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Abstract  

Objective In rheumatoid arthritis(RA), the autoantibodies anti-citrullinated protein antibodies(ACPA) 

and rheumatoid factor(RF) are commonly used to aid RA diagnosis. Although these autoantibodies 

are mainly found in RA, their specificity is not optimal. It is therefore difficult to identify RA patients, 

especially in very early disease, based on the presence of ACPA and RF alone. Also, anti-

carbamylated protein(anti-CarP) antibodies have diagnostic and prognostic value as the presence of 

anti-CarP antibodies associates with joint damage in RA patients and with future RA development in 

arthralgia patients. Therefore, we aimed to investigate the value of combined antibody testing in 

relation to prediction and diagnosis of (early) RA. 

Methods A literature search resulted in twelve studies, consisting of RA patients, pre-RA individuals, 

disease controls, healthy first-degree relatives of RA patients or healthy controls, in which data on 

RF, ACPA and anti-CarP antibody-status was available. Random effects meta-analyses were carried 

out for several antibody combinations. 

Results The individual antibodies are highly prevalent in RA(34%-80%) compared to the control 

groups, but are also present in non-RA controls(0%-23%). To classify most people correctly as RA or 

non-RA, the combination of ACPA and/or RF often performs well(specificity:65-100, sensitivity:59-

88). However, triple positivity for ACPA, RF and anti-CarP antibodies results in a higher specificity(98-

100) (accompanied by a lower sensitivity(27-39).  

Conclusions As the rheumatology field is moving towards very early identification of RA and possible 

screening for individuals at maximum risk in populations with a low pre-test probability, triple 

positivity provides interesting information on individuals at risk to develop RA. 
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Introduction 

Rheumatoid arthritis (RA) is a common autoimmune disease, characterized by immune cell 

infiltration in the joint, joint pain and possibly cartilage and bone degradation. In RA, several 

antibody systems have been identified based on their target antigens. Two of these autoantibodies, 

rheumatoid factor (RF) and anti-citrullinated protein antibodies (ACPA), have also been incorporated 

into the classification criteria for RA(1). RFs are antibodies that recognize the Fc tail of other (IgG) 

antibodies, while ACPA recognize proteins that contain citrulline(s), which arise by a post-

translational modification. While ACPA and RF are highly prevalent in RA they can also be identified 

in a small percentage of healthy controls(2-4). In a meta-analysis, comparing RA patients to healthy 

controls for the presence of ACPA (measured by CCP in this meta-analysis (cyclic citrullinated 

peptide)), a pooled sensitivity of 67% was observed, while this was 69% for IgM-RF. The combined 

specificity was 95% for ACPA and 85% for IgM-RF(5). Although more than half of the RA patients are 

positive for ACPA and/or RF, a substantial part of the patients cannot be identified in this manner. To 

date, it is unclear whether it will be possible to fill this serological gap(6) with other (antibody) 

biomarkers.  

Importantly, ACPA and RF can both be detected more than 10 years before disease onset(7), which 

would possibly allow for early identification of individuals at risk to develop RA. However, less than 

50% of the ACPA positive patients with non-specific musculoskeletal symptoms develop RA after 1 

year(8). Also, less than 50% of the ACPA- and RF-double-positive arthralgia patients develop RA after 

up to 2 years of follow-up(9). The presence of ACPA and/or RF is therefore not sufficient for the 

prediction of RA development. In RA patients, there seems to be a “window of opportunity” in the 

early phase of disease. Treatment during this phase may increase the amount of RA patients that 

reach drug-free remission, effectively reducing the number of individuals with chronic disease(10). 

However, since treatment of asymptomatic individuals may not be free from side effects, it is 



 

important to identify the individuals at risk to develop RA as accurately as possible and minimize 

misclassification and unnecessary side effects of treatments. 

 

Besides ACPA and RF, several other autoantibodies, such as anti-CarP antibodies, anti-PAD 

antibodies and anti-malondialdehyde antibodies have been identified in RA patients(11, 12). Of 

these autoantibodies, antibodies that target carbamylated proteins (anti-CarP antibodies) have been 

studied extensively(13). Carbamylation is a post-translational modification, which can arise via a 

chemical reaction with cyanate, converting a lysine into a homocitrulline. Anti-CarP antibodies can 

also be present before disease onset(14-17) and have been measured and analysed in a substantial 

number of RA patients(13-36) and other conditions(28, 29, 33-35, 37-41). Importantly, anti-CarP 

autoantibodies also occur in RA patients that are seronegative for both ACPA and RF and may 

therefore represent an interesting additional biomarker to aid diagnosis of RA patients(13, 25).  

