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Abstract

Background—*Forced expiratory volume in 1 second (FEV) is an established marker of cystic
fibrosis (CF) disease progression that is used to capture clinical course and evaluate therapeutic
efficacy. The research community has established FEV1 surveillance data through a variety of
observational data sources such as patient registries, and there is a growing pipeline of new CF
therapies demonstrated to be efficacious in clinical trials by establishing improvements in FEV.

Results—In this review, we summarize from a statistical perspective the clinical relevance of
FEV based on its association with morbidity and mortality in CF, its role in epidemiologic studies
of disease progression and comparative effectiveness, and its utility in clinical trials. In addition,
we identify opportunities to advance epidemiologic research and the clinical development pipeline
through further statistical considerations.

Conclusions—Our understanding of CF disease course, therapeutics, and clinical care has
evolved immensely in the past decades, in large part due to the thoughtful application of rigorous
research methods and meaningful clinical endpoints such as FEV. A continued commitment to
conduct research that minimizes the potential for bias, maximizes the limited patient population,
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and harmonizes approaches to FEV analysis while maintaining clinical relevance, will facilitate
further opportunities to advance CF care.

Keywords
disease progression; FEVq endpoints; longitudinal; lung function; spirometry

1. Introduction

Cystic fibrosis (CF) is a heterogeneous disease characterized by a multitude of clinical and
biologic indications; however, the hallmark clinical course of CF is progressive loss of lung
function with eventual respiratory failure. It can be argued within the context of CF that lung
function is perhaps the most prominent measure of disease severity, progression, and
therapeutic efficacy. While pulmonary function tests can yield measurements of lung
capacity, forced expiratory flow, vital capacity and residual volume, the primary spirometric
result of interest in CF is forced expiratory volume in 1 second (FEV1), an index of airway
obstruction that has played a critical role in both clinical care and research.

Over the past 50 years, FEV; decline has been consistently associated with morbidity and
mortality among individuals with CF (1) (2), as well as greater risk of pulmonary
exacerbation, hospitalizations and colonization with Pseudomonas aeruginosa (3, 4). FEV
has also been an important primary endpoint in pivotal clinical trials assessing the efficacy
of new therapies (5) (6). Historically, researchers have used varied approaches to analyze
FEV1, which has limited comparisons across studies and universal interpretation of findings.
Given the importance of FEVq in CF research and care and the analytic challenges that
emerge, this review highlights the use of FEV, in epidemiologic studies and clinical trials,
describes the heterogeneity among analytic methods related to FEV4, and provides
recommendations for continued application of methods to optimally utilize this endpoint.
The recommendations suggested within this review may be useful to CF researchers,
epidemiologists and statisticians, as well as clinicians who wish to apply research findings to
patient care.

2. FEV, in CF Epidemiologic Studies: Analytic Approaches for Establishing
Associations with Morbidity and Mortality

Patient registries and large scale, epidemiological cohort studies are instrumental to
understanding the natural history of disease, identifying risk factors for clinical outcomes,
and generating hypotheses for prospective interventional studies. Much of the epidemiologic
evidence of FEV1-specific associations has been derived from CF patient registries, which
actively collect clinical data on lung function and other markers of disease (7) (8) (9) (10)
(11). The CF research community is fortunate to have access to a wealth of longitudinal data
for these purposes, which together with the recent advances in analytical methodologies
provide a tremendous opportunity to further our understanding of the mechanisms behind
disease progression.
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Key Points: For advanced statistical methods to be effectively utilized by
the clinical research community they ought to

1. Be accessible and enable researchers to implement and replicate the
methodology.

2. Offer significant advancement over traditional, simpler methodology.
3. Produce clinically relevant estimates of effect that can be interpreted by
clinicians.

2.1 FEV; as a Predictor of Survival

The importance of FEV in CF disease progression has its origin in survival analyses, which
have led to prognostic tools for mortality(12) (13) (2). These models feature survival as the
outcome, employing Cox regression to estimate the hazard ratio or comparative risk of dying
over the follow up period between cohorts with higher and lower FEV. Alternative
approaches have utilized logistic regression to estimate the odds of dying over a short time
period(14). Predominant approaches are shown in the first column of Table 1. The choice of
methodology depends on the question as well as the available data. If death occurs within a
short time frame of the exposure, or time to death is not of interest, then logistic regression
analyses may be appropriate. However, in studies with longer follow-up, varying follow-up
times, and even loss to follow-up, the Cox proportional hazard model is preferred. While
logistic regression may be an easier model framework for clinical researchers to implement
and interpret, its use for modeling death probabilities could lead to bias and inaccurate
survival predictions in the presence of incomplete follow-up data.

