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General Introduction

Hippocrates (460 BC – ca. 370 BC), often referred to as the ‘father of western medicine’1, 
was an early believer in the importance of prognostic knowledge to the practice of medicine, 
going so far as to write a book on the subject2. Despite this early recognition, clinical prognostic 
research has since lagged behind therapeutic and etiologic research3 in terms of prominence and 
awareness. Only in the last 2 decades has this slowly begun to change, resulting in an increase in 
the amount and quality of prognostic research papers being published. Main reasons for conducting 
prognostic research are to inform individual patients about their risk of developing illness and to 
guide clinicians in (preventative) treatment decisions3;4. 

Prognostic knowledge is particularly relevant to CardioVascular disease (CVD) , often 
preceded by global atherosclerosis: this important cluster of diseases is one of the most significant 
causes of mortality and morbidity in westernised societies 5. In The Netherlands for example, 
CVD caused 29% of all deaths in 2009 6 and caused approximately 12% of all hospital admissions 
in 20076. Nonetheless, significant proportions of CVD-related morbidity and mortality could be 
prevented through cost-effective population-based interventions. This is true for people with 
established CVD as well as for those at high risk of developing CVD7-10. Well known and frequently 
used examples of CVD prognostic prediction models used for identifying high-risk patients are the 
Framingham Risk Score 11, SCORE12, or the Reynolds risk score13;14. 

The majority of the currently available prediction models for CVD largely overlap in the 
predictors that they use to determine an individual patient’s absolute risk. Typically, a patient’s age and 
sex is used together with a selection of clinical variables coming from the patient’s medical history 
(such as smoking status or a history of CVD), from physical examination (body mass index, blood 
pressure, etc) or laboratory values (e.g. lipid values or CRP). Rarely are the results from imaging 
techniques considered for incorporation into prediction models. This is partly understandable, due 
to technical challenges involved in obtaining and interpreting radiological imaging, but also due to 
aspects as costs or radiation exposure, which may also limit the availability of imaging findings in 
this respect. Consequently, prognostic information contained in imaging findings may be under-
appreciated as it is not perceived to be commonly available, especially in primary care settings. 

 That the potential prognostic value of imaging findings may thus be ignored is regrettable, 
particularly when the increasingly widespread use advanced diagnostic imaging is taken into 
account.   Studies conducted in non-routine care settings have already showed that imaging 
findings can contain relevant information: there is evidence that vascular calcifications are strongly 
related to CVD and even to all-cause mortality15-17. Similarly, bone mineral density measurements 
have been shown to have a strong relation with osteoporosis18.  Due to increasing image quality, 
different kinds of such sub- and pre-clinical imaging findings affecting the heart, mediastinum, large 
vessels, lungs and bony structures are increasingly detectable on chest CT19;20. Yet, the relevance 
of such findings, when unexpectedly detected in routine diagnostic radiological care, is largely 
unknown, placing radiologists in a difficult and uncertain position when they are confronted with 
such information 21-23. 

This prompted the start of the PROgnostic Value of unrequested Information in 
Diagnostic Imaging (PROVIDI) study. It is an ongoing longitudinal multi-center research project 
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consisting of a series of studies and designed to investigate prognostic potential of unexpectedly 
detected (unrequested) imaging findings for different disease entities or clusters in a routine clinical 
care population referred for diagnostic chest CT. The study aims to identify those readily accessible 
unrequested findings that can be used by radiologists for prognostic purposes and sort them from 
findings that have little or no value to the patient. In this thesis unrequested cardiac and vascular 
imaging findings are related to future CVD events, in the context of the PROVIDI project. The 
results provide a first step in formulating an evidence-based approach for reporting unrequested 
findings. Eventually this may change the role of radiologists by allowing them to actively utilize the 
increasing amount of diagnostic information to identify those patients who might benefit from 
timely preventative measures and thus to contribute more directly to patient care. 24. 

Aim of the thesis

This thesis consists of two main aims: 
-1-  To contribute to the general knowledge of prognostic research. 
-2- To increase the knowledge about the prognostic relevance of unrequested imaging 
findings, detected on routine chest CT, in relation to CVD.

Outline of the thesis

Regarding this thesis’ first aim, we conducted two methodological studies. For these 
studies we used data from the SMART cohort, which is an ongoing prospective dynamic cohort 
study among subjects with a symptomatic vascular disease aimed at establishing the prevalence of 
concomitant arterial diseases and risk factors for subsequent cardiovascular (re)events25. Chapter 
2.1 addresses the pro’s and con’s of composite endpoints in prognostic research. A simple method 
is also introduced to estimate absolute risks for a composite endpoint’s individual component 
endpoints, when the former has been reported as we suggest. Chapter 2.2 is a case study in which 
we present an efficient method for temporal validation of prediction models derived from dynamic 
cohorts.

 The bulk of this thesis addresses the second aim: presenting results from the PROVIDI 
project. Chapter 3 elaborately describes the rationale and design of the PROVIDI study. In chapters 
4 we identify whether different imaging findings, detected on routine diagnostic chest CT and 
scored with a simple visual grading scale, can be used by radiologists as prognostic markers for 
CVD. For chapter 4.1 this is done for coronary and aortic calcifications. Chapter 4.2 shows the 
(independent) prognostic value of incidentally detected heart valve calcifications and chapter 4.3 
addresses the prognostic value of vascular diameter measurements.  Then, in chapter 5 we develop 
and validate prediction models for 1 and 3 year predicted probabilities of CVD. In chapter 5.1 this 
a simple prediction model, only incorporating ancillary aortic findings together with basic readily 
available patient characteristics, is presented. Chapter 5.2 describes the development and validation 
of a prediction score for CVD that incorporates all imaging findings under study in this thesis plus 
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basic patient information. The performance of this prediction model is directly compared to the 
performance of the simple model derived in chapter 8. 

Finally, the main findings of the different studies presented in this thesis are reflected 
upon in the general discussion that is Chapter 6, along with a summary of this thesis in English and 
in Dutch. 

‘All work presented in this thesis was supported by a grant from the Netherlands 
Organization for Scientific Research-Medical Sciences (NWO-MW) grant 40-00812-98-07-005).’ 
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The use of composite-endpoints in prognostic 
research
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K.J.M.	Janssen

K.G.M.	Moons

Y	van	der	Graaf



Abstract

Background: The pro’s and con’s of composite-endpoints in prognostic research are discussed 
and an adaptation method, designed to accurately adjust absolute risks for a composite-endpoint 
to risks for the individual component outcomes, is presented.
Methods: An example prediction model for recurrent cardiovascular events (composite-
endpoint) was used to evaluate the performance regarding the individual component outcomes 
(cardiovascular death, myocardial infarction and stroke) before and after the adaptation method, 
which adjusts the baseline hazard according to an individual component’s incidence.
Results: Discrimination for the individual component outcomes (concordance index myocardial 
infarction 0.68, concordance index stroke 0.70) was very similar to discrimination for the original 
composite-endpoint (concordance index 0.70). For cardiovascular death it even increased 
substantially (concordance index 0.78). After adaptation, calibration plots for the component-
outcomes also improved, with visible convergence of the predicted risks and the observed 
incidences.  
Conclusion: In sum, these findings show that the adaptation method is useful when validating or 
applying a composite-endpoint prediction model to the individual component outcomes. Following 
from this, recommendations concerning reporting of composite-endpoints in future research are 
also included. Without the need for extra data, composite-endpoint prediction models can easily 
be directly expanded to allow for the estimation of risk for each individual component outcome, 
improving the interpretability for clinicians and patients.
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Background

Prediction research commonly involves individual estimation of absolute risks for future 
outcomes based on observed characteristics1. This is clinically useful as it helps to inform patients 
about their risk for future illnesses, can motivate them to change unhealthy lifestyles, increase 
medical compliance and can guide physicians in their decisions for further treatment1;2. Typically, 
prediction models reported in literature provide absolute risks for composite-endpoints rather 
than for discrete individual endpoints. This may be done to increase study power or to enable 
risk stratification for a particular, usually related, group of events, such as cardiovascular disease 
(CVD). Well known examples are the Framingham Risk Score (predicting a composite of angina 
pectoris, recognized and unrecognized myocardial infarction, coronary insufficiency and death from 
coronary heart disease)3 and the recently developed Reynolds risk score for women (predicting 
myocardial infarction, ischemic stroke, coronary revascularization, and cardiovascular death)4. 

Drawbacks of composite-endpoints were previously described in other research 
settings, especially randomized trials 5-8. Montori et al. reacted to this by presenting a guideline for 
the interpretation of composite-endpoints in clinical trials 9. They propose subjecting composite-
endpoints to three test-questions, corresponding to the major drawbacks of composite-endpoints 
in clinical trials: “Will	the	patients	consider	the	individual	components	of	the	composite-endpoints	to	be	

of	similar	importance?	Are	the	frequencies	of	the	different	individual	components	similar?	Are	the	effects	of	

the	intervention	similar	for	each	of	the	individual	components?” Answering these questions would help 
readers differentiate between clinical trials in which a simple interpretation of reported composite-
endpoints is appropriate and those in which interpretation is necessarily more complex.  

Although underexposed in previous methodology literature, composite-endpoints 
interpretation issues are also relevant to prognostic research. Besides the absolute risks for a 
composite-endpoint, the absolute risks for individual component outcomes may also be pertinent 
to patients and physicians. Reasons are that individual component outcomes may require different 
treatment strategies or may differ in impact on patient’s lives. Consider the composite-endpoint 
used for the Reynolds risk score, (described above): while a major stroke is often more debilitating 
than coronary revascularization, the prediction model does not discriminate between these two 
individual component outcomes and tallies them equally. Similarity in the frequencies of component 
outcomes, referred to in the second test-question of Montori	 et	 al, also relates to prognostic 
research. Generally, the frequencies of the individual component outcomes differ. Consequently, 
the absolute risks for composite-endpoints can not directly be applied to the individual component 
outcomes as it would result in incorrect conclusions with regard to patient’s risk for a specific 
individual component.  

The use of composite-endpoints in prognostic research is investigated in this study. 
Data from the SMART study was used to illustrate the pitfalls encountered when translating 
absolute risks for composite-endpoints to individual component-outcomes. A novel and practical 
adaptation method by which absolute risks reported for composite-endpoints can be adjusted for 
the interpretation of the individual component-outcomes is also presented.  In addition, we discuss 
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some suggestions how studies incorporating a prediction model for composite-endpoints could 
be reported in a manner that facilitates their use by other researchers in validation studies or even 
in clinical practice. 

Materials and methods

Data
The SMART study is an ongoing, prospective dynamic cohort study among subjects with a 

symptomatic vascular disease aimed at establishing the prevalence of concomitant arterial diseases 
and risk factors for subsequent cardiovascular (re)events.10 Patients, aged 18 -79 years, who were 
newly referred to the University Medical Center Utrecht with symptomatic manifest vascular 
disease between March 1996 and February 2007 were included. Patients with a terminal malignancy, 
those not independent in daily activities (Rankin scale >3) or those speaking not sufficiently fluent 
in Dutch were excluded. Data was collected by questionnaires, physical examination, laboratory 
assessment, imaging techniques and anthropometric measurements at enrolment. Information 
about outcome events was gathered during follow-up. Patients were biannually asked to fill in a 
questionnaire on hospitalizations and outpatient clinic visits and death was reported by relatives of 
the participant, their general practitioner or vascular specialist. Based on all available information, 
every possible event was audited independently by 3 members of the SMART study Endpoint 
Committee. SMART was approved by the ethics committee of the University Medical Center 
Utrecht. Eligible patients received written and oral information about the goals and logistics of the 
study at their visit to the hospital. All patients were asked for written informed consent.  

Prediction model
A composite-endpoint prediction model for 3- and 5-year recurrent cardiovascular 

events (composite-endpoint) was derived as a test-case to evaluate the performance regarding its 
individual component outcomes (cardiovascular death, myocardial infarction and stroke, table 1) 
before and after applying the adaptation method. The data, consisting the preliminary risk factors, 
coincided largely with risk factors found in other risk scores for cardiovascular disease3;4;11-13. 
Single imputation, based on regression techniques, was applied in case of missing values14. Biological 
implausible values were truncated to the 1st and 99th percentile, since it is not desirable that the 
prognostic accuracy was distorted by outliers15. Regression coefficients were estimated with Cox-
proportional hazard analysis and the model was specified with backward stepwise selection, based 
on Akaike’s Information Criterion. The final prediction model consisted of 9 classical risk factors 
(age, body mass index, high density lipoprotein, site of vascular disease, creatinin, albuminuria, 
intima media thickness of carotid artery, carotid artery stenosis and presence of diabetes). The 
mathematical equation of the Cox model - fitted for prediction of the composite endpoint - is 
shown below. 
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Table 1: Definitions of Outcome Events predicted by the Example Prediction 
Model 

Outcome event Definition

Composite-endpoint Cardiovascular death, myocardial infarction or stroke

   -  Cardiovascular death Sudden death: unexpected cardiac death occurring within 1 hour 
after onset of symptoms, or within 24 hours given convincing 
circumstantial evidence
Death from ischemic stroke
Death from intracerebral hemorrhage (hemorrhage on CT-scan)
Death from congestive heart failure
Death from myocardial infarction
Death from rupture of abdominal aortic aneurysm
Vascular death from other cause, such as sepsis following stent 
placement

   - Myocardial infarction: At least two of the following criteria:
1. Chest pain >20 min, not disappearing after 

administration of nitrates
2. ST elevation >1 mm in leads or a left bundle branch 

block on ECG
3. CK elevation of at least times its normal value and an 

MB fraction >5% of total CK

   - Stroke Relevant clinical features that caused an increase in impairment 
of at least one grade on the modified Rankin scale, accompanied 
by a fresh ischemic infarction on a repeat brain scan

CT,	Computed	tomography;	ECG,	electrocardiogram;	CK,	creatinine	kinase;	MB,	myocardial	band	;	ST:	the	part	between	a	
S	golf	and	a	T	wave	in	an	electrocardiogram,	denoting	the	repolaristaion	ability	of	the	heart.	

*	A	sum	score	of	organs,	previously	affected	by	atherosclerotic	disease	(cerebrum,	cor,	aorta,	peripheral	arteries).	An	
affected	aorta	counts	double.
†  Micro	albuminuria:	<	300 milligrams albumin secretion per 24-hour. 	Macro	albuminuria	>	300	milligrams 
albumin secretion per 24-hour.
‡  confirmed by duplex ultrasonography
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S
(t)
 is the chance of being free of the composite-endpoint giving a certain follow-up and  

S0
(t)
	 is baseline survival, which was calculated by taking the exponential of the negative baseline 

hazard. The baseline hazard  the hazard of developing the composite-endpoint given a period 
of follow-up for patients with an average risk score (baseline hazards for 3 and 5 year survival: 
0.062 and 0.107 respectively).  Risk	score is the prognostic score per patient and in methodology 
called the linear predictor. It is the sum of the multiplication of the regression coefficients and the 
predictor values minus lp

mean	
,
	
which	is the overall mean linear predictor (3.15 in this study).  The 

latter is subtracted to correct for averages of the patients’ risk factors.

Adaptation method
We first estimated the model performance (see below) when simply applying the 

prediction model (as developed for predicting the absolute risk of experiencing the composite-
endpoint) to the three individual component outcomes, using the formula above. This was done 
for 3 and 5 year risks separately. 

Subsequently, we used our adaptation method to correct the absolute risks of the 
prediction model for each individual component outcome and re-evaluated the model performance 
with these adapted risks. The adaptation method we present consists of three consecutive steps: 
In the first step a calibration factor is calculated. To correct for the fact that a patient may develop 
multiple outcome events (eg. a myocardial infarction followed by a stroke) and for varying frequencies 
of component-outcomes during follow-up period, we propose to calculate the calibration factor by 
dividing all observed individual component-outcomes by the composite-endpoint’s incidence.  In 
the second step, the baseline hazard is adapted; this is done by multiplying the original baseline 
hazard for a given follow-up with the calibration factor. Finally, the absolute risks for the individual 
component outcome event are calculated using the adapted baseline hazard and the individual 
risk score, which is obviously not affected by the adaptation method.  The steps of our adaptation 
approach can be written as follows (example calculations are presented in the appendix):

1: 

2: 

3:  

Incidence
(component	 	 endpoint)

 is the incidence of an individual component outcome and 
incidence

(composite-endpoint)
 is the incidence of the composite-endpoint in the data set at hand. Baseline	

hazard
(prediction	model)	

 is the baseline hazard of the original prediction model for a specific period (here 
0.062 and 0.107 for 3 and 5 year survival from the composite endpoint  respectively, see above). 
Adapted	 risk	 is the adapted risk for a specific individual component outcome expressed as the 
chance of being event free giving a specific period of follow-up. 
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Assessment of model performance
We evaluated the performance of the prediction model for the composite-endpoint 

as well as for the individual component outcomes by estimating the model discrimination and 
calibration16. Discrimination refers to a model’s ability to distinguish between patients that 
experience the event and patients that do not experience the event and was assessed using the 
concordance-index16;17.  This measure of discrimination can be interpreted similar to  the area-
under-the-curve from a ROC curve18. Calibration refers to the agreement between the predicted 
risks and the observed incidences, and was assessed visually using calibration plots for three and 
five year follow up separately. A plot, in which the mean predictions are equal to the observed 
Kaplan-Meier estimates, represents good calibration. Data management and statistical analysis 
were performed with statistical software programs R© (version 2.6.1, R Foundation for Statistical 
Computing, http://www.R-project.org) and SPSS © (version 14.1, Chicago, Illinois.)  

Results

Data of this study contained 4499 patients with symptomatic manifest vascular disease. 
Ninety-two patients were excluded as they were lost in follow-up (2.1%). Table 2 presents the 
distribution of the predictors and the different outcomes in our data. For the 4407 patients, the 
mean age was 59 years. Overall, patients were overweighed with a mean BMI of 26.7.  Most patients 
were male (74%) and 22% suffered from diabetes mellitus. Mean values for high-density-lipoprotein, 
creatinin and intima media thickness were 1.2 mmol/l, 97.8 µmol/l and 0.93 mm, respectively. 17.5% 
of the patients had carotid artery stenosis and over 20% suffered from albuminuria. 

The composite-endpoint was 535 times identified during follow up (mean 1460 days). A 
substantial group of patients experienced more than one event: cardiovascular death occurred 324 
times (mean follow up 1554 days), myocardial infarction was identified 310 times (mean follow up 
1513 days) and stroke was identified 136 times (mean follow up 1526 days). This means that only 
69.5% of the 770 cardiovascular events are included in the composite-endpoint. 

Table 3 shows the performance of the prediction model when unadjusted absolute risks 
for the composite-endpoint were attributed to individual component outcomes. The concordance 
index for the composite-endpoint was 0.70 (95% CI 0.67 – 0.73). The concordance index for 
myocardial infarction and stroke was respectively 0.70 (95% CI 0.65– 0.74) and 0.68 (95% CI 
0.64 – 0.71). The concordance index for cardiovascular death was 0.79 (95% CI 0.77 – 0.82). 
The calibration plots of respectively 3 and 5 year follow-up for the composite-endpoint were 
close to the dotted line where the predicted risks equal the observed incidences indicating good 
calibration. However, for the individual component outcomes the line clearly deviated from the 
dotted line, indicating poor calibration. Table 3 also presents the calibration of the prediction 
model when the absolute risks for the individual component outcomes were adjusted using our 
adaptation method. Examples how absolute risks are calculated for the composite endpoint and 
one of the individual components are presented in appendix. All the calibration plots showed an 
improved level of calibration as all the calibration plots shifted back towards the diagonal. Figure 
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1 shows a score-chart (nomogram), by which absolute risks for the composite-endpoint (at three 
and five years) as well as the individual components can easily be calculated. Although score charts 
are not common in methodological studies, it clearly demonstrates how prediction models with 
composite-endpoints can be presented. 

Table 2: Distribution of the Predictors and the Different Outcomes for the 
Study Population, Utrecht, the Netherlands, 1996-2007

Predictors
SMART-cohort

(N=4407)
Missing data 

N, (%)

Age, years, mean  (min-max)       59 (19 – 82) 0 
Body mass index, kg/m2 ,mean (min-max) 26.7 (18.8 – 38.4) 3 (0.1)
High density lipoprotein, mmol/l, mean  (min-max) 1.2 (0.6 – 2.4) 40 (1.0)
Diabetes Mellitus, N (%)   951 (21.9) 61 (1.4)
Number of affected sites due to vascular disease*, N 
(%)
           1 
           2 
           3 
           4 
           5 

3467 (78.7)  
653 (14.8)
226 (5.1)
 56 (1.3)
 5 (0.1)

0 

Creatinin, µmol/l , mean (min-max) 97.8 (54 – 825) 28 (0.6)
Albuminuria‡, N (%)
           No                                                        
           Micro                                                     
           Macro                                                    

3299 (79.5)
727 (17.5)
125 (3.0)

256 (5.8)

Intima media thickness, mm, mean   (min-max)                       0.93 (0.50 – 1.98) 104 (2.4)
Carotid artery stenosis†, N (%) 754 (17.5) 100 (2.3)
Composite-endpoint
Cardiovascular death, or myocardial infarction, or 
stroke,  N (%)

535(12.1) 0

Individual component outomes
 - Cardiovascular death, N (%) 324 (7.4) 0
 - Myocardial infarction, N (%) 310 (7.0) 0
 - Stroke, N (%) 136 (3.1) 0

*	Sumscore	of	affected	organs(cerebrum,	cor,	aorta,	peripheral	arteries).	Aorta	counts	double.
†		Carotid	artery	stenosis	>50%	confirmed	by	duplex.
‡	 	micro	 albuminuria:	 <	300 milligrams albumin secretion per 24-hour. 	Macro	 albuminuria	 >	 300	milligrams 
albumin secretion per 24-hour
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Table 3: Discrimination and Calibration of the Prediction Model Before and 
After Adjustment of the Absolute Risks

*CI	=	confidence	interval.	†x-	axis	(predictions)	and	y-axis	(Km-estimates)	ranges	from	0.7	to	1.	‡	x-	axis	(predictions)	
and	y-axis	(Km-estimates)	ranges	from	0.5	to	1

Discussion

In this article we illustrated the limitation encountered when absolute risks for 
composite-endpoints are directly attributed to individual component outcomes and suggested an 
adaptation approach that can be used to mitigate them. An example composite-endpoint prediction 
model incorporating– the component endpoints cardiovascular death, myocardial infarction and 
stroke - was used as an example to demonstrate the performance achieved when absolute risks 
for 3- and 5-year survival from the composite endpoint were directly interpreted for the individual 
component outcomes without adjustment. The discriminative ability for all individual component 
outcomes was good. For the important cardiovascular death outcome it performed significantly 
better than the original composite model (concordance index 0.79, 95% CI 0.77 – 0.82). Yet, 
unadjusted calibration plots illustrate that the predicted risks from a composite-endpoint model 
cannot simply directly be attributed to their individual component outcomes. As the incidence of 
the individual component outcomes was lower than the incidence of the composite-endpoint, the 
unadjusted predicted risks were by definition too high for the individual component outcomes. 
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Figure 1: Nomogram	to	calculate	3	and	5	year	survival	probabilities	of	being	free	of	a	recurrent	cardiovascular	event.	
In	the	upper	part	you	can	read	the	points	that	you	receive	for	every	predictor	separately.		In	the	lower	part	you	can	read	
the	predicted	survival	for	a	particular	endpoint	after	adding	up	the	points.    
Predictors:	Diabetes	1=	present,	Stenosis	1=present,	Albumin	2	=	micro-albuminuria	3	=	macro-albuminuria,	Affected	
vascular	site	1-5	=	sumscore	of	organs,	previously	affected	by	atherosclerotic	disease	(cerebrum,	cor,	aorta,	peripheral	
arteries).	An	affected	aorta	counts	double.
Example:	A	75-year	old	patient	(5	points)	,BMI	of	30	(2	points)		HDL	of	2	(2	points),	no	diabetes	(0	points),	previous	
aortic	aneurysm		and	peripheral	arterial	disease	(4.5	points),	a	creatinin	value	of	100	(2.5	points),	 low	albumin	(0	
points)	,	no	carotid	stenosis	(0	points),	and	a		IMT	of	1	mm	(2	points)	presents	to	his	physician.		This	makes	a	total	
of	18	points.	The	physician	reads	of	 from	the	nomogram	that	 the	patient’s	5	year	risk	 for	cardiovascular	disease	 is	
approximately	20%	(1-0.8).	The	patient	wants	to	know	his	risk	for	a	stroke,	which	can	be	read	of	as	well:	6%	(1-	0.94).		
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Although this seems a logical phenomenon, it must always be kept in mind when interpreting 
absolute risks for composite-endpoints. However, a simple adjustment to the baseline hazard 
allows predicted risks to be estimated for the individual component outcomes. 

Obviously, individual component outcomes could also be predicted with newly derived 
prediction models. The baseline hazard and regression coefficients are then estimated for the 
specific individual component outcome. However, due to power reasons, it is often not feasible 
to derive prediction models for individual component outcomes19;20. Additionally, from a clinical 
point of view it is impractical to have different prediction models for each individual component 
outcomes. For general risk-stratification purposes, physicians may be more interested in composite-
endpoints. The purpose of our adaptation method is to expand the usefulness of prediction models 
with composite-endpoints so that risks for individual component outcomes can be calculated as 
well using the same prediction model.

