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Rationale: The Third National Health and Nutrition Examination
Survey (NHANES III) reference is currently recommended for inter-
preting spirometry results, but it is limited by the lack of subjects
younger than 8 years and does not continuously model spirometry
across all ages.
Objectives: By collating pediatric data from other large-population
surveys, we have investigated ways of developing reference ranges
that more accurately describe the relationship between spirometric
lung function and heightand age within the pediatric age range,and
allow a seamless transition to adulthood.
Methods: Data were obtained from four surveys and included 3,598
subjects aged 4–80 years. The original analyses were sex specific and
limited to non-Hispanic white subjects. An extension of the LMS
(lambda, mu, sigma) method, widely used to construct growth ref-
erence charts, was applied.
Measurements and Main Results: The extended models have four
important advantagesover theoriginal NHANES III analysis as follows:
(1) they extend the reference data down to 4 years of age, (2) they
incorporate the relationship between height and age in a way that is
biologically plausible, (3) they provide smoothly changing curves to
describe the transition between childhood and adulthood, and (4)
they highlight the fact that the range of normal values is highly de-
pendent on age.
Conclusions: The modeling technique provides an elegant solution to
a complex and longstanding problem. Furthermore, it provides a bio-
logically plausible and statistically robust means of developing contin-
uous reference ranges from early childhood to old age. These dynamic
models provide a platform from which future studies can be devel-
oped to continue to improve the accuracyof reference data forpulmo-
nary function tests.
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Reference data are important for interpreting pulmonary func-
tion test results and can aid in the management of respiratory
diseases (1). As measurement techniques, equipment, and popula-
tion characteristics evolve, there is a concurrent need to keep
reference data up-to-date to reflect these changes. Currently in
the United States, the American Thoracic Society (ATS) guidelines
recommend the use of the Third National Health and Nutrition
Examination Survey (NHANES III) reference as the standard
for interpreting spirometry results in the U.S. population (2, 3).
The NHANES III dataset is one of the few references spanning

childhood and adulthood that is also nationally representative
and generalizable. However, the NHANES III reference is lim-
ited by a lack of subjects younger than 8 years, which often results
in reference data being extrapolated to younger ages. Subbarao
and coworkers (4) have demonstrated the inaccuracies in inter-
preting results at younger ages using NHANES III, and the ATS
strongly discourages extrapolation of reference data beyond the
intended age/height range (3, 4). The alternative, to use pediat-
ric reference equations before switching to NHANES III, intro-
duces discontinuities between equations at the transition point
and can lead to further misinterpretation.

In recognizing these limitations, it may be reasonable to col-
late other available pediatric data to extend the NHANES III
reference to younger ages. Collation of previously collected refer-
ence data has been shown to be a reasonable alternative to col-
lecting new data provided the data are available for reanalysis and
that the datasets are relatively homogeneous (5). Such an extended
dataset could also be reanalyzed in an attempt to model the
transition between childhood and adulthood continuously, tak-
ing into consideration the combined effects of height and age.

Additional inconsistencies in pediatric reference data include
the selection of explanatory factors used to predict lung function.
There is no doubt that spirometric lung function is related to
height and, in adults, both FEV1 and FVC are known to decrease
with age. However, in children, as a result of the growth process,
age and height are highly correlated, thus some references have
chosen to omit age from prediction models. The studies that ad-
justed for both height and age in children tend to describe either
an absolute association (additive) (2, 6, 7) or a proportional one
(multiplicative) (8) and, in some cases, develop age-specific equa-
tions (6, 9). Adjustment for age using a proportional model may
be especially important during periods of rapid growth, such as
during puberty when lung and somatic growth may not be syn-
chronized (8, 10).

AT A GLANCE COMMENTARY

Scientific Knowledge on the Subject

Accurate interpretation of lung function tests relies on ref-
erence ranges which distinguish the effects of disease from
growth and development. Limited data from young children
limit the accuracy with which early lung disease may be
identified.

