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Abstract

Objective—Anti-cyclic citrullinated peptide (anti-CCP) antibodies are strongly associated with
increased risk of rheumatoid arthritis (RA). While the anti-CCP level is commonly dichotomized
for clinical use, the best threshold for and utility of the titer as a continuous variable to predict
development of RA are uncertain.

Methods—Using data from the Nurses’ Health Study and Nurses’ Health Study Il longitudinal
cohorts, we examined the sensitivity, specificity, and hazard of RA at various thresholds of the
anti-CCP. Incident RA was confirmed using the Connective Tissue Disease Screening
Questionnaire and medical record review in 93 women from among 62,437 participants with
blood samples. Three controls per case were randomly chosen, matching on cohort, age, and
menopausal status. Stored plasma was tested for anti-CCP antibodies with the second-generation
Diastat™ ELISA. Five threshold values were assessed for sensitivity, specificity, and time to
diagnosis of RA. Hazard of RA was assessed with conditional logistic regression models adjusting
for smoking and reproductive factors.

Results—Using the suggested threshold of > 5 U/ml for anti-CCP positivity, specificity was
100%, but sensitivity was only 28%. A threshold of > 2 U/ml had a higher sensitivity (51%), and
similar specificity (80%), with an odds ratio of 11.2 (95% confidence interval 4.7-26.9) for RA.
Anti-CCP level as an ordinal variable was strongly associated with time to RA onset, with higher
values predicting shorter time to RA onset.

Conclusion—A lower threshold for anti-CCP positivity was more sensitive in predicting RA
development. Higher ranges of the level were informative in predicting time to RA onset.

Address reprint requests to L.B. Chibnik, Division of Rheumatology, Immunology, and Allergy, Brigham and Women’s Hospital, 75
Francis St., Boston, MA 02115. Ichibnik@rics.bwh.harvard.edu.
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Rheumatoid arthritis (RA) is a systemic autoimmune disease that affects approximately 1%
of the world’s population. It is characterized by chronic and progressive joint inflammation
and damage to the bones and cartilage that lead to decreased functional capacity and early
mortality®. Early treatment with aggressive therapies slows progression of the disease and
decreases cumulative joint damage?.

Antibodies to cyclic citrullinated peptides/proteins (anti-CCP), such as fibrinogen and
vimentin, are present in the blood of 60%—80% of patients with RA and correlate with more
severe, erosive disease34. Anti-CCP antibodies are also strongly associated with future risk
of RA in asymptomatic individuals, with antibodies detected up to 10 years before diagnosis
of RA%. The specificity of the test has been found to be close to 100% in patients with
existing RA, with few false-positive results®8:2. The sensitivity, on the other hand, ranges
from 29% to 34%’ for preclinical RA, and sensitivity is about 60% for existing RA. Since
the positive predictive value (PPV) was only 5% in the general population®, its utility as a
general screening tool is debatable. Rather than using anti-CCP as a single measure, there is
increasing thought that it might be better considered in the context of other clinical
symptoms, perhaps as part of a prediction rule to identify patients with undifferentiated
arthritis likely to progress to RA10, Multiple studies have shown a PPV in pre-RA symptom
onset of 69% for high-risk populations-10-11, In addition, Rantapaa-Dahlqvist, et al were
able to show an increase in PPV from 80% to 91% in blood samples taken > 1.5 years before
symptom onset in samples taken from patients with early RA.

The performance characteristics for anti-CCP antibodies depend on the interpretation of a
positive result using current assays for their detection. There are various manufacturers of
anti-CCP assays in the US and Europe including Inova Diagnostics (San Diego, CA, USA)
and Euro-diagnostics (Arnhem, The Netherlands), each determining their own threshold for
positivity based on performance characteristics in their study populations. In this article we
will be focusing solely on the second generation Diastat™ ELISA manufactured by Axis-
Shield Diagnostics Limited (Dundee, UK). The manufacturers established a threshold using
200 samples from apparently healthy donors from the UK, Europe, and the US ranging in
age from 18 to 72 years and 48% women, whose mean anti-CCP concentration was 0.6 + 0.4
U/ml with a range of 0.05 to 3.8 U/ml. From this they suggested an assay threshold of > 5 U/
ml for a positive test and report an overall sensitivity in their sample of 79% (88% in their
US sample). However, the optimal threshold for situations such as in predicting future RA is
uncertain, as mean and median values prior to RA may be different.