Composite-endpoints are also frequently employed in clinical trials. For this study design, 
the disadvantages were previously described: past publications have stated that the interpretation of 
composite-endpoints in trials could be complicated due to quantitative and qualitative heterogeneity 
of the defined individual component outcomes. This means that individual components differ in 
their contribution to the composite-endpoint, but also differ in importance, for instance in terms 
of impact on health, to patients5;6. Others have stressed that reporting of the distributions of the 
individual components in composite-endpoints is generally inadequate, suggesting that the results 
apply to the individual component outcomes rather than only to the overall composite-endpoint. 
Furthermore, it was stressed that results of studies with composite-endpoints lack relevance to 
patients8;19;21. These disadvantages also pertain to composite-endpoints used in prognostic research. 
However, a lot can be avoided using the adaptation method to adjust for the difference in incidence 
between the composite-endpoint and the individual component outcomes.

Fortunately, the importance of this issue is becoming more widely recognized. D’agostino 
et al. also presented a method to adjust the absolute risks of the Framingham Risk Score for 
its individual component outcomes22. As to the best of our knowledge, our adaptation method 
differs on two key points. Composite-endpoints are mainly calculated using only one event per 
patient (usually the first event experienced); conceivably other component endpoints are ignored. 
A substantial amount of individual component outcomes may be missed when only those events 
included in the composite-endpoint are used to calculate the calibration factor, resulting in an 
underestimation of risks for individual component outcomes. Considering the latter, we proposed 
to calculate the calibration factor using the true incidence of an individual component outcome 
rather than just the proportion included in the composite-endpoint. Secondly, by adjusting the 
baseline hazard instead of the absolute risk, the current adaptation model accounts for the fact that 
Cox regression follows an exponential function whereby the absolute risks are calculated with the 
relevant baseline hazard and the fitted risk score. The baseline hazard is mainly determined by the 
incidence of the endpoint of interest. As we correct for the difference in incidence in this study, 
we think that it is mathematically more in keeping with the underlying Cox function to adapt the 
baseline hazard rather than the resultant absolute risks, is mathematically.
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Other methodological issues need 
to be addressed as well. The adaptation 
method presumes an equal censoring 
pattern for every endpoint involved. This 
assumption seems plausible as the mean 
follow-up of the endpoints used in this study 
did not differ excessively. The mean follow-up 
for the composite-endpoint was 1485 days, 
while this was 1554, 1513 and 1526 days for 
cardiovascular death, myocardial infarction 
and stroke respectively. The adaptation 
method also requires the incidence of the 
component outcome and the baseline 
hazard for the composite-endpoint to be 
known. Unfortunately, this information is 
frequently lacking from publications. The 
adaptation method of D’agostino et al.22 

(see above) is a serviceable alternative 

in such cases. Note that the risks for the 

individual component outcomes may then 

be underestimated. Lastly, we showed that 

a simple adjustment improved calibration 

for the prediction of individual component 

outcomes. However, such adjustment 

only improves the calibration. To enhance 

discrimination, a more rigorous adjustment 

is needed, notably adding new predictors 

to the model23;24. Yet, as far as we know, 

this has not been previously described for 

the prediction of individual component 

outcomes from a prediction model for 

composite-endpoints.  
The most frequently addressed 

problem of composite-endpoints is inter-
pretability for the individual component 
outcomes 6-8;19;21. We showed that the 
performance of a prediction model indeed 
differs for the individual component 
outcomes, but that accurate predictions for component outcomes can be made with a simple 
adjustment of the baseline hazard in cases where the true incidence of said outcomes are reported. 

Textbox: Composite-endpoints

Already known:
	 Composite-endpoints increase study 

power.
	 Composite-endpoints are helpful 

to identify ‘high-risk’-patients for a 
specific group of diseases.

	 Composite-endpoints are difficult 
to interpret regarding the individual 
component outcomes.

	 Composite-endpoints lack in 
relevance to patients.

New aspects:
	 Risks for composite-endpoints 

can not directly be ascribed to 
composite-endpoints.

	 Risk for individual component 
outcomes can be accurately 
estimated with a simple adaptation 
method that adjusts the baseline 
hazard. 

Recommendations:
1. Incidence of the composite-endpoint 

and individual component outcomes 
should be clearly described.

2. Baseline hazard(s) of fitted prediction 
model should be presented.

3. Performance of prediction model 
with the composite-endpoint as 
well as the individual component 
outcomes should be evaluated

4. Present nomograms / score charts 
for composite-endpoint and 
individual component outcomes.
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Future developers of prediction models can easily increase the utility of their composite-endpoint 
prediction models by routinely reporting the baseline hazard and the incidence of the individual 
component outcomes. This gives readers an improved understanding of the make-up of the 
composite-endpoint and allows them the opportunity to easily and accurately derive absolute 
risks for the individual component outcomes. The clinical relevance and utility of prediction future 
models may also readily be increased by routinely reporting model’s performance for the individual 
component outcomes and by the inclusion of score charts (nomograms, online risk calculators, 
etc) for both the composite-endpoint as well as the individual component outcomes (Textbox). 
Such performance measures give an indication of whether adapted absolute risks for the individual 
component outcomes are accurate and well-constructed score charts simplify the calculation of 
absolute risks.

We addressed the interpretation issues of composite-endpoints in prognostic research 
and expanded the usefulness of prediction models using composite-endpoints through the 
demonstration of a simple and easy-to-use adaptation method that allows for accurate and valid 
estimation of absolute risks for a model’s individual component outcomes. This method, along with 
recommendations regarding the reporting of results, can increase the impact, interpretability and 
utility of both future and existing composite-endpoint models.
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Appendix

Example how the absolute risks were calculated for the original composite endpoint and stroke 
(one of the individual component outcomes)

Original prediction model predicting the composite endpoint
3 years baseline survival: (exp(-0.062)) = 0.939
5 years baseline survival: (exp(-0.107)) = 0.898
3 years risks: 0.939exp(risk score)

5 years risks: 0.898exp(risk score)

Original prediction model predicting only stroke using the adaptation 
method:
136 (= incidence stroke) / 535 (= incidence composite endpoint)  = 0.254
3 years baseline survival: (exp(-(0.254* 0.062)) = 0.984
5 years baseline survival: (exp(-(0.254 * 0.107)) = 0.973
3 years risks: 0.984exp(risk score)

5 years risks: 0.973exp(risk score)
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Abstract

Background: To date, temporal validation only involves subjects who enter a dynamic cohort 
after a prediction model’s derivation phase while the remaining follow-up data from the derivation 
study’s censored patients are being omitted. This results in a large amount of follow-up data 
going unnecessarily unused. This study aims to present a novel ‘efficient’ method of composing a 
temporal validation cohort. 
Methods:  A simple simulation study is used to illustrate the key concepts of this method.  
Following, data from the clinical SMART cohort-study is used to conduct a temporal validation 
following the traditional and efficient method aiming to illustrate the advantages of the latter 
in real-life. A prediction model was derived from the first 7 of maximal 12 years included in 
SMART cohort. The remaining 5 years were used for temporal validation by evaluating the model’s 
discrimination and calibration.
Results: Using the traditional approach with maximally 5 years of follow-up, only 90 endpoints 
could be ascertained. For the efficient approach the cohort was replenished with the left-
truncated follow-up time of event-free patients censored at the end of the 7-year derivation-
phase. Consequently, the efficient cohort included 405 events over 12.5 years of follow-up. The 
larger quantity of data allowed more accurate performance analysis to be conducted, reflected in 
smaller standard errors (standard error c-index: 0.019 vs. 0.027; standard error calibration slope: 
0.09 vs. 0.17).
Conclusion: The major advantages of the efficient approach were increased power and increased 
length of follow-up time, accelerating the moment at which a prediction model could properly be 
temporally validated.
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Background

Prognostic research involving individual estimations of absolute risks for future outcomes 
based on observed characteristics1 is of growing importance. However, the clinical impact of much 
of such research remains unsatisfactory, partly due to lack of adequate external validation2-5. Such 
validation refers to performance evaluation of a prediction model in a cohort other than the 
development (or: derivation) sample, so that the prediction rule can be confidently applied to 
the various populations that make up daily clinical care. Temporal validation is recognized as being 
one of three forms of external validation, which has already long been accepted to be integral to 
prognostic research6-8 

Currently dynamic cohort study designs9-12, involving ongoing entry of subjects during 
follow-up, are being used increasingly often for derivation and temporal validation of prediction 
models. The derivation phase is often followed by temporal validation using (currently) only those 
subjects that enter the cohort after the derivation phase5. Derivation subjects who had not 
experienced an endpoint of interest at the end of the derivation phase (the vast majority) were 
censored from the cohort, resulting in a large portion of survival data that usually goes unutilized 
during temporal validation. 

We reasoned that this is unnecessarily wasteful and that this data could easily be used 
for temporal validation using the statistically well-known approach of left truncation. Accordingly 
this study aims to present a novel ‘efficient’ method of composing a temporal validation cohort. 
An optimal simulated setting was used to illustrate the basic principles. In addition, data from the 
SMART (Second Manifestation of ARTerial diseases) study13 was used to demonstrate the new 
approach in a clinical setting.

Efficient approach

Our novel method for composing a temporal validation efficiently uses all follow-up data 
available by incorporating follow-up data from subjects who did not experience an outcome-event 
during the derivation-study, in addition to all subjects who entered the study cohort after the 
conclusion of the derivation study. This is implemented by incorporating the event free patients 
from the derivation cohort with left-truncated survival times meaning that for temporal validation, 
these subjects only become at risk (i.e. under observation) after the time-period that they 
contributed to the derivation-phase. Thus a patient who spent three years in the derivation phase 
without an event began contributing at-risk time to the temporal validation cohort at the three 
year+1 day time point. This statistically well-known approach has not previously been employed 
for temporal validation purposes. As solely those subjects who experience an event influence the 
survival function in the derivation sample, the remaining subjects who did not experience an event 
can be used to evaluate the performance of the prediction model without improperly reusing 
derivation predictor profiles14. The concept is graphically depicted in figure 1. 
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Figure 1:	 Example	 of	 12	 patients	 in	 a	 dynamic	 cohort	 followed	 for	 20	 years,	 in	which	 a	 prediction	model	was	
developed	after	12	years.	The	figure	illustrates	that	8	patients	were	eligible	for	the	derivation	study.	If	the	prediction	
model	was	externally	 validated	 following	 the	 traditional	approach	only	4	patients	would	be	eligible	 (namely	patient	
number	1,	4,	7,	and	11).	However,	following	efficient	external	validation	the	validation	cohort	would	consist	of	4	patients	
(namely	patients	2,6,	9	and	10)	extra.

Theoretical illustration

A simple theoretical dataset was simulated to illustrate the key concepts of this approach. 
A dynamic cohort dataset consisting of 40.000 patients who were followed for 20 years and of 
which 60% were male was simulated. The baseline risk of an event was set at 50% after 20 years of 
follow-up and men were bestowing with a hazard ratio of 2. Entry times and time-to-event were 
generated with a random uniform distribution using the runif	command in R. 12 years of follow-up 
was taken to be the derivation-phase and the remaining 8 years was designated as the temporal 
validation phase. In the derivation phase, there were 3900 events with a mean follow-up period of 
5.7 years (range 0.01 – 12.0 years). Using the traditional approach to validation, there were 1251 
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events over a mean follow-up of 3.8 years (range 0.01 – 8.0 years). This is significantly lower than 
the 5179 events observed in the simulated efficient validation set, which includes on average 8.9 
years of follow-up (range 0.01 – 20.0 years).  Figure 2 shows the survival curves of the traditional 
validation cohort and the efficiently composed validation cohort stratified by gender. 

As men were more likely to experience the outcome in the simulated dynamic cohort, 
the proportion of men in the cohort decreased over follow-up, resulting in relatively less men being 
added with left-truncated survival times to the efficient validation cohort ( 57.3%). Accordingly the 
efficient validation cohort included 58.4% men, while this was 60.2% for patients in the derivation 
phase and 59.4% for patients in the traditional temporal validation phase.  Under these idealized 
conditions, this change in proportions of men and women does not change the observed survival-
curve. This change in the case-mix is no different from what it would otherwise be, due to the use 
of left-truncation as the left-truncated patients (including relatively less men) from the derivation 
phase mainly affect the observed outcome in the later phases of follow-up, at which point where 
men were less likely to have survived anyway. This supports the validity of our efficient approach.  
This is also confirmed by figure 2, which clearly shows congruency between survival in the cohorts 
over the first 8 years of follow-up, with an extension of the available follow-up in the efficient 
cohort to a maximum of 20 years of follow-up.

The patients included in the validation cohort using the efficient approach, provide a 
larger range of follow-up times, which might be used to extrapolate beyond the 12 year time-
range of the prediction model. Furthermore, in the efficient validation approach patient numbers 
are being replenished by the (left-truncated) entry of derivation-set patients, there is a slower 
drop-off of the numbers of patients at-risk. This results in more data being available to assess the 
proportionality assumption. In the ideal simulated data, the efficient approach did not affect the 
proportionality of the hazard ratio illustrated by the fact that during the whole period of follow-up 
men consistently had a two times worse survival compared to women (see figure 2). 

Clinical example

The SMART study is an ongoing, prospective dynamic cohort study among adult patients 
with clinically atherosclerotic vessel disease, or marked risk factors for atherosclerosis, conducted 
to determine the prevalence of concomitant arterial diseases and risk factors for subsequent 
cardiovascular (re)events. Extensive information about the study design and participants can be 
found elsewhere13. SMART was approved by the ethics committee of the University Hospital 
Utrecht.

For the proposes of this study a simple prediction model for maximally seven year risks 
of recurrent fatal and non-fatal cardiovascular events (cardiovascular death, myocardial infarction 
and stroke) was derived from patients with manifest arterial disease who entered the SMART-
cohort between 1996 and the end of 2003. Candidate predictors included parameters from patient 
history, physical examination and laboratory examinations.The prediction model was developed 
using Cox-proportional hazard analysis and specified by a backward stepwise procedure based on 
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Akaiki’s Information Criterion15. To reduce overfitting, regression coefficients were multiplied with 
a shrinkage factor, which was determined with a bootstrap resampling procedure16;17 . The resulting 
model, presented in the appendix, had a c-index of 0.68.

Temporal validation was performed in the period after the derivation-phase (2004 – 
February 2009) using the traditional approach and the newly proposed efficient approach by 
evaluating the prediction model’s discrimination and calibration. In the efficient dataset, follow-
up data was censored after 7-years (the limit of the prediction model’s absolute risks) to avoid 
the assumptions involved in extrapolation of the slope. Discrimination refers to a model’s ability 
to distinguish between patients that experience an event and patients that do not experience 
an event and was assessed here using the c-index16;18. Calibration quantifies to the agreement 
between the predicted risks and the observed incidences and was for this purpose evaluated by 
calculating the calibration slope, which refers to the regression coefficient when the risk score 
(or linear predictor) was univariately fitted to the validation cohort 19. If the regression coefficient 
β is close to 1, the risk score is considered valid in the validation cohort, with values distant to 
1 indicating increasingly imperfect calibration. Statistical analysis was performed with statistical 
software programs R© (version 2.10, R Foundation for Statistical Computing, http://www.R-project.
org) and SPSS © (version 14.1, Chicago, Illinois.)  

Figure 2:	Survival	curves	stratified	by	gender	of	the	simulated	traditional	and	efficient	validation	cohorts.	
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Results

Baseline characteristics of the patients in the derivation cohort and the two validation 
cohorts from the SMART data are presented in table 1. The efficient validation cohort (max of 12.5 
years of follow-up) consisted of 4889 patients with a total 405 events of which 282 events were 
ascertained within 7 years. Over the years of the study, whilst inclusion was ongoing, we observed 
that the mix of patients who entered the SMART cohort changed, resulting in some differences 
between the derivation and validation groups. These differences were most pronounced between 
the derivation set and the ‘traditional’ validation set with the ‘efficient’ validation set logically 
positioned between the two. Patients from the ‘traditional’ validation cohort suffered more 

Table 1: Baseline characteristics of derivation and validation cohorts

Variables

Derivation
cohort (’96-’03)

(n=2800*)

Traditional 
validation cohort 

(’04- Feb ’09)
(n=2501)

Efficient 
validation cohort 

(’04- Feb ‘09)
(n=4889)

   Male, n (%) 2136 (77) 1794(72) 3604 (74)
   Age, mean (range) 59 (23 – 82) 59 (19 – 80) 59 (19-82)
   Smoking, n (%)
     No
     Former
     Current

490 (18)
1220 (44)
1070 (38)

536 (21)
1257 (50)
703 (28)

958 (20)
2313 (47)
1599 (33)

   Body Mass Index, mean (range) 26.5 (18.8 – 38.1) 27.1 (19.1 – 38.9) 26.8 (19.0 – 38.4)
   Diabetes, n (%) 465 (17) 438 (18) 810 (17)
   Previous Cerebral vascular disease, n (%) 829 (30) 656 (26) 1330 (27)
   Previous Cardiac vascular disease, n (%) 1511 (54) 1649 (66) 2968 (61)
   Previous abdominal aortic aneurysm, n (%) 345 (12) 149 (6) 404 (08)
   Previous peripheral arterial disease, n (%) 7445 (27) 394 (16) 987 (20)
   Sytholic blood pressure, mean ( range) 142 (79 – 223) 142 (94 – 242) 142 (79 – 242)
   Diastolic blood pressure, mean (range) 80 (45 – 127) 83 (48 – 136) 82 (46 – 136)
   Triglycerides (range) 1.9 (0.6 – 6.9) 1.5 (0.5 – 5.8) 1.8 (0.6 – 7.3)
   High Density Lipoprotein, mean (range) 1.2 (0.6 -2.3) 1.3 (0.6 – 2.5) 1.2 (0.6 – 2.4)
   Low Density Lipoprotein, mean (range) 3.4 (1.4 – 5.9) 2.6 (0.9 – 5.4) 2.9 (1.0 – 5.6)
   Homocistein, mean (range) 14.4 (6.8 – 39.9) 12.7 (6.2 – 34.7) 13.3 (6.4 – 35.3)
   Creatinin, mean (range) 97 (57 – 451) 92 (56 – 214) 92 (56 – 215)
   Cholesterol, mean (range) 5.4 (3.2 – 8.3) 4.5 (2.5 – 7.7) 4.9 (2.6 – 8.1)

Variables

Derivation
 cohort (’96-

’03)
(n=2800*)

Traditional 
validation cohort 

(’04- Feb ’09)
(n=2501)

Efficient 
validation cohort 

(’04- Feb ‘09)
(n=4889)

   Albuminuria, n (%)
     No
     Micro
     Macro

2084 (80)
418 (16)
90 (3)

2005 (82)
381 (16)
48 (2)

3818 (82)
709 (15)
113 (2)

   Anticoagulant medication, n (%) 1828 (65) 2188 (88) 3730 (76)
   Ant- hypertensive medication, n (%) 1696 (61) 1961 (78) 3392 (69)
   Lipid lowering medication, n (%) 682 (24) 1875 (75) 2542 (52)

Follow-up and events
   Time to event, mean (range) 1108 (1 – 2675) 927 (2 – 1882) 1855 (2 - 4561)
   Cardiovascular event, n  289 90 405

*123	patients	were	lost	to	follow-up.
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frequently from cardiac disease compared to the derivation cohort (66% vs. 54%, P<0.01) whilst 
peripheral arterial disease (16% vs. 27%, P<0.01), abdominal aortic aneurysm (6% vs. 12%, P<0.01) 
and cerebral disease (26% vs. 30%, P<0.01) occurred less frequently.  Anticoagulant therapy (88% vs. 
65%, P<0.01), anti-hypertensive therapy (78% vs. 61%, P<0.01) and especially lipid lowering therapy 
(75% vs. 24%, P<0.01) increased considerably the later years. Correspondingly, and probably as a 
result of increased medication usage and the attention for secondary prevention, the mean lipid 
values improved in the traditional validation cohort. 

Figure 3 shows the percentage of patients at risk in the validation cohorts plotted by 
duration of follow-up and the number of endpoints observed. It shows that the efficient validation 
cohort includes patients with longer follow-up periods than can be found in the traditional cohort. 
It also shows how the relative drop-off in patients at risk in the efficient cohort is lower over time 
than in the traditional cohort, especially over the period in which we aim to validate our risks (7 
years maximum), resulting in a larger number of events in this group. 

Table 2 contrasts the performance measures in traditional and efficient validation cohorts. 
The c-index following traditional validation was 0.63, SE 0.027 while in the efficient validation set 
it was 0.67, SE 0.019. We assessed whether the drop in discriminative ability in the traditional set 
was caused by the different case mix as described above by comparing this c-index with a ‘case-
mix benchmark c-index’ as proposed by Vergouwe.  This benchmark c-index was 0.64 meaning that 
the reduction in c-index can be largely ascribed to the changes in the types of patients included in 
the later years of the SMART cohort. In the traditional cohort the βeta (slope) of the fitted risk 
score was 0.843, SE 0.166. This means that the risk score on average overestimates the chance 
of experiencing an outcome event during the maximal 5.15 years of follow-up in the traditional 
cohort.  In the efficient validation cohort the slope was 1.07, SE 0.089, meaning that the risk score 
on average slightly underestimates the chance of experiencing an outcome event during 7 years of 
follow-up in the efficient cohort. 

Table 2: Performance of prediction model in two validation cohorts 
Traditional validation cohort

(up to 5.15 years of follow-up)
Efficient validation cohort

(up to 7 years of follow-up)
Concordance 
statistic 
(C-index)

0.63; SE 0.027 0.67; SE 0.019

Calibration slope 0.843; SE 0.166 1.07; SE 0.089

SE	=	Standard	Error	
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Figure 3:	The	proportion	of	patients	at	risk	plus	the	observed	events	in	the	traditional	validation	cohort	compared	
to	the	relative	number	of	patients	at	risk	plus	the	observed	events	in	the	efficient	validation	cohort	stratified	by	years	
of	follow-up.		
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Discussion

This case study demonstrates how to more fully exploit follow-up data when performing 
temporal validation in a dynamic cohort by including all available follow-up data. We enlarged 
our validation cohort by incorporating censored patients from the derivation cohort using 
left-truncated entry-times. This method is valid and widely accepted but has not been used for 
validation purposes. A simple simulation study demonstrates the key concepts of this approach and 
applying this approach to the existing SMART-cohort neatly demonstrates the potential advantages 
of this approach in a currently ongoing cohort study. 

By incorporating patients and follow-up data that would otherwise have been 
disregarded, the efficient validation has more power, allowing the performance measures to be 
assessed with greater accuracy. This was confirmed in the clinical SMART example in which the 
efficient validation group contained 282 outcome-events within 7-years, compared to only 90 
in the traditional validation set (within 5 years). The latter thus failed to reach the minimum of 
100 events considered preferable for proper validation 20. Furthermore, the standard errors were 
lower in the efficient validation approach (standard error c-index: 0.019 vs. 0.027; standard error 
slope: 0.09 vs. 0.17). For these reasons the efficient validation approach could be exploited in future 
dynamic cohort studies to reduce the overall calendar time needed to achieve satisfactory power 
for temporal validation, or to extrapolate and validate a prediction model for longer follow-up 
periods. Note that in the SMART example, validation in the efficient set was limited to 7-year 
predictions as the prediction model was fitted to maximally this time-frame. Extrapolating the 
predictions to the maximally available time-frame (12.5 years) was considered to be beyond the 
remit of the current study. This was also so for further calibration and updating, which may be 
desirable to further improve the performance in the external data, if one would want to take the 
prediction model into use19;21. 

The differences observed in the behaviour of the c-index in the SMART example were 
largely due to the differences in the case-mix between the two validation groups and the derivation 
group. This was confirmed using the method of Vergouwe 22 where the case-mix benchmark 
indicates the model performance under ideal conditions in the traditional validation set.  This 
change in case-mix in SMART is distinct from the changes in proportion of men and women 
observed in the simulated dataset. In the latter case, the changes were caused by the higher 
hazard amongst men and were to be expected under any circumstances over longer follow-up 
(compensated for by left-truncation).  In the later part of SMART however, there was a true change 
in the type of patients included. This was clearly reflected in the decrease in c-index observed in 
the traditional validation set, which solely contained recently included patients. 

This study sought to illustrate this novel validation approach in the SMART-study. In 
other study settings, investigating other disease entities or clusters, the advantages of the newly 
introduced efficient validation method might differ. In situations where the hazard for experiencing 
an outcome decreases strongly during follow-up, the efficient validation approach will be less 
profitable as only few additional events will be collected in the subjects added with left-truncated 
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survival times. The efficient validation approach is more effective when the hazard for experiencing 
an outcome event remains constant over time or increases, like in our SMART example predicting 
CVD. Other studies should be performed to corroborate our findings and to quantify the potential 
advantages of this approach across a range of study types and datasets.

