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ABSTRACT
Background: The forced expiratory flows (FEFs) towards the end of the expiration may be more sensitive
in detecting peripheral airways obstruction compared to the forced expiratory volume in 1 s and forced
vital capacity (FVC). However, they are highly variable. A partial solution is to adjust the FEFs for FVC
(FEF/FVC). Here we provide reference equations for these adjusted FEFs at 25%, 50%, 75% and 25–75% of
FVC, which are currently lacking.
Methods: We included pulmonary healthy, never-smoker adults; 14472 subjects from Lifelines, a biobank
for health research, and 338 subjects from the department’s control cohorts (NORM and Fiddle). Reference
equations were obtained by linear regression on 80% of the Lifelines dataset and validated on the remaining
data. The best model was defined as the one with the highest adjusted R2-value. The difference in variability
between adjusted and unadjusted FEFs was evaluated using the coefficient of variation.
Results: For all adjusted FEFs, the best model contained age, height and weight. The adjustment improved
the coefficient of variation of the FEF75 from 39% to 36% and from 43% to 40%, respectively, in males and
females. The highest percentage of explained variance by the reference equation was obtained for FEF75/
FVC, 32%–38% for males, and 41%–46% for females, depending on the validation set.
Conclusion: We developed reference equations for FVC-adjusted FEF values. We demonstrated minimally
yet significantly improved variability. Future studies in obstructive airway diseases should demonstrate
whether it is worthwhile to use these (predicted) adjusted FEF values.
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Introduction
Worldwide, spirometry is the most frequently used pulmonary function test, with the main goal to assess
expiratory airflow obstruction in chronic diseases, such as asthma and COPD. Airflow obstruction is
usually assessed with the ratio between the forced expiratory volume in 1 s (FEV1) and the forced vital
capacity (FVC) in combination with flow–volume curves. These flow–volume curves are visually attractive
and offer pattern recognition in certain situations [1]. They also allow visual representation of the
adequacy of a subject’s effort in the early, mid and late phase of forced expiration. Unfortunately, the
corresponding numerical values for the forced expiratory flows at 25%, 50%, 75% and 25–75% of the FVC
(FEF25, FEF50, FEF75, and FEF25–75, respectively) demonstrate considerable variability in the healthy
population [1, 2]. Therefore, the global standards use the more reproducible and well-defined reference
values of FEV1 and (F)VC to define, grade and monitor airflow obstruction [3, 4]. However, the FEV1 is
deemed not a sensitive parameter to detect small airways disease, as the volume and flow rate of exhaled
air in the first second of expiration depends mainly on the diameter and resistance of the large airways. In
contrast, the FEFs, towards the end of the expiration, are more sensitive to peripheral airway narrowing, so
it would be worthwhile to reduce their variability.

One important source of the high variability in the FEFs originates from their dependency on the FVC. By
definition, the FEF25, FEF50, FEF75 and FEF25–75 values depend on FVC, so small changes in FVC may
translate in considerable changes in FEF values. In clinical practice, this may have important
consequences. For example, if a patient shows a good response in both flow and volume on a
bronchodilator, a positive effect on flow at a certain percentage of the FVC may be underestimated due to
a higher FVC. The variability of the FEF values can be reduced by adjusting the FEF values for FVC (FEF/
FVC). In 1974, GREEN et al. [5] described this calculation when they tried to reduce the large intersubject
variability of flow, by what they called size compensation. In their opinion, the uneven growth between
lung size and airway calibre (called dysanapsis) was an important contributor to intersubject variability.
Since then, several studies have indicated that this adjustment of FEFs leads to clinically meaningful
outcome variables. For example, lower FEF25–75/FVC ratios were associated with a higher familial risk of
developing COPD after smoking [6], with higher airway reactivity and sensitivity to methacholine [7, 8],
and with higher airway reactivity to eucapnic hyperventilation with cold air [9].

