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Abstract: Measles is a highly contagious viral disease, and hence, sufficient herd immunity is obliga-
tory to prevent infection transmission. Measles is still a cause of considerable disease burden globally,
mainly in children. During a national measles outbreak in Israel in 2018–2019, the peak incidence
rates occurred in the Jerusalem district. Most measles cases in the Jerusalem district (75.5%, 1702)
were observed in children younger than 15 years of age, 49.2% (1109) were in children under 5 years
of age, and 18.9% (425) were in infants under 1 year of age. The routine measles vaccination sched-
ule includes two doses at 1 and 6 years of age. Most cases (1828, 81.1%) were unvaccinated (zero
measles vaccine doses). These cases comprised the 425 affected infants under 1 year of age, who
were ineligible for vaccination, along with the 1403 children over 1 year of age, who were otherwise
unvaccinated. This study aimed to describe the epidemiologic and laboratory features of this measles
outbreak, and to investigate case ascertainment (laboratory confirmed compared to epidemiologically
confirmed cases). The study population included 2254 measles cases notified during the period
spanning June 2018 to May 2019 in the Jerusalem district (incidence rate 176 per 10,000 population).
Of the 2254 cases, 716 (31.8%) were laboratory confirmed, and 1538 (68.2%) were confirmed as
epidemiologically linked. Most laboratory confirmed cases (420, 58.7%) underwent real-time PCR
tests. Serological tests (measles IgM and IgG) were used in 189 (26.4%) cases, and a combination of
RT-PCR and serology was used in 107 (14.9%) cases. In a multivariate model analysis, the variables
significantly associated (after adjustment) with higher odds for laboratory confirmation included
month of disease onset (late), additional measles cases in the household (single case), place of medical
treatment (hospital; either emergency department, or hospitalization) and vaccination status (at least
one prior vaccine dose). The measles outbreak described demonstrates the urgency of addressing
vaccination gaps with appropriate outbreak prevention programs. The road to measles elimination
needs to be paved with robust public health infrastructure, excellent field epidemiology for outbreak
surveillance, investigation, and control, and laboratory proficiency.

Keywords: measles; measles diagnosis; measles vaccine; children

1. Introduction

Measles is a highly contagious, vaccine-preventable disease; however, it still con-
tributes substantially to the global burden of disease. A high population immunity level
is required to prevent infection transmission [1–3]. According to the Worldwide Progress
Report towards measles elimination (2000–2022), none of the six World Health Organi-
zation regions has achieved and sustained measles elimination [1]. Elimination was not
achieved in 102/194 (52.6%) countries, 83 countries (42.8%) reported elimination, and
9 countries re-established elimination [1]. The measles virus (Rubeola), an RNA virus, is
a member of the Morbillivirus genus of the Paramyxoviridae family [4]. Measles is one of
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the most contagious infectious diseases. The estimated basic reproductive number (R0)
of measles is high (R0 range of 12–18), reflecting the mean number of secondary infection
cases arising from a measles case in a completely susceptible population [5,6]. The measles
virus is transmitted by direct contact with infectious respiratory droplets and by airborne
spread of small particle aerosols [6]. The incubation period of measles is 10–14 days, and
cases are considered contagious for 4 days before the onset of rash until 4 days after its
appearance [6]. As measles infection is extremely transmissible, it is imperative to sustain
high vaccination coverage rates of 95% and above in the population [1–3].

Over a decade ago, the WHO set a global measles elimination goal; yet, elimination
has not been achieved to date [1–3,7]. Measles elimination is considered feasible due to
several factors. Firstly, humans are the sole known natural measles virus reservoir. Sec-
ondly, measles is a vaccine preventable disease (VPD), with effective measles-containing
vaccines (MCV) having been offered for decades. Finally, diagnostic measures for the
prompt detection of measles and the provision of control measures are also available [7–9].
The coordinated global initiatives aimed to increase measles vaccination coverage in young
children have been effective, and between 2000 and 2017, the global annual incidence
of measles cases showed a noticeable decline of about 83% [10,11]. During the years
2017–2019 this trend changed; multiple measles outbreaks emerged in many countries,
leading to a sharp increase in the global incidence of measles [2,7,10,11]. In 2020, re-
ported measles incidence rates declined worldwide. This can probably be attributed to the
range of infection control measures that were being employed with the aim of containing
the COVID-19 pandemic [10,12]. However, during the peak COVID-19 epidemic years
(2020–2021), global routine childhood vaccination coverage (including measles vaccines)
declined markedly [10,12]. Consequently, in 2022, the estimated number of measles cases
increased by 18% globally; moreover, measles mortality increased by 43% compared to
2021 [1].

