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Abstract 

Background Prioritization of higher‑risk people for COVID‑19 vaccination could prevent more deaths, but could 
slow vaccination speed. We used mathematical modeling to examine the trade‑off between vaccination speed and 
prioritization for individuals age 65+ and essential workers.

Methods We used a stochastic, discrete‑time susceptible‑exposed‑infected‑recovered (SEIR) model with age‑ and 
comorbidity‑adjusted COVID‑19 outcomes (infections, hospitalizations, and deaths). The model was calibrated to 
COVID‑19 hospitalizations, ICU census, and deaths in NYC. We assumed 10,000 vaccinations per day, initially restricted 
to healthcare workers and nursing home populations, and subsequently expanded to other populations at alternative 
times (4, 5, or 6 weeks after vaccine launch) and speeds (20,000, 50,000, 100,000, or 150,000 vaccinations per day), as 
well as prioritization options (+/− prioritization of people age 65+ and essential workers). In sensitivity analyses, we 
examined the effect of a SARS‑COV‑2 variant with greater transmissibility.

Results To be beneficial, prioritization must not create a bottleneck that decreases vaccination speed by > 50% with‑
out a more transmissible variant, or by > 33% with the emergence of the more transmissible variant. More specifically, 
prioritizing people age 65+ and essential workers increased the number of lives saved per vaccine dose delivered: 
3000 deaths could be averted by delivering 83,000 vaccinations per day without prioritization or 50,000 vaccinations 
per day with prioritization. Other tradeoffs involve vaccination speed and timing. Compared to the slowest‑examined 
vaccination speed of 20,000 vaccinations per day, achieving the fastest‑examined vaccination speed of 150,000 
vaccinations per day would avert additional 313,700 (28.6%) infections and 1693 (24.1%) deaths. Emergence of a 
more transmissible variant would double COVID‑19 infections, hospitalizations, and deaths over the first 6 months of 
vaccination. The fastest‑examined vaccination speed could only offset the harm of the more transmissible variant if 
achieved within 5 weeks of vaccine launch.

Conclusions Faster vaccination speed with sooner vaccination expansion would save more lives. Prioritization of 
COVID‑19 vaccines to higher‑risk populations would be more beneficial only if it does not create an excessive vaccine 
delivery bottleneck.
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Introduction
In the winter of 2020, New York City (NYC) faced a 
coalescence of two major developments in severe acute 
respiratory syndrome coronavirus 2 (SARS-CoV-2) 
pandemic: the availability of coronavirus disease 2019 
(COVID-19) vaccines and the identification of new vari-
ants of SARS-CoV-2. COVID-19 disproportionately 
affects older people and those with underlying conditions 
as well as people at a higher risk of exposure [1–3]. When 
COVID-19 vaccines became available in mid-Decem-
ber 2020 initially in limited quantities, vaccines were 
first offered to healthcare workers and nursing home 
populations [4, 5]. Eligibility expanded in January 2021 
to include age 65 or older and essential workers (first 
responders and healthcare, transit, education, and public 
safety workers), and later to other groups [5, 6].

While prioritization of higher-risk people could pre-
vent more deaths by ensuring vaccines are delivered to 
priority populations before being offered to others, pri-
oritization could also slow vaccination speed due to 
bottlenecks associated with reaching and verifying vac-
cine-eligible individuals. Concerns have been raised in 
NYC and elsewhere about bottlenecks in vaccine deliv-
ery, as evidenced by a low proportion of stocked vaccines 
that had been administered to patients in December 
2020 and early January 2021 [7]. Some hypothesized that 
removing prioritization for high-risk populations could 
reduce these bottlenecks and increase vaccination speed 
[8].

Contemporaneously with vaccine launch, SARS-CoV-2 
variants of concern were reported in Europe, Africa, and 
South America. The lineage B.1.1.7 was first detected 
in the United Kingdom (UK), where it grew from a rare 
variant to the dominant circulating variant [9]. In NYC, 
the first two cases of B.1.1.7 were confirmed at the end of 
December 2020. Based on its rate of growth in the UK, 
B.1.1.7 was estimated to be more infectious than previ-
ously dominant variants by a factor of 56% (95% CI − 8 
to + 128%) [10]. The emergence of a more transmissible 
variant could have important implications for the role of 
vaccination in combatting COVID-19 in NYC. Specifi-
cally, prioritization bottlenecks could be more harmful 
in the context of a more transmissible variant because of 
lost opportunities to slow epidemic growth.

