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IMPORTANCE Accurate estimation of the association between transient ischemic attack (TIA)
and risk of subsequent stroke can help to improve preventive efforts and limit the burden of
stroke in the population.

OBJECTIVE To determine population-based incidence of TIA and the timing and long-term
trends of stroke risk after TIA.

DESIGN, SETTING, AND PARTICIPANTS Retrospective cohort study (Framingham Heart Study)
of prospectively collected data of 14 059 participants with no history of TIA or stroke at
baseline, followed up from 1948-December 31, 2017. A sample of TIA-free participants was
matched to participants with first incident TIA on age and sex (ratio, 5:1).

EXPOSURES Calendar time (TIA incidence calculation, time-trends analyses), TIA (matched
longitudinal cohort).

MAIN OUTCOMES AND MEASURES The main outcomes were TIA incidence rates; proportion of
stroke occurring after TIA in the short term (7, 30, and 90 days) vs the long term (>1-10 years);
stroke after TIA vs stroke among matched control participants without TIA; and time trends
of stroke risk at 90 days after TIA assessed in 3 epochs: 1954-1985, 1986-1999, and
2000-2017.

RESULTS Among 14 059 participants during 66 years of follow-up (366 209 person-years),
435 experienced TIA (229 women; mean age, 73.47 [SD, 11.48] years and 206 men; mean
age, 70.10 [SD, 10.64] years) and were matched to 2175 control participants without TIA. The
estimated incidence rate of TIA was 1.19/1000 person-years. Over a median of 8.86 years of
follow-up after TIA, 130 participants (29.5%) had a stroke; 28 strokes (21.5%) occurred within
7 days, 40 (30.8%) occurred within 30 days, 51 (39.2%) occurred within 90 days, and 63
(48.5%) occurred more than 1 year after the index TIA; median time to stroke was 1.64
(interquartile range, 0.07-6.6) years. The age- and sex-adjusted cumulative 10-year hazard of
incident stroke for patients with TIA (130 strokes among 435 cases) was 0.46 (95% CI,
0.39-0.55) and for matched control participants without TIA (165 strokes among 2175) was
0.09 (95% CI, 0.08-0.11); fully adjusted hazard ratio [HR], 4.37 (95% CI, 3.30-5.71; P < .001).
Compared with the 90-day stroke risk after TIA in 1948-1985 (16.7%; 26 strokes among 155
patients with TIA), the risk between 1986-1999 was 11.1% (18 strokes among 162 patients) and
between 2000-2017 was 5.9% (7 strokes among 118 patients). Compared with the first
epoch, the HR for 90-day risk of stroke in the second epoch was 0.60 (95% CI, 0.33-1.12) and
in the third epoch was 0.32 (95% CI, 0.14-0.75) (P = .005 for trend).

CONCLUSIONS AND RELEVANCE In this population-based cohort study from 1948-2017, the
estimated crude TIA incidence was 1.19/1000 person-years, the risk of stroke was significantly
greater after TIA compared with matched control participants who did not have TIA, and the
risk of stroke after TIA was significantly lower in the most recent epoch from 2000-2017
compared with an earlier period from 1948-1985.
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T ransient ischemic attack (TIA) is a major herald of
impending stroke.1,2 Heightened awareness, identifi-
cation of persons at high risk, and timely management

can significantly mitigate this risk.3 As secondary prevention
interventions have evolved including rapid and complete
evaluation and commencement of appropriate preventive
therapies, decrease in short- and long-term stroke risk after
TIA over time is expected but has not been documented.
While the elevated early risk of stroke after a TIA has been
well-described,4,5 the long-term risk is incompletely charac-
terized. Early stroke risk stratification schemes are widely
used,6 but less is known regarding clinical and demographic
factors that determine the long-term risk of stroke after TIA.
In a large multicenter TIA registry study, it was found that
the risk of stroke and cardiovascular events continues to
rise steadily in the long term, suggesting that patients with
TIA remain at high risk beyond the early phase.7 The study
included patients evaluated in organized centers staffed
by stroke specialists, which limits generalization of the find-
ings to the general population that might not have ready
access to specialized services and in whom the risk might be
even higher.

