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ABSTRACT
Cat-scratch disease (CSD) is caused by Bartonella henselae infection and is a common cause 
of regional lymphadenopathy. The diagnosis of CSD largely depends on serology, but is 
hampered by both low sensitivity and specificity of the applied IgG and IgM assays. Using 
an in-house ELISA, we detected a significant age-dependent increase in the IgG levels in the 
general population compared to CSD patients. With this knowledge, we developed diagnostic 
models to differentiate diseased from non-diseased persons. Evaluation of these models using 
samples from PCR-positive patients (n = 155) and age-matched controls (n = 244) showed an 
important increase in the assay performance if the combination of the IgG and IgM results 
were taken into account. If the specificity was set at 98% the sensitivity was only 45% and 
32% for the IgM and IgG ELISA, respectively but increased to 61% when these results were 
combined. Also the use of age-dependent factors further improved the clinical relevance of 
the outcome raising the sensitivity to 64%. Although the sensitivity of the ELISA remains low 
we conclude that the use of models using the combination of both IgM and IgG test results 
and age-depending factors can be a useful diagnostic tool in the serodiagnosis of CSD. 
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INTRODUCTION
Although the clinical profile of cat-scratch disease (CSD) was described in 1950, the pathogen 
that causes it - Bartonella henselae - was not identified until 1993 [1]. Currently the domestic 
cat is the only known reservoir of B. henselae with a confirmed link to disease in humans [2]. 
The majority (60%) of patients with CSD are children under the age of 20 and the predomi-
nant clinical feature of CSD is a regional lymphadenopathy that in most cases develops 
two to three weeks after the exposure (range 7-50 days) with a possible long duration of 
the clinical symptoms up to several months [3]. Although the lymph node swellings resolve 
spontaneously in CSD without leaving residual symptoms, identifying the causative agent is 
important because of the non-specific nature of the presentation (lymfadenopathy). For this 
reason a wide differential diagnosis will be considered in most cases. 

An important diagnostic tool in the detection of B. henselae is the examination of lymph 
node biopsy specimens or pus by PCR, with a reported sensitivity between 58% and 96% [4, 5]. 
However, pus can only be collected from approximately 15% of patients without performing 
puncture. The collection of a biopt from an affected lymph node is not always feasible or 
advisable if possible malignancy can not be excluded. For this reason, the first choice for 
laboratory diagnosis is the detection of B. henselae-specific antibodies.

Both IFA and ELISA’s have been described for the detection of IgM and IgG antibodies [5-7].  
The evaluation of serological tests in earlier studies reported various specificities (95-100%) 
and sensitivities (40-100%) [6-10]. Especially the detection of B. henselae-specific IgM is 
thought to be a marker for recent infections in patients. However the clinical use of IgM 
detection is hampered by the low sensitivity (60-74%). This low sensitivity will be difficult 
to increase due to the specifics of B. henselae infections: CSD patients develop symptoms 
relatively late, often more than eight weeks after traumatic cat contact [11]. With large 
inter-individual differences, IgM stays present in the serum for approximately three months 
[6, 12], and therefore IgM levels are already declining in many patients at the time of their 
first physician contact. In patients with a clear IgG response in the absence of IgM, it can not 
be concluded with certainty whether the IgG response reflects past or recent contact with  
B. henselae since patients can remain positive for extended periods of time.

Our laboratory has implemented an in-house ELISA for the serodiagnosis of B. henselae since 
1995 [6]. Using this ELISA, we detected a significant age-depended increase in the IgG levels in 
the general population. Since the average age of CSD patients is relatively low, we investigated 
if the use of diagnostic models that take age into consideration provide a better discrimination 
between patients and controls. The developed models were evaluated for application in sero-
diagnosing CSD. 
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MATERIALS AND METHODS
Clinical samples
The performance of the B. henselae-specific IgM and IgG ELISA’s assays was determined 
using a panel of sera collected from CSD patients with a positive PCR result in material of 
the affected nodes (n = 161). The average age in this patient group was 26 years (range 3 to 
74 years). A total of 275 controls were used consisting of 126 age-matched healthy controls 
to the PCR positive patients and 149 children (ages 0 to 10) suspected of Bordetella pertussis 
infection. This last group was added as an extra control group for the younger age groups 
that are usually affected by B. henselae infections.