Although Rantapa-Dahlgvist, et al showed that anti-CCP levels and the relative frequency
of a positive test increased closer to the start of symptoms in pre-RA patients, the
relationship was flat until the < 1.5 years pre-RA diagnosis category’. It is unclear whether
using the level as a continuous variable or in ordinal categories improves its prognostic
ability. Lowering the threshold value to define a positive test will increase the sensitivity,
but also increase the number of false positives. In our study, we examine the benefits and
drawbacks of varying the threshold levels for determining a positive test, as well as the
benefits of using the continuous level as a prognostic test. In addition, we look at the utility
of using the anti-CCP level as a predictor of time until diagnosis of RA.
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MATERIALS AND METHODS
Study population

The Nurses’ Health Study (NHS) is a prospective cohort that began in 1976, enrolling
121,701 female nurses between the ages of 30 and 55 years. It was followed by Nurses’
Health Study Il (NHS 11), which enrolled 116,686 female nurses between the ages of 25 and
42 years in 1989. Both cohorts were followed via biennial questionnaires (with > 90%
followup) addressing information regarding diseases, lifestyle, and health practices. All
participants were asked to provide blood samples (in 1989 for NHS and 1997 in NHS 11);
one-quarter of the participants consented. At the time of blood draw the women were
between the ages of 43 and 68 for NHS and 33 and 50 for NHS I1. All aspects of these
studies were approved by Partners HealthCare Institutional Review Board.

Identification of RA

Data on behavioral and hormonal factors were collected biennially from 1976-2002 in NHS
and 1989-2003 in NHS 1. Incident RA cases between 1989-2002 and from 1997-2003 in
NHS and NHS 11, respectively, were identified using a 2-stage process: first, by self-report
confirmed using the Connective Tissue Disease Screening Questionnairel2-14 and second,
by a thorough medical record review by 2 board-certified rheumatologists trained in chart
abstraction, each blinded to the other reviewer’s result. The charts were examined for the
American College of Rheumatology (ACR) classification criteria for RAL, the date of first
RA symptom, evidence of RA-specific medication treatment, and the treating physician’s
diagnosis. The specificity of connective tissue disease detection using this method is very
high, reducing misclassification of healthy subjects'6. Discrepancies in diagnoses were
discussed and resolved by reviewers to determine a consensus diagnosis. Definite RA was
defined as subjects with 4 of the 7 ACR criteria for RA or reviewer consensus of definite
RA. In addition, a small number of subjects (n =5 cases) with 3 documented ACR criteria
for RA, a diagnosis of RA by their physician, and reviewer consensus were included as
having a diagnosis of RA.

Identifying controls

Three controls for each confirmed RA case were randomly chosen from subjects with stored
blood, matching on cohort, birth month and year, and time of day, fasting status, menopausal
status, and postmenopausal hormone use at blood draw. The control group excluded subjects
with reports of systemic lupus erythematosus, psoriatic arthritis, ankylosing spondylitis,
scleroderma, RA symptoms prior to blood draw, self-reported RA not confirmed by
physician review, and cancer (except non-melanomatous skin cancer). No control developed
RA or any other rheumatic disease during the 12-year followup period.

Anti-CCP testing

In the NHS cohort, blood was drawn from a subset of 32,826 in 1989, when participants
were aged 43-68 years. In the NHS 1l cohort, blood was drawn from a subset of 29,613
participants starting in 1997 when participants were aged 5176 years. Stored plasma was
tested for anti-CCP antibodies with the second-generation Diastat ELISA in the same
laboratory in 2004. Analysis was performed at the Clinical Immunology Laboratory at
Brigham and Women’s Hospital. Study sample anti-CCP levels were reported in units from
0 to 100. Any level greater than 100 was reported as > 100 and analyzed as 101.

Additional variables

Data on cigarette smoking (in pack-years), parity, total duration of breastfeeding,
menopausal status, and postmenopausal hormone use were selected from the questionnaire
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cycle prior to the date of RA diagnosis (or index date in controls). Although smoking and
hormonal factors have not been shown to be associated with anti-CCP levels, it has been
shown that smoking, parity, breastfeeding, and race are associated with the risk of RAL7-19,
Therefore, data were included for these potential confounders and RA risk factors, from
questionnaires prior to RA diagnosis or matched date in controls. Smoking was analyzed as
pack-years, defined as the product of packs smoked per day and the number of years
smoked, on a continuous scale. Parity and breastfeeding were categorized as nulliparous,
parous with no history of breastfeeding, parous with 1 year or less of breastfeeding, and
parous with more than 1 year of breastfeeding. Race was categorized as Caucasian or other
race, with > 95% of NHS and NHS Il participants reporting their race to be Caucasian.