Here, we have two aims in relation to ACPA, RF and ant-CarP antibody measurement. First, we 

aimed to determine whether the combination of these three autoantibodies may assist in improving 

the diagnosis of RA. Second, we investigated whether this autoantibody combination would provide 

additive value for the prediction of RA development.  To investigate this, we combined newly 

obtained data from several unique cohorts with a literature search to investigate the value of 

combining anti-CarP antibodies with ACPA and RF. In this meta-analysis of 12 different studies 

involving over 5000 unique individuals, we show that the presence of ACPA and/or RF, as often used 

in the clinical setting, seems to perform well to identify diagnosed RA patients; however, the highest 

specificity for RA is achieved when the three autoantibodies are present at the same time.  

 

 

 

 

 



 

Materials and Methods 

Study selection and inclusion 

PubMed was searched for “anti-CarP antibodies” (and anti-carbamylated protein antibodies). 

Furthermore, a combined search for “carbamylation” and “antibody” was carried out to identify 

possible missing studies. A complete overview of the search strategy can be seen in the 

supplementary data. An additional search in web of science did not result in any additional articles 

fulfilling the inclusion criteria. Studies were selected based on the following criteria: First, antibody 

data had to be available on ACPA, RF and anti-CarP antibodies for at least two groups, such as RA 

patients and controls or RA patients and healthy first-degree relatives (HFDR). Studies describing 

these antibodies in non-RA patients without a comparison to RA were excluded. Second, since the 

assay to measure anti-CarP antibodies is not yet commercially available, similar antigens, in this case 

carbamylated fetal calf serum (Ca-FCS), had to be used for the measurement of anti-CarP antibodies. 

Third, the controls that were included had to be geographically matched controls. The following 

subgroups were included: RA patients, HFDR, pre-RA and healthy controls. 

After the selection, data were extracted from the papers with a standard form, describing the 

number of patients positive for each of the possible antibody combinations. If data could not be 

acquired from the published papers, authors were approached for further information.  

 

Data analysis 

Informative antibody combinations (Anti-CarP alone, ACPA alone, RF alone, RF and/or ACPA, RF and 

ACPA, RF and/or ACPA and anti-CarP, at least 1 antibody, at least 2 antibodies, all 3 antibodies), were 

selected and used for further analysis. Within each group, the percentage of individuals positive for 

each antibody combination was calculated. Also, specificity, sensitivity, odds ratios(OR), positive 

likelihood ratios(LR+) and negative likelihood ratios(LR-) were determined. Calculations were carried 

out in Microsoft Excel version 2010, SPSS statistics version 23(IBM) or R version 3.2.3(42). The 

control group did not contain antibody-positive individuals for some antibody combinations, which 



 

interferes with the calculation of ORs and LR+s. To estimate these values, a pseudo-frequency 

modification was used(43). This modification entails adding a small number to each cell in the 

contingency table. This number was different for each study and based on the percentage of 

positives for a certain antibody combination in all of the relevant control samples combined. The 

replacement values added varied between 0.04 and 1. 

Meta-analyses were carried out in Stata version 14 using an inverse variance random effects model, 

resulting in combined ORs as output. The meta-analysis was carried out for the selected antibody 

combinations, separately for each of the categories(RA vs Healthy controls; RA vs HFDR; RA vs 

disease controls; Pre-RA vs No RA development). For the RA vs disease controls group, two 

studies(35, 41) were combined before the meta-analysis, since the RA population in both studies 

was the same. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

Results 

Study inclusion and exclusion 

A total of 12 publications were included in the analysis. Table 1 shows an overview of the included 

studies and the number of patients included in each of the different groups. The studies that were 

excluded either investigated less than two groups, making it impossible to compare groups, or none 

of the groups included were RA patients(32, 37-40). Studies were also excluded because data on the 

control group was not available for one or more of the three antibodies(18, 19, 25, 36) or because 

persons negative for ACPA or RF were excluded from the study(17). Furthermore, some studies used 

a different antigen than Ca-FCS to measure anti-CarP antibodies(33, 44, 45) and a study did not use 

geographically matched controls(24). Finally, the IMPROVED study was excluded since part of the 

patients overlap with the patients in the Leiden EAC study which was included(13, 20). All twelve of 

the studies included were retrospective studies using a case-control setting. However, three studies 

were nested case-control studies, all investigating serum samples of RA patients before RA 

development(14-16). Although prospective studies would have been ideal to include in our study, 

the only prospective study available had to be excluded due to patient / control group selection 

based on antibody status(17). 

