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Abstract: Patients with chronic diseases are at increased risk of complications following infection.
It remains, however, unknown to what extend they are protected against vaccine-preventable diseases.
We assessed seroprevalence of antibodies against diphtheria, tetanus and pertussis to evaluate
whether current vaccination programs in Belgium are adequate. Antibody titers were assessed with
a bead-based multiplex assay in serum of 1052 adults with chronic diseases. We included patients
with diabetes mellitus type 1 (DM1) (n = 172), DM2 (n = 77), chronic kidney disease (n = 130), chronic
obstructive pulmonary disease (COPD) (n = 170), heart failure (n = 77), HIV (n = 196) and solid organ
transplant (SOT) recipients (n = 230). Factors associated with seroprevalence were analysed with
multiple logistic regression. We found seroprotective titers in 29% for diphtheria (≥0.1 IU/mL), in 83%
for tetanus (≥0.1 IU/mL) and 22% had antibodies against pertussis (≥5 IU/mL). Seroprotection
rates were higher (p < 0.001) when vaccinated within the last ten years. Furthermore, diphtheria
seroprotection decreased with age (p < 0.001). Tetanus seroprotection was less reached in women
(p < 0.001) and older age groups (p < 0.001). For pertussis, women had more often a titer suggestive of
a recent infection or vaccination (≥100 IU/mL, p < 0.01). We conclude that except for tetanus, the vast
majority of at-risk patients remains susceptible to vaccine-preventable diseases such as diphtheria
and pertussis.

Keywords: seroprevalence; patients; diphtheria; tetanus; pertussis

1. Introduction

Patients with a chronic condition are often at increased risk for complications after
exposure to infectious diseases. Although the exact contribution of underlying conditions
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to infectious disease outcome is not completely elucidated, it is known that patients hospi-
talised with, for example, severe pertussis often have co-morbidities [1]. As a particular
example, patients with chronic pulmonary obstructive disease (COPD) showed to have
a 2.5-fold increased risk of being hospitalized due to pertussis [1,2]. In addition, it has
been suggested that pathogens such as Bordetella pertussis may lead to exacerbation of
diseases. For example, a study in the United States reported a large proportion of patients
with COPD exacerbation among patients hospitalized with severe pertussis infection [1].
Hence, patients might end up in a vicious circle where the condition promotes infection and
infection worsens the condition [3]. To avoid this, it is imperative that they get vaccinated.
The Belgian national immunization technical advisory group (NITAG) advises an adult
booster dose with a tetanus and diphtheria containing vaccine every 10 years. This vac-
cine should include at least once an acellular pertussis component (Tdap vaccine) during
adulthood. Whereas childhood vaccination programs mostly meet their intended targets,
adult vaccination remains often below the desired coverage level. In the general Belgian
adult population, 62% were correctly vaccinated against tetanus in 2008, and diphtheria-
tetanus vaccination coverage ranged from 61 to 74% in four other European countries [4,5].
Adult pertussis vaccination coverage is not assessed in Belgium. In high-risk patients,
it is often even more challenging to reach a high uptake [6]. These patients are usually
followed by a specialist and may therefore visit less often an occupational physician or
general practitioner, who is usually in charge of vaccination. Circulating antibodies are,
however, needed for protection at the time of exposure to toxins, certainly in the case of
tetanus and diphtheria [7,8]. Moreover, protective titers are not always reached in at-risk
patients because vaccine immune responses might be impaired [9,10]. Since tetanus is not
transmitted from human to human, individual vaccination is the only mode of protection
since the principle of herd immunity does not apply. In contrast, vulnerable individuals
may benefit from herd immunity when a large proportion of the population is protected
against diseases such as diphtheria and pertussis. Unfortunately, relatively few people
from the general population have protective titers against these diseases due to waning
immunity [11–15]. Moreover, cases of pertussis and diphtheria have resurged in the past
few years, albeit more sporadically for diphtheria [14–16]. Despite these health risks, sero-
surveillance studies in the general population and patient groups have been sparse to date.
In the present study, we assessed seroprevalence of antibodies against diphtheria, tetanus
and pertussis in at-risk patients and factors associated with seroprevalence in a tertiary
care hospital in Belgium.

2. Materials and Methods
2.1. Study Procedure and Population

The present study is a monocentric cross-sectional serosurvey in adult at-risk patients
attending the University Hospitals of Leuven. This is a tertiary referral hospital in Belgium,
which has about 1800 beds and covers approximately 700,000 outpatient consultations an-
nually [17,18]. All patients older than 18 years who attended the outpatient clinic because
of a previous diagnose of diabetes mellitus (DM), heart failure, chronic pulmonary obstruc-
tive disease (COPD), chronic kidney disease (CKD), HIV or solid organ transplant (SOT) of
lung or heart during a consecutive 5-month recruitment window between September 2014
and March 2016 were invited to the study. Signed informed consent was obtained from all
participants. Data were collected with a structured patient interview on vaccination status,
disease characteristics and severity and demographic and socio-economic background.
Detailed data on the larger survey on vaccination status and determinants of vaccination
are reported elsewhere [19]. Disease severity was classified according to international
guidelines (the Global Initiative for Chronic Obstructive Lung Disease (GOLD) for COPD,
Kidney Disease Improving Global Outcomes (KDIGO) for CKD and the New York Heart
Classification (NYHA) for heart failure) [20–22]. Severe disease state was defined as KDIGO
≥4, GOLD stage C or D and NYHC classes 3 or 4. Vaccination data were retrieved from
documents provided by patients, medical records of the general practitioner or the Flemish
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vaccination register. Patients were considered correctly vaccinated against diphtheria and
tetanus if they received the vaccine within in the last 10 years. Correct pertussis vaccination
implied having received at least once a pertussis containing vaccine at adult age or within
the past 10 years. The study was performed in accordance with the ethical standards of the
Helsinki Declaration and approved by the Ethics Committee Research UZ/KU Leuven of
Leuven, Belgium (S56765).

2.2. Laboratory Methods

A magnetic bead-based Luminex multiplex assay was used for determination of
IgG antibodies against diphtheria toxin (DT), tetanus toxin (TT), pertussis toxin (PT),
filamentous hemagglutinin (FHA) and pertactin (Prn) at the Belgian scientific institute of
public health (Sciensano) [23]. Anti-DT and anti-TT titers <0.01 IU/mL were considered
seronegative and those ≥0.1 IU/mL seroprotective [24]. Anti-PT, anti-FHA and anti-Prn
titers ≥5 IU/mL were used as cut-off value for pertussis seropositivity. Since especially
anti-PT is related to protection, although there is no correlate of protection, seropositive anti-
PT titers were used as indication for pertussis immunity [25]. Anti-PT titers ≥50 IU/mL
were indicative for pertussis infection or vaccination in the past 2 years and anti-PT titers
≥100 IU/mL were indicative for a recent infection or vaccination.