The measles control challenge necessitates ongoing sustainable prevention activities
at the local, regional, national, and international levels [13]. Public health agencies utilize
the international guidelines regarding protocols for conducting measles epidemiological
surveillance and outbreak investigation and response [13]. The case definition for measles
surveillance is a set of uniform criteria (clinical, laboratory, and epidemiological) for defin-
ing the disease [14,15]. In measles outbreak settings, prompt identification of cases with
laboratory and/or epidemiological confirmation, along with the implementation of proper
infection control measures, are vital to prevent further transmission [2,13]. Measles labora-
tory analysis includes specific serological tests of IgM and IgG antibodies, virus detection
using reverse transcription (RT)-PCR tests, and genetic characterization of measles virus
strains [16].

Concomitant with outbreaks in other countries, in 2018–2019, a large measles outbreak
emerged in Israel (4300 notified measles cases) [17–22]. The outbreak source has been traced
to measles importation events [17–22]. Measles importation from countries with active
virus circulation led to subsequent spread in under-vaccinated groups [19]. The public
health teams carried out investigations, case ascertainment, and control measures [17–22].
Based on a community-oriented approach, the control measures included mass vaccination
campaigns in community clinics and mobile units, and the provisioning of culturally
appropriate vaccine information [17–22]. About half of the measles cases notified nationally
were in the Jerusalem district (n = 2254), whose population (1.3 million) comprises 14%
of the national population [17–22]. Communities with inadequate completeness and
timeliness of childhood vaccinations showed the highest incidence rates [17–22]. The
Jerusalem district overall incidence rate of measles was 176 per 100,000 population, with the
peak incidence rate (1174 per 100,000) being observed in infants under one year of age [17].
The disease burden was substantial, with 8% of measles patients requiring hospitalization
due to reported measles complications. Additionally, two deaths occurred: an 18-month-old
unvaccinated toddler, and an 82-year-old immunocompromised patient [17,19].
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In light of the considerable disease burden posed by measles, the aim of this study is
to investigate and describe the case ascertainment of measles during the outbreak through
the assessment of laboratory confirmed measles cases compared to epidemiologically
confirmed measles cases.

2. Methods

Measles is a notifiable disease by law in Israel; physicians and microbiological labora-
tories are required to notify measles cases to the local district health office [18]. The public
health teams at the district health office perform epidemiological investigations using
structured questionnaires. The variables collected in the epidemiological investigation
include demographic characteristics, date of disease onset, case ascertainment (laboratory
confirmed or epidemiologically linked), clinical manifestations in accordance with the
clinical case definition, measles complications and hospitalization, and vaccination status
(measles vaccine doses received prior to the outbreak). The clinical case definition of
measles includes fever of 38.3 ◦C or greater, generalized maculopapular rash for at least
3 days, and cough, coryza, or conjunctivitis [14]. Hospitals also notify the district health
office of measles-related hospitalizations [19]. The public health teams assemble additional
data on measles cases from community clinics and hospital records, as applicable.

The laboratory confirmation methods used were real-time PCR tests (RT-PCR) for
measles virus detection in either urine specimens or throat swabs [23,24], and measles
IgM and IgG serological tests utilizing enzyme-linked immunosorbent assay (ELISA)
commercial kits [25]. According to the standard recommendations, clinicians and public
health teams collect the clinical samples for measles RT-PCR testing and/or serum samples
for serological tests from patients as soon as possible after the onset of rash [2]. All measles
laboratory tests are provided free of charge. The National Center for Measles, Mumps,
and Rubella performs measles virus genotyping according to the WHO standard protocols.
In the 2018–2019 measles outbreak, the variant was defined as a genotype D8 virus with
sequences identical to the named strain MVs/Gir Somnath. IND/42.16, which prevailed
simultaneously in the European region [26–28].

Upon case investigation completion, the public health teams applied measles case
definition and case ascertainment criteria consistent with the WHO guidelines from the
measles outbreak toolbox [13,15]. The definition of an epidemiologically linked measles
case was a clinical case unconfirmed by a laboratory test, geographically and temporally
linked, with dates of rash onset 7–21 days apart from a laboratory-confirmed case or another
epidemiologically linked measles case [15]. Following epidemiological investigations and
laboratory tests, the public health teams defined cases as discarded if they did not meet the
definition for laboratory confirmation or epidemiological linkage [15].