This study used systematically gathered longitudinal data
from Framingham Heart Study participants, with follow-up
spanning more than 6 decades, to investigate the incidence of
first TIA. The short- and long-term risk of stroke after first-
ever TIA were assessed, and the clinical and demographic char-
acteristics related to this risk were described. In addition, time
trends in stroke risk after TIA were explored.

Methods
Written informed consent was obtained at each visit from
study participants, and the study protocol was approved by
the institutional review board of the Boston University
School of Medicine.

The Framingham Heart Study is a longitudinal,
population-based cohort study. The Original Cohort was
enrolled in 1948 (5209 persons, aged 28-62 years). The Off-
spring Cohort was enrolled in 1971 (5124 persons, aged 5-70
years). The Third Generation Cohort (4095 persons, aged
19-74 years) began enrollment in 2002.

The cohorts are predominantly White, of European de-
scent (≈99%). From a sociodemographic standpoint, the par-
ticipants are considered middle-class and well-educated (≈70%
high school graduate, ≈18% college degree). Detailed descrip-
tions of the study have been published.8

The incidence cohort comprised participants from the
Original, Offspring, and Third Generation cohorts who were
free of stroke and TIA.

Cohort Surveillance and Follow-up Procedures
Original Cohort participants have been examined biennially
since enrollment; Offspring Cohort participants are reexam-
ined approximately every 4 years and Third Generation
Cohort participants every 6 years.9,10 These scheduled
in-person visits include, among other things, a detailed medi-

cal and family history with special emphasis on cerebrovas-
cular and cardiac symptoms, cardiovascular-oriented physi-
cal examination, medications used, and a neurocognitive
battery. For those who cannot attend the examination on the
study premises, visits by study staff are conducted. In addi-
tion to scheduled in-person visits and self-reporting of symp-
toms by patients, family members, or primary care physi-
cians, all participants are contacted annually for a structured
health review (eMethods in the Supplement), including
review of focal neurologic symptoms suggestive of stroke or
TIA.11 Furthermore, the main local hospital in Framingham is
surveyed daily for admissions of study participants.

Any concerning symptoms trigger a review by a neurolo-
gist with stroke expertise to adjudicate the nature of the symp-
toms. If the symptoms are suspicious for stroke or TIA, an in-
person visit is conducted by a study neurologist, either on study
premises or by visiting the participant at the hospital or reha-
bilitation facility. The visit includes a detailed history of the
event, neurologic examination, and review of medical rec-
ords, including brain and vascular imaging data. These event-
triggered in-person visits are in addition to the scheduled in-
person visits described above. Study staff collects all available
information, including hospitalization notes and discharge
summaries and imaging and laboratory data. Ultimately, all rel-
evant information is brought before a panel including at least
2 neurologists with stroke expertise who adjudicate the TIA
or stroke event and subtype.

Outcomes
Two primary outcomes of interest were TIA in the incidence
cohort and stroke after TIA (or stroke after matching for con-
trol participants) in the matched longitudinal cohort analy-
sis. For stroke after TIA we followed up patients for up to 10
years after TIA.

TIA Definition
TIA was defined as an episode of rapid-onset focal neurologic
dysfunction attributed to focal cerebral ischemia, with
resolution within 24 hours. Transient visual disturbances
associated with retinal ischemia were defined as transient

Key Points
Question What is the incidence of first transient ischemic attack
(TIA) and how is TIA associated with subsequent stroke risk?

Findings In this population-based cohort study from 1948-2017,
the estimated crude TIA incidence was 1.19/1000 person-years,
the risk of stroke was significantly greater after TIA compared
with matched control participants who did not have a TIA
(adjusted hazard ratio, 4.37), and the risk of stroke within 90 days
after TIA was significantly lower in the most recent epoch from
2000-2017 compared with an earlier period from 1948-1985
(hazard ratio, 0.32).

Meaning Among participants in the Framingham Heart Study
from 1948-2017, TIA was associated with greater risk of
subsequent stroke compared with matched control participants
without TIA, and the risk of stroke after a TIA was lower in more
recent periods.
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monocular blindness and considered TIAs. Isolated transient
symptoms such as altered consciousness, syncope, dizziness,
amnesia, confusion, vertigo, dysarthria, dysphagia, or diplo-
pia were not considered TIAs unless associated with other
symptoms of brainstem ischemia. Focal symptoms associ-
ated with migraines were also excluded. Participants with a
clinical diagnosis of TIA who were later found to have evi-
dence of cerebral infarct in appropriate vascular distribution
on computed tomography or magnetic resonance imaging
were considered to have had a TIA. We characterized the
duration, symptoms (motor, sensory, speech, and visual),
and probable location (ocular, hemispheric, or brainstem) of
the TIA. Further details regarding TIA subtyping are provided
in the eMethods in the Supplement.