2.3. Statistical Analysis

Antibody titers below the lower limit of quantification (LLOQ) were replaced by
LLOQ divided by two for the calculation of GMTs and confidence intervals. The prevalence
rates of seroprotection against tetanus and diphtheria and seroprevalence of pertussis anti-
bodies are reported with exact binomial 95% confidence intervals (95% CI). Determinants
(disease type, vaccination status, demographic and socio-economic characteristics) of sero-
protection against diphtheria and tetanus and anti-PT seropositivity were analysed with
multiple logistic regression. Time since vaccination controlled for age and sex was analysed
separately within the group of vaccinated patients. A test probability of 5% was considered
statistically significant. All data were analysed with R version 3.0.2 (R Foundation for
Statistical Computing, Vienna, Austria, 2013).

3. Results
3.1. Patient Characteristics

A total of 1331 patients participated in the vaccination coverage study, of whom 1052
(85.5%) gave additional consent for blood sample collection. The present analysis is limited
to these patients (66.9% males), whose characteristics are shown in Table 1. A severe disease
state was present in all CKD patients, 57.6% of COPD patients and in 41.6% of heart failure
patients. In the HIV group, 98.0% had a CD4+ count of ≥200 cells/mm2 and 45.4% were
men who have sex with men (MSM). Of the 230 SOT patients, 128 patients had received a
lung transplantation and 127 a heart transplantation. Overall, less than one third of the
patients was vaccinated against diphtheria-tetanus.
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Table 1. Characteristics of study participants.

All Patients
(n = 1052)

DM Type 1
(n = 172)

DM Type 2
(n = 77)

CKD
(n = 130)

COPD a

(n = 170)
Heart Failure b

(n = 77)
HIV

(n = 196)
SOT

(n = 230)

Personal Data n (%) n (%) n (%) n (%) n (%) n (%) n (%) n (%)

Female gender 348 (33.1) 80 (46.5) 25 (32.5) 43 (33.1) 54 (31.8) 20 (26.0) 53 (27.0) 73 (31.7)

Median age, years
(range) 59 (18–92) 44 (18–83) 67 (31–89) 73 (21–91) 65 (29−89) 70 (32–89) 46 (18–75) 59 (19–87)

Age

<40 years 173 (16.4) 66 (38.4) 2 (2.6) 5 (3.8) 1 (0.6) 2 (2.6) 62 (31.6) 35 (15.2)

40–64 years 492 (46.8) 81 (47.1) 30 (39.0) 25 (19.2) 81 (47.6) 25 (32.5) 125 (63.8) 125 (54.3)

≥65 years 387 (36.8) 25 (14.5) 45 (58.4) 100 (76.9) 88 (51.8) 50 (64.9) 9 (4.6) 70 (30.4)

Smoking

Smoker 166 (15.8) 30 (17.4) 15 (19.5) 16 (12.3) 30 (17.6) 7 (9.1) 55 (28.1) 13 (5.7)

Ex-smoker 471 (44.8) 47 (27.3) 31 (40.3) 58 (44.6) 132 (77.6) 42 (54.5) 45 (23.0) 116 (50.4)

Net family income

<1500 euro 225 (21.4) 23 (13.4) 8 (10.4) 30 (23.1) 48 (28.2) 21 (27.3) 52 (26.5) 43 (18.7)

1500–3000 euro 506 (48.1) 85 (49.4) 60 (77.9) 55 (42.3) 83 (48.8) 41 (53.2) 70 (35.7) 112 (48.7)

>3000 euro 217 (20.6) 63 (36.6) 7 (9.1) 15 (11.5) 14 (8.2) 9 (11.7) 64 (32.7) 45 (19.6)

Unknown income 104 (9.9) 1 (0.6) 2 (2.6) 30 (23.1) 25 (14.7) 6 (7.8) 10 (5.1) 30 (13.0)

Educational degree c

(years of study)

Lower education
(<12 years) 355 (33.7) 20 (11.6) 38 (49.4) 64 (49.2) 74 (43.5) 43 (55.8) 45 (23.0) 71 (30.9)

Secondary education
(12 years) 369 (35.1) 73 (42.4) 25 (32.5) 40 (30.8) 58 (34.1) 19 (24.7) 74 (37.8) 80 (34.8)

Higher education
(>12 years) 320 (30.4) 79 (45.9) 14 (18.2) 24 (18.5) 38 (22.4) 15 (19.5) 75 (38.3) 75 (32.6)

Unknown education 8 (0.8) 0 (0) 0 (0) 2 (1.5) 0 (0) 0 (0) 2 (1.0) 4 (1.7)

Origin d

Belgian 879 (83.6) 150 (87.2) 68 (88.3) 125 (96.2) 155 (91.2) 71 (92.2) 113 (57.7) 197 (85.7)

European 93 (8.8) 14 (8.1) 5 (6.5) 5 (3.8) 14 (8.2) 3 (3.9) 19 (9.7) 33 (14.3)

Non-European 80 (7.6) 8 (4.7) 4 (5.2) 0 (0) 1 (0.6) 3 (3.9) 64 (32.7) 0 (0)

Disease data n (%) n (%) n (%) n (%) n (%) n (%) n (%) n (%)

Relevant comorbid
disease e 205 (19.5) 9 (5.2) 6 (7.8) 43 (33.1) 34 (20.0) 24 (31.2) 19 (9.7) 70 (30.4)

Years since diagno-
sis/transplantation

(median (range))
8 (0–64) 18 (0–59) 13 (0–64) 4 (1–47) 7 (0–39) 6 (0–51) 8 (0–30) 7 (1–29)

Vaccination status % (95% CI) % (95% CI) % (95% CI) % (95% CI) % (95% CI) % (95% CI) % (95% CI) % (95% CI)

Diphtheria-tetanus in
the past 10 years

29.1
(26.4–32.0)

26.2
(19.9–33.5)

29.9
(20.2–41.5)

23.1
(16.3–31.4)

34.1
(27.1–41.8) 37.7 (27.1–49.5) 30.6

(24.3–37.7)
26.5

(21.0–32.8)

Any reported pertussis
vaccine

9.3
(7.7–11.3)

12.8
(8.4–18.9)

10.4
(4.9–20.0)