Conclusion

In this study a novel and efficient approach to temporal validation in dynamic cohorts 
was presented and contrasted with the traditional approach using simulated data and the real-life 
SMART-study data. The major advantages of the efficient approach were increased power and 
increased length of follow-up time, accelerating the moment at which a prediction model could be 
temporally validated. 
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Appendix

Prediction Model

* A sum score of organs, previously affected by atherosclerotic disease (cerebrum, cor, aorta, 
peripheral arteries). An affected aorta counts double.

Formula 1:	Prediction	model	consisting	of	7	predictors	(age,	smoking,	diabetes,	site	of	previous	vascular	disease,	high	
density	 lipoprotein	 ,	 (log	transformed)		 lab	creatinin		and		use	of	antihypertensive	medication).	S(t)	 is	the	chance	of	
being	free	of	recurrent	cardiovascular	events	after	a	certain	(in	this	study	maximal	7	years)	period	of	follow-up.	S0(t)		
is	the	baseline	survival		for	an	average	patient	given	follow-up	period	t.	The	baseline	survival	can	be	subtracted	from	
the	baseline	survival	curve	(shown	below)	.	Risk	score	is	the	prognostic	score	per	patient	and	in	methodology	called	the	
linear	predictor.	It	is	the	sum	of	the	multiplication	of	the	regression	coefficients	and	the	predictor	values	minus	lpmean	
,	which	is	the	overall	mean	linear	predictor	(7.0	in	this	study).		The	latter	is	subtracted	to	correct	for	averages	of	the	
patients’	risk	factors.	

Appendix fig. 1: Baseline	survival	curve	 for	example	prediction	model.	The	corresponding	baseline	survivals	 for	
respectively	1,	3,	5	and	7	years	of	follow-up	are	0.97,	0.93,	0.88	and	0.83
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Abstract 

We describe the rationale for a new study examining the prognostic value of unrequested findings 
in diagnostic imaging. The deployment of more advanced imaging modalities in routine care means 
that such findings are being detected with increasing frequency. However, as the prognostic 
significance of many types of unrequested findings is unknown, the optimal response to such 
findings remains uncertain and in many cases an overly defensive approach is adopted, to the 
detriment of patient-care. Additionally, novel and promising imaging findings that are newly available 
on many routine scans cannot be used to improve patient care until their prognostic value is 
properly determined.  
The PROVIDI study seeks to address these issues using an innovative multi-center case-cohort 
study design. PROVIDI is to consist of a series of studies investigating specific, selected disease 
entities and clusters. Computed Tomography images from the participating hospitals are reviewed 
for unrequested findings. Subsequently, this data is pooled with outcome data from a central 
population registry. Study populations consist of patients with endpoints relevant to the (group of) 
disease(s) under study along with a random control sample from the cohort. 
This innovative design allows PROVIDI to evaluate selected unrequested imaging findings for their 
true prognostic value in a series of manageable studies. By incorporating unrequested imaging 
findings and outcomes data relevant to patients, truly meaningful conclusions about the prognostic 
value of unrequested and emerging imaging findings can be reached and used to improve patient-
care.                   
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Introduction

In this article the rationale and methods of the PROgnostic Value of unrequested 
Information in Diagnostic Imaging’ (PROVIDI) study are presented. It was designed to investigate 
the growing amount of unrequested information, identified on diagnostic radiological examinations. 
PROVIDI’s relatively large study sample and its innovative use of a case-cohort design place it 
in an ideal position to address some of the more challenging issues pertaining to unrequested 
radiological findings.   

Rationale

Advances in radiological imaging techniques have led to scans of increasingly high 
resolution and contrast being deployed ever more widely, with the Computed Tomography 
(CT)1 and Magnetic Resonance Imaging (MRI)2 modalities leading the way. CT in particular is 
being deployed for a growing number of clinical indications and over the last decade alone CT 
image quality has evolved tremendously from single-section helical CT to the greater spatial and 
temporal resolution offered by multi-detector row CT (MDCT). 4-, 8- and 16-slice scanners are 
now widely in use, 64- and 256-slice scanners are being introduced into routine clinical practice 
whilst 320-slice scanners are in late phases of testing3. 

The increasingly widespread use of higher quality CT in routine diagnostic clinical 
care is causing a corresponding increase in the numbers of unrequested findings being detected, 
which previously would have gone unnoticed; characterized as unrequested information which 
is unrelated to the initial scanning indication4;5. As the referrals for routine scanning are typically 
highly targeted at investigating specific pathologies in specific organs, there is plenty of scope for 
unrequested findings that are not linked to these initial referrals. These referrals are typically the 
only additional clinical information that radiologists possess, adding to the uncertainty over how 
to handle unrequested findings. Evidence from the literature indicates that, on the whole, a large 
number of unrequested findings are not addressed in routine clinical settings6, whilst others may 
be subject to aggressively defensive follow-up7;8. Due to their uncertain clinical significance, such 
findings pose a novel challenge to radiologists and referring clinicians alike. 

Contributing to this trend of increasingly detected unrequested information is the 
growing culture of medical litigation wherein radiological lawsuits pertaining to missed diagnoses 
and perceived failure to initiate follow-up investigations form a growing majority of the total9. 
This follow-up exposes patients to potential harm in the form of unnecessary radiation exposure, 
invasive procedures, the anxiety and stress associated with an uncertain disease-state, as well as 
financial cost10.  

Additionally, to date the impact of emerging diagnostic findings, such as arterial calcium 
scores and volumetric analysis of lung nodules11, are only partially understood and go largely 
unutilized in routine care. The fact that many potentially predictive findings, as unrequested 
detected findings, may be available in some form for free on routine scans makes the investigation 
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of their implementation necessary. The potential for risk stratification and preventative treatment 
for a range of disorders spanning from cardiovascular disease to osteoporosis using unrequested 
imaging characteritics extracted from the hodgepodge of routine scanning equipment and protocols 
could be unlocked by demonstrating the prognostic utility of this approach. 

The question of how best to adapt to the growing number of unrequested findings has 
engendered lively debate amongst radiologists, with opinions ranging from advocacy of maximal 
pursuit for and follow-up of all available findings, to deliberately ignoring anatomical regions and 
findings beyond the mandates of the scan indication12-15. This debate takes place in the context 
of the limited clinical information typically available to the radiologist and such discussions are a 
consequence of rapidly advancing techniques with attendant lack of knowledge of their implications. 
Debate will continue until follow-up studies are performed to investigate which unrequested 
imaging findings are significant and which findings have no clinical impact. For these reasons, there 
is the urgent need of follow-up studies in routine radiologic settings; there have  been but a 
few admirable attempts10 at collecting follow-up data on patients with unrequested findings but 
virtually none investigating the prognostic endpoints. The work carried out in screening settings 
may not be representative for routine care settings due to for example different hazards for 
experiencing outcome events and concurrently, there is no basis for comparison between routine-
care settings and the radiological prognostic research carried out so far in research settings using 
screening populations.  

Figure 1:	Objective	of	the	PROVIDI-study
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The PROVIDI study is the first study that aims to address these issues. It is designed as a 
longitudinal study, linking unrequested information detected on routine diagnostic Chest CT scans 
to major health outcomes via national health registries. In doing so we are able to identify those 
readily accessible unrequested findings that are prognostically relevant and sort them from findings 
that have little or no value to the patient (figure1). This may allow clinical radiologists to contribute 
more generally than before to patient care by more effectively utilizing the increasing amount of 
diagnostic information available, thereby increasing the efficiency of health care. .  

Methods

Study Design 
The PROVIDI study is designed as a multi-center retrospective case-cohort study. The 

cohort consists of subjects with routinely made chest CT scans obtained from eight participating 
hospitals (Elkerliek Hospital (Elkerliek), Gelre Hospitals(Gelre), St. Antonius Hospital(Antonius), 
Academic Medical Center Amsterdam(AMC), VU University Medical Center(VUMC), University 
Medical Center Groningen(UMCG), Academic Hospital Maastricht(AZM), and University Medical 
Center Utrecht(UMCU)), of which the latter five are tertiary referral centers. A case-cohort 
design offers significant gains in efficiency over a standard cohort study16, at the cost of increased 
complexity in data analysis and the addition of a theoretical layer of assumptions about the 
uniformity of the cohort.  The crucial difference from a normal cohort study is that a random 
control sample of the cohort is selected at baseline to represent the cohort, making it unnecessary 
to analyse the whole cohort. Each (cluster of) unrequested finding of interest can then be studied 
in such an individual sub study that combines the cases that suffered outcome(s) relevant to that 
finding during follow-up with a new random sample of controls that did not. The control group 
is to be randomly sampled so that the group is twice as large as the case group for the individual 
sub study. This permits the use of the PROVIDI cohort in the investigation of the prognostic value 
of a range of unrelated unrequested findings, as well giving researchers the freedom to pursue 
unforeseen candidate findings as they emerge.  Valid absolute risks, which are indispensable to 
prognostic research, can be readily calculated. 

It was not possible to evaluate the extent of clinical follow-up undergone by patients as 
a result of unrequested findings with this study design. We did not consider this to be a serious 
limitation as this is rare in practice6 and at any rate, it would cause an underestimation of the 
prognostic effect (as those receiving preventative therapies are probably less likely to experience 
the outcome of interest). 

The PROVIDI study was approved by the Medical Ethics Committee of the University 
Medical Center Utrecht. The need for written informed consent was waived for all patients due 
to the retrospective design of this study. A privacy protocol was implemented to ensure that no 
patient information would be visible whilst reading CT scans and no additional information could 
be obtained from patient’s medical records and no patient would be contacted as a result of this 
study.   
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Study subjects 
All patients aged 40 years 

and older who were referred to one 
of the participating hospitals with an 
indication for a chest MDCT between 
January 2002 and the end of December 
2005 were evaluated for inclusion in the 
PROVIDI study (N=23.443). Patients 
with suspected primary lung cancer 
(including mesothelioma) or distant 
metastatic disease from other types 
of cancer (excluding haematological 
malignancies), 9.077 cases in all, were 
excluded, on the basis that it is highly 
unlikely that detection of unrequested 
imaging findings will alter clinical 
decision making in patients with such a 
poor prognosis. This selection was first 
fully evaluated in a pilot study (textbox	
1,	pilot	study). 

Consequently, the PROVIDI 
cohort consists of 14.366 patients, and 
an equal number of chest CT’s. In cases 
where patients underwent more than 
one chest CT examination, only the 
first CT scan of the series was used for 
analysis. The chest CT’s were obtained 
with 2-, 4-, 8-, 16-, 32- or 64-slice 
scanners of different vendors. All 
types of chest CT protocols, including 
contrast and non-contrast scans, were 
eligible for the PROVIDI study. The CT scans were initially assessed by local hospital radiologists, 
consistent with routine practice. Subsequently, anonymous copies of all images were stored on disk 
and transferred to the University Medical Center Utrecht. Patient characteristics and information 
on type of CT protocol used, including section thickness, tube voltage (kVp), tube load (mAs), and 
the use of a contrast agent, was abstracted from CT reports by a research physician, who also 
assessed the CT indication from the CT reports. 

Textbox 1: Pilot Study

A pilot study was conducted to investigate if the 
indication categories could be used to identify 
patients with a very bad prognosis a priori.

For this pilot study, all patients, older than 40 years 
and undergoing thoracic CT at the University Medical 
Center Utrecht and Academic Hospital Maastricht 
were included. Information about mortality was 
gathered through linkage with the National Death 
Registry after complete follow-up. A comparison 
was made between  patients who deceased within 
six months of follow–up and patients who deceased 
after six months of follow-up.

Patients with indication categories ‘Suspected 
primary lung cancer (including mesothelioma)’ 
and ‘distant metastatic disease from other types 
of cancer (excluding haematological malignancies)’ 
had an average mortality rate within 6 months 
of 33.9%. This was much higher compared to the 
mortality rate for the other indication categories 
(mean 10.4%, p<0.001).

We concluded that the indication categories can 
discriminate well between patients’ prognoses 
and could be used to exclude patients with a bad 
prognosis a priori.
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Imaging findings
The specific candidate imaging findings will differ for each individual study investigating 

different specific groupings of disease entities and will be selected for their potential prognostic 
value, as suggested by the available literature and expert opinions from experienced radiologists as 
well as other clinical specialists and epidemiologists. CT scans will be reviewed, blinded for general 
scan parameters, CT indication and the outcome status, at a computer workstation, by trained 
research physicians and supervised by an experienced chest radiologist. Images are to be viewed 
at standard lung, soft tissue, and bone settings, which are also readily available to radiologists in 
clinical practice. Reproducibility of imaging findings will be evaluated and must be sufficient. Some 
examples of the types of candidate unrequested imaging findings are listed in figure 2.

Figure 2:	Examples	of	unrequested	imaging	findings.	Upper	left:	non-contrast	CT	image,	lower	left:	contrast	CT	image,	
upper	right:	CT	image	in	lung	setting,	lower	right:	contrast	CT	image	in	mediastinum	setting.	A:	calcifications	in	Left	Main	
coronary	artery	and	Left	Anterior	Descending	artery,	B:	calcification	in	descending	thoracic	Aorta,	C:	Irregular	descending	
thoracic	Aorta	with	calcification,	D:	diameter	of	left	ventricle,	E:	diameter	of	heart,	F:	Lung	emphysema,	G:	bronchiectasia,	
H:	Calcificated	plaque	in	ascending	thoracic	Aorta,	I:	enlarged	lymph	node,	J:	Pleural	effusion.
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Table 1: Outcome events and their codings according the ninth  International 
Classification of Disease 

Outcome events ICD1 codes Initial 

Numbers
Mortality
All cause mortality all codes  3677
Hospital admissions
Cardiovascular Disease 728

Ischemic heart disease ICD9 410-414
Cerebrovascular diseases ICD9 431, 434-438
Thoracic aortic aneurysm ICD9 441
Peripheral arterial disease ICD9 443,444
Cardiac valve disease ICD9 424
Sudden cardiac death ICD9 427
Pericarditis ICD9 420,423
Interventions ICD9 5360-3, 5369, 

          5350-5354, 5380-3,  
          5385, 5399

Pulmonary Embolism 69
Neoplasmata 375

Bronchus, lung, thymus, heart, oesophagus
Thyroid
Hodgkin
Non-Hodgkin 
Other mediastinal structures
(Struma)

ICD9 162-164, 150 
ICD9 193, 226
ICD9 201, 
ICD9 2020
ICD9 1642-9, 2125
ICD9 240-242 2126, 

Pulmonary Disease 392
Chronic obstructive lung disease ICD9 490, 4912, 4919,      

         4939, 496
Bronchiectasis ICD9 494
Pulmonary emphysema ICD9 492
Pulmonary fibrosis ICD9 515

Muskuloskeletal disease 53
Fracture of hip ICD9 820
Fracture of spine ICD9 805
Osteoporosis and osteoporotic fractures ICD9 733
Intervertebral disc disease ICD9 722

1ICD	=	International	Classification	of	Disease
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Endpoints
All endpoints of the PROVIDI study are listed in table 1. Ideal endpoints would be 

prevalent diseases in with a major clinical impact and can be treated preventively when diagnosed 
at an early stage. The endpoints were ascertained through linkage with the National Death Registry 
and the National Registry of Hospital Discharge Diagnoses for the period January 2002-December 
2006. Research showed that the quality of these databases was acceptable17;18. Patients were 
identified through a combination of a patient’s date of birth, sex, and zip code, using a validated 
probabilistic method17;19;20. In these databases, cause of death and the occasion of hospitalization 
are coded according to the International Classification of Disease, 9th 21 and 10th revision22 In an 
initial linkage, performed at a mean followup of 17 months, a total 5.243 out of the 14.366 patient 
cohort experienced a valid endpoint (table 1).  Note that this initial overview gives only a global 
indication of the numbers (here death prevailed over admission) and will be updated for each sub 
study to be performed.  

Evaluation of data
PROVIDI will consist of a series 

of studies investigating potentially predictive 
imaging findings for specific groupings of 
disease entities (e.g. cardiovascular diseases). 
The study populations of these studies will 
consist of the patients that suffered the 
relevant disease(s) under study during the 
follow-up period, as well as a random sample 
of patients from the PROVIDI cohort (the 
sub-cohort). In each of these studies, patients 
with a reported CT indication directly 
related to the disease under study will be 
excluded, to ensure that the imaging findings 
under study can legitimately be defined as 
unrequested information, in keeping with the stated goals of PROVIDI (textbox	2,	example	study	
population)	 Figure 3 shows the flowchart of the PROVIDI design. 

We intend to analyse the imaging findings both univariately and multivariately under 
study using Cox proportional hazard models, the most widely used statistical model for survival 
outcome in medical research. In multivariate analysis infromation readily available to radiologists 
in routine care(age, gender, CT indication, scanning parameters and quality) will be incorporated. 
The hazard ratios and standard errors will be modified based on robust variance estimates. These 
adaptations are to be carried out using the method according to Prentice, in which all sub cohort 
members are equally weighted16. Cases outside the sub cohort are not to be weighted before 
failure and at failure receive the same weight as members of the sub cohort This method has been 

Textbox 2: Example study population

The study population for a study investigating 
the prognostic value of unrequested detected 
imaging findings that may be predictive for 
cardiovascular disease will consist of all patients 
that experienced a cardiovascular event during 
follow-up plus a random sample from the 
PROVIDI cohort. Patients with a cardiovascular 
indication for obtaining the chest CT are 
excluded, making sure that the imaging findings 
under study are truly unrequested. 
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shown to resemble most closely estimates from a full-cohort analysis23, without requiring a full 
analysis. 

Discussion

Investigating which imaging findings have prognostic value and –	perhaps more importantly	
- which findings do not, is the first step in a process that has great potential to improve clinical care. 
The findings of the PROVIDI study will be of great interest to radiologists, but also to referring 
physicians. The unique longitudinal study design, that places outcomes that matter to patients at its 
heart, gives this study the potential to meaningfully quantify the uncertainties facing diagnosticians 
and protect patients from potential over-diagnosis and over treatment. In the face of an absence 
of research investigating patient outcomes in routine-care, non-screening settings, radiologists are 
regularly responding defensively with exhaustive follow-up. An illustrative example is that of lung 
nodules, which are routinely detected on thoracic CT scans of all types, and which are frequently 
followed-up, despite evidence pointing to a low yield of significant pathology, at least in research/ 
screening settings7;8. 

Figure 3:	Flowchart	of	PROVIDI	study.		?	indicates	that	these	numbers	differ		per	conducted	study	within	PROVIDI
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By drawing on non-screening, routine clinical data it may both alleviate the dearth in 
radiological routine-care outcome data and serve as a basis for comparison with previous evidence 
from screening populations.  A consequence of this study design is that patients at risk for a certain 
outcome will be identified using these models by radiologists while they may be already identified 
as such by other specialists, resulting in an overestimation of the clinical impact of certain incidental 
findings. Such double risk stratification would  not have any negative effect for patients: the high 
risk indication from a radiologist is obtained freely(without additional radioation exposure) and 
can serve as a stimulus  to verify whether optimal treatment has been initiated. In some cases 
this treatment is already optimal and a referring clinician can then ignore the ‘red flag’ if not, the 
referring specialist can consider additional investigations or start preventative treatment. 

Translating the insights that might be gained from this study into clinical practice remains 
beyond the scope and means of PROVIDI itself but constitutes a crucial next step.  Future clinical 
studies prospectively evaluating the efficacy and feasibility of implementing changes to clinical 
practice based upon PROVIDI’s findings could demonstrate the benefit of fully utilizing the potential 
of modern scanning technology. 
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Abstract

Introduction: An increase in the number of CT investigations will likely result in a an increase 

in unrequested information. Clinical relevance of these findings is unknown. This is a follow-

up study to investigate the prognostic relevance of subclinical coronary (CAC) and aortic 

calcification (TAC) as contained in routine diagnostic chest CT in a clinical care population.   

Methods: The follow-up of 10,410 subjects (>40 years) from a multicentre, clinical care-based 

cohort of patients included 240 fatal and 275 non-fatal cardiovascular disease (CVD) events 

(mean follow-up 17.8 months). Patients with a history of CVD were excluded. Coronary (0-12) 

and aortic calcification (0-8) were semi-quantitatively scored. We used Cox proportional-hazard 

models to compute hazard ratios to predict CVD events.  

Results: CAC and TAC were significantly and independently predictive of CVD events. 

Compared with subjects with no calcium, the adjusted risk of a CVD event was 3.7 times higher 

(95% CI, 2.7-5.2) among patients with severe coronary calcification (CAC score ≥ 6) and 2.7 

times higher (95% CI, 2.0-3.7) among patients with severe aortic calcification (TAC score ≥ 5). 

Conclusion: Subclinical vascular calcification on CT is a strong predictor of incident CVD 

events in a routine clinical care population. 
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Introduction

Over the last decades, advances in diagnostic imaging techniques have been impressive. 
At the same time, this success has resulted in an increase in unrequested information during the 
diagnostic work-up of patients. Unrequested information can be defined as imaging abnormalities 
of potential clinical relevance that are unexpectedly discovered and unrelated to the clinical 
indication. Although unrequested information occurs across different imaging techniques and 
anatomical regions, computed tomography (CT) of the chest provides numerous exemplary cases 
of unrequested information: vascular calcifications, pulmonary emphysema, pulmonary nodules, or 
skeletal osteoporosis. Due to lack of follow-up, the clinical importance of unexpected abnormalities 
is largely unknown. Performing follow-up studies is the only way to determine which imaging 
abnormalities have or do not have clinical relevance. Alternatively, unrequested information could 
also contain valuable prognostic information on a variety of prevalent diseases in an ageing western 
population providing a new means of identifying patients that could profit from primary prevention 
efforts.

Non-invasive assessment of coronary artery calcium (CAC) by various CT techniques 
has been widely used as a prognostic marker of cardiovascular disease (CVD) in large prospective 
screening studies 1-5. Vascular calcifications have a high prevalence in the normal population 6 and 
will thus be detected frequently when reading diagnostic CT in a clinical care population. To date, 
no follow-up studies have been performed to investigate whether vascular calcifications – as a 
prevalent example of unrequested information – can be used as prognostic marker in a population 
receiving routine clinical care. 

In this study we examined whether subclinical coronary and/or aortic calcification 
detected unexpectedly by routine diagnostic chest CT is associated with future CVD events. 

Methods

Population
All subjects are participants of the PROVIDI study, a multicentre retrospective cohort 

study among persons 40 years of age and older who underwent chest CT in one of 8 participating 
hospitals between January 2002 and December 2005. In patients with more than one chest CT 
examination during follow-up, only the first CT scan was used for analysis. The original cohort 
consisted of 23,443 patients. Based on CT reports, a research physician excluded all patients 
(n=9077) with a poor prognosis defined as (1) diagnosis of primary lung cancer (including 
mesothelioma), or (2) diagnosis of distant metastatic disease from other types of cancer (not 
including haematological malignancies). This exclusion criterion was applied as it is highly unlikely 
that in patients with a poor prognosis detection of subclinical disease markers will alter clinical 
decision making. Similarly, subjects with suspected cardiovascular disease or patients known to 
have symptomatic cardiovascular disease were excluded (n=2303). Starting May 2008, CT data of 
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all eligible patients were transferred to the primary study site to be evaluated for the presence of 
unrequested information.  

The institutional review boards of all participating centres approved this study, and 
written informed consent was waived because of the retrospective design of this study; a privacy 
protocol was implemented. After exclusion, a total of 12,063 patients were eligible for this study. 
All 1653 patients from one randomly chosen study centre were additionally excluded to be used 
as an external validation sample for future research. Chest CT examinations were thus available 
for 10,410 patients.  

Study design
We used a case-cohort design in which a representative subcohort (n=1285) is randomly 

sampled from the baseline cohort (n=10,410) at the start of the study. This random sample 
should be >10% of the size of the baseline cohort 7. All participants in the baseline cohort are 
followed-up for the outcome-of-interest. Incident cases plus the random subcohort define the 
actual population under study. In the data analysis, all members of the subcohort are weighted by 
the inverse sampling fraction to reach valid estimates for the full cohort. This design provides an 
efficient way to avoid scoring CT characteristics for all 10,410 subjects of the baseline cohort, but 
instead only in incident cases and a representative baseline sample.

Chest CT protocols
To mimic day-to-day clinical practice and to increase the generalisability of our results, 

we chose to include CT from a wide spectrum of different CT machines and imaging protocols. All 
CT were obtained with dual, 4-, 8-, 16-, 40-, or 64-slice systems from different vendors. The field-
of-view (FOV) of all eligible chest CT protocols had to include the heart and the thoracic aorta. 
Slice thickness varied according to the CT indication and corresponding protocol: e.g. 3 mm for CT 
pulmonary embolism, 5 mm for standard chest CT and 10 mm for high-resolution CT of the lung 
parenchyma. - CT examinations with and without intravenous contrast enhancement  were used. 
One research physician abstracted and classified the CT indication on the basis of information 
from CT reports; examples include suspected pulmonary disease, cardiovascular disease, traumatic 
injury, or mediastinal disease. 

