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Abstract

Background.—Measles elimination (interruption of endemic measles virus transmission) in the
United States was declared in 2000; however, the number of cases and outbreaks have increased

in recent years. We characterized the epidemiology of measles outbreaks and measles transmission
patterns after elimination to identify potential gaps in the US measles control program.

Methods.—We analyzed national measles notification data from 1 January 2001 to 31 December
2019. We defined measles infection clusters as single cases (isolated cases not linked to additional
cases), 2-case clusters, or outbreaks with =3 linked cases. We calculated the effective reproduction
number (#) to assess changes in transmissibility and reviewed molecular epidemiology data.

Results.—During 2001-2019, a total of 3873 measles cases, including 747 international
importations, were reported in the United States; 29% of importations were associated with
outbreaks. Among 871 clusters, 69% were single cases and 72% had no spread. Larger and longer
clusters were reported since 2013, including 7 outbreaks with >50 cases lasting >2 months, 5 of
which occurred in known underimmunized, close-knit communities. No measles lineage circulated
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in a single transmission chain for >12 months. Higher estimates of Zwere noted in recent years,
although R remained below the epidemic threshold of 1.

Conclusions.—Current epidemiology continues to support the interruption of endemic measles
virus transmission in the United States. However, larger and longer outbreaks in recent
postelimination years and emerging trends of increased transmission in underimmunized
communities emphasize the need for targeted approaches to close existing immunity gaps and
maintain measles elimination.

Keywords
measles; measles outbreak; MMR vaccine

Notwithstanding the commitment by all 6 World Health Organization (WHO) regions
toward measles elimination (ie, absence of endemic measles virus transmission in a defined
geographic area in the presence of well-performing surveillance), the incidence of measles
increased in all WHO regions during 2016-2019, with the highest number of global cases in
23 years reported in 2019 (>800 000 cases) [1]. In the United States measles was declared
eliminated in 2000, a result of high coverage with 2 doses of measles, mumps, and rubella
(MMR) vaccine, the first dose given routinely at 12—15 months of age and the second dose
at 4-6 years of age. However, upsurges in measles activity abroad increase opportunities for
importations and spread when the virus is introduced into communities with low vaccination
coverage [2]. After elimination, the reported annual incidence of measles in the United
States has remained low (<1 case per million population), yet a gradual increase in the
number of transmissions per importation was noted between 2001 and 2015 [3]. More
recently, 2 prolonged outbreaks in underimmunized communities in New York during 2018
and 2019 threatened the measles elimination status of the United States, and contributed to
a record number of cases; >1200 cases were reported in 2019, the highest number of cases
since 1992 [4].

Because of its high transmissibility, remarkably high measles immunity levels (>92%-94%)
are needed to prevent sustained measles virus transmission [5]. As such, herd immunity for
measles can be easily breached. In the Americas, the first region to have achieved measles
elimination, endemic measles virus transmission was reestablished following outbreaks in
Venezuela in 2018 and Brazil in 2019 [1]. Several countries in Europe also lost their measles
elimination status in recent years, including the United Kingdom in 2019 [6]. Until measles
eradication is reached, no country is invulnerable to losing its measles-free status, and

recent outbreaks in the United States have raised concerns about the United States veering

in this direction. In this article, we describe the epidemiology of measles outbreaks and
measles virus transmission patterns after elimination in the United States to assess the risk of
reestablishment of endemic measles virus circulation and inform prevention strategies.

METHODS

We analyzed data on confirmed measles cases reported in the United States from 1 January
2001 to 31 December 2019. Cases are considered imported if some of the exposure period
(7-21 days before rash onset) occurs outside the United States and the rash occurs within
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21 days of entering the United States, with no known measles exposure in the United States
during that time [7]. For brevity, we use the term infection clusterto broadly describe
single cases (isolated cases not epidemiologically linked to other cases), 2-case clusters
(with known epidemiological links to each other), and outbreaks (=3 epidemiologically
linked cases). Generations of spread were assigned to each cluster based on the duration of
transmission, calculated by subtracting the dates of rash onset of the first and last cases in
the cluster, with single cases assigned 0-day duration. Outbreaks were classified as having a
source if the importation that led to the outbreak was identified.