What This Study Adds to the Field

These extended models provide more accurate reference
ranges for spirometry with transition into adulthood and also
incorporate age-related differences in between-subject vari-
ability, improving the definition of lower limits of normal.
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Spirometric lung function is further complicated because the
variability of individual measurements around the median is not
uniform across the age/height range and there is skewness in the
distributions. This means that conventional multiple regression
analysis is not adequate to model the complex relationship be-
tween body size and lung function.

This study investigated ways to develop more appropriate ref-
erence ranges that could describe the relationship between lung
function and height and age more accurately within the pediatric
age range, while also including the adult age range and the tran-
sition between childhood and adulthood. Preliminary results were
presented in abstract form at the 2007 ATS conference (11).

METHODS

Outcome Measures

We have chosen to focus on three spirometry outcomes: FEV1, FVC,
and forced expiratory flow, midexpiratory phase (FEF25–75), plus the
FEV1/FVC ratio. FEF25–75 is referred to as MMEF in some centers, but
will be referred to here as the FEF25–75. The outcomes were modeled in
terms of sex, age, and height.

Data Collation

To supplement the data from the NHANES III survey, the lead authors
of several large-population surveys that had measured children across
a wide age range, including those younger than 8 years, were contacted to
obtain original data. Positive responses were limited to those from indi-
viduals personally known to the authors.

Data from four surveys were obtained, as summarized in Table 1.
Briefly, the NHANES III is a large, representative, stratified, random
survey of the U.S. population aged 8 to 80 years (2). For these analyses,
the original data were reanalyzed to be consistent with the 1994 ATS
criteria. These data were supplemented with pediatric reference data
published by Rosenthal and colleagues, who sampled children aged 4 to
19 from 12 London schools in the early 1990s (7). This reference is cur-
rently recommended by the British Thoracic Society for children in the
United Kingdom. Additional pediatric data were available from a Belgian
study (12), which used spirometry to validate the forced oscillation tech-
nique in children aged 5 to 18 years. Finally, data from an older Canadian
study (13), which measured healthy individuals aged 4 to 40 years to de-
velop prediction equations, were also included in the analysis, of which

only the pediatric subset younger than 20 years was used to increase the
proportion of children within the collated dataset (13).

Two-thirds of the original NHANES III population was of African-
American or Mexican-American ethnic origin and approximately one-
third of the Rosenthal data were nonwhite. Rosenthal and colleagues (7)
classified nonwhite subjects as Afro-Caribbean, Oriental, Middle Eastern,
Pakistani/Bangladeshi, and other; of these, only 39 subjects were Afro-
Caribbean. The other two surveys were limited to non-Hispanic white
subjects. Due to known ethnic and racial differences in lung function,
models developed for this study were limited to data from non-Hispanic
white subjects, but were subsequently compared with data from African-
American and Mexican-American subjects. The ethnic and racial data
currently available for these analyses were not sufficient to develop eth-
nically and racially specific ‘‘all age’’ reference ranges that would be robust
enough to apply in multiethnic populations,

To identify possible transcription errors, each dataset was examined
individually for obvious outliers and impossible values. Because these
data have been published previously, the datasets were relatively clean
and very few data points (,1%) needed to be excluded.

Statistical Analysis

Conventional multiple regression analysis relies on four assumptions: (1)
a linear relationship, (2) constant variability of values around the mean
across the range of height and age, (3) a normally distributed outcome
variable, and (4) that the combined effect of the covariates is additive. In
the case of spirometric measures of lung function, these assumptions are
rarely met.

The LMS (lambda, mu, sigma) method (14), widely used to con-
struct growth reference charts, is an extension of regression analysis that
includes three components: (1) the median (mu), which represents how
the outcome variable changes with an explanatory variable (e.g., height
or age); (2) the coefficient of variation (sigma), which models the spread
of values around the mean and adjusts for any nonuniform dispersion;
and (3) the skewness (lambda), which models the departure of the vari-
ables from normality using a Box-Cox transformation.