Scoring of CT characteristics
Computed tomography data sets were scored with regard to coronary and aortic 

calcification by three readers: one board certified radiologist with ten years of experience and 
two research physicians with two and three years of experience in reading chest CT. All readers 
were blinded for patient characteristics and outcome status. CT images were stored in DICOM 
format and read using a commercially available software program (Dicomworks, version 1.3.5). All 
CT were analysed in the axial plane; no other reformatted planes or thin slice reconstructions 
were included for analysis. Readings were performed using a standardised score form including 
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information on the type of CT protocol (section thickness, tube load (mAs) and voltage (kVp), and 
the use of contrast agent) and image quality (defined as good, adequate or poor). 

The extent of vascular calcification was scored using simple visual grading (0-3) as 
previously described 8. Table 1 provides exact definitions. Briefly, the four main coronary artery 
branches were scored separately (0-3) before being summed into a single score for the coronary 
artery tree (0-12). Calcification of the thoracic aorta was scored in three locations: calcification 
in the ascending (0-3) and descending (0-3) aorta and calcification in the supra-aortic arteries 
branching of the aortic arch (0-2), which were summed into a single score for the thoracic aorta 
(0-8). The lower cut-off level for the descending aorta was defined as the mid-level of the 11th 
thoracic vertebra. Figure 1 provides a visual example of different grades of CAC.

Table 1: Definitions used for visual grading of calcified plaques on routine 
diagnostic chest CT 

Grades*

Finding (potential range) 0 1 2 3
Aortic wall calcification (0-3)
(score for ascending and 
descending aorta separately)

absent ≤ 5 foci 6-9 foci  or < 
2 calcification 

extending 
over ≥ 3 slices

>9 foci or >2 
calcification 
extending 

over ≥ 3 slice
Supra-aortic artery 
calcification (0-2)

absent calcifications 
in 1 supra-

aortic artery

calcifications 
in >1 supra-

aortic arteries
Coronary calcification (0-3)
(score per main branch: 
LM,LAD,LCX, RCA)

absent 1-2 foci >2 foci or 1 
calcification 
extending 

over ≥ 2 slices

calcified 
arteries 

covering a 
large segment 
of a coronary 

branch
Note	that	this	table	needs	to	be	interpreted	as	a	guideline.	Clinical	experience	of	a	radiologist	is	essential	to	assign	points.	
*	Values	are	based	on	standard	chest	CT	protocols	with	5mm	section	thickness.

Figure 1:	Axial	16-slice	CT	images	of	different	grades	of	coronary	artery	calcification	in	the	left	anterior	descending	
(LAD)	branch	(arrows	demonstrate	the	example	area):	Left	grade	1	(2	focal	calcifications);	Middle	grade	2	(1	large	
calcification);	Right	grade	3	(extensive	calcification	covering	a	large	segment	of	the	LAD	branch)
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Use of the score form was trained under the supervision of an experienced board 
certified chest radiologist using a training set of 50 randomly selected patients. Reproducibility 
of visual grading was evaluated. Briefly, weighted kappa for inter -and intra-observer variability 
of aortic wall abnormalities (including calcifications) were 0.72 and 0.88, for calcifications of the 
supra-aortic arteries 0.89 and 0.96, and for calcifications in the coronary arteries 0.77 and 0.91, 
respectively.  

Follow-up
We recorded incident fatal and non-fatal CVD events for a mean of 17.8 months. End-

point status was obtained through linkage of patients with the National Death Registry and 
the National Registry of Hospital Discharge Diagnoses from January 2002 to December 2005. 
Database linkage was performed with a validated probabilistic method 9-12. In these databases, cause 
of death and the occasion of hospitalisation are coded according to the International Classification 
of Diseases, 9th and 10th revision (ICD-9, ICD-10) 13. Correct designation of causes of death has 
been established with in a comparison study with patient medical records 14. The incidence of CVD 
events in the full cohort of 10,410 participants was n=515.

A trained research physician abstracted all valid end points from these databases on the 
basis of ICD codes. Fatal and non-fatal CVD events were defined by ICD-9 codes as coronary 
heart disease (CHD) (codes 410-414),  heart failure (code 428), peripheral arterial disease (PAOD) 
(codes 440, 443-444), aortic aneurysm (code 441), cerebrovascular disease (codes 430-438), non-
rheumatic valve disease (code 424), or other forms of heart disease ( e.g. cardiac dysrythmias, or 
cardiomyopathy (425, 427)). All other codes included in the ICD-9 paragraph on diseases of the 
circulatory system were not considered as valid end points for this study. In the case of multiple 
valid end points in the same patient, cause of death prevailed over hospital admissions or else the 
first hospital discharge diagnosis was used. Secondary analyses were performed for a selection of 
cases from the primary end point: all fatal and non-fatal coronary events (codes 410-414) and all 
fatal and non-fatal non-cardiac events (PAOD, codes 440, 443-444; aortic aneurysm, code 441; and 
cerebrovascular events, codes 430-438).   

Data analysis
Differences in risk factors and CT protocols between subjects from the subcohort and 

various case-groups were tested with Chi-squared tests (discrete variables) and one-way ANOVA 
(continuous variables). Next, we calculated annualised event rates for all three end points stratified 
according to coronary and aortic calcium scores. 

We used Cox proportional-hazards regression to estimate hazard ratios for any CVD 
event, coronary events, and any non-cardiac event according to calcium scores. Sum scores for 
visually graded coronary and aortic calcifications were analysed as categorical and as continuous 
variables (per SD). Categories of the aortic calcification sum score (0-8) were chosen as: no 
calcification (reference category), mild calcification (sum score 1-2), moderate calcification (sum 
score 3-4) and severe calcification (sum score 5 and higher). In the case of coronary calcifications 
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(0-12), category cut-offs were chosen as: no calcification (reference category), mild calcification 
(sum score 1-2), moderate calcification (sum score 3-5) and severe calcification (sum score 5 and 
higher). 

After estimating the hazard ratios for all non-cardiac events according to the aortic sum 
score, we performed additional regression analyses for all cases of stroke, looking at calcifications 
in each anatomically distinct part of the thoracic aorta (ascending, descending, arch). Finally, we 
investigated the multivariate associations when coronary and aortic sum scores were modelled 
simultaneously.  

Apart from crude associations, all models were adjusted for age, sex, indication for CT, 
image quality and type of medical centre in which the CT was performed (tertiary/secondary). We 
also tested the interaction of aortic and coronary sum scores with section thickness (continuous) 
and the use of contrast agent (yes/no) by entering interaction terms into the model. We had 
missing values for CT characteristics in <3%. We used regression methods implemented in SPSS 
software (SPSS 14.0, Chicago, IL, USA) to impute missing values. All other analyses were performed 
with R software, version 6.2. 

Results

A total of 116 subjects (39 of 515 cases (7.6%), and 77 of 1285 subjects from the 
subcohort (6.0%)) were excluded from analyses because CT images could not be retrieved 
from CT databases. A total of 515 subjects had a CVD event during follow-up: fatal CVD events 
occurred in 240 patients, and 275 patients had a non-fatal event. Table 2 summarises the baseline 
characteristics of the subcohort and the various case-groups. 

Table 3 shows a gradual increase in annualised event rate for any CVD event with 
increasing CAC and TAC score categories. Subjects with coronary and non-cardiac events were 
older than people in the subcohort, but only subjects with coronary events were more often male.  
The prevalence of CAC (sum score >0) was 67% for people in the subcohort compared with 88% 
in subjects with CVD events, 90% for coronary events, and 85% for non-cardiac events (P<0.001 
for all three groups). The corresponding figures for TAC > 0 were 61% (subcohort), 82%, 80% and 
86%, respectively (P<0.001 for all three groups).  

Table 4 shows that the risk of any CVD event increases with an increase in category of 
TAC and CAC scores after adjustment for age, sex, CT indication, CTimage quality and type of 
medical centre. A statistically significant increase in hazard ratio occurs already in the case of mild 
calcification (TAC and CAC scores = 1-2). The risk of any CVD event was increased by a factor 
of 2.7 (95% CI, 2.0-3.7) and 3.7 (95% CI, 2.7-5.2), respectively, among patients with severe TAC 
or CAC (TAC score ≥5; CAC score ≥6) compared with those without any calcium. In order to 
compare the strength of the associations between the two calcium measures, Table 4 also shows 
the increase in risk of any CVD event associated with CAC and TAC as continuous measures (per 
1 SD increase in the TAC and CAC sum scores). After adjustment, an increase of 1 SD in TAC and 
CAC sum scores resulted in a 46% and 41% increase in the risk of any CVD event.
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Looking at coronary and non-cardiac events separately (Table 4, lower half), we could 
demonstrate a more differentiated pattern in the associations with TAC and CAC scores. Risk of 
coronary events increased 5-fold among subjects with severe CAC (CAC score ≥6) compared 
with those without any coronary calcium, whereas having severe TAC (TAC score ≥5) resulted 
in an increase in risk by a factor of 2.4. Conversely, risk of non-cardiac events (stroke, aortic 
aneurysm/dissection, PAOD) increased by a factor of 3.3 for subjects with severe TAC compared 

Table 2: Baseline characteristics  

Variable
Subcohort
(N=1208)

Any CVD 
Event 

(N=515)

Coronary 
Event 

(N=310)

Non-
cardiac 
Event 

(N=128)
Age (years) 61.5±11.9 67.9±11.3 68.1±11.0 67.8±11.3
Male sex (%) 58 65 68 58
CT indication (%)
    Pulmonary disease      37 47 50 37
    Haematological malignancy 11 6 6 5
    Mediastinal disease 11 8 10 8
    Ruled-out pulmonary malignancy 24 21 18 27
    Pulmonary embolism 6 8 6 12
    Other 11 10 10 11
Image quality (%)
    Good 72 74 76 69
    Adequate 24 24 23 27
    Poor 3 2 1 4
Tertiary medical centre (%) 77 77 78 73
Use of contrast agent (%) 68 67 66 70
Section thickness (mm)
    1-3 mm 43 41 43 36
    4-6 mm 39 38 38 37
    >6 mm 18 21 19 27
Thoracic aortic calcium (sum score)
    None (0) 39 18 20 14
    Mild (1-2) 30 25 23 29
    Moderate (3-4) 19 33 33 35
    Severe (≥5) 12 24 24 22
Coronary artery calcium (sum 
score)
    None (0) 33 12 10 15
    Mild (1-2) 24 22 20 25
    Moderate (3-5) 25 29 28 27
    Severe (≥6) 18 37 42 32

Values	are	means±SD	or	proportions.
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Table 3: Annualised event rates for any CVD event (n=515) according to 
coronary artery calcium score and thoracic aorta calcium score categories

Annualised event rates

TAC risk category CAC risk category
    None (0) 1.0 (95)     None (0) 0.7 (62)
    Mild (1-2) 1.9 (127)     Mild (1-2) 2.2 (111)
    Moderate (3-4) 5.0 (170)     Moderate (3-5) 3.1 (150)
    Severe (≥ 5) 5.6 (123)     Severe (≥ 6) 5.9 (192)
Data	are	percentages.	Data	in	parentheses	are	numbers	of	patients.	Median	follow-up	per	case-group:	17.8	months	
for	total	CVD	events.

Table 4: Risk of any CVD event, coronary events, and non-cardiac events 
associated with increasing coronary artery calcium score and thoracic aorta 
calcium score in clinical care patients undergoing routine diagnostic chest CT

Hazard ratios (95% CI)
Crude Full Model* Crude Full Model*

Any CVD Event (n=515)

TAC categories CAC categories 
  None (0) 1.0 1.0   None (0) 1.0 1.0
  Mild (1-2) 1.8 (1.4-2.4) 1.4 (1.0-1.8)   Mild (1-2) 2.8 (2.0-3.8) 2.2 (1.6-3.0)
  Moderate (3-4) 4.4 (3.4-5.6) 2.6 (1.9-3.4)   Moderate (3-5) 3.8 (2.9-5.2) 2.5 (1.8-3.4)
  Severe (≥5) 4.9 (3.8-6.4) 2.7 (2.0-3.7)   Severe (≥6) 6.9 (5.2-9.2) 3.7 (2.7-5.2)
  Continuous† 1.76 (1.64-1.90) 1.46 (1.33-1.60)   Continuous † 1.73 (1.61-1.85) 1.41 (1.30-1.54)

Coronary Events (n=310)

TAC categories CAC categories
  None (0) 1.0 1.0   None (0) 1.0 1.0
  Mild (1-2) 1.5 (1.1-2.2) 1.2 (0.8-1.7)   Mild (1-2) 3.0 (1.9-4.6) 2.4 (1.5-3.7)
  Moderate (3-4) 4.0 (3.0-5.5) 2.3 (1.6-3.3)   Moderate (3-5) 4.3 (2.9-6.4) 2.9 (1.9-4.4)
  Severe (≥5) 4.6 (3.3-6.4) 2.4 (1.6-3.5)   Severe (≥6) 9.1 (6.2-13.4) 5.0 (3.2-7.7)
  Continuous † 1.76 (1.60-1.94) 1.43 (1.27-1.60)   Continuous † 1.87 (1.71-2.05) 1.54 (1.38-1.72)

Non-cardiac Events (n=128)‡

TAC categories CAC categories
  None (0) 1.0 1.0   None (0) 1.0 1.0
  Mild (1-2) 2.6 (1.5-4.5) 1.9 (1.1-3.4)   Mild (1-2) 2.5 (1.4-4.3) 1.8 (1.0-3.3)
  Moderate (3-4) 5.6 (3.3-9.7) 3.5 (1.9-6.4)   Moderate (3-5) 2.7 (1.6-4.7) 1.7 (0.9-3.0)
  Severe (≥5) 5.5 (3.1-9.8) 3.3 (1.7-6.4)   Severe (≥6) 4.5 (2.6-7.6) 2.3 (1.3-4.3)
  Continuous † 1.71 (1.47-1.98) 1.45 (1.21-1.73)   Continuous † 1.48 (1.28-1.72) 1.20 (1.00-1.43)
a	Full	Model:	adjusted	for	age,	sex,	clinical	indication	for	chest	CT,	image	quality,	and	type	of	medical	centre.	
†	Hazard	ratios	for	continuous	TAC/CAC	scores	are	calculated	per	1	standard	deviation	increase	in	CAC	(SD=3.022)	or	
TAC	(SD=1.952).	
‡	 Non-cardiac	 events	 were	 fatal	 and	 non-fatal	 cases	 of	 stroke,	 aortic	 aneurysm/dissection	 and	 peripheral	 arterial	
occlusive	disease.	
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with patients without any aortic calcium, whereas people with severe CAC showed an increase in 
risk by a factor of 2.3. No statistically significant interaction was found between section thickness 
and TAC (P=0.46) or CAC (P=0.89) and the use of intravenous contrast and TAC (P=0.40) or CAC 
(P=0.81) in relation to the risk of CVD events.

Table 5 shows the risk of stroke associated with increasing amounts of calcium in each 
of the three anatomically distinct parts of the thoracic aorta. Remarkably, strongest associations 
(and the only to reach statistical significance) were demonstrated for calcifications in the ascending 
aorta. Moderate calcification of the ascending aorta increased the risk of stroke by a factor 3.0 
compared with no calcification, whereas moderate calcification of the descending aorta or supra-
aortic branches increased the risk by a factor of 1.8 and 1.4, respectively.  

We also calculated multivariate-adjusted models with TAC and CAC sum scores entered 
simultaneously. Both scores were independently associated with the risk of (1) any CVD event 
increasing the risk by 25% (95% CI, 13-38%) per 1 SD increase in CAC score and 30% (95% CI, 17-
44%) per 1 SD increase in TAC score, respectively; and (2) coronary events increasing the risk by 
42% (95% CI, 25-61%) per 1 SD increase in CAC score and 19% (95% CI, 4-36%) per 1 SD increase 
in TAC score, respectively. Only TAC was independently associated with the risk of non-cardiac 
events (45% increased risk per 1 SD increase in TAC score). 

Table 5: Risk of stroke (n=58) associated with calcium in three anatomically 
distinct parts of the thoracic aorta

Site Hazard ratios (95% CI)
Crude Full Model*

Ascending aorta (0-3)
    None (0) 1.0 1.0
    Mild (1)  3.2 (1.9-5.6) 2.2 (1.3-4.0)
    Moderate (2) 4.7 (2.0-11.3) 3.0 (1.1- 7.6)
    Severe (3) Inf† Inf†

Descending aorta (0-3)
    None (0) 1.0 1.0
    Mild (1)  3.0 (1.6-5.8) 1.8 (0.9-3.7)
    Moderate (2) 3.9 (1.8-8.2) 1.8 (0.8-4.2)
    Severe (3) 5.9 (2.5-13.8) 3.0 (1.1-7.8)
Supra-aortic branches (0-2)
    None (0) 1.0 1.0
    Moderate (1) 2.4 (1.2-4.5) 1.4 (0.7-2.7)
    Severe (2) 3.1 (1.7-5.9) 1.7 (0.8-3.4)

*	Full	Model:	adjusted	for	age,	sex,	clinical	indication	for	chest	CT,	image	quality	and	type	of	medical	centre.	
†	Due	to	the	limited	number	of	stroke	events,	no	cases	occurred	in	the	highest	TAC	category	for	the	ascending	aorta	and	
consequently	no	hazard	ratio	could	be	calculated.		
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Discussion

We examined whether unrequested information from routine diagnostic chest CT in a 
clinical care population could be used as predictor of future disease. Severe coronary (CAC) or 
aortic (TAC) calcification – based on visual grading of calcified plaques - increased the risk of any 
CVD event almost 4-fold  and 3-fold, respectively, after a mean follow-up of close to one and a 
half years. CAC was found to be a stronger predictor of coronary events, whereas TAC was more 
strongly associated with non-cardiac events.

 More than 60 million diagnostic CT are performed annually in the USA and this 
number will likely increase as the population continues to age 15. These diagnostic images contain 
unrequested, subclinical findings that could contain important prognostic information. Obtaining 
this information is ‘free’, as it is contained in routine care and comes at no additional exposure to 
ionising radiation. Currently, no data are available on the natural course and prognosis of these 
findings. The prognostic value (or lack thereof) of unrequested subclinical findings is important 
to indicate new ways of extracting clinically relevant information. Results from this study suggest 
that CT images obtained as part of routine clinical care do indeed convey important unrequested 
information.   

We investigated the prognostic value of coronary and aortic calcifications as these are 
highly prevalent 16 and long recognised as prognostic markers of CVD in asymptomatic screening 
populations 17-21. The prevalence of any CAC in our study (67%) is comparable with these previous 
studies specifically aimed at screening for CAC and showing ranges between 53 and 69% 22-24. Like 
these screening studies we show that CAC is a strong predictor of future CVD events. However, 
to our knowledge, our results are the first to demonstrate this association in a routine clinical care 
population. Furthermore, we used a simple visual grading to score calcifications on a heterogeneous 
set of CT protocols. Existing calcium scoring typically involves non-contrast-enhanced, ECG-gated 
CT protocols with semi-automatic calcium scoring software. The scoring method we used consists 
of simple definitions, is reproducible, can be performed with a minimum of additional reviewing 
time and can be applied to a whole range of different CT protocols (including non-gated CT). 
Prognostic information on CVD risk can be appended to the CT report. Together with all relevant 
clinical data available from a patient’s medical record, the clinician can decide whether additional 
work-up is required. This will result in a more consistent and clinically useful way of reporting 
unrequested subclinical findings. 

Cardiovascular disease is one of the leading causes of death and hospitalisations in 
western society 25. Major advances in knowledge about CVD risk factors have been made in 
recent decades and international guidelines for the primary prevention of CVD have been actively 
developed 26-28. However, for a variety of reasons substantial groups of people at intermediate or 
high risk of CVD events according to existing guidelines are currently not recognised and treated 
as such 29;30. This has prompted expert panels to state that the search for new strategies to detect 
patients who would benefit most from intensive primary prevention efforts is a clinically important 
objective 31;32. The present study is an attempt at defining such a new strategy. 
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Unfortunately, no information from patients’ medical records was available for this study. 
This might have influenced our results in two ways. First, exclusion of patients with symptomatic 
CVD could now only be performed based on information from CT reports, possibly resulting in 
a number of symptomatic CVD patients being missed. This would have caused an overestimation 
of our risk ratios. However, we excluded approximately 16% of patients from the baseline clinical 
care cohort based on information from CT reports (2303/14,366) which is slightly more than the 
prevalence of symptomatic CVD (11.2%) in the general white population of the USA 33. Second, 
lack of information from medical records prevented us from adjusting our risk estimates for 
traditional CVD risk factors (hypertension, hyperlipidaemia, diabetes, smoking). Based on previous 
reports we expect that only limited attenuation of our age- and sex-adjusted risk estimates will 
occur when adjusting additionally for other CVD risk factors 34. 

Conclusion

Unrequested subclinical findings - such as coronary and aortic calcifications – detected 
on routine care, diagnostic chest CT in a clinical care population can be used as a prognostic 
marker of future CVD events. This may be achieved with a simple visual scoring method that is easy 
to use in daily clinical practice. This offers a novel approach in trying to employ potentially valuable 
prognostic information contained in routine diagnostic imaging and may be used to identify patients 
who could benefit from primary preventive efforts.                     
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Abstract 

Objectives: This study aims to investigate the prognostic value of incidental aortic valve 
calcification (AVC), mitral valve calcification (MVC) and mitral annular calcification (MAC) for 
cardiovascular events and non-rheumatic valve disease in particular on routine diagnostic chest CT.  
Methods: The study followed a case-cohort design. 10410 patients undergoing chest CT were 
followed for a median period of 17 months. Patients referred for cardiovascular disease were 
excluded. A random sample of 1285 subjects and the subjects who experienced an endpoint were 
graded for valve calcification by three reviewers. Cox-proportional hazard analysis was performed 
to evaluate the prognostic value.
Results: 515 cardiovascular events were ascertained. Compared with patients with no valve 
calcification, patients with severe AVC, MVC or MAC had respectively 2.03 (95% CI 1.48-2.78), 
2.08 (95% CI 1.04-4.19) and 1.53 (95% CI 1.13–2.08) increased risks of experiencing an event 
during follow-up. For valve endpoints the hazard ratios were respectively 14.57 (95% CI 5.19-
40.53), 8.78 (95% CI 2.33-33.13) and 2.43 (95% CI 1.18-4.98).
Conclusion: Incidental heart valve calcification, detected on routine chest CT is an  independent 
predictor of future cardiovascular events. The study emphasises how incidental imaging findings can 
contribute to clinical care. It is a step in the process of composing an evidence-based approach in 
the reporting of incidental subclinical findings.  
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Introduction

Multidetector chest Computed Tomography (CT), which is usually performed during the 
diagnostic work-up of patients suffering from a variety of chest complaints, can yield extensive 
additional information about the heart, the lungs, the mediastinum, the vertebrae and the large 
vessels 1. In the last decade, the image quality of chest Computed Tomography has improved and 
its usage has thereby increased considerably. A side effect of this intense usage is the frequent 
occurrence of incidental findings 2-4. We define these as imaging findings that are incidentally 
detected and unrelated to the clinical indication leading to the CT referral. Only follow-up studies 
can determine whether patients can benefit from these incidental findings as such studies uncover 
which incidental imaging abnormalities have or do not have clinically relevant prognostic value. The 
latter will serve to reduce redundant additional diagnostic work-up.

Examples of frequently encountered incidental findings are aortic valve  calcification 
(AVC), mitral valve calcification (MVC) and mitral annulus calcification (MAC).  These imaging 
findings are considered to be expression of the process of atherosclerosis 5-7 and have repeatedly 
been shown to be related to cardiovascular disease (CVD), cardiovascular death and even all-
cause mortality 8-10. However, in previous literature those imaging findings were mainly scored on 
transthoracic or transoesophageal echocardiography and to date no follow-up studies are available 
that have investigated the prognostic value of these aortic abnormalities when incidentally detected 
on routine chest CT in a clinical care population. Investigating this can provide an additional means 
of identifying those patients who can benefit from timely preventative measures 11.  

The PROgnostic Value of incidental Information in Diagnostic Imaging (PROVIDI) Study 
is the first longitudinal study to investigate the prevalence and clinical relevance of incidental, 
subclinical imaging findings in a cohort consisting of patients with diagnostic chest CT. In this 
particular study we aimed to examine whether subclinical calcification of the aortic and mitral valve, 
detected incidentally on routine diagnostic chest CT, can be used by radiologists as independent 
predictors of the occurrence of CVD and non-rheumatic valve disease in particular. Additionally, 
we examine whether incidentally detected calcified heart valves have prognostic value beyond 
the hitherto typically investigated CVD markers: aortic- and/or coronary arteries 12-16.  This study 
operates from radiologist’s perspective and only seeks to incorporate information that is readily 
available in routine radiological setting. No allowance was made for the collection of additional 
clinical information, such as diabetes and renal failure, which may not routinely be available in such 
settings.  

