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Summary

Background—On Aug 29, 2021, Operation Allies Welcome (OAW) was established to support
the resettlement of more than 80 000 Afghan evacuees in the USA. After identification of
measles among evacuees, incoming evacuee flights were temporarily paused, and mass measles
vaccination of evacuees aged 6 months or older was introduced domestically and overseas, with
a 21-day quarantine period after vaccination. We aimed to evaluate patterns of measles virus
transmission during this outbreak and the impact of control measures.

Methods—We conducted a measles outbreak investigation among Afghan evacuees who were
resettled in the USA as part of OAW. Patients with measles were defined as individuals with

an acute febrile rash illness between Aug 29, 2021, and Nov 26, 2021, and either laboratory
confirmation of infection or epidemiological link to a patient with measles with laboratory
confirmation. We analysed the demographics and clinical characteristics of patients with measles
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and used epidemiological information and whole-genome sequencing to track transmission
pathways. A transmission model was used to evaluate the effects of vaccination and other
interventions.

Findings—47 people with measles (attack rate: 0-65 per 1000 evacuees) were reported in six US
locations housing evacuees in four states. The median age of patients was 1 year (range 0-26);

33 (70%) were younger than 5 years. The age distribution shifted during the outbreak towards
infants younger than 12 months. 20 (43%) patients with wild-type measles virus had rash onset
after vaccination. No fatalities or community spread were identified, nor further importations after
flight resumption. In a non-intervention scenario, transmission models estimated that a median

of 5506 cases (IQR 10-5626) could have occurred. Infection clusters based on epidemiological
criteria could be delineated into smaller clusters using phylogenetic analyses; however, sequences
with few substitution count differences did not always indicate single lines of transmission.

Interpretation—Implementation of control measures limited measles transmission during OAW.
Our findings highlight the importance of integration between epidemiological and genetic
information in discerning between individual lines of transmission in an elimination setting.

Funding—US Centers for Disease Control and Prevention.

Introduction

After the fall of Kabul and the Taliban takeover of Afghanistan on August 15, 2021, the
US Government established Operation Allies Welcome (OAW) to support Afghan evacuee
resettlement in the USA. Because of persistently low measles vaccination coverage (66%
for the first dose and 43% for the second dose in 2020)! and an ongoing measles outbreak
(25 988 clinical cases reported during January—November, 2021)2 in Afghanistan, the US
Centers for Disease Control and Prevention (CDC) encouraged public health officials to
maintain high vigilance for measles among Afghan evacuees.?

Although measles was declared to be eliminated in the USA in 2000, endemic measles
persists in many countries,® and importations continue to be a risk. In 2019, the USA
reported the largest number of measles cases in more than 25 years, nearly losing its

measles elimination status due to prolonged outbreaks in underimmunised communities after
repeated importations.*6.7 Furthermore, as in other countries,>8 the COVID-19 pandemic
led to decreases in administered vaccines in the USA.? Although catch-up vaccination has
occurred, prepandemic levels of vaccination have not been reached, and the impact of
declines in immunisation on the US measles susceptibility landscape is unknown.

During OAW, more than 80 000 Afghan evacuees were temporarily housed at several
overseas locations and transported to eight US military bases and a contracted isolation

and quarantine hotel (Hotel A) before resettlement.10 After identification of measles among
evacuees, three core strategies were implemented to mitigate the risk of measles during
OAW: a pause on incoming international evacuee flights; mass measles, mumps, and rubella
(MMR) vaccination of evacuees aged 6 months or older at US and overseas locations; and a
quarantine to remain at these locations for 21 days post vaccination. We aimed to understand
the patterns of measles virus transmission during OAW and the impact of the public health
actions in limiting measles spread.

Lancet Public Health. Author manuscript; available in PMC 2024 August 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Masters et al.