We report temporal trends in imported and total measles cases, measles outbreaks and
outbreak source, outbreak size and duration, and genotyping data. We describe the
geographic distribution of cases and summarize the largest outbreaks (>50 cases) reported
after elimination.

To assess changes in the transmissibility of measles over time, we calculated the annual
effective reproduction number (/), or the average number of secondary cases generated per
infected individual. Expanding on a prior analysis that covered the years 2001-2014 [8], we
calculated R using 2 methods. First, we fitted the expected distribution of chain sizes for

a given value of /Rand dispersion parameter & from a negative binomial branching process
model [9], to the yearly observed distribution of cluster sizes; & represents the degree

of transmission heterogeneity, with values <1 indicating high transmission heterogeneity
[9]. Second, we adapted [10] an existing algorithm (Wallinga and Teunis method) [11,

12] that infers R for each case in a cluster, based on the time in days between the rash

onset of cases and the probability density of the serial interval (time between the onset of
symptoms in primary cases and their secondary cases). We used a serial interval with a
gamma probability distribution and a mean (standard deviation) of 11.1 (2.47) days [13].
Because containment measures can lessen transmission and the final sizes of outbreaks, we
also used this algorithm to measure the yearly R of index cases (/}), or cases with the
earliest rash onset in each cluster; that is, we assessed transmissibility early in the outbreak,
before implementation of control measures, to assess baseline population immunity. Details
on these methods are found elsewhere [9, 10].

Because outbreaks in New York during 2018 and 2019 threatened US measles elimination,
we further examined cases associated with these outbreaks. We focused on their importation
status, the reporting jurisdiction (and connection to other jurisdictions), the duration

of transmission, and whether cases had a direct known source (ie, whether a direct
epidemiological link to another confirmed case could be ascertained). We evaluated the
level of measles control during these outbreaks by estimating daily R using the Wallinga-
Teunis method. Any measles genotype found repeatedly should be carefully investigated
as a potential endemic genotype. To assess whether any endemic measles genotypes had
been established in the United States during this period, we reviewed measles molecular
epidemiology from 30 September 2018 (date of rash onset for the first case in these
outbreaks) to 31 December 2019. Measles genotypes were determined based on analysis
of the sequence of the 450 nucleotides coding for the COOH terminal 150 amino acids

of the nucleoprotein gene (N-450), using standardized methods [14]. Measles sequencing
was performed at the Centers for Disease Control and Prevention or Vaccine Preventable
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Disease Reference Centers of the Association of Public Health Laboratories. Sequences
were submitted to the WHO global measles sequence database, MeaNS, and assigned to
WHO-named strains in MeaNS [15]. Additional analyses were done to assess surveillance
sensitivity and the potential for an unrecognized endemic transmission chain.

During 2001-2019, a total of 3873 measles cases, including 747 importations, were reported
in the United States (Table 1). The number of importations increased from 123 in 2001—
2004 to 194 in 2017-2019, while the total number of cases increased from 253 to 1775
during the corresponding periods. Twenty-nine percent of importations were associated with
outbreaks. The number of outbreaks increased from 18 in 2001-2004 to 48 in 2017-2019;
72% of outbreaks had a known source. Among 872 unique infection clusters, 602 (69%)
were single cases, 112 (13%) were 2-case clusters, and 158 (18%) were outbreaks with a
total of 3047 cases; 723 (83%) had <1 generation of spread. The median size of outbreaks
(5 cases; range, 4-6 cases) and their median duration (22.5 days; range, 20-28 days) did not
change prominently over time, although the distribution generally tended toward larger and
longer clusters over the years (Table 1). Genotype data were obtained from 43% of single
cases, 70% of 2-case clusters, and 88% of outbreaks; measles genotype diversity decreased
over time.

Measles cases were reported in 48 states and Washington, DC (Figure 1); 5 states (New
York, California, Ohio, Washington, and Minnesota) accounted for 2592 cases (67%), 2209
outbreak-related cases (72%), and 62 outbreaks (39%). Seven outbreaks with >50 cases
(<5% of outbreaks but 48% of all cases) had a median size of 147 cases (range, 59-697
cases) and a median duration of 3 months (range, 2-11 months) (Table 2). Five of these
outbreaks affected known undervaccinated, close-knit communities [16-21], and 79%—-100%
of these cases occurred in persons who were unvaccinated or had an unknown vaccination
status.