Stroke Definition
Stroke was defined as an acute-onset focal neurologic deficit
of vascular etiology, persisting for more than 24 hours. Events
with global neurologic dysfunction such as stupor or coma in
the case of brainstem ischemia or subarachnoid hemorrhage
were also considered strokes after review of the ancillary data
and adjudication in the review process. Both ischemic and
hemorrhagic stroke subtypes were included. Stroke subtypes
were categorized based on preestablished criteria that in-
clude clinical features, imaging studies, and other laboratory
criteria; noninvasive vascular studies; cardiac evaluations for
a source of embolus; and, when available, information from
autopsy studies. Ischemic stroke was diagnosed if a focal neu-
rologic deficit was documented and the imaging showed no
hemorrhage, the imaging showed an ischemic infarct that cor-
related with the clinical deficit, or an ischemic infarct was docu-
mented at autopsy.

A stroke was classified as cardioembolic if a cardiac source
of embolus was found. All other ischemic infarcts were his-
torically classified as atherosclerotic brain infarctions. This
broad category initially included large-artery infarcts, lacu-
nar infarcts, and infarcts of unknown origin. With the evolu-
tion in stroke phenotyping, more subcategories have been
added. For the purpose of this analysis we have made a fur-
ther distinction between lacunar and nonlacunar atheroscle-
rotic brain infarctions outlined in detail in the eMethods in the
Supplement. Other defined etiologies (eg, fibromuscular dys-
plasia, arterial dissection) are classified separately.

Risk Factors Definition
The study spans 70 years, during which some of the cardio-
vascular risk factor definitions have changed; presence or ab-
sence of a cardiovascular risk factor is in accordance with the
accepted definition at the time of data recording. Blood pres-
sure was recorded in each visit and used as a continuous vari-
able. Hypertension was defined as systolic blood pressure
greater than 140 mm Hg or diastolic blood pressure greater than
90 mm Hg, or use of an antihypertensive medication.12 Age was
used both as continuous variable and dichotomized as younger
than 65 years and 65 years or older, and education status as
with and without high school degree. We also recorded cur-
rent smoking, diagnosis of diabetes, atrial fibrillation, and coro-
nary heart disease as binary variables.

Statistical Analyses
Participants were followed up until they developed the first-
ever TIA or were censored (at death or their latest study evalu-
ation before December 2014). Follow-up for stroke after TIA
was extended until December 31, 2017. We examined the an-
nual age- and sex- specific incidence rates of TIA per 1000 per-
son-years. We also used direct standardization to the overall
age distribution to obtain age-adjusted 1-year incidence rates
per 1000 person-years.

We used a nested matched longitudinal cohort study de-
sign to investigate the risk of subsequent stroke after the first
TIA. The matched cohort design was used only to select con-
trol participants without TIA matched to each participant with
TIA at the time of the TIA. Each participant with TIA was ran-
domly assigned 5 age- and sex-matched controls who were
alive, stroke-free, and TIA-free prior to the date of TIA in their
assigned case participant.

We constructed Cox proportional-hazards regression
models to examine the crude and adjusted risk of stroke after
a first TIA. To compute hazard ratios (HRs), we constructed 3
models: model 1 was adjusted for age and sex; model 2 added
education level; and model 3 added hypertension, diabetes,
atrial fibrillation, coronary heart disease, and current smok-
ing. Participants with missing data on any of these variables
were excluded from the adjusted analyses. To assess the
potential effect of excluding individuals with missing vari-
ables on estimated associations we present 2 additional itera-
tions of model 3 excluding the variables that resulted in data
missingness (diabetes and current smoking) as well as an
iteration of model 2 on the modified sample that resulted
from excluding participants with missing data. In addition,
we provide age-, sex-, and confounders-adjusted cumulative
hazards for participants with TIA and control participants
without TIA separately. To test the proportionality assump-
tion, we generated time-dependent covariates by creating
interactions of the predictors and a function of survival time
and included it in the model.