As part of the epidemiologic investigation, vaccination status was confirmed against
the national immunization registry database [29,30]. Israel adopted a two-dose measles
vaccine schedule in 1990. This schedule includes two measles vaccine doses at the ages of
one year and six years (in the first school grade). These vaccines are given as combination
vaccines: either the MMR (measles, mumps, and rubella vaccine) or MMRV (measles,
mumps, rubella, and varicella vaccine). The overall national measles vaccination coverage
is reported as 95%, yet under-vaccinated groups exist, mainly in ultra-orthodox Jewish
communities [18,20,25,29].

The study design was a retrospective cohort study including all notified measles cases
that occurred between June 2018 and May 2019 in the Jerusalem district (n = 2254), with
further sub-groups analysis also conducted.

Data analysis was performed using SPSS statistical software (Version 25.0, IBM Corp.,
Armonk, NY, USA). The statistical tests used included the Pearson Chi-square test, Fisher
exact test, non-parametric tests, and odds ratio (OR) with 95% confidence interval (CI).
A p value of less than 0.05 was considered significant for all comparisons. After descrip-
tive assessment, a comparison analysis was performed between the two case ascertain-
ment groups: laboratory confirmed cases and epidemiologically linked cases. The two
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group comparison of proportions was performed using the Chi-square test, Fisher ex-
act test, and OR with 95% CI, and the comparison of medians was elicited using the
Wilcoxon–Mann–Whitney U two-sample test. Additionally, the types of laboratory meth-
ods employed (RT-PCR, serological IgM and IgG tests, and combination) were assessed
in the laboratory confirmed group. A multiple logistic regression analysis model was for-
mulated for the dependent variable. It was defined as “measles laboratory confirmation”,
and adjustments were made for the following variables: case age, gender, date of disease
onset, presence of additional measles cases in the household, place of medical treatment
(community clinic, emergency department or hospitalization), measles vaccination status,
and place of residence.

The study was approved by the Institutional Review Board of the Ministry of Health,
Israel. All collected and analyzed data were processed anonymously and in confidentiality,
in strict observance of legislation and guidelines on observational studies.

3. Results

The study population included 2254 measles cases notified from June 2018 to May
2019 in the Jerusalem district. Of the 2254 cases, 716 (31.8%) were laboratory confirmed
cases and 1538 (68.2%) were epidemiologically linked. The general characteristics of the
measles cases are presented in Table 1. Most cases (75.5%, 1702) were in children younger
than 15 years of age, and 49.2% (1109) were in children under 5 years of age. The two
study groups differed in several characteristics. The laboratory confirmed cases (median
age 9.2 years) were older than the epidemiologically linked cases (median age 4.6 years).
Infants under 1 year of age (n = 425) comprised 18.9% of the cases. Most infants were
aged 6–12 months (360/425, 84.7%); 51.5% (219/425) were aged 9–12 months. Males were
overrepresented, mainly in the laboratory confirmed cases (62.2%). The case ascertainment
method was associated with measles cases in the household (a single case n = 1172, two
cases and more n = 1082). A higher proportion of households with a single measles case
was observed in laboratory confirmed measles cases (72.5%) compared to epidemiologically
linked cases (42.5%).

Table 1. General characteristics of the measles cases observed between 18 June and 31 May 2019 in
the Jerusalem district (n = 2254 cases).

Variable All
n = 2254

Laboratory Confirmed Case
n = 716

Epidemiologically-Linked
to Confirmed Case

n = 1538
Sig

Age median ( years) 5.2 9.2 4.6 <0.001
Percentiles 25 1.4 1.2 1.5
Percentiles75 14.8 28.5 10.3
Age groups
under 1 year 425 (18.9%) 148 (20.7%) 277 (18%) NS

1–4 684 (30.3%) 148 (20.7%) 536 (34.9%) 0.0001
5–9 401 (17.7%) 74 (10.3%) 327 (21.3%) 0.0001

10–14 192 (8.5%) 44 (6.2%) 148 (9.6%) 0.006
15–24 238 (10.6%) 95 (13.3%) 143 (9.3%) 0.004
25–44 229 (10.1%) 152 (21.4%) 77 (5%) 0.0001
45+ 85 (3.8%) 55 (7.7%) 30 (2%) 0.0001

Gender
male 1306 (57.9%) 445 (62.2%) 861 (56%)

0.006Female 948 (42.1%) 271 (37.8%) 677 (44%)
Place of residence

Jerusalem 1419(62.9%) 436 (60.9%) 983 (63.9%)
0.001other 835 (37.1%) 280 (39.1%) 555 (36.1%)
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Table 1. Cont.