Estimates of R for measles across postelimination years were 0.78 (95% confidence interval,
.712-.83; k=0.28), and 0.74 (.71-.77), based on the distribution of cluster sizes and the
Wallinga-Teunis method, respectively; R; was 0.60 (95% confidence interval, .55-.66). R
and R, varied from year to year, with higher estimates noted in more recent years (Figure

2). Rpoint estimates remained <1 throughout the years, while /; point estimates were >1 in
2013 and 2018.

Two outbreaks among related Orthodox Jewish communities in New York City and New
York State, beginning 30 September 2018, involved 18 separate importations (14 from Israel
and 1 each from Ukraine, the United Kingdom, United Kingdom/Belgium, and Ukraine/
Israel, with rash onsets between September 2018 and April 2019) and 1105 cases (29%

of cases reported during 2001-2019) (Figure 3). The outbreaks spread to Orthodox Jewish
communities in 4 other jurisdictions. Because direct epidemiological linkages between the
majority of these cases could not be ascertained (51% of cases lacked a direct known source
of infection), the duration of individual chains of transmission were unknown; however,
transmission ended 10.6 months after rash onset of the first case. The value of £among
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cases associated with the 2018-2019 New York outbreaks showed a quick decline, from a
maximum value of 6.2 during the first week of transmission to an average value of 2.0 in the
following 2 weeks (Figure 4). Subsequently, R fluctuated around 1 for the next 10 months,
until transmission ended in mid-August 2019.

From 30 September 2018 to 31 December 2019, genotyping data were obtained from 821
of 1512 total cases (54%) and 42 of 43 2-case clusters and outbreaks (98%). Two measles
virus genotypes were identified: D8 in 763 genotyped cases (93%) and B3 in 58 (7%); 34
unique N-450 sequences for genotype D8 and 13 unique N-450 sequences for genotype B3
were reported (Supplementary Figure 1). The most frequent genotype D8 sequence (71% of
D8 specimens), identical to the named strain MVs/Gir Somnath.IND/42.16, was identified
in 50 separate clusters throughout the United States, including the New York outbreaks
(Figure 5), and in 14 of the 15 genotyped importations related to these outbreaks. During
the same period, viruses with N-450 sequences identical to MVs/Gir Somnath.IND/42.16
were detected in Israel, Ukraine, Belgium, and the United Kingdom (MeaNS; www.who-
measles.org). From 19 August 2019 (the rash onset of the last case in New York State) to
31 December 2019, identical MVs/Gir Somnath. IND/42.16 sequences were detected in 8
unique clusters, 5 in which the importation was identified and 3 with an unknown source.
The unknown source clusters began >42 days after the last case in the New York outbreaks,
and the index and any subsequent cases were not associated with travel to or connection with
affected communities in New York.

Instances in which cases were missed, indicated by a gap in case detection within infection
clusters of >21 days (1 maximum incubation period), were observed in <3% of clusters
(Supplementary Data). Evaluation of unknown source cases based on time and space did not
reveal the possibility of an unrecognized endemic transmission chain (Supplementary Table
1).

DISCUSSION

The current epidemiological features of measles in the United States support the conclusion
that measles elimination has been sustained in the country for 20 years. First, <30% of
importations were associated with outbreaks. Second, most measles clusters were small
and of short duration; approximately 70% were single cases or had no spread. Third,

larger outbreaks of longer duration were primarily circumscribed to a few underimmunized
communities [16-20]. Fourth, epidemiological and molecular data indicated no lineage
circulated in a transmission chain for >12 months. Finally, /Z remained <1 throughout
postelimination years. These results show that measles virus transmission is not self-
sustaining in settings where 2-dose vaccination coverage is high and mitigation is promptly
implemented [8]. Of note, the paucity of measles since 2020, following coronavirus disease
2019 (COVID-19)-related travel restrictions, provides additional evidence of the lack of
endemic measles virus transmission in the United States (only 15 cases were reported from
January 2020 to August 2021).

