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ABSTRACT

BACKGROUND
Adjustment for race is discouraged in lung-function testing, but the implications
of adopting race-neutral equations have not been comprehensively quantified.

METHODS

We obtained longitudinal data from 369,077 participants in the National Health and
Nutrition Examination Survey, U.K. Biobank, the Multi-Ethnic Study of Atherosclero-
sis, and the Organ Procurement and Transplantation Network. Using these data, we
compared the race-based 2012 Global Lung Function Initiative (GLI-2012) equa-
tions with race-neutral equations introduced in 2022 (GLI-Global). Evaluated out-
comes included national projections of clinical, occupational, and financial re-
classifications; individual lung-allocation scores for transplantation priority; and
concordance statistics (C statistics) for clinical prediction tasks.

RESULTS

Among the 249 million persons in the United States between 6 and 79 years of age
who are able to produce high-quality spirometric results, the use of GLI-Global equa-
tions may reclassify ventilatory impairment for 12.5 million persons, medical im-
pairment ratings for 8.16 million, occupational eligibility for 2.28 million, grading
of chronic obstructive pulmonary disease for 2.05 million, and military disability
compensation for 413,000. These potential changes differed according to race; for
example, classifications of nonobstructive ventilatory impairment may change dra-
matically, increasing 141% (95% confidence interval [CI], 113 to 169) among Black
persons and decreasing 69% (95% CI, 63 to 74) among White persons. Annual
disability payments may increase by more than $1 billion among Black veterans
and decrease by $0.5 billion among White veterans. GLI-2012 and GLI-Global equa-
tions had similar discriminative accuracy with regard to respiratory symptoms,
health care utilization, new-onset disease, death from any cause, death related to
respiratory disease, and death among persons on a transplant waiting list, with
differences in C statistics ranging from —0.008 to 0.011.

CONCLUSIONS
The use of race-based and race-neutral equations generated similarly accurate predic-
tions of respiratory outcomes but assigned different disease classifications, occupa-
tional eligibility, and disability compensation for millions of persons, with effects
diverging according to race. (Funded by the National Heart Lung and Blood Insti-
tute and the National Institute of Environmental Health Sciences.)
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PIROMETRY, A WIDELY USED TEST OF

lung function, is essential for the diagno-

sis, staging, and monitoring of lung dis-
ease. For more than a century, clinicians have
interpreted spirometric measurements — includ-
ing forced expiratory volume in 1 second (FEV))
and forced vital capacity (FVC) — by means of
comparison with a predicted normal range rep-
resenting expected healthy values.! These norms
are calculated on the basis of age, sex, height, and
often race with the use of reference equations,
which were designed to predict measured spiro-
metric values in healthy nonsmokers. In clinical
practice, these equations provide a demographic-
specific distribution of expected spirometric val-
ues against which measured spirometric values
may be compared. For example, conditions such
as chronic obstructive pulmonary disease (COPD)
may be diagnosed by comparing measured spi-
rometric values to the Sth-percentile lower limit
of the normal range.? The degree of impairment
(e.g., the COPD grade) may also be quantified by
comparing reference-adjusted values against
fixed thresholds that define mild, moderate, and
severe disease*?; such values include the percent
of the predicted value (the ratio of the measured
value to the predicted healthy value, with nor-
mal values typically considered to fall between
80% and 120% of the predicted healthy value)
and z score (the number of standard deviations
by which a measured value is above or below the
predicted healthy value).

Adjustment for race in clinical algorithms has
prompted controversy with regard to medicine
generally* and lung function specifically>® owing
to its historical use in quantifying presumed
deficiencies in Black persons and justifying their
enslavement.” More recently, critical discussion has
also emphasized outdated notions regarding racial
essentialism and its effects on medical and eco-
nomic inequalities.®?? In 2021, a technical stan-
dard from the European Respiratory Society (ERS)
and the American Thoracic Society (ATS) stated
that the “historical approach of fixed adjustment
factors for race is not appropriate and is un-
equivocally discouraged.” In 2022, the Global
Lung Function Initiative (GLI) sought to replace
race-based GLI-2012 equations® with new race-
neutral equations (GLI-Global equations) that do
not include race or ethnic group as inputs.’ GLI-
Global equations were derived with the use of the
same data and effectively constitute a weighted
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average across racial groups. As of early 2024,
GLI-Global equations are the only lung-function
reference equations officially endorsed by ATS
and ERS.®

Although it is well-established that the choice
of reference equation involves trade-offs,*?” the
downstream consequences of including or remov-
ing race as an adjustment factor have not been
comprehensively quantified. The consequences in-
clude potential changes to the predictive capacity
of reference-adjusted lung-function indexes as well
as the clinical, occupational, and financial out-
comes that these indexes are used to determine.
Using data from five cohorts, we quantified
changes that are expected with widespread adop-
tion of race-neutral equations, including U.S. na-
tional projections for reclassifications of lung
disease, employment eligibility, and disability
compensation; historical effects on lung-trans-
plant priority; and discriminative accuracy of ref-
erence-adjusted lung-function indexes for respira-
tory symptoms, health care utilization, new-onset
disease, and death.

METHODS

POPULATION CHARACTERISTICS

Data were obtained from five cohorts: 17,067
participants from the National Health and Nutri-
tion Examination Survey (NHANES) 2007-2012
(NHANES 1V),”® 15,861 from NHANES 1988-1994
(NHANES III),* 290,136 from the U.K. Biobank,?
3262 from the Multi-Ethnic Study of Atheroscle-
rosis (MESA),*! and 42,751 from the Organ Pro-
curement and Transplantation Network (OPTN)?*?
(Table 1). Participants were selected on the basis
of acceptable spirometric data and recorded age
and height. Spirometry quality control was con-
ducted in accordance with ATS-ERS standards,
including quality grades of A or B (on a scale of
A to F, where A and B represent better-quality re-
sults) (see the Supplementary Methods section in
the Supplementary Appendix, available with the
full text of this article at NEJM.org).