We hypothesized that (i) there is a trade-off between 
prioritization and vaccination speed (i.e., the number of 
vaccinations delivered per day), and (ii) this trade-off var-
ies based on whether or not a more transmissible vari-
ant emerges in NYC. We used a mathematical model to 
estimate the impact of vaccination on the COVID-19 
epidemic under different timings of vaccination expan-
sion and speed, with and without the emergence of a 
more transmissible variant in NYC. We then assessed the 

maximum prioritization bottleneck under which prioriti-
zation of high-risk groups would still avert more deaths 
than vaccination without prioritization.

Methods
Mathematical model
We augmented a stochastic, discrete-time suscep-
tible-exposed-infected-recovered (SEIR) model of 
SARS-CoV-2 transmission [11–13] with age- and comor-
bidity-adjusted COVID-19 outcomes (symptoms, hos-
pitalization, ICU admission, and death) using data on 
NYC’s distribution of age and chronic conditions from 
New York Behavioral Risk Factor Surveillance System 
Data in 2017 [14], the 2013–2014 New York City Health 
and Nutrition Examination Survey (NYC HANES) [15], 
and the US census [16]. We included lagged transmis-
sion of community-acquired infections to household 
members and assumed a secondary attack rate of 25% for 
within-household transmission [17].

We assumed an average time from infection to symp-
tom onset of 5.1 days [18], and an average from symp-
tom onset to hospitalization of 11 days [19]. We assumed 
that symptomatic infections were tested and diagnosed 
as COVID-19 cases. The length of hospitalization, ICU 
stays, hospitalization rate, and the mortality rate among 
the hospitalized were assumed to be time-varying, based 
on the information and the publicly available data pro-
vided by NYC Department of Health and Mental Hygiene 
(DOHMH) from April 2020 to December 2020 [20]. The 
hospitalization rate declined from 26.6 to 9.5% over this 
time period based on empirically observed improve-
ments in treatment together with changes in the age dis-
tribution of hospitalized persons, and we used a sigmoid 
function to approximate the time-course of this decline. 
The average lengths of stay at hospitals among non-inten-
sive care unit (ICU) admitted patients were assumed to 
be 5–11 days. Critically ill patients were assumed to be 
first admitted to non-ICU hospital beds for 3 days, then 
transferred to the ICU for 6–21 days before returning to 
non-ICU hospital beds for another 1–14 days. All model 
input parameters and assumptions are described in detail 
in the supplement.

We calibrated the model to publicly available data 
on daily new hospitalizations for COVID-19 and con-
firmed and probable COVID-19 attributable deaths from 
the NYC DOHMH [20], and the internal data on the 
daily number of patients with COVID-19 in ICUs from 
the NYS Department of Health’s Hospital Emergency 
Response Data System (HERDS). Cases included con-
firmed and probable cases as defined by the US Cent-
ers for Disease Control and Prevention (CDC) [21, 22]. 
Death was classified as confirmed if the decedent had a 
positive molecular test for COVID-19 and did not die 
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of apparent external causes such as gunshot wounds, 
and as probable if the decedent had no known positive 
molecular test for COVID-19 but had COVID-19 as a 
cause of death in the death certificate [20]. Diminution 
in the basic reproduction number  (R0) due to mask-
wearing and social distancing was benchmarked based 
on the observed growth rate in detected cases in early 
January 2021 after adjustment for percent positivity. We 
extrapolated  R0 forward with a linear increase in  R0 up 
to 56% over 6 weeks from January 15th to represent the 
emergence of a more transmissible variant. The period of 
6 weeks was chosen based on the rapid growth rate of the 
linkage B.1.1.7 observed in the UK, where the percentage 
of detected cases with lineage B.1.1.7 in London and East 
of England increased from < 10% in mid-November to 
almost 100% by the end of December 2020 [9]. The model 
was implemented in Python 3.7 and outputs were ana-
lyzed and graphed using R 3.6.1.

Assumptions about vaccination
Numbers of vaccinations were defined as a full vaccine 
course, regardless of the total number of doses required. 
Vaccine efficacy was assumed to reach 95% starting 
11 days after vaccination [23] and last at least 6.5 months 
(from the earliest dose delivered on December 15th, 
2020, until the end of the period of analysis on July 1st, 
2021). For vaccines requiring multiple doses, the vac-
cination speeds reported are for the first dose only. We 
assumed no waning of immunity from vaccination or 
natural infection. Based on the prior vaccination cover-
age of influenza among HCW in the U.S. [24], willingness 
to be vaccinated was assumed to be 90% for healthcare 
workers (HCW) and 70% for non-HCW, with lower rates 
explored in sensitivity analyses.

