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Longitudinal trajectories of Long COVID remain ill-defined, yet are critically
needed to advance clinical trials, patient care, and public health initiatives for
millions of individuals with this condition. Long COVID trajectories were
determined prospectively among 3,659 participants (69% female; 99.6%
Omicron era) in the National Institutes of Health Researching COVID to
Enhance Recovery (RECOVER) Adult Cohort. Finite mixture modeling was used
to identify distinct longitudinal profiles based on a Long COVID research index
measured 3 to 15 months after infection. Eight longitudinal profiles were
identified. Overall, 195 (5%) had persistently high Long COVID symptom bur-
den, 443 (12%) had non-resolving, intermittently high symptom burden, and
526 (14%) did not meet criteria for Long COVID at 3 months but had increasing
symptoms by 15 months, suggestive of distinct pathophysiologic features. At
3 months, 377 (10%) met the research index threshold for Long COVID. Of
these, 175 (46%) had persistent Long COVID, 132 (35%) had moderate symp-
toms, and 70 (19%) appeared to recover. Identification of these Long COVID
symptom trajectories is critically important for targeting enrollment for future
studies of pathophysiologic mechanisms, preventive strategies, clinical trials

and treatments.

Long COVID was recently defined by a National Academies of Sciences,
Engineering, and Medicine committee as an infection-associated
chronic condition that occurs after SARS-CoV-2 infection and is pre-
sent for at least 3 months as a continuous, relapsing and remitting, or
progressive disease state that affects one or more organ systems”
This definition incorporates the possibilities of several distinct trajec-
tories for Long COVID, yet these trajectories remain poorly defined.
Millions of patients have experienced Long COVID, with a prevalence
in adults estimated to be approximately 6% post-infection, with
roughly a quarter of those with Long COVID experiencing significant
activity limitations**. Patients experience Long COVID as a wide range
of symptoms of variable severity with an unpredictable clinical course.
In addition, healthcare providers face significant diagnostic challenges
because many Long COVID symptoms are non-specific and can be
present in uninfected persons or recovered SARS-CoV-2-infected
patients without clear evidence of Long COVID. There is an urgent
need to define the differing Long COVID trajectories to inform clinical
trials and other investigations into the pathogenesis and treatment of

persistent symptoms, as well as to determine the resources required
for clinical and public health support of individuals with Long COVID
and their providers.

To address this important global health priority, the National
Institutes of Health established the Researching COVID to Enhance
Recovery (RECOVER) initiative (https://recovercovid.org/). The
RECOVER Adult cohort includes a large subgroup of participants who
were prospectively followed from the acute phase of their first SARS-
CoV-2 infection, including participants who enrolled as uninfected and
were infected during the study®. To provide a rigorous assessment of
disease presence and capture the heterogeneity of Long COVID-
associated symptoms, a quantitative research index for Long COVID
was developed based on specific self-reported symptoms using stan-
dardized questionnaires developed with input from patient
representatives®’. Here, using this index, we report Long COVID tra-
jectories among the RECOVER Adult participants observed since acute
infection, and describe the notable features and prevalence of these
trajectories.
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Results

There were 4323 participants in RECOVER Adult who were followed
prospectively from their first infection and were expected to have
15 months of follow-up data from that point. Enroliment dates ranged
from October 29, 2021 to June 27, 2023 (Supplementary Table 1). The
analysis cohort included 3659 participants (3280 acute, defined as
those who enrolled within 30 days of their first SARS-CoV-2 infection,
and 379 crossovers, defined as those who enrolled as uninfected and
subsequently experienced their first SARS-CoV-2 infection (Fig. 1), who
met inclusion criteria. Participants were mostly female (69%), infected
in the Omicron variant era (99.6%), and did not require hospitalization
(98%) (Table 1). Of 3644 participants, 374 (10.3%) met symptom criteria
for Long COVID (that is, had a Long COVID Research Index [LCRI] of at
least 11°) at 3 months and 324/2970 (10.9%) met criteria at 15 months
after first SARS-CoV-2 infection, after excluding participants in the
active phase of a reinfection or with a missing symptom survey at the
corresponding visit (Fig. 2).