We performed stratified analyses within subgroups de-
fined by the above-mentioned clinicodemographic variables
as well as TIA characteristics. We used a series of Cox propor-
tional hazards models adjusted for age and sex, including in-
teraction terms.

We also present findings focused on the last epoch (2000-
2017), which informs on contemporary conditions and helps
to contextualize the findings.

We further performed bivariable exploratory compari-
sons within the participants who experienced a TIA, to estab-
lish factors associated with subsequent stroke risk over the en-
tire follow-up period, and further stratified by timing of stroke
at 7 days (0-7 vs >7), 30 days (0-30 vs >30), 90 days (0-90 vs
>90), and 1 year (0-365 vs >365 days).

We analyzed trends in stroke incidence after TIA by ep-
och (1945-1985, 1986-1999, and 2000-2017), further strati-
fied by stroke timing and adjusted for age and sex. The 1986
cutoff point was chosen to reflect changes in primary and sec-
ondary prevention practices, especially with regard to blood
pressure control.13,14 The 2000 cutoff was chosen to reflect fur-
ther changes in secondary prevention practices, especially the
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widespread use of statins and anticoagulants and introduc-
tion of non–vitamin K antagonists.

For each epoch, we reported 90-day, 1-year, 5-year, and 10-
year HRs, which represent the incidence (hazards) of stroke
during each epoch relative to incidence (hazards) during the
first epoch, respectively. We estimated linear trends using the
elapsed mean time.

We used a 2-sided α level of .05 for all tests. There was no
adjustment for multiple comparisons, and study findings
should be interpreted as exploratory; post hoc false discov-
ery rate–adjusted P values remained unchanged (<.001). All sta-
tistical analyses were performed using SAS version 9.4 (SAS
Institute Inc).

Results
Baseline Demographic and Risk Factor Characteristics,
Clinical Characteristics, and Incidence of TIAs
The incidence cohort comprised 14 059 participants (5125 from
the Original Cohort, 5070 from the Offspring Cohort, and 3864
from the Third Generation Cohort). None of the time-
dependent covariates was found to be significant; therefore,
the proportionality assumption holds.

Over 66 years of follow-up (366 209 person-years), 435 par-
ticipants were identified with a first TIA (229 women; mean
age, 73.47 [SD, 11.48] years and 206 men; mean age, 70.10 [SD,
10.64] years). The matched longitudinal cohort sample to-
taled 2610 participants (435 with TIA and 2175 without TIA)
(1145 women; mean age, 72.87 [SD, 11.59] years and 1030 men;
with mean age, 69.6 [SD, 10.67] years).

Baseline characteristics of participants with TIA and
matched controls are reported in Table 1. Patients with TIA had
significantly higher prevalence of hypertension, diabetes, atrial
fibrillation, and coronary artery disease and smoking. With the
exception of smoking, these differences remained statisti-
cally significant between participants with TIA and matched
controls in the third epoch. Clinical characteristics of inci-
dent TIAs are summarized in eTable 1 in the Supplement. Weak-
ness was the most frequent symptom, reported in 47% of par-
ticipants, and 59% of participants reported 1 symptom. Eighty-
one percent of TIAs were referable to the anterior circulation
and 66% of participants had symptoms lasting less than 1 hour,
with only 9% reporting symptoms lasting 12 or more hours.

The crude and age- and sex-specific incidence of TIA are
reported in Table 2. Overall crude incidence rate was 1.19/
1000 person-years and increased with age; incidence in the age
group 85 to 94 years was 4.88/1000 person-years, while for
participants in the age group 45 to 54 years it was 0.22/1000
person-years. In the most recent epoch (2000-2014), the in-
cidence rate was 1.29/1000 person-years (Table 2).

Stroke Risk After TIA
The etiologic classification and timing of subsequent strokes
are summarized in eTable 2 and the eFigure in the Supple-
ment. No participant was lost to follow-up. Over a median of
8.86 (interquartile range [IQR], 3.98-10.00) years of follow-
up, 130 participants (29.8%) experienced a stroke; of thoseTa
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strokes, 121 were ischemic. Eighty-nine (68.5% of all ische-
mic strokes) were classified as nonlacunar atherosclerotic in-
farctions and ischemic strokes of unknown etiology and 20
(15.4% of all ischemic strokes) as cardioembolic. Among the
130 participants who had a stroke, 28 strokes (21.5%) oc-
curred within 7 days; 40 (30.8%) occurred within 30 days; 51
(39.2%) occurred within 90 days; and 63 (48.5%) occurred more
than 1 year after the index TIA (eFigure in the Supplement).
Median time to stroke was 601 (IQR, 24-2414) days (1.64 [IQR,
0.07-6.6] years).