Methods

Page 4

Study design and definitions

Procedures

Outcomes

We conducted a measles outbreak investigation among Afghan evacuees who were resettled
in the USA as part of OAW. Patients with measles were defined as individuals with an
acute febrile rash illness occurring between Aug 29, 2021 (initiation of OAW), and Nov 26,
2021 (42 days, or two maximum incubation periods, after rash onset in the last patient),
and either laboratory confirmation of infection or epidemiological link to a patient with
measles with laboratory confirmation.1! Laboratory confirmation of measles infection is
described in the appendix (p 5). Cases were categorised as an international importation if at
least some of the patient’s exposure period (7-21 days before rash onset) occurred outside
the USA and rash onset occurred within 21 days of entering the USA, with no known
measles exposure in the USA during that time.1! This activity was reviewed by the CDC
and was conducted in accordance with applicable federal law and CDC policy (45 CFR 46,
21 CFR 56; 42 USC 241d; 5 USC 5523a; 44 USC 3501 et seq). The CDC determined that
this investigation constituted an emergency public health activity; thus, it was exempt from
institutional review board review and written informed consent was not required.

Patients were identified upon intake physical examinations, when seeking care at on-

site acute care clinics, or during wellness checks of barracks. Demographics, clinical
presentation, and outcomes of patients were obtained through interviews with the patient or
their parent or guardian, and by review of medical records, using case-investigation forms.

MMR vaccination was provided to all eligible infants (aged 6 months and older), children,
and adults. Rates of MMR vaccine uptake among eligible evacuees were calculated using
data documenting the daily number of MMR doses that were administered at each military
base and Hotel A from Sept 9 to Oct 15, 2021 (the date of rash onset of the last patient).
Evacuees were considered ineligible for vaccination if they were younger than 6 months or
pregnant (appendix p 5).12

We evaluated patients with wild-type measles who developed rash after vaccine
administration to assess the impact of the recommended 21-day quarantine after receipt

of MMR vaccine. To distinguish between those who were likely to have been infected before
vaccination from those who might have been exposed after vaccination, individual patient
timelines were explored, including the date of MMR vaccination and inferred exposure
period. To determine the most likely exposure dates, we used a lognormal probability
distribution for the incubation period of measles derived from a historical dataset,13:14 with
a median of 11-82 days (IQR 9:82-14-22) and a delay of 2 days between illness and rash
onset.1®

To assess the impact of control measures under different scenarios, we created a stochastic
compartmental model to simulate potential outbreak trajectories at the five military bases
that reported cases (Hotel A was modelled separately; appendix p 13). We compared a
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base-case scenario of vaccination as it occurred versus four specific intervention scenarios:
no intervention; delay in vaccination by 7 days and 14 days; not lowering the age of MMR
vaccine administration to include those aged 6-11 months; and not pausing flights from
overseas locations (modelled as additional single importations to two domestic bases on Sept
10, 17, and 24). Simulated attack rates and the median (IQR) of the number of cases pooled
across affected bases are presented. Sensitivity analyses varying several initial parameters of
the model (increasing and decreasing baseline susceptibility, varying vaccine effectiveness
of campaign doses, and exploring the full range of the basic reproduction number, Rp) were
performed.

Epidemiological clusters or groupings were determined based on shared locations (eg,
flights, barracks, or base). We used contact tracing data to assess potential transmission
events between cases. We plotted individual itineraries and explored overlap in the infectious
and exposure periods and locations of cases. The exposure period was defined as 7-21 days
before rash onset, and the infectious period as 4 days before to 4 days after rash onset.16
Potential infector-infectee pairs were identified based on known exposures, including shared
flights, shared barracks, or being from the same family, along with appropriate delays from
rash onsets of the potential infector to the potential infectee. Unrelated cases in different
transmission chains within the USA were determined based on having differing arrival
airports, domestic locations, and rash onset dates more than one maximum incubation period
(21 days) apart.

Measles virus genotypes were determined by sequencing 450 C-terminal nucleotides of the
measles virus nucleoprotein (N450), using standardised Sanger methods.1” Whole-genome
sequencing was attempted on nasopharyngeal or oropharyngeal swab extracts from 43
individuals using probe hybridisation-enrichment RNA-Seq;18 41 sequencing attempts were
successful and used in the final analyses alongside sequences from public data (n=114 for
entire set). Bayesian phylogenies were computed using BEAST (version 2.6.3; appendix p
13),19 using a strict molecular clock with partitioning of coding and non-coding regions of
the viral genome.

Role of the funding source

Results

The funder of the study had no role in study design, data collection, data analysis, data
interpretation, or writing of the report.