In an editorial, THOMPSON [10] recommended a revival of the aforementioned dysanapsis concept. He
pointed out that the adjusted FEFs lack normal reference values and are now subject to arbitrary cut-off
values. Unfortunately, the 2012 Global Lung Initiative (GLI), in their capacity as a European Respiratory
Society (ERS) task force, updated only the reference values for FEF75 and FEF25–75, but refrained from
providing reference equations for FVC-adjusted FEFs [11]. We agree with Thompson that reference values
with lower and upper limits of normal may speed up the understanding, validation and implementation of
the FEF/FVC outcomes.

In this study, we provide reference equations for the adjusted FEFs (FEF25/FVC, FEF50/FVC, FEF75/FVC,
and FEF25–75/FVC). Furthermore, we provide an update of the unadjusted FEF equations and compare
these with the equations from QUANJER et al. [12] and GLI [13].

Methods
Subjects
Lifelines is a population-based prospective cohort (inclusion between 2003 and 2016), representative of the
population of the Netherlands [14, 15], with an intended total follow-up of ⩾30 years and a follow-up
frequency of 5 years for measurements and 1.5 years for questionnaires. For this study, we used the
baseline data of the 152180 adult subjects who were aged ⩾18 years and performed spirometry. We
selected never-smokers, without any pulmonary complaints, who used no pulmonary medication, nor
reported any allergies, and had a body mass index 18–30 kg·m−2. A further selection was performed based
on normal pulmonary function (FEV1, FVC and FEV1/FVC above the lower limit of normal [16]) and
reliable spirometry, as judged by the pulmonary research technician obtaining the spirometry or a
pulmonologist (figure 1 and supplementary material). For external validation we used 338 healthy
never-smokers, without any past or present pulmonary complaints, and a normal pulmonary function.
This was a combination of the unpublished Fiddle dataset approved by the ethical committee of the
University Medical Center Groningen (n=282; see supplementary material) enriched with the healthy
never-smokers of the NORM study (n=56) [17].

Data collection
The spirometry measurements were based on a full FVC manoeuvre performed according to the
standardised operating procedure of the American Thoracic Society (ATS)/ERS task force [18]. In line
with these guidelines, the best-effort set was used. All Lifelines data (including weight, height and
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spirometry) are obtained according to standardised protocols, by trained technicians. Spirometry
measurements were obtained on a PC-based SpiroPerfect with CardioPerfect software (Welch Allyn,
Skaneateles Falls, NY, USA). The unpublished Fiddle dataset and the NORM study’s dataset were obtained
in the pulmonology department of the University Medical Center Groningen (Groningen, the
Netherlands), using the MasterScreen PFT (Vyaire Medical, Chicago, IL, USA).

Definition
The FVC-adjusted forced expiratory flow at 25%, 50%, 75% and mean 25%–75% of FVC were obtained by
dividing FEF25, FEF50, FEF75 and FEF25–75 by the actually recorded FVC (equation 1). This is expressed in
reciprocal time [19].

adjusted FEFx(s
�1) ¼ FEFx(L � s�1)=FVC(L) (1)

Statistical analyses
To obtain reference equations for the adjusted and unadjusted FEFs, multiple linear regression was
performed with explanatory variables age, weight and height. This regression was stratified by sex. All
combinations of the explanatory variables were assessed, and the model with the highest adjusted R2 was
chosen as best model. Models were built on a random sample of 80% of the data (training set), using
10-fold cross-validation (R version 3.5.2, R-package: caret [20]). The obtained model was evaluated
consecutively on the remaining 20% of the dataset (internal validation set) and on the Fiddle–NORM
dataset (external validation set).

To check if the adjustment of the FEF decreased the variability of the FEFs, the coefficients of variation of
the unadjusted and adjusted FEFs were compared using an asymptotic test (R-package: cvequality [21]).

To investigate to what extent the equations (our newly developed equations and the existing equations
from QUANJER et al. [12] and GLI [13]) predict the unadjusted FEFs, the adjusted R2 (explained variance)
was used. The adjusted R2 for the existing equations was calculated using R-package: rspiro [22] and
subsequently adjusted for the number of variables in the equation and the sample size of our dataset.