Factors Associated With Subsequent Stroke Within TIA Cases
Comparisons of baseline demographics and clinical charac-
teristics between patients with TIA and subsequent stroke vs
patients with TIA but without a stroke on 7 and 90 days are
presented in eTables 3A and 3B in the Supplement. Stroke risk
was mainly associated with hypertension (odds ratio for 7-day
stroke, 5.83 [95% CI, 1.35-25.11]). A statistically significant lin-
ear association between both systolic and diastolic blood pres-
sure was noted for both early and late risk of stroke. With re-
gard to TIA features, only presence of language symptoms was
significantly associated with early stroke risk after TIA (odds
ratio, 2.74 [95% CI, 1.21-6.21]).

Stroke Risk After TIA
There were 130 stroke events after TIA among 435 partici-
pants with TIA compared with 165 strokes among 2175 matched
control participants without TIA (age- and sex-adjusted HR,
4.81 [95% CI, 3.82-6.06]; P < .001) (Table 3). The age- and sex-
adjusted cumulative 10-year hazard was 0.46 (95% CI, 0.39-
0.55) in cases and 0.09 (95% CI, 0.08-0.11) in controls. A sig-
nificant association between TIA and subsequent stroke was
observed in fully adjusted models taking into account com-
mon stroke risk factors, with an HR for up to 10 years of fol-
low-up (median, 8.86 years) of 4.37 (95% CI, 3.31-5.78);
P < .001) (Table 3). The adjusted 5-year HR was 6.24 (95% CI,
4.44-8.75) (eTable 4 in the Supplement). These associations
were unaltered in analyses limited to the last epoch (2000-
2017) (eTable 5 in the Supplement): the adjusted HR of stroke
was 4.67 (95% CI, 2.49-8.76; P < .001). Iterations of the ad-
justed models without adjustments for the variables with high
rates of data missingness yield similar results (Table 3; eTable 6
in the Supplement): the adjusted HR without adjustment for
diabetes was 4.50 (95% CI, 3.52-5.75; P < .001). Stroke inci-
dence in participants with TIA was higher over time, diverg-
ing from stroke risk in participants without TIA throughout the
entire follow-up period (Figure).

Table 2. Annual Age- and Sex-Specific Incidence Rates of Transient Ischemic Attack

Incidence

No./person-years (rate per 1000 person-years)

Entire follow-up period (1948-2017) Current epoch (2000-2017)

Women Men
Women and men
combined Women Men

Women and men
combined

Crude 229/204 983 (1.12) 206/161 455 (1.28) 435/366 209 (1.19) 65/50 739 (1.28) 53/40 692 (1.30) 118/91 313 (1.29)

Age-standardized rate 1.04 1.41 NA 1.21 1.39 NA

By age group, y

35-44 2/33 393 (0.06) 5/28 504 (0.18) 7/61 897 (0.11) 1/7525 (0.13) 4/6395 (0.63) 5/13 920 (0.36)

45-54 12/50 188 (0.24) 8/43 218 (0.19) 20/93 406 (0.22) 5/10 973 (0.46) 1/9478 (0.11) 6/20 451 (0.29)

55-64 33/51 364 (0.64) 49/42 818 (1.14) 82/94 182 (0.87) 9/12 376 (0.73) 8/10 039 (0.80) 17/22 415 (0.76)

65-74 66/38 972 (1.69) 66/29 729 (2.22) 132/68 701 (1.92) 12/10 106 (1.19) 13/8387 (1.55) 25/18 493 (1.35)

75-84 74/22 910 (3.23) 64/14 070 (4.55) 138/36 980 (3.73) 19/6423 (2.96) 18/4747 (3.79) 37/11 170 (3.31)

85-94 42/8158 (5.15) 14/3322 (4.21) 56/11 480 (4.88) 19/33 376 (5.69) 9/1647 (5.46) 28/4983 (5.62)

Table 3. 10-Year Hazard Ratio of Stroke in Participants With Transient Ischemic Attack Compared With Control Participants
Without TIA (Entire Follow-up Period [1948-2017])a

Model adjustments

With TIA Without TIA With TIA absolute
[cumulative]
hazard (95% CI)

Without TIA absolute
[cumulative]
hazard (95% CI) HR (95% CI) P value

Cases,
stroke/No.