MESA, NHANES, and U.K. Biobank question-
naire data included participant-reported age, sex
or gender, race and ethnic-group identification,
medical conditions, and smoking behaviors; they
also contained data from medical examinations,
including height and spirometric measurements.
OPTN data, which were reported by transplanta-
tion centers, included the same data fields as the
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ADJUSTMENT FOR RACE IN LUNG-FUNCTION EQUATIONS

Table 1. Demographic Characteristics, Spirometric Measurements, and Respiratory Conditions.*

Median height (IQR) —cm

Median spirometric values (IQR)

165 (157-173)

165 (156-173)

165 (158-173)

167 (161-175)

NHANES IlI NHANES IV MESA U.K. Biobank OPTN

Characteristic (N=31,311) (N=30,442) (N=6814) (N=501,723) (N=42,751)
Data-collection period 1988-1994 2007-2012 2005-2007 2006-2010 2005-2023
Participants included — no. (%) 15,861 (50.7) 17,067 (56.1) 3262 (47.8) 290,136 (57.8) 42,751 (100)
Female sex or gender — % 51.2 50.0 53.1 57.2 43.5
Race or ethnic group — %

Asian — 4.4 16.5 2.0 2.6

Black 28.7 21.9 25.0 13 9.8

Hispanic 28.5 29.6 11.3 — 8.8

White 38.9 39.6 35.2 95.1 78.2

Multiracial, other race, or un- 39 4.5 — 1.1 0.7

known

Median age (IQR) —yr 35 (20-54) 33 (16-52) 65 (57-73) 57 (50-63) 59 (49-65)

170 (161-177)

FEV, — liters 291 (2.29-356) 292 (223-3.61) 230 (1.87-2.83)  2.71 (2.26-3.26) =

FVC — liters 3.60 (2.90-4.42) 3.62 (2.81-4.48) 3.06 (2.48-3.81) 3.55 (2.99-4.29) 1.82 (1.37-2.38)

FEV :FVC 0.81 (0.76-0.86) 0.82 (0.77-0.86) 0.76 (0.71-0.80) 0.77 (0.73-0.80) —
Respiratory factors — %9

Smoking history 41.4 33.9 49.8 21.1 44.1

Respiratory symptoms 24.0 15.5 14.3 22.0 100

Respiratory disease 20.1 16.1 321 233 100

* FEV, denotes forced expiratory volume in 1 second, FVC forced vital capacity, IQR interquartile range, MESA Multi-Ethnic Study of

Atherosclerosis, NHANES National Health and Nutrition Examination Survey, and OPTN Organ Procurement and Transplantation Network.
7 Each sample includes participants 3 to 95 years of age with acceptable spirometric data and recorded age and height. Additional details re-

garding acceptability criteria are provided in the Supplementary Methods section.
I Participants included in the NHANES 1V, NHANES I1I, and OPTN cohorts reported gender, and those in the MESA and U.K. Biobank co-

horts reported sex.

§ Race and ethnic group were reported by the participants for all cohorts except OPTN, in which data were reported by transplantation cen-
ters. Additional details on the use of race and ethnic-group data are provided in the Supplementary Methods section.
9§ Respiratory symptoms include chronic wheezing, coughing, or phlegm on most days. Respiratory disease includes asthma, chronic bronchi-

tis, chronic obstructive pulmonary disease, and lung cancer. All lung-transplant candidates on the OPTN waiting list were presumed to have

symptomatic respiratory disease.

MESA, NHANES, and U.K. Biobank question-
naires, with the addition of dates of referral, trans-
plantation, or death as well as all data inputs
required for calculating the lung-allocation score
that was used in 2020. NHANES III and U.K.
Biobank data also contained longitudinal out-
comes with regard to new-onset disease and death.
MESA and NHANES data were used to develop
GLI-2012 and GLI-Global equations, but U.K.
Biobank and OPTN data were not. NHANES IV
was designed to provide a representative sample
of the civilian noninstitutionalized U.S. popula-
tion. OPTN data represented all persons on the
2020 U.S. lung-transplant waiting list.
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Because changes resulting from including or
excluding adjustment for race are expected to
vary across groups defined according to the GLI
racial taxonomy, we report outcomes stratified
according to race or ethnic group for Black, His-
panic, and White participants. The remaining
participants, who would be assigned the “Other”
adjustment when GLI-2012 equations are used,
were reported as “Asian or Other” to reflect that
Asian persons made up the majority of that
group. Additional details regarding the use of
race and ethnic-group data in reporting out-
comes are provided in the Supplementary Meth-
ods section.
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OUTCOME DEFINITIONS

Spirometric and other criteria for the study out-
comes are provided in Table 2. Obstructive venti-
latory impairment, involving increased resistance
to airflow, was defined as a ratio of FEV, to FVC
that was below the Sth-percentile lower limit of
the normal range.> Nonobstructive impairment,
involving diverse intrapulmonary and extrapulmo-
nary causes, was defined as either FEV, (preserved-
ratio impaired spirometry?”’) or FVC (restrictive
pattern) below their respective Sth-percentile lower
limit of the normal ranges, with an FEV :FVC
above the Sth-percentile lower limit of the nor-
mal range.” COPD was defined as an FEV :FVC
of less than 0.70 and was assigned severity
grades on the basis of the percent of the pre-
dicted FEV, and criteria defined by the Global
Initiative for Chronic Obstructive Lung Disease
(GOLD).?