Because height is not the only explanatory variable that needs to be
considered, we applied the LMS method using the GAMLSS package
(15) in the statistical program R (Version 2.4.1; R Foundation, http://www.
r-project.org) to allow for modeling of more than one explanatory
variable—in this case, height, age, and potential between-center differ-
ences. Separate models were developed for males and females. Smoothly
changing curves were applied to remove the effects of sampling and mea-
surement variability across the height and age range without distorting the
underlying relationship, which allowed the effects of height and age to be

TABLE 1. CHARACTERISTICS OF DATA INCLUDED IN ANALYSIS, WHICH WERE RESTRICTED TO NON-HISPANIC WHITE SUBJECTS

First Author

(Reference) Country No. in Study

Non-Hispanic

White Subjects

Included in

Analysis

Age

Range (yr) Population Selection Exclusion Criteria Equipment

Hankinson (2)

NHANES III

U.S. 20,627 2,273 8–80 Random sample of the

U.S. population

living in households

Symptomatic, history

of smoking, ,2 acceptable

maneuvers

Dry rolling seal

spirometer

Rosenthal (7) U.K. 1,007 761 4–19 12 London schools Acute respiratory illness in

the 3 wk before testing,

or symptoms suggesting

chronic respiratory disease

12-L dry rolling

seal

spirometer

(OHIO 840)

Lebecque (12) Belgium 377 316 5–18 Children in private

schools from

upper-middle-class

families

Prior history of wheezing

or use of bronchodilator,

chronic cough, exercise

intolerance, frequent or

severe upper respiratory

tract infections, use of

tobacco products, major

health problems (particularly

cardiac or thoracic surgery),

asthma of parents or siblings,

or a history of respiratory

infection during the month

before the study

Automated 8-L

water

sealed spirometer

(Eagle 1)

Corey (13) Canada 337 248 5–19 Not specified Lung disease Wedge spirometer
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modeled as a smooth transition from adolescence into adulthood as
a function of age. The goodness of fit was assessed using the Schwartz
Bayesian criterion (SBC), which compares consecutive models directly
while adjusting for the increased complexity to determine the simplest
model with best fit. Any reduction of SBC is considered technically
important, but in practice we chose to balance reductions with clinical
relevance and biological plausibility. A detailed description of the sta-
tistical methodology is planned.

The fitted model provides height/age/sex-specific values of the three
elements of the distribution (median, coefficient of variation (CV), and
skewness). The spirometry standard deviation (SD) is in the same units
as the outcome (i.e., L or L/s), whereas the CV is defined as 100 3 (SD/
median). The median is the predicted value for the individual, which,
together with the CV and skewness, allows the individual’s measurement
to be converted to a z score; z scores are normally distributed with a
mean of 0 and an SD of 1. The lower limit of normal is officially defined
as the fifth percentile of the distribution that corresponds to a z score of
21.64 (1, 3). We also discuss the clinical definition that assumes a CV
of 10% and defines the normal range as two CVs on either side of 100%
predicted (i.e., a normal range of 80 to 120%).

RESULTS

The models were based on 3,598 non-Hispanic white subjects
aged 4 to 80 years, 2,182 (60.5%) of whom were younger than 20
years and 271 (7.5%) of whom were younger than 8 years. A
description of the demographic characteristics of the study popu-
lation can be found in Table 2. Children from the NHANES III
reference were taller (height-for-age z score) (16) and heavier
(weight-for-age z score) (data not shown) than children in the
other three datasets. On the basis of the original distributions of
each of the three outcomes (FEV1, FVC, and FEF25–75) studied,
height and age were nonlinear, the spread of values around the
mean was nonuniform for both height and age, and there was
also evidence that the distributions of all three outcomes were
skewed. FEF25–75 results were not available for the British data,
so models for these data are based on 700 fewer subjects.