The proportion of participants missing symptom data at visit
months 6-15 ranged between 8 and 16% for each visit (Supplementary
Table 2). Over two-thirds (68%) of participants had data measured at all
5 visits, 18% had data at 4 visits, 9% had data at 3 visits, and 4% had data

at only 2 visits. Missed visit rates were consistent across LCRI strata at
the prior visit, except for those with the highest LCRI (20-30), who
were more likely to miss the next visit.

Eight distinct profiles were identified (Fig. 3 and Supplementary
Table 3). Profile A (n=195, 5%) generally described participants who
met the threshold for Long COVID across all visits (“persistent, high
symptom burden”). This profile described almost all participants with
a very high LCRI at 3 months. Profile B (n =443, 12%) described parti-
cipants whose LCRI fluctuated around 9, intermittently meeting the
threshold for Long COVID (“intermittently high symptom burden”).
Profile C (n=379, 10%) described participants whose LCRI decreased
over time (“improving, moderate symptom burden”). Profile D
(n=334, 9%) described participants whose LCRI was on average lower
than profile C at 3 months and decreased, mostly to 0, by 6 months
(“improving, low symptom burden”). Profile E (n =309, 8%) described
participants whose LCRI gradually increased over time (“worsening,
moderate symptom burden”). Profile F (n=217, 6%) described parti-
cipants whose LCRI was very low between months 3 and 12 but
increased at month 15, driven in part by an increase in the presence of
post-exertional malaise (“delayed worsening symptom burden”). Pro-
file G (n=481, 13%) described participants who have generally low
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Fig. 1| Inclusion and exclusion criteria for analysis cohort.
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Table 1 | Demographic and clinical characteristics of analysis cohort

Characteristic Level Acute infec- Crossover (n1=379) Overall (n=3659)
ted (n=3280)

Sex assigned at birth Female 2239 (69%) 280 (74%) 2519 (69%)
Male 1025 (31%) 98 (26%) 1123 (31%)
Intersex 3 (0%) 0 (0%) 3 (0%)
Missing 13 1 14

Age at first infection [years] Median [IQR] 49 (36, 62) 54 (39, 64) 50 (36, 62)
Mean (SD) 49 (16) 52 (15) 50 (16)
18-39 1077 (33%) 104 (27%) 1181 (32%)
40-54 905 (28%) 98 (26%) 1003 (27%)
55+ 1297 (40%) 177 (47%) 1474 (40%)
Missing 1 0 1

Race/ethnicity® Non-Hispanic white 2012 (61%) 271 (72%) 2283 (62%)
Non-Hispanic black 454 (14%) 21 (6%) 475 (13%)
Non-Hispanic Asian 234 (7%) 27 (7%) 261 (7%)
Hispanic 407 (12%) 44 (12%) 451 (12%)
Multiracial/other/missing 173 (5%) 16 (4%) 189 (5%)

Referral type Community outreach 717 (22%) 124 (33%) 841 (23%)
Public health department list 196 (6%) 9 (2%) 205 (6%)
Community health center 54 (2%) 2 (1%) 56 (2%)
Participant tested/treated in the health system 1538 (47%) 59 (16%) 1597 (44%)
Existing, prospectively followed COVID cohort 93 (3%) 6 (2%) 99 (3%)
Existing non-COVID research or clinical cohort 32 (1%) 13 (3%) 45 (1%)
Long COVID clinic 3 (0%) 1(0%) 4 (0%)
Self-referral from the RECOVER website or other 645 (20%) 165 (44%) 810 (22%)
unsolicited self-referral
Missing 2 0 2

Hospitalized during acute phase of first ~ Hospitalized during acute phase 81(3%) 1(0%) 82 (2%)

infection Missing 99 61 160

Era of first infection P/re-Or;ﬁicron (first SARS-CoV-2 infection before 12/ 15 (0%) 0 (0%) 15 (0%)
1/2021

Omicron (first SARS-CoV-2 infection 12/1/2021

or later)

3265 (100%) 377 (100%) 3644 (100%)

?Race/ethnicity was self-reported. Assignment into these mutually exclusive categories is described in the Supplementary Methods.

LCRI, with some intermittently higher between 3 and 15 months that
usually did not reach the Long COVID threshold (“consistent, low
symptom burden”). Finally, profile H (n=1301, 36%) described parti-
cipants who never met the threshold for Long COVID (“consistent,
minimal to no symptom burden”).