We assumed three groups for prioritization: (1) HCW 
and nursing home residents; (2) people age 65+ and 
essential workers; and (3) all other people. These priority 
groups are a simplification of the four-phase rollout-plan 
announced by the CDC with two of the phases collapsed: 
Phase 1a) HCW and nursing home residents; Phase 1b) 
essential workers and people aged 75+ years; Phase 1c) 
people aged 65+ years and people aged 16–64 years with 
underlying medical conditions; and Phase 2) all other 
people [5].

Model scenarios
Vaccine delivery rates were assumed to be 10,000 vac-
cinations per day starting December 15th, 2020, target-
ing healthcare workers and nursing home populations, 
reaching ~ 65% of healthcare workers and nursing home 
populations within 1 month.

We assumed three alternative times for expanding 
vaccination beyond healthcare workers and nursing 

home residents: 4 weeks after vaccination launch (Jan-
uary 15th), 5 weeks after launch (January 21st), or 
6 weeks after launch (February 1st). Vaccination rates 
were assumed to increase to 20,000, 50,000, 100,000, or 
150,000 vaccinations per day for the first dose and to 
either prioritize residents age 65+ and essential work-
ers as defined by Cybersecurity & Infrastructure Security 
Agency (CISA) [6], or to be applied homogenously with-
out prioritization.

Evaluation of hypotheses
We compared the number of infections, hospitalizations, 
and deaths between December 15th, 2020 and July 1st, 
2021 under each scenario. We estimated the maximum 
prioritization bottleneck that would avert more deaths 
compared to vaccination without prioritization. In sensi-
tivity analyses, we compared the effect of the emergence 
of a more transmissible variant on maximum prioritiza-
tion bottleneck.

Results
Impact of vaccination expansion timing and speed
Without vaccination, the COVID-19 pandemic was 
projected to cause 1,433,600 infections, 589,000 cases, 
61,800 hospitalizations, and 8770 deaths in NYC between 
December 15th, 2020 and July 1st, 2021 (Fig.  1). At the 
slowest-examined vaccination speed of 20,000 vaccina-
tions per day, expanding vaccine eligibility 4 weeks after 
launch would lower cumulative infections and deaths 
by 23.4% (from 1,433,600 to 1,095,300) and 20.0% (8770 
to 7010) (Fig. 2). Delaying vaccine expansion to 6 weeks 
after launch would cause 31,500 (2.9%) additional infec-
tions and 179 (2.6%) additional deaths compared to 
immediate vaccine expansion. Compared to the slowest-
examined vaccination speed of 20,000 vaccinations per 
day, achieving the fastest-examined vaccination speed 
of 150,000 vaccinations per day would avert additional 
313,700 (28.6%) infections and 1693 (24.1%) deaths.

Trade‑off between vaccination speed and prioritization 
to high‑risk groups
Prioritizing age 65+ and essential workers averts more 
cumulative infections and deaths per vaccine dose deliv-
ered, as compared to vaccinating uniformly irrespec-
tive of priority groups. Saving 3000 lives – nearly one in 
3000 New Yorkers – would require 83,000 vaccinations 
per day without prioritization but only 50,000 vaccina-
tions per day with prioritization (Table  1). However, if 
prioritization were to reduce vaccination speed by caus-
ing an implementation bottleneck, the benefits would 
be reduced substantially. Prioritization would be ben-
eficial in terms of deaths averted only if any resulting 
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Fig. 1 Daily new SARS‑CoV‑2 infections (a,b), hospitalizations (c,d), and deaths (e,f) as well as cumulative deaths since December 15th, 2020 (g,h) 
in NYC when achieving different vaccination speeds by January 15th, 2021. Results are computed using model scenarios without (a,c,e,g) and with 
(b,d,f,h) the emergence of a more transmissible SARS‑CoV‑2 variant, assumed to gradually increase in prevalence over the period of January 1st 
through February 28th, 2021 with a 56% increase in average SARS‑CoV‑2 transmissibility by the end of this period. For vaccines requiring multiple 
doses, the vaccination speeds reported are for the first dose only
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Fig. 2 Cumulative SARS‑CoV‑2 infections over the period Dec 15th, 2020 to July 1st, 2021 when achieving different vaccination speeds by 
January 15th, January 21st, or February 1st, 2021. Results are computed using model scenarios without (a) and with (b) the emergence of a more 
transmissible SARS‑CoV‑2 variant, assumed to gradually increase in prevalence over the period of January 1st through February 28th, 2021 with 
a 56% increase in average SARS‑CoV‑2 transmissibility by the end of this period. For vaccines requiring multiple doses, the vaccination speeds 
reported are for the first dose only