Median Trends

The models for all three outcomes were dependent on height and
age, and logarithmic transformation of both the outcome and
explanatory variables was necessary. The resulting models de-
scribe a multiplicative and allometric height relationship, where
all three spirometric outcomes are proportional to height raised
to the power 2.5. For example, a 1% increase in height corre-
sponds to a 2.5% increase in spirometry. The median volumes for
each of the outcomes, smoothed by age, are presented in Figure 1.
Despite age and height being highly correlated, there was a sig-
nificant and independent effect of age after adjusting for height
(Figure 2).

Variability

The LMS method also quantifies the spread of values around the
median, which is essential information when determining the
range of expected lung function values in a normal population.
After adjustment for the effects of height and age, the between-
subject variability, characterized by the CV, demonstrated impor-
tant age-related trends (Figure 3). The between-subject variability
was highly age dependent, being greatest in children younger than
11 years and increasing steadily with increasing age in adults after
the age of 30. The variability of FEF25–75 was noticeably larger
than for FEV1 and FVC. The commonly quoted ‘‘normal range’’
of 80 to 120% predicted assumes a CV of 10%; however, as can be
seen from Figure 3, even for FVC, this only occurs over a limited
age range of 15 to 35 years. By contrast, at 5 to 6 years of age, the
CV for FEV1 and FVC is 15%, corresponding to a normal range
of 70 to 130% predicted. The CV for FEF25–75 at age 5 to 6 years
is 20%, corresponding to 60 to 140% predicted, and by age 50,
the CV for FEF25–75 has widened to 30%, a normal range of 40 to
160%.

Skewness

After adjustment for height and age, there was little evidence of
skewness for FEV1 and FVC. By contrast, there was significant
skewness in FEF25–75 and the FEV1/FVC ratio for both sexes,
which was incorporated into the prediction models.

The age-related changes in FEV1 and FVC were accompanied
by age-related changes in the ratio (FEV1/FVC) (Figure 4). As
can be seen, the frequently quoted predicted FEV1/FVC of 0.7 is
not in fact attained until around 50 years of age in males and
considerably later in females, being noticeably higher during
childhood and lower in the elderly. The range of ‘‘normal values’’
for this ratio is age dependent, being wider in both the young and
the elderly, and sex differences are apparent, with females having
greater predicted values of FEV1/FVC than males at all ages and
which are most marked in late puberty (Figure 4).

Between-Center Differences

The models were further explored by evaluating the extent to
which between-center differences affected the expected refer-
ence range. After adjustment for height and age, there were small
but significant between-center differences in FEV1 for both males
and females and in FVC for females. Compared with NHANES
III, median values from Lebecque (12) and Corey (13) were 2 to
3% greater after adjustment, whereas those from Rosenthal and
colleagues (7) were approximately 4% smaller. Interestingly, no
between-center differences were observed for FVC in males or
for FEF25–75 in either sex.

TABLE 2. SUMMARY OF DATA INCLUDED IN ANALYSIS

No. Male % (n) Female % (n)

Age (yr) Height (cm) Height-for-Age z Score*

Mean (SD) Range Mean (SD) Range Mean (SD) Range

Total 3,598 45 (1,621) 55 (1,977) 16† 4.0 to 80 156.7 (17.6) 107.4 to 206.5 0.33 (1.0) –4.1 to 4.1

NHANES (2)

Adult 1,552 35.2 (546) 64.8 (1,006) 45.0 (19.1) 17 to 80 167.4 (9.8) 144.7 to 206.5 NA NA

Pediatric 721 48.6 (350) 51.5 (371) 11.9 (2.5) 8.0 to 16.9 150.2 (15.1) 117.0 to 191.9 0.52 (1.1) 24.1 to 4.1