Participants with persistent, high symptom burden (profile A)
compared to participants with consistent, minimal to no symptom
burden (profile H) were more often female (77 vs. 64%) and hospita-
lized during acute SARS-CoV-2 infection (6 vs 1%; Table 2). Overall, 36%
of participants reported on-study reinfections by 15 months, ranging
from 31 to 40% by profile. The reinfection rates in the worsening
profiles (E and F), 39 and 40%, were marginally higher than other
profiles. The proportion of participants who met the Long COVID
threshold at each visit in each profile is shown in Supplementary
Table 4. The frequency of individual symptoms at 3 and 15 months, by
profile, is shown in Supplementary Fig. 1. The distribution of long-
itudinal profiles is provided, stratified by acute versus crossover status
(Supplementary Table 5) and by referral source (Supplementary
Table 6).

Among the 377 participants who met the Long COVID threshold at
3 months, there were 175 (46%) in the persistent high symptom burden
group (profile A), 132 (35%) in the intermittently high symptom burden
group (profile B), 66 (18%) in the improving, moderate symptom
burden group (profile C), 4 (1%) in the improving, low symptom

burden group (profile D), and 0 (0%) in the remaining groups. Indivi-
dual trajectories are shown in Supplementary Fig. 2. The continually
uninfected cohort included 1306 participants. Demographic and clin-
ical characteristics of this cohort are provided in Supplementary
Table 7 with a summary of missing data in Supplementary Table 8.
After multiple imputation, 3.1% met criteria for Long COVID at enroll-
ment, 4.9% at 3 months, 4.9% at 6 months, 6.4% at 9 months, and 5.2%
at 12 months. The most common profiles, in descending order, of the
continually uninfected cohort were profile H (n = 632, 48%), G (n =247,
20%), E (n=105, 8%), C (n=85, 7%), B (n=72, 6%), F (n=72, 6%), D
(n=65,5%), and A (n=18, 1%) (Supplementary Table 9).

Discussion

In this large, prospective, longitudinal analysis of participants enrolled
in the RECOVER Adult cohort, we identified multiple post-infection
trajectories capturing distinct patterns of symptom burden. We found
5% of infected participants persistently met the threshold for Long
COVID for 15 months, and an additional 12% of participants had an
intermittently high burden of Long COVID-related symptoms that did
not improve over time. Among the 10% of participants who met
research index criteria for Long COVID at 3 months, 46% were in the
persistent Long COVID group, 35% continued to have intermittent
Long COVID-related symptoms, and 19% were in the group that was
improving over time. The latter group had an encouraging trajectory
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Fig. 2 | Sankey diagram for longitudinal changes in Long COVID status over
time, among participants prospectively followed from initial SARS-CoV-2
infection. Participants in the analysis cohort are followed from their 3 month visit
after first SARS-CoV-2 infection into the following categories: Long COVID (meeting
LCRI threshold of 11), LC Unspecified (not meeting LCRI threshold of 11), and active
reinfection (symptom survey completed within 30 days of a reported on-study

reinfection). Between 6 and 15 months, participants not meeting the LCRI threshold
of 11 are stratified further into those who had LC at a prior visit included in the
diagram (“Unspec-Prior LC”) and those who did not (“Unspec-No Prior LC”). Parti-
cipants may also be categorized as “Missed”, meaning they do not have symptom
survey data at that visit (but may have symptom survey data at later visits). LC Long
COVID, LCRI Long COVID Research index, Unspec unspecified.
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Fig. 3 | Longitudinal profiles of the analysis cohort. Finite mixture models were
used to identify distinct trajectories of the Long COVID Research Index between 3
and 15 months after the first SARS-CoV-2 infection. The median (solid black line)
and individual trajectories (solid colored lines) are shown for the 8 longitudinal
profiles (A-H) identified. The Long COVID Research Index threshold of 11 is
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provided (dashed line). The Long COVID symptom burden of the profiles are
described as follows: A, persistent, high; B, intermittently high; C, improving,
moderate; D, improving, low; E, worsening, moderate; F, delayed worsening; G,
consistent, low; H, consistent, minimal to none.

of improvement in symptom burden over 15 months, with the majority
of the improvement occurring over the course of the first few months.