47 confirmed patients with measles were reported among 72 306 evacuees who had
arrived in the USA by Nov 26, 2021 (crude attack rate: 0-65 per 1000 evacuees). Cases
were reported in six domestic sites in four states; most were reported in Fort McCoy in
Wisconsin, and Hotel A and Marine Corps Base (MCB) Quantico in Virginia (figure 1).
Rash onsets ranged from Sept 2 to Oct 15, 2021.

The median age of patients was 1 year (range 0-26); 33 (70%) were younger than 5 years
(appendix p 18). Before the midpoint of the outbreak (Sept 24), four (16%) of 25 patients
were infants younger than 12 months; after Sept 24, 13 (59%) of 22 patients were infants
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younger than 12 months (p=0-0057 by XZ test). All 47 patients were unvaccinated or had
unknown vaccination status upon arrival to the USA (appendix p 25). 28 (60%) patients
were admitted to hospital, and 26 (55%) experienced at least one complication. The high
proportion of patients who were hospitalised might be indicative of the low threshold for
measles-related hospitalisation in the USA. No deaths occurred.

After the identification of patients with measles at domestic sites, rapid scale-up of
vaccination efforts, led by the Department of Defense, began across domestic military bases.
All evacuation flights from overseas locations to the USA were temporarily halted on Sept
10, 2021. On Sept 14, the CDC issued a directive to the OAW Unified Coordination Group??
recommending: a formal pause on evacuation flights from overseas locations to the USA,;
the acceleration of mass MMR vaccination for all eligible evacuees aged 6 months or older
who did not have contraindications, both domestically and internationally; and for evacuees
to remain in quarantine (ie, on bases and overseas locations) for 21 days after receipt of the
MMR vaccine. Efforts were also made to provide immunoglobulin to individuals who were
ineligible for MMR vaccine (infants aged <6 months and seronegative pregnant women) at
domestic sites.

At arriving airports, evacuees were screened for symptoms, and those presenting with
measles-compatible symptoms were transported to a hospital for medical assistance and
evaluation, then directly to Hotel A with their family unit for isolation and quarantine.
Additionally, OAW staff and volunteers were recommended to be up to date on measles
vaccination, and advance notification of hospitals receiving a suspected patient with measles
was recommended so that the patient could be isolated on arrival.

Mass vaccination rapidly reached high coverage at domestic military bases and Hotel A:

an estimated 91% of eligible evacuees were vaccinated by Sept 24, and an estimated

98% by Oct 15 (figure 1). Despite a large volunteer and interagency workforce present at
domestic sites, and many of the patients with measles being evaluated at local hospitals, no
measles cases were reported among military personnel, volunteers, or other staff; no measles
cases resulting from transmission in health-care settings were reported; and no seeding of
measles in US communities occurred. During the flight pause, four measles cases were
reported among Afghan evacuees at Ramstein Air Base in Germany. OAW international
flights resumed on Oct 5, 2021, with no additional measles cases identified among evacuees
arriving after the pause.

20 (43%) of 47 patients with wild-type measles virus detected received MMR vaccine before
rash onset; rash onsets occurred a median of 8 days (range, 0-15) after vaccination, all
within the 21-day quarantine period (figure 2A). For all 20 of these patients, at least part

of their exposure period occurred before vaccination, including 17 (85%) for whom the
exposure most likely occurred before vaccination (figure 2B). In three patients, the most
likely exposure date occurred after vaccination; all three patients resided in Barrack A of
Fort McCoy, where 12 other cases were reported. Among patients with longer times to rash
after vaccination, exposure periods probably occurred just before or soon after vaccination,
whereas in patients with shorter times to rash after vaccination, exposure periods probably
occurred considerably before vaccination.
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Modelling of a no-vaccination intervention scenario estimated a median attack rate of
87-33% (5506 cases [IQR 10-5626]); because of the stochastic nature of the model,

there was a wide uncertainty range surrounding this estimate, including runs that led to