Variable All
n = 2254

Laboratory Confirmed Case
n = 716

Epidemiologically-Linked
to Confirmed Case

n = 1538
Sig

Number of cases in the family
median 1 1 2 <0.001

Percentiles 25 1 1 1
Percentiles 75 3.25 2 5

Cases in the household
1 case 1172 (52%) 519 (72.5%) 653 (42.5%)

0.0012 cases or more 1082 (48%) 197 (27.6%) 885 (57.5%)
Period of disease onset

(month)
6/2018–10/2018 1037 (46%) 248 (34.6%) 789 (51.3%)

0.000111/2018–5/2019 1217 (54%) 468 (65.4%) 749 (48.7%)
Place of daily stay

At home 311 (13.8%) 84 (11.7%) 227 (14.8%)
NSIn a setting 1668 (74%) 548 (76.5%) 1120 (72.8%)

Unknown 275 (12.2%) 84 (11.7%) 191 (12.4%)

NS = Not Significant.

The group proportions were associated with the outbreak phase. Figure 1 presents
the relative proportions of laboratory confirmed and epidemiologically linked cases in the
Jerusalem district, by epidemiological week (from week 23 of 2018 to week 22 of 2019). The
measles outbreak peaked during weeks 40–48 of 2018. Overall, about half (46%) of the
measles cases (n = 1037) were notified between June 2018 and October 2018, and 54% of
cases (n = 1217) were notified between November 2018 and May 2019 (Table 1, Figure 1).
The odds of laboratory ascertainment of measles cases were significantly higher in the
second half of the measles outbreak in the Jerusalem district (from November 2018 to
May 2019) compared to the first half (from June 2018 to October 2018) of the outbreak
(OR = 1.99, 95% CI 1.65–2.39, p = 0.0001).
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Figure 1. The number of notified measles cases (n = 2254) and the relative proportions of the laboratory
confirmed cases (n = 716) and the epidemiologically linked cases (n = 1538), by epidemiological week,
from the 23rd week of 2018 to the 22nd week of 2019 in the Jerusalem district, Israel.
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The age groups distribution of measles cases in the two study groups is presented
as a horizontal bar graph in Figure 2. The age groups were under 1 year, 1–4 years,
5–9 years, 10–14 years, 15–24 years, 25–44 years, and 45 years and above. The age groups
distribution differed, with 74% of the epidemiologically linked cases being in the age
groups younger than 10 years of age, compared to 52% of the laboratory confirmed measles
cases (OR = 2.72, 95% CI 2.24–3.28, p = 0.0001).
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Figure 2. The distributions across seven age groups of the measles cases in the two study groups:
laboratory confirmed and epidemiologically linked, measles outbreak 2018–2019, Jerusalem dis-
trict, Israel.

The clinical signs of measles, place of provision of medical treatment, and the vacci-
nation status of all cases and the two study groups are presented in Table 2. The groups
differed as to the prevalence of classic clinical signs of measles, with fever, coryza, and
conjunctivitis being more prevalent among epidemiologically linked cases. Measles compli-
cations, including pneumonia and otitis, were more prevalent among laboratory confirmed
cases. Regarding the place of medical treatment, most cases (1849, 82%) were treated in
community clinics, 9.5% (215 cases) visited the hospital emergency department, and 8.4%
(190 cases) were hospitalized. The place of medical treatment differed between the groups;
laboratory confirmed measles cases were more likely to visit the hospital emergency de-
partment and to be treated in hospitals, compared to epidemiologically linked measles
cases (35.6% vs. 9.8%, OR = 5.1, 95% CI 4.05–6.47, p = 0.0001).

Regarding vaccination status, most of the observed measles cases (1828, 81.1%) were
unvaccinated. Only 9.8% (220 cases) had received one measles vaccine dose prior to the
outbreak, and 3.9% (89 cases) have received two prior measles vaccine doses. In 117 cases
(5.2%), vaccination status could not be validated against a vaccination record or via the
national immunization registry. All the cases with missing vaccination status were adults
aged over 18 years (mean age 35.6 ± 8.2 years, median age 35.8 years). The two study
groups differed as to measles vaccination status. The unvaccinated fraction was higher
in the epidemiologically linked case group at 87.8%, compared to 66.7% in the laboratory
confirmed case group (OR = 2.77, 95% CI 2.15–3.56, p = 0.0001). Accordingly, the fraction of
cases with at least one prior measles vaccine dose (or more) was higher in the laboratory
confirmed case group (22.6% vs. 9.6% in epidemiologically linked cases). The missing
vaccination status fraction was higher in laboratory confirmed cases (10.8% vs. 2.6% in
epidemiologically linked cases).
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Table 2. Clinical characteristics and vaccination status of measles cases reported between June 2018
and 31 May 2019, Jerusalem district (n = 2254).