4.6
(1.9–10.2) 10.6 (6.6–16.5) 14.3 (7.7–24.5) 3.6 (1.6–7.5) 11.3 (7.7–16.3)

a Patients were classified in categories of disease severity according to Global Initiative for Chronic Obstructive Lung Disease (GOLD)
stages: 20.0% had GOLD stage A, 22.4% GOLD stage B, 9.4% GOLD stage C and 48.2% GOLD stage D. The severity of symptoms is
measured with the Modified Medical Research Council Dyspnea Scale (mMRC) and the COPD Assessment Test (CAT). Patients with GOLD
A and B are at low risk (0–1 exacerbation per year, not requiring hospitalization), GOLD C and D are high risk patients (≥2 exacerbations
per year, or one or more requiring hospitalization). GOLD A and C have few symptoms (mMRC 0–1 or CAT <10), GOLD B and D
have more symptoms (mMRC ≥2 or CAT ≥10) [20]. b Patients were classified in categories of disease severity according to New York
Heart Classification (NYHA): 26.0% had class I (no limitation in ordinary physical activity), 32.5% class II (mild symptoms and slight
limitation during ordinary activity and comfortable at rest), 40.3% had class III (marked limitation in activity due to symptoms, even
during less-than-ordinary activity and comfortable only at rest) and 1.3% had class IV (severe limitations and experiences symptoms even
while at rest) [21]). c Education: Lower Education = no secondary school diploma, Secondary education = secondary school diploma
achieved, Higher education = university or university college diploma achieved. d European = At least one of the parents from European
geographical area but not from Belgium, Non-European = At least one of the parents was not from the European geographical area.
e Relevant comorbidity is defined as having a comorbid disease that might influence vaccine-induced immunity (metabolic disease,
systemic disease immunodeficiencies, renal disease). CKD: chronic kidney disease, COPD: chronic obstructive pulmonary disease, DM:
diabetes mellitus, SOT: solid organ transplantation.
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3.2. Seroprotection and Seroprevalence

The GMTs and the percentage of seroprotective, seropositive, equivocal and seronega-
tive titers are shown in Table 2. Seroprotective titers were reached in 83% of patients for
tetanus and in 29% for diphtheria. Furthermore, 36% were seronegative (<0.01 IU/mL) for
diphtheria and 2% for tetanus. About half of the patients (46%) had anti-PT antibodies,
8% had anti-PT titers indicative for infection or vaccination in the past few years and 2%
had titers indicative for recent infection or vaccination (Table 2). Overall, 13.9% of patients
were seroprotected against tetanus and diphtheria and were anti-PT seropositive. Among
the different patient groups, CKD patients had the lowest proportion of subjects with
protection against tetanus and patients with COPD against diphtheria. Patients with heart
failure had the lowest rate of seropositivity for pertussis.

Among the vaccinated patients, 36.6% were protected against diphtheria, 89.9%
against tetanus, 67.3% were seropositive for anti-PT, 16.3% had titers indicative of pertussis
infection or vaccination in the past few years and 5.1% titers indicative of infection or
vaccination in the past few months. Among the incorrectly vaccinated patients, 25.7% were
protected against diphtheria, 79.8% against tetanus, 43.7% had an anti-PT titer ≥ 5 IU/mL,
6.6% had titers indicative of infection in the past few years and 1.7% titers indicative of
infection in the past few months.

Table 2. Geometric mean titers (GMTs) and seroprevalence of antibodies against tetanus toxin, diphtheria toxin, pertussis
toxin, pertactin and filamentous hemagglutinin.

Reference All Patients
(n = 1052)

DM Type 1
(n = 172)

DM Type 2
(n = 77)

CKD
(n = 130)

COPD
(n = 170)

Heart
Failure
(n = 77)

HIV
(n = 196)

SOT
(n = 230)

GMT (IU/mL)
(95% CI)

Anti-DT - 0.01
(0.01–0.02)

0.04
(0.03–0.06)

0.01
(0.00–0.01)

0.01
(0.01–0.01)

0.01
(0.00–0.01)

0.01
(0.01–0.02)

0.04
(0.03–0.05)

0.01
(0.01–0.01)

Anti-TT - 0.54
(0.49–0.61)

1.38
(1.13–1.67)

0.40
(0.27–0.58)

0.31
(0.22–0.43)

0.48
(0.37–0.62)

0.57
(0.40–0.83)

0.52
(0.41–0.65)

0.47
(0.37–0.60)

Anti-PT - 4.21
(3.83–4.64)

3.97
(3.09–5.10)

5.33
(3.80–7.48)

5.13
(3.89–6.78)

4.52
(3.53–5.79)

3.72
(2.71–5.09)

3.57
(2.87–4.44)

4.14
(3.38–5.07)

Anti-FHA - 22.7
(21.0–24.5)

22.6
(19.0–26.9)

29.4
(22.9–37.8)

32.1
(26.3–39.5)

26.3
(22.2–31.2)

37.3
(29.3–47.6)

15.6
(12.9–18.9)

17.9
(14.9–21.5)

Anti-Prn - 9.94
(9.00–11.0)

19.1
(14.7–24.9)

7.90
(5.70–11.0)

6.81
(5.18–8.95)

9.86
(7.96–12.6)

14.5
(9.67–21.8)

8.58
(6.95–10.6)

8.20
(6.70–10.0)

Seroprotection % (95% CI) % (95% CI) % (95% CI) % (95% CI) % (95% CI) % (95% CI) % (95% CI) % (95% CI)

Diphtheria ≥0.1
IU/mL

28.9
(26.2–31.7)

45.9
(38.3–53.7)

22.1
(13.4–33.0)

21.5
(14.8–29.6)

17.1
(11.7–23.6)

22.1
(13.4–33.0)

41.3
(34.4–48.6)

23.0
(17.8–29.0)

Tetanus ≥0.1
IU/mL

82.6
(80.2–84.8)

95.3
(91.0–98.0)

79.2
(68.5–87.6)

72.3
(63.8–79.8)

80.0
(73.2–85.7)

83.1
(72.9–90.7)

85.2
(79.4–89.9)

79.6
(73.8–84.6)

Seronegativity % (95% CI) % (95% CI) % (95% CI) % (95% CI) % (95% CI) % (95% CI) % (95% CI) % (95% CI)

Diphtheria <0.01
IU/mL

35.6
(32.7–38.6)

20.9
(15.1–27.8)

50.6
(39.0–62.2)

43.8
(35.2–52.8)

48.2
(40.5–56.0)

36.4
(25.7–48.1)

19.4
(14.1–25.6)

41.3
(34.9–48.0)

Tetanus <0.01
IU/mL 2.4 (1.5–3.5) 0.6 (0.01–3.2) 1.3 (0.03–7.0) 6.2 (2.7–11.8) 2.4 (0.6–5.9) 0.00

