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Abstract

Objectives: We constructed a statistical model to assess the risk of death for cystic fibrosis (CF) patients between scheduled annual
clinical visits. Our model includes a CF health index that shows the influence of risk factors on CF chronic health and on the severity
and frequency of CF exacerbations.

Study Design and Setting: Our study used Canadian CF registry data for 3,794 CF patients born after 1970. Data up to 2010 were
analyzed, yielding 44,390 annual visit records. Our stochastic process model postulates that CF health between annual clinical visits is
a superposition of chronic disease progression and an exacerbation shock stream. Death occurs when an exacerbation carries CF health
across a critical threshold. The data constitute censored survival data, and hence, threshold regression was used to connect CF death to
study covariates. Maximum likelihood estimates were used to determine which clinical covariates were included within the regression func-
tions for both CF chronic health and CF exacerbations.

Results: Lung function, Pseudomonas aeruginosa infection, CF-related diabetes, weight deficiency, pancreatic insufficiency, and the
deltaF508 homozygous mutation were significantly associated with CF chronic health status. Lung function, age, gender, age at CF diag-
nosis, P aeruginosa infection, body mass index <18.5, number of previous hospitalizations for CF exacerbations in the preceding year, and
decline in forced expiratory volume in 1 second in the preceding year were significantly associated with CF exacerbations. When combined
in one summative model, the regression functions for CF chronic health and CF exacerbation risk provided a simple clinical scoring tool for
assessing 1-year risk of death for an individual CF patient. Goodness-of-fit tests of the model showed very encouraging results. We
confirmed predictive validity of the model by comparing actual and estimated deaths in repeated hold-out samples from the data set
and showed excellent agreement between estimated and actual mortality.

Conclusion: Our threshold regression model incorporates a composite CF chronic health status index and an exacerbation risk index to
produce an accurate clinical scoring tool for prediction of 1-year survival of CF patients. Our tool can be used by clinicians to decide on
optimal timing for lung transplant referral. © 2015 Elsevier Inc. All rights reserved.
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1. Introduction effects on the time course of the disease and for assessing pa-
tient prognosis. Perhaps most importantly, understanding of
a CF patient’s health status and health trajectory is critical
toward deciding when an individual should be referred for
lung transplantation. Lung transplantation is a complex
rescue therapy used in CF patients with terminal lung dis-
ease with frequently dramatic results. However, lung trans-
- plant is not a cure for CF lung disease; the median survival
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Understanding the natural history of cystic fibrosis (CF)
requires knowledge of the statistical trajectory of lung func-
tion and health status in the disease. The statistical properties
of the trajectory are the basis for judging whether CF treat-
ments and clinical management are having significant
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What is new?

e We constructed a stochastic model based on
threshold regression techniques to estimate risk
of mortality in patients with cystic fibrosis.

e The model includes measurements of chronic dis-
ease progression and an exacerbation shock stream
to model the overall course of CF lung disease.

e The model incorporates a scoring risk tool to pre-
dict one-year risk of death for patients with cystic
fibrosis.

e After further validation studies, the model will be
produced as a mobile application to predict one-
year risk of death, and will be available to CF cli-
nicians so that they can decide on optimal timing
for lung transplant referral for individual patients.

Key findings

e The research builds a new statistical model for as-
sessing 1-year survival of cystic fibrosis (CF) pa-
tients using data on annual clinical visits from
the Canadian CF registry. The stochastic process
model consists of an exacerbation shock stream
superimposed on chronic disease progression.
Death occurs when an exacerbation first takes CF
health across a critical threshold. The formulation
is a special implementation of threshold regression.
The model produces a scoring tool for risk of CF
death that can be used as a mobile application by
CF clinicians. As a research by-product, the anal-
ysis constructs a CF health index that shows the in-
fluence of different risk factors on CF chronic
health and on the severity and frequency of CF
exacerbations.

have a high risk of mortality within the ensuing year.
Conversely, transplant listing needs to occur early enough
for the patient to survive the length of time needed to wait
for organs to become available [2].

In efforts to optimize timing for lung transplant, inves-
tigators have attempted to design models to predict survival
probability for individuals with CF. Liou et al. [3] used
data from the Cystic Fibrosis Foundation Patient Registry
and multivariate logistic regression methods to create a
5-year survivorship model. They suggested that patients
with a 5-year predicted survival less than 30% be consid-
ered for transplantation, whereas patients with a predicted
survival greater than 50% be excluded. Mayer-Hamblett
et al. [4] identified similar risk factors to those of Liou
et al. as predictors of 2-year mortality. However, they
found that their model was no better than using “‘forced
expiratory volume in 1 second (FEVI1) less than 30%”

criteria as a predictor, and both methods had poor positive
predictive value. The authors concluded that “transplant
referral decisions based either on a multivariate logistic
model or on the criterion of an FEV1 of less than 30% pre-
dicted are likely to result in high rates of premature
referral. Better clinical predictors of short-term mortality
among patients with CF are needed.” To further complicate
matters, a recent cohort study suggests a marked improve-
ment has occurred in the median survival of those patients
with cystic fibrosis with an FEV(1) less than 30% pre-
dicted, from 1.2 years in 1990 to 5.3 years in 2002. These
evolving changes in survival in at-risk patients make trans-
plant referral decisions even more difficult to operational-
ize for the CF clinician [5].

The Canadian CF Patient Data Registry (CPDR) is a
comprehensive high-quality database that covers Canadian
CF patients from the 1960s to the present. Our research
uses CPDR data to develop a statistical model of CF health
status for individual patients. Our focus in this report is on
the experience of patients between annual visits recorded
in the registry because it is between these visits that the
major events of death or transplant occur. Our models are
estimated from longitudinal data on lung function and
other variables in the CPDR, together with transplant and
mortality data. These records give useful but limited aggre-
gate information about events occurring between annual
visits (such as the number of hospital admissions) so our
statistical methodology must consider the masking of the
continuous disease process produced by irregularly spaced
observation points.

FEV1, expressed as a percent of the normal value
(FEV1% predicted), is the primary measure of lung func-
tion used clinically to monitor CF disease. A principal
objective of this research was to create a composite index
of respiratory measures including FEV1% predicted, co-
morbidity measures, and other risk factors that correlate
well with CF mortality. We refer to this index as the CF
health index. Our index can serve as a clinical scoring tool
for CF mortality risk for individual patients, using only data
from their most recent clinical visits. In our research, the
individual time course of lung function is viewed as a sto-
chastic process that has three components: (1) chronic dis-
ease progression, (2) exacerbations, and (3) minor transient
elements produced by measurement variability and short-
lived daily fluctuations in physiology. Chronic disease pro-
gression is postulated to be a Markov process in which lung
function undergoes persistent physiological changes over
time having stationary independent increments. The exacer-
bation component captures intermittent departures from the
path of natural disease progression caused by infections or
other aggravating agents, which vary in degree and dura-
tion. Exacerbation onsets are followed by recovery intervals
in which time, natural healing processes, and clinical inter-
ventions bring the trajectory back to the natural path of dis-
ease progression. Finally, the transient component is
modeled as a random disturbance term.
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