PCR
Clinical material for PCR detection of B. henselae DNA consisted of pus aspirates and biopsy 
specimens from lymph nodes. The extraction of DNA and subsequent PCR detection were 
performed as described earlier [4].

B. henselae-specific IgM and IgG ELISA
The IgM and IgG ELISA’s were performed based on methods previously described with several 
modifications to improve the sensitivity [6, 13]. The B. henselae strain ATCC 49882 (genotype I)  
was grown on Columbia agar plates containing 5% sheep blood for 7-10 days at 35 °C in 
an atmosphere containing 5% CO2. Colonies were scraped from the plates, suspended in 
Phosphate Buffered Saline (PBS) and sonificated for 30 minutes, and stored at -20 °C. Wells of 
polysorb microtiter plates (Nunc, Copenhagen, Denmark) were coated overnight at +4 °C with 
100 μl of an optimal dilution of the prepared B. henselae antigen in PBS. The optimal dilution 
of the antigen was defined as the concentration that gave comparable and reproducible 
results with a test panel (a selection of negative and high and low positive sera). Parallel wells 
were coated with PBS alone to control for the non-specific binding of serum components. 
After incubation, the plates were washed two times with PBS with 0.05% Tween 20 and 
blocked with blocking reagent (Boehringer, Mannheim, Germany) according to the manu-
facturer’s instructions. Serum dilutions (1:100) were added and were incubated for 1 hour at 
37 °C. Plates were washed four times between each incubation step. Prior to testing in the 
IgM assay, sera were depleted of IgG with IgG-RF sorbent (Biotest, Soest, The Netherlands) 
according to the manufacturer’s instructions to prevent possible inter-isotype competition. 
Bound antibody was detected by horseradish-peroxidase-labelled goat anti-human IgM 
(Biorad, Veenendaal, The Netherlands) or rabbit anti-human IgG (Dako, Glostrup, Denmark) 
(1 hour, 37 °C). Tetramethylbenzidine was used as substrate, and colour development was 
stopped after 10 minutes by the addition of 2 M H2SO4. The plates were read at 450 nm 
(second filter 690 nm). A high positive, low positive and negative control serum was included 
in each assay. For each sample the own background was deducted from its reaction with the 
B. henselae antigen to correct for non-specific binding. The prediction of diseased (positive) 
from not-diseased (negative) was done according to the developed diagnostic models (for 
description see below and Table 1).
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Statistical methods
The data were analyzed using the statistical software package R [14]. The ELISA results 
showed a large positive skewness, for both the IgM and IgG. Positive skewness of the ELISA 
data means that the data distribution’s right tail is longer than its left tail. The mass of 
the distribution is concentrated on the left, i.e. lower values. For this reason we needed 
to apply a log-transformation on the data to obtain a normal distribution. To allow this 
log-transformation we had to exclude all the negative ELISA values that resulted after the 
subtraction of the background levels from the antigen-specific signal, from the data. One 
outlier in the IgG ELISA was identified in the control group and this sample was also removed 
from the data. In total 244 control samples and 155 samples from PCR positive CSD patients 
were available for analysis.

A positive skewing was also observed in the age distribution. We therefore transformed the 
age according to log(1 + age / 10) to allow the analysis of the age distribution in both patients 
and the control group and the relation between the IgM and IgG ELISA result. We used 
logistic regression to develop six diagnostic models using the CSD serology IgM and/or IgG 
results for differentiating diseased (y = 1) from not-diseased (y = 0). For each model  
we performed a stepwise model selection procedure based on Akaike’s Information Criterion 
(AIC = - 2*log-likelihood of the fitted model +2*#model parameters). We followed a backward 
search strategy, starting with the complete model, and then dropping terms if that resulted 
in a lower AIC (indicating a better fit) [15]. This procedure resulted in six simplified models 
that suited the data best (Table 1).

Models 1 and 2 are respectively based on the IgM and IgG responses alone. Model 3 combines 
both the IgM and IgG test results. No possible age-dependency was considered in these first 
three models. In models 4, 5 and 6 we took possible age-dependency into consideration. 
Models 4 and 5 are the age adjusted functions of either the IgM or IgG results alone. Model 
6 is the most complex diagnostic model in which both age adjusted IgM and IgG results are 
used (Table 1). The other five models have fewer terms, depending on presence or absence of 
predictors IgM, IgG and age in the model concerned.