Statistical analysis

RESULTS

Means and standard deviations (SD) were calculated for continuous variables and cases and
controls were compared using t tests. Frequencies were calculated for categorical variables
and cases and controls were compared using chi-squared and Fisher’s exact test when
appropriate. Median levels of anti-CCP in cases and controls were compared using
Wilcoxon rank-sum test. Random quality control samples from 7 NHS donors, split into 5
samples each, were randomly interspersed with study samples. These samples were analyzed
for agreement within each subject using the standard error (SE) for each 5 split sample set.
All analyses were performed, first, stratified by cohort and then, if results were similar, with
a combined cohort. Anti-CCP results did not follow a Gaussian distribution in the cases so
both mean (+ SD) and median (Q1-Q3) for anti-CCP level were calculated for RA cases and
controls separately.

Anti-CCP level was first assessed as a continuous variable using a receiver-operating
characteristic (ROC) curve method. Second, 5 threshold values were chosen, 2 based on the
ROC curve, 2 based on the median among the controls plus 1 and 2 times the interquartile
range (IQR), defined as the difference between Quartile 3 and Quartile 1, and finally 1 using
the manufacturer suggested threshold value. Each model was assessed for sensitivity and
specificity with respect to case status. Relationships between the anti-CCP antibody level
drawn in 1989 (NHS) and in 1997 (NHS Il) and odds of later developing RA were assessed
using conditional logistic regression models, conditioning on the matching factors and
further adjusting for smoking, reproductive factors, and race. A case-only analysis was
performed assessing the relationship between anti-CCP level and time to diagnosis of RA,
assessing the level as both a continuous variable and using varying thresholds of anti-CCP
level and mean time to diagnosis of RA. All analyses were performed using SAS version 9.1
(SAS Institute, Cary, NC, USA).

A total of 93 cases of incident RA with blood draw preceding first RA symptoms were
identified: 81 (87%) of the cases in NHS and 12 (13%) in NHS Il. The characteristics of RA
cases and matched controls are presented in Table 1. The mean age of the cases at blood
draw was 54.6 + 8.2 and the mean time to diagnosis following the blood draw was 5.6 + 3.6
years (minimum-maximum: 0.3-12.0 yrs). Two hundred seventy-nine controls were
matched to the cases and their mean age at blood draw was 54.6 *+ 8.1 years. There were no
differences observed among cases and controls for parity and breastfeeding (p = 0.19),
smoking status (p = 0.47), or Caucasian race (p > 0.99).

Seven subjects, 5 anti-CCP-negative and 2 anti-CCP-positive, chosen for quality control
analysis were split into 5 samples each. The results in the 5 anti-CCP-negative subjects
(anti-CCP levels < 5) showed individual SE ranging from 0.20 to 0.25. The results in the 2
anti-CCP-positive donors (anti-CCP levels > 5) showed a SE of 1.44 and 0.
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Among controls only, the median (minimum-maximum) for the anti-CCP level was 2 (0-4)
and the IQR was 1 unit. This was used to select 2 additional thresholds to define anti-CCP
positivity, the median + 1 IQR (3.0) and the median + 2 IQR (4.0). An ROC curve was
generated by plotting the sensitivity (y-axis) by 1 — specificity (x-axis) (Figure 1). Two
threshold values to define anti-CCP positivity were chosen from a high point on the curve
(anti-CCP = 1) and a lower point (anti-CCP = 2).

Results of independent analyses in the 2 cohorts were similar and all results are shown with
combined data. We observed a strong relationship between anti-CCP antibody positivity and
risk of developing RA (Table 2). Using the manufacturer’s recommended threshold of > 5
U/ml for positive, we had no positive controls and thus a specificity of 100%; however, the
sensitivity was only 28%. In addition, since no controls have a positive anti-CCP at this
cutoff, we are unable to calculate an odds ratio (OR). The sensitivity was increased to 81%
with a lower threshold of > 1 U/ml, but specificity dropped to only 30%. Using a cutoff of >
2 U/ml, the sensitivity was 51% and specificity was 80%. In simple conditional logistic
regression models, with a threshold for anti-CCP positivity of > 2 U/ml, the odds of incident
RA were 10.6-times increased among the anti-CCP positive (95% CI 4.8-23.0). Further
adjustment for smoking, reproductive factors, and race increased the OR to 11.2 (95% ClI
4.7-26.9). Using a cutoff of > 3 (1 SD above mean in controls), the sensitivity was 32%,
specificity was 97%, and adjusted OR of incident RA was 18.4 (95% CI 6.5-52.4).