Methods

PROVIDI
The PROVIDI study employs a case-cohort design 17, in cooperation with 8 participating 

hospitals in the Netherlands. All patients aged 40 years and older who were referred to one 
of the participating hospitals with an indication for a chest CT between 2002 and 2005 were 
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included (N=23,443). Patients diagnosed with primary lung cancer (including mesothelioma) or 
distant metastatic disease from other types of cancer (excluding haematological malignancies) 
were excluded, as it is highly unlikely that detection of incidental imaging findings will alter clinical 
decision-making in patients with a very poor prognosis. This resulted in a cohort of 14,366 
patients. The PROVIDI study is approved by the Medical Ethics Committee of the Medical Ethics 
Committee of the University Medical Center Utrecht, as well as the ethical review boards of 
all other participating centres. Written informed consent was waived for all patients because of 
the retrospective design of this study. A privacy protocol was implemented to protect patient’s 
anonymity.    

Study subjects and CT protocols
In this study patients with a CT indication directly related to suspected cardiovascular 

disease were excluded (n= 2303) from the PROVIDI cohort in order to ensure that valve 
calcification observed was truly incidental. Additionally, a total of 1653 patients from a randomly 
chosen hospital were excluded, to serve as an external validation sample for future research 
conducted within PROVIDI. The resulting cohort consisted of 10,410 patients. Consistent with a 
case-cohort design a random sample – called subcohort -  was taken from this cohort  immediately 
after the patients who experienced an outcome event were ascertained to serve as a control. It 
was sampled so that the resulting sample would be at least 10% 18 of the full cohort and twice 
as large as the specific group of outcome event under study, with a reasonable margin for error 
(subcohort, n=1285).	Figure 1 shows a flowchart of the study design and selection of the study 
population. 

When study subjects had more than one Chest CT examination during follow-up, only 
the first Chest CT was used. Chest CTs were obtained with 2-, 4-, 8-, 16-, 32- or 64-slice systems 
from different vendors. All types of contrast enhanced  CT protocols were considered eligible as 
long as the field-of-view (FOV) included the heart and the full length of the thoracic aorta. Slice 
thickness varied according to the Chest CT indication and corresponding protocol and – due 
to exclusion of CT examinations performed for a cardiovascular indication – none of the CT 
studies were ECG gated. Patient characteristics, information on slice thickness and the use of a 
contrast agent were abstracted from Chest CT reports by a research physician, who also assessed 
the diagnostic Chest CT indication and classified them as ‘pulmonary disease’, ‘haematological 
malignancy’, ‘mediastinal disease’, ‘ruled-out pulmonary malignancy’, ‘pulmonary embolism’ or 
‘other CT indications’.   
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Figure 1: Flowchart	of	study	design.  CBS:	Dutch	central	bureau	of	statistics.	LMR:	Dutch		medical	data	registration 

Imaging findings
The CT-findings were scored for valve calcification by three readers: one board certified 

radiologist with ten years’ experience and two research physicians with two and three years’ 
Chest CT experience respectively. All readers were blinded for patient characteristics and 
outcome status. CT images were stored in DICOM format and read using a commercially available 
software program (Dicomworks, version 1.3.5). All CTs were analysed in the axial plane; no other 
reformatted planes were included for analysis. Readings were performed using a standardised 
score form including information on the type of CT protocol used and the use of contrast agent 
and imaging quality. This was defined as good: clearly visible, minimal movement artefacts, adequate: 
Slight blurring and/or movement artefacts, or poor: major defects significantly affecting visibility. 
These classes reflect the reliability with which the scoring of CT characteristics was possible. 

Calcification of the heart valves was anatomically subdivided into calcification of the 
aortic valve leaflets (AVL), the mitral valve leaflets (MVL) and the mitral annulus. MVL calcification 
present as linear calcification between the area of the left atrium and ventricle. Mitral Annulus 
Calcification (0, absent; 1, present) are visible as round or curled spots at the periphery of this 
horizontal leaflet plane. AVL and MVL calcification was graded as: grade 0, absent; grade 1, mild (one 
leaflet affected); grade 2, severe (2 or 3 leaflets affected), comparable to other studies 19;20.

Calcification was also visually assessed in the coronary arteries and the thoracic aorta, 
as premature calcification in these anatomical regions has already frequently been related to CVD 
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in the literature . Calcification of the aorta was also assessed in the ascending and descending 
part and in the supra-aortic arteries branching from the aortic arch. An overall aorta score was 
compiled and graded as absent, mild, moderately, or severe affected aorta.  Calcification in the 
coronaries was scored in a similar fashion. Both aortic and coronary visual grading were partly 
comparable to a previously described grading of coronary calcification 21.  Tables 1 and 2 provide 
information about the visual grading and examples of imaging findings are presented in Fig. 2. 

Scoring was trained under the supervision of an experienced board certified chest 
radiologist. The reproducibility of visual grading was successfully evaluated in a previous study 
22. Briefly, weighted kappa 0.78, 0.58, 0.56 and 0.87, 0.56, and 0.70 for inter- and intra observer 
agreement of  AVC , MVC and MAC. The weighted kappa’s for inter- and intraobserver agreement 
were 0.77, 0.91 for the coronaries, 0.72, 0.88 for the aorta and 0.89, 0.96 for the supra aortic 
calcification respectively. 

Table 1: Definitions used for visual grading of valve calcification on routine 
diagnostic chest CT

Grades
Finding 0 1 2
Aortic Valve Calcification none One small calcification 

or linear calcification 
of one leaflet

Linear calcification on 
two or three leaflets

Mitral Valve Calcification none One small calcification 
or linear calcification 

of one leaflet

Linear calcification on 
two leaflets

Annular Calcification Mitral Valve none Presence of annular 
calcification

Table 2: Definitions used for visual grading of coronary and aortic calcification 
on routine diagnostic chest CT

Grades
Finding absent mild moderate severe
Coronary 
calcification  
(LM, LAD, LCX, 
RCA)*

none < 5 calcified foci
or 1 calcification 
extending over ≥ 

2 slices

> 5calcified foci 
or 2 calcification 

extending over ≥ 2 
slices

> 6 calcified foci 
and > 3 

calcification 
extending over ≥ 2 

slices
Aortic and supra 
aortic calcification

none < 4 calcified foci
or 1 calcification 

extending over ≥ 3 
slices

>4 calcified foci  
or 2

calcification 
extending over ≥ 3 

slices 

calcified aorta 
covering multiple 

segments

Note	that	this	table	needs	to	be	interpreted	as	a	guideline.	Clinical	experience	of	a	radiologist	is	essential	to	assign	points.	
*	LM	denotes,	left	main;	LAD,	left	anterior	descending;	LCX,	left	circumflex;	RCA,	right	coronary	artery
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Figure 2 : image	examples.	Upper	left	image	shows	two	affected	leaflets	of	the	aortic	valve.	The	upper	right	shows	
one	calcified	leaflet	of	the	aortic	valve.	The	lower	left	image	shows	annular	calcification	of	the	mitral	valve	and	the	lower	
right	image	shows	an	affected	leaflet	of	the	mitral	valve.

Follow-up and outcomes
We recorded incident fatal and non-fatal CVD events for a mean of 17 months (max. 48 

months). Endpoint status was obtained through linkage of patients with the National Death Registry 
and the National Registry of Hospital Discharge Diagnoses from January 2002 to December 2005. 
Database linkage was performed with a validated probabilistic method 23-26. In these databases, 
cause of death and the indications for hospitalisation are coded according to the International 
Classification of Diseases, 9th and 10th revision (ICD-9, ICD-10) 27. Correct designation of causes of 
death has been established within a comparison study with patient medical records 28. 

A trained research physician abstracted all valid endpoints from these databases on the 
basis of ICD codes. Fatal and non-fatal CVD events with an atherosclerotic background were 
defined by ICD-9 codes as coronary heart disease (CHD) (codes 410-414),  heart failure (code 
428), peripheral arterial disease (PAOD) (codes 440, 443-444), aortic aneurysm (code 441), 
cerebrovascular disease (codes 430-438), non-rheumatic valve disease (code 424), or other forms 
of heart disease ( e.g. cardiac dysrythmias, or cardiomyopathy (425, 427)). 
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Only the latter (endpoints with codes 424) were used in the analysis for fatal and non-
fatal non-rheumatic valve endpoints. In case of multiple valid endpoints in the same patient, cause 
of death prevailed over hospital admissions or else the first hospital discharge diagnosis was used. 

Data analysis 
Descriptive information of patients, imaging characteristics, CT indications and follow-up 

time were evaluated for patients from the subcohort (random sample from cohort) and patients 
with cardiovascular disease (cases). We used regression methods implemented in SPSS software 
(SPSS 14.0, Chicago, IL, USA) to impute missing values ( <3% for the scored imaging  characteristics). 
All other analyses were performed with R software, version 6.2.

Cox proportional hazard analysis was used to investigate whether valve calcification 
can be used as a predictor of CVD events and non-rheumatic valve disease in particular. Apart 
from crude associations, the hazard ratios were also adjusted for age, sex, indication for CT and 
type of medical hospital in which the CT was performed (tertiary/secondary). Interaction terms 
were included in the model to test whether imaging characteristics (valve	 calcification•	 section	
thickness (continuous), calcification	•	use	of	contrast	agent (yes/no),  calcification	•imaging	quality (bad, 
moderate, good), calcification	•	age (continuous) and calcification	gender	(male/female)) modified the 
associations. Furthermore, survival curves of the strongest predictors were presented to visually 
illustrate the effect of the adjusted hazard ratios on the occurrence of CVD. The curves show 
the observed proportion of patients being free of CVD events during follow-up per stratum of 
the heart valve score. Finally, a sub-analysis was performed to investigate whether the predictive 
value of calcified heart valves for future CVD events attenuated when additional commonly used 
atherosclerotic markers were included in the model.  In this analysis, the adjusted hazard ratios 
were additionally corrected for calcification in aorta and/or coronary arteries. 

All hazard ratios were modified based on robust variance estimates. These adaptations 
were carried out with the method according to Prentice in which all subcohort members are 
equally weighted 17. This method has been shown to resemble most closely estimates from a full-
cohort analysis 18. 

Results

A total of 121 subjects (44 out of 559 cases (7.9%), and 77 out of 1285 subjects from 
the subcohort (6.0%)) were excluded from analyses because CTs could not be retrieved from 
hospital CT databases. Table 3 presents descriptive information on patient and imaging findings: 
The mean age of the patients from the subcohort was 61.5 years and 58% were male.  The overall 
prevalence in the subcohort patients of aortic valve, mitral valve and mitral annular calcification 
was respectively 27%, 9% and 12%. The proportion of moderately or severely affected coronary 
arteries was 43% and 31% for the aorta in subcohort patients. A total of 515 patients experienced 
a cardiovascular event during follow-up ( for specification according ICD codes see appendix). 
With regard to the cases the proportions of calcified heart valves, coronary arteries and aorta 
were all higher. Cases were also older (mean: 68 years) and were more often male (65%).
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Table 3: Baseline characteristics  

General information
Subcohort
(n = 1208)

CVD cases
(n =515)

Male,  [%] 58 65
Age, y [SD] 61.5 (40 – 96) 67.9 (40-96)
Follow-up, days [SD] 620 (1 – 1460) 322 (1 -1369)
Academic referral centre,  
[%]

77 77

Use of contrast agent [%] 68 67
Image quality, [%]
   Good
   Moderate
   Bad 

72
24
3

74
24
2

Indication category, [%]
   (1)Lung disease
   (3)Haematological malignancies
   (4)Mediastinal abnormalities
   (5)Ruled-out pulmonary  malignancy*

   (6)Pulmonary emboli
   (8)Other indications

37
11
11
24
6
11

47
6
8
21
8
10

Thoracic aorta calcification
   None
   Mild
   Moderate
   Severe

39
30
19
12

18
25
33
24

Coronary arteries calcification
   None
   Mild
   Moderate
   Severe

33
24
25
18

12
22
29
37

Aortic valve calcification, [%]
   None
   Calcification on one leaflet
   Calcification on two or three  
            leaflets

72
16
11

53
20
27

Mitral valve calcification, [%]
   None
   Calcification on one leaflet
   Calcification on two leaflets

91
7
2

82
14
4

Presence of annular calcification 
mitral valve [%]

12 20

*Pulmonary	mass,	which	is	proven	to	be	non-malignant.
Values	are	means	[SD]	or	proportions.	
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Table 4 shows that the risk of a CVD event increased with an increase in the stratum 
of valve calcification. After adjustment for age, sex, CT indication and type of referral centre the 
hazard ratio for 1 affected aortic valve leaflet was no longer significant (HR 1.18, 95% CI 0.87-
1.61). However, with two or three aortic leaflets affected, the risk doubled (HR 2.03, 95% CI 
1.48-2.78). When one leaflet of the mitral valve was affected, the risk increased 1.83-fold (95% CI 
1.26-2.64) and 2.08-fold (95% CI 1.04-4.19) when two mitral valve leaflets were affected.  Annular 
calcification increased the risk during follow-up with 53% (HR 1.53, 95% CI 1.13-2.08). Figures 3 
and 4 visually present the prognostic effect of aortic and mitral valve calcification adjusted for age, 
sex, imaging indication and referral centre. The proportion of patients with a severely calcified aorta 
or mitral valve who suffered a CVD event within 3 years was 5.5% and 7%, respectively.  Linearly 
extrapolated to more widely used 10-year risk predictions, these proportions would be 18% and 
23%.  No statistically significant interactions were found between the valve and annular scores and 
section thickness (range p=0.27-0.30), the use of intravenous contrast medium (range p=0.13-
0.27) , imaging quality (range p=0.11-0.92), age (range p=0.13-0.69) or gender(range p=0.42–0.90).

Looking specifically at the relationship between incidentally detected valve calcification 
and the occurrence of non-rheumatic valve disease (n=43) we could demonstrate strongly increased 
hazard ratios, yet the pattern of the associations was the same (Table 5). For a moderately affected 
aortic valve the risk increased 2.40-fold (95% CI 0.78 – 7.53).  When the aortic valve was severely 
affected the risk increased 14.57-fold (95% CI (5.19 – 40.53). The corresponding hazard ratios for 
the mitral valve were respectively 3.84 (95% CI 1.77 – 8.34) and 8.78 (95% CI 2.33 – 33.3).  The 
presence of mitral annular calcification increased the risk with a factor 2.43 (95% CI 1.18 – 4.98). 
Note however that for lack of power, these associations were not visually presented or further 
adjusted in the prospective sub-analysis. 

Sub-analysis
When coronary and aortic calcification were included in the models for any CVD event, 

the hazard ratio for a moderately affected aortic valve decreased to 0.96 (95% CI 0.70 - 1.32) 
and for a severely affected aortic valve it decreased to 1.46 (95% CI 1.04 -2.06).  For the mitral 
valve these ratios became 1.57 (95% CI 1.08 -2.28) and 1.79 (95%CI 0.85 -3.76), respectively.  The 
corrected hazard ratio for mitral annular calcification was 1.19 (95%CI 0.86 - 1.66). 

Discussion 

In this study, we examined whether calcification of the aortic valve, mitral valve and mitral 
annulus, incidentally detected on routine diagnostic chest CTs, could be used as predictors for CVD 
events and non-rheumatic valve abnormalities in particular.  Furthermore we investigated whether 
these imaging findings remained prognostically relevant when they were modelled with commonly 
used predictive coronary and aortic calcification 14-16;29;30. We found that, within a 95% confidence 
range, valve and annular calcification were independent predictors of CVD events. Considering 
the anatomical basis, the strongest associations were found for future valve abnormalities. A sub-
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Table 4: Risk of any CVD event (n=515) associated with increasing calcified 
valve score in clinical care patients undergoing routine diagnostic chest CT

Hazard ratios (95% CI)
Crude Adjusted model*

Aortic valve calcification
None 1 1
One affected leaflet 1.79 

(1.36-2.36)
1.18 

(0.87-1.61)
Two or three affected leaflets 3.32 

(1.83-4.96)
2.03 

(1.48-2.78)
Mitral valve calcification

None 1 1
One affected leaflet 2.66 

(1.89-3.75)
1.83 

(1.26-2.64)
Two affected leaflets 3.46 

(1.82-6.37)
2.08 

(1.04-4.19)
Mitral annular calcification

None 1 1
Presence 2.11

(1.59-2.81)
1.53 

(1.13-2.08)
CVD:	cardiovascular	disease.	CI:	confidence	interval
*	Adjusted	model:	hazard	ratio’s	adjusted	for	age,	sex,	imaging	indication,	referral	centre

Table 5: Risk of non-rheumatic valve disease (n=43) associated with 
increasing calcified valve score in clinical care patients undergoing routine 
diagnostic chest CT

Hazard ratios (95% CI)
Crude Adjusted model*

Aortic valve calcification
None 1 1
One affected leaflet 2.62

(0.96–7.13)
2.40

(0.78–7.53)
Two or three affected leaflets 16.27

(7.85–33.69)
14.57

(5.19–40.53)
Mitral valve calcification

None 1 1
One affected leaflet 5.17

(2.42-11.0)
3.84 

(1.77–8.34)
Two affected leaflets 11.27

(4.02-34.40)
8.78

(2.33– 33.13)
Mitral annular calcification

None 1 1
Presence 3.15

(1.62-6.51)
2.43

(1.18–4.98)
CVD:	cardiovascular	disease.	CI:	confidence	interval
*	Adjusted	model:	hazard	ratios	adjusted	for	age,	sex,	imaging	indication,	referral	centre
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Figure 3:	proportion	of	patients	free	of	cardiovascular	events	according	the	aortic	valve	score	adjusted	for	age,	sex,	
imaging	 indication,	referral	centre.	The	dotted	 line	 is	 included	as	an	example	and	indicates	the	proportion	of	severly	
affected	patients	free	of	cardiovascular	events	after	3	years	of	follow-up.

Figure 4:	proportion	of	patients	free	of	cardiovascular	event	according	the	mitral	valve	score	adjusted	for	age,	sex,	
imaging	indication,	referral	centre.	The	dotted	line	is	included	as	an	example	and	indicates	the	proportion	of	severely	
affected		patients	free	of	cardiovascular	events	after	3	years’	follow-up.
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analysis showed that these imaging findings only partly lost their prognostic capacity for CVD 
when jointly modelled with coronary and aortic calcification. Imaging parameters (slice thickness, 
use of intravenous contrast agents, or quality of the CT images), age or sex did not significantly 
modify the associations found for valve calcification in relation to future CVD events. This indicates 
that additional scoring of valve and annular calcification could provide a valuable contribution to 
the prediction of CVD events with hitherto commonly used atherosclerotic imaging findings on 
chest CT.  

Millions of diagnostic CT examinations are made every year and their usage is still 
increasing because of the evolving quality of the CT images and the aging population 31. An inevitable 
side-effect of this process is the increased number of incidentally detected subclinical imaging 
findings. Using this information for prognostic purposes is attractive as it can be freely abstracted 
from existing imaging data and comes with no extra exposure to ionising radiation. However, 
longitudinal studies, such as this one, are needed to expose the natural course of these findings and 
to demonstrate any (or lack of) relationship with future events. Ultimately, such studies can help in 
composing an evidence based approach to reporting incidental subclinical findings. 

 The prevalence of valve calcification in our study was 27% for AVC, 9% for MVC and 
12% for MAC.  These numbers are comparable to other studies, where the prevalence was 
reported to be 13-31% 9;10;32 for AVC, 9% 	for MVC20 and 6-14% for MAC 6;9;10. In this study we also 
demonstrated a relationship between the investigated imaging findings and CVD events. Compared 
with other studies, which were mainly conducted in asymptomatic elderly populations, our study 
demonstrates these associations in a clinical care population. Another difference is that we scored 
incidental valve calcification on a very heterogeneous set of routinely made diagnostic chest CTs, 
instead of the transthoracic or transoesophageal echocardiography mainly used in other studies. 
This study demonstrates how incidentally detected CT imaging findings (simply scored with 
minimal extra reviewing time) can be used in daily clinical care for prognostic purposes. The results 
provide an additional means of improving the identification of high-risk patients, who can benefit 
from timely preventative measures 11 

Table 4 shows that unrequestedvalve calcification is an independent predictor of CVD 
events after correction for predictors readily available to radiologists. These results are in keeping 
with previous literature investigating aortic valve calcifications33 and provide practical benefits 
compared with hitherto widely used atherosclerotic imaging findings (e.g. aortic and coronary 
calcification) as valve calcification can be scored very simply and quickly. However we would also 
like to stress that one imaging finding does not have to exclude another in the prediction of 
CVD: the sub-analysis showed that the prognostic effect of unrequested valve calcification did 
not attenuate completely when jointly modelled with coronary and aortic calcification. This could 
mean that predictions of CVD improve  ( in terms of accuracy) when those imaging findings are 
incorporated into one prediction model for CVD events. Note however that future research 
including other statistical model performance tests should confirm this. 

This study has also some potential limitations. No clinical information from patients’ 
medical records was available, which could have influenced the exclusion of patients already known 
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with cardiovascular disease as we could only exclude patients based on their CT report. However, 
we excluded approximately 16% of patients from the baseline cohort based on information from 
CT reports and this is largely in line with the overall prevalence of symptomatic CVD in the general 
US population of whites (11.2%) 34, indicating that this was unlikely to have affected our study 
population significantly. Clinical information from medical records might also be used to further 
adjust the hazard ratios: it is known that chronic conditions such as diabetes, renal dysfunction 
and metabolic syndrome35-38affect the incidence of both CVD and valve calcifications. Despite its 
potential effect39, we did not seek to collect data on ethnicity. However, as this research is aimed 
at routine radiological care, where information about traditional risk factors is often unavailable, 
these omissions are representative of routine radiological practice. The additive nature of the 
‘radiological red flags’ that may result from the clinical implementation of lessons learnt from this 
research may cause the identification of at-risk  patients whom have already been identified by 
referring clinicians as being at risk. Such double identification of at risk patients on the basis of 
gratis (without extra radiation exposure) radiological information would not have any negative 
consequence for patients themselves and might serve as reinforcement for referring clinicians in 
cases where patients had already received preventative care (e.g. referring clinicians may verify 
whether the ‘red-flagged’ patient  is receiving optimal preventative care in such instances). 

Conclusion

The PROVIDI study provides a new approach to employing freely available and potentially 
valuable prognostic information extrapolated from routine diagnostic imaging. This particular study 
showed that unrequested AVC, MVC and MAC, detected on routine care, diagnostic chest CT in 
a clinical care population, can be used by radiologists to predict cardiovascular events. Ultimately, 
prognostic information can be implemented in CT reports. Note that the impact of providing this 
information on risk stratification and following preventative measures should be investigated in 
another study.  
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Appendix 

Patients who experienced a fatal or non-fatal cardiovascular event specified 
according the ICD codes:

Disease Codes Number (fatal)
Ischemic heart disease 410-414 273 (84)
peripheral arterial disease (PAOD) 440, 443, 444 40 (14)
aortic aneurysm 441 19 (15)
cerebrovascular disease 430- 438 59 (27)
non-rheumatic valve disease 424 43 (19)
Other forms of Heart disease
(e.g. dysrythmias, heart failure, cardiomyopathy)

425, 427, 428 81 (79)

Total 515 (238)
Pleas	note	that	in	case	of	multiple	valid	endpoints	in	the	same	patient,	cause	of	death	prevailed	over	hospital	admissions	
or	else	the	first	hospital	discharge	diagnosis	was	used.
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Abstract

Objectives: The study aims to investigate whether diameter measurements of the thoracic aorta 
and the heart, along with basic patient-information readily available to radiologists, can be used as 
prognostic markers for future cardiovascular disease by radiologists in patients not referred for 
cardiovascular indications. 
Methods: The study followed a case cohort design. A total of 10410 patients with routinely 
made chest CT were followed for mean period of 17 months.  Patients referred for cardiovascular 
disease were excluded. Three trained reviewers measured diameters of the heart, thorax – for 
calculating the cardiothoracic ratio -, ascending and descending thoracic aorta. Their prognostic 
value was evaluated with Cox-proportional hazard analysis. 
Results: A total of 515 cardiovascular events were ascertained during follow-up. All measurements 
showed significant prognostic effects after adjustment for age, gender and CT indication: the heart 
(HR 1.04, 95%CI 1.03-1.06) and ascending thoracic (HR 1.002 , 95%CI 1.001 -1.004) diameter 
showed an exponential prognostic effect beyond a threshold diameter of respectively 11cm and 
30 mm; the descending aortic diameter (HR 1.04 , 95%CI 1.01 – 1.13) and cardiothoracic diameter 
(HR 1.06 , 95%CI 1.04 -1.08)showed linear prognostic effects beyond respectively 25mm and 0.45. 
Conclusions: This particular study showed that intrathoracic diameter measurements of the 
heart and aorta, measured on routine care, diagnostic chest CT in a unselected clinical care 
population, can be used as markers to predict cardiovascular events in patients not referred for 
that disease outcome.
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Introduction

In the last decades the quality of CT has improved considerably, posing the novel challenge 
to radiologists of how to handle the volume of information1;2. Aside from more unrequested 
findings being detected, the increased image quality results in opportunities for more accurate 
measurements in routine scanning. The investigation of the clinical value of such easy-to-measure 
imaging findings on routine daily scanning could supplement the ongoing investigation of valuable 
unrequested imaging findings3;4.

