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The concept of warranty period, the duration of time during which the patient’s risk remains
low, is appealing. However, some points remain to be resolved before its translation in the
clinical arena. Methodological issues should be standardized in order to compare the results of
studies in different patient populations. Also, the definition of a ‘‘normal’’ study should always
take into consideration the history of prior revascularization, the achieved level of exercise, and
the stressor used. The promise of warranty can be questioned by the patient’s baseline
demographic and clinical characteristics and may also be influenced by life-style modification in
the course of the follow-up. The ‘‘warranty period’’ concept should shift from data reflecting
the time to a cardiac event to the development of ischemia, given an opportunity for inter-
vention before a cardiac event occurs. In this context, clarify the role of serial imaging can be
extremely useful, in particular to evaluate if and when retesting a patient after a normal scan.
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THE CONCEPT OF WARRANTY PERIOD

A warranty is a contractual obligation of a manu-

facturer/dealer associated with sale of a product. Under

such contractual agreement, a manufacturer/dealer takes

the responsibility to rectify defects or failures of

products due to design, manufacturing and quality

assurance problems over a certain period of time after

the sale.1 Hachamovitch first introduced the concept of a

warranty period after normal myocardial perfusion scans

in 1995.2 Stress myocardial perfusion imaging with

single-photon emission computed tomography (MPS) is

able to provide important clinical information for

diagnosis and risk stratification of patients with sus-

pected or known coronary artery disease (CAD). It is

well known that a normal stress MPS implies a good

clinical outcome with rates of hard cardiac events and

all-cause death comparable to those of the general

population.3 Indeed, patients with normal myocardial

perfusion are considered at low risk of cardiac events

and the annualized event rate is generally\ 1% during

the first few years after testing.4 However, knowledge of

this event rate alone is potentially misleading.5 In fact,

an annualized event rate of[ 1% after a normal MPS

may be the result of a constant[ 1% per year event rate

over the follow-up interval, but it may also result from

an event rate of\ 1% during the first year and a

markedly increased event rate later in the follow-up
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period. Similarly, even an annualized event rate\ 1%