Strictly speaking, most of the published studies using FEV to predict survival are derived
from population studies, and cannot necessarily be extrapolated to the individual patient.
While some studies have evaluated overall goodness of fit of their models, a limited number
of studies have validated the predictive models against the probability of dying for individual
patients (14, 15). Ideally, for prediction models to be utilized for individual patient
predictions, appropriate methods that assess prediction accuracy, including sensitivity,
specificity, and positive and negative predictive values, are necessary. There are several
analytic approaches that can be used to validate a prediction model, including (1) splitting
the cohort into training and testing set(s), such as in k-fold cross-validation; (2)
bootstrapping, which involves simulation and training/testing a number of datasets; (3)
receiver-operator characteristics (e.g. area under the curve). Lastly, it may be helpful to
validate a prediction model using an independent cohort, but differences in healthcare
systems or underlying populations should be noted. For example, application of the 5 year
survivorship model of CF by Liou and colleagues(2) to an Italian cohort by Buzzetti and
colleagues(16) demonstrated lack of accuracy in predicting survival; this was likely due to
significant differences between the model building and validation cohorts.
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2.2 Modeling Longitudinal Change in FEV; including Rate of Decline

FEV1 progression over time is often estimated using either marginal models or mixed effects
(conditional) models summarized in the second column of Table 1. Determining which of
these two approaches to use for FEVq analysis depends on whether it is of interest to make
inferences about the CF population as a whole (e.g. “on average”) or about individuals with
CF. For example, Dasenbrook and colleagues determined the impact of MRSA acquisition
on lung function decline using a marginal model (17). Their study objective was to
understand how the average rate of FEV4 decline in the CF population would differ between
groups with and without persistent methicillin-resistant Staphylococcus aureus (MRSA)
infection. In another study, the aim was to estimate the effect of persistent MRSA infection
on accelerating an individual patient’s FEV; decline; the authors employed a mixed effects
model to enable this estimation (18). This approach provided subject-specific deviations
from the cohort’s overall average FEV progression.

Finding predictors and/or treatments that are associated with slower rate of FEVq decline
remains an important clinical objective within the context of epidemiologic and comparative
effectiveness, but it is unclear how to operationalize this measure as a rate of change (19).
The predominant analytic approach has been to estimate longitudinal changes in FEVq using
slopes (Figure A1), which assumes a constant rate of decline for the population and to
incorporate random effects for subject-specific variation in the aforementioned mixed effects
models (20) (21) (22). Measuring FEV change as a slope provides readily interpretable
information on the rate of decline, assuming that FEV1 changes at the same rate (Figure A2).
However, recent epidemiologic studies suggest that FEV; progression is not constant (i.e.
linear) over age. For example, to capture nonlinear progression with slopes, researchers have
stratified analyses by age(17) or employed change-point models (23) (24) (25) (26) (Figure
B1), which enable modeling of different rates of decline depending upon the age strata
(Figure B2). Another example is to include a quadratic term to the model(27), which
provides a more smooth, curvilinear shape for overall progression (Figure C1); the resulting
rate of change varies over time in a linear fashion. The assumption is that FEV; decline
becomes less severe as a person with CF ages (Figure C2); this is indicative of the “ceiling”
and “floor” effects that have been noted with FEV; decline, as younger individuals with
higher lung function tend to have steeper decline than older individuals with lower lung
function who exhibit the “floor” effect(21). An alternative is to model FEVq progression
with splines(15) (28) (29). Similar to change point models, this approach provides nonlinear
fitting within more precise intervals of age (Figure D1) and can identify intervals of severe
decline (Figure D2). When working with longitudinal FEV1, exploratory analyses should
include 1) plots of observed patient trajectories both over follow up and patient age; 2)
graphical assessment of the degree of nonlinearity present in the data. Correctly fitting the
null model for FEV progression (i.e. without including explanatory variables) is a prelude
to identifying risk factors for more progressive decline.

