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Hospital days accrued per patient after mechanical

circulatory support device implantation.

Central Message
Excitement is at the interface of disciplines.

Both analysis of repeated events, such as
—Dr John W. Kirklin

rehospitalizations, and the costs of those events

can be graphically depicted and analyzed mul-

tivariably using the mean cumulative function.

See Article page 675.
Observational studies and randomized trials demonstrate
that surgical and catheter-based atrial ablation for atrial
fibrillation (AF) is associated with prolonged life.1-3 But
at what cost? That question is answered by Rankin and
colleagues4 in their study of 3745 Medicare recipients
with AF undergoing coronary artery bypass grafting with
(n ¼ 626; 20%) or without concomitant surgical ablation
for their AF. They document a 29% risk-adjusted reduction
in risk of mortality after 90 days. An 11% higher cost
of the index hospitalization is offset by fewer and less
expensive subsequent rehospitalizations, such that by
2 years, costs are equivalent. The clinical implication
is that surgical ablation for AF concomitant with
coronary artery bypass grafting is both lifesaving and cost
effective.
Study Methodology Concerns
Statistical reviewers were concerned that because many

patients had no rehospitalizations, and therefore no costs,
the distribution of costs—with a large spike at $0—made
cost comparisons treacherous.5 The authors addressed this
with the sophisticated methodology presented in the
Methods and in Appendix E1 and Tables E1-E5. Clinical re-
viewers remarked that the resulting text was opaque, and
statistical reviewers were concerned that the competing
risk of death was not accounted for (which might make
the cost-effectiveness argument even stronger because
death truncates further rehospitalizations).
An Alternative at the Interface of Disciplines
These concerns take us back more than 40 years to the

first recall of an implanted heart valve. In 1971, surgeons
The Journal of Thoracic and Ca
at the University of Alabama Medical Center and Mayo
Clinic began implanting a new mechanical aortic ball-
valve developed at the National Institutes of Health.6 In
July 1975, one of the patients suddenly died when the
Silastic poppet escaped from its housing.7 During follow-
up, 10 more otherwise well patients were discovered to
have experienced poppet escape. Only 2 survived the event.
In attempting to understand the phenomenon and deter-

mine whether or not to recall the implanted prostheses,
expertise was sought in disciplines outside medicine,
among which was industrial reliability. This search intro-
duced us to Dr Wayne Nelson, a statistician and reliability
expert at General Electric. Nelson was in Alabama at the
time, solving a dilemma for the Alabama Power Company,
which had provided households the option of installing
kitchen appliances as part of their electric bill. The question
was at what point is it cost effective to replace them. Nelson
found that the failure rate was constant over time, but that
costs of repair escalated across time. He devised a method
to handle both repeated appliance repairs and their cost to
aid the power company in answering the question.8,9

Nelson’s time-related method was based on simple
counting theory and was not constrained to the probability
scale of 0 to 1.0, as is the venerable Kaplan-Meier prod-
uct-limit method. It accommodated repeated events, and
the event could take on any real value such as the cost of
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FIGURE 1. Unplanned readmission after implanting a durable mechanical circulatory support device. A, Mean cumulative function depicting repeated

readmissions per patient after first discharge following device implantation. B, Cumulative number of days accrued per patient during readmissions after

discharge following device implantation. Each readmission is assigned a value of number of days hospitalized. Each symbol is a readmission, vertical bars

are asymmetric confidence limits equivalent to �1 standard error (68% confidence interval), and solid line is parametric estimate enclosed within a 68%

confidence band. Numbers are patients at risk (patients continue to be at risk after each readmission).
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each repair. Repeat hospitalizations are analogous to repeat
repairs, and costs of those hospitalizations are analogous to
costs of repairs.
The Mean Cumulative Function
Nelson’s method is known as the mean cumulative func-

tion. It is embedded in PROC RELIABILITY and PROC
PHREG in SAS (SAS Institute Inc, Cary, NC), in reda R
software (R Foundation for Statistical Computing, Vienna,
Austria), and in PROC HAZARD, the multiphase nonpro-
portional hazards model developed at the University of Ala-
bama at Birmingham.10 In all these software packages, the
event, which may be repeating, can be entered as either 0 or
1 or as 0 and a real number.

We find graphical display of mean cumulative function
informative for repeated readmissions and costs of these
hospitalizations in studies such as those evaluating mechan-
ical circulatory support devices (Figure 1).11 It is a reader-
friendly visual alternative to the tabular presentation in Ta-
ble 4 of Rankin and colleagues.4 Further, because it is
embedded in software related to time-related events, it is
a natural vehicle for accounting for the effect on costs of
the competing risk of death.

Industrial reliability, meet medical costs!
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