Rosenthal (7) 761 59.0 (453) 41.0 (315) 11.7 (3.7) 4.4 to 18.8 148.0 (20.0) 107.4 to 191.6 0.18 (0.9) 23.1 to 3.8

Lebecque (12) 316 52.5 (166) 47.5 (150) 12.0 (3.5) 5.0 to 18.9 149.0 (18.1) 112.0 to 186.0 0.21 (0.9) 22.8 to 3.1

Corey (13) 248 44.4 (110) 55.7 (138) 11.1 (3.5) 4.0 to 18.0 144.7 (17.8) 109.0 to 183.0 0.26 (1.1) 22.4 to 3.2

Definition of abbreviations: NA 5 not applicable; NHANES 5 National Health and Nutrition Examination Survey.

* z scores calculated using the British 1990 growth reference charts (16).
† Median age: Age was not normally distributed, therefore median is presented instead of mean.
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Ethnic Differences

The NHANES III African-American subjects had considerably
lower FEV1 and FVC, but similar flows and FEV1/FVC compared
with non-Hispanic white subjects (Figure 5). With the exception
of FVC in females, Mexican Americans had similar values to non-
Hispanic whites. Ethnic and racial differences varied according to
sex, generally being more marked in females. Of significance is
that the standard deviations for each of the sex-specific ethnic
z scores were approximately 1, which could facilitate develop-
ment of race- and sex-specific adjustment factors to account for
the shift in values.

Comparison with the Original NHANES III Equations

Figure 6 compares the current model with the original NHANES
III equations in terms of the median and the lower limit of normal.
Although the new model is not dramatically different from the
original, three major advantages of the current approach can be
seen. First, the current models extend the reference down to 4
years of age, thereby improving the accuracy with which normal
values can be predicted in very young children; it can be seen that
the original NHANES III equations underpredict lung function
in healthy children younger than 10 years and therefore fail to
identify early lung disease. Second, smoothly changing curves
describe the transition between childhood and early adulthood.
Third, the age-dependent between-subject variability is quanti-
fied, thereby allowing improved precision with which to define the
lower limits of normal at all ages.

Reference Equations

The methods used do not produce equations per se but compre-
hensive look-up tables that can be applied in a Microsoft Excel
add-in module. The module can be found at www.growinglungs.

org.uk (Pediatric Reference Ranges for Spirometry). The module
can also be easily implemented into current commercial spiro-
meters, upon request by manufacturers. The program facilitates
prospective interpretation of a single observation or retrospective
analysis of an entire dataset to calculate z scores, % predicted, or
centiles.

DISCUSSION

This study presents a new approach to modeling spirometry
data, which produces ‘‘all age’’ reference curves using a single,
smoothly age-changing model to explain the complex relation-
ship between lung function and height and age during puberty and
early adulthood. In addition, the dataset extends the NHANES
III reference to include children as young as 4 years and uses age-
dependent between-subject variability to establish the lower
limits of normal. This study also confirms previous observations
regarding the rapid decrease in the FEV1/FVC ratio with age (17,
18). In Figure 3, we demonstrate that the ratio is not fixed at 0.70,
as recommended by the Global Initiative for Chronic Obstructive
Lung Disease (19, 20), but is markedly age dependent. The initial
high values reflect the relatively large airways in relation to lung
volumes in early life, which are associated with a short expiratory
time constant and rapid lung emptying, whereas during adoles-
cence, the rapid decline in FEV1/FVC probably reflects the differ-
ent rates of lung and airway growth (dysanaptic growth) during
this period, which may be particularly marked in males, in whom
lung growth continues for several years after somatic growth has
ceased (8, 17, 18).

A key feature of this study is the proportional model that
adjusts for measures of body size and age in a way that is biologi-
cally plausible, where the nonlinear height relationship approximates

Figure 1. The median volumes for each out-

come, smoothed by age. Note the relatively

higher FEF25–75 compared with FVC and FEV1

in females compared with males.
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the three-dimensional shape of the chest. Inclusion of an age
adjustment in addition to height allows the complex changes
during puberty to be accounted for without the need to undertake
pubertal staging, which may be impractical in many clinical and
research settings.