We calculated medical impairment ratings
among adult participants with work-related ex-
posure to dust or fumes using the 2008 Ameri-
can Medical Association (AMA) Guides to the
Evaluation of Permanent Impairment.** To as-
sess occupational eligibility, we used the 2018
National Fire Protection Association Standard
1582 to identify adult participants whose lung
function may disqualify them from firefighting
occupations.? To quantify changes to compen-
sation, we calculated Department of Veterans Af-
fairs (VA) disability payments among adult veter-
ans using the VA schedule for rating respiratory
disabilities and the disability compensation rates
for 2023.>2¢ Finally, we calculated the lung-allo-
cation score, position on the waiting list, and
expected wait time according to reference equa-
tion for each of the 1399 persons listed on the
2020 U.S. transplant waiting list using scoring
parameters and baseline survival data from 2020.%

STATISTICAL ANALYSIS

We used GLI-2012 and GLI-Global equations
to calculate predicted normal FEV,, FVC, and
FEV :FVC values and the 5th-percentile lower
limit of the normal range for all participants. We
then used measured spirometry to derive percent
of the predicted values and z scores. Using data
from NHANES IV and applying appropriate
survey weights, we calculated nationally repre-
sentative projections for changes in clinical, oc-
cupational, and financial outcomes among the
population of persons 6 to 79 years of age in the
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United States able to produce high-quality spiro-
metric results (see the Supplementary Methods
section). Movement on the lung-transplant wait-
ing list was calculated on the basis of changes
in lung-allocation score resulting from changes
in percent of the predicted FVC. Following the
2020 policy of the United Network for Organ
Sharing, we used spirometry inputs to calculate
the lung-allocation score only among candidates
assigned to the diagnosis group D (restrictive lung
diseases).”® Expected wait time was estimated
from the initial position on the waiting list with
the use of a linear equation derived from OPTN
data (Fig. S1 in the Supplementary Appendix).

A key rationale for using reference-adjusted
indexes (e.g., z scores or percent of the predicted
values) rather than raw spirometric measurements
is the improved ability to distinguish between
states of health and disease.” To assess this ability,
a statistical measure known as discriminative ac-
curacy, we calculated Harrell’s concordance sta-
tistics (C statistics) for the prediction of respira-
tory outcomes on the basis of spirometric z scores.
For binary end points, the C statistic represents
the probability that a random participant with a
given clinical outcome (e.g., death) has lower
lung function than a random participant without
that clinical outcome; the C statistic is equiva-
lent to the area under the receiver-operating-
characteristic (ROC) curve. Notably, the C statis-
tic measures an average performance across all
possible lung-function thresholds and does not
reference any specific threshold. A C statistic of
1.0 indicates perfect discrimination, whereas a
C statistic of 0.5 indicates discriminative ability
no better than random. In a secondary analysis,
we calculated the sensitivity and specificity for
predicting respiratory outcomes using a z-score
threshold of —1.645, corresponding to the 5th-
percentile lower limit of the normal range. Data
regarding concurrent symptoms and recent health
care utilization were derived from NHANES 1V,
data regarding new-onset asthma and COPD were
derived from the U.K. Biobank, data regarding
death from respiratory causes and death from
any cause were derived from the 2019 Linked
Mortality File for NHANES III, and data regard-
ing deaths that occurred among persons on the
lung-transplant waiting list were obtained from
OPTN. Additional details regarding statistical
analyses are provided in the Supplementary Meth-
ods section.
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Table 2. Criteria for Assessing Clinical, Occupational, and Financial Outcomes.*
Outcome Spirometric Criteriaf Age Criteria Other Criteria
Ventilatory impairment 6-79 yr None
Obstructive FEV:FVC <LLN
Nonobstructive FEV, or FVC <LLN and FEV :FVC>LLN
COPD severity 6-79 yr None
Grade 1 (least severe) FEV,:FVC <0.70 and FEV, =80% of predicted
Grade 2 FEV,:FVC <0.70 and FEV, 50-79% of predicted
Grade 3 FEV,:FVC <0.70 and FEV, 30-49% of predicted
Grade 4 (most severe) FEV,:FVC <0.70 and FEV, <30% of predicted
Occupational disqualification  FEV, or FVC <70% of predicted, or 18-65 yr Work exposure to
from firefighting FEV, or FVC <80% of predicted and FEV :FVC dust or fumes
<0.75, or
FEV, or FVC <90% of predicted and previous
diagnosis of asthma
Medical impairment ratings 18-79 yr Work exposure to
dust or fumes
Class 1 (least severe) FEV, 65-79% of predicted or FVC 70-79%
of predicted
Class 2 FEV, 55-64% of predicted or FVC 60-69%
of predicted
Class 3 FEV, 45-54% of predicted or FVC 50-59%
of predicted
Class 4 (most severe) FEV, <45% of predicted or FVC <50%
of predicted
VA disability ratings 18-79 yr Served in the U.S.
Armed Forces
10% (least severe) FEV, 71-80% of predicted or FEV1:FVC 0.71-0.80
30% FEV, 56-70% of predicted or FEV1:FVC 0.56-0.70
60% FEV, 40-55% of predicted or FEV1:FVC 0.40-0.55
100% (most severe) FEV, <40% of predicted or FEV1:FVC <0.40

Source

ERS-ATS (2021)?

GOLD (2023)°

NFPA (2007)2

AMA (2008)%

VA (2023)22

* AMA denotes American Medical Association, ATS American Thoracic Society, COPD chronic obstructive pulmonary disease, ERS European
Respiratory Society, GLI Global Lung Function Initiative, GOLD Global Initiative for Chronic Obstructive Lung Disease, LLN 5th-percentile
lower limit of normal range, NFPA National Fire Protection Association, and VA Department of Veterans Affairs.

7 The percent of the predicted value is the ratio of the measured value to the predicted healthy value, with normal values typically considered
to fall between 80% and 120% of the predicted healthy value. Percent of the predicted and LLN values were determined with the use of race-
based GLI-2012 equations or race-neutral GLI-Global equations. When multiple spirometric values were assessed, the value resulting in the

more severe rating was used. Additional details regarding assessed and nonassessed criteria are provided in the Supplementary Methods

section.