When modeling longitudinal data, special considerations need to be made for sources of
variability. In most longitudinal studies, FEV variability is comprised of three sources:
between patients, within an individual patient, and measurement error. Appropriate
covariance models (for the correlation of FEV, measurements collected over time), specified
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in the third column of Table 1, can account for each of these three sources of variation,
thereby improving individual predictive accuracy of the FEV trajectory. This is important
because correlation between a CF patient’s initial and subsequent FEV observations may be
sustained over as much as 15 years(22). Further, increased FEV, variability has been
associated with worse decline in pulmonary function (30). Not accounting for these sources
of variation can lead to higher Type | error rates (false positives) when, for instance, testing
for differences in rate of decline between different patient groups, diminished precision of
model estimates, and incorrect conclusions about the degree of influence that certain
predictors have on FEV; decline.

Key Points: Longitudinal Analysis of FEV; Data

1. Marginal models (such as through generalized estimating equations [GEE]
that account for repeated measures) provide average rates of change in FEVq

2. Mixed models are more complex than marginal models, but enable estimation
of both the average rates of change and individual patient trajectories.

3. When it is of clinical interest, methods are available to estimate FEV
variability and correlation between measurements within an individual
patient.

4, Exploratory analyses can be used to determine the assumption of linearity of

the slope over time in epidemiologic studies. Either marginal models or mixed
models can accommodate non-linearity.

2.3 Key Sources of Bias in the Analysis of FEV4 in Epidemiologic Studies

Perhaps the bias most pertinent to longitudinal FEVq analysis is bias due to missing data,
particularly with dropout or delayed entry. For example, an extreme form of dropout bias
can occur when patients have died over the follow up period of interest. Most longitudinal
modeling approaches produce estimates of longitudinal FEV that ignore this sentinel event
which may lead to optimistic projections of FEV over time as those with presumably the
worst lung function are dropping out of the analyses. Left truncation due to delayed entry,
which has had relatively less attention until recently, can occur because a patient’s FEV4
data is not observed at the earliest time of valid collection (typically 6 years of age) or due to
CF diagnosis at a later age (31). Universal US newborn screening and prolific modern
genotyping will reduce issues related to left truncation bias in CF registries going forward; it
will not however address issues related to unavailable pulmonary function testing among
very young children. Currently, this bias is often addressed by including birth cohort or age
at CF diagnosis as a model covariate or by performing stratified analyses based on these
variables. Principled missing data assumptions and methods should be selected to address
these biases, and have been covered in the statistics literature (32).

Jointly modeling longitudinal FEV4 and survival can minimize bias arising from delayed

entry, non-random dropout and loss to follow up. For example, in a study of center-specific
FEV, over time and survival for a cohort of delF508 homozygous CF patients, longitudinal
FEV{ and survival were modeled simultaneously (33). This type of approach is referred to
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as a joint model in the statistics literature and continues to gain traction, with CF registry
data used as an exemplar for methods development (34). Left-truncation may also be
incorporated in joint models of FEV and survival (35). These studies show improved
predictive accuracy for both survival and FEVy, particularly when there is a high probability
of censoring. Although the models require more careful interpretation and sophisticated
software, introductory examples are provided in the chronic disease literature (36).

Comparative effectiveness registry-based studies in which FEV is the outcome of interest
may be subject to confounding by indication, which is a type of treatment-selection bias that
occurs in observational studies and often results from sicker patients being more likely to
receive the treatment of interest. In particular, confounding by indication affects clinical
outcomes based on a physician’s decision to treat a CF patient, for example, in reaction to
symptoms or changes in FEV;. These decisions often affect both the exposure and outcome
of interest. This type of bias creates statistical challenges in the development of models to
examine comparative effectiveness, and the issues have been highlighted over the years (37)
(38),(39). A pervasive example is when using a retrospective cohort to compare clinical
outcomes either between patients receiving a particular therapy versus not or pre- to post
therapy, as has been done for commonly used CF therapies such as inhaled tobramycin(25),
rhDNase(24), and inhaled corticosteroid therapy(23). Propensity-score matching(40) and
instrumental variables(41) approaches have been used in epidemiologic studies of treatment
effectiveness and FEV, decline to improve upon methods to adjust for confounding that are
limited to relatively few matching variables.