(0.00–4.7) 2.0 (0.6–5.1) 3.0 (1.2–6.2)

Pertussis
seroprevalence % (95% CI) % (95% CI) % (95% CI) % (95% CI) % (95% CI) % (95% CI) % (95% CI) % (95% CI)

Anti-PT ≥5
IU/mL

45.9
(42.9–49.0)

44.8
(37.2–52.5)

55.8
(44.1–67.2)

53.1
(44.1–61.9)

47.1
(39.4–54.9)

31.2
(21.1–42.7)

42.9
(35.8–50.1)

46.1
(39.5–52.8)

Anti-FHA ≥5
IU/mL

89.3
(87.2–91.1)

90.1
(84.6–94.1)

93.5
(85.5–97.9)

93.8
(88.2–97.3)

95.3
(90.9–97.9)

100.0
(95.3–100.0)

82.7
(76.6–87.7)

82.2
(76.6–86.9)

Anti-Prn ≥5
IU/mL

64.3
(61.3–67.2)

78.5
(71.6–84.4)

58.4
(46.6–69.6)

57.7
(48.7–66.3)

64.1
(56.4–71.3)

75.3
(64.2–84.4)

61.2
(54.0–68.1)

58.3
(51.6–64.7)

Pertussis
infection in last 2

years

≥50
IU/mL 7.5 (6.0–9.3) 7.6 (4.1–12.6) 7.8 (2.9–16.2) 9.2 (4.9–15.6) 9.4 (5.5–14.8) 7.8 (2.9–16.2) 5.6 (2.8–9.8) 6.5 (3.7–10.5)

Recent pertussis
infection

≥100
IU/mL 2.0 (1.2–3.0) 1.2 (0.1–4.1) 1.3 (0.03–7.0) 2.3 (0.5–6.6) 3.5 (1.3–7.5) 1.3 (0.03–7.0) 1.5 (0.3–4.4) 2.2 (0.7–5.0)

DT: diphtheria toxin, TT: tetanus toxin, PT: pertussis toxin, FHA: filamentous hemagglutinin, Prn: pertactin, CKD: chronic kidney disease,
COPD: chronic obstructive pulmonary disease, DM: diabetes mellitus, SOT: solid organ transplantation, CI: confidence interval.
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3.3. Determinants of Seroprotection and Seroprevalence

The associations between seroprotection against DT and TT or anti-PT seropositivity
and vaccination status, disease type, gender and age in adults with chronic diseases are
shown in Table 3. For diphtheria, seroprotection increased with recent vaccination and
decreased with age. The seroprotection rate was also lower in all disease groups when
compared to DM type 1, but this was only statistically significant for COPD and SOT
(Table 3). Protective titers for tetanus were more often attained when correctly vaccinated,
and less often in woman, and in the oldest age group. The seroprotection rate was signif-
icantly lower in all disease groups when compared to DM type 1 (Table 3). As expected
for pertussis, vaccinated patients were significantly more often seropositive or more likely
to have a titer indicative of an infection or vaccination during the past 2 years. There was
a similar trend for titers that indicate a recent infection or vaccination (p = 0.06). Women
were also more likely to have a titer indicative of recent infection or vaccination (Table 3).

The inclusion of smoking, family income, education and origin in the analyses had a
negligible effect on these results (data not shown), except for the effect of vaccination on
titers indicative for recent pertussis exposure or vaccination (the OR increases to 3.6; 1.1–
10.5; p = 0.03). These analyses further revealed that a European origin other than Belgian
was associated with better protection against diphtheria (OR vs. Belgian: 2.1; 1.3–3.3;
p < 0.01). For tetanus, a net family income of more than 3000 euros was associated with
better protection (OR vs. 1500–3000 euro: 1.9; 1.0–3.6; p < 0,05), and a non-European origin
with less protection (OR vs. Belgian: 0.4; 0.2–0.8; p < 0.01). For pertussis, past smoking
was associated with a seropositive titer (anti-PT ≥ 5 IU/mL) (OR vs. non-smoking: 1.4;
1.1–2.0; p = 0.03) and with a titer indicative for previous infection or vaccination (anti-PT ≥
50 IU/mL) (OR vs. non-smoking:1.8; 1.0–3.5; p = 0.05) and active smoking was associated
with titers indicative for a recent infection or vaccination (anti-PT ≥ 100IU/mL) (OR vs.
non-smoking: 4.5;1.2–18.3; p = 0.03).

Within the subgroup of patients who were vaccinated less than 10 years before the
study, we did not observe an effect of time since vaccination on protective titers for tetanus
(OR: 0.96; 0.84–1.1; p = 0.55) or diphtheria (OR: 0.9; 0.9–1.0; p = 0.11). For pertussis, the
number of years since vaccination was significantly associated with decreased odds for
a seropositive anti-PT titer (≥5 IU/mL) (OR: 0.8; 0.7–0.9; p = 0.002), past infection or
vaccination (anti-PT ≥ 50 IU/mL) (OR: 0.7; 0.4–0.9; p = 0.03).

Table 3. Determinants of seroprevalence for diphtheria, tetanus and of pertussis: multiple logistic regression.

n = 1052
Diphtheria

(≥0.1 IU/mL)
Tetanus

(≥0.1 IU/mL)
Pertussis

(≥5 IU/mL)
Pertussis

(≥50 IU/mL)
Pertussis

(≥100 IU/mL)
OR (95% CI) OR (95% CI) OR (95% CI) OR (95% CI) OR (95% CI)

Age
<40 years Reference Reference Reference Reference Reference

40–64 years 0.3 (0.2–0.5) *** 0.7 (0.3–1.2) 0.9 (0.6–1.3) 1.0 (0.5–2.0) 0.8 (0.2–3.1)
≥65 years 0.2 (0.1–0.3) *** 0.2 (0.1–0.4) *** 0.8 (0.5–1.3) 0.6 (0.3–1.4) 0.2 (0.0–1.2) ◦

(Correctly)
vaccinated § 1.8 (1.3–2.4) *** 2.4 (1.6–3.7) *** 2.8 (1.8–4.5) *** 2.7 (1.4–4.8) ** 2.9 (0.9–8.0) ◦

Disease group
DM type 1 Reference Reference Reference Reference Reference
DM type 2 0.6 (0.3–1.2) 0.3 (0.1–0.7) ** 1.7 (1.0–3.1) ◦ 1.4 (0.5–3.9) 2.7 (0.1–32.2)