Among 93 women who later developed RA, there was a significant relationship between the
time between blood draw and RA diagnosis and continuous anti-CCP level, with a
Spearman correlation coefficient of —0.288 (p = 0.005), indicating that higher anti-CCP
levels are associated with shorter time to RA diagnosis (data not shown). Defining anti-
CCP-positive as > 3 U/ml, we observed a statistically significant difference in mean time to
RA, with 3.7 + 3.0 years for anti-CCP-positive subjects and 6.6 + 3.5 years for anti-CCP-
negative subjects (p = 0.0002) (Table 3). Stratifying anti-CCP antibody level into 4
categories (=< 3, 4-10, 11-100, and > 100 U/ml), a strong trend in the relationship to mean
time to RA diagnosis was seen (6.6, 5.7, 3.2, and 2.3 yrs, respectively; p = 0.0005).

DISCUSSION

In these large prospective cohorts of women, we observed a clear relationship between
preclinical anti-CCP level, as determined by the second-generation Diastat ELISA, and the
risk of developing RA. Even with lower thresholds to define a positive anti-CCP level than
the manufacturer’s recommendation, we saw strong associations with moderate predictive
ability. In addition to the relationship with overall RA risk, there are also clear associations
between preclinical anti-CCP level, both as an ordinal and a continuous biomarker, and time
to RA diagnosis.

In our analysis, the high specificities of thresholds of > 2 U/ml or > 3 U/ml (specificities
80% and 97%, respectively) were similar to those in previous studies by Lee and Schur,
Nielen, et al, Schellekens, et al, van der Helm-van Mil, et al, and by the manufacturer (Axis-
Shield Diagnostics Limited)8:8-11, The manufacturer’s reported sensitivity of 79%-88% for
a threshold of > 5 U/ml was much greater than the 29% sensitivity that we saw at that level.
These differences may be due to lower sensitivity among preclinical RA in our study when
compared to the manufacturer’s study, in which patients with existing RA were tested. Our
sensitivity results are similar to those found in the preclinical RA cohorts of Nielen, et al
(sensitivity = 29%)°® and Rantapaa-Dahlqvist, et al, who report a sensitivity at least 1.5 years
before symptom onset of 25%’. However, when measured among patients with early RA
they report a sensitivity of 70%, which is similar to those reported by the manufacturer for
RA. Thus, although sensitivity among preclinical RA is clearly lower than among existing
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RA we found that lower levels of anti-CCP, previously not thought to be significant, can still
be useful if the goal is to increase sensitivity for detecting RA at a preclinical stage. For
example, at CCP > 2 U/ml, the sensitivity increases to 51% with only a small decrease in
specificity (80%).

In our case-only analysis, we found a strong correlation between increasing anti-CCP level
as a continuous marker and shorter time to diagnosis of RA. This relationship was evident
when the level was categorized into 2 categories, positive and negative, or 4 categories with
the mean time to diagnosis of RA shortest in the groups with anti-CCP > 10 U/ml. These
results suggest a relationship similar to that seen by Rantapaa-Dahlqvist, et al, which
showed an increased mean anti-CCP level the closer the blood draw was to the diagnosis of
RA.

Strengths of our study include the prospective design of the data collection, which precludes
recall bias, and the matched structure of the data, which adds to the power of the analysis.
Information on exposures and covariates was obtained at multiple timepoints preceding the
blood draw, allowing for cumulative measurement of exposures such as cigarette smoking.
We were able to show that the relationship between anti-CCP level and risk of RA remains
strong even after adjusting for hormonal and behavioral factors. Ours is also the first study
to look at the benefits of using anti-CCP as a continuous marker for predicting future
diagnosis of RA.

The annual incidence rate in this study is 30.8 per 100,000 person-years, which was
substantially lower than rates reported by other studies2%21; however, this can be attributed
to the “healthy volunteer” effect, where participants in studies tend to be healthier than the
larger population.