Variable All
n = 2254

Laboratory Confirmed
n = 716

Epidemiologically-Linked
n = 1538 Sig

Clinical signs
fever (38.3 ◦C or above) 2170 (96.3%) 674 (94.1%) 1496 (97.3%) 0.0001

maculopapular rash 2100 (93.2%) 669 (93.4%) 1431 (93%) NS
Coryza 1809 (80.3%) 555 (77.5%) 1254 (81.5%) 0.026
Cough 1897 (84.2%) 593 (82.8%) 1304 (84.8%) NS

Conjunctivitis 1728 (76.7%) 527 (73.6%) 1201 (78.1%) 0.019
Pneumonia 154 (6.8%) 80 (11.2%) 74 (4.8%) 0.0001

Otitis 142 (6.3%) 65 (9.1%) 77 (5%) 0.0001
Place of treatment
Community clinic 1849 (82%) 461 (64.4%) 1388 (90.2%) 0.0001

Emergency department 215 (9.5%) 125 (17.4%) 90 (5.9%) 0.0001
Hospitalization 190 (8.4%) 130 (18.2%) 60 (3.9%) 0.0001

Vaccination
Unvaccinated (0 doses) 1828 (81.1%) 477 (66.7%) 1351 (87.8%) 0.0001
1 measles vaccine dose 220 (9.8%) 93 (13%) 127 (8.3%) 0.0001

2 measles vaccine doses. 89 (3.9%) 69 (9.6%) 20 (1.3%) 0.0001
Unknown 117 (5.2%) 77 (10.8%) 40 (2.6%) 0.0001

NS = Not Significant.

The multivariate analysis included a multiple logistic regression model for the depen-
dent variable, defined as “measles laboratory confirmation” (Table 3). The multivariate
model was analyzed independently for four age groups, since vaccination status is highly
correlated with age (number of measles vaccine doses according to the vaccination sched-
ule). The age groups were under 1 year (under the age for the first measles vaccine dose),
1–5 years (scheduled to receive the first vaccine dose at 1 year of age), 6–17 years (scheduled
to receive the second vaccine dose at 6 years of age), and 18 years and above. The model
variables included age, gender, place of residence, measles cases in the household, month of
disease onset, measles vaccination status, and the place of medical treatment. After model
adjustment, the variables that were significantly associated with higher odds for laboratory
confirmation in the study groups included the month of disease onset (late), additional
cases in the household (single case), place of medical treatment (hospital, either emergency
department visit or hospitalization) and vaccination status (at least one vaccine dose).

Table 3. Multivariate logistic regression analysis for laboratory confirmation by age group, measles
cases from June 2018–31 May 2019, Jerusalem district (n = 2254).

<1 Year
n = 425

1–5 Year
n = 787

6–17 Year
n = 573

18+ Year
n = 469

Adjusted OR
(95% CI) Sig Adjusted OR

(95% CI) Sig Adjusted OR
(95% CI) Sig Adjusted OR

(95% CI) Sig

Age (month) 0.9 (0.8–1.005) NS 0.99 (0.98–1.0) NS 1 (0.99–1.00) NS 1.002
(1.001–1.004) 0.012

Gender
Male 1 1 1 1

Female 0.95 (0.6–1.5) NS 0.7 (0.47–1.03) NS 0.48 (0.3–0.8) 0.002 1.3 (0.9–2.1) NS
Place of residence

Jerusalem 1 1 1 1
Other 1.1 (0.7–1.7) NS 1.8 (1.2–2.7) 0.002 1.3 (0.8–2.1) NS 1.4 (0.92–2.3) 0.06
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Table 3. Cont.

<1 Year
n = 425

1–5 Year
n = 787

6–17 Year
n = 573

18+ Year
n = 469

Adjusted OR
(95% CI) Sig Adjusted OR

(95% CI) Sig Adjusted OR
(95% CI) Sig Adjusted OR

(95% CI) Sig

Cases in the
household

1 case 1.7 (1.03–2.96) 0.039 2.9 (1.9–4.4) 0.001 2.8 (1.8–4.5) 0.001 2.4 (1.5–3.9) 0.001
2 cases or more 1 1 1 1

Period of disease
onset (month)

06/2018–10/2018 1 1 1 1
11/2018–05/2019 1.5 (0.97–2.3) NS 1.02 (0.69–1.5) NS 2.1 (1.3–3.3) 0.001 1.5 (0.9–2.4) NS

Vaccination
0 doses ---- 1 1 1

1 measles vaccine
dose ---- 1.3 (0.77–2.1) NS 3.3 (1.5–7.6) 0.004 0.9 (0.5–1.6) NS