CKD 0.7 (0.4–1.3) 0.2 (0.1–0.5) *** 1.6 (1.0–2.7) ◦ 2.0 (0.8–5.0) 7.2 (1.0–65.7) ◦

COPD 0.4 (0.3–0.7) ** 0.3 (0.1–0.6) ** 1.2 (0.8–1.9) 1.6 (0.7–3.8) 6.2 (1.2–48.0) *
Heart failure 0.6 (0.3–1.2) 0.4 (0.1–1.0) * 0.6 (0.3–1.0) ◦ 1.3 (0.4–3.8) 2.9 (0.1–34.5)

HIV 0.8 (0.5–1.3) 0.2 (0.1–0.4) *** 1.0 (0.7–1.5) 0.8 (0.4–2.0) 2.0 (0.3–15.9)
SOT 0.5 (0.3–0.7) ** 0.2 (0.1–0.4) *** 1.1 (0.7–1.7) 1.0 (0.4–2.2) 3.0 (0.6–21.5)

Female (vs. male) 1.0 (0.7–1.3) 0.3 (0.2–0.5) *** 0.9 (0.7–1.2) 1.2 (0.7–2.0) 3.4 (1.4–8.8) **

CKD: chronic kidney disease, COPD: chronic obstructive pulmonary disease, DM: diabetes mellitus, SOT: solid organ transplantation.
§ Correctly vaccinated against diphtheria and tetanus: ≥1 dose within in the last 10 years. Correctly vaccinated against pertussis: ≥1 dose
with a pertussis containing vaccine at adult age or within the past 10 years. p < 0.1, * p < 0.5; ** p < 0.01, *** p < 0.001. ◦ p < 0.1.
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4. Discussion

This study demonstrates that a large group of at-risk patients remain susceptible to
vaccine-preventable diseases. It provides a comprehensive insight into the seroprotective
status of clinical risk groups because of the diversity of clinical conditions and number of
patients that were included.

We found a seroprotective status for tetanus in 83% of patients, but only 29% reached
protective titers for diphtheria and 46% were anti-PT seropositive. Overall, less than 15%
of the patients were protected against tetanus and diphtheria and anti-PT seropositive.
These numbers are considerably lower than corresponding data from the general Belgian
population [11,12]. In a seroprevalence study from 2006, Theeten et al. reported seropro-
tective levels for tetanus in more than 90% of persons aged >40 years and for diphtheria
in 55% of persons aged 1–65 years [11]. Van der Wielen et al. found a seroprevalence of
anti-PT antibodies (≥5 IU/mL) against pertussis in about 70% of those between 1 and
65 years of age in 1993–1994 [12]. Although the comparison might be hampered due to
changes in the vaccination programs over the years, the use of different age groups and
the lack of vaccination data in population studies, some reasons for these differences can
be suggested. A major factor could be the low vaccination uptake in patients as less than
30% were correctly vaccinated against diphtheria and tetanus. In addition, we found that
correct vaccination predicts higher seroprevalence rates for all studied diseases.

Time since last vaccination can also influence the level of immunity against vaccine-
preventable disease. Evidence exist that antibody titers wane even faster in high-risk
groups. Studies in transplant and CKD patients show an accelerated decline, particularly
in diphtheria antibodies compared to tetanus antibodies [26,27]. In addition, HIV patients,
even those with RNA-HIV below 50 copies/mL, sustain less antibodies due to an impaired
cellular immune response [28]. However, we could only find an effect of time since
vaccination on anti-PT seropositivity, for which immunity after both vaccination and
natural infection is known to be rather short-lived [13]. Therefore, a booster every 10 years
might be sufficient to maintain immunity for tetanus and diphtheria, but not for pertussis
in this population.

In addition to the influence of vaccination, it is also likely that antibodies were
evoked or boosted by natural infection since pertussis has been increasing in Belgium
since 2011 [29,30]. Since the pertussis vaccination coverage was less than 10%, we assume
that many patients with the high antibody titers had been exposed to wild-type pertussis.

It remains striking, however, that only 38% of the vaccinated patients had protective
titers against diphtheria. The exact impact of chronic disease on vaccine immunology is
complex, incompletely studied and influenced by many factors, such as the characteristi-
cally older age of at-risk patients, comorbidities, disease severity and treatment.

Consistent with previous seroprevalence studies, we found age to be a negative pre-
dictor for the seroprevalence of antibodies against diphtheria and tetanus [14,15]. Increased
susceptibility might also be related to the immunosuppressive characteristics of chronic
disease or the use of immunosuppressive treatment. Rafi et al. showed that increased
chronic disease burden may go along with decreased cell-mediated immunity, which in
turn might affect humoral immunity [31]. Among the different disease groups in our
study, patients with CKD, HIV and SOT had the lowest odds of being protected against
tetanus and patients with COPD and SOT the lowest odds for protection against diphtheria.
Among SOT patients, the induction and maintenance of antibodies upon vaccination might
be reduced due to the immunosuppressive treatment they take to avoid graft rejection [32].
In COPD and CKD patients, vaccine immunology can be impaired by disrupted innate and
adaptive immune responses caused by chronic inflammation of the airways and uremic
state, respectively [33–35]. For HIV patients, reduced vaccine immune response is mostly
seen in those with a low CD4-cell count, a detectable viral load and in those not using
anti-retroviral therapy. In our study, on the other hand, nearly all patients had CD4+ counts
≥200 cells/µL.
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Finally, we also observed some gender differences. Firstly, men were significantly
better protected against tetanus than women. This difference has been reported in other
seroprevalence studies and has been linked to vaccination practice during the military
service and to vaccination after manual work-related injuries [11–14].

We also looked at titers suggestive of recent pertussis infection or vaccination. In total,
8% had a PT-IgG titer suggestive of an infection or vaccination in the past few years and 2%
of a more recent infection or vaccination. Patients with COPD were more likely to have had
a recent infection or vaccination compared to DM type 1 patients. This is consistent with
another study where the seroprevalence of anti-PT was higher in COPD patients compared
to healthy controls [36]. In addition, (past) smoking was associated with pertussis infection
or vaccination. Given the low vaccination uptake, this enforces the assumption that both
COPD patients and smokers are predisposed to develop respiratory infections such as
pertussis due to a reduction of protective functions in the airway epithelium [3–37]. Recent
pertussis infections or vaccination were also mainly seen in women. This might be related
to vaccination during pregnancy or to the predominant occurrence of pertussis in women,
as seen in the general population [30].