The ethnic/race trends in Figure 5 complement those described
in the original analysis of the NHANES III dataset and high-
light the fact that ethnic/race adjustments are complex and in-
consistent, such that using the same adjustment factor for both
sexes and for all outcomes, as commonly reported (i.e., 12%), is
unlikely to be appropriate (3). For these analyses, we did not
have access to sufficient ethnicity- and race-specific data in
children younger than 8 years or for other groups not included
in the NHANES III dataset. Having now established suitable
modeling techniques to allow development of all-age reference
ranges, a further initiative will be required to collate more
ethnicity- and race-specific spirometric data from healthy
children (especially those younger than 8 yr) and adults, so
that the exercise can be extended for multiethnic application.

Implications for Practice

In addition to allowing more accurate predictions of expected val-
ues in younger children and a smooth transition between pediatric
and adult reference data, the ability to quantify the age/height-
adjusted between-subject variability has major implications for
defining clinical thresholds of normal. Respiratory clinicians are
familiar with expressing lung function results as % predicted (i.e.,
100 *[observed/predicted]), where the predicted value comes
from a reference equation incorporating sex, age, and height. A
value of 100% predicted represents the median reference value,
with a range of values around the median indicating between-
subject variability. For FEV1 and FVC, this variability has con-
ventionally been taken to be a CV of 10% and the normal range is
62 CVs of the median (i.e., 80–120%). This is valid as long as the
CV is genuinely 10%. However, when actual variability of the

three spirometric outcomes is plotted as a function of age (Figure
4), it can be seen that a CV of 10% is only observed over a narrow
age range of between 15 and 35 years. In younger children and
older adults, the CV approaches 15% for FEV1, which extends
the normal range to 70 to 130%. Given this wider range of normal
values in younger and older subjects, age-specific cutoffs for the
lower limit of normal are essential because failure to account for
this increased variability will incorrectly flag individuals as ‘‘abnor-
mal.’’ This problem is exacerbated by the differences in between-
subject variability between different spirometric outcomes.

An alternative approach is to express results in terms of a
z score rather than % predicted, because z scores combine the
% predicted and CV into a single number: z score 5 (% pre-
dicted – 100)/CV. Regardless of the CV, the range of normal
values is consistent as the z score changes in relation to the CV.
Thus, although 80% predicted represents the lower limit of nor-
mal when the CV is 10%, it is well within the normal range if the
CV is greater than this. This further emphasizes the need to know
the between-subject CV for each outcome if results that have been
expressed as % predicted are to be interpreted correctly.

Although the ATS statement on interpretation of lung func-
tion tests does not explicitly recommend the use of z scores, it
does state that the lower limit of normal corresponds to the fifth
percentile of the frequency distribution (3). When data are nor-
mally distributed, z scores correspond directly to percentiles
such that a z score of 21.64 is equivalent to the fifth percentile
(1). Thus, the lower limit of normal can be defined as % pre-
dicted 21.64 3 CV. Regardless of whether z scores, percentiles,
or % predicted are used to interpret results, it is imperative to
consider the between-subject CV when determining the lower
limit of normal.

