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Chronic lower respiratory diseases (CLRDs) are the fourth leading cause of death in the United States. To support in-
vestigations into CLRD risk determinants and new approaches to primary prevention, we aimed to harmonize and pool
respiratory data from US general population-based cohorts. Data were obtained from prospective cohorts that per-
formed prebronchodilator spirometry and were harmonized following 2005 ATS/ERS standards. In cohorts conducting
follow-up for noncardiovascular events, CLRD events were defined as hospitalizations/deaths adjudicated as CLRD-
related or assigned relevant administrative codes. Coding and variable nameswere applied uniformly. The pooled sam-
ple included 65,251 adults in 9 cohorts followed-up for CLRD-related mortality over 653,380 person-years during
1983–2016. Average baseline age was 52 years; 56% were female; 49% were never-smokers; and racial/ethnic com-
position was 44% white, 22% black, 28% Hispanic/Latino, and 5% American Indian. Over 96% had complete data on
smoking, clinical CLRD diagnoses, and dyspnea. After excluding invalid spirometry examinations (13%), there were
105,696 valid examinations (median, 2 per participant). Of 29,351 participants followed for CLRD hospitalizations,
median follow-up was 14 years; only 5% were lost to follow-up at 10 years. The NHLBI Pooled Cohorts Study provides
a harmonization standard applied to a large, US population-based sample that may be used to advance epidemiologic
research onCLRD.

asthma; cohort studies; COPD; harmonization; spirometry

Abbreviations: ARIC, Atherosclerosis Risk in Communities; ATS, American Thoracic Society; CARDIA, Cardiovascular Risk
Development in Young Adults; CHS, Cardiovascular Health Study; CLRD, chronic lower respiratory disease; COPD, chronic obstructive
pulmonary disease; ERS, European Respiratory Society; FEV1, forced expiratory volume in 1 second; FHS-O, Framingham Heart Study—
Offspring Cohort; FVC, forced vital capacity; HCHS/SOL, Hispanic Community Health Study/Study of Latinos; HABC, Health, Aging and
Body Composition; ICD-9, International Classification of Diseases, Ninth Revision; ICD-10, International Classification of Diseases, Tenth
Revision; JHS, Jackson Heart Study; MESA, Multi-Ethnic Study of Atherosclerosis; NHLBI, National Heart, Lung, and Blood Institute; QC,
quality control; SHS,StrongHeart Study.

Chronic lower respiratory diseases (CLRDs)—defined by the
International Classification of Diseases, Tenth Revision (ICD-
10) as chronic obstructive pulmonary disease (COPD), emphy-
sema, chronic bronchitis, bronchiectasis, and asthma (1, 2)—are
the fourth leading cause of death in theUnited States and globally
(2–4). Of the CLRDs, COPD, which is defined by airflow

limitation that does not fully reverse, is the most deadly, account-
ing for 6% of deaths worldwide in 2016 (5–7). Asthma, charac-
terized by intermittent airflow limitation, is the most prevalent,
affecting 16% of the world’s population (5, 8). An estimated
15%–45% of adults with CLRD have features of both COPD
and asthma (9, 10). Acute exacerbations of CLRD caused over 2
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million US Emergency Department visits in 2014 (8) and are the
main driver of US CLRD costs, which are projected to exceed
$100 billion annually (11, 12).

There remain important knowledge gaps regarding risk de-
terminants for CLRD and its progression. While smoking is the
major known risk factor for COPD, further investigation is
needed regarding the large minority of COPD that occurs in
never-smokers (13–15), the risks of light and nondaily smok-
ing (more prevalent in contemporary, multiethnic populations
(16, 17)), the significance of maximally attained lung function
in early adulthood (18), the relevance of developmental and
early-life factors to lifetime CLRD risk (19), and the occurrence
of CLRD symptoms and clinical events in persons who do not
meet standard diagnostic criteria for COPD or asthma (20–23).
In addition, many prior studies were conducted in relatively
modest-sized and mainly non-Hispanic white samples, limiting
statistical power and generalizability to the multiethnic US pop-
ulation, inwhich race/ethnicity, geography, and socioeconomics
are known to affect lung function and CLRD risk (24–31).

Population-based cohorts remain fundamental to understand-
ing the natural history of CLRD and determinants of disease inci-
dence, which are particularly relevant to developing and targeting
primary prevention strategies (32). Since the 1970s, numerous
US cohorts have collected data relevant to CLRD epidemiology,
including spirometry, CLRD hospitalizations and mortality, and
time-varying smoking exposures—measures that are lacking
from National Health and Nutrition Examination Survey and
administrative data sets (27, 33). While data collection has
been highly standardized, data management has varied across
studies, and there is, to our knowledge, no standard coding
taxonomy for these data.

The potential benefits of harmonizing and pooling US cohort
data include sufficient samples to enhance statistical precision
for subgroup analyses and adequate follow-up for analyses of
incident CLRD-related clinical events (34, 35). However, the
need for systematic validation and reconciliation of previously
collected data was recognized as a potential barrier to pooling
(35) and a limitation to meta-analytical approaches (36, 37),
motivating contemporary interest in phenotype harmonization
across cohorts (38, 39). In this work, we describe our approach
to harmonization of data on lung function, respiratory events,
and other relevant respiratory covariates across 9 US prospec-
tive cohort studies in the NHLBI Pooled Cohorts Study.