The AIC is an objective quality measure, but does not allow calculation if the models differ 
significantly from each other. We therefore explored the diagnostic performance and 
best cut-off point of these models using receiver operator characteristic (ROC) curves and 
compared their corresponding area under curve (AUC) non-parametrically [16]. 
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RESULTS
Distribution of B. henselae-specific IgM and IgG antibodies in the control 
group and PCR positive CSD patients by age
Both the control group and the PCR-positive patients were used to analyse the linear age 
dependency (α = 0.05) in the IgM and IgG ELISA. No age-dependency of the IgM levels was  
observed in both the control group and the group of CSD patient (p-values = 0.360 and 
0.440) (Figure 1a and b). The observed IgG responses in the CSD patient group showed some 
relation with age and these results were almost significant with a p-value of 0.0538. (Figure 1c).  
A clearly significant age-dependent increase (p-value = 4.97E-16) in the IgG response was 
observed in the control group (Figure 1d). Further investigation of the relation between the 

Figure 1.
Scatterplots of the distribution of Bartonella henselae-specific log(IgM) and log(IgG) antibodies in the control group 
and PCR positive CSD patients by log[(1 + age)/10]. The control group consisted of 244 samples and the group of PCR 
positive CSD patients consisted of 155 samples.
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IgG level and age in the control group showed that an asymptotic (exponential) curve fitted 
the data best. We, however, preferred a third order polynomial function over an asymptotic 
exponential function, since this function is linear concerning parameter estimation. This 
means that parameters, and their corresponding standard errors, can be explicitly estimated 
from analytical expressions. Parameter estimates of an asymptotic exponential curve would 
require implicit iterative techniques.

Figure 2. 
ROC curves and AUCs for the six diagnostic models for CSD. 
A and b show the curves for the six models for all ages and c and d show the results only for the  
ages under 20 years. The AUCs in the upper panels correspond with the AICs in Table 1. For the full 
description of the used diagnostic models see Table 1.
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Model 1 and 2: IgM and IgG responses alone
Model 1 (log(odds) = 4.014 + 1.470 IgM) and model 2 (2.025 +1.840 IgG) are both a linear function 
applied on the data to predict disease form non-disease. Application of these models leads to 
an AUC of 0.88 and 0.85 for model 1 (IgM) and model 2 (IgG), respectively (Figure 2a, Table 2).  
The corresponding AIC values were 341.3 and 382.1 for IgM and IgG, respectively (Table 1).  
The lower AIC for the IgM test shows that detection of IgM is a better predictor of CSD 
disease than the presence of IgG antibodies alone. The corresponding sensitivities of both 
the IgM and IgG ELISA’s are low using these models if acceptable specificity levels for routine 
serodiagnostics are set at 95% to 99%. Sensitivity of only 43% to 62% for IgM and 19% to 52% 
for IgG are reached (Table 3a).

log(odds) = AIC

model 1 IgM 4.014 + 1.470 IgM 341.3

model 2 IgG 2.025 + 1.840 IgG 382.1

model 3 IgM&IgG 4.9800 + 1.0169 IgM + 0.7300 IgG - 0.3317 IgM*IgG 258.9

model 4 IgM + age -1.731 + 1.403 IgM + 14.867 age - 11.235 age2 + 2.731 age3 285.2

model 5 IgG + age -0.8797 + 1.6765 IgG + 5.5407 age - 2.2790 age2 354.6

model 6 IgM&IgG + age
3.2275 + 0.9415 IgM + 1.2601 IgG + 3.8662 age - 1.8654 age2 - 
0.8031 IgG*age - 0.4138 IgM*IgG

241.4

Table 1.
The six diagnostic models for the serodiagnosis of CSD and their Akaike’s Information Criterion (AIC).

Table 2. 
The Area Under Curve (AUC) for the six diagnostic models for the serodiagnosis of CSD, with standard 
error (s.e.) and the lower and upper 95% confidence limits (c.l.).