over more than one year does not exclude the possibility

that risk was exceedingly low initially, but increased

with time, and risk was not\ 1% later. These undefined

temporal characteristics of risk (‘‘how risk changes with

time’’) may be important in determining test perfor-

mance as well the length of time that a patient remains at

low risk after the index normal MPS, hence defining

whether a ‘‘warranty’’ period exists. It has been

demonstrated that duration of low-risk status after a

normal stress MPS depends on several factors. In

particular, expected event rate is driven not only by

MPS findings but also by the underlying risk factors and

comorbidity burden as well as the extent of atheroscle-

rosis. Yet, the rates vary from a low of 0.2% to a high of

nearly 2%, reflecting differences in underlying clinical

risk and prior CAD.6 Thus, in patients with normal stress

MPS, CAD risk factors and the mode of testing can

influence the trajectory of long-term outcomes. Ottenhof

et al.7 found that Kaplan-Meier survival analysis

revealed wide heterogeneity in all-cause mortality rates

when risk factors burden and performance of exercise vs

pharmacologic testing were considered, ranging from

only 0.8% per year in exercise patients without risk

factors to 4.2% per year in pharmacologic patients with

C 2 risk factors; mortality rates in exercise patients with

C 2 risk factors were comparable to those in pharma-

cologic patients with no risk factors. It should be also

considered that several clinical, stress, and MPS findings

are associated with angiographically proven high-risk

CAD among patients with normal MPS and that con-

sidering these factors may improve the overall

assessment of the likelihood of high-risk CAD in

patients undergoing stress MPS.8

THE EVOLVING PICTURE OF WARRANTY
PERIOD

Studies reporting the warranty period for normal

scan are listed in Table 1. In their first report introducing

the concept of warranty period applied to a normal scan,

Hachamovitch et al.2 concluded that patients with

normal scans have a common temporal component

limited to about 600 days; thereafter, those at ‘‘high

risk’’ (i.e., age C 65 years or pre-test likelihood of CAD

C0.15 or previous revascularization) should undergo to

repeat testing. In 2003, two studies aimed to evaluate

whether a ‘‘warranty’’ period exists after a normal

scan.5,9 Hachamovitch et al.5 extended the 1995 pre-

liminary report2 on 7376 consecutive patients with

normal exercise or adenosine MPS followed-up for

665 ± 200 days. The event rate was greater in patients

with previous CAD than in those without. Pharmaco-

logic stress test, known CAD, diabetes mellitus, male

gender, and increasing age were independent predictors

of events at multivariable Cox analysis. A significant

interaction was also found between stress type and

previous CAD (lower risk in patients without previous

CAD undergoing exercise stress vs all others) and

between diabetes and gender (higher risk in diabetes

females vs all others). The highest risk subgroups had a

maximal event rate of 1.4-1.8% per year. Parametric

survival modeling (Weibull distribution) revealed that in

patients without previous CAD, for each subgroup the

level of predicted risk was uniform with time while in

patients with known CAD predicted that risk increased

with time showing a dynamic temporal component. In

particular, in patients with known CAD, comparing the

first to the fourth six-month interval, patient risk

increased approximately 2-2.5 times, and event rates in

the first year were lower than in the second year.

Thus, it is imperative not only to define the patient’s

risk within bounded time intervals after a normal MPS,

but also the change in risk over time and the duration of

time after the study that the risk remains low. The study

of Hachamovitch et al.5 demonstrated that clinical

factors alter the time at which repeat testing after a

normal scan might be appropriate, hence establishing the

existence of differences in the ‘‘warranty’’ periods for

normal MPS according to patient’s characteristics. The

study also indicates that, if risk change over the follow-

up period, simply reporting the overall annualized event

rate may misestimate the actual risk.

SUBSEQUENT STUDIES

The notion of ‘‘warranty period’’ was used later by

Acampa et al.10 in a study assessing predictors and

temporal characteristics of cardiac risk in 336 patients

undergoing stress MPS 12-18 months after successful

percutaneous coronary intervention (PCI). At Cox uni-

variate analysis, prescan likelihood of ischemia,

ischemia at MPS, and summed difference score were

found to be significant predictors of events. The para-

metric model used for prediction of time to events

identified prescan likelihood of ischemia and presence of

ischemia at MPS as univariate significant variables and

including these variables in the survival model the

authors have demonstrated that, for each level of prescan

likelihood of ischemia, cardiac risk was greater for all

intervals and accelerated more over time in patients with

ischemia compared with those without. Indeed, patients

with low prescan likelihood of ischemia and without

ischemia at MPS stayed at\ 2% estimated risk for the

entire follow-up period. This study outlined the impor-

tance of knowledge of temporal characteristics of risk

and how the risk changes over time as a function of

patient characteristics and test imaging results after PCI,
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for patient management and for retest planning during

follow-up. Interesting, the authors proposed an algo-

rithm of the times that might represent the ‘‘warranty

period’’ before retesting patients with normal MPS

results after PCI, based on prescan likelihood of

ischemia and results of stress MPS.

Carryer et al.,11 using the same definition of

‘‘warranty period’’ proposed by Hachamovitch et al.,5

evaluated the time to reach 1% risk after a normal MPS

in 3010 consecutive patients with and without prior

CAD during a 5-year follow-up. The authors examined

708 patients who had follow-up studies at a median of

2 years, stratified by the clinical indications for follow-

up scan, ‘‘routine vs non-routine.’’ For each patient

‘‘warranty period,’’ defined as time to 1% risk, was

calculated by Kaplan-Meier method and compared with

the interval between images. The results of this study

indicate that only 19% of patients with normal initial

MPS and no history of CAD performed retesting during

the next 5 years. Moreover, two-thirds of the follow-up

scan in these patients were performed as a routine scan

and the majority of these follow-up scans were per-

formed before the mid-point of the patient’s warranty

period. The timing of these scans may explain the low

rate of highly abnormal scans and the absence of any

subsequent revascularization. On the other hand, 39% of

patients with known CAD were retested during follow-

up. The presence of CAD at baseline increases the

likelihood of conversion of a normal MPS to abnormal

over a 2-year period. Because the warranty period in

these patients is much shorter, most follow-up scans

were performed after expiration of their warranty period

and also after an additional 50% of the warranty period

had passed. Nevertheless, of the patients with prior CAD

and routine follow-up studies, only 7% referred to

coronary angiography, and no revascularization proce-

dure was performed after these scans.