RESULTS

STUDY POPULATION

The 369,077 participants with acceptable results on
spirometry are described in Table 1 and represented
five demographically and socioeconomically di-
verse cohorts (Table S1). NHANES III and IV repre-
sented younger participants (median ages of 35 and
33, respectively) than MESA, the U.K. Biobank, and
OPTN (median age range, 57 to 65). The U.K. Bio-
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bank and OPTN had a higher percentage of White
participants (95.1% and 78.2%, respectively) than
the other cohorts (percentages ranged from 35.2
to 39.6%). Median FVC across the cohorts ranged
from 1.82 liters among lung-transplant candidates
in OPTN to 3.62 liters among the NHANES IV
population. When transplant data were omitted,
the percentages of participants without respiratory
symptoms, lung disease, or smoking history ranged
from 31.6% in MESA to 56.2% in NHANES IV.
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VENTILATORY IMPAIRMENT

Obstructive impairment is associated with disor-
ders of airflow limitation (e.g., asthma and COPD).
As compared with GLI-2012 equations, the use of
GLI-Global equations with NHANES IV data re-
sulted in increased findings of obstructive impair-
ment among Black, Hispanic, and White partici-
pants and decreased findings among participants
of Asian or other race or ethnic group (Fig. 1A).
Scaled to the U.S. population, these changes in
findings amount to 3.20 million reclassifications
(95% confidence interval [CI], 2.63 million to
3.86 million): 2.64 million persons newly classi-
fied with obstruction and 565,000 no longer clas-
sified with obstruction (Table 3). Precise values
for prevalence and total affected numbers are
provided in Table S2, prevalence changes and rela-
tive changes are shown in Table S3, and reclassi-
fications are shown in Table S4.

Nonobstructive impairment is a nonspecific
finding that often involves follow-up testing for
restrictive disease, early obstruction, muscle weak-
ness, and other causes.? When GLI-Global equa-
tions were used, these findings more than doubled
among Black persons and decreased by a factor of
3 to 4 among Hispanic and White persons (Fig. 1B).
Scaled to the U.S. population, these changes
amount to 2.34 million additional findings of non-
obstructive impairment (95% CI, 1.93 million to
2.75 million) among Black persons, 1.37 million
fewer findings (95% CI, 0.94 million to 1.80 mil-
lion) among Hispanic persons, and 5.37 million
fewer findings (95% CI, 4.19 million to 6.55 mil-
lion) among White persons (Table 3). Similar
relative changes were observed when GLI-Global
equations were applied to NHANES III, MESA,
and U.K. Biobank data (Fig. S2A and S2B). In to-
tal, 12.5 million persons may have reclassifica-
tion of obstructive or nonobstructive ventilatory
impairment.

COPD SEVERITY GRADING

Spirometry is also used to grade COPD severity.
When lung-function measurements for partici-
pants in NHANES IV were interpreted with the
use of GLI-Global rather than GLI-2012 equa-
tions, classifications of moderate-to-severe COPD
increased among Black participants and decreased
among Hispanic and White participants (Fig. 1C).
Scaled to the U.S. population, this amounts to
428,000 additional Black persons (95% CI, 300,000
to 556,000) and 1.10 million fewer White per-
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sons (95% CI, 0.72 million to 1.48 million) with
moderate-to-severe COPD (Table 3). The use of
GLI-Global equations reclassified severity grades
for 2.05 million persons with COPD (95% CI,
1.59 million to 2.51 million): 508,000 to more-
severe grades and 1.54 million to less-severe
grades (Table S4G). Similar relative changes were
observed in other cohorts (Fig. S2C).

OCCUPATIONAL ELIGIBILITY

In some occupations, spirometric criteria are used
to determine employment eligibility. When GLI-
Global equations were used to assess adults with
work-related exposures to dust or fumes, disquali-
fications from firefighting professions nearly dou-
bled among Black adults and decreased by one
fourth among White adults (Fig. 1D). This change
amounts to 754,000 Black adults (95% CI, 540,000
to 969,000) who may no longer be eligible for
firefighting jobs and 1.27 million White adults
(95% CI, 0.81 million to 1.73 million) who may
become newly eligible (Table 3). Overall, 2.28 mil-
lion working-age U.S. adults (95% CI, 1.84 mil-
lion to 2.78 million) may be subject to changes
in firefighting eligibility. This estimate includes
eligibility changes among the 1 million active
firefighters in the United States® and the many
applicants for firefighting jobs, but also includes
applicants who would be excluded by other physi-
cal evaluations and persons not applying to fire-
fighter jobs.

MEDICAL IMPAIRMENT RATINGS

Medical impairment ratings are assigned by cli-
nicians to guide decisions regarding work eligi-
bility and disability compensation. Among Black
adults with work-related exposures to dust or
fumes, classifications of moderate-to-severe medi-
cal impairment may more than double when
GLI-Global equations are used (Fig. 1E). This
amounts to 638,000 Black adults (95% CI,
478,000 to 797,000) who may receive increased
payments for impairment-based compensation
(Table 3). In contrast, moderate-to-severe impair-
ment may decrease by one fourth among White
adults, affecting 938,000 persons (95% CI, 570,000
to 1.31 million). The use of GLI-Global equations
may reassign AMA impairment ratings for 8.16
million adults (95% CI, 6.93 million to 9.39 mil-
lion): 2.68 million to more-severe impairment
and 5.49 million to less-severe impairment (Ta-
ble S4H).
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DISABILITY COMPENSATION