Strengths and Limitations

We have demonstrated that it is possible to collate data from
more than one center, and have established a foundation on which

Figure 2. Height trends in FEV1 at eight specific ages dem-

onstrate that, for any given height, age is as important to

consider in determining the reference range, especially dur-
ing puberty. In contrast to adulthood, where there is a de-

cline withage, throughout childhood at anygiven height an

older subject can be expected to have higher values of lung
function. This effect is most marked during puberty.
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larger international and more comprehensive datasets can be
built. The small differences observed between centers could be
due to equipment or software differences, measurement technique,
and/or true population differences. For instance, the Canadian
data are more than 30 years old and there may be differences in
population characteristics, such as timing of puberty. It is re-
markable that, despite the cohort effects, the differences between
centers were minimal and not likely to be clinically important.
Ideally, each center should develop its own reference ranges;

however, in practice, this is rarely feasible (22, 23). In effect, this
combined dataset describes a typical center, trading off a slight
reduction in precision, due to the increased between-center vari-
ability, against a reduction in bias. Combining data from more
than one center provides a possible way forward to address the
ongoing practical problem of applying reference data in centers
that lack their own reference. Nevertheless, centers should con-
tinue to validate reference equations with a sample of healthy con-
trol subjects from their own population to test for any systematic

Figure 3. Between-subject variability, ex-

pressed as thecoefficient of variantion (CV)
for each of the three spirometric outcomes.

A CV of 10% corresponds to a normal

range of 80 to 120% predicted. As can be

seen, the CV for FVC and FEV1 is near 10%
only over the age range of 15 to 35 years.

The variability at other ages and for FEF25–75

at all ages is considerably greater.

Figure 4. Median curves for FEV1/FVC in males and fe-
males and their corresponding fifth percentile lower limit

of normal. Females have greater FEV1/FVC ratios than males

at all ages.
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biases (3). Although the higher variability in younger subjects
might be, at least partially, attributed to learning effects, the fact
that the majority of children contributing to these cross-sectional
datasets would have been naive healthy subjects with minimal
prior exposure to spirometry makes this unlikely.

These reference data are potentially limited by the fact that
we have not addressed the issue of whether FEV1 is the most ap-
propriate outcome during early childhood. Young children have
relatively large airways compared with their lung volumes such
that, during forced expiration, emptying may be virtually complete
within 1 second. In such cases, FEV1 largely reflects the FVC, sug-
gesting that FEV0.75 may be a more appropriate measure for young

children (24, 25). As part of the current exercise, NHANES III
was reanalyzed to calculate FEV0.75, but because these data were
not available from the other three datasets, they are currently
limited to children older than 8 years, rather than the younger
age group where they are most likely to be clinically useful.
With the exception of some very recent reports on preschool
spirometry (24, 25), reference equations for FEV0.75 in children
remain limited and outdated. We are currently undertaking an
international collaborative study to collate spirometric data in
very young children, including FEV0.75 (www.growinglungs.org.
uk), which we plan to incorporate into the current dataset in the
future.

Figure 5. Comparison of z scores (as de-
termined by the current model developed

in non-Hispanic white subjects) among

non-Hispanic whites, African-American

females (A-AF,n5 1,481),African-American
males (A-AM, n 5 1,481), Mexican-

American females (M-AF, n 5 1,523),

and Mexican-American males (M-AM,

n 5 1,116) from the original NHANES III
dataset. As expected, non-Hispanic white

subjects had a mean 6 SD z score of

0 (61). African-American subjects had
lower FEV1 and FVC, but similar FEV/

FVC ratios and flows compared with

non-Hispanic white subjects. With the

exception of Mexican-American females
who had somewhat lower FVC, Mexican-

American subjects had similar values to

non-Hispanic white subjects.

Figure 6. (A) Median FEV1 in males deter-

mined by the current model compared with

the original NHANES III equations with the
lower limit of normal. (B) The pediatric age

range is expanded and demonstrates where

the current models improve fit and how the
use of the original NHANES III would under-

predict true values in those younger than 8

years.
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Conclusions

This modeling technique provides an elegant solution to a com-
plex and longstanding problem: fitting age and height trends to
all-age lung function data. Furthermore, we provide a biologi-
cally plausible and statistically robust means of developing con-
tinuous reference ranges from early childhood to old age. These
models have the potential to be a platform from which future
studies can be developed to continue to improve the accuracy of
reference data for pulmonary function tests.
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