AUC s.e. lower 95% c.i. upper 95% c.i.

model 1 IgM 0.88 0.02 0.84 0.92

model 2 IgG 0.85 0.02 0.81 0.89

model 3 IgM&IgG 0.94 0.01 0.91 0.96

model 4 IgM + age 0.92 0.01 0.89 0.95

model 5 IgG + age 0.87 0.02 0.84 0.91

model 6 IgM&IgG + age 0.95 0.01 0.93 0.97

IgM indicates log(IgM), IgG indicates log(IgG) and age indicates log(1 + age/10).
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Model 3: Combination of the IgM and IgG responses
In model 3 (4.9800 + 1.0169 IgM + 0.7300 IgG - 0.3317 IgM*IgG) we take the combination of the 
IgM and IgG ELISA results into account. The AUC of this model is 0.94 (Figure 2a, Table 2) with an 
AIC of 258.9. Both values show that combination of the IgM and IgG ELISA results positively 
influences the ability to predict diseased from not-diseased with an estimated sensitivity 
between 59% and 76% (Table 3). The performance of model 3 is significantly higher when 
compared to IgM (model 1) or IgG (model 2) detection alone (Table 4).

Model 4 and 5: IgM and IgG alone but considering influence of age
We noticed that especially the IgG ELISA results are related with age in the control group.  
This relation with age was worked out in diagnostic models. If we applied the age adjust-
ment on the separate IgM ELISA (model 4: - 1.731 + 1.403 IgM + 14.867 age - 11.235 age2 + 2.731 
age3) and IgG ELISA (model 5: - 0.8797 +1.6765 IgG + 5.5407 age - 2.2790 age2) it had a positive 
effect on both the AIC and AUC values. For the IgM detection the AIC value declined from 341.3 
to 285.2 and for the IgG ELISA from 382.1 to 354.6 (Table 1) The AUC increased for IgM from 0.88 
to 0.92 and from 0.85 to 0.87 for IgG (Figure 2b, Table 2). These results indicate the usefulness 
of applying an age-factor on the calculations in the diagnostic models. In model 4 a sensitivity 
of 54% to 72% is reached and in model 5 the sensitivity is between 23% and 52% (Table 3).

Table 3.
Sensitivity and specificity of the six diagnostic models for CSD.

A. all ages

 Sensitivity

model 1 model 2 model 3 model 4 model 5 model 6

Specificity IgM IgG IgM&IgG IgM age IgG age IgM&IgG age

1.00 0.22 0.12 0.30 0.36 0.15 0.49

0.99 0.43 0.19 0.59 0.54 0.23 0.51

0.98 0.45 0.32 0.61 0.57 0.27 0.64

0.95 0.62 0.52 0.76 0.72 0.52 0.81

B. age < 20

Sensitivity

model 1 model 2 model 3 model 4 model 5 model 6

Specificity IgM IgG IgM&IgG IgM age IgG age IgM&IgG age

1.00 0.25 0.18 0.62 0.41 0.33 0.51

0.99 0.49 0.33 0.62 0.59 0.46 0.59

0.98 0.52 0.43 0.75 0.67 0.48 0.77

0.95 0.66 0.49 0.82 0.75 0.57 0.84
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Model 6: Combination of the IgM and IgG responses with consideration of 
the influence of age
The most complete model, using the interaction and age adjusted IgM and IgG (model 6: 
3.2275 + 0.9415 IgM + 1.2601 IgG + 3.8662 age - 1.8654 age2 - 0.8031 IgG*age - 0.4138 IgM*IgG) 
was the best prediction model for our data (Table 1). This model resulted in the lowest AIC 
value of 241.4 and had the highest AUC value of 0.95 (Table 2). The use of model 6 increased 
the sensitivity to approximately 51% to 81% (Table 3).

Multiple comparison of the six diagnostic models
Table 2 summarises the calculated AUC values of the six different diagnostic models.  
The standard errors and confidence limits were calculated according to [16]. We performed  
a number of statistical tests to compare the AUC of the different models [16]. We first performed  
a multiple comparison of all models (2-sided), with Bonferroni correction to adjust for 
multiple testing. The p-values are shown in Table 4. P-values of α = 0.05 / 15 = 0.0033 were 
considered significantly different. The AUC of model 6 is significantly different from the other 
models, except from model 3. These results indicate that the differentiation between diseased 
from non-diseased improves mainly by using the combination of the IgM and IgG ELISA results.