METHODS

Cohorts

The NHLBI Pooled Cohorts Study aimed to include all large
National Heart, Lung, and Blood Institute (NHLBI)-funded pro-
spective cohorts that measured spirometry (Web Figure 1, avail-
able at https://academic.oup.com/aje) (40–48). Most studies
were initially funded to study cardiovascular epidemiology
and were designed to capture target age ranges and racial/ethnic
groups, as summarized in Table 1.

All studies were approved by institutional review boards at
participating institutions, and all participants provided written
informed consent. Participants who did not consent to having
their data analyzed for noncardiovascular researchwere excluded
from the present work.

Ancillary study and/or data analysis approvals, as well as
data use agreements, were obtained from each cohort, and
data were centralized at Columbia University. Investigators
from all cohorts—in particular, those chairing pulmonary
working groups and spirometry reading centers—were invited
to collaborate and participate in regular teleconferences and
in-person meetings.

Harmonization

All available data and data dictionaries were requested from
each cohort for the main respiratory measures (spirometry,
events, symptoms, diagnoses,medications), inhalational exposures
(smoking, occupational, environmental), and standard sociodemo-
graphic and anthropometric variables. Variables available in 2
or more cohorts were considered potentially suitable for harmo-
nization and pooling.

Consistent with phenotype harmonization approaches in the
Trans-Omics for Precision Medicine (TopMED) Project (38),
which is performing whole genome sequencing and collecting
other “-omics” data in a subset of the NHLBI Pooled Cohorts,
potentially harmonizable variables were first reviewed qualita-
tively by review of data dictionaries and study protocols, with
cohort-specific investigator and data analyst input. They were
next evaluated quantitatively, with comparison of means, var-
iances, outliers, and missing data.

Within-individual data were used to minimize missing data
and identify inconsistencies. Logic rules were applied (e.g., cur-
rent smokers could not subsequently be classified as never-smo-
kers; details available at the study website (49)). Outlier values
were checked against repeated measurements in the same subject
and reviewed by 3 coauthors (E.C.O., P.P.B., R.G.B.) to deter-
mine which extreme values should be recoded to last-value-
carried-forward ormissing. All recodingswere catalogued.

A subset of the data (sociodemographic factors, anthropome-
try, smoking variables) was independently reharmonized by 2
investigators (Y.Z., A.E.M.) and results were compared. Any
inconsistencies were investigated and corrected.

Straightforward harmonized variable names were developed
and standardized coding rubrics (e.g., “0” = “no,” “1” = “yes”)
were applied (Web Table 1). Categories were collapsed to align
with the cohort(s) providing the fewest categories (least preci-
sion) for a given variable.

Variable- and cohort-specific harmonization protocols are
provided at the study website (49). Additional participant-level
quality control (QC) data are available on request, with permis-
sion from the relevant cohorts.

Spirometry

Lung function was measured using water-seal, dry-rolling-
seal, or one model of flow-sensing spirometers. Many cohorts
used similar or identical equipment, spirometry reading centers,
and protocols. One investigator (P.L.E.) ran the spirometry read-
ing centers and designed the protocols for Atherosclerosis Risk
in Communities (ARIC) Examination 5, Cardiovascular Health
Study (CHS), Hispanic Community Health Study/Study of Lati-
nos (HCHS/SOL), Jackson Heart Study (JHS), and Multi-Ethnic
Study of Atherosclerosis (MESA), in collaboration with 2 others
(J.H., R.G.B.) for ARIC Examination 5, CHS Year 18, HCHS/
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SOL, and MESA. Bronchodilators were not administered in
most cohorts; however, Framingham Heart Study—Offspring
Cohort (FHS-O) Examination 9, HCHS/SOL, and MESA

Examinations 5–6 attempted postbronchodilator spirome-
try in those with airflow limitation, defined as prebroncho-
dilator forced expiratory volume in 1 second (FEV1)/forced

Table 1. Design Features of Cohorts Included in the NHLBI Pooled Cohorts Study, United States, 1983–2016

Cohort Site Recruitment
Period

Age at
Recruitment,

years

Sample
Size

Race/Ethnicity

White,
%

Black,
%

Hispanic/
Latino, %

Asian,
%

American
Indian, %

ARIC Winston-Salem, North Carolina 1987–1989 45–64 15,368a 73 27

Jackson, Mississippi

Minneapolis, Minnesota

Washington County, Maryland

CARDIA Birmingham, Alabama 1985–1986 18–30 5,114b 48 52

Chicago, Illinois

Minneapolis, Minnesota

Oakland, California

CHS Pittsburgh, Pennsylvania 1989–1990 ≥65 5,888 84 16

Winston-Salem, North Carolina

Sacramento, California

Baltimore, Maryland

FHS-Oc Framingham, Massachusetts 1971–1975 ≥18 5,124 100

HABCd Pittsburgh, Pennsylvania 1997–1998 70–79 3,075 58 42

Memphis, Tennessee

San Francisco, California

HCHS-SOL San Diego, California 2008–2011 18–74 16,415 100

Chicago, Illinois

Bronx, NewYork

Miami, Florida

JHS Jackson, Mississippi 2000–2004 20–95 5,306e 100

MESAf Winston-Salem, North Carolina 2000–2002 45–84 7,071 39 27 23 11

Upper Manhattan/Bronx, NewYork

Los Angeles, California

Baltimore, Maryland

Chicago, Illinois

Minneapolis, Minnesota

SHSg Phoenix, Arizona 1989–1991 45–74 3,516 100

Southwestern Oklahoma

Western and central North and
South Dakota

NHLBI Pooled
Cohorts Study

17 sites 1971–2011 ≥18 65,251h 44 22 28 1 5

Abbreviations: ARIC, Atherosclerosis Risk in Communities; CARDIA, Coronary Artery Risk Development in Young Adults; CHS, Cardiovascular
Health Study; FHS-O, Framingham Heart Study—Offspring Cohort; HABC, Health, Aging and Body Composition; HCHS/SOL, Hispanic Commu-
nity Health Study/Study of Latinos; JHS, Jackson Heart Study; MESA, Multi-Ethnic Study of Atherosclerosis; SHS, Strong Heart Study.