The amounts of VA disability payments are deter-
mined in part on the basis of spirometric criteria.
The use of GLI-Global equations to calculate
compensation for respiratory impairment asso-
ciated with military service among Black veter-
ans may increase payments by 17.1% (95% CI,
8.5 to 25.8) (Fig. 1F), amounting to $1.10 billion
(95% CI, 0.58 billion to 1.61 billion) annually (Ta-
ble 3). Among the 216,000 Black veterans (9.5%)
who stand to benefit, annual compensation could
increase by $1,991 for 37.0% of that population,
by $4,110 for 41.1%, by $9,740 for 19.0%, and by
$27,600 for 2.9%. Conversely, compensation
could decrease by 1.15% (95% CI, 0.29 to 2.00)
(Fig. 1F) among White veterans, amounting to
$0.52 billion (95% CI, 0.13 billion to 0.92 billion)
annually (Table 3). Among the 150,000 White vet-
erans (1.0%) who would be affected, annual com-
pensation would decrease by $1,991 for 28.8% and
$4,110 for the remaining 71.2%. In total, the use
of GLI-Global equations may redistribute $1.94
billion (95% CI, 1.10 billion to 2.79 billion) in an-
nual VA disability compensation among 413,000
veteran recipients (Table 3). The redistributed
amount is less than 2% of the total VA disability
compensation spending reported in 20223 but
probably represents a sizable proportion of the
spending on respiratory conditions, which ac-
counts for less than 5% of all service-connected
disabilities among veterans.*!

LUNG-TRANSPLANT PRIORITY

Until recently, spirometry was one of several mea-
sures used to determine lung-transplant priority.
Of 1399 candidates on the 2020 U.S. lung-trans-
plant waiting list, 1243 (88.8%) would undergo
shifts in their position on the waiting list if
priority were determined with GLI-Global equa-
tions instead of GLI-2012 equations (Fig. 2A).
For the 632 candidates (45.2%) with restrictive lung
disease, such shifts would result from changes to
their percent of the predicted FVC and lung-allo-
cation score (Fig. S3). Another 611 candidates
(43.7%) would undergo shifts despite unchanged
lung-allocation scores owing to rearrangement
of the waiting list. If GLI-Global equations were
used, Asian and Black candidates for transplan-
tation would move forward (indicating higher
priority) 21.2 positions on average, amounting to
4.3 fewer days of expected wait time. Hispanic
and White transplant candidates would move back
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(indicating lower priority) 4.3 positions on aver-
age, amounting to an additional 1.1 days of ex-
pected wait time. The most advantaged patient
would move forward 150 positions (10.7% of the
waiting list), and the least advantaged patient
would move backward 80 positions (5.7% of the
waiting list), corresponding to expected changes
in wait time of 4.6 fewer weeks and 2.5 additional
weeks, respectively (Fig. 2B).

ASSOCIATIONS WITH RESPIRATORY OUTCOMES

Spirometric indexes adjusted with the use of
GLI-2012 and GLI-Global equations had similar
discriminative accuracy for prediction of dyspnea
on exertion, wheezing that limits activity, lung or
breathing problems that limit activity, medical
visits for wheezing, overnight hospital admis-
sions, new-onset asthma, death from chronic
lower respiratory disease, death within 365 days
while on a lung-transplant waiting list, and death
from any cause (Table 4). Absolute differences were
near or less than 1 percentage point, indicating
few instances in which one equation outperformed
the other. Secondary analyses of sensitivity and
specificity, with a z-score threshold defined by
the Sth-percentile lower limit of the normal range,
showed that the use of GLI-Global equations in-
creased sensitivity and decreased specificity for
most outcomes among Black participants, with
opposing effects among Hispanic and White par-
ticipants (Tables S5 and S6). ROC curves showing
sensitivity and specificity values across spiro-
metric thresholds are provided in Figures S4, S5,
and S6. Additional analyses comparing predicted
normal spirometric results to measured spiromet-
ric results among healthy persons are provided in
Tables S7, S8, and S9 and Figures S7 through S10.

DISCUSSION

In an official statement in 2023, the ATS recom-
mended race-neutral interpretation of lung func-
tion® and called for investigation of “consequenc-
es for the yet-unquantified number of individuals
with results near decision-making thresholds.”
By comparing the results obtained with the use
of race-stratified GLI-2012 equations with those
obtained with race-neutral GLI-Global equations,
our analyses showed that the choice of including
or removing adjustment for race does not mean-
ingfully change the discriminative accuracy of
relevant clinical outcomes but reclassifies lung
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Reference Equation
| GLI-2012 (race-based)
M GLI-Global (race-neutral)

A Obstructive Ventilatory Impairment (low FEV,:FVC)

Asian or Other
Black

Hispanic
White

Overall

T ]-28% (95% Cl,-40 to -16)

1319% (95% Cl, 21 to 41)
114% (95% Cl, 11 to 18)

7119 (95% Cl, 8 to 15)

5 10 15 20

Prevalence (%)

B Nonobstructive Ventilatory Impairment (low FEV, or FVC
with preserved FEV,:FVC)

Asian or Other
Black

Hispanic
White

Overall

T ]-28% (95% Cl, -42 to -14)

]141% (95% Cl, 113 to 169)
= ]-77% (95% Cl, -85 to ~69)

= -69% (95% Cl, -74 to -63)

= ]-38% (95% Cl, -46 to -30)

0 10 20 30

Prevalence (%)

C Moderate-to-Severe COPD (GOLD grade =2)

Asian or Other
Black

Hispanic
White

Overall

449 (95% Cl, 28 to 60)
T ]-21% (95% CI, -31 to -11)
. |-15% (95% Cl, -19 to -10)

S, ]-8% (95%Cl,-12to -4)

T 1
5 10

Prevalence (%)

D Occupational Disqualification (firefighting)

Asian or Other

Hispanic
White

Overall

7369% (95% Cl, 7 to 66)

186% (95% C1, 56

Black
ac to 115)

" ]-43% (95% Cl, -59 to -28)

-28% (95% Cl, -37 to -20)

o ]-10% (95% Cl, -19 to -2)

I T T 1
0 10 20 30

Prevalence (%)

E Moderate-to-Severe Impairment (AMA class =2)

Asian or Other
Black

Hispanic
White

Overall

7120% (95% €1, 71
to 169)

T T T 1
5 10 15 20

Prevalence (%)

F Veterans Affairs Disability Payments

Asian or Other

Hispanic
White

Overall

Black ]17% (95% Cl, 8 to 26)

]-1% (95% Cl, -2 to -0.3)

T T T
0 2,000 4,000 6,000

Mean Payment per Veteran per Year (US dollars)

diseases, occupational eligibility, and disability
compensation for millions. These findings un-
derscore the extent of medical decision making
that is at stake with the use of race-based equa-
tions and warrant thoughtful consideration of
the trade-offs involved.