no outbreak. By contrast, the base-case scenario (describing vaccination as it occurred)
estimated a median attack rate of 0-44% (28 cases [6-96], compared with 35 patients with
measles reported at these five bases in reality; figure 3, appendix pp 19-22). The largest
increase in the absolute number of cases was seen in the scenario in which vaccination
campaigns were delayed by 14 days (44 additional cases [median 72, IQR 10-294]; more
cases were attributed by the model the longer the delay), followed by the scenario in
which two additional importations occurred on Sept 10 (20 additional cases [48, 11-126];
more cases were attributed by the model the earlier the introductions occurred). Modelled
scenarios showed no increase in the absolute number of cases when infants aged 6-11
months were excluded from vaccination. A combination of interventions had the greatest
overall impact in limiting transmission (appendix p 22), and similarly showed that delays
in vaccination would have led to the largest increase in attack rates, followed by additional
importations (not pausing flights). The relative impact of modelled interventions was robust
to varying the initial assumptions of the model, including varying the effectiveness of
vaccine campaign doses, Rg, and overall population susceptibility (appendix pp 26-28).

In an analysis of patterns of transmission, six separate infection clusters were identified
based on arrival location (figure 4). Of the 47 patients with measles, 29 (62%) shared an
incoming international evacuee flight with at least one other person with measles, and 45
(96%) transited through Dulles International Airport, of whom 18 (40%) had at least part
of their exposure period occur on arrival. 20 (43%) cases were classified as importations;
an additional five patients with measles had at least part of their exposure period occur
outside the USA but were known to have been exposed to measles in the USA. The first
patients identified at MCB Quantico and Joint Base McGuire-Dix Lakehurst had been at
the bases for more than 21 days before rash onset, so the initial generation of cases was
missed at these locations. Barrack A in Fort McCoy and Bay A in MCB Quantico were
the most affected housing units. 15 (32%) of the patients were part of five family clusters.
We identified three infector-infectee case-pairs (1—4, 3—8, and 30—28) and six case-pairs
known to be unrelated (patient 35 unrelated to patients 1, 24, 25, 30, 31, and 47) based on
epidemiological information (appendix p 15).

All viral sequences were found to be of genotype B3. The mean posterior clock rate

was 4-98 x 10~4 substitutions per site per year (95% highest posterior density interval
[HPD] 4-12 x 1074 to 5-90 x 10™4), consistent with previously reported values for measles
virus.29.21 The mean tree height (common ancestor age converted to decimal years)

was 1993-288 (95% HPD 1988-963 to 1997-484). The mean common ancestor date of
OAW specimens was 2015-408 (2014-157 to 2016-553). Whole-genome sequencing tree
topologies showed importation of multiple genetically distinct measles virus lineages and
distribution of these lineages across domestic arrival sites. Three well supported genetic
groups were resolved, including one with cases in multiple domestic locations (ie, bases in
Wisconsin, Virginia, and New Mexico; cluster 1, n=32 sequences; figure 5A, B). Conversely,
some epidemiological groupings (eg, Hotel A, MCB Quantico, and Bay A) contained cases
representing multiple viral lineages. In particular, Hotel A and MCB Quantico both housed

Lancet Public Health. Author manuscript; available in PMC 2024 August 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Masters et al.

Page 8

cases from genetic clusters 1 and 3, indicating some diversity of imported viruses exceeding
what would be expected by direct transmission during the outbreak period (figure 5B).

Phylogenetic topology supported some high-confidence transmission linkages. Two such
transmission pairs (1—4, 3—8) were substantiated by their close grouping in branch
distance (figure 5B), and by the negligible accumulation of base substitutions (figure 5C).
For a third pair (30—28), whole-genome sequencing was not available; tree distance

and substitution counts were observed based on N450 only. Sequences obtained by
whole-genome sequencing from three of the five family groups were narrowly clustered.
Among control pairs (ie, cases not epidemiologically linked to case 35), sequencing
analyses excluded relatedness to cases 24 and 47 by virtue of biologically implausible
base substitution counts (figure 5C) and phylogenetic separation (figure 5B). However,
sequencing analyses could not exclude relatedness between case 35 and cases 1, 25, and 31
because of negligible substitution counts and phylogenetic proximity.