a In ARIC, out of 15,792 participants, 424 gave restricted consent.
b In CARDIA, out of 5,115 participants, 1 withdrew consent.
c Children of original FraminghamHeart Study participants.
d Participants were required to have nomajor disabilities or functional limitations.
e In JHS, out of 5,306 participants, 1,626 were ARIC corecruits.
f Participants were required to be free of clinical cardiovascular disease. Sample includes 6,814 participants in MESA plus 257 participants re-

cruited into theMESAAir Pollution Study in 2004–2006 under the same inclusion/exclusion criteria and followed in the sameway.
g Participants recruited from 13 tribes and communities.
h Total of NHLBI Pooled Cohorts Study excludes 1,626 JHS participants whowere ARIC corecruits.
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Table 2. Spirometry Examinations, Methods, and Harmonized Quality Grades, the NHLBI Pooled Cohorts Study, 1983–2016

Cohort
Examination Year Spirometera ATS

Guideline
Tests (n =

120,933; 100%)

Valid, No. Invalid, No. Valid
Measurements
(n = 105,696;

87.4%)
A (n = 65,294;

54.0%)
B (n = 40,402;

33.4%)
C (n = 4,939;

4.1%)
D (n = 6,643;

5.5%)
F (n = 3,655;

3.0%)

ARIC

1 1987–1989 WS (Collins) 1979 15,230 13,459 1,771 13,459 88.4

2 1990–1992 WS (Collins) 1979 13,533 12,345 1,188 12,345 91.2

3 2011–2013 DRS (SM/OMI) 2005 4,393 2,838 1,095 343 96 21 3,933 89.5

CARDIA

0 1985–1986 WS (Collins) 1979 4,860 3,993 21 229 158 459 4,014 82.6

2 1987–1988 WS (Collins) 1979 4,466 3,900 13 220 154 179 3,193 87.6

5 1990–1991 WS (Collins) 1987 4,267 3,957 3 115 72 120 3,960 92.8

10 1995–1996 WS (Collins) 1987 3,753 3,602 5 73 38 35 3,607 96.1

20 2005–2006 DRS (SM/OMI) 1994 3,430 2,483 654 154 90 49 3,137 91.5

30b 2015–2016 FS (ndd) 2005 2,749

CHS

2 1989–1990 WS (Collins) 1979 5,111 2,295 1,310 637 347 522 3,605 70.5

6 1993–1994 WS (Collins) 1979 4,044 1,922 1,230 459 323 110 3,152 77.9

9 1996–1997 WS (Collins) 1979 2,836 2,431 273 73 36 23 2,704 95.3

18 2005–2006 FS (ndd) 2005 995 709 170 36 45 35 879 88.3

FHS-O

3 1983–1987 WS (Collins) 1979 2,380 1,536 844 1,536 64.5

5 1991–1995 WS (Collins) 1979 3,271 1,847 661 29 21 713 2,508 76.7

6 1995–1998 WS (Collins) 1979 2,863 1,940 703 23 9 188 2,643 92.3

7 1998–2001 WS (Collins) 1994 2,609 1,962 494 26 11 116 2,456 94.1

8 2005–2008 WS (Collins) 1994 2,574 2,292 71 160 51 2,363 91.8

9 2011–2014 WS (Collins) 2005 1,884 1,757 45 41 41 1,802 95.6

HABC

1 1997–1998 DRS (SM/OMI) 1994 2,863 2,047 430 305 81 2,477 86.5

5 2001–2002 DRS (SM/OMI) 1994 2,096 1,525 270 245 56 1,795 85.6

8 2004–2005 FS (ndd) 1994 1,648 1,081 276 229 62 1,357 82.3

10 2006–2007 FS (ndd) 2005 1,456 955 308 140 53 1,263 86.7

HCHS/SOL 2008–2011 DRS (SM/OMI) 2005 15,576 11,470 2,733 885 410 78 14,203 91.2

JHS

JHS only 2000–2004 DRS (SM/OMI) 1994 3,501 2,370 539 227 99 266 2,909 83.1

ARIC corecruits 2000–2004 DRS (SM/OMI) 1994 1,505 1,090 177 69 41 128 1,267 84.2
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vital capacity (FVC) ratio <0.70 or less than the lower limit
of normal (50, 51).

Spirometry protocols were designed based upon American
Thoracic Society (ATS)/European Respiratory Society (ERS)
guidelines. Because the cohorts were examined from 1971 to
the present—and ATS/ERS standards were issued and revised
in 1979, 1987, 1994, and 2005 (50–54)—there was modest het-
erogeneity in protocols, QC, and reporting standards across co-
horts and, in some cases, among repeated examinations within
cohorts.

We therefore developed a spirometry quality grading rubric
based upon current (2005) ATS/ERS standards (50) (Table 2).
Valid spirometry was defined as acquisition of ≥2 curves meet-
ing acceptability criteria (50–54), with the 2 largest lung volumes
reproducible within 150 mL (50). Spirometry not meeting this
standard was defined as invalid. In sensitivity analyses, the 1994
reproducibility standard of<200 mLwas used (54).