Key Points: Addressing Bias in Epidemiologic Studies

1. Selection bias should be addressed via sensitivity analyses to evaluate the
impact of cohort selection on findings.

2. Confounding by indication cannot be avoided but has been addressed in prior
CF studies using propensity scores or instrumental variables.

3. Missing data should be thoroughly evaluated and described for all
epidemiologic studies. Appropriate sensitivity analyses should be conducted
using missing data methodology to evaluate the impact of missing data on key
results.

2.4 Choice of Reference Equations for use of FEV; as Percentage of that Predicted for a
Comparator Population

Lung size and function are related to sex, body size and age, such that lung function
increases rapidly during childhood and slowly declines in adulthood. Lung function
outcomes are typically compared to a reference population using reference equations, which
account for height, age, sex and ethnicity. Applicable in some regard to both epidemiologic
studies and clinical trials is the choice of reference equations for FEV; which may impact
interpretation of results. Over short periods of time, and within an individual, the raw unit
for FEV/4, liters, is appropriate for analysis; however, comparisons over extended time or
across patients of varying age, height, sex and ethnicity may need to be standardized in the
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absence of a control group. There are numerous reference equations for FEVy; most
recently, the CF community adopted equations developed by Wang(42) and Hankinson(43)
to express FEV1 in terms of percent predicted. Equations by Wang and colleagues(42) are
typically used for males between ages of 6-17 years and females between ages 6-15 years;
Hankinson equations(43) are used for subsequent years thereby creating a discontinuity in
FEV predicted as a patient ages from one standard to the other. The advent of newer multi-
ethnic all-age reference equations by the Global Lung Function Initiative (GLI) provides a
more streamlined conversion of FEV in liters to sex-age-height and ethnic specific percent-
predicted values (44). GLI reference equations are now being used in multiple national
patient registry reports (45) (46) (47) (48). Furthermore, updated epidemiologic studies of
FEV progression, particularly for patients during adolescence and early adulthood, are
needed due to differences in percent-predicted values obtained using GLI reference
equations, compared to aforementioned methods (29). From a statistical perspective, the
variability of lung function measurements varies with age and percent predicted may not be
the optimal way to track changes in FEV1 in an individual over time. The GLI also allow
calculation of z-scores, which may provide an alternative way to track changes over time.
CF-specific standardizing equations have been proposed(49); however, evolving therapies
that improve the lung function of the CF population can render such equations obsolete
within a few years.

Key Points: Selection of Reference Equations

1. In many studies and in particular for longitudinal epidemiologic studies of
pediatric patients, it is useful for FEV1 values to be interpreted as a
standardized outcome (% predicted or z-scores) using a standard reference
equation.

2. The GLI reference equations are endorsed by the major respiratory societies,
and have been adopted by many CF registries. The use of GLI equations for
epidemiological and clinical studies will help facilitate comparison between
studies.

3. FEV, in CF Clinical Trials: A Critical Clinical Endpoint with Numerous

Analytic Options

While there has been a dramatic increase in median survival over the last two decades,
respiratory failure remains the leading cause of death among individuals with CF (45) (46)
(47) (48). The strong relationship between FEVq and the pathophysiology of this chronic
respiratory disease, combined with the ability to be objectively and reliably measured
relative to other endpoints, has made FEV a key endpoint to measure both efficacy and
safety in CF clinical trials.

3.1 Regulatory Considerations

While FEV is a necessary safety endpoint in nearly all CF clinical trials, it is important to
note that the Food and Drug Administration (FDA) and European Medical Agency (EMA)
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will determine the sufficiency of FEV to establish efficacy based on each investigational
product and its mechanism of action. FDA-approved therapies for CF based on randomized,
placebo-controlled trials, including rhDNase(50), inhaled tobramycin(51), aztreonam for
inhalation solution(52, 53), ivacaftor(54), and lumacaftor-ivacaftor(55) all demonstrated
significant acute and sustained improvements in lung function. However, ultimate approval
for these therapies also relied on significant reductions in pulmonary exacerbations or need
for rescue antibiotics. In the case of one of the aztreonam pivotal trials, lung function was a
secondary endpoint to a validated patient reported outcome due to FDA requirement.(52, 53)
Therapies that are not expected to elicit acute improvements in FEV{ may have a difficult
path to regulatory approval. Anti-inflammatories in CF are an example where chronic use
may slow the rate of FEV; decline (56); however, conducting a pivotal trial in this setting
becomes daunting with requirements for large sample size and long durations.(57)