2 measles vaccine
doses ---- ---- 5.3 (2–14.5) 0.001 4.6 (2.2–9.7) 0.001

Unknown ---- ---- ---- 1.25 (0.7–2.1) NS
Place of treatment
Community clinic 1 1 1 1

Emergency
department 3.2 (1.8–5.9) 0.001 4.1 (2.1–7.89) 0.001 2.2 (0.8–6.1) NS 2.8 (1.6–4.9) 0.001

Hospitalization 4.9 (2.6–8.98) 0.001 5.7 (2.9–10.8) 0.001 5.1 (1.3–19.3) 0.018 6.3 (3.1–12.9) 0.001

NS = Not Significant.

Table 4 presents laboratory confirmed cases (n = 716) across three laboratory test groups
(RT-PCR, serology for measles IgM and IgG, and RT-PCR and serology combination). Most
laboratory confirmed cases (420, 58.7%) underwent real-time PCR tests. Serological tests
were used in 189 (26.4%) of cases, and a combination of RT-PCR and serology in 107 cases
(14.9%).

Table 4. General characteristics of laboratory confirmed measles cases from June 2018–31 May 2019,
Jerusalem district (n = 716 cases).

Variable PCR
n = 420

Serology
n = 189

PCR + Serology
n = 107 Sig

Age median ( years) 9.2 5.9 18.1 0.04
Percentiles 25 1.2 0.99 1.5

75 26.3 28.3 36.8
Age groups
under 1 year 80 (19%) 48 (25.4%) 20 (18.7%) NS

1–4 84 (20%) 45 (23.8%) 18 (16.8%) NS
5–9 54 (12.9%) 12 (6.3%) 7 (6.5%) 0.01

10–14 31 (7.4%) 6 (3.2%) 7 (6.5%) NS
15–24 56 (13.3%) 25 (13.2%) 14 (13.1%) NS
25–44 89 (21.2%) 40 (21.2%) 25 (23.4%) NS
45+ 26 (6.2%) 13 (6.9%) 16 (15%) 0.05

Gender
Male 264 (62.9%) 115 (60.8%) 66 (61.7%)

NSFemale 156 (37.1%) 74 (39.2%) 41 (38.3%)
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Table 4. Cont.

Variable PCR
n = 420

Serology
n = 189

PCR + Serology
n = 107 Sig

Place of residence
Jerusalem 247 (58.8%) 116 (61.4%) 72 (67.3%)

NSOther 173 (41.2%) 73 (38.6%) 35 (32.7%)
Number of cases in the family

1 case 297 (70.7%) 140 (74.1%) 82 (76.6%)
NS2 cases or more 123 (29.3%) 49 (25.9%) 25 (23.4%)

Period of disease onset (month)
6/2018–10/2018 109 (26%) 85 (45%) 54 (50.5%)

0.00111/2018–5/2019 311 (74%) 104 (55%) 53 (49.5%)
Place of daily stay

At home 48 (11.4%) 26 (13.8%) 10 (9.3%)
0.054In a setting 329 (78.3%) 131 (69.3%) 88 (82.2%)

Unknown 43 (10.2%) 32 (16.9%) 9 (8.4%)

NS = Not Significant.

The laboratory confirmed measles cases were further analyzed according to the type
of laboratory test used and the affected age groups (Figure 3). The distribution of type of
tests used differed between age groups; over 70% of the cases in the groups of children
aged 5–9 years and 10–14 years, compared to about 50% or less in the other age groups,
were tested for using RT-PCR. The combined group of measles cases in children aged
5–14 years was compared to all the other age groups combined. The likelihood of RT-PCR
was significantly higher in children aged 5–14 years (72.6% vs. 55.8%, OR = 2.1, 95% CI
1.34–3.37, p = 0.0001).
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Figure 3. The group of laboratory confirmed measles cases (n = 716), according to the type of the
laboratory test used, and according to seven age groups.

Further analysis of the laboratory confirmed cases included laboratory test type and
vaccination status (Figure 4). Measles cases with one or more prior vaccine doses were
more likely to have been identified using RT-PCR (one vaccine dose 65.6%, two vaccine
doses 78.3%), compared to 56.4% and 46.8% in unvaccinated cases and cases with unknown
vaccination status, respectively. The group of measles cases with one or more previous
vaccine doses was compared to the combined groups of unvaccinated cases and those with
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unknown vaccination status. The likelihood of RT-PCR was significantly higher in measles
cases with one or more previous vaccine doses (71% vs. 55.1%, OR = 2.0, 95% CI 1.35–2.98,
p = 0.0001).
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Figure 4. The group of laboratory confirmed measles cases (n = 716) according to the type of laboratory
test used for diagnostics, and according to measles vaccination status.