Schinkel et al.12 assessed the very long-term out-

come after a normal exercise MPS in 233 patients with

known or suspected CAD. The probability of survival

was calculated using the Kaplan-Meier method. Annu-

alized event rates were relatively low during the entire

follow-up period and prognosis was favorable even at

15-year follow-up. Particularly, in the first 5 years after

normal exercise MPS annualized event rates were very

low. Multivariate Cox proportional hazard regression

analysis demonstrated that several clinical and exercise

testing parameters, as age, male gender, and diabetes or

heart rate at rest, peak exercise heart rate, diastolic blood

pressure at rest, rate pressure product at rest, and ST

segment changes influence the very long-term outcome.

The authors suggested that repeated testing should be

considered in patients with a change in symptoms or

worsening clinical status.

Simonsen et al.13 demonstrated in a cohort of 1327

patients with suspected or known CAD and normal MPS

that the risk was very low immediately after testing,

increasing slowly during the first 3 years to reach a

plateau, not surpassing 2% in the first 5 years. However,

risk varied accordingly to gender, age, and presence of

CAD. The authors according to their results advise a

general warranty period following a normal MPS of

5 years. As a methodology, these authors used Kaplan-

Meier plots and log-rank tests for the survival analyses

and Cox proportional hazards modeling to describe the

influence of covariates by calculation both unadjusted

and adjusted hazard ratios. Finally, smoothed hazards

functions were used to estimate mortality rates over

time.

In a subsequent study, Acampa et al.14 analyzed a

propensity score-matched cohort of 828 diabetic and

non-diabetic patients with normal stress MPS to evaluate

the relationship between diabetes and the temporal

characteristics of cardiac risk at long-term follow-up

(median 53 months). During follow-up, 18 events (11

cardiac death and 7 non-fatal myocardial infarction)

occurred in diabetic and 6 events (2 cardiac death and 4

non-fatal myocardial infarction) in non-diabetic sub-

jects. Univariable associations with cardiac events were

determined by Cox proportional hazards regression, and

event-free survival stratified by diabetes was estimated

by Kaplan-Meier method. In addition, the authors used a

parametric survival model to identify how the variables

influenced time to event and to estimate risk-adjusted

event rates during the follow-up. The Cox proportional

hazards model identified diabetes and post-stress left

ventricular (LV) ejection fraction (EF) B 45% as the

model most predictive of cardiac events. Parametric

survival analysis, including in the model diabetes and

post-stress LVEF B 45%, showed that the hazard rate

increases with time with a shape parameter of 1.2. The

highest probability of cardiac events and the major risk

acceleration was observed in diabetic patients with post-

stress LVEF B 45%. Conversely, non-diabetic patients

with normal post-stress LVEF had the lowest probability

of events. The authors also estimated the time to achieve

a cumulative cardiac risk level[ 3% in diabetic and

non-diabetic patients according to post-stress LVEF.

Non-diabetic patients with normal post-stress LVEF

remained at low risk for the length of follow-up, while in

diabetic patients with post-stress LVEF B 45% the time

to achieve a risk level of events[ 3% was 12 months.

Of note, non-diabetic patients with post-LVEF B 45%

and diabetic patients with normal post-stress LVEF

achieved a risk[ 3% after 40 months. Thus, Acampa

et al.14 demonstrated that warranty period of a normal

stress MPS varies according to diabetic status and post-

stress LVEF. In particular, in diabetic patients that are at
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higher risk for cardiac death and non-fatal myocardial

infarction, a normal stress MPS seems to be not

reassuring. Indeed, the highest probability of cardiac

death or non-fatal myocardial infarction and the major

risk acceleration was observed in patients with diabetes

and abnormal post-stress LVEF.

In a retrospective observational study, Nudi et al.15

analyzed 13,254 patients referred to MPS for the

diagnostic or prognostic workup of CAD. Only patients

with normal MPS or with evidence of ischemia were

included in the study. In particular, the authors analyzed

the association between ischemic burden and event rates

in these patients and quantify time to and risk of cardiac

events after MPS. Cox proportional hazard analysis was

performed to identify independent predictors of cardiac

events and Kaplan-Meier method for survival analysis.

Their results suggested that adverse events occur more

frequently among patients with evidence of myocardial

ischemia. Warranty periods, estimated as median time to

events, were significantly different according to the

degree of ischemia. Multivariable adjusted Cox propor-

tional hazard analysis confirmed that maximal ischemia

score was significant independent predictor of events

together with age, body mass index, maximum ST-

segment deviation, ejection fraction, and revasculariza-

tion as first follow-up event. Moreover, propensity score

matched pairs were also obtained to compare revascu-

larization versus medical therapy, aiming at minimizing

the role of confounders. Propensity analysis showed that

revascularization was apparently associated with a

significantly lower risk of cardiac events than medical

therapy in patients with moderate or severe myocardial

ischemia. Conversely in patients without ischemia,

medical therapy appeared associated with a significantly

lower risk of events than revascularization.