The effect of including or removing adjust-
ment for race or ethnic group for each person is
expected to vary according to the race category
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to which the person was assigned in the GLI
taxonomy. When race-neutral equations were
used instead of race-based equations, Black par-
ticipants in our study were classified as having
greater ventilatory and medical impairment,
more-severe COPD grades, more frequent occu-
pational disqualifications, and higher amounts
of disability payments, and Hispanic and White
participants were classified as having opposing
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Figure 1 (facing page). Clinical, Occupational, and
Financial Outcomes in the United States Calculated
with Race-Based versus Race-Neutral Lung-Function
Equations.

Shown are outcomes for study participants with re-
gard to obstructive ventilatory impairment (Panel A),
nonobstructive ventilatory impairment (Panel B),
chronic obstructive pulmonary disease (COPD) of
grade 2 or higher on the Global Initiative for Chronic
Obstructive Lung Disease (GOLD) scale (Panel C),
disqualification from firefighting occupations (Panel
D), American Medical Association (AMA) impairment
classifications (Panel E), and Department of Veterans
Affairs disability payments (Panel E) when lung func-
tion was interpreted with the use of race-based Global
Lung Function Initiative 2012 (GLI-2012) equations
and with race-neutral GLI-Global equations. Data
from the National Health and Nutrition Examination
Survey (NHANES) 2007-2012 were survey-adjusted to
be representative of the U.S. population (see the Sup-
plementary Methods section). Error bars represent
95% confidence intervals for outcome values. Numer-
ic labels represent relative changes between the out-
comes projected on the basis of GLI-2012 equations
(lighter) and GLI-Global equations (darker); confidence
intervals overlapping 0 were not labeled. Because out-
come values calculated with the use of GLI-2012 and
GLI-Global equations are highly correlated, uncertain-
ties in adjacent bars cannot be used to approximate
the uncertainty in their difference.

changes. These differences occurred because most
outcomes were determined with the use of refer-
ence-adjusted lung-function values, which de-
creased among Black participants and increased
among Hispanic and White participants. The
only exception was an increased prevalence of
obstructive impairment among Hispanic and
White participants, which was the result of ob-
struction being determined on the basis of the
FEV :FVC lower limit of the normal range, which
increased for most race groups (Table S10).

The population-level shifts arose from revers-
ing the race-based calibration in GLI-2012 equa-
tions that normalized lower lung function among
Asian and Black persons and higher lung func-
tion among Hispanic and White persons. This
calibration assumes that healthy persons of dif-
ferent race groups have different lung functions.
However, an imperfect selection filter for so-
called healthy persons may reproduce demograph-
ic patterns of respiratory impairment in the devel-
opment cohort. Adjustment for race would then
appear to decrease model bias among this pre-
sumed healthy population while obscuring dis-
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parities in subclinical respiratory disease. Fur-
ther study is needed to clarify whether new
impairment findings constitute false positives or
true undetected disease. Decreased impairment
findings among healthy Hispanic and White
persons prompt similar consideration.

When decision thresholds reflect compromises
between risks and benefits, reclassifications will
have dual effects. One recent study illustrates this
trade-off: surgeons were less likely to recom-
mend lung-cancer resection for Black patients
when interpreting spirometric results using race-
neutral equations.” This effect may limit poten-
tially curative surgeries, but also may prevent
surgical complications among patients who are
at higher risk than previously recognized. Ulti-
mately, the potential for benefit and harm de-
pends on how accurately the equations in ques-
tion can be used to classify disease states and
forecast clinical outcomes. Our study showed
that race-adjusted and race-neutral equations were
similarly accurate in predicting the presence or
occurrence of respiratory symptoms, health care
utilization, new-onset disease, death from any
cause, death from respiratory causes, and death
while on a transplant waiting list. These findings
expand on previous work that studied associa-
tions with patient-reported symptoms,*** exer-
cise tolerance,* emphysema on computed tomog-
raphy,*>%>% hospitalization associated with chronic
lower respiratory disease,” lung-transplant pri-
Ority,38'39 and death.33’34’37’40’41

Minor differences in discriminative accuracy
may appear incongruent with our findings of
substantial downstream implications. This dis-
crepancy may be explained by two factors. First,
the respiratory outcomes that were used to analyze
predictive accuracy are distinct from the clinical,
occupational, and financial outcomes that were
used to analyze downstream implications. The
former are measured independently of lung-
function values, and the latter are directly de-
fined with the use of lung-function thresholds.
Second, the C statistic is a crude measure: it
averages performance across the full range of
lung-function thresholds, whereas clinical ap-
plications typically consider one or a few se-
lected thresholds. Our secondary analysis using
the threshold of 5th-percentile lower limit of the
normal range to predict respiratory outcomes
showed that removing adjustments for race by
using GLI-Global equations increased both true
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Table 3. Extrapolated Changes in Outcomes Calculated from Race-Based and Race-Neutral Lung-Function Equations, According to Persons Affected and Disability Payments in the

United States.*

Total Change

Net Change

Outcome

Black Hispanic White Overall Newly Classified No Longer
Classified

Asian or Other

Overall

Persons affected — no., in

thousands (95% Cl)

Obstructive impairment

565
(338 to 884)