In contrast, we observed some participants (14%) whose LCRI
increased over time (profiles E and F). There was a comparable pro-
portion of reinfections in these individuals relative to other trajectory
profiles, suggesting that this increase in their LCRI may not be
explained by newly developed Long COVID after reinfection. Addi-
tional possibilities for this rise in LCRI include increasing clinical
symptoms from a delayed pathophysiologic process® or an

intercurrent illness not related to Long COVID, though biological
measures were not directly assessed in this study. When compared to a
continually uninfected cohort, we observed a lower frequency of
participants with symptom profiles A-D, which includes all profiles
with persistent or improving symptoms, but a similar frequency of
profile E (worsening, moderate), and so it is possible that profile E may
ultimately be unrelated to Long COVID.

A notable design strength of the RECOVER study is the inclusion
of frequent serial measurements over time since initial infection from a
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population-based cohort. This design allowed us to apply finite mix-
ture models for longitudinal data, an unbiased approach to char-
acterizing distinct longitudinal profiles with additional robustness
properties against overfitting’. The observed eight longitudinal tra-
jectories were heterogeneous across profiles, which is consistent with
the reported clinical patient experience’. Of note, earlier studies found
similarly high rates of persistence and low rates of complete
recovery®™, Very few studies of Long COVID have attempted to
classify individuals into trajectory groups. A province-wide 18-month
prospective study in Quebec found three main trajectories: a group
with persistent poor quality of life; a group with average and stable
quality of life scores, and a group with very high and stable quality of
life scores®™. A study in New York City prospectively followed for 2
years found five physical health trajectories and four mental health
trajectories™.

Additional strengths of this study include its large size, repre-
sentative population, the very detailed symptom questionnaire, a
standardized and robust Long COVID index, and minimal loss to
follow-up. There are also some limitations. The 10% prevalence of Long
COVID in this study was lower than earlier eras with pre-Omicron
variants and limited vaccination®. In addition, our findings may not
reflect the trajectories of individuals with Long COVID who were
infected in earlier eras and may not be fully representative of the
general population. While community outreach efforts, which inclu-
ded television, radio, and social media advertisements, increased the
diversity of the recruited cohort, it was not possible to quantify the
number of individuals who were “approached” to enroll into RECOVER
but declined, making it difficult to generalize our findings to all indi-
viduals with Long COVID or SARS-CoV-2 infection. There may have also
been more granular, day-to-day changes in symptoms that were not
captured by surveys that were administered only every 3 months.
Moreover, our study was not designed to look at trajectories of indi-
vidual symptoms as reported by others for up to 3 years of follow-up™®.
Although 86% of participants attended at least 4 of 5 visits, we did
observe slightly higher loss to follow-up among participants with the
highest LCRI, making it possible that we are under or overestimating
recovery. It is possible that some participants experiencing more
debilitating symptoms were less likely to complete subsequent
symptom surveys due to exhaustion or fatigue, which has been
observed in other studies related to chronic fatigue”. Finally, we did
not have sufficient data after 15 months of follow-up to conduct robust
analyses of the longer-term trajectory; this will be an important focus
of future work. A larger sample size may have also revealed even
subtler differences within the eight identified trajectories, resulting in
a greater number of profiles.

The present study was intended to describe the natural history of
Long COVID. The variability across individual-level trajectories will
enable future studies to evaluate risk factors and biomarkers from
biological samples that could predict future outcomes and explain
differences in time to recovery, and identify potential therapeutic
targets. Time-varying exposures can also be incorporated into future
analyses, providing additional clues to potentially tractable factors
impacting the trajectory over time. These findings will also provide
vital information for well-designed interventional clinical trials and for
clinicians and public health agencies in support of Long COVID
patients.

In summary, we found that among individuals with a known his-
tory of SARS-CoV-2 infection, 5% had a profile characterized by a
persistently high Long COVID-related symptom burden and an addi-
tional 12% had an intermittently high burden of symptoms that did not
improve over time. Among the 10% of participants who developed
Long COVID based on the research index threshold at 3 months after
their first infection, the majority had persistent or intermittent symp-
toms, while 19% showed improvement over the subsequent year.
These subgroups will be critically important to target enrollment for

future studies of pathophysiologic mechanisms, preventive strategies,
and treatments.