Romero-Farina et al.16 estimated the different war-

ranty periods of a normal MPS based on the different

types of stress used, clinical patient characteristics, and

LV systolic function. The longest warranty periods were

observed in patients who underwent exercise MPS,

followed by those who underwent exercise-dipyri-

damole MPS, and, finally, those undergoing

dipyridamole MPS alone. The warranty periods for

cardiac events were shorter in cases where there was a

decrease both in metabolic equivalents (METs), and in

peak heart rate achieved on exercise MPS. The warranty

period for dipyridamole MPS was similar to the war-

ranty period of patients who had been unable to achieve

5 METs or a peak heart rate below 80% of the predicted

peak heart rate for the patient’s age. Moreover, the

warranty period is shorter in the case of abnormal LVEF

on gated-MPS, even when perfusion imaging is normal.

In conclusion, all these factors can reduce the warranty

period of a normal MPS. The finding that rates of

freedom from adverse cardiac events differ significantly

for patients with normal exercise MPS as compared to

patients with normal pharmacological MPS has been

confirmed by a meta-analysis of 14,918 patients from 24

studies evaluating prognosis in patients undergoing

pharmacologic or exercise stress17.

METHODOLOGICAL ISSUE

Alternative to Cox Model for Survival
Analysis

Cox proportional hazards regression model has

become the statistician’s mainstay in the analysis of

survival data. Briefly, the Cox model evaluates the

hazard (h) to have an event in the time t ? 1 for those

subjects that are still alive at time t.18 The crucial

assumption of the Cox model is that the covariate effects

are not associated with time (proportional hazards).

However, the Cox model makes no assumption about

the distribution of survival times, and thus the baseline

hazard, h0(t), is not estimated from the Cox model. This

characteristic of Cox model is both an advantage and a

disadvantage. The advantage is that it is possible to fit

survival models without knowing or assuming the

distribution of survival time. The disadvantage is that

the Cox model only estimates the relative effect of a

covariate on the hazard rate. Thus, direct quantification

of the improvement in survival time is not possible,

except in the case of truly exponentially distributed

times, where the reciprocal of the hazard ratio estimates

the ratio of median times (as well as other quantile

times) to event.19 However, lifetimes are seldom truly

exponential in their distribution. Several alternatives to

Cox model have been proposed and are under active

investigation.20 One approach is to built a probability

model that fit the data reasonably well, to make

inferences on event-free survival times. The advantages

rely on the mathematical form of the model, which may

be manipulated to become smoother than the observed

data instead of a step function, as predicted by the

counting-process theory embedded in the Cox model.21

Thus, fitted values from a probabilistic model supply

estimates of survival time and residuals between

observed and predicted values of survival times, also

in the presence of censoring. Statistical techniques used

to make assumptions about the functional form of the

probability distribution function of failure time and to

assess how explanatory variables influence the risk of

failure are called parametric techniques. Parametric

models have advantages over Cox model for prediction,

extrapolation and quantification of absolute risk as well

as of relative differences in risk. Parametric models are

also useful for modeling time-dependent effects,
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understanding and communicating the results obtained.

Complex models in large datasets with time-dependent

effects and or multiple time-scales could be all cause

could be handled and cause-specific or relative survival

also analyzed.22,23

A parametric probability distribution often used in

the analysis of survival data is the Weibull distribution,

first described in 1951 as a distribution with truly wide

applicability in several context, in particular industrial

reliability testing.24 In addition to hazard ratio, Weibull

analysis providesmeans of directly estimating the relative

improvement in survival time, namely the event time

ratio. The quantification of this effect is of clinical

relevance and is likely to be better understood than the

conventional hazard ratio. Other parametric survival

models used for survival analysis are the exponential (a

special case of Weibull), Gompertz, log-logistic, log-

normal, and generalized gamma models. Only the expo-

nential and Weibull models work both in the accelerated

failure-time and in the proportional hazard framework.25

Disadvantages of parametric models are as follows: it is

necessary to decide how the hazard function depends on

time; it may be difficult to find a parametric model if the

hazard function is believed to be non-monotonic; it is

awkward to develop fully parametric models that include

time-varying covariates, in particular for constructing

predictions. The adequacy of the Weibull parameteriza-

tion is suggested if the estimated coefficients (and hazard

ratio) are very similar to that estimated by Cox model.