2640

(2080 to 3290)

3200
(2630 to 3860)

2010
(1360 to 2650)

349
(231 to 466)

-392 110
(-17t0 237)

(-608 to ~177)

2070
(1330 to 2820)

7160
(6130 to 8320)

2460
(1960 to 3040)

9620
(8570 to 10,800)

5370
(~6550 to -4190)

~1370
(~1800 to -942)

-304 2340
(1930 to 2750)

(~498 to ~110)

4700
(-6140 to ~3270)

Nonobstructive impairment

1200
(857 to 1640)

1660 453
(324 to 617)

(1300 to 2070)

1100
(~1480 to ~715)

428 -85
(-139 to -32)

(300 to 556)

749
(-1180 to -316)

Moderate-to-severe COPD:

(15 to0 27)

GOLD grade =2
Occupational disqualification

1450
(1030 to 1980)

2280 826
(601 to 1110)

(1840 to 2780)

-1270
(~1730 to -809)

-181
(~262 to ~100)

72 754
(540 to 969)

(10 to 135)

-624
(~1200 to -48)

from firefighting

929
(632 to 1320)

646

(481 to 849)

1580
(1250 to 1960)

938
(-1310 to -570)

41 638 38
(478 t0 797) (-59 to -16)

(-9t0 92)

-297
(-725 to 131)

Moderate-to-severe impair-

ment: AMA class =2

570
(173 to 966)

1,380

(627 to 2,120)

1,940
(1,100 to 2,790)

524
(-917 to -131)

279 1,100 46
(585 to 1,610) (-99 to 7)

(~268 to 825)

806
(-42 to 1,650)

Annual VA disability pay-

ments — U.S. $, in mil-
lions (95% Cl)

with race-based GLI-2012 equations. Data from NHANES IV were survey-adjusted to be representative of the U.S. population (see the Supplementary Methods section).

* Differences are shown for the total number of affected persons or disability payment dollars when criteria are calculated with the use of race-neutral GLI-Global equations as compared
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and false positives among Black participants while
decreasing true and false positives among His-
panic and White participants. Thus, inclusion or
removal of race or ethnic group as an adjustment
factor may produce reclassifications that exchange
sensitivity and specificity while preserving dis-
criminative accuracy overall.

The implications of adjustment for race extend
beyond the outcomes evaluated in our study. For
example, changes to COPD severity grades may
determine eligibility for clinical trials** and in-
fluence treatment decisions for interventions that
are approved on the basis of those trials.®* Se-
verity grades also affect insurance premiums, with
cost multipliers for some conditions ranging from
50% to 175% greater than standard rates.” Chang-
es in AMA impairment ratings affect payments
from programs such as the Energy Employees
Occupational Illness Compensation Program Act,*
which provides $2,500 for each percentage point
of impairment up to $250,000. In addition to
firefighting, occupations in which workers are
exposed to silica* and cotton dust*® also determine
occupational eligibility with preemployment lung-
function testing. Further applications include fit-
ness for lung-cancer resection, indications for
lung-transplantation referral,” and ventilatory
support for patients with amyotrophic lateral
sclerosis.”

Our study has limitations. First, spirometric
classifications reflect physiological values and do
not independently determine clinical diagnoses.
Physical examination, imaging, diffusing-capacity
testing, and functional testing frequently comple-
ment spirometry in assessments of respiratory
impairment. Second, total reclassifications may
be underestimated owing to the exclusion of per-
sons with low-quality spirometric results or tem-
porary contraindications for spirometry; reclas-
sifications may also be overestimated owing to the
inclusion of persons who would not be materi-
ally affected by reclassifications (e.g., disqualifi-
cation from firefighting attributed to persons
not considering the occupation). However, rela-
tive changes are less likely to be affected. Third,
donor-lung allocation may be restricted by ad-
ditional factors such as pediatric priority, blood
type, and geographic distance, which were not
modeled in our study. Our analysis of lung-
transplantation outcomes is also specific to the
2020 waiting list — the lung-allocation score
calculator that was updated in 2021 and the
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A Candidate-Level Positions on the Waiting List and Expected Waiting Times
Asian or Other Black Hispanic White
1 1 -1
300 10 300 10
B
= =
. &
£ 600 600 =
‘;" 120 20 g
5 3
5 2
E= =
2 900 900—? 900f—— | 900 b
. 30 s &1 130 30
\
/ \
/ \
1200 1200-7 1200 1200-
L 40 L 40 L 40 L 40
1399 1399 1399 1399
GLI-2012 GLI-Global GLI-2012 GLI-Global GLI-2012 GLI-Global GLI-2012 GLI-Global
B Most and Least Advantaged Candidates
Race or Ethnic Percent of Lung-Allocation Position on
Advantage Group Gender Age FVC Predicted FVC Score Waiting List Expected Wait
Original Change Original Change Original Change Original Change
yr liter wk
Highest
First Black Female 72 1.96 75.0 -10.0 323 0.66 1308 -150 40.2 -4.6
Second Black Female 53 2.38 74.4 -7.5 331 0.48 1106 -115 34.0 -3.5
Third Black Female 70 1.28 56.8 -6.0 36.4 0.91 662 -102 20.3 -3.1
Lowest
First White Male 61 2.78 67.6 5.3 335 -0.35 1029 80 31.6 2.5
Second White Female 62 1.94 69.6 5.3 33.4 -0.31 1030 75 31.6 23
Third Hispanic Male 59 2.72 62.6 4.8 331 -0.22 1120 70 34.4 2.1
Figure 2. Implications of Race-Based Lung-Function Equations for the 2020 U.S. Lung-Transplant Waiting List.
Panel A shows the position on the U.S. lung-transplant waiting list and expected waiting time for 1399 candidates on January 1, 2020.
The percent of the predicted forced vital capacity (FVC) was calculated with the use of race-based GLI-2012 equations or race-neutral
GLI-Global equations. Positions on the waiting list are ordered according to decreasing lung-allocation score. A lower position on the
waiting list and higher lung-allocation score indicate higher priority, with ties broken by accrued wait time. This retrospective analysis is
specific to the 2020 waiting list; newer allocation scores do not use spirometry to determine transplant priority. Dark-colored lines indi-
cate candidates who had changes in both waiting-list position and lung-allocation score. Light-colored lines indicate candidates who had
changes in waiting-list position but not in lung-allocation score. Gray lines indicate candidates who had no changes in either waiting-list
position or lung-allocation score. White candidates were downsampled by 70% to aid visualization. Expected wait time is a linear func-
tion of the initial position on the waiting list, allowing dual-axis plotting (Fig. S1). Data are from the Organ Procurement and Transplan-
tation Network (OPTN). Panel B shows demographic, clinical, and waiting-list characteristics of the candidates who were most and least
advantaged by the use of GLI-Global equations rather than GLI-2012 equations, with advantage measured as change in expected wait
time. OPTN data in the Gender column represent patient-reported gender identification.

