix units per decilitre FVIII activity × 100.

c
Nijmegen-Bethesda units (NBU) or chromogenic Bethesda units (CBU) calculated as NBU or CBU = (2-log %residual activity) (0.301)−1.

d
Calculated NBU × predilution factor.
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