Discussion

Identification of measles in a resettled population with low measles vaccination coverage,
living in congregate settings, demanded immediate public health action. Our findings
provide evidence that the rapid implementation of control measures curbed measles virus
transmission after arrival to the USA. First, the decision to pause evacuee flights from
overseas locations to allow for mass vaccination prevented additional importations while
population immunity was building among evacuees, and was especially important given
identification of international cases during the pause.22-23 Second, the high MMR vaccine
coverage achieved across the age range and within 3 weeks of identification of the first
case limited spread among evacuees and resulted in a very low case count relative to the
population at risk (attack rates up to 25-5% have been observed in measles outbreaks in
refugee settings with distinct levels of baseline immunity and rapidity of vaccine uptake).24
Furthermore, previous studies indicate that, in some emergency settings, in addition to
infants and young children, targeting older children and adults during outbreak response
immunisation is needed to achieve adequate levels of population immunity and stop measles
virus transmission.2® Third, the 21-day quarantine post vaccination avoided seeding of
neighbouring communities by patients incubating measles at the time they were vaccinated.
Fourth, establishing an isolation and quarantine facility (Hotel A) permitted isolation of
patients with measles who were symptomatic on arrival, as well as quarantining of their
close contacts, preventing further introductions and transmission at bases. Finally, the
change in age distribution over the course of the outbreak indicated the additional risk
posed to infants, and the importance of lowering the age of MMR vaccination to 6 months in
outbreaks with ongoing exposure to infants at highest risk for severe disease.16.26

Our model predictions corroborated these findings, showing increases in the predicted
absolute number of cases if mass vaccination had been delayed or additional introductions
had occurred before high levels of population immunity were reached. These results support
previous observational and modelling studies highlighting the effectiveness of rapid and
broad uptake of vaccination in limiting measles virus transmission in forcibly displaced
populations.2527 The lack of impact of lowering the age of vaccination to 6 months in the
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model was influenced by the small number of infants relative to the size of the population,
the assumed baseline susceptibility among infants, and the rapid uptake of vaccination. We
acknowledge that this resettlement effort was unique, and that some of the core mitigation
strategies that were implemented (eg, halting flights and quarantine) might not be feasible or
suitable in other forced displacement and resettlement contexts.

Quarantine periods are determined by the date of exposure. However, the high degree

of mixing among evacuees made it difficult to ascertain exposures or their timing. Thus,
to account for individuals who were already incubating measles at the time they were
vaccinated, recommendations were based on the date of MMR vaccine receipt. A period
of quarantine was important in preventing community spread because almost half of cases
(infection with wild-type virus) were identified in recently vaccinated people. The length
of quarantine used in elimination settings for the purposes of measles control emphasises
disease prevention and is conservatively based on the maximum incubation period of
measles (commonly 21 days is used).28 Although no patients developed rash after 15 days
of being vaccinated during OAW, this finding is based on a small number of patients and
does not capture the full range of incubation periods that have been previously described
(7-21 days),* or the rare instances when the incubation period has been suggested to exceed
21 days.1429 A shorter duration of quarantine might be used in certain contexts depending
on risk-benefit considerations. Because the start of quarantine was anchored on the date
of vaccination, and MMR vaccine is more than 90% effective in preventing measles when
given within 3 days after exposure,28 a quarantine of 18 days might have been sufficient
during OAW. However, three evacuees in Barrack A, Fort McCoy, who might have been
vaccinated near the time of exposure, developed measles, highlighting that in a congregate
setting with high force of infection, the vaccine might fail, especially when given after
exposure.

This investigation highlights the challenges with defining chains of measles virus
transmission for the purpose of documenting maintenance of elimination. Re-establishment
of endemic transmission is defined as occurring when a chain of transmission of a measles
virus strain continues uninterrupted for at least 12 months.3? As such, national measles
control programmes would optimally discern discrete transmission events to determine
individual chains of transmission, which is difficult. During OAW, determining measles
transmission chains with certainty was challenging because of overlapping infectious and
exposure periods among multiple patients at various locations, as well as unidentified cases.
In fact, even classification of cases as being imported or locally acquired was difficult