Results
A total of 14472 healthy subjects were included from Lifelines; 6054 males and 8418 females (table 1 and
supplementary table S2). The external validation set contained 338 subjects; 170 males and 168 females
(supplementary table S2). The variability of the adjusted FEFs is depicted numerically in table 2 and
visually in figure 2a and b. The coefficient of variation of the adjusted FEFs was significantly lower than
that of the unadjusted FEFs, except for FEF25/FVC (table 3).

Visual inspection of the data showed a fairly linear relationship between the adjusted FEFs and each of the
explanatory variables, age, weight and height separately. Comparison of the eight possible (multiple) linear
regression models showed that the best fit, defined as the highest adjusted R2, was obtained by including
age, weight and height in all models for the adjusted FEFs, for both males and females (supplementary
table S3). The best models for the adjusted FEFs (table 4) were internally and externally validated and
showed numerically comparable fits in all datasets (table 4). Notably, the fit in the external validation set
was better than in the training and internal validation set.

FIGURE 1 Overview of subject
selection from the Lifelines dataset.
BMI: body mass index.

All subjects aged ≥18 years

n=152 180

Included subjects

n=14 472

Exclusion:

Absence of spirometry n=46 278

Current or (ex-) smoking n=58 963

Pulmonary complaints n=21 352

Allergies n=6349

BMI ≠ 18–30 kg·m–2 n=2063

Abnormal pulmonary function n=2703

https://doi.org/10.1183/23120541.00426-2020 3

LUNG FUNCTION | C.A. COX ET AL.

http://openres.ersjournals.com/lookup/doi/10.1183/23120541.00426-2020.figures-only#fig-data-supplementary-materials
http://openres.ersjournals.com/lookup/doi/10.1183/23120541.00426-2020.figures-only#fig-data-supplementary-materials
http://openres.ersjournals.com/lookup/doi/10.1183/23120541.00426-2020.figures-only#fig-data-supplementary-materials
http://openres.ersjournals.com/lookup/doi/10.1183/23120541.00426-2020.figures-only#fig-data-supplementary-materials


For the unadjusted FEFs, the best models were obtained when all explanatory variables were included
(table 5). Internal and external validation showed numerically comparable fits (adjusted R2) in all datasets
(table 5). These unadjusted FEF equations show similar fits on the training, internal and external
validation sets compared to the 1993 equations from Quanjer and the GLI equations (table 6).

Discussion
In this study, we derived reference equations for the adjusted FEF values (FEF/FVC) and provided upper
and lower limits of normal. Predicting the adjusted FEFs by using all tested explanatory variables (age,
weight and height) resulted in the best reference equations, as based on the highest adjusted R2.
Furthermore, we showed that FVC adjustment of the FEF reduces the variability statistically. Finally, we
calculated new reference equations for unadjusted FEF values and demonstrated similar predictive value
compared to existing reference equations (presented by QUANJER et al. [12] in 1993 and the GLI task force
in 2012 [13]).

We compared the coefficient of variance of the adjusted FEFs to those of the unadjusted FEFs and found
that the adjustment significantly decreased the variability of this parameter (table 3), except in the FEF25/
FVC values. However, the magnitude of this reduction, was small and may therefore surpass clinical value.
In 1974, GREEN et al. [5] adjusted flow (FEF) for the actual lung size (using vital capacity) in order to

TABLE 2 Overview of adjusted forced expiratory flow (FEF) for all groups

Male Female

Subjects 4846 6736
FEF25/FVC s−1 1.54±0.30 1.54±0.29
FEF50/FVC s−1 0.88±0.21 0.92±0.21
FEF75/FVC s−1 0.29±0.11 0.31±0.12
FEF25–75/FVC s−1 0.72±0.19 0.76±0.19

Data are presented as n or mean±SD. FEFx: forced expiratory flow at 25%, 50%, 75% or 25–75% of forced
vital capacity (FVC).