Table 1 Vaccination speed (vaccinations per day beginning on January 15th, 2021) needed to avert different numbers of deaths in 
NYC over the period Dec 15th, 2020 to July 1st, 2021. For vaccines requiring multiple doses, the vaccination speeds reported are for the 
first dose only

Deaths averted Without new variant With new variant

No prioritization Prioritization No prioritization Prioritization

2000 29,000 18,000 11,000 8,000

2500 50,000 31,000 15,000 10,000

3000 83,000 50,000 19,000 13,000

3500 163,000 81,000 27,000 16,000

4000 > 200,000 175,000 34,000 20,000

6000 > 200,000 > 200,000 61,000 40,000

8000 > 200,000 > 200,000 115,000 71,000



Page 6 of 9Kim et al. BMC Public Health          (2023) 23:174 

bottlenecks slowed vaccination speed by less than 50% 
(Fig. 3a).

Impact of a more transmissible variant on vaccination 
effects
The emergence of a variant with 56% greater transmissi-
bility would increase by 3-fold the peak in daily COVID-
19 infections, hospitalizations, and deaths in NYC in the 
absence of vaccination (Fig.  1a-f ) and would add 7,947 
COVID-19 deaths between December 15th, 2020 and 
July 1st, 2021, compared to without the emergence of a 

variant (Fig.  1g-h) – doubling the COVID-19 death toll 
over this period. Vaccine expansion concurrently with 
emergence of a more transmissible variant could substan-
tially reduce the infections, hospitalizations, and deaths 
caused by the variant (Fig.  1). With expanded eligibility 
4 weeks after vaccination launch, the slowest-examined 
vaccination speed of 20,000 vaccinations per day would 
reduce deaths added by the variant from 7,947 to 6,649 
(Fig.  2). The highest-examined vaccination speed of 
150,000 vaccinations per day would reduce deaths added 
by the variant further to 2,351, fewer than the deaths that 

Fig. 3 Percent of COVID‑19 deaths averted over the period Dec 15th, 2020 to July 1st, 2021 by achieving different vaccination speeds by January 
15th, 2021, compared to no vaccination beyond January 15th, 2021. Results are computed using model scenarios without (a) and with (b) the 
emergence of a more transmissible SARS‑CoV‑2 variant, assumed to gradually increase in prevalence over the period of January 1st through 
February 28th, 2021 with a 56% increase in average SARS‑CoV‑2 transmissibility by the end of this period. Red lines show deaths averted by 
vaccination with prioritization of individuals age 65+ and essential workers. Blue lines show deaths averted by vaccination without prioritization. 
Gray arrows demonstrate the prioritization bottleneck above which prioritization would no longer be favorable in terms of averting the most 
deaths. Dots show results of model runs, while lines show the cubic interpolation that was used to estimate the impact of vaccination speeds 
in‑between the values directly evaluated in the model
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would be averted by similarly-paced vaccination in the 
absence of the new variant (3,596). A vaccination speed 
of 120,000 or more vaccinations per day could offset the 
harm of the more transmissible variant.

In scenarios where vaccination expansion was delayed 
until 5 or 6 weeks after vaccination launch (Fig. 2b), the 
benefits of vaccination were smaller overall and required 
greater speeds to offset the harm of the more trans-
missible variant. The later the increase in vaccination 
speed, the smaller the benefit of achieving that speed. At 
5 weeks post-launch, delivering 150,000 vaccinations per 
day would be required to offset the harm of a more trans-
missible variant, compared to 120,000 vaccinations with 
immediate vaccine expansion. At 6 weeks post-launch, 
delivering 150,000 vaccinations per day would not be suf-
ficient to offset the harm of the more transmissible vari-
ant. Prioritization would only avert more deaths if any 
resulting bottlenecks slowed vaccination speed by no 
more than 33% (Fig. 3b).