Reproducibility of the 2 largest volumes was further used to
classify valid spirometry into grades A (<100 mL) and B (<150
mL), whichmet 2005 criteria (50), and C (<200 mL), whichmet
1994 but not 2005 repeatability criteria. Grade D was defined by
nonreproducibility (>200 mL) or only 1 acceptable curve, and
grade F was defined by nonreproducibility (>250 mL) or failure
to obtain 1 acceptable curve.

FEV1 and FVC were graded independently. Best FEV1 and
best FVC were used to calculate FEV1/FVC, which was classi-
fied as valid if both FEV1 and FVCmeasurements were valid.

This grading system was previously applied by 3 coauthors
(P.L.E., J.H., R.G.B.) in 4 cohorts (ARIC Examination 5, CHS,
HCHS/SOL, MESA) and also applied in the Strong Heart Study
(SHS). For the remaining cohorts and examinations, the grading
rubric was adapted based upon the data available, as summarized
in Table 2.

Events

All-cause mortality was ascertained in all 9 cohorts. Five
cohorts (Cardiovascular Risk Development in Young Adults
(CARDIA), CHS,Health, Aging andBodyComposition (HABC),
HCHS/SOL, SHS) adjudicated noncardiovascular causes of death,
includingCRLDmortality, via protocolizedmedical record review
by a clinical events committee. Two cohorts that did not adjudicate
respiratory and CLRD mortality (ARIC, MESA) nonetheless col-
lected ICDdata for all deaths.

Only 2 cohorts (HABC, HCHS/SOL) were designed to pro-
spectively ascertain and adjudicate CLRD hospitalizations (55).
A subset of MESA deaths and hospitalizations was retrospec-
tively adjudicated for CLRD (22, 56). Four cohorts (ARIC, CHS,
HCHS/SOL, MESA) collected ICD data for all hospitalizations
occurring over follow-up. CARDIA collected only self-reported
CLRD hospitalization data, which appeared to be underreported
(cumulative incidence of reported CLRD hospitalizations <1%);
hence, these data were not harmonized. Noncardiovascular hospi-
talization data were not available in SHS, and neither CLRDmor-
tality nor CLRD hospitalization data were available in FHS-O or
JHS at the time of publication (August 2018).

To supplement adjudicated respiratory endpoints in cohorts
collecting diagnosis-code data for deaths and hospitalizations, we
selected all events assigned diagnostic codes for asthma (Interna-
tional Classification of Diseases, Ninth Revision (ICD-9): 493,T
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ICD-10: J45–J46), COPD (ICD-9: 496, ICD-10: J44), chronic
bronchitis (ICD-9: 490–491, ICD-10: J40–J42), and/or emphy-
sema (ICD-9: 492, ICD-10: J43).

According to an algorithm we previously developed in
HCHS/SOL and validated in MESA (56), severe obstructive
lung events (SOLE) were defined as hospitalizations or deaths
adjudicated as primarily attributable to CLRD or, if adjudication
was lacking, those with CLRD coded as the primary discharge
diagnosis or as the underlying cause of death. CLRD-related
events were defined as hospitalizations or deaths adjudicated
as primarily or secondarily attributable to CLRD, or, if adjudi-
cation was lacking, those with CLRD listed in any ICD code
position.

Clinical lung disease and symptoms

Participants in all cohorts were asked to report prior physician
diagnoses of asthma, COPD, chronic bronchitis, or emphysema.
Because the termCOPDwas not well-known to the general pub-
lic prior to the 21st Century, self-reported chronic bronchitis and
emphysemawere coded as self-reported COPD.

Utilization of inhaled bronchodilators and inhaled corti-
costeroids was assessed by self-report or medication inven-
tory in all cohorts at each examination (57, 58).

Dyspnea was assessed in all cohorts. In ARIC, CARDIA,
CHS, MESA, and SHS, it was classified using the modified
Medical Research Council (mMRC) scale (59), additionally
allowing definition of mMRC-classified chronic bronchitis.

Smoking

Smoking status was assessed by standard questionnaire items
in all cohorts and all examinations (60). Pack-years were self-
reported at baseline examinations and updated based upon
time-variant cigarettes-per-day as described on the study web-
site. Secondhand smoke exposure was self-reported in selected
cohorts.

Covariates

In all cohorts, race/ethnicity, sex, and educational attainment
were self-reported. Race/ethnicity was defined using the 2000
US Census approach (61), which is comparable to the proposed
2020 Census approach (62). Body mass index was calculated
fromheight andweight. Cohort-specific procedures are described
on the studywebsite.

Statistical analysis

The baseline characteristics of the pooled sample and sub-
samples with valid spirometry and CLRD events follow-up
were tabulated and compared.

Within- and between-subject variability in lung function was
compared before and after exclusion of invalid spirometry using
within- and between-subject variances and their ratio, the intra-
class correlation, in mixed models including adjustment for age,
sex, height, and race/ethnicity. The number of lung function out-
liers, defined by values ≥2.5 standard deviations from the mean,
was also assessed, as was the proportion of the population with
≥15% improved lung function over time, as this is not consistent

with long-accepted physiologic declines in lung function in mid-
dle and older ages. Results were compared using 2005 versus
1994 reproducibility standards (50, 54).

Statistical analyses were performed in SAS, version 9.4
(SAS Institute, Inc., Cary, North Carolina).