TABLE 1 Characteristics of groups used to train the reference equations

Male Female

Subjects 4846 6736
Age# years 42±11.6 42±12.4
Height cm 183±6.7 170±6.4
Weight kg 84±9.8 69±8.9
BMI kg·m−2 24.9±2.5 23.9±2.8
FEV1 L 4.40±0.63 3.19±0.49
FEV1 % pred 99±9.1 98±9.2
FVC L 5.58±0.74 3.99±0.56
FVC % pred 100±9.0 101±9.4
FEV1/FVC 78.9±4.9 79.8±5.2
FEF25 L·s

−1 8.50±1.56 6.10±1.13
FEF25

¶ % pred
FEF50 L·s

−1 4.87±1.22 3.67±0.91
FEF50

¶ % pred
FEF75 L·s

−1 1.63±0.63 1.25±0.54
FEF75 % pred 101±29.7 96±30.2
FEF25–75 L·s

−1 4.03±1.10 3.03±0.86
FEF25–75 % pred 96±22.3 92±20.5

Data are presented as n or mean±SD. Predicted values are according to the Global Lung Initiative (GLI)
equations [13]. BMI: body mass index; FEV1: forced expiratory volume in 1 s; FVC: forced vital capacity; FEFx:
forced expiratory flow at 25%, 50%, 75% or 25–75% of FVC. #: age range (interquartile range) 18–80
(34–49) years and 18–85 (33–48) years for males and females, respectively; ¶: no reference equations available
from the GLI. For characteristics of internal and external validation sets see supplementary table S2.
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reduce the large intersubject variability. To their surprise, and in line with our findings, the variability only
marginally decreased by this adjustment. As this result was nonsignificant in their small-sized study
(n=56) they theorised that the FEFs are subject to substantial intersubject differences in airway size and
function, independent of lung size (FVC). This independence is supported in later studies by showing that
larger and central airway size is unrelated to lung size in normal adults, based on different imaging and
functional techniques [23–25]. Regardless of the small reduction of the variability, we propose to use the
adjusted FEFs. Their value is in the improved comparability between measurements due to less
dependence on FVC performance.
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FIGURE 2 Variability in the adjusted forced expiratory flows (FEFs) for a) males and b) females, per datasets.
FVC: forced vital capacity; FEFx: FEF at 25%, 50%, 75% and 25–75% of FVC.

TABLE 3 Coefficient of variation for adjusted and unadjusted forced expiratory flows (FEFs)

Adjusted FEFx/FVC
coefficient of variation %

Unadjusted FEFx
coefficient of variation %

p-value

Males
FEF25 19.2 18.3 0.00027
FEF50 23.9 25.1 0.00097
FEF75 36.0 38.7 5.81×10−5

FEF25–75 25.4 27.2 6.23×10−7

Females
FEF25 18.7 18.6 0.739
FEF50 22.9 24.9 1.24×10−13

FEF75 39.8 43.2 1.51×10−10

FEF25–75 25.8 28.6 9.46×10−19

FEFx: forced expiratory flow at 25%, 50%, 75% and 25–75% of forced vital capacity (FVC).
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We checked the validity of the obtained reference equations on an internal and external dataset. The
numerical comparison of the adjusted R2 of the training set showed comparable adjusted R2 values as
compared to the internal and external validation set (table 4), demonstrating the validity of the equations
in other populations. As the Lifelines dataset is a representative and generalisable sample of the Dutch
population [15], we consider the obtained reference equations useful for the Dutch and comparable
Caucasian populations.

Notwithstanding the similarity in the fit of the equations among the datasets, the reference equations of
the adjusted FEFs had only weak to modest fits, expressed as the percentage of explained variance
(adjusted R2). These were considerably lower than for the unadjusted values. We considered whether the
overall relatively low predictive values of adjusted FEFs may be explained by the dependency of the FVC
on age, weight, and height. Via the FVC adjustment, the FEFs are indirectly already adjusted for age,
weight and height, as the FVC also depends on these. In other words, these explanatory variables
theoretically lose explanatory value when introduced in a model that predicts the adjusted FEF. If FVC
were completely dependent on age, weight and height, a prediction model for the adjusted FEF could even
be independent of these explanatory variables, which would result in a fixed model. We therefore
investigated whether a prediction model without explanatory variables would improve the explanatory
value. In all cases, the model’s adjusted R2 including the explanatory variables was significantly higher
than a model without explanatory variables (supplementary table S3). Hence, we conclude that a reference
equation including age, weight and height is preferred over using one constant value as a reference for the
adjusted FEFs.