 

In all of the studies that were included, the ACR 1987 criteria were used for the diagnosis of RA 

patients. Furthermore, ACPA were measured with anti-CCP2 in all studies, except one(26), in which 

positivity for CCP2 or CCP3 was used. For RF measurement, RF-IgM was measured in each of the 

included cohorts.  

 

Prevalence of ACPA, RF and anti-CarP antibodies 

To acquire more insight into the data that was acquired, initially, simple overviews of the data were 

made. The different studies could be divided into 4 subgroups, namely RA patients compared to 

healthy controls, RA patients compared to disease controls, RA patients compared to HFDR and RA 



 

patients before disease development (pre-RA) compared to healthy controls (Figure 1A). ACPA, RF 

and anti-CarP antibody positivity were compared between the different studies within each category 

(Figure 1B-D). Within, for example RA patients, ACPA-positivity was 50%-78%, RF-positivity 53%-80% 

and anti-CarP-positivity 34%-53%.  This indicates that within each subgroup, there is some variation 

with regards to antibody positivity. However, the most obvious differences are between the 4 

subgroups, indicating that these subgroups should not be combined in a meta-analysis. 

 

General presence of autoantibody combinations 

Since we hypothesize that the combination of three autoantibodies may provide additional insight in 

diagnosis or prediction of RA, we set out to investigate different autoantibody combinations that 

may co-occur within one individual. The number of autoantibodies, (0, 1, 2 or 3) present in the 

samples in the different studies is shown in Figure 2A-D. In the RA patient studies, we observed that 

a large proportion of the patients is positive for at least one antibody, but also the combination of 

two and especially three antibodies is common in RA patients (mean number of autoantibodies 

between 1.4 and 2.1). For the other groups, it was most common to observe positivity for none of 

the antibodies. However, positivity for one of the three antibodies or a combination of multiple 

antibodies was not completely absent. The lowest number of antibodies was observed in healthy 

controls (mean between 0.0 and 0.2) while a larger number could be detected for HFDR (mean 0.4) 

and disease controls (mean between 0.2 and 0.4).  

These data indicate that a large proportion of RA patients has at least one antibody subgroup and 

more than 40% of the RA patients can be positive for two or three of these antibodies. This pattern 

is completely different in healthy controls, in which the presence of 1 or 2 antibodies can be 

observed only in a limited number of people, while the presence of all three of the autoantibodies at 

the same time is absent in nearly all healthy controls. The other groups, pre-RA, HFDR and disease 

controls have a slightly higher number of autoantibodies than the healthy controls, but less than the 

RA patients. The combination of three autoantibodies is also rare in these control groups. Because 



 

the combination of three autoantibodies is rare in the control groups, this may be the most 

interesting antibody combination for further investigation, although some of the other antibody 

combinations may show surprising results as well. A complete overview of the different 

autoantibody combinations in the studies are shown in Venn-diagrams in Figure 3.  

 

Sensitivity, Specificity, Odds ratio, LR+ and LR- 

To further investigate these observations, several antibody combinations were studied with a focus 

on the following four: ACPA and/or RF, ACPA and/or RF and anti-CarP antibodies, two out of the 

three antibodies and three out of the three antibodies. ACPA and/or RF was chosen since this is 

what has been incorporated into the current guidelines for RA classification(1). The second 

combination adds anti-CarP antibodies to the current standard. We hypothesize that the presence of 

all three autoantibodies at the same time would be the most specific for the diagnosis or prediction  

of RA. Therefore we also included this combination and as a second option investigated whether the 

presence of two different autoantibodies out of the three investigated would also result in increased 

specificity. In general, an increase in the number of antibodies results in a higher specificity and OR, 

while decreasing the sensitivity. For example, for RA patients compared to healthy controls, the 

specificity for 1 antibody varies between 85.7 and 97.2, while this is between 98.7 and 100 for the 

combination of three antibodies. However, the sensitivity for 1 antibody in this same group is 

between 60.5 and 90.2 and between 30.8 and 39.1 for the combination of three autoantibodies. 