According to the multivariate analysis model, young children aged one to five years
had the greatest likelihood of being in the epidemiologically linked group (94.3%), having
additional cases in the household, having been treated in community clinics, residing
in dense urban neighborhoods, and having their cases reported during the peak of the
outbreak. The model showed that the greatest likelihood of being in the laboratory con-
firmed group (80%) occurred for cases in patients older than 18 years, those treated in the
hospital or emergency department, and those who did not have additional measles cases in
the household.

4. Discussion

The current study portrays a comprehensive retrospective analysis of all measles
cases (n = 2254) notified during a large outbreak in the Jerusalem district in 2018–2019.
According to the public health guidelines, the measles outbreak cases were confirmed
either using laboratory tests or by epidemiological linkage [13–15]. This study aimed to
describe and assess measles case ascertainment by comparison of two study groups: the
laboratory confirmed (n = 716 measles cases) and the epidemiologically confirmed (n = 1538
measles cases) cases. The main findings indicate significant differences between the two
groups. These differences reflect the likelihood of measles laboratory confirmation versus
epidemiological confirmation in a large outbreak setting. In the multivariate analysis model
designed for measles laboratory confirmation, the associated variables included age, period
of disease onset, additional measles cases in the household, place of medical treatment,
and vaccination status prior to the outbreak onset. The laboratory method type (RT-PCR,
serology, and combination) was associated with age group and vaccination status.

The peak incidence rates in the national measles outbreak (2018–2019) were observed
in under-vaccinated communities (mainly Jewish ultra-orthodox) in the Jerusalem dis-
trict [21]. Recurrent vaccine preventable disease outbreaks (e.g., measles, mumps, pertussis)
had previously emerged, occasionally associated with international transmission (Europe,
UK, and the US) [21,29]. The outbreak containment approach was based on the recom-
mended activities of rapid case identification and isolation, mass vaccination of susceptible
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individuals, post exposure immunoglobulin in susceptible high-risk persons, and sus-
taining epidemiological and laboratory competencies for case confirmation [18,31]. The
standard clinical case definition used in the outbreak comprised a generalized maculopapu-
lar rash, fever (≥38.3), and either a cough, coryza, or conjunctivitis [14,32]. The laboratory
confirmation included RT-PCR, serological tests of measles IgM and IgG, and a combination
of both [19,23,25]. A previous study in the US [32] demonstrated that the overall sensitivity
of the measles clinical case definition is generally high, while the positive predictive value is
intensely associated with measles incidence rates, being more accurate in higher incidence
rate settings (of >171 per 100,000 population). The overall incidence rate of measles in
the Jerusalem outbreak was 176 per 100,000 population, and hence it is plausible that the
validity of the standard clinical case definition was appropriate [17].

The estimated number of measles cases globally increased considerably in 2022 com-
pared to 2020 and 2021, and continued increasing during 2023 [1,33]. Recently, in December
2023, the WHO European Region issued an alert advocating for urgent action due to a
thirty-fold rise in measles cases in the region (case notifications between January and Octo-
ber 2023). Clearly, measles outbreak containment is an extremely relevant public health
challenge today [34]. The pause in progression towards the measles elimination goal might
be attributed to the consequences of the COVID-19 pandemic on health systems worldwide.
This led specifically to the disruption of routine childhood vaccination programs and an
accompanying decline in childhood vaccination coverage rates, including the measles vac-
cines [1,35–37]. The Immunization Agenda 2021–2030 uses measles both as an indicator of
the strength of the immunization system and as a tracer of health system capacity to deliver
essential childhood vaccines [1]. Even in countries with a high overall immunization cover-
age, such as Israel, challenges exist. Such challenges include specific population groups
with frequently delayed or incomplete childhood vaccinations (including measles vaccina-
tions) [18–21,29]. Additionally, increasing globalization and international travel enables the
rapid transmission of measles and further propagation of outbreaks in under-vaccinated
communities in different countries [38–41]. While vaccination campaigns during outbreaks
are traditionally successful [18], the sustainability of immunization coverage rates is less
so [42].