due to our inability to distinguish between international, transit-associated, and domestic
exposures. Similarly, the occurrence of multiple importations, implying the potential for
multiple concurrent transmission chains, further complicates a clear delineation of chains
of transmission, particularly when case burden is high.6:31 Thus, in most situations, the
duration of transmission is based on the assumption that clusters of cases linked in time
and space all form part of the same transmission chain. For surveillance purposes, cases
associated with OAW were presumed to belong to six separate infection clusters, although
there may have been more or fewer transmission chains.
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Acquisition of complete sequences from measles cases is an area of active research to
improve the identification of transmission pathways in post-elimination settings, where
traditional short-window typing sequences (eg, N450) are increasingly homogeneous
(appendix p 16).32 We observed considerable genetic diversity of sequences among

imported cases and three separate genetic clusters. Because genetic clusters were not

fully concordant with epidemiologic clusters, we show that cases assigned to an infection
cluster by epidemiologic criteria could be further differentiated into smaller clusters by
genetic analyses. For example, the two genetic clusters that were identified within the MCB
Quantico infection cluster suggest these cases belonged to (at least) two separate chains of
transmission, thus at least two importations were missed. Whole-genome sequencing was
not as useful when evaluating individual transmission events, indicating some limit to the
utility of whole-genome sequencing when assessing contemporaneous importations from the
same source population. As expected, there were very few base-pair differences between
infector-infectee case pairs. However, we also observed very few sequence differences
between some unrelated case pairs, which implies the possibility of repeated introductions of
the same lineage and that identical sequences would, in these cases, not necessarily signify
a single line of transmission. Our study highlights the importance of integration between
epidemiological findings and genetic data in documenting measles elimination.

Several limitations of our analyses are worth noting. Some under-reporting was evident,
given generations were missed at two arrival bases. Determination of transmission links
between infector-infectee pairs was not certain due to substantial mixing among evacuees,
although these transmission links were supported by epidemiological and genetic data.
There was considerable uncertainty both in the baseline level of measles susceptibility
among evacuees and the estimate of R that were used in the models. Reassuringly, overall
trends in modelling results were robust to modifications of initial parameters. Similarly,
the assumption of homogeneous mixing in the model would not be reflective of more
complex patterns of mixing among evacuees at domestic locations, and would overestimate
final outbreak sizes, although our main comparisons of the interventions were against the
vaccination scenario, which yielded a conservatively low attack rate, similar to what was
observed.33 Given these limitations, the model trajectories should not be viewed as exact
projections, but rather as a way to compare the impact of public health interventions

under various scenarios. Phylogenetic results were well resolved and biologically plausible,
but we note some instability of the model when non-coding genomic regions were
considered independently. This was mitigated by inclusion of publicly available whole-
genome sequencing data and use of less complex model settings.

Rapid implementation of control measures through a coordinated public health response
prevented potentially thousands of cases in a vulnerable evacuee population, and avoided
additional importations of measles and spread into US communities. Our investigation is
unique in that an almost complete set of viral genomes was obtained from the individuals
with measles, and we were able to show the benefits and limitations of whole-genome
sequencing in discerning chains of measles virus transmission, which is important in

the context of elimination. However, this in-depth molecular epidemiology work is often
not possible in low-income and middle-income countries. Of note, the measles outbreaks
associated with OAW occurred at a time when many US children had fallen behind
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on recommended immunisations because of the COVID-19 pandemic. We highlight the
importance of preparedness and investment to control measles outbreaks in preserving
elimination34 as we face the potential for an increase in measles cases due to the millions of
infants and children worldwide who missed measles vaccines during the pandemic.®

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Research in context
Evidence before this study

Although endemic measles virus transmission was declared eliminated from the USA

in 2000, measles remains endemic in many countries and continues to be a risk to

the USA through international importations and subsequent spread in undervaccinated
subpopulations. The duration of a measles virus transmission chain is the key factor
determining maintenance of elimination status. Because of decreasing sequence diversity
of circulating measles viruses globally, the current target window for typing sequences
has become increasingly homogeneous, and has become less helpful in distinguishing
between individual lines of transmission. Whole-genome sequencing has been proposed
to aid in tracking of measles virus transmission pathways.