composite allocation score that was implement-
ed in 2023 do not use spirometry to determine
transplant priority. However, lung-function equa-
tions continue to affect candidacy for lung-
transplant listings,* and previous outcomes may
inform reparative policies.’® Fourth, the five co-
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horts that we included in this study do not rep-
resent all populations globally, and our impact
analyses are limited to the United States.
Beyond consideration of race, the practice of
interpreting measured values relative to normal
values deserves reconsideration. One alternative
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and Death.*

Table 4. Accuracy of Reference-Adjusted Spirometry for Discriminating Respiratory Symptoms, Health Care Utilization, New-Onset Disease,

Outcome and Cohort

Concurrent respiratory symptoms,
NHANES IV

Dyspnea on exertion
Wheezing that limits activity

Lung or breathing problem that
limits activity

Recent health care utilization,
NHANES IV

Medical visit for wheezing in past yr

Overnight hospital admission in
pastyr

New-onset respiratory disease,
U.K. Biobank

Asthma <10 yr
COPD <10yr
Death, NHANES IlI

30-yr incidence from chronic lower
respiratory disease

10-yr incidence from any cause

Death while on transplant waiting
list, OPTN

45-day incidence

365-day incidence

Best Spirometric
Predictor

FEV, z score
FEV, z score

FEV, z score

FEV, z score

FEV, z score

FEV :FVCz score
FEV:FVCz score

FEV :FVC z score

FEV, z score

FVC z score

FVC z score

GLI-2012

0.634 (0.619 to 0.649)
0.685 (0.655 to 0.714)
0.737 (0.695 to 0.780)

0.676 (0.644 to 0.708)
0.573 (0.548 to 0.598)

0.587 (0.559 to 0.616)
0.786 (0.750 to 0.823)

0.838 (0.628 o 0.981)

0.620 (0.530 to 0.705)

0.573 (0.545 to 0.598)
0.573 (0.547 to 0.599)

Discriminative Accuracy
(95% CI)f

GLI-Global

C statistic

0.632 (0.616 to 0.647)
0.689 (0.661 to 0.718)
0.746 (0.705 to 0.787)

0.676 (0.644 to 0.707)
0.584 (0.559 to 0.609)

0.588 (0.559 to 0.617)
0.792 (0.755 to 0.828)

0.833 (0.601 to 0.981)

0.620 (0.528 to 0.706)

0.564 (0.538 to 0.590)
0.568 (0.542 to 0.594)

Difference

-0.002 (~0.009 to 0.004)
0.005 (-0.008 to 0.017)
0.009 (-0.008 to 0.025)

-0.001 (-0.013 to 0.012)
0.011 (0.001 to 0.021)

0.001 (-0.002 to 0.003)
0.005 (0.002 to 0.008)

-0.004 (~0.037 to 0.013)

~0.001 (-0.022 to 0.022)

~0.008 (~0.013 to -0.003)
~0.005 (-0.011 to 0.001)

* Predictors included spirometric z scores, indicating the number of standard deviations by which a measured value is above or below the
predicted normal value. Results are provided for the spirometric z score with the highest mean concordance statistic (C statistic) among

FEV,, FVC, and the ratio of FEV, to FVC.
T Harrell’s C statistics were calculated with the use of z scores derived from race-based GLI-2012 equations or race-neutral GLI-Global equa-
tions to predict respiratory outcomes.
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involves using fixed thresholds such as FEV :FVC
of less than 0.70, which may be more accurate
than the lower limit of the normal range in pre-
dicting COPD-related events.®> The validity of
fixed thresholds is debated,? but their use would
decrease reliance on imprecise definitions of
normal and align the interpretation of lung
function with that of hypertension, obesity, dia-
betes, and other areas of medicine. Other ap-
proaches include personalized baselines that are
derived from longitudinal assessments and con-
sideration of more precise anthropometric, genet-
ic,” socioeconomic,”* and environmental® fac-
tors. Addressing these considerations will be
essential for informing principled assessments

N ENGL J MED
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of lung function in diverse populations and guid-
ing interventions aimed at improving respiratory
health.

Since the mid-19th century, spirometry has
been used to support racial hierarchies that were
based on assumptions of innate superiorities and
deficiencies in lung function.>® These distinctions
obscure the continuum of human genetic and
phenotypic variation and present additional chal-
lenges when a patient’s race does not fit existing
categories or is inappropriately assigned by clini-
cians. Race-neutral equations, although imper-
fect,>® offer an opportunity to move beyond his-
torical assumptions that group-level differences
in lung function are natural and benign. However,
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race-neutral equations are not enough to rectify
long-standing racial inequities, and their many
trade-offs must be carefully considered. Respons-
es to race-based equations for kidney function,”

extent of these implications may inform improve-
ments to current reference equations and prepa-
rations for expected changes to care.
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