There are, nevertheless, indications of increased measles virus transmission in the United
States through 2019. The proportion of importations that have led to outbreaks has been

Clin Infect Dis. Author manuscript; available in PMC 2024 July 30.


http://www.who-measles.org
http://www.who-measles.org

1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Mathis et al.

Page 6

higher, the distribution of cluster sizes and durations have tended toward larger and longer
chains, and the largest outbreaks (>50 cases) all occurred in the last 7 years of the study
period. These changes are reflected in increases in / over time. While concurrent increases
in the number of importations could explain some increased transmission, the number of
United States—acquired cases (ie, cases not associated with travel with exposure occurring in
the United States) has increased at a relatively faster rate, suggesting more transmissions per
measles introduction.

Vaccine coverage for measles has remained high in the United States—1- and 2-dose
immunization rates have been =90% since 1996 and 2010, respectively [22, 24]—yet the US
measles immunity profile is not homogenous, and national coverage does not capture local
areas of underimmunization which allow for measles virus transmission. Heterogeneity in
transmission is evident by the small number of outbreaks (n = 7) that accounted for half of
all reported cases, and supported by the low value of k. Recent increased transmissibility
might imply that the size of underimmunized communities could be growing from an
accumulation of susceptible persons (eg, in Minnesota, MMR vaccine coverage among
24-month-old Somali children declined from >90% in 2004 to 42% in 2016) [16], although
it is also possible that recent increases in importations are only revealing these already
vulnerable communities more often (ie, Ris biased upward by the chance occurrence of
importations landing in larger susceptible pockets in recent years).

The occurrence of larger outbreaks could also be related to multiple importations into a
locality, increasing the potential for spread, or to delays in the recognition of measles and
implementation of control efforts. These possibilities underscore the need for a decisive
approach to offset misinformation and increase confidence in vaccines, as well as to
counteract missed opportunities and poor access to vaccination to close immunity gaps

[4, 25]. Importantly, past measles outbreaks provide a road map to underimmunized
subpopulations for targeted interventions [26]. In fact, prior (albeit smaller) measles
outbreaks had occurred in a few of the same communities affected by recent large outbreaks
[27, 28]. The utility of serosurveys in elimination settings to complement data from
outbreaks and better characterize immunity gaps needs to be further studied [23, 29].

A series of challenges to sustaining measles elimination were encountered in 2019. In New
York, despite ongoing transmission and awareness of measles, reticence toward vaccination
in a subset of the affected population persisted and broadened into poor acceptance of

other mitigation recommendations; importations continued 7 months into the outbreak, and
nonadherence to exclusions, “measles parties,” and avoidance of medical care were reported
[20]. As a result, and owing to the magnitude of the outbreak, direct epidemiological

links between cases were incompletely ascertained, impeding control efforts. Prolonged
transmission permitted repeated spread to related communities in neighboring jurisdictions.

The US measles experience also uncovered other key aspects related to sustaining
elimination. WHO defines reestablishment of endemic transmission as the “presence of a
chain of transmission that continues uninterrupted for =12 months in a defined geographical
area where measles had previously been eliminated” [30]. Interestingly, elimination might
lapse not because a community size that perpetuates transmission is reached, but rather
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when mitigation is insufficient to halt transmission, keeping / near unity, and leading to

a steady occurrence of a low number of cases [31]. Likewise, endemic transmission could
occur in a confined geographic area, as opposed to transmission across a region or country
due to more homogenous underimmunization; in the United States, sustained transmission
was mostly circumscribed to specific areas in 1 county (Rockland) and 2 neighborhoods
(Williamsburg and Borough Park, Brooklyn) [19, 20]. Furthermore, documenting the
duration of transmission when multiple importations occur into a community is extremely
challenging. This requires countries to discern each transmission chain by identifying
individual links between locally acquired cases; otherwise, a worst case-scenario is assumed
(ie, that all local cases arose from the earliest importation).