Person-years
of follow up

Controls,
stroke/No.

Person-years
of follow up

Crude risk None 130/435 2480 165/2175 15 781 0.48 (0.40-0.57) 0.10 (0.08-0.11) 4.84 (3.84-6.09) <.001

Model 1 Age and sex 130/435 2480 165/2175 15 781 0.46 (0.39-0.55) 0.09 (0.08-0.11) 4.81 (3.82-6.06) <.001

Model 2 Model 1 + education 128/425 2411 160/2079 15 167 0.46 (0.39-0.56) 0.10 (0.08-0.11) 4.88 (3.86-6.16) <.001

Model 3 Model 2 + stroke risk
factorsb,c

95/319 1886 113/1513 11 307 0.40 (0.32-0.50) 0.09 (0.08-0.11) 4.37 (3.31-5.78) <.001

Model 3a Model 2 + risk factorsd 122/396 2226 145/1898 13 858 0.40 (0.33-0.50) 0.09 (0.08-0.11) 4.50 (3.52-5.75) <.001

Abbreviation: HR, hazard ratio.
a Over median 8.86 (interquartile range, 3.98-10.00) years of follow-up.
b Stroke risk factors included hypertension, diabetes, atrial fibrillation, coronary

heart disease, current smoking.
c Participants with missing data on stroke risk factors have been excluded

from this model.

d This iteration of model 3 stroke risk factors includes hypertension, atrial
fibrillation, coronary heart disease, and current smoking. Diabetes has been
excluded because of high rate of missingness.
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Prespecified subgroup analyses are presented in eTable 7
in the Supplement. A significant interaction was found with
age, driven by a significantly higher HR in participants
younger than 65 years (13.1 [95% CI, 6.94-24.73] vs 4.38 [95%
CI, 3.37-5.70] for those ≥65 years; P = .002 for interaction);
significant interactions were also found with atrial fibrillation
and coronary heart disease. There was no significant differ-
ence in stroke risk between participants with TIA and those
without TIA in the subgroup of participants with atrial fibril-
lation (HR, 1.16 [95% CI, 0.53-2.54] vs 6.05 [95% CI, 4.70-

7.78] in those without atrial fibrillation; P < .001 for interac-
tion) and coronary heart disease (HR, 3.18 [95% CI, 1.95-5.17]
vs 5.87 [95% CI, 4.47-7.71] in those without coronary heart
disease; P = .02 for interaction).

Trend in Stroke Risk After TIA
Temporal trends in stroke risk after TIA are summarized in
Table 4. There was a significant decrease in both short- and
long-term stroke risk across the 3 epochs. Compared with the
first epoch, the HR for 90-day risk of stroke in the second epoch

Figure. Kaplan-Meier Curves of 10-Year Cumulative Incidence of Stroke in Patients With TIA
vs Matched Control Participants Without TIA
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Age- and sex-adjusted 10-y HR, 4.81 (95% CI, 3.82-6.06); P <.001

No. at risk
Participants with TIA

Participants with TIA

Participants without TIA

Participants without TIA Median follow-up for participants
with transient ischemic attack (TIA),
8.63 (interquartile range, 8.22-8.86)
years; for control participants
without TIA, 8.50 (interquartile
range, 8.22-8.72) years. NA indicates
not available.

Table 4. Temporal Trends of Stroke After Transient Ischemic Attack

Time horizon for stroke risk Total No. of events Epoch 1 (1948-1985) Epoch 2 (1986-1999) Epoch 3 (2000-2017) P value for trend
90 d