RESULTS

The NHLBI Pooled Cohorts Study included 65,251 partici-
pants from all 9 large US population-based prospective cohort
studies that measured spirometry in adults (Table 3). The mean
age at baseline examination was 52 ± 16 years; there were
17,005 (26%) participants who were 18–45 years old, the age
range during which adults typically attain maximum lung func-
tion (63, 64). Fifty-six percent were female. Compared with the
current US population, nonwhites were oversampled: 44% of
participants were white, 22% were black, 28% were Hispanic/
Latino, 5%were American Indian, and 1%were Asian.

After between- and within-individual QC and harmonization,
missing data for demographic factors and self-reported lung dis-
ease were infrequent or nonexistent (Web Table 2). Smoking sta-
tus wasmissing for 195 participants (0.3%), and pack-years were
missing for 1,713 (2.6%). Among data undergoing independent
reharmonization, one incongruence related to selection of a single
variable was identified in one cohort and reconciled; otherwise,
the harmonizationwas fully replicated.

Spirometry completion

All cohorts selected all participants for spirometry at base-
line, except for MESA. Spirometry was performed inMESA as
part of an ancillary study that randomly selected 4,483 partici-
pants in Examination 3 or 4 (65) in addition to all 257 new re-
cruits in the MESA Air Pollution Study (66). Of 65,251
participants in the NHLBI Pooled Cohort Study, 2,331 (the
remainder of MESA participants; 4%) were consequently not
selected, and 3,408 (5%) additional participants from all studies
declined spirometry (Figure 1).

Of 59,512 participants attempting at least 1 spirometry exam-
ination, 46,440 (78%) had valid spirometry at all attempted ex-
aminations, 4,499 (8%) participants had no valid spirometry,
and 8,573 (14%) had valid spirometry as some but not all
examinations.

Among 55,013 participants with at least 1 valid spirometry
measurement, the median number of valid spirometry measure-
ments was 2 (interquartile range, 1–3), yielding 105,696 spirome-
try examinations over a median of 2.80 (interquartile range,
0–8.93) years. Fifty percent (n = 27,328) had at least 1 subsequent
valid measurement of spirometry, and 25% (n = 13,767) had 3 or
more. Four or more valid measurements were available in 6,493
participants, all fromARIC/JHS corecruits, CARDIA, or FHS-O.

Eighty-four percent (n = 53,191) of participants had both
valid spirometry and complete sociodemographic, anthropomet-
ric, and smoking data; of these, 26,222 (49%) had more than 1
validmeasurement of spirometry.

Spirometry quality

Fifty-four percent of spirometry examinations (n = 65,294)
were of the highest quality (grade A), while absence of acceptable

Am J Epidemiol. 2018;187(11):2265–2278

2270 Oelsner et al.

D
ow

nloaded from
 https://academ

ic.oup.com
/aje/article/187/11/2265/5047150 by U

.S. D
epartm

ent of Justice user on 17 August 2022



Table 3. Harmonized Spirometry Quality Grading Rubric for Forced Expiratory Volume in 1 Second and Forced Vital Capacity, NHLBI Pooled Cohorts Study, 1983–2016

Cohort

Valid Spirometry Examination
≥2 Acceptable Curves and Largest 2 Values ReproducibleWithin 150 mL

Invalid Spirometry Examination
<2 Acceptable Curves or Largest 2 Values>150 mLApart

Aa Ba Ca Da Fa

No. of Acceptable
Curves Reproducibility No. of Acceptable

Curves Reproducibility No. of Acceptable
Curves Reproducibility No. of Acceptable

Curves Reproducibility No. of Acceptable
Curves Reproducibility

ARICb

1–2 3 0–2

5 3 ≤100 mL 2 ≤150 mL 2 ≤200 mL 1 ≥200 mL 0

CARDIAc 3 ≤150 mL 2 ≤150 mL 2 ≤200 mL 2 ≤250 mL 0–1 >250 mL

CHSd 3 ≤100 mL
or≤5%

2 ≤150 mL 2 ≤200 mL 2 ≤250 mL 0–1 >250 mL

FHS-Oe

3 2 0–1

5–7 3 ≤150 mL 2 ≤150 mL 2 ≤200 mL 2 ≤250 mL 0–1 >250 mL

8–9 3 ≤5% 2 ≤5% 1 >5% 0

HABCf ≤100 mL ≤200 mL ≤300 mL >300 mL

HCHS/
SOL

2 ≤100 mL 2 ≤150 mL 2 ≤200 mL 1 ≤250 mL 0 >250 mL

JHSg 3 ≤100 mL 2 ≤150 mL 2 ≤200 mL 1 ≤250 mL 0

MESA 2 ≤100 mL 2 ≤150 mL 2 ≤200 mL 1 ≤250 mL 0 >250 mL

SHS 2 ≤100 mL 2 ≤150 mL 2 ≤200 mL 1 ≤250 mL 0 >250 mL

Abbreviations: ARIC, Atherosclerosis Risk in Communities; CARDIA, Coronary Artery Risk Development in Young Adults; CHS, Cardiovascular Health Study; FEV1, forced expiratory vol-
ume in 1 second; FHS-O, Framingham Heart Study—Offspring Cohort; FVC, forced vital capacity; HABC, Health, Aging and Body Composition; HCHS/SOL, Hispanic Community Health
Study/Study of Latinos; JHS, Jackson Heart Study; MESA, Multi-Ethnic Study of Atherosclerosis; QC: quality control; SHS, Strong Heart Study.