Given the high susceptibility of at-risk patients, we advocate for a close follow-up of
their vaccination status. Vaccination is the best available tool to prevent infectious diseases,
even when vaccine immunity is reduced due to age, disease or treatment. It still has the
benefit of reducing the likelihood of acquiring severe disease, such as pertussis infection
requiring hospitalization or resulting in post-tussive vomiting [1–38]. Since patients with
chronic disease are often followed by a specialist, an appropriate recommendation by the
treating specialist may convince them to get their vaccine with their general practitioner.
In addition, it remains equally important to avoid transmission of infectious pathogens
to vulnerable patients by vaccinating their close contacts and by implementing universal
vaccination programs.

Some limitations of our study should be mentioned. The study was performed in
a single, albeit large, tertiary care hospital, which may limit extrapolation of the results
to all at-risk patients. A general limitation inherent to all seroprevalence studies is the
unknown origin of anti-pertussis antibodies, i.e., from vaccination or from natural infection.
However, the vaccination coverage was below 10%. We believe that lack of documentation
plays a limited role since adult booster vaccination were only recommended since 2013
and cocoon vaccination since 2009, but compliance with these strategies was rather low
before and during the recruitment of patients [39]. Unfortunately, we could not include a
lifetime history of vaccination (or exposure) as these data could not be reliably collected.
Finally, the cut-off values for recent pertussis infection were applied in accordance with
international agreements, but patients with chronic diseases may mount less antibodies
due to their disease or immunosuppressive therapy.

5. Conclusions

In conclusion, our data show that patients with chronic diseases are at increased risk
for vaccine preventable diseases. Noticeably, 17% of patients remain susceptible to tetanus,
71% to diphtheria and 54% have low titers to pertussis. This might be explained by the
low vaccination coverage, age or the influence of disease and therapy on vaccine immunity.
We recommend close follow-up of the vaccination status in patients with chronic diseases
and advocate additionally indirect protection through universal vaccination programs and
vaccination of their direct contacts.

Author Contributions: Conceptualization, C.V., L.B. and M.R.; methodology, C.V., L.B. and M.R.;
validation, C.V., L.B. and M.R., formal analysis, L.B. and M.R.; investigation, L.B., I.D. (Isabelle Des-
ombere), E.B., L.B.F., N.H., M.N., L.S., H.T.; data curation, L.B.; writing—original draft preparation,
L.B.; writing—review and editing, C.V., M.R., I.D. (Inge Derdelinckx), K.C., I.D. (Isabelle Desombere),
W.J., C.M., J.V.C., R.V., E.B., L.B.F., N.H., M.N., L.S., H.T.; supervision, C.V., I.D. (Inge Derdelinckx),
K.C., I.D. (Isabelle Desombere), W.J., C.M., J.V.C., R.V.; funding acquisition, C.V. All authors have
read and agreed to the published version of the manuscript.



Vaccines 2021, 9, 18 9 of 10

Funding: This research was funded by an internal grant from the Clinical Research and Education
Board of the University hospitals of Leuven.

Institutional Review Board Statement: The study was conducted according to the guidelines of the
Declaration of Helsinki, and approved by the Institutional Review Board (or Ethics Committee) of
UZ/KU Leuven (protocol code: S56765 and date of approval: 11 July 2014).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the
study.

Data Availability Statement: Data is contained within the article.

Acknowledgments: We would like to thank all participants and the supervisors and nurses of the
participating wards of the university hospitals of Leuven for their contribution to the study.

Conflicts of Interest: C.V. was the principal investigator for vaccine clinical trials from GSK, MSD
and Pfizer for which the university received grants. C.V. received no personal grants. R.V. is a senior
clinical research fellow of the Research Foundation Flanders (FWO), but received no specific funding
for the current study. Other authors have no conflicts of interest to disclose.

References
1. Mbaeyi, S.A.; Faulkner, A.; Miner, C.; Edge, K.; Cruz, V.; Peña, S.A.; Kudish, K.; Coleman, J.; Pradhan, E.; Thomas, S.; et al. Severe

pertussis infections in the United States, 2011–2015. Clin. Infect. Dis. 2018, 69, 218–226. [CrossRef] [PubMed]
2. Buck, P.O.; Meyers, J.L.; Gordon, L.-D.; Parikh, R.; Kurosky, S.K.; Davis, K.L. Economic burden of diagnosed pertussis among

individuals with asthma or chronic obstructive pulmonary disease in the USA: An analysis of administrative claims. Epidemiol.
Infect. 2017, 145, 2109–2121. [CrossRef] [PubMed]

3. Blasi, F.; Bonanni, P.; Braido, F.; Gabutti, G.; Marchetti, F.; Centanni, S. The unmet need for pertussis prevention in patients with
chronic obstructive pulmonary disease in the Italian context. Hum. Vaccines Immunother. 2019, 16, 340–348. [CrossRef] [PubMed]

4. Gisle, L.; Hesse, E.; Drieskens, S.; Demarest, S.; Van der Heyden, J.; Tafforeau, J. Health Survey Belgium, 2008. Report II—Lifestyle
and Prevention. Available online: https://his.wiv-isp.be/nl/SitePages/Volledige_rapporten_2008.aspx (accessed on 14 January
2020). (In Dutch)

5. Kanitz, E.E.; Wu, L.A.; Giambi, C.; Strikas, R.A.; Levy-Bruhl, D.; Stefanoff, P.; Mereckiene, J.; Appelgren, E.; D’Ancona, F. Variation
in adult vaccination policies across Europe: An overview from VENICE network on vaccine recommendations, funding and
coverage. Vaccine 2012, 30, 5222–5228. [CrossRef] [PubMed]

6. Doherty, T.M.; Schmidt-Ott, R.; Santos-Preciado, J.I.; Stanberry, L.R.; Hofstetter, A.M.; Rosenthal, S.L.; Cunningham, A.L.
Vaccination of special populations: Protecting the vulnerable. Vaccine 2016, 34, 6681–6690. [CrossRef]

7. Pichichero, M.E. Booster vaccinations: Can immunologic memory outpace disease pathogenesis? Pediatrics 2009, 124, 1633–1641.
[CrossRef]

8. Siegrist, C.-A. Vaccine immunology: How do vaccines mediate protection? In Plotkin’s Vaccines, 7th ed.; Offit, P.A., Plotkin, S.A.,
Orenstein, W., Eds.; Elsevier: Amsterdam, The Netherlands, 2018.