Simple diameter measurements of the thoracic aorta, the heart or measurement of the 
cardiothoracic ratio (CTR), which is the ratio between the heart size and thoracic diameter, have 
long been used as radiological indicators of cardiac pathology on different scanning modalities. 
For example, a CTR > 0.5 on plain chest X-ray or chest Computed Tomography (CT ) has been 
defined as cardiomegaly and indicative of cardiac disease and mortality in literature5-7. Furthermore, 
other related measurements of cardiac and aortic diameters have been shown to be related to 
cardiovascular disease(CVD) outcomes and risk factors8-11. However, we could not identify any 
studies that longitudinally investigated and compared the clinical value of these measurements on 
routine chest CT in an unselected routine care patients group.

The PROgnostic Value of unexpected Information in Diagnostic Imaging (PROVIDI) study, 
a longitudinal study to investigate the prevalence and prognostic relevance of unrequested imaging 
findings amongst routine-care patients who have undergone diagnostic chest CT, could serve to 
investigate the value of diameter measurements. By operating from radiologist’s perspective and 
only incorporating information that is readily available in routine radiological setting, this dataset 
accurately reflects common practices and would be applicable to radiological practice. Here, the 
PROVIDI cohort was used to investigate whether diameter measurements of the thoracic aorta 
and the heart, along with basic patient-information readily available to radiologists can be used as 
prognostic markers  by radiologists -  similar to other widely used continuous markers like age, or 
blood pressure12;13 - for future CVD in patients not referred for cardiovascular indications. 

Methods

Study subjects and CT-scans
We used the PROVIDI cohort in this study. Elaborate information about the rationale 

and study design is published elsewhere14. In short the PROVIDI study employs a case-cohort 
design15 and draws patients from 8 participating hospitals in the Netherlands. The PROVIDI study 
is approved by the Medical Ethics Committee of the University Medical Center Utrecht, as well 
as the ethical review boards of all other participating centers. Written informed consent was 
waived for all patients because of the retrospective design of this study. A privacy protocol was 
implemented to protect patient’s anonymity.

All patients aged 40 years and older who were referred to one of the participating 
hospitals for a chest CT between 2002 and 2005 were considered for inclusion(N=23.443). Patients 
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diagnosed with primary lung cancer (including mesothelioma) or distant metastatic disease from 
other types of cancer (excluding haematological malignancies) were excluded (N=9.077), since it 
is highly unlikely that detection of unexpected imaging findings will alter clinical decision making in 
patients with such a poor prognosis.    

In this study patients with a CT referral indication directly related to (suspected) 
cardiovascular pathology were excluded (N= 2303), yielding a population with no cardiovascular 
history, as determined through the limited information typically accessed by radiologists. 
Additionally, a total of 1653 patients from a randomly chosen hospital were excluded, to serve as 
an external validation sample for future research conducted within PROVIDI. The resulting cohort 
consisted of 10.410 patients. Consistent with a case-cohort design a random sample – termed the 
subcohort - was taken from this cohort to serve as a control. The sample size was determined in 
a way that would ensure that the resulting sample would be at least 10%16 of the full cohort and 
roughly twice as large as the number of cases, with a reasonable margin for error, resulting in a 
subcohort of  n=1285. 

Figure 1 shows a flowchart of the study design and selection of the study population. 
When study subjects had more than one Chest CT examination during follow-up, only the first 
Chest CT scan was used. Chest CT’s were obtained with 2-, 4-, 8-, 16-, 32- or 64-slice scanners of 
different vendors. 

Figure 1: Flowchart	of	study	design.  CBS:	Central	Bureau	of	Statistics	(the	Netherlands).	LMR:	Dutch		medical	data	
registration 
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All types of CT protocols were considered eligible as long as the field-of-view (FOV) 
included the heart and full length of the thoracic aorta. Slice thickness varied according to the 
Chest CT indication and corresponding protocol. Patient characteristics, information on slice 
thickness and the use of a contrast agent were abstracted from Chest CT reports by a research 
physician, who also assessed the diagnostic Chest CT indication and classified them as either 
‘pulmonary disease’, ‘haematological malignancy’, ‘mediastinal disease’, ‘ruled-out pulmonary 
malignancy’, ‘pulmonary embolism’ or ‘other CT indications’.   

Imaging findings
The measurements were performed by three readers: one board certified radiologist 

with ten years of experience and two research physicians with two and three years of chest CT 
experience respectively. All readers were blinded for patient characteristics and outcome status. CT 
images were stored in DICOM format and read using a commercially available software program 

Figure 2: Image	examples.	Upper	left:		cardiac	diameter	measurement.	Upper	right:	thoracic	diameter	measurement.		
Lower	left:	ascending	aortic	diameter	measurement.	Lower	right	image	descending	thoracic	aorta	measurement.	
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(Dicomworks, version 1.3.5). All CT measurements were performed in the axial plane; no other 
reformatted planes were included for analysis. Readings were performed using a standardized 
score form including information on the type of CT protocol used and the use of contrast agent 
and scan quality (defined as good, adequate, or poor), based on the possibility of reliably scoring 
of CT characteristics. 

Diameters were measured of the aorta ascendens, aorta descendens, the thorax and 
the heart.  The aortic diameters were measured at the point where the diagonal ascending and 
descending diameter reached their maximum. The heart was measured at the maximum transverse 
diameter of the cardiac silhouette; the thorax was measured at the level of the maximum internal 
margin between the ribs.  The cardiothoracic ratio was calculated by dividing the cardiac diameter 
with the thoracic diameter. Examples are provided in figure 2

Follow-up and outcomes
We recorded incident fatal and nonfatal CVD events for a mean of 17 months (max. 48 

months). Endpoint status was determined through the National Death Registry and the National 
Registry of Hospital Discharge Diagnoses from January 2002 to December 2005, using a validated 
probabilistic method17-19. In these databases, cause of death and the indications of hospitalization 
are coded according to the International Classification of Diseases, 9th and 10th revision (ICD-9, 
ICD-10)20;21. Correct designation of causes of death has been established within a comparison 
study with patient medical records22. 

A trained research physician abstracted all valid endpoints from these databases on the 
basis of ICD codes. Fatal and nonfatal CVD events with an atherosclerotic background were 
defined using the ICD-9 codes for coronary heart disease (CHD) (codes 410-414),  heart failure 
(code 428), peripheral arterial disease (PAOD) (codes 440, 443-444), aortic aneurysm (code 441), 
cerebrovascular disease (codes 430-438), non-rheumatic valve disease (code 424), or other forms 
of heart disease ( e.g. cardiac dysrythmias, or cardiomyopathy (425, 427)). In case of multiple valid 
end points in the same patient, cause of death prevailed over hospital admissions or else the first 
hospital discharge diagnosis was used. 

Data analysis 
For patients from the subcohort (random sample from cohort) and patients with 

cardiovascular disease (cases), descriptive patient-information, imaging findings, CT indications and 
follow-up time were included for analysis. 

Univariate Wald chi-square values were used to evaluate how the continuous diameter 
measures could best be modelled; all diameter measurements were first modelled linearly without 
transformations. Then the diameter measurements were modelled with transformations, that 
visually corresponded to a restricted cubic spline modelling strategy. A restricted cubic spline 
facilitates the assessment of non-linearity by drawing a smooth spline function through continuous 
measurements23.
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Univariate Cox proportional hazard analysis was performed to investigate the predictive 
value of the diameter measurements. Both the crude associations and the associations adjusted 
for age, sex and CT scan indication are reported. All hazard ratios were modified based on robust 
variance estimates. These adaptations were carried out with the method according to Prentice 
in which all subcohort members are equally weighted15;16. Interaction terms were included in the 
model to test whether scan parameters (slice	thickness (continuous), use	of	contrast	agent (yes/no) 
and scan	quality (bad, moderate, good)) modified the associations.

Furthermore, survival curves of the strongest predictors were presented to visually 
illustrate the effect of the adjusted hazard ratios on the occurrence of CVD. The curves show 
the observed proportion of patients being free of CVD events during follow-up according the 
adjusted hazard ratio for the diameter measurement. We used regression methods implemented 
in SPSS software (SPSS 14.0, Chicago, Illinois) to impute missing values (<3% for the scored imaging 
findings). All other analyses were performed with R software, version 2.6.2.

Results

A total of 121 subjects (44 cases and 77 from the subcohort) were excluded from 
analysis because CT scans could not be retrieved from hospital CT databases. Table 1 presents 
descriptive information of patient- and imaging findings. A total of 515 patients experienced a 
cardiovascular event during follow-up. Amongst these patients, the mean diameters measured and 
the cardiothoracic ratio were all higher than the sub-cohort. The cases were also older (mean: 68 
vs 61.5 years) and more often male (65% vs. 58%).

Results showed that the Wald Chi-square of the different measurements improved 
significantly (data not shown) when they were non-linearly transformed: Prognostic effect of all 
diameter measurements and the CTR could only be detected beyond certain threshold values, 
under which the measurements showed no prognostic value to CVD outcomes.  For the heart 
this threshold was 11 centimeters, for the ascending and descending aortic diameters these 
were 3.0 and 2.5 centimeters, respectively, and for the CTR this threshold value was 0.45. The 
transformations of the different measurements are illustrated in figure 3, which also clearly shows 
an exponential association of the heart and ascending thoracic aorta diameter with CVD events 
beyond the above-mentioned threshold. The x-axis shows the diameters, the y-axis shows the 
corresponding unadjusted hazard ratios.

The hazard ratios for the crude and adjusted associations are presented in table 2. For 
the heart diameter, the risk increased 1.04 (95%CI 1.03 - 1.06) fold with every cm. increase in 
diameter squared.  For the ascending thoracic aorta, the hazard ratio was 1.002 (95%CI 1.00 – 
1004) with every mm. increase in diameter squared. Lastly, for the descending aorta and CTR these 
hazard ratios were 1.04 (95%CI 1.03 – 1.07) for every mm. increase in diameter and 1.06 (95%CI 
1.04 – 1.08) for every hundredth increase. 

All associations were significantly predictive as all p-values were < 0.05 after adjustment. 
No statistically significant interactions were found between the diameter measurements and slice 
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Table 1: Baseline characteristics  

General information
Subcohort
(n = 1208)

CVD cases
(n =515)

Male gender 58 65
Age in years 61.5 (40 – 96) 67.9 (40-96)
Follow-up in days 620 (1 – 1460) 322 (1 -1369)
Academic referral center 77 77
Use of contrast agent 68 67
Scan quality
   Good
   Moderate
   Bad 

72
24
3

74
24
2

Indication category
   (1)Lung disease
   (3)Hematological malignancies
   (4)Mediastinal abnormalities
   (5)Ruled-out pulmonary  malignancy*

   (6)Suspicion of Pulmonary embolism
   (8)Other indications

37
11
11
24
6
11

47
6
8
21
8
10

Cardiac diameter, mm
   - 11 cm. or less
   - 12-14 cm. 
   - 15-16cm.
   - over 16cm.
Thorax diameter, mm
Cardiothoracic ratio, mm 

- 0.45. or less
- 0.46-0.50 
- 0.51-0.60
- over 0.6

Ascending thoracic aorta, mm 
- 30 mm. or less
- 31-40 mm. 
- 41-50 mm.
- over 50 mm.

Descending thoracic aorta, mm
- 25 mm. or less
- 26-40 mm. 
- 41-50 mm.
- over 50 mm.

125 (69-185)
7
62
22
6

268 (169-394)
0.47 (0.29 – 0.87)

40
32
25
3

36 (20 - 53)
11
74
15
<1

29 (16 – 59)
21
78
1

<1

131 (93 – 216)
10
62
22
6

268(167 – 334)
0.50(0.23 – 0.86)

26
32
35
7

37 (21 – 70)
7
70
22
1

30 (15 – 63)
10
87
2
1

Values	are	means(range)	or	proportions.	CVD:	Cardiovascular	disease
*Pulmonary	mass,	which	is	proven	to	be	no	malignancy.
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Table 2: Risk of CVD event (n=515) in clinical care patients undergoing 
routine diagnostic chest CT.

Variable modeled HR (95% CI)

Crude
(Cardiac diameter -11)2 1.05 (1.04 – 1.07)
(Ascending aortic diameter -30)2 1.004 (1.001 – 1.010)
(Descending aortic diameter -25) 1.10 (1.07 – 1.13)
(Cardiothoracic ratio -0.45) 1.07 (1.05 – 1.09)

Adjusted* 
(Cardiac diameter -11)2 1.04 (1.03 – 1.06)
(Ascending aortic diameter -30)2 1.002 (1.00 – 1.004)
(Descending aortic diameter -25) 1.04 (1.003 – 1.07)
(Cardiothoracic ratio -0.45) 1.06 (1.04 – 1.08)

CVD:	cardiovascular	disease.	CI:	confidence	interval.	HR:	hazard	ratio
The	HR	of	the	heart	 indicates	an	increased	risk	per	cm;	for	the	ascending	and	descending	aorta	the	HR	indicates	an	
increased	risk	per	mm.;	for	the	CTR	the	HR	indicates	an	increased	risk	per	0.01	increase	in	CTR
*	Adjusted	model:	hazard	ratio’s	adjusted	for	age,	sex,	scan	indication,	referral	center

Figure 3: Transformations	and	corresponding	unadjusted	hazard	ratios	for	different	diameter	measurements.	X-axis	
shows	diameters	measured	in	millimeters;	y-axis	shows	unadjusted	hazard	ratios.  Heartdm	=	cardiac	diameter, ASCdm	
=	diameter	ascending	aorta,	DSCdm	=	diameter	descending	aorta,	CTR=	cardiothoracic	ratio.	
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thickness (range p=0.17-0.92), the use of intravenous contrast (range p=0.17-0.73) or scan quality 
(range p=0.33-0.89). For ease of reference table 3 was included which shows adjusted hazard 
ratios for example values of the measurements. These hazard ratios indicate the increased chance 
of developing a CVD event during follow-up compared to patients with diameters at or below the 
thresholds, adjusted for age, sex and CT indication.

Figure 4 shows the predicted proportion of patients free from CVD events after three 
years, according the adjusted hazard ratios for the diameter measurements. For example, the 
proportion of patients with a cardiac diameter of 18 centimetres that would experience a fatal/
non-fatal CVD event within 3 years was approximately 20%. 

Figure 4:  Survival	plots	for	patient	groups	with	different	diameters,	adjusted	for	age,	gender	and	CT	indication.	

Discussion

We found that, beyond certain threshold values and after adjustment for age, gender and 
CT-indication, the risk of future events grew with each incremental increase in the diameters of 
the ascending thoracic aorta and the descending aorta, as well as the CTR and the heart diameter. 
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The results of this study are 
largely in agreement with results of previous 
similar studies. The mean diameter of the 
heart in our cohort largely corresponds 
to mean diameters from another study 
which reported a mean cardiac diameter 
on CT of 13.0324. Normal adult thoracic 
aortic diameters have been reported to be 
between 3.5 and 3.9 cm.(25) for the root 
of the thoracic aorta and between 2.1 to 
3.7 cm.25-27 for the middle ascending aorta. 
For the mid-descending aorta these values 
were between 2.5 and 3.0 cm.25-27, placing 
them in line with our own observations and 
indicating the reliability and reproducibility 
of these measurements.  

In current guidelines, treatment of 
thoracic aneurysms is rather conservative. 
Surgery is only indicated in patients with 
clinical symptoms, with a growth rate above 
0.5 cm/year, or with a diameter that exceeds 
5 cm in the ascending part or exceeds 4.4-
5.0cm. in the descending part25.  We showed that a whole range of aortic diameter measurements 
can be valuable in routine daily care as these can be used to identify patients at high risk for 
CVD. The same applies to cardiac diameter measurements, which is not routinely measured on 
diagnostic chest CT, but in our dataset appeared to be even more predictive for CVD than aortic 
diameter measures. The superior predictive capacity of cardiac diameter relative to the CTR is 
reflected in previous studies as well28;29. Another difference with currently available literature is 
the fact that we showed that the simple 2 dimensional measurements on diagnostic chest CT had 
major prognostic value in an unselected daily routine care populations. This evidence may begin 
to form the rationale for the evidence based reporting of diameter measurements on routine 
diagnostic chest CT and suggests that they are not only useful as diagnostic disease-markers but 
also as prognostic marker for future CVD events as well. The measurements could be implemented 
in a multivariate risk score charts containing other risk factors for CVD in order to provide or 
improve risk stratification on an individual patient basis. 

The study design of PROVIDI in general, in which the prognostic value imaging findings 
obtained from routine clinical chest CT are investigated holds further promise for patient care as 
the imaging findings (such as diameter measurement) can be obtained freely without the need for 
additional resources. The associations under study are only adjusted for the limited information, 
which is typically available to radiologists on radiology referral forms. Consequently the results 

Table 3: Adjusted hazard ratios for 
CVD event (n=515) for example 
cardiac diameters, ascending thoracic 
and descending thoracic aortic 
diameters and different CTR’s.

Variable modeled 
Adjusted 
Hazard 

ratio

Heart
Diameter 11.0 cm. or less 1.0
Diameter 14.0 cm. 1.4
Diameter 16.0 cm. 2.7
Diameter 18.0 cm. 7.1

Ascending
aorta

Diameter 3.0 cm. or less 1.0
Diameter 4.0 cm. 1.2
Diameter 5.0 cm. 2.2
Diameter 6.0 cm. 6.0

Descending 
aorta

Diameter 2.5 cm. or less 1.0
Diameter 4.0 cm. 1.8
Diameter 5.0 cm. 2.7
Diameter 6.0 cm. 4.1

CTR
0.45 1.0
0.50 1.3
0.60 2.5
0.70 4.5

CVD:	Cardiovascular	disease.	CTR:	cardiothoracic	ratio



109

The prognostic value of vascular diameter measurements on routine chest CT 
in patients not referred for cardiovascular indications	

of this study are easily applicable to daily radiological care and they show that radiologists can 
pro-actively contribute to patient-care by using the detail visible on modern imaging equipment 
to trace those high risk patients who might benefit from preventative measures, even when those 
patients were not initially referred for the disease-outcomes in question. 

No additional clinical information from patient’s medical records was sought that might 
have been used to further adjust the hazard ratios for other risk factors as this would not have 
been in keeping with the routine daily-care radiology setting that this study was aimed at.  The 
value of the prognostic relations identified in this study are therefore additive to the parallel clinical 
measurements traditionally used to identify patients at risk for CVD. A portion of the ‘radiological 
red flags’ that may result from the clinical implementation of this research may consist of patients 
whom have already been identified by referring clinicians. Such redundancy would not have any 
negative consequence for patients themselves and might serve as corroboration for referring 
clinicians, who should then verify, based on medical records, whether a patient already receives 
optimal preventative treatment.   

 This study did not use ECG triggered/gated chest CT’s to obtain the diameter 
measurements, while this would have been desirable for more accurate measurements25. However 
we like to empha size that the purpose of PROVIDI is to investigate the potential prognostic 
capacity of imaging findings on unselected routine diagnostic chest CT’s without any additional 
patient burden. The positive results obtained in this study demonstrate the potential of this 
concept and are now applicable to a wider range of routine chest CTs.

Conclusion

This PROVIDI study demonstrates a new approach towards employing freely available 
and potentially valuable prognostic information extrapolated from routine diagnostic imaging. We 
showed here that intrathoracic diameter measurements of the heart and aorta, as measured on 
routine care, diagnostic chest CT in an unselected clinical care population, can be used to predict 
cardiovascular events in patients not initially referred to CT for CVD. The impact of using this 
information for risk stratification and for allocating preventative care remains unclear and should 
be investigated in further studies.  
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Abstract

Introduction: This study aimed to predict CVD with prevalent examples of subclinical, 
unrequested aortic imaging findings detected on Chest Computed Tomography (CCT) in a clinical 
care population.
Methods: The study is approved by the Medical Ethics Committee of the UMC Utrecht and the 
institutional review boards of all other participating centers. From 6973 patients who underwent 
diagnostic, contrast enhanced CCT for non-cardiovascular indications, a representative sample 
(n=817) plus the patients that developed a cardiovascular event (n=347) over a mean follow-up 
time of 17months, were visually graded for unrequested aortic abnormalities (calcifications [0-
8], plaques [0-4], irregularity [0-4] and elongation [0-1]). Four Cox proportional hazard models 
incorporating different sumscores for the aortic abnormalities plus age, gender and CCT-indication 
were compared for discrimination and calibration. The prediction model that performed best was 
presented and externally validated.
Results: Each aortic abnormality was highly predictive and all of the models performed well 
(range c-index 0.70-0.72, range goodness-of-fit p=0.43-0.89). The prediction model incorporating 
a sumscore for aortic calcifications was presented due to its good performance (c-index 0.72, 
goodness-of-fit p=0.47) and its applicability to non-contrast scans. Validation of this model in an 
external dataset showed good performance as well (c-index 0.71, goodness-of-fit p=0.25, sensitivity 
46%, specificity 76%).
Conclusion: A derivated prediction model incorporating unrequested imaging findings of the 
aorta detected on routine diagnostic CT complements established risk scores and may identify 
patients at high risk for CVD. Timely preventative measures may ultimately reduce future CVD 
events. 
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Introduction 

In the last decade, image quality of Chest Computed Tomography (CCT) has improved 
and its usage has increased considerably. As a consequence, unrequested imaging findings are 
frequently encountered 1-3. We define these as imaging findings that are unexpectedly detected 
and unrelated to the clinical indication for obtaining the CT scan. A systemic review showed that 
7.7% (420/5451) of patients undergoing coronary artery disease screening and 14.6% (420/5451) 
of patients undergoing lung cancer screening with CT had significant incidental findings 2. The 
clinical relevance of such unrequested information is largely unknown. An illustrative example is 
that of lung nodules, which are discovered in 23 (233/1000)-53% (2754/5201) of CCT screening 
programs4;5. 

An anatomic region where unrequested imaging findings are frequently discovered is the 
thoracic aorta. Most of these aortic imaging findings are related to cardiovascular disease (CVD), 
which is a major cause of death 6.  Because preventative measures, including drug-therapy and 
lifestyle changes have proven to be effective in lowering the incidence of CVD, many prediction 
models were developed the last couple of years.  Most of these prediction models are based on 
traditional risk factors 7-10. Despite these efforts, not all high risk patients are being identified 10;11, 
prompting expert panels to call for further research in prediction strategies 12;13. Taking this into 
account, several studies showed that atherosclerotic plaques and calcifications in the thoracic 
aorta are very prevalent in patients with CVD and stroke in particular 14-17. Others demonstrated 
that calcifications of the descending aorta are related to calcifications of the coronary arteries 
18, a well known predictor of CVD 19;20. To date however, no follow-up studies are available that 
investigated the prognostic value of these aortic abnormalities when unexpectedly detected on 
routine imaging.

The PROgnostic Value of unrequested Information in Diagnostic Imaging (PROVIDI) 
Study is the first longitudinal study to investigate the prevalence and clinical relevance of ancillary, 
subclinical  imaging findings  in a cohort existing of patients with diagnostic CCT. In this particular 
study we aimed to predict CVD, using unrequested aortic imaging findings in order to provide 
a new approach to identify those patients who can benefit from timely preventative measures21.  

Methods 

Study subjects
The PROVIDI study employs a retrospective case-cohort design 22 in cooperation with 

8 participating hospitals in the Netherlands and was designed to investigate the prognostic value 
of unrequested imaging findings, detected on routinely made chest CT’s. The PROVIDI study is 
approved by the Medical Ethics Committee of the UMC Utrecht and the institutional review 
boards of all other participating centers. Written informed consent was waived for all patients 
because of the retrospective design of this study. A privacy protocol was implemented stating that 
no patient information would be visible when reading CT scans, no additional information would 
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be obtained from accessing patient’s medical records, and no patient would be contacted as a result 
of this study.   

Figure 1: Flowchart	of	study	design.  CBS:	Dutch	central	bureau	of	statistics.	LMR:	Dutch		medical	data	registration

All patients aged 40 years and older who were referred to one of the participating 
hospitals with an indication for a CCT between 2002 and 2005 were included (N=23.443). Patients 
diagnosed with primary lung cancer (including mesothelioma) or distant metastatic disease from 
other types of cancer (excluding haematological malignancies) were excluded (N=9.077), since it 
is highly unlikely that detection of incidental imaging findings will alter clinical decision making in 
patients with a very poor prognosis. For this particular study, patients with a CT indication directly 
related to CVD were excluded (n= 2303) from the PROVIDI cohort in order to ensure that aortic 
imaging findings were ‘unrequested’. Additionally, all 1653 patients from a randomly chosen hospital 
were excluded to serve as an external validation sample. Finally all patients with non-contrast 
scans were excluded, because wall irregularity and plaques cannot be identified without contrast 
(n=3435). Thus the cohort for this study consisted of 6975 patients (Figure 1). Consistent with a 
case-cohort design this cohort is represented by a random sample (subcohort, n=817). 
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Table 1: Definitions used for visual grading of aortic abnormalities on routine 
diagnostic CCT

Grades*

Finding 0 1 2 3
Aortic wall  calcifications 
(0-3)
(score for ascending 
and descending aorta 
separately)

Absent < 5 foci 6 -9 foci or < 
2 calcification 
extending over > 3 
slices

> 9 foci or > 
2 calcifications 
extending over 
> 3 slices

Supra-aortic artery 
calcifications (0-2)

Absent Calcifications in 1 
supra-aortic artery

Calcifications in 
> 1 supra-aortic 
arteries

Aortic wall plaques (0-2)
(score for ascending 
and descending aorta 
seperately)

Absent Plaques on < 3  
slices, or 1 plaque  
extending over the 
total  aortic wall on 
1 slide  slice

Plaques on > 3  
slices, or > 1 plaque  
extending over the 
total  aortic wall on 
1 slide  slice

Aortic wall irregularity 
(0-2)
(score for ascending 
and descending aorta 
seperately)

Absent Irregularity on < 3  
slices, or irregularity  
extending over the 
total  aortic wall on 
1 slide  slice

Irregularity on 
> 3  slices, or 
irregularities 
extending over the 
total  aortic wall on 
1 slide  slice

Elongation (0-1) Absent Present 
Total sumscore the sum of Aortic	wall	calcifications, Aortic	wall	plaques and Aortic	wall	

irregularity, visually graded in the ascending aorta and descending 
aorta, plus the score for Supra-aortic	artery	calcifications and 
elongation.