One limitation of this analysis is that it applies directly only to CCP measured with the
Diastat ELISA; however, our findings suggest that when doing clinical research with a
control sample using alternate testing Kits, it is worthwhile to investigate multiple thresholds
for anti-CCP positivity. In addition, these assays were performed up to a CCP level of 100
U/ml. We did not do further dilutions above 100 U/ml and thus we cannot assess values
above 100 U/ml. Further, we were unable to assess the influence of matching factors such as
age, menopausal status, and postmenopausal hormone use on the relationship between anti-
CCP and RA because of the matched structure of our data. Participants in both NHS and
NHS 11 are well educated and mostly Caucasian, and although it is not likely that biologic
relationships among these women differ from those among women in the greater population,
these findings should be replicated in more diverse cohorts. Another limitation is the lack of
consecutive anti-CCP measures in the same subject, precluding an analysis of the predictive
value of changing levels over time. Also, an important consideration is that anti-CCP-
positive “controls” may have developed RA after 2003. However, incident rates of RA
decrease in the 7th and 8th decade of life and it is unlikely there were many new cases.

We observed a clear relationship between anti-CCP level and future diagnosis of RA not
only with the dichotomous (positive vs negative) biomarker, but also with a continuous
biomarker for predicting short time to diagnosis. In the case of the Diastat ELISA, we
suggest using a threshold of > 2 U/ml to balance sensitivity and specificity in research
studies involving RA prediction. In general, researchers should examine the most
appropriate threshold, depending on whether their goal is to maximize sensitivity or
specificity, and considering the distribution of levels in an appropriate control population.
For clinicians, lower values of anti-CCP levels should be regarded as a probable sign of
preclinical RA, not disregarded as uninformative. This information could be used as an
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ditional tool for clinicians in determining course of action in treating the earliest potential
mptoms of RA, especially in high-risk populations.
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Figure 1.

Receiver-operating characteristic (ROC) curve. Determination of anti-CCP threshold levels
(> 1 and > 2 U/ml). Higher threshold levels (> 3, > 4, and > 5 U/ml) are all at the leftmost
point of the ROC curve.
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Characteristics of cases and controls at time of blood draw.

Table 1

RA Cases, n =93 Matched Controls, n = 279 p
Nurses’ Health Survey cases, n (%) 81 (87) 243 (87) >0.99"
Age at blood draw, yrs, mean + SD 546 +8.2 546 +8.1 0.96™*
Age at RA diagnosis, yrs, mean + SD 60.2 +9.7 NA NA
Time to RA diagnosis, yrs, mean + SD 5.6+ 3.6 NA NA
Anti-CCP level, continuous (U/ml), median (min-max) 3 (0—>100) 2 (0-4) <0.0001T
Smoking and pack-yrs 047
Never smoker, n (%) 44 (48) 124 (45)
Ever-smoker, < 11 pack-yrs 15 (16) 62 (22)
Ever-smoker, > 11 pack-yrs 33 (36) 92 (33)
Pack-yrs for ever-smokers, mean * SD 20.3+147 22.3+19.8 0.46™*
Parity and breastfeeding
Nulliparous 4(4) 25(9)
Parous/no breastfeeding 30(32) 69 (25)
Parous/< 1 yr 46 (49) 130 (47)
Parous/> 1 yr 13 (14) 55 (20)
Caucasian, n (%) 92 (99) 275 (99) >0.99Tt

*
chi-square test of independence.

TWilcoxon rank-sum test.

**k
2-sample t test.

TJrFisher’s exact test.

NA: not applicable.
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Table 3
Time to diagnosis of RA by anti-CCP levels (U/ml).

Group Cases of RA, n

Mean Time to Diagnosis, yrs

Median (Q1-Q3)

Anti-CCP antibody, dichotomized grouping

< 3 (negative) 63 6.6 +3.5
> 3 (positive) 30 3.7+30
p* 0.0002
Anti-CCP antibody, ordinal grouping
<3 63 6.6 +3.5
4-10 8 57+34
11-100 15 32+27
>100 7 23+22
p* 0.0005

7.0 (3.2-9.8)
2.9 (1.2-5.3)
0.0002

7.0 (3.2-9.8)
6.2 (2.6-8.7)
2.8(1.4-4.3)
1.4 (0.6-5.3)

*

For mean time, using analysis of variance, for median, using Wilcoxon rank-sum test.
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