In New York, incomplete data on individual links blurred the actual number and duration
of the transmission chains that composed the outbreak (the longest chain might have

been considerably <11 months). Finally, sequencing N-450 has proved insufficient to

map transmission pathways, and this has been exacerbated by a decline in the number

of circulating measles genotypes globally [15]. Specifically, we show how the same

N-450 sequence was introduced multiple times from multiple sources, so identical N-450
sequences do not necessarily indicate a single transmission chain. It is often possible to
distinguish between viruses that share the same N-450 sequence by comparing the results
of whole genome sequencing; therefore, efforts to sequence larger genome segments might
prove helpful [32-35], yet we show that multiple importations from the same endemic
setting can occur over a short period of time, and the variation in imported sequences could
be limited.

Several limitations should be considered. Some underreporting is expected, yet US
surveillance consistently detects a range of cluster sizes, including isolated cases, so
sustained transmission is unlikely to go undetected. Furthermore, linkage of unknown source
clusters based on time and space did not reveal the possibility of endemic chains. A sensitive
surveillance system is particularly important at the end of outbreaks to rule out continued
transmission. In the United States, an outbreak is considered to have ended if there are no
additional outbreak-related cases for =2 maximum incubation periods (ie, 42 days) after rash
onset in the last case, under enhanced surveillance (including monitoring of susceptible
contacts and increased awareness of measles in the community and among healthcare
providers). As an example, several cases with sequences identical to MVs/Gir Somnath.IND/
42.16 were identified following the New York outbreaks, both within and outside affected
jurisdictions. These cases were explained by separate importations or had no connection

to the affected community and presented after these outbreaks were declared over. Gaps

in measles surveillance are rarely noted in the United States; 2% of clusters had >1 and

none had >2 maximum incubation periods elapse between cases. In calculating annual <, we
assumed that clusters were single transmission chains, which might overestimate /7 [36, 37].
However, the majority of US clusters arise from single importations, and overall, the number
of cases generated per importation has increased over time.

In summary, epidemiological and laboratory data support the maintenance of measles
elimination in the United States Recent increases in the transmission of measles underscore
the importance of equitable high immunization coverage, the need to strengthen confidence
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vaccination and close existing immunity gaps, and the importance of preparedness

for effective mitigation, in preserving elimination. These are critical issues of particular
relevance in the midst of the COVID-19 pandemic, which is disrupting immunization
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Figure 1.
Measles cases by county of residence, United States, 2001-2019. Measles cases have been

reported in 48 states, including the District of Columbia (DC), with a range of 1-1352 cases
by state. Circle size is proportional to the number of cases. Abbreviations: AK, Alaska;

AL, Alabama; AR, Arkansas; AZ, Arizona; CA, California; CO, Colorado; CT, Connecticut;
DE, Delaware; FL, Florida; GA, Georgia; HI, Hawaii; 1A, lowa; 1D, Idaho; IL, Illinois; IN,
Indiana; KS, Kansas; KY, Kentucky; LA, Louisiana; MA, Massachusetts; MD, Maryland;
ME, Maine; MI, Michigan; MN, Minnesota; MO, Missouri; MS, Mississippi; MT, Montang;
NC, North Carolina; ND, North Dakota; NE, Nebraska; NH, New Hampshire; NJ, New
Jersey; NM, New Mexico; NV, Nevada; NY, New York; OH, Ohio; OK, Oklahoma; OR,
Oregon; PA, Pennsylvania; RI, Rhode Island; SC, South Carolina; SD, South Dakota;

TN, Tennessee; TX, Texas, UT, Utah; VA, Virginia; VT, Vermont; WA, Washington; WI,
Wisconsin; WV, West Virginia; WY, Wyoming.
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Figure 2.