a Reproducibility pertains to largest 2 values of FEV1 or FVC. For grades A, B, and C, both acceptability and reproducibility criteria must be met or exceeded. For grades D and F, either
acceptability or reproducibility criteria could be met in order to qualify for the grade (e.g., “D” spirometry in HCHS/SOL includes examinations with 2 FEV1 measurements that are 225 mL apart
as well as examinations with only 1 acceptable curve).

b In ARIC Examinations 1–2, considerable QC information was available, but it corresponded poorly with the QC approach used in the main grading rubric. Based upon prior QC efforts
applied in these ARIC data (43), 2005 American Thoracic Society/European Respiratory Society acceptability criteria, and expert opinion, we classified as valid those spirometry examinations
with 3 or more maneuvers attempted and none of the following technical errors: no flow-volume loop recorded or the computer started after the beginning of the forced exhalation; breath-hold
leak>5% detected; submaximal participant effort; no plateau during forced exhalation; or incorrect spirometer calibration.

c CARDIA used a similar grading approach to ours in its year-20 examination, with only minor discrepancies that did not affect the distinction between valid and invalid spirometry. However,
CARDIA had not applied this standard to the prior 4 CARDIA spirometry examinations (years 0, 2, 5, and 10). We therefore obtained full spirometry data from these examinations, including all
available curves, and consistently applied CARDIA’s own year-20 approach.

d FVCwas not measured in CHSExamination 18; FEV6 (6 seconds) was therefore interpreted as FVC.
e FHS-O Examinations 1 and 2, which were performed prior to the 1979 publication of American Thoracic Society/European Respiratory Society spirometry standards, were excluded. For

FHS-O Examination 3, only the number of acceptable curves was available for QC review; to correspond best with our standardized rubric, we therefore dichotomized spirometry examinations
into valid (≥2 acceptable curves) versus invalid (<2 acceptable curves). FHS-O provided data on lung volumes for all acceptable curves obtained in Examinations 5–7, and we therefore applied
the CARDIA year-20 grading rubric to these data. In FHS-O Examinations 8–9, only the number of acceptable curves and their reproducibility within 5% were available; hence, these data were
used to classify spirometry provisionally into grades A, B, D, and F.

f The HABC grading system defined grade A as <100 mL and B as <200 mL. Experience in other elderly cohorts (e.g., CHS) indicated that, among spirometry repeatable between 100 mL
and 200 mL, repeatability<150 mLwasmuchmore frequent than 150–200 mL. Hence, HABC grade B was treated as grade B in our rubric.

g JHS provided data on lung volumes for all acceptable curves obtained in Examination 1, and we therefore applied the NHLBI Pooled Cohorts Study grading rubric to these data.
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curves (grade F) was infrequent (n = 3,655, 3%) (Web Table 3;
Web Figures 2–7). Examinations completed earlier in calendar
time had a lower proportion of valid spirometry, and quality
mainly improved over subsequent examinations within cohorts.
For example, FHS-O Examination 3, for which original QC
data was very limited (Table 2), had the lowest proportion of
valid results (64.5%). FHS-O Examination 5, for which there
was much more data available for QC purposes, also demon-
strated relatively low proportion of valid spirometry (76.7%).
This was not due to the grading rubric; exactly the same approach
was used for FHS-O Examinations 6 and 7, in which valid pro-
portionswere 92% and 94%, respectively.

Higher spirometry quality was also more frequently observed
in younger participants, white participants, women, and never-
smokers without airflow limitation. Nonetheless, due to the rela-
tively high quality of spirometry measurements overall, exclusion
of participantswith invalid spirometry yielded a samplewith simi-
lar baseline characteristics (Table 3).

As expected, within- and between-subject variability
in FEV1 and FVC were lower among valid versus invalid
spirometry measurements. Compared with valid FEV1 mea-
surements, invalid measurements demonstrated higher variance
(0.62 versus 0.57) and significantly lower intraclass correlations
(0.73 versus 0.84, P < 0.0001). The number of outliers (>2.5
standard deviations) was higher (2.1% versus 1.2%), as was
the proportion of participants showing an annual increase of

≥15% (1.4% versus 0.08%) (details provided in Web
Table 3).

Application of the 1994 reproducibility standard permitted the
inclusion of an additional 4,699 participants with grade C spi-
rometry (Web Table 3). Compared with the intraclass correlation
for grades A and B (0.89 and 0.87, respectively), the intraclass
correlation for grade C was lower (0.85), but it was substantially
higher than that for D and F (0.73 and 0.78, respectively). The
spirometric characteristics of the sample were similar whether
the 2005 or 1994 reproducibility standards were applied.

Events follow-up

Among 6 cohorts (ARIC, CARDIA, CHS, HABC, MESA,
SHS) with CLRD mortality data available at the time of manu-
script preparation (August 2018), there were 37,982 participants
with a median of 16.4 (interquartile range, 11.9–24.4) years of
follow-up, yielding 653,380 person-years of observation
(Table 4). A subset of 29,356 participants in 4 cohorts (ARIC,
CHS, HABC, MESA) were additionally followed for CLRD
hospitalizations over a median of 13.9 (interquartile range,
10.2–20.7) years, providing 410,320 person-years of obser-
vation for severe obstructive lung events and CLRD-related
events. Of these, complete data for standard covariates and
smoking were available for 28,398 (96.8%), and 26,935
(94.8%) had complete follow-up at 10 years. Only 19,880

≥1 Valid Spirometry Examinations
(n = 55,013)

NHLBI Pooled Cohorts Study Participants
(n = 65,251)