9. Girndt, M.; Pietsch, M.; Köhler, H. Tetanus immunization and its association to hepatitis B vaccination in patients with chronic
renal failure. Am. J. Kidney Dis. 1995, 26, 454–460. [CrossRef]

10. Loebermann, M.; Boršo, D.; Hilgendorf, I.; Fritzsche, C.; Zettl, U.K.; Reisinger, E.C. Immunization in the adult immunocompro-
mised host. Autoimmun. Rev. 2012, 11, 212–218. [CrossRef]

11. Theeten, H.; Hutse, V.; Hens, N.; Yavuz, Y.; Hoppenbrouwers, K.; Beutels, P.; Vranckx, R.; Van Damme, P. Are we hitting immunity
targets? The 2006 age-specific seroprevalence of measles, mumps, rubella, diphtheria and tetanus in Belgium. Epidemiol. Infect.
2010, 139, 494–504. [CrossRef]

12. Van Der Wielen, M.; Van Damme, P.; Van Herck, K.; Schlegel-Haueter, S.; Siegrist, C.-A. Seroprevalence of Bordetella pertussis
antibodies in Flanders (Belgium). Vaccine 2003, 21, 2412–2417. [CrossRef]

13. Cherry, J.D. The epidemiology of pertussis: A comparison of the epidemiology of the disease pertussis with the epidemiology of
Bordetella pertussis infection. Pediatrics 2005, 115, 1422–1427. [CrossRef] [PubMed]

14. Weinberger, B. Adult vaccination against tetanus and diphtheria: The European perspective. Clin. Exp. Immunol. 2016, 187, 93–99.
[CrossRef] [PubMed]

15. Di Giovine, P.; Kafatos, G.; Nardone, A.; Andrews, N.; Olander, R.M.; Alfarone, G.; Broughton, K.; Cohen, D.; Kriz, B.; Mikova, I.;
et al. Comparative seroepidemiology of diphtheria in six European countries and Israel. Epidemiol. Infect. 2013, 141, 132–142.
[CrossRef] [PubMed]

16. Martini, H.; Soetens, O.; Litt, D.; Fry, N.K.; Detemmerman, L.; Wybo, I.; Desombere, I.; Efstratiou, A.; Piérard, D. Diphtheria in
Belgium: 2010–2017. J. Med. Microbiol. 2019, 68, 1517–1525. [CrossRef] [PubMed]

17. Van Damme, P.; Theeten, H.; Braeckman, T.; Lernout, T.; Hens, N.; Roelants, M.; Hoppenbrouwers, K. Study of the Vaccination
Coverage in Young Children and Adolescents in Flanders in 2012. 2013. Available online: https://www.zorg-en-gezondheid.be/
vaccinatiegraadstudie (accessed on 3 March 2020). (In Dutch)

18. UZ Leuven. Available online: https://www.uzleuven.be/nl (accessed on 3 March 2020). (In Dutch)

http://doi.org/10.1093/cid/ciy889
http://www.ncbi.nlm.nih.gov/pubmed/30321305
http://doi.org/10.1017/S0950268817000887
http://www.ncbi.nlm.nih.gov/pubmed/28462763
http://doi.org/10.1080/21645515.2019.1652517
http://www.ncbi.nlm.nih.gov/pubmed/31403385
https://his.wiv-isp.be/nl/SitePages/Volledige_rapporten_2008.aspx
http://doi.org/10.1016/j.vaccine.2012.06.012
http://www.ncbi.nlm.nih.gov/pubmed/22721901
http://doi.org/10.1016/j.vaccine.2016.11.015
http://doi.org/10.1542/peds.2008-3645
http://doi.org/10.1016/0272-6386(95)90491-3
http://doi.org/10.1016/j.autrev.2011.05.015
http://doi.org/10.1017/S0950268810001536
http://doi.org/10.1016/S0264-410X(03)00062-8
http://doi.org/10.1542/peds.2004-2648
http://www.ncbi.nlm.nih.gov/pubmed/15867059
http://doi.org/10.1111/cei.12822
http://www.ncbi.nlm.nih.gov/pubmed/27279025
http://doi.org/10.1017/S0950268812000210
http://www.ncbi.nlm.nih.gov/pubmed/22361223
http://doi.org/10.1099/jmm.0.001039
http://www.ncbi.nlm.nih.gov/pubmed/31418673
https://www.zorg-en-gezondheid.be/vaccinatiegraadstudie
https://www.zorg-en-gezondheid.be/vaccinatiegraadstudie
https://www.uzleuven.be/nl


Vaccines 2021, 9, 18 10 of 10

19. Boey, L.; Bosmans, E.; Ferreira, L.B.; Heyvaert, N.; Nelen, M.; Smans, L.; Tuerlinckx, H.; Roelants, M.; Claes, K.; Derdelinckx,
I.; et al. Vaccination coverage of recommended vaccines and determinants of vaccination in at-risk groups. Hum. Vaccines
Immunother. 2020, 16, 2136–2143. [CrossRef]

20. Singh, D.; Agusti, A.; Anzueto, A.; Barnes, P.J.; Bourbeau, J.; Celli, B.; Criner, G.J.; Frith, P.; Halpin, D.M.G.; Han, M.; et al. Global
strategy for the diagnosis, management, and prevention of chronic obstructive lung disease: The GOLD science committee report
2019. Eur. Respir. J. 2019, 53, 1900164. [CrossRef]

21. American Heart Association: Classes of Heart Failure. Available online: https://www.heart.org/en/health-topics/heart-failure/
what-is-heart-failure/classes-of-heart-failure (accessed on 21 November 2019).

22. Levey, A.S.; Eckardt, K.-U.; Tsukamoto, Y.; Levin, A.; Coresh, J.; Rossert, J.; Zeeuw, D.D.; Hostetter, T.H.; Lameire, N.; Eknoyan, G.
Definition and classification of chronic kidney disease: A position statement from kidney disease: Improving global outcomes
(KDIGO). Kidney Int. 2005, 67, 2089–2100. [CrossRef]

23. Caboré, R.N.; Piérard, D.; Huygen, K. A Belgian serosurveillance/seroprevalence study of diphtheria, tetanus and pertussis using
a Luminex xMAP technology-based pentaplex. Vaccines 2016, 4, 16. [CrossRef]

24. Plotkin, S.A. Correlates of protection induced by vaccination. Clin. Vaccine Immunol. 2010, 17, 1055–1065. [CrossRef]
25. Guiso, N.; EU Pertstrain Group; Berbers, G.; Fry, N.K.; He, Q.; Riffelmann, M.; von König, C.H.W. What to do and what not to do

in serological diagnosis of pertussis: Recommendations from EU reference laboratories. Eur. J. Clin. Microbiol. Infect. Dis. 2010, 30,
307–312. [CrossRef]

26. Krüger, S.; Müller-Steinhardt, M.; Kirchner, H.; Kreft, B. A 5-year follow-up on antibody response after diphtheria and tetanus
vaccination in hemodialysis patients. Am. J. Kidney Dis. 2001, 38, 1264–1270. [CrossRef] [PubMed]