Interestingly, in many of the studies, a 100% specificity can be achieved with certain antibody 

combinations. This occurs most frequently for the combination of all three autoantibodies. This 

indicates that, in the case-control settings studied, the subjects without RA could be identified 

perfectly by the absence of the combination of the three autoantibodies.. An overview of the 

specificity, sensitivity, OR, for several antibody combinations is shown in table 2. An overview for 

other, selected, antibody combinations is shown in supplementary table 1. An overview of the LR+s 

and LR-s for the same antibody combinations can be seen in supplementary table 2. An complete 



 

overview of the number of antibody-positive people for each group and the ORs can be seen in 

supplementary table 3. 

 

Meta-analysis 

A random effect meta-analysis was carried out on the ORs calculated for each of the discussed 

antibody combinations. These calculations were carried out separately for each of the different 

categories, since the differences between these categories are too large to combine the data. An 

overview of the meta-analysis can be found in the supplementary figures, and a summary is 

provided in Figure 4A-D. When we are interested in the diagnosis of RA, the two most interesting 

subgroups would be the Ra patients compared to disease controls or healthy relatives.  

When comparing RA to healthy controls, disease controls or healthy relatives, the combination of 

ACPA and/or RF seems to perform very well, and might be rather similar to the combination of all 

three autoantibodies. This indicates that the autoantibodies that are currently in use for the 

diagnosis of RA be sufficient and not much improvement may be gained upon the addition of anti-

CarP antibodies. When we are interested in the prediction of RA, it is most important to compare 

the group in which antibodies were measured before RA development and compared to people 

without RA. Here a clear increase in OR, with an OR over 100, can be observed for 3 autoantibodies 

when compared to all of the other combinations. This indicates that, especially in a setting of very 

early RA, the presence of 3 antibodies results in the highest odds for developing RA. Therefore, this 

combination may help in predicting the development of RA. 

 

 

 

 

 

 



 

Discussion 

Here we aimed to investigate the additional value of anti-CarP antibodies compared to ACPA and RF 

in two different settings, diagnosis and prediction. Therefore, we carried out a literature search and 

described the studies in which RF, ACPA and anti-CarP antibodies were measured. In a meta-analysis 

we eventually conclude that measuring all three of these antibodies reduces the chance to 

misclassify non-RA controls, but may not improve the diagnosis of RA. Therefore the analysis for 

triple positivity may be especially relevant for populations with a low pre-test probability, although 

sensitivity will be low with these measurements. These findings are of relevance in view of the 

efforts towards pre-emptive treatments for people at risk. 

 

A previous meta-analysis has investigated anti-CarP antibodies in RA patients compared to healthy 

controls(46), resulting in a pooled OR of 17 for anti-CarP antibodies alone. Our OR derived from the 

meta-analysis for anti-CarP antibodies alone when comparing RA patients to healthy controls was 

30, which is slightly different, possibly because there were differences in inclusion criteria. The 

previous study however, did not compare any antibody combinations within the same patient 

groups and only investigated RA patients compared to healthy controls. In our study, we also 

compared RA patients to disease controls and HFDR, which are known to have higher autoantibody 

positivity than healthy controls. The comparison to disease controls is especially important, since the 

studied antibodies can also be present in non-RA populations(41, 47). Furthermore, we also 

investigated the number of autoantibodies present in people before RA development(pre-RA) and 

compared these to healthy controls.  One of the studies published after we selected the articles for 

our meta-analysis, confirms our observations that the use of ACPA and RF might be sufficient after 

RA diagnosis, although also in this case the addition of anti-CarP antibodies increases the specificity, 

in exchange for a reduced sensitivity(48). 

 



 

One of the limitations of this study is that all of the cohorts included were case-control or nested 

case controls studies and not prospective cohorts. Unfortunately, none of the prospective cohorts 

available fulfilled the inclusion criteria. Another limitation of this study might be that the assay for 

anti-CarP antibody measurement is not yet a commercially available, indicating that there might be 

differences in these measurements. Therefore, rather strict criteria were made with regards to study 

inclusion, thereby eliminating some interesting studies that could not be included. Also, some of the 

studies may have used different methods to determine the cut-off of their assay, however we have 

used the original data on antibody positivity as described in each individual article. An analysis of 

antibody levels with regards to RA development may also be interesting, but insufficient data was 

available for such an analysis. Furthermore, we do not have data on the stability of the three 

biomarkers in these patients and whether any seroconversion may occur over time in the patients 

analysed. 

 

Out of several antibody combinations, measuring all three autoantibodies, ACPA, RF and anti-CarP 

antibodies or measuring ACPA and RF, often results in the highest specificity and LR+, thereby 

reducing the sensitivity. Therefore, depending on the context of the investigation, one of the 

antibody combinations might be more suitable than the other. When aiming to identify RA patients 

as early as possible, the most relevant group to study would be the group including people before 

RA, which are currently present in the healthy population. Interestingly, in this group, there is a 

clearly higher OR for the combination of all three autoantibodies, suggesting that the combination of 

anti-CarP antibodies, ACPA and RF might result in an improvement of the early identification of 

people at risk to develop RA.  