Not Selected in MESA (n = 2,331) 
Declined Spirometry (n = 3,408)
Invalid Spirometry (n = 4,499)

No Repeat Examination (n = 24,332) 
Invalid Spirometry (n = 3,354)

No Repeat Examination (n = 11,163)
Invalid Spirometry (n = 2,398)

No Repeat Examination (n = 5,702)
Invalid Spirometry (n = 1,572)

No Repeat Examination (n = 2,664)
Invalid Spirometry (n = 1,025)

No Repeat Examination (n = 2,289)
Invalid Spirometry (n = 224)

≥2 Valid Spirometry Examinations
(n = 27,328)

≥3 Valid Spirometry Examinations
(n = 13,767)

≥4 Valid Spirometry Examinations
(n = 6,493)

≥5 Valid Spirometry Examinations
(n = 2,804)

≥6 Valid Spirometry Examinations
(n = 291)

Figure 1. Flow chart of longitudinal lung function data in the NHLBI Pooled Cohorts Study, United States, 1983–2016. MESA, Multi-Ethnic Study
of Atherosclerosis.
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Table 4. Baseline Characteristics of the Total Pooled Population and of SubsamplesWith Valid Spirometry and Follow-up for Chronic Lower
Respiratory Disease Events, NHLBI Pooled Cohorts Study, United States, 1983–2016

Covariate

Total
(n = 65,251; 100.0%)

Valid Spirometrya

(n = 55,013; 84.3%)

Follow-up for CLRD Events

CLRDMortality
(n = 37,982; 58.2%)

CLRD
Hospitalizations

(n = 29,352; 45.0%)

No. % No. % No. % No. %

Cohort

ARIC + JHS corecruitsb 15,368 23.6 14,966 27.2 13,323 35.1 13,323 45.4

CARDIAc 5,114 7.8 5,033 9.2 5,114 13.5

CHS 5,888 9.0 4,983 9.1 5,888 15.5 5,888 20.1

FHS-O 5,124 7.9 3,934 7.2

HABC 3,075 4.7 2,833 5.2 3,075 8.1 3,075 10.5

HCHS/SOL 16,415 25.2 14,203 25.8 –
d

–
d

–
d

–
d

JHS onlye 3,680 5.6 2,909 5.3

MESAf 7,071 10.8 4,220 7.7 7,066 18.6 7,066 24.1

SHS 3,516 5.7 1,932 3.5 3,516 9.3

Age, yearsg 51.9 (16.0) 53.1 (15.8) 56.8 (15.9) 62.4 (10.4)

Sex

Female 36,735 56.3 31,003 56.4 20,695 54.5 15,852 54.0

Male 28,516 43.7 24,010 43.6 17,287 45.5 13,500 46.0

Race/ethnicity

White 28,396 43.5 25,087 45.6 21,700 57.1 19,223 65.5

Black 14,486 22.2 12,202 22.2 10,341 27.2 7,704 26.2

Hispanic/Latino 17,962 27.5 15,098 27.4 1,546 4.1 1,546 5.3

Asian 842 1.3 654 1.2 833 2.2 833 2.8

American Indian 3,545 5.4 1,957 3.6 3,542 9.3 26 0.1

Other 20 0.03 15 0.03 20 0.1 20 0.1

Bodymass indexh 28.1 (5.9) 28.1 (5.8) 27.5 (5.5) 27.7 (5.3)

Education

No schooling 2,178 3.3 1,795 3.3 102 0.3 89 0.3

Some schooling 14,216 21.8 11,250 20.5 8,982 23.7 7,011 23.9

High school 17,011 26.1 14,850 27.0 10,207 26.9 7,701 26.2

Some college 10,134 15.5 8,444 15.4 6,731 17.7 4,341 14.8

Bachelor’s 20,294 31.1 17,940 32.6 11,910 31.4 10,165 34.6

Smoking status

Current 14,792 22.7 12,242 22.3 8,469 22.3 5,591 19.1

Former 18,047 27.7 15,229 27.7 12,601 33.2 10,765 36.7

Never 32,217 49.4 27,455 49.9 16,836 44.3 12,928 44.1

Pack years of smoking (years)
at baselinei

16.0 (28.8) 15.8 (28.6) 20 (31.5) 25 (31.3)

Abbreviations: ARIC, Atherosclerosis Risk in Communities; CARDIA, Coronary Artery Risk Development in Young Adults; CHS, Cardiovascular Health
Study; CLRD, chronic lower respiratory disease; FHS-O, Framingham Heart Study—Offspring Cohort; HABC, Health, Aging and Body Composition; HCHS/
SOL, Hispanic Community Health Study/Study of Latinos; JHS, JacksonHeart Study;MESA,Multi-Ethnic Study of Atherosclerosis; SHS, StrongHeart Study.

a Valid spirometry examinations defined by ≥2 acceptable curves reproducible within 150 mL, as per 2005 American Thoracic Society/European
Respiratory Society standards (i.e., grades A and B by NHLBI Pooled Cohorts Study grading rubric).

b In ARIC, 424 gave restricted consent; sample includes 1,622 participants who were corecruits in JHS.
cWithdrawal of consent by 1 participant.
d CLRD mortality and hospitalizations are being ascertained in HCHS/SOL but were not available to investigators at the time of manuscript prepara-

tion (August 2018).
e Excludes 1,626 ARIC corecruits.
f MESA + 257 new recruits into the MESA Air Pollution Study. In MESA CLRD events follow-up, 5 participants were excluded because of baseline

diagnosis of cardiovascular event.
g Values are expressed asmean (standard deviation).
h Weight (kg)/height (m)2. Values are expressed asmean (standard deviation).
i Smoking pack-years in ever smokers. Values expressed asmedian (interquartile range).
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(70.0%) and 15,563 (54.8%) had complete follow-up at 15
and 20 years, respectively, due in part to the fact that MESA is
currently reporting a maximum of 14 years of follow-up.