However,Weibull model is inadequate if the proportional

hazard assumption does not hold and with non-monotic

hazard functions, i.e., that go up, peak, and decrease,

changing directionwith time. It should be outlined that the

data distribution is often chosen on the shape of the model

without covariates and this can change as covariates are

added. Thus, dynamic prediction in clinical survival

analysis is an active research field to overcome these

limitations.26

Royston-Parmar Model

Royston and Parmar27 expanded the idea of Efron28

of spline-smoothing the distribution function and pro-

posed extensions of the Weibull and log-logistic models

in which natural cubic splines are used to smooth the

baseline log cumulative hazard and log cumulative odds

of failure functions. Further extensions to allow non-

proportional effects of some or all of the covariates have

been introduced. An important feature of flexible para-

metric models is the ability to model time-dependent

effects, i.e., there are non-proportional hazards. Time-

dependent effects are modeled using splines, but will

generally require fewer knots than the baseline. This is

because we are now modeling deviation from the

baseline hazard rate. It is also possible to split time to

estimate hazard ratio in different intervals.

Joint Modeling of Repeated Measurements
and Time-to-Event Data

In the recent years, patients’ prediction has changed

from short-term to long-term outcome. Thus, it has been

hypothesized that serial MPS testing may have a central

role in cardiac risk stratification. In a pivotal study, El-

Hajj et al.29 evaluated 698 patients who underwent two

regadenoson MPS studies within 16 ± 9 months for

clinical indications. In 399 patients, both MPS studies

were normal; however, the primary outcome occurred in

57 (14%) of them during 24 ± 16 months of follow-up

after the second MPS. Of course, the prognosis was

worse in the 37 patients with normal perfusion on MPS-

1 and abnormal perfusion on MPS-2 (35% of patients

having events). Thus serial MPS seems useful to confirm

in the time the warranty period of a normal scan.

However, with serial MPS testing several issues await

an answer.30 In particular, unresolved questions are:

when serial testing is it indicated? How is it performed

and analyzed? How reproducible are the results so that

serial changes can be accurately assessed? Are results of

serial testing able to cost-effectively alter outcome? It

should be also considered that when a longitudinal

studies include both repeated measurement and survival

outcomes, instead of analyzing these data separately

appropriate statistical methods are required, which use

available tools for simultaneous analysis. In fact,

repeated measurement sequences are intermittently col-

lected and subject to measurement error; occurrence of

the end-point terminates the measurement process,

potentially in an informative manner; and the measure-

ment process may affect the hazard for survival.31,32

Some statistical packages can fit shared parameter

joint models for longitudinal and survival data using

maximum likelihood.33,34 A linear mixed effects model is

used for the longitudinal submodel, which lets time be

modeled using fixed and/or random polynomials or

restricted cubic splines. Currently available distributions

for the survival submodel include exponential, Weibull,

Gompertz, 2-component proportional hazards mixture

models. The flexible parametric survival model, modeled

on the log cumulative hazard scale, is also available.

CONCLUSIONS

The concept of warranty period, the duration of time

during which the patient’s risk remains low, is appeal-

ing. However, some points remain to be resolved before

its translation in the clinical arena. Methodological

issues should be standardized in order to compare the
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results of studies in different patient populations. Also,

the definition of a ‘‘normal’’ study should always take

into consideration the history of prior revascularization,

the achieved level of exercise, and the stressor used. The

promise of warranty can be questioned by the patient’s

baseline demographic and clinical characteristics and

may also be influenced by life-style modification in the

course of the follow-up. The ‘‘warranty period’’ concept

should shift from data reflecting the time to a cardiac

event to the development of ischemia, given an oppor-

tunity for intervention before a cardiac event occurs. In

this context, clarify the role of serial imaging can be

extremely useful, in particular to evaluate if and when

retesting a patient after a normal scan. Finally, the

nuclear cardiology laboratory is continuously and

rapidly evolving and it is unknown in what degree it

will include MPS and/or PET and how nuclear imaging

will compete and/or integrate with other imaging

modalities.
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