 

While the antibody-based biomarkers provide an interesting and robust method to identify persons 

at risk to develop RA, this will, in the current setting, identify less than 50% of the (future) RA 

patients as the others are negative for these biomarkers(8, 9) . Whether the identification of 



 

additional biomarkers will close this “serological gap” remains to be seen(6). Other biomarkers or 

early clinical symptoms may serve as additional input into the risk stratification. Furthermore, it has 

been suggested that the early identification of RA patients, or the identification of arthralgia patients 

that are at high risk of developing RA is important for effective treatment of RA(49-51). The 

combination of these three autoantibodies may help in to identify these high-risk patients. Attractive 

in the three-autoantibody-approach highlighted here is the low-cost of the assays and equipment, 

the nature of the sample to be used (serum) and the stability of the antibodies in serum. Moreover, 

the ease of testing and interpretation of these tests allows for feasible implementation for large-

scale testing to identify patients at risk for RA in contrast to other proposed methodologies such as 

imaging-based tests. 

 

In order to further investigate whether this would be a suitable option and whether the addition of 

anti-CarP antibodies will result in an increased detection of people at risk for the development of RA, 

carrying out prospective studies in large healthy populations would be appropriate. In conclusion, 

the combination of anti-CarP antibodies, ACPA and RF has a very high specificity for the 

identification of early RA patients compared to different types of controls.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

 
 
 
Table 1 – An overview of the number of people present in each of the included studies, separated 
for each category. 
 

Cohort RA 
development 

First-
degree 
relatives 

Disease 
controls 

RA Healthy 
Controls 

References 

Shi 2011, Shi 2015, 
the Netherlands 

  
780 934 208 (13, 41) 

Janssen 2015, 
the Netherlands 

  
235 86 36 (34) 

Verheul 2015, 
Japan 

   
268 127 (52) 

Challener 2015, 
Canada / USA 

   
517 63 (23) 

Koppejan 2016, 
Canada 

 
105 

 
92 77 (26) 

Allesandri 2015, 
Italy 

 
141 

 
63 

 
(21) 

Verheul 2016, 
the Netherlands 

  
759 934 

 
(35) 

Pecani 2016, 
Italy 

  
298 309 

 
(29) 

Shi 2014 
The Netherlands 

79 
   

141 (16) 

Gan 2015 
USA 

76 
   

41 (14) 

Brink 2015 
Sweden 

224 
   

150 (15) 

RA; rheumatoid arthritis, HFDR; healthy first-degree relatives. Shi 2011 and Shi 2015 make use of the 
same RA patient cohort as a comparison to either healthy controls or disease controls. The same RA-
population was also shown as a comparison for the Verheul 2016 publication. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

 
 
 
 
 
 
 

Table 2 – Sensitivity, specificity and AUCs are shown for 4 different antibody combinations  
 
 
 
RA; rheumatoid arthritis, HFDR; healthy first-degree relatives, spec; specificity, sens; sensitivity, OR; 
odds ratio, ACPA; anti-citrullinated protein antibodies, RF; rheumatoid factor, anti-CarP; anti-
Carbamylated protein antibodies, AUC; area under the curve. The sensitivity, specificity and AUC for 
5 more antibody combinations (namely, ACPA only, anti-CarP only, RF only, at least 1 antibody and 
RF and ACPA are shown in supplementary table 1 
 
 
 
 
 
 
 
 