No. of events, No./total 51/435 26/155 18/162 7/118

Proportion of cases
with subsequent stroke, %

11.7 16.7 11.1 5.9

Hazard ratio (95% CI)a,b 1 [Reference] 0.60 (0.33-1.12) 0.32 (0.14-0.75) .005

1 y

No. of events, No./total 67/435 37/155 21/162 9/118

Proportion of cases
with subsequent stroke, %

15.4 23.9 12.9 7.6

Hazard ratio (95% CI)a,b 1 [Reference] 0.49 (0.28-0.84) 0.29 (0.14-0.60) <.001

5 y

No. of events, No./total 107/435 55/155 33/162 19/118

Proportion of cases
with subsequent stroke, %

24.6 35.5 20.4 16.1

Hazard ratio (95% CI)a,b 1 [Reference] 0.48 (0.31-0.74) 0.37 (0.22-0.63) <.001

10 y

No. of events, No./total 130/435 64/155 42/162 24/118

Proportion of cases
with subsequent stroke, %

29.9 41.3 25.9 20.3

Duration of follow up,
median (range)c

6.49 (0.74-10) 6.85 (1.88-10) 5.39 (2.19-8.62)

Hazard ratio (95% CI)a,b 1 [Reference] 0.52 (0.35-0.78) 0.43 (0.27-0.69) <.001
a Each row represents a separate Cox regression analysis with a different time

horizon; hence, the number at risk (n = 435) is the same in all analyses.
b Age- and sex-adjusted.
c Only median duration of follow-up for the 10-year time horizon is reported.

In all other time strata (90 days, 1 year, 5 years), all participants have complete
follow-up and the median follow-up time coincides with the maximum
duration of these time windows.
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was 0.60 (95% CI, 0.33-1.12) and in the third epoch was 0.32
(95% CI, 0.14-0.75) (P = .005 for trend). Similarly lower risk was
observed for 1-, 5-, and 10-year risks of stroke (Table 4).

Discussion
In this population-based cohort study from 1948-2017, the es-
timated crude TIA incidence was 1.19/1000 person-years and
remained unchanged in the most recent epoch after 2000. The
risk of stroke was significantly greater after TIA compared with
risk among matched participants who did not have TIA, and
this association did not change in contemporary analyses fo-
cused on the years after 2000 only. However, the short- and
long-term risk of stroke after TIA was significantly lower in the
most recent epoch from 2000-2017, compared with an ear-
lier period from 1948-1985.

The observed TIA incidence rate was higher than rates in
previously reported population-based cohorts, ranging from
0.42/100 person-years to 0.83/1000 person-years2,15,16;
there was no significant difference in a focused analysis of
the most recent epoch after 2000. A more recent population
study in Sweden also provided a lower estimate,17 although
the estimated incidence rate in a recent population-based
study in the US was comparable to that observed in the cur-
rent study.18 Given the rigorous diagnostic approach for TIA
in the study, it is unlikely that TIA mimics accounted for this
observation. TIAs tend to be poorly recognized19 and prone
to underreporting by patients20 and are often diagnosed in
retrospect only if followed by a stroke. A National Stroke
Association–sponsored survey conducted in 2000 estimated
that about 1.2 million US residents older than 45 years expe-
rienced 1 or more symptoms of TIA, and most likely experi-
enced a TIA without realizing it.21 Therefore, this study’s
mode of active surveillance is advantageous, ensuring cap-
ture of more TIAs than a passive surveillance mode. This
study spanned more than 6 decades of follow-up, during
which advances in cardiovascular risk prevention have
decreased the risk of cerebrovascular disease, likely includ-
ing TIAs, and it is possible that the calculation including
participants from past decades is mildly inflated. How-
ever, analysis of the most contemporary era after the year
2000 did not show a notable difference in the incidence
rate. Taking all of the above competing factors into ac-
count, it is likely that this study’s estimation is a relatively
accurate representation of contemporary TIA incidence in
the general population.

The rate of subsequent stroke in the studied cohort was
high; 30% of participants with TIA experienced a stroke over
a median of 8.9 years of follow-up. This rate is higher than
those from previously reported TIA cohorts with long-term
follow-up, ranging from 6% after 1 year of follow-up22 to 9%
in 5 years of follow-up.7 Active surveillance monitoring
methods used in this study may account for this difference to
some extent. However, access to specialized care and
advances in secondary preventive practices are more likely
contributors. The present cohort is community-based, and it
cannot be ensured that all participants had access to special-

ists and received optimal secondary preventive care. In con-
trast, a recent large longitudinal TIA registry recruited
patients from specialized centers and clinics with access to
vascular neurologists and generally receiving a comprehen-
sive stroke workup and preventive care.7,22 In addition, this
very high risk does not reflect the substantial decreases in
both short- and long-term stroke risk after TIA over time,
despite the overall population aging: 1- and 5-year risks of
post TIA stroke in the 2000-2017 era are 7.6% and 16.1%,
respectively, considerably lower than the respective cumula-
tive risks over the entire observation period and closer to
modern era estimates. These decreases most likely reflect the
effectiveness of secondary prevention interventions such as
stricter blood pressure control and administration of anti-
thrombotic medications; a recent study in Australia23 docu-
mented a similar trend in the first decade of 2000.