We searched PubMed for relevant articles published in English between Jan 1, 2011,

and Aug 29, 2021, using the terms “([(measles[Title]) AND (refugee[Title/Abstract])]
OR (resettlement[Title/Abstract])) OR (whole genome sequencing[Title/Abstract])”. The
search yielded 34 studies. Six studies described measles outbreaks in refugee settlements
that included some evaluation of the effectiveness of reactive vaccination campaigns.
However, none occurred in an elimination context, in which evacuees had access to

high levels of medical care in a controlled and secure environment; only one study used
a mathematical model of measles transmission to measure the impact of vaccination;

and none included assessments of other containment strategies. Four previous studies
evaluated the utility of whole-genome sequencing in characterising measles outbreaks.
None reported directly sequenced (unbiased) viral metagenomes, evaluated differences in
sequences among cases with confirmed epidemiological links and cases with confirmed
absence of epidemiological links, or situations in which several importations occurred
from the same geographic location over a short period of time.

Added value of this study

We show that the rapid deployment of mass measles, mumps, and rubella vaccination is
crucial in halting measles outbreaks among vulnerable migrant populations in congregate
settings. We describe a change in the age distribution during the outbreak towards
infants, highlighting the importance of lowering the age of vaccination to 6 months
when transmission is sustained, as recommended in US Centers for Disease Control
and Prevention, WHO, and Sphere guidelines. We show how the 21-day quarantine
period provided a safety window to identify individuals who were already incubating
measles at the time they were vaccinated, avoiding direct introductions of measles

into US communities; almost half of cases (infection with wild-type virus) were
identified in recently vaccinated people. Finally, our findings indicate that a short-term
pause of incoming evacuee flights prevented additional importations while population
immunity was building among evacuees. Our analysis allowed for prioritisation of
these interventions in terms of their measurable impact on outbreak trajectory. Our
dataset is unique, combining an almost complete set of whole viral genomes from
measles cases with detailed contact tracing data. We show that infection clusters

based on epidemiological criteria could be further delineated into smaller clusters
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using phylogenetic analyses; however, sequences with few nucleotide substitution count
differences do not always indicate a single line of transmission.

Implications of all the available evidence

Well coordinated public health responses can successfully curb the morbidity and
mortality associated with measles outbreaks in vulnerable resettled populations in
both elimination and non-elimination settings. Our findings highlight the importance
of investing in measles preparedness and of integration between genetic and
epidemiological data, with future broad-reaching implications for characterising the
epidemiology of measles in a post-elimination context.
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Figure 1: Epidemiological curve of measles cases during Operation Allies Welcome, August—

October, 2021

Cases are shown according to location and date of rash onset. For two cases, the date

of onset of rash could not be determined; therefore, the date that the case was identified

is shown. Cases were reported in six locations: Hotel A (12 cases), Joint Base McGuire-
Dix-Lakehurst (one case), Holloman Air Force Base (two cases), Fort McCoy (22 cases),
Fort Pickett (one case), and Marine Corps Base Quantico (nine cases). The first flight

with Afghan evacuees arrived on Aug 17, 2021. Flights from international locations were
temporarily paused on Sept 10, 2021, and resumed on Oct 5, 2021 (indicated by vertical red
dashed lines). The cumulative proportion of MMR vaccine doses administered to eligible
Afghan evacuees in domestic sites is shown in grey; routine immunisation of arriving
Afghan evacuees started on Aug 24, but vaccine efforts started to increase once cases

were identified at domestic sites, and accelerated with the issuance of a directive for mass
MMR vaccination across domestic and international sites on Sept 14. CDC=US Centers for

Disease Control and Prevention. MMR=measles, mumps, and rubella.
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Figure 2: Length of time between MMR vaccine and onset of rash and timeline of probable
exposure period for 20 patients who developed wild-type measles after receiving MMR vaccine
during Operation Allies Welcome, August-October, 2021

Genotype B3 was identified in all specimens. (A) Histogram and kernel density plot

of the time in days between MMR vaccination and onset of rash. The kernel density

has a probability of 0 after 17 days (bandwidth=0-8488, selected using unbiased cross
validation). (B) Timeline for each of the patients, including date of arrival from overseas
location, inferred exposure period, and the time between MMR vaccination and rash onset,
colour-coded by domestic location. MCB=Marine Corps Base. MMR=measles, mumps, and

rubella. pct=percentile.
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Figure 3: Model simulations of the probability distribution of measles attack rates among
susceptible evacuees in five military bases with measles cases, under various scenarios