TABLE 4 Generated reference equations for adjusted forced expiratory flow (FEF) values

Equations Explained variance for the FEF/FVC equations %

Reference equation RSD Training Internal validation External validation

Males
FEF25/FVC s−1 3.56+0.001A+0.003W−0.013H 0.286 6.79 6.48 13.16
FEF50/FVC s−1 2.02−0.004A+0.001W–0.006H 0.205 6.17 4.76 4.04
FEF75/FVC s−1 0.68−0.005A–0.0009W–0.0005H 0.084 35.9 32.1 37.8
FEF25–75/FVC s−1 1.70−0.007A+0.0005W−0.004H 0.169 16.6 13.8 14.9

Females
FEF25/FVC s−1 3.52−0.0005A+0.003W−0.013H 0.278 6.21 5.82 4.56
FEF50/FVC s−1 2.05−0.005A+0.001W−0.006H 0.201 8.64 9.54 9.32
FEF75/FVC s−1 0.73−0.006A−0.001W−0.0004H 0.095 41.0 41.5 46.0
FEF25–75/FVC s−1 1.76−0.008A+0.00009W−0.004H 0.170 23.6 24.1 25.2

FVC: forced vital capacity; RSD: residual standard deviation; FEFx: forced expiratory flow at 25%, 50%, 75% and 25–75% of FVC; A: age (years);
W: weight (kg); H: height (cm). Lower limit of normal=value−1.64×RSD; upper limit of normal=value+1.64×RSD.

TABLE 5 Generated reference equations unadjusted forced expiratory flow (FEF) values

Equations Explained variance for the unadjusted FEF equations %

Reference equation RSD Training Internal validation External validation

Males
FEF25 L·s

−1 0.50−0.021A+0.019W+0.040H 1.478 9.73 12.1 11.6
FEF50 L·s

−1 0.14−0.038A+0.008W+0.031H 1.099 19.5 19.8 20.7
FEF75 L·s

−1 0.14−0.034A−0.005W+0.018H 0.469 46.8 44.7 55.0
FEF25–75 L·s

−1 0.37−0.048A+0.003W+0.029H 0.903 32.6 31.9 39.2
Females
FEF25 L·s

−1 1.21−0.026A+0.015W+0.029H 1.039 15.6 17.0 15.4
FEF50 L·s

−1 0.51−0.033A+0.007W+0.024H 0.778 27.1 27.7 29.8
FEF75 L·s

−1 0.35−0.028A−0.005W+0.014H 0.375 51.4 52.0 56.8
FEF25–75 L·s

−1 0.74−0.041A+0.0015W+0.023H 0.654 42.3 42.6 44.1

RSD: residual standard deviation; FEFx: forced expiratory flow at 25%, 50%, 75% and 25–75% of forced vital capacity; A: age (years); W: weight
(kg); H: height (cm). Lower limit of normal=value−1.64×RSD; upper limit of normal=value+1.64×RSD.
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Next to the overall predictive value it is striking that the explanatory value of the equations, for both the
adjusted and unadjusted FEFs, increases towards the end of the expiration. This means that the
(un)adjusted FEF75 is more accurately predicted than the (un)adjusted FEF25. This aligns with the theory
that the end of the expiration is progressively effort independent [26]. At the beginning of the expiration,
the (un)adjusted FEF depends more on explanatory variables unaccounted for in our reference models,
like muscle strength or coordination. Towards the end of the expiration, factors less influenced by effort
and practice, like age, weight and height, gain importance. Particularly age is an important contributing
factor of the adjusted FEF75 variability as the models without age had substantially lower adjusted R2. This
is in line with the well-known age-dependency of the unadjusted FEFs. We speculate that at older age, the
small airways collapse more easily than at younger age, due to loss of retractile forces on the airways and
loss of alveolar wall tension. In addition, decreased mucus clearance at higher age may contribute.