We also applied contrasts to investigate if age adjustment results in a higher AUC than models 
without age adjustments. In statistics contrasts are linear combinations of averages such 
that the coefficients a contrast add used to zero. It is used to compare groups of averages, in 
our case the calculated AUCs. We compare AUCs with and without age adjustments, we have 
six AUCs, two groups, with three AUCs in each group. The first three get coefficients-1/3, while 
the last three get coefficients 1/3. Therefore we use the contrast L = (- 1/3, - 1/3, - 1/3, 1/3, 1/3, 1/3). 
This vector notation is easier for computational issues involving contrasts and the covariances 
between the AUCs [16]. The corresponding p-value = 3.77E-05, which shows that the average 

model 2 model 3 model 4 model 5 model 6

IgG IgM&IgG IgM + age IgG + age IgM&IgG + age

model 1 IgM 0.2312 0.0001 0.0002 0.7863 0.0000

model 2 IgG 0.0000 0.0014 0.0053 0.0000

model 3 IgM&IgG 0.1654 0.0001 0.0041

model 4 IgM + age 0.0135 0.0014

model 5 IgG + age 0.0000

Table 4. 
The p-values for the multiple comparison of the six diagnostic models for the serodiagnosis of CSD. 

Bold values indicate a significant difference between two models.
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AUC of models 4-6 (with age) is significantly higher than the average AUC of models 1-3 
(without age). These calculations indicate that the use of age-adapting factors is helpful  
in the prediction of CSD.

We also investigated if the detection of Bartonella henselae-specific IgM is a better predictor 
(i.e. higher AUC) than IgG. We used the contrast L = (1/2, - 1/2, 0, 1/2, - 1/2, 0) for this purpose. 
The corresponding p-value = 0.0399, shows that the average AUC of models 1 and 4 (with IgM, 
without IgG) is significantly higher than the average AUC of models 2 and 5 (with IgG, without IgM).

Finally, to investigate if the combination IgM and IgG leads to significantly higher AUCs, we 
use the contrast L = (- 1/4, - 1/4, 1/2, - 1/4, - 1/4, 1/2). The corresponding p-value = 0, which shows 
that the average AUC of models 3 and 6 (IgM and IgG combined) is significantly higher than 
the average AUC of models 1, 2, 4 and 5 (IgM or IgG alone).

Analysis of the model performance in the age group < 20 years 
Since 60% of CSD patients are under the age of 20 this is an important target group.  
In addition, the observed effect of improvement of the results using the different models was 
mainly caused by the lower seroprevalence of IgG in the control group younger than 20 years. 
For this reason the age group < 20 years was analysed separately. Figure 2c and d shows the 
ROC curves of the six models in this younger age group. Compared to the data using all ages, 
we noticed that the AUC for the curves with ages under 20 years is higher. Especially the AUC 
of the models with IgG (models 2 and 5) have increased. Model 5 (age adjusted IgG alone) 
showed the largest increase.

Positive and negative predictive values for the six diagnostic models for CSD
To further evaluate the usefulness of the six diagnostic models we calculated the positive 
predictive values (PPV) and negative predictive values (NPV). Table 5 shows the PPV and 
NPV for all six diagnostic models if the specificity was set at 0.98 and with an estimated 
prevalence of CSD in the total population of 0.25, and 0.30 in the younger age group below 
20 years. These estimated prevalences of CSD are based on our own experience with the 
clinical samples sent to our laboratory for CSD serology.

The combination of the IgM and IgG test results (model 3) had a positive effect on both the 
PPV and NPV as compared to using only the IgM or the IgG result (model 1 and 2) (Table 5).  
For model 3 the PPV was 93% and the NPV was 88% in the total population and 95% and 90% 
respectively in the age group < 20 years (Table 5). Adding an age factor to the calculations 
(model 6) did not lead to a further increase in the PPVs and had a slight positive effect on the 
NPVs, an increase of only 1%. Compared to the current application of the IgM test only for the 
serodiagnosis of CSD in our laboratory the application of model 6 would lead to an increase of 
3% and 5% for the PPV and NPV respectively. Application of model 6 had the highest effect on 
the NPV in the young age group < 20 years and showed an increase of 8% compared to model 1.
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DISCUSSION
The clinical interpretation of B. henselae serology is notoriously difficult, and hampered by 
both low sensitivity and specificity. PCR testing of samples from suspected patients is helpful 
but collection of clinical material is not always feasible. For these reasons, CSD diagnostics 
still largely depends on serology. We found a clear significant age-dependent increase in the 
IgG response in the control group with age (Figure 1d). This high seroprevalence of IgG in the 
general population hampers the use of IgG for serodiagnosing B. henselae considerably and 