Page 12

Estimates of the effective reproduction number (/) for measles by year in the United States,
2001-2019. A, Estimates of R according to the distribution of cluster sizes. B, C, Estimates
of R for all cases (B) and index cases (4;) (C), according to the Wallinga-Teunis method.
Shaded light gray areas represent 95% confidence intervals obtained by likelihood profiling;
shaded dark gray areas and vertical bars, 95% confidence intervals given by the quantiles

of the distribution of reproduction numbers; and horizontal dashed lines, threshold value R
=1 (elimination is demonstrated by maintenance of £ < 1 and is accomplished by keeping
high levels of population immunity). For estimation of /based on the distribution of cluster
sizes, cases in clusters spanning 2 years were divided based on their year of rash onset.
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For estimation of Rand A; based on the Wallinga-Teunis method, the algorithm assigns
singleton cases an R value of 0.
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Figure 3.
Measles transmission in the United States during the 2018-2019 New York State (NYS)

and New York City (NYC) outbreaks. Included are all cases known to be related to these
outbreaks (1105 cases from 6 jurisdictions: New York City [649 cases], New York State
[407 cases], Michigan [MI; 42 cases], Maryland [MD; 5 cases], Connecticut [CT; 1 case],
and New Jersey [NJ; 1 case]; 2 cases [1 from New York State and 1 from Maryland] are

not pictured because they did not have information on the date of rash onset). Each case

is represented by a circle and plotted based on the reporting jurisdiction (y-axis) and the
rash onset date (x-axis). Cases reported by distinct jurisdictions are shown in separate colors.
Internationally imported cases are shown in red (14 from Israel and 1 each from Ukraine,
the United Kingdom, United Kingdom/Belgium, and Ukraine/lsrael). Gray circles represent
cases with an unknown source (ie, cases without a direct epidemiological link to another
case); arrows, known or potential exportation of measles from one jurisdiction to another;
vertical dashed line, date for 12 months of continuous transmission.

Clin Infect Dis. Author manuscript; available in PMC 2024 July 30.

Oct-19



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Mathis et al.

10

Page 15

| ly \
° :’. \H ‘b‘
__________ %Jﬁi __‘_1} -
e
Oct-18 Jan-19 Apr-19 Jul-19
Month-Year
Figure 4.

Daily estimates of the effective reproduction number (/) during the 2018 and 2019 New
York outbreaks. Calculations were based on all cases known to be related to these outbreaks;
a total of 1105 cases from 6 jurisdictions: New York City (649 cases), New York State (407
cases), Michigan (42 cases), Maryland (5 cases), Connecticut (1 case), and New Jersey (1
case). Two cases (1 from New York State and 1 from Maryland) were not included in this
analysis because they did not have information on the date of rash onset. Black circles show
the mean estimate; vertical bars, 0.25 and 0.75 quantiles; and horizontal dashed line, the
threshold value R =1 (control of an outbreak is demonstrated by maintenance of < 1).
Estimates are presented over sliding 7-day windows, with the estimates plotted on the last
day of the window. Here we accounted for the 18 separate importations associated with
these outbreaks in the calculation of /; importations could not be attributed to any of the
prior cases but could be the source of any subsequent case.
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Figure 5.
MVs/Gir Somnath.IND/42.16 D8 measles virus sequences identified in the United States,

from 30 September 2018 to 31 December 2019 (n = 545). The numbers shown within
individual squares indicate the total number of cases in which the named strain, MVs/Gir
Somnath.IND/42.16, was identified, plotted based on the reported epidemiological week and
year (columns) and the individual infection cluster (rows). Individual clusters are labeled
using the reporting jurisdiction letter abbreviations, a chronological number per reporting
jurisdiction, and the year in which the cluster started. Clusters with known sources (ie,

in which an importation was identified) are shown in blue, and clusters with no known
source are shown in gray. The red vertical dashed line represents the date of rash onset

for the last case in New York State; the black vertical dashed line, the date that outbreak
was declared to be over (ie, 42 days or 2 maximum incubation periods after the date of
rash onset for the last case). Eight infection clusters were identified after the last case

in the New York State outbreak; 3 did not have a known source (2 single cases and a
12-case multistate outbreak). Abbreviations: AK, Alaska; AZ, Arizona; CA, California;
CT, Connecticut; FL, Florida; GA, Georgia; 1A, lowa; 1D, Idaho; MA, Massachusetts; Ml,
Michigan; NH, New Hampshire; NJ, New Jersey; NYC, New York City; NYS, New York
State (outside New York City); OR, Oregon; PA, Pennsylvania; SC, South Carolina; TX,
Texas; WA, Washington.
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