Even though the adjusted R2 is comparable between datasets, the explanatory value of most of the
obtained models was slightly higher in the external validation set. Additionally, the external dataset had
smaller variability in adjusted FEF values (figure 1), which theoretically may be explained by the level of
compliance to ERS/ATS spirometry acceptability criteria [18]: subjects selected for the external validation
dataset had to be able to perform a spirometry completely according to these criteria whereas the Lifelines
subjects needed to perform clinically reliable and reproducible spirometry. We therefore checked the
variability and fit of the adjusted FEFs in the 1258 (out of our 14472) subjects able to perform spirometry
completely compliant to the ERS/ATS criteria, and compared them with those of the external validation
set (supplementary figure S4). However, the variability and fit of the adjusted FEFs from this Lifelines
subset was not superior (supplementary table S5).

Next to adjusted FEF reference equations, we also generated unadjusted FEF reference equations (table 5).
The Quanjer reference equations from 1993 were updated by the GLI task force in 2012, but only
incorporated FEF75 and FEF25–75 equations and not FEF25 and FEF50. Compared to Quanjer, our
equations showed only a minor improvement of the adjusted R2 (table 6), probably due to a small cohort
effect, indicating that current cohorts have a higher mean pulmonary function compared to older cohorts
[27]. In fact, this cohort effect may be a reason to prefer our equations over the unadjusted FEF equations
of Quanjer. To our surprise, the equations presented by the GLI, which were obtained with advanced
statistical techniques on a more recent and healthier cohort (compared to Quanjer), and which
incorporate an age-spline [13], only had slightly higher adjusted R2 values compared to both our equations
and the 1993 equations. Apparently, the log-transformation of the explanatory variables age and height,
and the age-spline have limited additional value. The need for the age-spline in the dataset used by
GLI may originate from the right-skewed age distribution of the sample, with 47% of the subjects aged
<20 years [13]. In contrast, our Lifelines data was normally distributed around age 42 years and the Fiddle
dataset was uniformly distributed with regards to age. This may explain the comparability of our linear
reference equations to the GLI equations and it supports our choice to keep the model simple, without the
introduction of a spline.

The strength of this study is the large sample size, collected according to the same protocol, using a
unified set up by technicians with equivalent training. This ensured a large measurement homogeneity and
through the selection process the data was generalisable for the Caucasian population [15]. Furthermore,
all spirometries with questionable reproducibility or ERS/ATS compliance were assessed by an
independent pulmonologist. In comparison, the GLI task force had a larger, but more heterogeneous

TABLE 6 Percentage of explained variance of existing reference equations on our datasets

Males Females

Training Internal validation External validation Training Internal validation External validation

QUANJER [12]
FEF25 L·s

−1 8.49 10.1 7.01 14.5 15.6 11.2
FEF50 L·s

−1 19.1 19.3 18.0 26.7 27.4 27.6
FEF75 L·s

−1 43.4 43.0 55.1 50.9 51.3 56.3
FEF25–75 L·s

−1 32.3 30.6 37.2 41.9 42.3 42.1
GLI [13]
FEF75 L·s

−1 47.4 46.3 55.1 53.0 53.6 58.3
FEF25–75 L·s

−1 32.8 32.0 38.2 42.5 42.7 42.9

Data are presented as %. FEFx: forced expiratory flow at 25%, 50%, 75% and 25–75% of forced vital capacity.
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dataset, as it consists of a combination of databases from 72 studies from 33 countries [13] and was
therefore potentially measured according to different protocols, with several spirometry devices, operated
by differently trained pulmonary technicians. Furthermore, combining different databases is likely to
introduce differences in data quality. The dataset used by GLI covers a broader spectrum of subjects,
which aids generalisability at the cost of introducing a larger variability in the dataset, which subsequently
introduces the need for the more complicated statistics.

Conclusion
Using >14000 healthy subjects, we developed reference equations for FVC-adjusted FEF values. We
demonstrate acceptable fits, both in internal and external datasets. Additionally, we demonstrate
minimally, yet significantly improved, variability as compared to unadjusted FEF values. A next step will
be to evaluate the clinical relevance of the obtained reference equations in subjects with established airway
disease.
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