A. all ages

sens ppv25 npv25

model 1 0.45 0.90 0.84

model 2 0.32 0.87 0.81

model 3 0.61 0.93 0.88

model 4 0.57 0.92 0.87

model 5 0.27 0.85 0.80

model 6 0.64 0.93 0.89

B. age < 20

sens ppv30 npv30

model 1 0.52 0.93 0.83

model 2 0.43 0.91 0.8

model 3 0.75 0.95 0.90

model 4 0.67 0.94 0.87

model 5 0.48 0.92 0.81

model 6 0.77 0.95 0.91

Table 5. 
Positive and negative predictive values for the six diagnostic models for CSD.

Specificity levels were set at 0.98 in the control group and the ppv and npv were calculated. A prevalence of 25% and 30% was used in  
the total group and in the age group < 20 years, respectively. These estimated prevalences were based on the estimated sensitivities of  
the serological assays and the detected number of seropositives in clinical samples sent in for CSD serology.
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only very high IgG levels are an indication of recent B. henselae infection. We showed that 
the detection of Bartonella henselae-specific IgM is a significantly better marker for recent 
infection in CSD than IgG but the sensitivity of IgM detection alone is low. If the specificity 
was set at 98% the sensitivity was only 45% and 32% for the IgM and IgG ELISA, respectively  
(Table 4). These results confirm the previously reported low sensitivity of CSD serology 
reported by others [6-10]. 

We developed diagnostic models that use the combination of the IgM and IgG result to 
differentiate between diseased or not-diseased. Using this model the overall sensitivity 
increased remarkably to 61% (model 3) with a specificity of 98%. These results clearly show 
that detection of IgG in CSD suspected patients can be of diagnostic value if they are 
analysed in combination with the IgM response. These models were further improved by 
including correction factors for the increase in the seroprevalence with age in the population 
(models 4 to 6). Sensitivity was hereby further increased to 64% (model 6).

The sensitivity of the IgM and IgG assays was found to be the highest (77%) in the younger 
age groups (< 20 years) without loss of specificity (98%). Although the sensitivity is not 
high this shows that the application of the IgG assay is especially of use in young children 
suspected of CSD. This characteristic of the assay is very convenient since approximately  
60% of all CSD patients are below the age of 20 years.

The use of a PCR-positive result as the gold standard for identifying CSD probably biased 
our data to a certain window in the infection, most likely skewing the data towards early 
infection. Little is known about time scale in terms of how long PCR is successful after onset 
of CSD. Sensitivity of PCR was reported to be between 58% and 96%, probably depending 
on technique and moment of sample taking [5, 6]. However we found a high percentage of 
seroprevalence for IgM (14.1%) and IgG (38.3%) with even 7.8% positive for both IgM and IgG  
in the group of CSD suspected patients with a negative PCR result (data not shown).  
These results are a clear indication that CSD can not always be excluded in patients with  
a negative PCR result.

It could be possible to exclude a B. henselae infection based on both a negative IgM and  
negative IgG response with a NPV of approximately 89% if model 6 is applied on the test 
results. This approach could be useful to exclude a B. henselae infection. It would be possible  
- especially in the younger age groups - to rule out B. henselae infection, since a large  
percentage (68%) of children in this group were both IgM-and IgG-negative. The chances  
of missing an IgG response are highest during the first two weeks after onset. When the 
clinical suspicion of a B. henselae infection remains high the analysis of a second sample 
should be considered, especially if the sample period has not been optimal.

Diagnosis of CSD based on a solitary IgG response alone is difficult due to the presence of 
a considerable seroprevalence in the general population. The presence of specific IgM in 
a patient is a clear indication of recent contact with B. henselae but the sensitivity of this 
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approach is low. We applied statistical models that combined the IgM and IgG test result  
to improve the discriminating capacity of serology in to diseased and not-diseased persons.  
The addition of a correcting factor for the increase in seroprevalence with age further 
improved the assay performance. We conclude that the use of diagnostic models using  
the combination of both the IgM and IgG result in combination with a correcting age factor 
can be useful in serodiagnosing CSD.
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