Calcifications 
sumscore

the sum of Aortic	wall	calcification,	visually graded in the ascending 
aorta and descending aorta.

Plaques sumscore the sum of Aortic	wall	plaques,	visually graded in the ascending aorta 
and descending aorta.

Irregularity 
sumscore

the sum of Aortic	wall	irregularity,	visually graded in the ascending 
aorta and descending aorta.

CCT	=	Chest	Computed	Tomography
*	Note	that	the	definitions	of	the	different	grades	may	be	interpreted	as	a	guideline.	Clinical	experience	of	radiologist	
is	essential	to	assign	points.	

CT-scan protocols
When study subjects had more than one CCT examination during follow-up, only the 

first scan was used. CCT’s were obtained with 2-, 4-, 8-, 16-, 32- or 64-slice scanners of different 
vendors. All types of contrast CT protocols were considered eligible as long as the field-of-view 
(FOV) included the heart and full length of the thoracic aorta (up to 12th thoracic vertebra. 
Slice thickness varied according to the CCT indication and corresponding protocol (max slice 
thickness: 10mm.). Patient characteristics and information on slice thickness and the use of a 
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contrast agent were abstracted from CCT reports by a research physician, who also assessed 
the diagnostic CCT indication by reading the CT reports. The CT-indications were classified as  
either ‘pulmonary disease’, ‘haematological malignancy’, ‘mediastinal disease’, ‘ruled-out pulmonary 
malignancy’, ‘pulmonary embolism’ or ‘other CT indications’(cardiovascular indications were 
previously excluded).   

Imaging findings
CT scans were scored for aortic abnormalities by three readers: one board certified 

radiologist with ten years of experience (initials ALO) and two research physicians (initials MG, 
PJ)with two and three years of CCT experience respectively. All readers were blinded for patient 
characteristics and outcome status. CT images were stored in DICOM format and read using 

Figure 2: Upper	left	image	shows	an	irregular	descending	aorta	with	plaques	and	some	calcified	foci	(A).	Upper	right	
image	shows	calcifications	in	the	T.	Brachiocephalicus	and	A.	Subclavia	Sinistra(B).	Lower	left	image	shows	calcifications	
in	the	descending	aorta(C).	Lower	right	image	shows	a	to	the	right	deviated	descending	aorta(elongation,	D)
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commercially available software (Dicomworks, version 1.3.5). All scans were analyzed in the 
transverse plane; no other reformatted planes were included for analysis. 

Imaging findings were scored using simple visual grading comparable to a previously 
described grading of coronary calcifications23. Table 1 provides information about the visual grading 
and examples of imaging findings are presented in figure 2. Calcifications of the thoracic aorta 
were scored in three locations: ascending (0-3) and descending (0-3) aorta and in the supra-aortic 
arteries branching from the aortic arch (0-2). This score was summed into a single calcification 
score for the thoracic aorta (0-8).  Plaques and irregularity were scored in the ascending (0-2) 
and descending (0-2) aorta and also summed (0-4 for both imaging findings).  Elongation of the 
descending thoracic aorta was present if it deviated from its normal course (score 0-1) by more 
than its own diameter. The lower margin of the descending aorta was defined as the mid-level of 
the 11th thoracic vertebra.  

Use of this score form was trained under the supervision of an experienced board 
certified chest radiologist using a training set of 50 randomly selected patients, not part of the 
study sample. Reproducibility of visual grading was evaluated in another study (briefly, weighted 
kappa 0.72 and 0.88 for intra- and interobserver agreement of aortic wall abnormalities; 0.89 and 
0.96 for calcifications of the supra-aortic arteries)24.

Follow-up and outcomes 
We recorded fatal and nonfatal CVD events for a mean of 17 months (max. 48 months). A 

pragmatic power calculation at the outset of the PROVIDI study determined that the 8 participating 
hospitals would provide enough endpoints, which were obtained through linkage of patients with 
the National Death Registry and the National Registry of Hospital Discharge Diagnoses from 
January 2002 to the end of December 2005 (range 1-1460 days). Database linkage was performed 
with a validated probabilistic method 25-28. In these databases, cause of death and the indications 
of hospitalization are coded according to the International Classification of Diseases, 9th and 10th 
revision 29. Correct designation of causes of death has been established within a comparison study 
with patient medical records30. 

Fatal and nonfatal CVD events were defined by ICD-9 codes as coronary heart disease 
(CHD) (codes 410-414),  heart failure (code 428), peripheral arterial disease (PAOD) (codes 440, 
443-444), aortic aneurysm (code 441), cerebrovascular disease (codes 430-438), or non-rheumatic 
valvular disease (code 424). We did not include pulmonary embolism in the composite endpoint, 
because of its different pathophysiological basis compared to atherosclerotic pathogenesis of 
counted events. All other circulatory system ICD-9 codes were also not valid end points for this 
study. In case of multiple valid end points in the same patient, cause of death prevailed over hospital 
admissions or else the first hospital discharge diagnosis was used. 

Data analysis 
Descriptive information of patients, imaging findings, CT indications and follow-up time 

were evaluated for patients from the subcohort and patients who experienced a CVD event during 
follow-up. 
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Cox proportional hazard analysis was used for three modelling steps. In the first step 
four preliminary prediction models for 1 and 3 year probabilities of surviving from a CVD event 
were fit based on different scores for imaging findings of the aorta: one model contained all the 
separate scores for the different imaging findings (aortic calcifications, plaques, irregularity and 
elongation); the other three models - introduced for practical reasons as they are easier to use for 
radiologist - contained only one sumscore each for either plaques, irregularity or calcifications. The 
four models also contained age, gender, the CCT-indications and referring hospital type (secondary 
vs. tertiary). Regression coefficients and standard errors were modified based on robust variance 
estimates using an established method in which all subcohort members are equally weighted31;32.  In 
the second modeling step, we specified the four models using the Wald statistic p-values to exclude 
(in a step-wise manner) the least significant predictors until the remaining predictors reached a 
p-value < 0.15.  The likelihood ratio test was used to confirm that the excluded covariates did 
not significantly change model fit. Finally, the modelling strategy was completed by testing for the 
inclusion of plausible interaction terms in the four models - age*gender, sumscore*image	quality and 
sumscore*slice	thickness - at 95% confidence (Wald statistic p-value < 0.05).  

The likelihood ratio test, model discrimination and calibration were evaluated to 
determine which of the specified four models performed best.  The likelihood ratio indicates 
the statistical fit of a model compared to a model with no predictors. Discrimination refers to 
a model’s ability to distinguish between patients that experience the event and patients that do 
not experience the event and was assessed by the c-index33.Calibration refers to the agreement 
between the predicted risks and the observed incidences and was evaluated with the Gronnesby 
and Borgan goodness-of-fit test 34-36. 

The model with the best performance was selected for elaborate presentation. In case 
performance measures were not conclusive, the most easy to use prediction model was chosen. A 
bootstrap resampling procedure was used to quantify the over-optimism of the selected prediction 
model, which was used as shrinkage factor for the regression coefficients37. 

Finally the selected prediction model was presented in a nomogram and validated in 
an external dataset consisting of the previously excluded data from one hospital (n=1653) and 
(if possible) the non-contrast scans (n=3435). Such dataset truly differs from the derivation data 
and is therefore highly suitable to effectively assess the generalizability of the model.  For external 
validation model discrimination, calibration  and the sensitivity (proportion of CVD events that 
occurred in the top quartile of predicted risks)	and specificity (proportion of patients without an 
event who are not in the top quartile of the predicted risks) of the top quartile of predicted risks 
were evaluated.38 

We used regression methods implemented in SPSS software (SPSS 14.0, Chicago, Illinois) 
to impute missing values. All other analyses were performed with freely available R-project software 
package (R-project, version 6.2, R foundation for statistical Computing, Vienna, Austria).
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Results

A total of 347 patients developed a valid endpoint during follow-up. Table 2 presents 
descriptive information of patient- and imaging findings: The mean age of the patients from 
the subcohort was 62 years and 57%(466/817) were male.  The overall prevalence of plaques, 
irregularity and calcifications was respectively 27%(222/817), 7% (51/817)and 23% (186/817) in the 
ascending aorta and 74%(602/817), 45% (366/817) and 49% (399/817) in the descending thoracic 
aorta.  Elongation was present in 7% (59/817) of the patients in the subcohort and 50% (406/817) 
had calcifications in the supra aortic arteries. With regard to the cases, the proportions were 
higher for all types of aortic abnormalities. Cases were also older (mean: 69 years) and more often 
male (61%(213/347)).

When fitting the multivariate prediction models, the covariate ‘other CT indication’ was 
least significant in all models and therefore excluded. Additionally we excluded the covariates CT 
indication ‘ruled out pulmonary malignancy’, CT indication ‘haematological malignancy’, imaging 
finding ‘aortic plaques’ (full model which preliminary included all image characteritics) and the 
covariate ‘referring hospital type’ in all models. The likelihood ratio test confirmed that exclusion 
of these covariates did not significantly affect model fit (range likelihood ratio test p	= 0.17–0.57). 
No statistical significant interactions were found between the sumscores and image quality (range 
Wald test p	= 0.08–0.76) or slice thickness (range Wald test p = 0.22–0.70) as also for age and 
gender. (range Wald test p	= 0.24–0.44).  Consequently, the four prediction models contained 
the different combinations of sumscores plus age, gender and CT indication (either ‘pulmonary 
disease’, ‘mediastinal abnormalities’ or ‘pulmonary embolism’). 

All aortic imaging findings had major prognostic impact. Table 3 presents the hazard 
rates plus 95% confidence intervals and p-values for the different predictors in the four prediction 
models. To illustrate: with one point increase in the aortic calcification score (0-8), the rate of 
experiencing a cardiovascular event is increased with 25% (HR 1.25, 95%CI 1.17 – 1.32) throughout 
the period of follow-up, irrespective of the other covariates. When modeled with the other scan 
characteristic sumscores, the rate increases with 18% (HR 1.18, 95%CI 1.10 – 1.26). 

Table 4 presents the performance for every prediction model. The likelihood ratio 
was highly significant for all models and was best for the full model (likelihood ratio 239, 8df). 
Discrimination was good for all models as the c-index of the five models ranged from 0.70 to 
0.72. The Gronnesby and Borgan test failed to reach statistical significance for all models (range 
goodness-of-fit p= 0.45-0.76), indicating a good overall fit. 

We advocated the simple prediction model, based on the calcification score solely, as 
the most appropriate for clinical use. We did this, despite the slightly better statistical fit of the full 
model, due to its similar c-index and goodness-of-fit scores (0.72 and p=0.47, resp.) and the fact 
that is it far easier to implement in routine clinical use than the full model: this simple model can be 
applied to non-contrast scans and only involves the manual scoring of calcifications. Table 5 shows 
the distribution of the calcification score amongst the subcohort and the patients who developed a 
CVD event: the median calcification score for the subcohort was 1, for the cases this was 3. Figure 
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Table 2: Baseline characteristics  

General information
Subcohort
(n = 817)

CVD cases
(n = 347)

Male,  [%]† 466 [57] 213 [61]

Age, y [SD] † 62.3 [12.1] 68.7 [11,6]

Follow-up, days [SD]	† 594 [330] 306 [284]

Academic referral center,  [%] 624 [76] 263 [77]

Scan quality, [%]
   Good
   Moderate
   Bad 

642 [79]
161 [20]
14 [2]

283 [82]
60 [17]
4 [1]

Indication category, [%]†
   (1)Lung abnormalities
   (3)Hematological malignancies
   (4)Mediastinal abnormalities
   (5)Ruled-out pulmonary malignancy*

   (6)Pulmonal emboli
   (8)Other indications

230 [28]
118 [14]
114 [14]
228 [28]
65 [8]
62 [8]

133 [38]
27 [8]
36 [10]
92 [27]
38 [11]
21 [6]

Thoracic ascending aorta Points

Plaques,  [%]†
   No                      
   <5                       
   >5    

(0)
(1)
(2)

595 [73]
215 [26]

7 [1]

202 [58]
140 [40]

5 [2]
Irregularity,  [%]†
   No
   Moderate
   Severe 

(0)
(1)
(2)

766 [94]
47 [6]
4 [1]

296 [85]
45 [13]
6 [2]

Calcifications,  [%]†
   No
   Mild
   Moderate
   Severe

(0)
(1)
(2)
(3)

631 [77]
156 [19]
25 [3]
5 [1]

210 [61]
99 [29]
30 [9]
8 [2]

Thoracic aorta descendens

Plaques,  [%]†
   No
   <5
   >5

(0)
(1)
(2)

215 [26]
535 [66]
67 [8]

49 [14]
236 [68]
62 [18]

Irregularity,  [%]†
   No
   Moderate
   Severe 

(0)
(1)
(2)

451 [55]
333 [41]
33 [4]

118 [34]
194 [56]
35 [10]

Calcifications,  [%]†
   No
   Mild
   Moderate
   Severe

(0)
(1)
(2)
(3)

418 [51]
235 [29]
116 [14]
48 [6]

102 [29]
108 [31]
90 [26]
47 [14]

Elongation,  [%]† (1) 59 [7] 41 [12]
Aortic Arch  

Origo calcifications,  [%]†
   No
   1
   >1

(0)
(1)
(2)

411 [50]
214 [26]
192 [24]

94 [27]
116 [33]
137 [40]

Values	are	means[Standard	Deviation]	or	absolute	values	[proportions].
*Pulmonary	mass,	which	is	proven	to	be	no	malignancy
†	indicates	significant	difference	between	subcohort	and	cases	(p<0.05)	
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3 shows a nomogram (corrected for over-optimism, shrinkage factor 0.96) by which absolute 
risks can be calculated on an individual patient level for the composite cardiovascular endpoint 
(n=347). The nomogram provides 1-year and 3-year event free rates based on a baseline survival of 
respectively 0.974 and 0.934. Figure 4 shows the difference in survival stratified in quartiles of the 
risk score. The survival estimate after 1 year of follow-up for patients in the highest quartile is 0.93, 
while this is 0.992 for patients in the lowest quartile. After 2 years of follow-up these estimates are 
respectively 0.875 for the highest and 0.986 for the lowest quartile. 

External validation
After correction for over-optimism, the performance of the presented model was 

evaluated in an external dataset consisting of the data from the validation sample (n=1653) and 
the non-contrast scans, previously excluded (n= 3435). Again a case-cohort design was used. 
Descriptive information of the subcohort and cases in this data is presented in the appendix. In the 
validation data , the c-index of the prediction model was 0.71 and the p-value for the Gronnesby 
and Borgan test was 0.25. A calibration plot (appendix A) visually showed good agreement between 
the observed outcome after 1 year of follow-up and the predicted 1-year risks. The sensitivity of the 
top-quartile predicted risk was 46% (125/273) meaning that 46% of the events were experienced 
in the top quartile of predicted risks.  The specificity of the top quartile was 76% (3669/4815).  

Discussion

In this study, we examined whether unrequested imaging findings of the aorta, detected 
on routine diagnostic CCT’s and based on a visual grading scale, could be used to predict 
cardiovascular events.  We found that aortic imaging findings individually had a prognostic impact for 
the occurrence of CVD. However, when modelled together the predictions did not become more 
accurate. Due to its good performance (c-index 0.72, goodness-of-fit p=0.59) and its applicability 
to non-contrast scans, we choose to present a simple prediction model incorporating only a 
sumscore for aortic calcifications. This simple method, employing routinely available unrequested 

Table 4: Model performance for the four prediction models  

Performance measure

Model*

Likelihood 
ratio

C-index
(95% CI)

Gronnesby and 
Borgan test

-1- Full model  239 (8df) 0.72 (0.69 – 0.75) p=0.60
-2- Only Plaques score 198 (6df) 0.70 (0.68 – 0.73) p=0.76
-3- Only Irregularity score 212 (6df) 0.71 (0.68 – 0.74) p=0.45
-4- Only Calcifications score 216 (6df) 0.72 (0.69 – 0.74) p=0.47
df	=	Degrees	of	Freedom,		CI	=	Confidence	interval. 
*Besides	 the	 different	 scores	 for	 the	 aortic	 abnormalities,	 all	 models	 also	 contain	 age,	 gender	 and	 CT	 indications	
‘Pulmonary	disease’,	‘Mediastinal	abnormalities’	and	’	Pulmonal	emboli’.
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imaging findings, could be used as an alternative to existing prediction models to identify patients 
at high risk of CVD in a hospital-setting. 

Our presented model performed satisfactorily in both derivation- and validation data. 
The c-index of 0.72 indicates a good discriminative ability and hardly decreased in the validation 
population(c-index 0.71). This is comparable  to other widely used prediction models, such as the 
Framingham Risk Score8 (AUC: 073 for men, 076 for women) , the Reynolds Risk Score 9;10 (c-index 
0.81 for women, 0.71 for men)  and  the SCORE model7 (c-index 0. 71-0.84 in different validation 
samples). A crucial difference with the model derived here is the fact that it is solely based upon 

Figure 3: Nomogram	to	calculate	1	and	3	-year	probabilities	of	being	free	of	a	cardiovascular	event.	Baseline	survival	
after	1	and	3	year	of	follow-up	for	a	patient	at	mean	risk	was	0.97	and	0.93	respectively.	The	mean	linear	predictor	
is	2.66
Gender:	 0=female,	 1=male.	 CT	 indication:	 M=	 mediastinal	 abnormalities;	 P=pulmonary	 diseases;	 PE=Pulmonary	
embolism;	0=all	other	CCT	indications.
For	example,	a	70-year	old	(5	points)	female	(0	points)	patient	gets	a	CCT	in	because	she	is	suspected	of	having	lung	
emboli	(4.25	points).	She	has	a	sumscore	of	3	regarding	calcifications	in	the	aorta	and	branching	arteries	of	the	aortic	
arch	(3.25	points).		The	total	points	score	is	5+4.25+3.25	=	12.5.	This	corresponds	to	a		predicted	1-year	probability	of	
approximately	95%	of	freedom	from	the	cardiovascular	endpoint.



127

Unrequested aortic findings on Chest CT for prediction of Cardiovascular Disease in routine practice 

parameters readily available to radiologists. This allows radiologists, working only from routinely 
recorded patient and imaging findings, to make meaningful and relatively accurate predictions on 
par with established models and thus contribute meaningfully to the early detection of patients at 
risk for CVD. 

Calibration was good as the goodness-of fit test returned non-significant p-values in 
the derivation set (p=0.47) and validation set (p=0.25). Furthermore, the calibration plot of our 
validation data visually showed good agreement between the observed outcome and the predicted 
risks after 1 year of follow-up (appendix). Unfortunately there are no internationally recognized 
threshold values  for short-term risks that our prediction model generates, consequently we 
didn’t evaluate reclassification. We therefore also, rather than arbitrarily assign a threshold value, 
evaluated  the sensitivity and specificity of the top quartile of predicted risk in the external dataset. 
A sensitivity of 46% (125/273) and specificity of 76% (3669/4815) is only slightly less compared to 

Figure 4: proportion	of	patients	free	of	cardiovascular	event	according	to	quartiles	of	the	risk	score	(linear	predictor).	
Numbers	at	risk	are	indicated	for	to	the	upper	to	lower	quartile	(numbered	1	–	4).
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the sensitivity and specificity, reported for 
a more sophisticated CVD risk score for 
primary care38.	

In the methodology of this 
study we explicitly made choices to 
increase the clinical utility. The visual 
grading used here is perfectly suitable as 
it is based on simple definitions, requires 
a minimum of extra viewing time and 
can be applied to all CT protocols. This 
is in contrast to other frequently used 
calcium scoring techniques that require 
special CT- protocols (e.g. non-contrast 
enhanced, ECG-gated CT protocols or 
special semi-automatic calcium scoring 
software)   Furthermore, we chose to 
score only aortic imaging findings as the 
thoracic aorta is invariably visible on CCT, 
irrespective the scan protocol and is less vulnerable to motion artefacts compared to the coronary 
arteries for example. These measures ensure that our prediction model is reliable (adequate 
performance), easy to implement (simple visual grading of calcifications) and applicable to a wide 
range of CCT (only aortic imaging findings). 

Some potential limitations of this study include the lack of detailed patient histories or 
records and the relatively short follow-up time. As the CT reports were the only source of patient 
information some patients with histories of CVD might have inadvertently included. However, a 
comparison between our CVD exclusion-rate of 16% (2.303/14.366)  and the estimated prevalence 
of CVD in the U.S.A: CHD: 7.6%, heart failure 2.5% and stroke 2.9% (respectively 16.8 million, 5.7 
million and 6.5 million out of approx. 220 million American adults) 39, suggests that this is unlikely 
to have significantly skewed our study population. 

More clinical information might also have improved our prediction model but the 
availability of extensive patient histories would have been non-analogous with day-to-day clinical 
radiological practice and thus would have made any model derived from it less applicable in routine 
care. Now, the results are applicable to daily routine diagnostic practice. 

Furthermore, we could find no evidence in current literature that calcifications are 
reversible, possibly implying that treatment would have little effect. We would like to emphasise 
however that extensive aortic calcifications represent the endstage of atherosclerosis, which is 
in turn preceded by diabetes, high blood pressure and obesity to name but a few risk factors. 
The prediction model could help to identify those high-risk patients, which are not yet previously 
known to suffer from these classical cardiovascular risk factors and may have a more subtle clinical 
presentation. As we have attempted to explain in the manuscript, a referring specialist may consider 

Table 5: Distribution of the aortic 
calcification score amongst the patients 
in the subcohort and the cases

Aortic 
calcification 
score  

Subcohort 
(n=817)

Cases
(n=347)

0 318 (39) 62 (18)
1 129 (16) 38 (11)
2 114 (14) 50 (14)
3 96 (12) 65 (19)
4 67 (8) 51 (15)
5 55 (7) 39 (11)
6 26 (3) 26 (7)
7 10 (1) 14 (4)
8 2 (0.2) 2 (1)

Mean 1.75 2.88
Median  1 3

Values	 are	 absolute	 numbers	 (proportions),	 mean	 or	

median.	
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performing additional diagnostic tests for reversible risk factors and should consider verifying 
whether a patients already receives optimal preventative treatment. 

The mean 17 months of follow-up, albeit short, was long enough to allow inclusion of 
a sufficient number of patients with cardiovascular endpoints. This suggests both that patients 
referred for CCT are relatively unhealthy.  Immediate risk reduction measures in this population 
could have an immediately appreciable effect. 

Conclusion

The derivated prediction model incorporating unrequested imaging findings of the aorta 
detected on routine diagnostic CT complements established risk scores and may identify patients 
at high risk for CVD. Timely preventative measures may ultimately reduce future CVD events. 

We showed that calcifications of the thoracic aorta, detected on routine care, diagnostic 
CCT’s in a clinical care population, can be used to predict cardiovascular events. Addition of scores 
for aortic plaques, aortic wall irregularity and elongation did not improve the performance of the 
prediction model substantially.  Absolute risks from our model can be implemented in CT reports.  
A referring specialist should then verify - based on medical records - whether a patient already 
receives optimal preventative treatment for CVD.   The impact of providing this information on risk 
stratification and following preventative measures should be investigated in another study.
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Appendix  

External validation 
The performance was evaluated in a validation cohort, consisting of previously excluded 

CCT’s from one hospital (n=1653) and previously excluded non-contrast scans (n=3435).  Data 
was available for a representative random sample of the total validation cohort (n=581 and the 
patients that experienced a CVD endpoint (n= 273). 

The appendix table presents baseline information of the predictors included in the 
prediction model. The c-index was 0.71 (95% CI: 0.67-074), The Gronnesby and Borgan test 
returned a p-value of  0.25 and the calibration plot (appendix figure), in which the observed 
outcomes (Kaplan Meier estimates) were plotted against the predicted risks per decile, showed 
good calibration as well. The sensitivity of the top-quartile predicted risk was 46% (125/273)  
meaning that 46% of the events were experienced in the top quartile of predicted risks. The 
specificity of the top quartile was 76% (3669/4815).  