3.2 Heterogeneity in the Analysis of FEV; in CF Clinical Trials

Despite the widespread acceptance of FEV as a key clinical efficacy measure (as a primary
clinical trial endpoint or otherwise), there is significant variability in the analytic execution
of this endpoint which compromises the ability to compare treatment effects across studies.
This heterogeneity can be summarized by two key analytic choices: (1) units of FEV1: liters
vs. percentage of predicted (and the many prediction equations mentioned in the previous
section), and (2) measure of change: absolute vs. relative. Table 2 demonstrates the
heterogeneity in FEV results reported across key pivotal trials for select chronic therapies
that have been adopted into CF clinical care.

Analytic differences in the use of FEV1 have varied across classes of therapies and
regulatory divisions, and there has been no formal guidance on which approach is optimal.
The choice between use of liters and percent predicted is often based on clinical
interpretation; in particular, since FEV1 % predicted is used more frequently clinically to
monitor disease progression for individuals with CF, the clinical community is able to better
interpret a change in FEV1 % predicted as opposed to a change in liters. Use of % predicted
in a clinical trial does however require more rigor, specifically in terms of specification of
how the reference equations will be applied longitudinally and minimizing the impact of
height measurement error. Additionally, the use of FEV1% predicted in trial eligibility
criteria relies on the standardized use of reference equations across participating centers or
centralized calculation through an electronic data capture system or telephone based
randomization system.

When change in FEV1 % predicted is a clinical trial endpoint, proper application of the
reference equations is imperative. For instance, the aforementioned discontinuity between
Wang(42) and Hankinson(43) reference equations could artificially induce changes in lung
function due to aging across the equations —not treatment effect. Trial investigators and
statisticians can mitigate this by fixing an equation for each individual (their starting age
dictates the standardization equation that will be used throughout the trial). However, this
does not help for a very long study where a teen ages out of the Wang equations entirely, nor
is it conducive to interpretation or reproducibility(58). A single set of reference equations
such as the GLI will mitigate this(44), but still rely on the accuracy of height measurements
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at a given time point. Thus, FEV; on the liters scale becomes attractive from an analytic
perspective, as it will not be impacted by analytic choices in the application of the reference
equations nor imprecise measurements of height. In pediatric studies however, both somatic
and lung growth must be considered when interpreting change in FEV in liters, as
improvements due to growth could be misinterpreted as improvements due to treatment in
the absence of a placebo group. This is one concern regarding the use for FEV in liters in
randomized, placebo controlled trials -that it is unknown whether a beneficial treatment
effect on lung function is due to direct improvements in the airways or attributable to
improvements in growth. On the other hand, improvements in lung function could be argued
to be important regardless of mechanism. The choice between use of liters or % predicted as
a primary trial endpoint ultimately depends on the characteristics of the study population,
the duration of the study, as well as the resources available to accurately compute and
implement the chosen reference equations. However, changes in both liters and % predicted
should be reported for clinical trials to illustrate the totality of evidence —regardless of the
unit chosen for the primary endpoint.

Beyond the decision to analyze FEV in terms of liters or as a percentage of predicted is the
choice to measure absolute versus relative change, a decision which is also most often driven
by clinical interpretation. When trials include participants with significant differences in
disease severity, it could be argued for interpretation purposes that the impact of a 5%
absolute improvement in FEV4 % predicted is much greater in a participant with a baseline
FEV, of 40% as compared to a participant with a baseline FEV; of 90%, as this 5% absolute
improvement would correspond to 12.5% and 5.6% relative improvements in these
participants, respectively. On the other hand, maintaining the measurement of improved
change on the absolute scale ensures the trial population overall is benefiting regardless of
disease severity. To this end, a 5% absolute increase in FEV1 % predicted is a harder target
to reach as compared to a 5% relative improvement. While simulation studies can be
performed to examine the impact of these analytic decisions on power and sample size, the
parameters to do these simulations are highly dependent on the patient population and
expected effect of the specific therapy of interest. Ultimately, examination of each of these
measures from earlier phase 1 and 2 data should be used to inform and justify the endpoints
used for the pivotal phase 3 study.