Methods

Study cohort

RECOVER Adult is an ongoing, prospective observational cohort study
of adults in the US, with and without SARS-CoV-2 infection, who were
enrolled at 83 sites (hospitals, health centers, community organiza-
tions) located in 33 states plus Washington, DC and Puerto Rico’. Study
participant selection included population-based, volunteer, and con-
venience sampling. Participants complete symptom surveys every
3 months. All participants provided written informed consent at
enrollment. The NYU Langone Health Institutional Review Board (IRB)
approved the study, which served as a single IRB for almost all sites,
while some sites required approval by the local IRB (Supplementary
Table 10).

Inclusion and exclusion criteria

To facilitate longitudinal analysis from the time of first SARS-CoV-2
infection (“index date”), RECOVER Adult acute and crossover partici-
pants were included. Symptom surveys were completed at visits 3,6, 9,
12, and 15 months after the index date. Only participants expected to
have a 15-month visit by the end of the study period (September 6,
2024) were included. Participants without 3-month symptom survey
data and participants with no symptom survey data between 6 and
15 months were excluded.

A comparator cohort was constructed with participants that
remained continually uninfected (i.e., no reported history of infection
at enrollment through the 12-month visit after enrollment). This mir-
rors the 12 months that elapsed during follow-up for the infected
cohort, beginning at 3 months and ending at 15 months. We excluded
uninfected participants who did not complete any symptom surveys
between their scheduled 3- and 12-month visits.

Outcomes

The primary outcome was the 2024 LCRI, a weighted sum based on the
presence or absence of 11 symptoms that include severity measures at
the time of the symptom survey®. LCRI (range 0-30; higher scores
indicate greater symptom burden) was calculated at every study visit.
Participants with a LCRI>11 (i.e., highly symptomatic) were classified
as having Long COVID.

Statistical analysis

Demographic and clinical characteristics were summarized, including
the amount of missing data, using descriptive statistics. An alluvial
(Sankey) diagram was generated to visualize Long COVID status over
time across study visits. This was further stratified by prior state (Long
COVID at some prior visit, not meeting the Long COVID threshold
previously). Other strata at each time point included those with active
reinfections (survey completed within 30 days of reinfection) and
those who missed the symptom survey at that time point. The pro-
portions of participants attending their next scheduled visit by LCRI
(0, 1-10, 11-19, 20-30) were reported.

Finite mixture models for longitudinal data using the expectation-
maximization algorithm were used to identify distinct longitudinal
profiles using the LCRI as a Poisson-distributed continuous outcome
variable’. To account for missing LCRI due to missing symptom survey
data, multiple imputation with random intercepts was used under the
assumption that the data are missing at random, conditional on age,
sex, race/ethnicity, referral type, hospitalization status at the time of
1st infection, vaccination status at 1st infection, and multiple social
determinants of health and comorbidities™". Full details of the
imputation and profiling approach are provided in the Supplementary
Methods. The averaged Bayesian Information Criterion was used to
identify the optimal number of profiles across the imputed datasets. A
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consensus-based approach was used to assign individuals to profiles
while averaging over the profiling results from the imputed datasets®.
Demographic and clinical characteristics, including the proportion
reinfected by 15 months, were summarized by profile. In the subgroup
analysis, the trajectories of participants with Long COVID at 3 months
were characterized. The distribution of originally assigned profiles for
these participants was reported, and individual trajectories were
visualized. Finally, in the continually uninfected cohort, the proportion
of participants with LCRI >11 at each visit was reported. Participants
were assigned to the profiles they most closely resemble based on
Euclidean distance, without repeating the group trajectory modeling
analysis. Multiple imputation was used to address missing data in this
cohort with the same covariates.

Analyses were conducted in R version 4.4.0”. Additional infor-
mation on specific R packages used can be found in the Supplementary
Methods.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The RECOVER Adult Cohort Observational Study is in progress, and the
datasets are updated dynamically. NHLBI has undertaken a significant
effort to release harmonized data from all RECOVER observational
cohort studies to the public via their BioData Catalyst platform
(https://biodatacatalyst.nhlbi.nih.gov/recover). Data, including source
data for all results, are available as of April 25, 2024 for researchers
whose proposed use of the data has been approved for a specified
scientific purpose and after approval of a proposal and with a signed
data access agreement.

Code availability

For reproducibility, our code is available on Git (https://github.com/
mgb-recover-drc/recover-nbr-public/tree/main/adult/manuscripts/
trajectories)?.
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