Prospective validation
We examined data on the proportion of circulating virus 
belonging to the B.1.1.7 lineage and the number of vac-
cines administered, cases, hospitalizations, and deaths, 
which became available after our modeling was con-
ducted. The proportion of circulating virus belonging to 
the B.1.1.7 lineage reached a maximum of 49% by mid-
May, 2021. Between December 15th, 2020 and July 1st, 
2021, 4,778,161 individuals received at least one dose of 
vaccination, resulting in the average daily vaccination of 
24,061 per day. The cumulative number of cases, hospi-
talizations, and deaths observed was 576,336, 41,916, and 
8585, respectively, which fell in-between the model pro-
jections for 0% B.1.1.7 and 100% B.1.1.7. at similar vac-
cination rates (20,000 daily vaccinations together with 
prioritizing individuals age 65+ and essential workers), 
indicating consistency between our projections and pro-
spective observations.

Discussion
Our modeling results suggest that rapidly reaching 
150,000 vaccinations per day could halve additional 
infections and deaths from the COVID-19 pandemic. 
Without the emergence of a more transmissible variant, 
prioritizing individuals age 65+ and essential workers 
could avert more deaths even if prioritization-induced 
bottlenecks reduced vaccination speed by up to half. 
However, with the variant, prioritizing could only avert 
more deaths if resulting bottlenecks reduced vaccina-
tion by up to one-third. Similar trade-offs between vac-
cination speed and prioritization were robust over a wide 
range of delivery capacity assumptions. With the emer-
gence of a more transmissible variant, reaching at least 

120,000 vaccinations per day would be required to offset 
the harm of the variant, and this speed would need to be 
reached within 4 weeks of vaccination launch.

Several modeling studies across the globe have esti-
mated that highly effective vaccination with moderate to 
high coverage would be able to suppress the COVID-19 
pandemic [25, 26]. Starting in May 2021, all adults have 
been eligible for COVID-19 vaccination in NYC [4]. 
Although some vaccination bottlenecks were initially 
observed, the daily doses administered reached ~ 50,000 
per day, and 45% of NYC residents received at least the 
first dose by the end of April 2021 [4]. Our model results 
suggest that prioritization of high-risk groups, who are 
disproportionately affected by COVID-19 including older 
people and those with underlying conditions [1–3], likely 
contributed to averting infections, hospitalizations, and 
deaths during this period, although the true extent to 
which prioritization caused bottlenecks in vaccination 
speed are not well-measured.

By mid-May 2021, the lineage B.1.1.7 accounted for 49% 
of all sequenced cases in NYC, never fully dominating 
the mix of circulating variants [27]. The observed num-
ber of cumulative deaths during the first half of 2021 were 
between what we projected with and without B.1.1.7 emer-
gence, for the scenario that best approximated the true vac-
cination rate in NYC (20,000 daily vaccinations together 
with prioritizing individuals age 65+ and essential work-
ers). Based on these prospectively validated projections, in 
the absence of a vaccine and without substantial behavioral 
changes, the rapid growth of B.1.1.7 or other more trans-
missible variants would have tripled the 2021 epidemic 
peak and more than doubled COVID-19 burden.

Our analysis has several important limitations. The 
model did not stratify SARS-CoV-2 transmission patterns 
according to age, occupation, or neighborhood structure, 
nor did it incorporate the tendency for a relatively small 
proportion of individuals to produce a disproportionately 
large number of secondary cases – a phenomenon known 
as superspreading. Additionally, our simulations did not 
consider differences in pathogenicity among different 
variants, nor immune evasion by new variants. 

These limitations may bias our results in different ways. 
If prioritized occupations such as healthcare, education, 
and transit contribute more to SARS-CoV-2 transmis-
sion than other population groups, then our results may 
be biased in favor of vaccination speed rather than prior-
itization by failing to account for the transmission ben-
efit of prioritizing essential workers. On the other hand, 
if even more transmissible variants than the B.1.1.7 line-
age dominate in NYC, or if new variants are capable of 
re-infecting recovered individuals by evading naturally 
acquired immunity, our results may be biased in favor of 
prioritization rather than vaccination speed.
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Conclusions
Our modeling emphasizes that prioritization of 
COVID-19 vaccines to higher-risk populations saves 
more lives only if it does not create an excessive vac-
cine delivery bottleneck, as well as the urgency of rapid, 
high-speed vaccination in the context of the emergence 
of a more transmissible pathogen variant.
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