(A) Mass vaccination not conducted, shown in orange (median attack rate 87-33%, IQR
0-15-89:23). (B) Age of measles, mumps, and rubella vaccine administration not lowered
to 6 months (ie, those aged 6-11 months were not vaccinated, shown in red; median attack
rate 0-44%, 0-10-1-53). (C) Vaccination delayed by 7 days (ie, vaccination uptake as it
occurred but shifted by 7 days, shown in green; median attack rate 0-68%, 0-15-2-66). (D)
Vaccination delayed by 14 days (ie, vaccination uptake as it occurred but shifted by 14 days,
shown in green; median attack rate 1-14%, 0-15-4-67). (E-G) Two additional importations,
one at Fort McCoy and one at MCB Quantico, on Sept 24 (median attack rate 0-58%,
0-12-1-61), Sept 17 (median attack rate 0-67%, 0-13-1-75), or Sept 10 (median attack

rate 0-76%, 0-18-2-00); intervention scenarios are shown in purple. Each panel compares
the base-case scenario (model results using vaccination uptake as it occurred), shown in
blue (median attack rate 0-44%, IQR 0-12-1.46; in reality, 35 cases were observed in
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this outbreak across these five bases), with the modelled scenario. Vertical dashed lines
represent median modelled cases. Five military bases with reported cases are included in
these results (Fort McCoy, WI; MCB Quantico, VA; Holloman Air Force Base, NM; Joint
Base McGuire-Dix-Lakehurst, NJ; and Fort Pickett, VVA); total population, n=35 951, total
estimated susceptible population, n=6305. Hotel A was modelled separately (appendix pp
19, 21). Medians and IQRs for the attack rates among susceptible evacuees and the total
number of cases were generated from 1000 simulations per military base, which were
pooled to create these combined estimates. MCB=Marine Corps Base.
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Figure 4: Trajectories and infectious and exposure periods of patients with measles during

Operation Allies Welcome, August—-October, 2021.

For each patient, we reviewed the overseas location before travel to the USA, flight
information, US arrival date, receiving US airport, domestic location, barrack or bay
housing, and information on relatives who were also patients. Each patient was assigned
a number based on the order in which they were identified and plotted by their domestic
and overseas location and date of onset of rash. For two patients, the date of onset of rash
could not be determined, so the date that the patient was identified is shown. Exposure
and infectious periods are shown for each patient to allow for a visual comparison of
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potential sources of infection among patients at various locations. Two patients arrived to
the USA through PHL, the rest arrived through IAD (four times the number of evacuees
arrived through IAD compared with PHL). Highly probable transmission pairs are noted by
black lines, with arrows indicating the direction of transmission (1—4, 3—8, and 30—28).
AFB=AIr Force Base. IAD=Dulles International Airport. JB=Joint Base. MCB=Marine
Corps Base. PHL=Philadelphia International Airport.
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Figure 5: Phylogenetic data for viral whole genomes obtained from patients with measles during
OAW, August-October, 2021.
(A) Complete topology of the phylogenetic tree obtained from all measles virus B3

sequences (n=114), of which the exploded lineage containing only OAW specimens is
highlighted in pink. (B) Maximum clade credibility tree of measles virus sequences from
OAW specimens for which WGS was successful, summarised using mean node heights

in years pre-dating the most recent case. Very highly supported internal nodes (posterior
probability >0-90) are shown as black dots. Inferred time in decimal calendar years of
internal node (common ancestor) origins is shown as blue bars comprising the 95% HPD.
95% HPD for the common ancestor date of OAW specimens is denoted by vertical
dashed lines. Cases are annotated with WHO measles sequence nomenclature; patient
identifier. High-confidence transmission events informed by epidemiological information are
depicted as red arrows. Transmission events of nil confidence are depicted as grey arrows.
Base substitution counts for relevant exposure groupings, relative to the earliest ordinal
case in that group, are shown in the appendix (pp 29-30). (C) Number of accumulated
base substitutions from both the N450 region alone and the whole-genome sequence

of proposed transmission pairs (1—4, 3—8, and 30—28) and unrelated control pairs.
*Only N450 regions are shown because WGS for case 30 was not successful (appendix
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p 24). HPD=highest posterior density interval. NA=not available. OAW=C0peration Allies
Welcome. WGS=whole-genome sequencing.
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