Key Point: Ensure Consistency in Clinical Trial Reporting

1. Requirements provided by clinicaltrials.gov will encourage sponsors to
adhere to standardized reporting of study results.

2. It is imperative for the community to encourage reporting of FEV absolute
and relative changes and associated variability in both liters and % predicted
to ensure comparisons across CF therapies.

3. Choice of FEV endpoint (liters vs. % predicted) and change estimate
(relative or absolute) for pivotal CF trials should be clinically motivated by
the class of therapy and patient population of interest, with careful
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consideration of the relative analytic performance of these measures in early
phase studies.

There will be challenges for the use of FEV in future clinical trials in an era of disease
modifying therapies. As individuals with CF have increased access to therapies that will halt
disease progression, the likelihood of a therapeutic agent demonstrating rapid acute
improvement in lung function will be diminished. In some patient populations this may be
overcome by increasing the sample size of the interventional study to detect smaller effect
sizes, but in patients with milder disease where FEV; is normal there is a need for more
sensitive outcome measures, including new lung function tests that can detect early
progression of lung disease. This is certainly already the case among the CF pediatric
population, many of whom are too young to perform spirometry, or in whom FEV1 is
normal well into adulthood. Continued efforts towards the validation of lung function
measurements in infants and preschool children, combined with the association of these new
measures with long term morbidity, will be critical for advancing the development pipeline
of therapies for CF.

4. Conclusions

Studies of CF progression, whether observational or interventional in nature, require careful
consideration of the FEV1 outcome. In the orphan disease setting, where there is a limited
number of patients available to participate in prospective studies, utilization of retrospective
registry data is crucial and resource sparing for addressing many research questions. The
ability to combine and compare data from completed CF studies, in addition to promoting
transparency of methods, is therefore a necessity. The CF community must continue to work
towards consistent data collection and analytic approaches to enable future ancillary studies
not only with respect to FEV1, but across all key clinical outcomes. The opportunities to
advance methodology are numerous, but must be cogently described and applied to maintain
clinical relevance. Researchers must balance the clinical relevance in interpretation of results
with the benefits of the sophisticated statistical analyses. Multi-disciplinary efforts between
researchers, clinicians, and statisticians will be critical to ensure we are optimally positioned
to capture a remarkable and hopeful slowing of disease progression among our CF
population as new therapies and advances in clinical care are adopted.
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FIGURE 1. Shapes of FEV1 progression assumed in CF epidemiologic studies

The top panel (A1-D1) shows age-related FEVq (expressed as % of predicted on the y-axis)
over age (in years on the x-axis). The bottom panel (A2-D2) contains the corresponding
rates of change, or derivatives, for the FEV; curves from the top panel (expressed as annual
rate of change in FEV1% predicted). Each black line or curve represents the age-related
FEV trend that has been proposed in epidemiologic studies of long-term CF disease
progression, including: linear progression (A1) that corresponds to a constant rate of decline
(A2); piecewise or stratified models by age (B1) that correspond to constant rate of decline
within each stratum (B2); curvelinear progression modeled with a quadratic term (C1),
yielding rate of decline that becomes less severe with age (C2); a semiparametric model for
more curvature at specific intervals of age (D1), producing rate of decline that can vary with

age in a nonlinear manner (D2). Additional description is provided in Section 2.2.
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Table 2

Heterogeneity in the reporting of FEV1 endpoints in pivotal clinical trials for select chronic CF therapies.

Change in FEV1

FEV, Units

Liters

% Predicted

Relative Change

rhDNase(50), Hypertonic saline(62),
Aztreonam(52)

Inhaled tobramycin(51), Azithromycin(63) (64), Aztreonam(52),
Ivacaftor(54), Tobramycin inhalation powder ((65)), Mannitol ((66)),
Ataluren ((67)) Lumacaftor-lvacaftor(55)

Absolute Change

Azithromycin(63) (64), Hypertonic
saline(62), Mannitol(66)

Azithromycin (64), Ivacaftor (54), lvacaftor-Lumacaftor(55)
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