 
ACPA and / or RF ACPA / and or RF and anti-CarP 2 antibodies 3 antibodies 

  
Spec Sens AUC Spec Senc AUC Spec Sens AUC Spec Sens AUC 

RA vs 
Healthy 

Shi 2011 94.2 67.5 0.808 100 48.6 0.743 99.5 52.7 0.761 100 35 0.675 

Janssen 2015 97.2 87.2 0.922 100 44.2 0.721 100 68.6 0.843 100 34.9 0.674 

Verheul 2015 97.6 80.2 0.889 99.2 44 0.716 99.2 69 0.841 100 37.3 0.687 

Challener 
2016 

100 59 0.795 100 32.5 0.662 100 53.4 0.767 100 30.8 0.654 

Koppejan 
2016 

90.9 88 0.895 98.7 44.6 0.716 97.4 76.1 0.867 98.7 39.1 0.689 

RA vs first-
degree 
relatives 

Koppejan 
2016 

80 88 0.84 92.4 44.6 0.685 90.5 76.1 0.833 99 39.1 0.691 

Alessandri 
2016 

74.5 65.1 0.698 95 30.2 0.626 93.6 49.2 0.714 99.3 19 0.592 

RA vs 
Disease 
controls 

Janssen 2015 87.2 87.2 0.872 98.7 44.2 0.715 97.9 68.6 0.832 99.6 34.9 0.672 

Shi 2015 90.5 67.5 0.79 97.6 48.6 0.731 96.7 52.7 0.747 99.1 35 0.671 

Verheul 2016 78.8 67.5 0.731 97.4 48.6 0.73 97.2 52.7 0.75 99.6 35 0.673 

Pecani 2016 73.2 71.5 0.723 92.6 29.4 0.61 88.9 58.3 0.736 98 26.5 0.623 

Before RA 
vs No RA 

Shi 2014 100 44.3 0.722 100 32.9 0.665 100 34.2 0.671 100 20.3 0.601 

Gan 2015 85.4 60.5 0.729 97.6 23.7 0.606 95.1 42.1 0.686 100 17.1 0.586 

Brink 2015 93.3 50 0.717 100 12.9 0.565 100 30.4 0.652 100 10.7 0.554 



 

Figures  
Figure 1 –ACPA, RF and anti-CarP antibody status are similar in studies fulfilling the inclusion 
criteria.  
Studies were separated based on the category they were placed in (RA patients compared to healthy 
controls; People who developed RA after a certain timespan compared to people who do not 
develop disease; RA patients compared to healthy first-degree relatives and RA patients compared 
to disease controls). Some studies occur twice, as they fit more than one category. The percentage 
of antibody-positive people for each of these studies are shown in A) for ACPA, B) for anti-CarP 
antibodies and C) for RF. The number of patients in each study can be found in table 1. RA; 
rheumatoid arthritis, ACPA; anti-citrullinated protein antibodies, Anti-CarP; anti-carbamylated 
protein antibodies, RF; rheumatoid factor.  
 



 

 
 
 
 
 
Figure 2 – The number of antibodies is increased in RA patients when compared to non-RA 
controls.  
The number of antibodies is show in pie charts for each of the included studies, showing the 
comparison for RA vs healthy controls (A), RA vs healthy first-degree relatives (HFDR) (B), Before RA 
development (Pre-RA)and no RA development (C) and RA vs disease controls (D). For each of the 
figure, the upper part shows the patients with or who will develop RA, while the lower part shows 
the respective control group. The number of patients in each study can be found in table 1. RA; 
rheumatoid arthritis. 
 
 
 
 
 



 

 
 

 
Figure 3 – Detailed overview of autoantibody-status and antibody combinations in the studies 
included.  
A detailed overview of the combinations of positivity for ACPA, RF or anti-CarP antibodies is shown 
in Venn diagrams for RA vs healthy controls, RA vs disease controls, Pre-RA vs RA and RA vs healthy 
first-degree relatives. The filled red circle represents anti-CarP antibody-positivity. The dashed blue 
circle shows the RF-positivity and the green solid circle indicates ACPA-positivity. The size of a circle 
represents the percentage of people with that specific antibody combination when compared to 
other antibody positive people in the study. Sizes of the circles cannot be compared between groups 
and are an approximation of the true percentages. The basis for the Venn-diagrams was made in 
EulerAPE. RA; rheumatoid arthritis, ACPA; anti-citrullinated protein antibodies, anti-CarP; anti-
carbamylated protein, RF; rheumatoid factor, HFDR; healthy first-degree relatives. 
 
 
 
 



 

 
 
Figure 4 – Overview of odds ratios derived from random effects meta-analyses. 
Pooled odds ratios are shown separated for the different categories of patients and controls: RA vs 
healthy controls (A), RA vs healthy first-degree relatives (HFDR) (B), RA vs disease controls (C) and 
pre-RA vs no RA (D). Random effects meta-analysis was carried out for each of the studies antibody 
combinations. For the comparison between RA and disease controls two studies were combined 
before analysis, since the same RA patient cohort was used for comparison (35, 41). An overview of 
the meta-analyses, with the individual forest plots, can be seen in the supplementary figures. Also, 
an overview of the individual numbers of antibody-positive patients and ORs for each cohort can be 
found in supplementary table 3. 
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