27. Pedrazzi, C.; Ghio, L.; Balloni, A.; Panuccio, A.; Foti, M.; Edefonti, A.; Assael, B.M. Duration of immunity to diphtheria and
tetanus in young kidney transplant patients. Pediatr. Transplant. 1999, 3, 109–114. [CrossRef] [PubMed]

28. Alsina, L.; Noguera-Julian, A.; Fortuny, C. Impaired cellular immune response to tetanus toxoid but not to cytomegalovirus in
effectively HAART-treated HIV-infected children. Vaccine 2013, 31, 2417–2419. [CrossRef] [PubMed]

29. Litzroth, A.; Desombere, I.; Martini, H.; Piérard, D.; Carrillo, P.; Mahieu, R.; Schirvel, C.; Top, G. Epidemiologische Surveillance van
Kinkhoest Bordetella pertussis-2018; Jaarrapport VPD; Sciensano: Brussels, Belgium, 2018; Available online: https://www.sciensano.
be/nl/biblio/epidemiologische-surveillance-van-kinkhoest-bordetella-pertussis-2018 (accessed on 13 March 2020).

30. European Centre for Disease Prevention and Control (ECDC): Pertussis—Annual Epidemiological Report for 2017. Available
online: https://www.ecdc.europa.eu/en/publications-data/pertussis-annual-epidemiological-report-2017 (accessed on 23
February 2020).

31. Rafi, A.; Crawford, W.; Klaustermeyer, W. Declining cell-mediated immunity and increased chronic disease burden. Ann. Allergy
Asthma Immunol. 2005, 94, 445–450. [CrossRef]

32. Sester, M.; Gärtner, B.C.; Girndt, M.; Sester, U. Vaccination of the solid organ transplant recipient. Transplant. Rev. 2008, 22,
274–284. [CrossRef] [PubMed]

33. Chua, A.N.; Neu, A.M. Immune function and immunizations in dialyzed children. In Pediatric Dialysis; Schaefer, F., Rutt, S., Fine,
R.N., Warady, B.A., Eds.; Springer US: Boston, MA, USA, 2012; pp. 569–579.

34. Kato, S.; Chmielewski, M.; Honda, H.; Pecoits-Filho, R.; Matsuo, S.; Yuzawa, Y.; Tranaeus, A.; Stenvinkel, P.; Lindholm, B. Aspects
of immune dysfunction in end-stage renal disease. Clin. J. Am. Soc. Nephrol. 2008, 3, 1526–1533. [CrossRef]

35. Sanei, F.; Wilkinson, T.M.A. Influenza vaccination for patients with chronic obstructive pulmonary disease: Understanding
immunogenicity, efficacy and effectiveness. Ther. Adv. Respir. Dis. 2016, 10, 349–367. [CrossRef]

36. Hashemi, S.H.; Nadi, E.; Hajilooi, M.; Seif-Rabiei, M.-A.; Samaei, A. High seroprevalence of Bordetella pertussis in patients with
chronic obstructive pulmonary disease: A case-control study. Tanaffos 2015, 14, 172–176.

37. Feldman, A.G.; Beaty, B.L.; Curtis, D.; Juarez-Colunga, E.; Kempe, A. Incidence of hospitalization for vaccine-preventable
infections in children following solid organ transplant and associated morbidity, mortality, and costs. JAMA Pediatr. 2019, 173,
260–268. [CrossRef]

38. McNamara, L.A.; Skoff, T.; Faulkner, A.; Miller, L.; Kudish, K.; Kenyon, C.; Bargsten, M.; Zansky, S.; Sullivan, A.D.; Martin, S.;
et al. Reduced severity of pertussis in persons with age-appropriate pertussis vaccination—United States, 2010–2012. Clin. Infect.
Dis. 2017, 65, 811–818. [CrossRef]

39. Dhondt, D.E.; Leroux-Roels, G.; Leroux-Roels, I. Evaluatie van de Implementatiegraad van de Cocoonvaccinatiestrategie Tegen
Kinkhoest. In Welke Mate Zijn Ouders Anno 2012 Geïnformeerd en Gevaccineerd? [Evaluation of Implemation of the Cocoon
Vaccination Strategy against Pertussis. How Well Are Parents Informed and Vaccinated in 2012?]. Master’s Thesis, University of
Ghent, Ghent, Belgium, 2013. Available online: https://lib.ugent.be/nl/catalog/rug01:002061876 (accessed on 13 March 2020).
(In Dutch)

http://doi.org/10.1080/21645515.2020.1763739
http://doi.org/10.1183/13993003.00164-2019
https://www.heart.org/en/health-topics/heart-failure/what-is-heart-failure/classes-of-heart-failure
https://www.heart.org/en/health-topics/heart-failure/what-is-heart-failure/classes-of-heart-failure
http://doi.org/10.1111/j.1523-1755.2005.00365.x
http://doi.org/10.3390/vaccines4020016
http://doi.org/10.1128/CVI.00131-10
http://doi.org/10.1007/s10096-010-1104-y
http://doi.org/10.1053/ajkd.2001.29223
http://www.ncbi.nlm.nih.gov/pubmed/11728959
http://doi.org/10.1034/j.1399-3046.1999.00013.x
http://www.ncbi.nlm.nih.gov/pubmed/10389132
http://doi.org/10.1016/j.vaccine.2013.03.035
http://www.ncbi.nlm.nih.gov/pubmed/23562610
https://www.sciensano.be/nl/biblio/epidemiologische-surveillance-van-kinkhoest-bordetella-pertussis-2018
https://www.sciensano.be/nl/biblio/epidemiologische-surveillance-van-kinkhoest-bordetella-pertussis-2018
https://www.ecdc.europa.eu/en/publications-data/pertussis-annual-epidemiological-report-2017
http://doi.org/10.1016/S1081-1206(10)61114-3
http://doi.org/10.1016/j.trre.2008.07.001
http://www.ncbi.nlm.nih.gov/pubmed/18684606
http://doi.org/10.2215/CJN.00950208
http://doi.org/10.1177/1753465816646050
http://doi.org/10.1001/jamapediatrics.2018.4954
http://doi.org/10.1093/cid/cix421
https://lib.ugent.be/nl/catalog/rug01:002061876

	Introduction 
	Materials and Methods 
	Study Procedure and Population 
	Laboratory Methods 
	Statistical Analysis 

	Results 
	Patient Characteristics 
	Seroprotection and Seroprevalence 
	Determinants of Seroprotection and Seroprevalence 

	Discussion 
	Conclusions 
	References