Measles infection can occur at any age; however, the greatest disease burden globally
is among children less than five years of age [3,10]. In this study, over three quarters
(75.5%) of the measles cases were observed in patients less than fifteen years of age, and
almost half (49.2%) were seen in patients less than five years of age. Notably, regarding
the distribution of measles case ascertainment, the group of epidemiologically linked cases
was significantly younger (median age 4.6 years) compared to the group of laboratory
confirmed cases (median age 9.2 years). According to our multivariate analysis model, the
strongest likelihood of being in the epidemiologically linked group (94.3%) was in measles
cases with the following characteristics: children aged 1 to 5 years; additional cases in the
household; treated in community clinics; and residing in a dense urban neighborhood.
These cases mainly occurred during the peak of the measles outbreak, with widespread
infection transmission via households, childcare facilities, kindergartens, and schools.

The highest incidence rates of measles in the outbreak were observed in infants less
than one year old [17]. The measles cases in infants (n = 425) comprised about a fifth of the
total study population, and were equally distributed between the epidemiologically linked
group and the laboratory confirmed group. Notably, 84.7% of the infants under one year
old were aged between 6 and 12 months. Measles vaccines in the national immunization
program are scheduled at ages one and six. Therefore, infants less than one year of age
are not yet eligible for vaccination [29]. Similarly, during the national measles outbreak in
Israel in 2018–2019, the Tel Aviv district received notifications of 413 cases, with 100 (24%)
of them being in infants under one year [43]. A concurrent measles outbreak occurred in
New York (September 2018–July 2019) with most cases (93.4%, n = 649) observed in the
Orthodox Jewish community, and 85.8% of the patients being unvaccinated [38]. Most
cases (81.2%) were observed in patients younger than 18 years of age; the median age was
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3 years [38]. In the New York outbreak, the measles cases in infants less than one year of
age (n = 102) comprised 15.7% of all cases, and 72.5% of these infants were aged 6 to 12
months [38]. The overrepresentation of young infants in the outbreak (especially those
aged 6–12 months) correlates well with the results of a seroprevalence study performed
in Israel, before the 2018–2019 measles outbreak [25]. The overall seropositivity rate for
measles was 90.7%. The lowest seropositivity rate was in infants aged 6–11 months (3.8%).
The rates in infants under 6 months, in children 1–4 years old and in children 5–9 years old
were 48.9%, 90.7%, and 96.1%, respectively [25]. Similarly, in a study on measles humoral
immunity in infants under 12 months of age in Canada, most infants were susceptible to
measles by the age of 3 months [44].

Laboratory diagnosis of measles may include viral isolation, identification of measles
antigen or RNA in infected tissues (and nucleotide sequencing), or demonstration of a
significant serologic response to measles virus with the detection of specific IgM [6]. Specif-
ically, when aiming for global measles elimination, it is essential to maintain laboratory
capabilities for rapid measles case ascertainment, enabling further control activities [31].
The public health laboratory infrastructure necessitates support both logistically and fi-
nancially, as well as in the form of governmental commitment [2,9]. The methods used
in our study for measles laboratory confirmation were RT-PCR, serological tests, and a
combination of these two tests. The choice of laboratory test was significantly associated
with the measles patients’ characteristics, e.g., age and vaccination status. Hence, the
collaboration of epidemiological and laboratory public health capacities is essential.

The current study is subject to several limitations. It is an observational study, in-
cluding all the notified measles cases in a measles outbreak in a well-defined geographic
area (the Jerusalem district) and having validated data on their case characteristics and
ascertainment method. Consequently, it might be challenging to make a generalization of
the study findings. Distinctive socio-demographic factors, including age distribution, living
conditions, household size, and the characteristics of the childcare facilities and population
crowding, which significantly affect infectious disease transmission, may differ extensively
between various settings and population groups and therefore make comparisons difficult.
The local public health infrastructure and the epidemiological capabilities, as well as the
laboratory competencies, may also differ considerably between outbreak settings.

5. Conclusions

Measles is a highly contagious viral disease; hence, sufficient herd immunity is essen-
tial to prevent transmission. Measles-containing vaccines have been available for decades
and have contributed greatly to progress towards regional and global measles elimina-
tion [1,7,9]. Yet, this progress has been challenged due to inadequate vaccination rates in
children, and associated worsening of these rates during the COVID-19 pandemic [1,35–37].
Measles cases notifications surged in 2022–2023, resulting in loss of elimination status
in many countries [10]. The measles outbreak described in this study demonstrates the
urgency of addressing vaccination gaps with appropriate outbreak prevention programs.
The road to measles elimination needs to be paved with robust public health infrastructure,
excellent field epidemiology for outbreak surveillance, investigation, and control, and
laboratory proficiency.
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