Self-reported lung disease and symptoms

Self-reported CLRD was complete for 96.2% of participants
(Web Table 2). Eighty-nine percent (n = 54,387) had data on
chronic bronchitis as classified by themodifiedMedical Research
Council scale.

DISCUSSION

The NHLBI Pooled Cohorts Study harmonized and pooled
respiratory data from 9 US prospective cohort studies, yielding
a large, population-based sample that ranges from young adult-
hood to old age, spans over 50 years of observation, and reflects
the racial/ethnic, socioeconomic, and geographic diversity in
the United States. This work leverages 5 decades of research
investment, highly standardized protocols, gold-standard mea-
sures, and prospective events surveillance with very high follow-
up rates to apply, for the first time, contemporary spirometry
standards as well as to define clinical CLRD endpoints using
standardized methodology to all available US cohorts. The
NHLBI Pooled Cohorts Study thereby provides a unique sample
ofUS adults thatmay be used to advance epidemiologic research
onCLRD, especially among population subgroups (e.g., women,
racial/ethnic minorities, and never-smokers) underrepresented in
the CLRD literature.

While the importance of data harmonization is drawing in-
creasing attention from the research community (67–70)—
driven, at least in part, by the growing availability of heteroge-
neous “big data”—a current search of PubMed (https://www.
ncbi.nlm.nih.gov/pubmed/) for articles on “harmonization
AND spirometry” yields zero records. This is despite the fact
that standardization of spirometry measures, which are effort-
dependent, has been the subject of considerable attention from
the clinical community, resulting in a series of evolving guidelines
in recent decades (50–54). In this work, exclusion of invalid
spirometry reduced between- and within-individual variabil-
ity, outliers, and lung-function trend irregularities, consistent
with decreased measurement error. This was achieved without
sacrificing the diversity or scale of the component cohorts.

While meta-analysis is frequently used to address differences
in study designs and measurements (36, 71–73), there are well-
recognized limitations to this approach, especially in the context
of observational studies (74, 75). In this work, we aimed to mini-
mize within-study measurement error and between-study hetero-
geneity by standardized, longitudinal QC and harmonization,
yielding data suitable for meta-analyses as well as for pooled
analyses that may be more appropriate for epidemiologic analy-
ses for which multiple sensitivity analyses are often required,
stratification is of particular interest, and multivariate methods
are indicated (76). Indeed, in the context of increasing interest in
harmonization and pooling (77–79), NHLBI Pooled Cohorts
Study investigators are collaborating actively with the Trans-
Omics for Precision Medicine Project and the Cross-Cohort
Collaboration to share the protocols and data described in this
report with the shared goal of promoting precision epidemiol-
ogy for CLRD as well as other diseases (38, 39).

Strengths of the current work include the inclusion of 9 US
epidemiologic cohorts, the systematic harmonization approach,
and the expertise of leading pulmonologists and epidemiologists
who collaborated in the development of the NHLBI Pooled Co-
horts Study, most of whom were involved with the collection
the original data. There are nonetheless several limitations and
areas requiring further investigation and refinement.

The 9 cohorts included in this work collected high-quality
data using highly standardized and often identical protocols;
nonetheless, there were certainly distinct differences in mea-
surement across cohorts, not tomention birth cohort and histori-
cal differences. This situation necessitated assumptions based
upon a combination of empirical analyses, published standards,
prior literature, and expert opinion, yet these were sometimes
unverifiable. To mitigate these unavoidable uncertainties and to
promote ongoing improvement, the present analysis and its sup-
plemental materials describe and justify the current protocol in
detail, and evenmore granular data on participant-level QCwas
recorded so that it may bemade available to collaborators.

While excluding invalid spirometry is expected tominimize
misclassification, applying reproducibility standards may also
select out individuals with more severe lung disease (80). Hence,
beyond contemporary validity standards, we have providedmore
precise grading for consideration by investigators as they deter-
mine whichmeasures to use for testing specific hypotheses.With
respect to the potential application of reference equations to esti-
mate percent-predicted lung function, recentwork has raised con-
cerns regarding misclassification contingent on age and race/
ethnicity (17, 51, 64); thus measured lung function values may
be more suitable for epidemiological analyses, with relevant
adjustment.

Most cohorts did not attempt representative sampling, so
the NHLBI Pooled Cohorts Study is not directly representa-
tive of the US population. Nonetheless, all cohorts sample
community-dwelling adults, and all major US racial/ethnic
groups are represented in substantial proportions.

Postbronchodilator spirometry is important to clinical defini-
tion of COPD and asthma (7), yet postbronchodilator spirome-
try was available only for a limited number of participants in a
few cohorts. Prebronchodilator spirometry remains nonetheless
highly prognostic of health outcomes and is highly correlated
with postbronchodilator measurements in the general popula-
tion (81).

In conclusion, the NHLBI Pooled Cohorts Study has harmo-
nized and pooled data from 9 gold-standard NIH-funded epide-
miologic cohorts in order to promote research on common and
increasingly prevalent respiratory diseases that, especially in
the case of COPD, lack effective medical therapies or preven-
tive strategies beyond smoking cessation and avoidance.
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