Despite advances in secondary prevention, stroke risk
after TIA remains higher compared with risk among TIA-free
participants, even after accounting for confounding cardio-
vascular risk factors; the risk remained generally unchanged
across most subgroups. Although early stroke risk is often
highlighted,4,6 the subsequent stroke incidence continued to
increase and diverge from that of TIA-free participants over
the entire follow-up period in this study; 49% of strokes
occurred more than 12 months from the index TIA, a finding
in line with recent large longitudinal studies with similarly
long follow-up periods, despite general adherence to pre-
scribed preventive practices.7 With the exception of higher
blood pressure and language symptoms on presentation,
none of the traditionally recognized prognostic factors of
higher early stroke risk6,24 were associated with subsequent
early or delayed stroke. Taken together, these findings sug-
gest that patients with TIA represent a particularly high-risk
group in need of vigorous surveillance beyond the early,
high-risk period and with special attention to hypertension
monitoring and treatment.

The study has several strengths. To our knowledge, it has
a longer observation period than any other TIA incidence
study. The long median follow-up period exceeding 5 years
allowed characterization of the natural history of post-TIA
stroke in both its early and delayed phases. The current study
included a cohort of matched control participants who pro-
vide a comparator group highlighting the importance of TIA
as a herald of future stroke. The cohort is phenotyped in
detail, with more than 98% retention and follow-up of par-
ticipants ensuring data completeness. Longitudinal follow-
up, active surveillance methods, and the rigor of case ascer-
tainment have already been discussed in detail.

Limitations
This study has several limitations. First, the analyzed cohort
included a population of overwhelmingly White European an-
cestry. It is likely that the TIA incidence rates found in pre-
dominantly White populations are underestimates of the TIA
incidence in the US population, as it has been demonstrated
that Black and Mexican American individuals have higher in-
cidence rates than non-Hispanic White individuals2,25; a simi-
lar pattern is true for risk of stroke after TIA.
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Second, there are limitations inherent to the nature of the
main end point of interest (TIA), which is prone to recall and
misclassification bias. However, the study design, surveil-
lance, and case ascertainment methods mitigate many of these
shortcomings to the degree that is practically feasible in the
context of an epidemiologic study.

Third, information on medical and surgical treatments af-
ter TIA is incomplete, and their effect could not be accounted
for. Although it could be assumed that participants received
the standard of care for secondary prevention, it is impos-
sible to adjudicate individual physician prescription prac-
tices or participant adherence to medical care and their asso-
ciation with subsequent stroke risk.

Fourth, the current study used the classic, time-based defi-
nition of TIA (symptoms lasting <24 hours) to maintain uni-
form consistency of case ascertainment across all study ep-
ochs. Under the newer, recently introduced tissue-and-time
definition of TIA (symptoms lasting less than 24 hours and not
associated with new visible infarction), some of the TIA cases
would now be classified as transient symptoms associated with
infarction.26,27Accordingly, in practice settings where avail-

ability of magnetic resonance imaging permits use of the mod-
ern tissue definition, the current study delineates changes in
incidence of the composite of TIAs and transient symptoms
associated with infarction.

Fifth, risk factors at pre-TIA baseline were used, several
of which are very likely to have changed in the interval be-
tween baseline assessment and the event of interest. This did
not allow examination of performance of stratification schemes
for stroke risk after TIA that use certain values obtained at the
time of presentation.

Conclusions
In this population-based cohort study from 1948-2017, the es-
timated crude TIA incidence was 1.19/1000 person-years, the
risk of stroke was significantly greater after TIA compared with
matched control participants who did not have TIA, and the
risk of stroke after TIA was significantly lower in the most re-
cent epoch from 2000-2017 compared with an earlier period
from 1948-1985.
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