Baseline characteristics of patients in external dataset

General information
Subcohort
(n = 581)

CVD cases
(n = 273)

Male,  [%]† 335 [58] 188 [69]

Age, y [SD] † 61.6 [40-91] 68 [40-91]

Follow-up, days [SD]	† 651 [1-1460] 332 [1-1298]

Indication category, [%]†

   (1)Lung abnormalities
   (3)Hematological malignancies
   (4)Mediastinal abnormalities
   (5)Ruled-out pulmonary malignancy*

   (6)Pulmonal emboli
   (8)Other indications

273 [47]
35 [6]
35 [6]

110 [19]
6 [1]

128 [22]

272 [47]
32 [6]
32 [6]

109 [19]
3 [1]

128 [22]
Thoracic ascending aorta Points

Calcifications,  [%]†

   No
   Mild
   Moderate
   Severe

(0)
(1)
(2)
(3)

414 [72]
127 [22]
29 [5]
3 [1]

150 [55]
89 [33]
24 [9]
10 [4]

Thoracic aorta descendens

Calcifications,  [%]†

   No
   Mild
   Moderate
   Severe

(0)
(1)
(2)
(3)

289 [50]
151 [26]
102 [18]
34 [6]

69 [25]
92 [34]
77 [28]
35 [13]

Aortic Arch  

Origo calcifications,  [%]†

   No
   1
   >1

(0)
(1)
(2)

276 [48]
142 [25]
158 [27]

80 [29]
74 [27]
119 [44]

Values	are	means[range]	or	absolute	numbers	[	proportions].
*Pulmonary	mass,	which	is	proven	to	be	no	malignancy
†	indicates	significant	difference	between	subcohort	and	cases	(p<0.05)	
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Figure Appendix:	Calibration	plot	of	the	derived	prediction	model	evaluated	in	the	validation	set.	X-axis	(calc1yrV)	
shows	the	predicted	risks	per	decile.	The	y-axis	shows	the	observed	outcome	(	KM-estimates	after	1	year	of	follow-up)
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Abstract 

Introduction: In this study we aimed to derive and validate a CVD prediction rule using 
multiple unrequested chest CT findings together with limited patient information readily available 
to radiologists in daily care. By selecting the optimal combination of predictors, the model informs 
which imaging findings may be omitted and which findings can be used by radiologists to identify 
patients at high or low risk for CVD. 
Methods: From 10410 patients who underwent diagnostic chest CT for non-cardiovascular 
indications, a representative sample (n=1208) plus the patients that developed a cardiovascular 
event over a mean period of 17months (n=515) were visually graded for  a pool of candidate 
cardiovascular imaging predictors. Cox proportional hazard analysis with a backward stepwise 
procedure was used to specify the prediction model (Triple-R score). Validation was conducted 
using a random sample (n=185) and CVD patients (n=105) coming form 1653 external patients, 
who were followed over the same period.
Results:	The triple-R score incorporated age, gender, CT indication, LAD calcification, Mitral 
valve calcification, descending aortic calcification and the heart- and ascending aortic diameter.  At 
internal validation, Triple-R score yielded a c-index of 0.757 (95%CI 0.735–0.779), in the external 
dataset it decreased to 0.721 (95%CI 0.679–0.768). Sensitivity and specificity of the top quartile 
predicted risks was 46% was 79. Compared to a simple radiological CVD score, the Triple-R score 
classified 7.8% of the patients into more accurate risk categories. 
Conclusion:	This study incorporated unrequested imaging findings on routine diagnostic chest 
CT to develop a risk score algorithm (Triple-R score) for CVD. The Triple-R score performs well 
and demonstrates how freely available radiological information may be tapped to improve the 
quality of patient care. 
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Introduction

CardioVascular Disease (CVD) comprise a frequently investigated cluster of diseases in 
modern prognostic epidemiology, due to its high contribution to the burden of disease in developed 
societies1;2 and the availability of effective preventative measures3;4. Risk scores currently in use 
5-10allow individualized estimations of future risk, thereby assisting clinicians in the formulation of 
preventative treatment plans.  A majority of the prognostic markers that they are comprised of are 
related to the process of atherosclerosis, a central pathogenetic process for CVD11-13. 

As radiologists routinely directly view the (preclinical) anatomical manifestations of 
arthrosclerosis but currently only fulfil a very limited role in CVD risk-stratification and prevention, 
patient care may be improved by complementing existing prognostic pathways through the use of 
routinely collected imaging data. 

The potential prognostic significance of atherosclerotic imaging findings is being 
established in recent literature, including our own. Unrequested coronary, aortic14;15 and valvular 
calcifications16 detected on otherwise routine clinical chest Computed Tomography (CT) scans 
may hold valuable prognostic information. This is also the case for simple cardiac and vascular 
measurements on CT17;18. The ready availability of such findings and the high overall prevalence of 
unrequested findings on such scans19 further emphasize the fertility of this approach. 

This study is part of the PROgnostic Value of incidental Information in Diagnostic Imaging 
(PROVIDI) project, a project aiming to investigate the prevalence and prognostic relevance of 
unrequested (incidental, unrequested or unexpected), subclinical imaging findings in a radiological 
setting using a cohort consisting of patients who had undergone routine diagnostic chest CT. 

Here, we aimed to derive and validate a CVD prediction model using the PROVIDI 
data that incorporates different subclinical, chest CT findings together with the limited patient 
information readily available to radiologists in daily care. The performance of the newly derived 
prediction model is compared to a previously developed, simple and limited prediction model 
based upon unrequested aortic calcifications20. By identifying patients at high risk for fatal and non- 
fatal cardiovascular events based on imaging findings radiologists may actively contribute to disease 
prevention and thus to complement existing risk-stratification strategies3;4;21;22.

Methods

Study Design and Subjects
This PROVIDI study employed a case-cohort design 23.  Information about the rationale 

and general design of the study can be found elsewhere24. We included all patients aged 40 years 
and older who were referred to one of the eight participating hospitals in the The Netherlands 
between 2002 and 2005 (N=23.443) for chest CT. We excluded patients diagnosed with primary 
lung cancer (including mesothelioma) or distant metastatic disease from other types of cancer 
(excluding hematological malignancies), since it is unlikely that detection of incidental imaging 
findings will alter clinical decision making in patients with such a poor prognosis (N= 9.077). 



139

The Triple R (Routine Radiological Risk)-Score 

Additionally, all patients with a CT indication directly related to CVD were excluded (N= 2303) 
from the PROVIDI cohort in order to ensure that the evaluated imaging findings were truly 
‘unrequested’. Finally, all 1653 patients from a randomly chosen hospital were excluded to serve 
as an external validation sample. The resulting cohort consisted of 10.410 patients. Consistent 
with a case-cohort design a random sample – termed a subcohort -  was taken from this cohort 
at baseline to serve as a control. It was sampled so that the resulting subcohort would be at least 
10%25of the full cohort, with a reasonable margin for error (subcohort, n=1285).	Figure 1 shows a 
flowchart of the study design and selection of the study population. 

Only a subject’s first chest CT was used in cases where multiple chest CT’s were available. 
The chest CT’s were obtained with 2-, 4-, 8-, 16-, 32- or 64-slice systems from different vendors. 
All types of contrast enhanced CT protocols were considered eligible as long as the field-of-view 
(FOV) included the heart and the full length of the thoracic aorta. Slice thickness varied according 
to the Chest CT indication and corresponding protocol. Rudimentary patient characteristics, 
information on slice thickness and the use of a contrast agent were abstracted from Chest CT 
reports by a research physician, who also assessed the diagnostic chest CT indication and classified 
them into the following categories: ‘pulmonary disease’, ‘haematological malignancy’, ‘mediastinal 
disease’, ‘ruled-out pulmonary malignancy’, ‘pulmonary embolism’ or ‘other CT indications’.   

Figure 1:	Flowchart	of	study	design.		CBS:	Central	Bureau	of	Statistics	(the	Netherlands).	LMR:	Dutch		medical	data	
registration	
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The PROVIDI study was approved by the Medical Ethics Committee of the UMC Utrecht 
and the institutional review boards of all other participating centers. Written informed consent 
was waived for all patients because of the retrospective design of this study. A privacy protocol 
was implemented stating that no patient information would be visible when reading CT scans. No 
additional information would be obtained from accessing patient’s medical records and no patient 
was contacted as a result of this study.   

Measurements of Imaging Findings
The measurements were performed by one board certified radiologist with ten years 

of experience and two research physicians with two and three years of chest CT experience 
respectively. All readers were blinded for patient characteristics and outcome status. CT images 
were stored in DICOM format and read using a commercially available software program 
(Dicomworks, version 1.3.5). All CT measurements were performed in the axial plane; no other 
reformatted planes were included for analysis. Readings were performed using a standardized 
score form including information on the type of CT protocol used and the use of contrast agent 

Table 1: Grading of different imaging findings

Score
Coronary calcification 0 1 2 3
   LM None Mild Moderate Severe
   LAD None Mild Moderate Severe
   LCX None Mild Moderate Severe
   RCA None Mild Moderate Severe
Aortic calcification 0 1 2 3
   Ascending Aorta None Mild Moderate Severe
   Descending Aorta None Mild Moderate Severe
   Supra-Aortic    
            Calcifications

None 1 vessel affected* 2 / 3 vessels 
affected*

Cardiac valves 0 1 2 3
   AVC None 1 valve affected 2/3 valves affected
   MVC None 1 valve affected 2 valves affected
   MVA Absent present
Diameters 0 Transformed value
   Heart (cm) < 11 (Diameter(cm)-11)2

   CTR < 0.45 (CTR - 0.45)
   Ascending Aorta (mm) < 30 (Diameter(cm)-30)2

   Desending Aorta (mm) < 25 (Diameter(cm)-25)
*truncus	brachicephalicus,	a.	carotis	communis	sinistra,	or	a.	subclavia	sinitra
LM	=	Left	Main	artery,	LAD	=	Left	Anterior	Descending	artery,	LCX	=	Left	Circumflex	artery
RCA	=	Right	Coronary	Artery,	AVC	=	Aortic	valve	calcification,	MVC	=	Mitral	valve	calcification,	MVA	=	Mitral	annular	
calcifications,	CTR	=	Cardiothoracic	ratio
Note	that	this	table	needs	to	be	interpreted	as	a	guideline.	Clinical	experience	of	a	radiologist	is	essential	to	assign	points.	
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and scan quality (defined as good, adequate, or poor), based on the possibility of reliably scoring 
of CT characteristics. 

The chest CT’s were scored for imaging findings, which previously demonstrated a 
prognostic effect for CVD on routine diagnostic chest CT.  Coronary, aortic, mitral and aortic 
valve calcifications were scored similarly as in previous studies16;26 by using simple ordinal scores. 
The reproducibility of these measures was assessed27. 

The cardiac diameter, thoracic, ascending and descending aortic diameters were 
measured using a measurement function, implemented in the DICOM reviewing software.  The 
cardiac diameter was measured at the point where the transverse cardiac silhouette reached its 
maximum. The thoracic diameter – used for calculation of the cardiothoracic ratio (CTR) – was 
measured at the maximal internal margin between the ribs. The ascending and descending aortic 
diameters were measured at the point of maximal diameter. Extenisve information about the 

Figure 2: Examples	of	imaging	findings	included	in	the	Triple	R	score.	Upper	images	show	diameter	measurements,	
A	=	coronary	calcification	in	left	anterior	descending	artery,	B=	small	calcification	in	descending	aorta,	C	=	calcification	
on	mitral	valve	
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measurements and grading of the imaging findings can be found in table 1; some examples are 
presented in figure 2.

Follow-up and Outcome Events
Incident fatal and non-fatal CVD events were recorded over a mean follow-up period 

of 17 months (max. 48 months). Endpoint status was obtained through linkage of patients with 
the National Death Registry and the National Registry of Hospital Discharge Diagnoses from 
January 2002 to December 2005. Database linkage was performed with a validated probabilistic 
method28-30. In these databases, cause of death and the indications for hospitalisation are coded 
according to the International Classification of Diseases, 9th and 10th revision (ICD-9, ICD-10)31;32. A 
trained research physician abstracted all valid endpoints from these databases on the basis of ICD 
codes. Fatal and non-fatal CVD events with an atherosclerotic background were defined by ICD-
9 codes as coronary heart disease (CHD) (codes 410-414),  heart failure (code 428), peripheral 
arterial disease (PAOD) (codes 440, 443-444), aortic aneurysm (code 441), cerebrovascular 
disease (codes 430-438), non-rheumatic valve disease (code 424), or other forms of heart disease 
( e.g. cardiac dysrythmias, or cardiomyopathy (e.g. atrial fibrillation) (425, 427)). In case of multiple 
valid end points in the same patient, death prevailed over hospital admissions or the first hospital 
discharge diagnosis was used.

Statistical Analysis

Derivation of prediction model 
Cox proportional hazard analysis was used to fit an initial function (hereafter referred 

to as full model) for experiencing the cardiovascular composite endpoint during follow-up.  
Besides the scores for the imaging findings, the full model also included patient information, 
which is readily available to radiologists in daily radiological care on radiological referral forms. 
This included age, gender and the initial CT indication. The scores for aortic, coronary and valve 
calcifications were modelled as continuous covariates. The diameter measurements were modelled 
with transformations that improved their prognostic impact. This entailed that either linear (for 
the CTR and descending aortic diameter) or exponential (for the heart and ascending aortic 
diameter) prognostic effects could only be detected beyond certain threshold values.  For the 
heart this threshold was 11 centimeters, for the ascending and descending aortic diameters these 
were 3.0 and 2.5 centimeters, respectively For the CTR this threshold value was 0.45. Regression 
coefficients and standard errors were modified based on robust variance estimates using an 
established method in which all subcohort subjects were equally weighted25. Subsequently the 
full model was specified using a backward selection procedure based on Akaike’s Information 
Criterion33.	The Likelihood Ratio test was used to confirm that the backward stepwise procedure 
did not significantly affect model fit. 

Interaction between determinants was tested by adding the interaction terms - 
age*gender,	imaging	findings*image	quality	or	imaging	findings	*slice	thickness -  to the model and to 
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Table 2: Baseline characteristics

General information
Subcohort

Derivation set
(N = 1208)

Subcohort 
Validation set

(N = 185)
Male gender, % 58 56
Age, years (range) 61.5 (40 – 96) 65.2(40 -94)
Academic referral center , % 77 100
Use of contrast agent,  % 68 72
Section Thickness,  %
   1-3 mm.
   4-6 mm.
   >6 mm.

43
40
17

28
71
2

Indication category, %
   (1)Lung disease
   (3)Hematological malignancies
   (4)Mediastinal abnormalities
   (5)Ruled-out pulmonary  malignancy*

   (6)Suspicion of Pulmonary embolism
   (8)Other indications

37
11
11
24
6
11

28
9
8
26
0
29

Coronary calcifications LM, %
   (mild, moderate, severe)
Coronary calcifications LAD, %
   (mild, moderate, severe)
Coronary calcifications LCX, %
   (mild, moderate, severe)
Coronary calcifications RCA, %
   (mild, moderate, severe)

32
(20, 9, 4)

60
(30, 20, 10)

37
(23, 9, 4)

46
(25, 12, 9)

44
(26,11,6)

72
(65, 26, 11)

56
(38, 14, 4)

62
(38, 15, 9)

Calcification ascending Aorta, %
    (mild, moderate, severe)
Calcifications descending aorta, %
   (mild, moderate, severe)
Supra-aortic arch calcifications 
   (1 affected vessel, 2 /3 affected vessels)
Elongation 

25
(20, 4, 1)

48
(28, 14, 6)

49
(26, 23)

8

30
(25, 5, 0)

56
(26, 26, 4)

66
(28, 38)

6
Aortic valve calcification, %
   (1 leaflet, 2 leaflets, 3 leaflets)
Mitral valve calcification, %
   (1 leaflet, 2 leaflets)
Mitral annular calcifications, %

28
(16, 7, 4)

9
(7, 2)
12

28
(12, 13, 13)

12
(10, 2)

7
Cardiac diameter, mm (range)
Thorax diameter, mm (range)
Cardiothoracic ratio, mm (range)
Ascending thoracic aorta, mm (range)
Descending thoracic aorta, mm (range)

125 (69-185)
268 (169-394)

0.47 (0.29 – 0.87)
36 (20 - 53)
29 (16 – 59)

124 (75 – 185)
266 (167 – 334)

0.47 (0.25 – 0.75)
36 (26 – 72)
29 (21 – 49)

LM	=	Left	Main	artery,	LAD	=	Left	Anterior	Descending	artery,	LCX	=	Left	Circumflex	artery
RCA	=	Right	Coronary	Artery
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test if they improved model fit. The model was internally validated by testing the Gronnesby and 
Borgan goodness-of-fit test34-36, the ability of the model to discriminate between patients with 
and patients without an event was tested using the c-index37;38 and a bootstrap resampling and 
shrinkage procedure was used to correct for over-optimism of the final model37;39. The assumption 
for proportionality of hazards was also evaluated. 

Evaluation of model performance
The performance, and thus generalizability of the prediction model’s final form (after 

backward selection and shrinkage- hereafter referred to as Triple-R	score) was measured in the 
external validation set consisting of the previously excluded subjects from one hospital (N= 
1653). Again a case-cohort design was used. As before, data was analysed from the patients who 
experienced an outcome event plus a representative sample (N=185). The assessment model 
performance consisted largely of three components:  the risk function’s ability to distinguish 
between patients that experience the event and patients that didn’t was evaluated in the external 
validation sets using the c-index37;38 and compared with the c-index obtained in the derivation set 
. A survival plot stratified for quartiles of the Triple-R Score in the validation sample is used to 
visually assess its discriminative ability across risk categories. Calibration refers to the agreement 
between the predicted risks and the observed outcome and is evaluated in the external dataset 

Table 3: Triple-R Score

variable βeta P-value Hazard Ratio 95%CI
Age 0.027 <0.001 1.03 1.02-1.04
Male gender 0.18 0.19 1.20 0.92-1.57
CT indication 
 Lung disease       
 Hematological malignancies
 Mediastinal abnormalities
 Ruled-out pulmonary       
    malignancy*

 Pulmonary embolism
 Other indications

Reference
-0.41
-0.51
-0.26

-0.021
-0.058

Reference
0.08
0.02
0.09

0.93
0.78

Reference
0.67
0.59
0.77

0.98
0.94

Reference
0.41-1.05
0.38-0.92
0.56-1.04

0.61-1.58
0.62-1.44

Coronary calcifications LAD 0.20 0.004 1.23 1.07-1.41
Mitral valve calcification 0.21 0.016 0.23 1.04-1.48
Calcifications descending aorta 0.27 <0.001 1.31 1.13-1.53
(Cardiac diameter-11 cm)2* 0.033 <0.001 1.03 1.02-1.05
(Ascending thoracic aorta-3 cm)2† 0.137 0.19 1.15 0.93-1.42
Baseline Hazard Value
S0 (1 year) 0.975
S0 (2 year) 0.958
S0 (3 year) 0.938
CI	=	95%	Confidence	Interval;	CT=	computed	Tomography;	LAD=	Left	Anterior	Descending	coronary	artery;	
*	=	Cardiac	diameters	below	11	cm	get	value	‘0’,	from	higher	diameters	subtract	11	and	square	the	resulting	value	
†	=	ascending	aortic	diameters	below	3	cm	get	value	‘0’,	from	higher	diameters	subtract	3	and	square	the	resulting	value	



145

The Triple R (Routine Radiological Risk)-Score 

by calculating the sensitivity and specificity of the top quintile of predicted risks6. The agreement 
between predicted probabilities and observed Kaplan-Meier estimates was also visually evaluated 
in calibration plots for 2 year predicted absolute risks. This gives an indication of the agreement 
between the model’s predictions and the observations in the external dataset across the full range 
of risk predictions (from low to high) 

For comparison the Net Reclassification Improvement (NRI) was used40 to evaluate 
how accurately this new Triple-R	score correctly classifies patients into risk categories compared 
to another representative radiological risk function for CVD events, which is currently the only 
comparable alternative in the field of radiological risk stratification20. This was done in the external 
validation set using 0% to 1%, >1% to 2% and >2 % risks as risk categories for 1 year absolute risks 
. These were based upon widely used 10-year risk cut-offs of 10% and 20%41;42. Calculated events 
and non-events in each category were based upon the observed Kaplan-Meier estimates for 1 year 
survival43

We used regression methods implemented in SPSS software (SPSS 14.0, Chicago, Illinois) 
to impute missing values. All other analyses were performed with R-project software package, 
version 10.1.

Results

A total of 515 patients from the development cohort and 105 patients from the 
validation cohort experienced a CVD event during follow-up. Table 2 presents and contrasts the 
baseline characteristics of the subcohorts from the development cohort and the validation cohort. 
Generally, patients in the validation cohort more frequently suffered from vascular and cardiac 
calcifications, especially mild calcifications. This can be clarified by the fact that these patients were 
older and all came from a tertiary referral center, which generally treat more seriously ill patients 
compared to secondary referral centers. 

Derivation of prediction model 
In the model derivation phase we included all candidate predictors (all imaging findings, 

age, gender, CT indication and referral center-type) into the full model.  The backward stepwise 
procedure dropped predictors until the AIC was optimal, resulting in a risk score with 8 predictors; 
age, gender, CT indication, LAD calcification, mitral valve calcification, descending aortic calcification 
and the heart - and ascending aortic diameter. The likelihood ratio test of the full model and the 
backward specified model (χ216.2, 9df, P =	0.06) confirmed that the dropped predictors did not 
significantly affect model fit. The interactions were not considered relevant enough to be included 
in the final model.  

Subsequently, steps to ensure internal validation were undertaken.  The Gronnesby and 
Borgan test yielded a non-significant p-value (χ2= 9.0, 9df, P=0.43) indicating an excellent goodness 
of fit. The c-index of the Triple-R score in the development was 0.757 (95%CI 0.735 – 0.779) and 
the bootstrap re-sampling procedure, which was repeated 200 times, showed that the prediction 
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model had an average over-optimism of 2.4%. To correct for this the regression coefficients were 
multiplied with 0.976. A test for proportionality of hazards was not significant (χ2= 18, P=0.43). 
Table 3 presents the regression coefficients, standard errors and corresponding hazard ratios of 
the Triple-R score. 

Table 4: External Validation  

Performance measure Triple-R Score
C-index (95% CI) 0.721 (0.679 – 0.768)

Survival plot*

Sensitivity top quartile† 46%
Specificity top quartile† 79%

Calibration plot‡

CI	=	95%	Confidence	Interval
*	=	Survival	plot	of	Triple-R	score	stratified	to	quartiles.	1	=	quartile	with	lowest	risks,	4	=	quartile	with	highest	risks
†	=	Sensitivity	and	specificity	of	top	quartile	predicted	risks
‡=	Quintiles	of	2	year	absolute	risks	plotted	against	Kaplan-Meier	estimates	of	those	quintiles
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External validation
Table 4 presents the model performance in the external dataset. It shows that the 

C-index decreased to 0.721 (95%Ci 0.679 – 0.768). The calibration plot demonstrates that the 
prediction model’s ability to discriminate between patients with a low survival rate and patients 
with a high survival rate. Especially the patients in the lower 2 quartiles (50% subjects with highest 
risk scores) had considerably worse survival indicating good discrimination. The sensitivity of the 
top quartile predicted risks was 46% meaning that 46% of the 105 patients who developed a CVD 
event during follow-up were in the top quartile highest risk scores. Respectively the specificity 
of the top quartile predicted risks was 79% meaning that 79% of the 1548 patients who did not 
develop an event during follow-up were not in the top quartile highest risk scores.  Finally the 
calibration plot of the 2 year predicted risks demonstrated good agreement with the observed 
outcomes when the risks were grouped by quintile. 

Table 5 presents the patients in the validation cohort who were reclassified into higher 
or lower risk categories by the Triple-R score compared to a published comparison radiological 
risk score for CVD events.  A total of 81 subjects were classified into higher risk categories, 
while 229 subjects shifted towards lower risk categories. The corresponding ‘Net Reclassification 
Improvement’ gained by using the Triple R score was 7.72%. 

Table 5: Reclassification table comparing newly derived Triple-R score to 
simple model based on aortic calcifications  

Resulting NRI:
7.72%

Triple-R score

<1%, N
(N=154)

>1% - < 2%, N
(N=492)

> 2%, N
(N=1007)

A
o

rt
a 

S
co

re

<1%, N
KM-estimate

(N=91)

71
0.984

20
0.990

…
…

>1% - < 2%, N
KM-estimate

(N=470)

83
0.961

326
0.990

61
0.928

> 2%,	N
KM-estimate

(N=1092)

…
…

146
0.983

946
0.923

KM	=	Kaplan-Meier	estimate;	NRI	=	Net	Reclassification	Improvement

Discussion

The Triple-R score incorporates age, gender, CT indication, LAD calcification, mitral 
valve calcification, descending aortic calcification and the heart- and ascending aortic diameter 
and allows calculating up to 3 year predicted probabilities for non-fatal and fatal cardiovascular 
events.  It performed well in the external dataset (c-index  0.721,95%Ci 0.679 – 0.768; Gronnesby 
and brogan goodness of fit χ2= 9.0, 9df, P=0.43)  and can thus be used by radiologists in daily 
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routine care to actively contribute to identify high- risk patients, who might benefit form timely 
preventative measures

The c-index of 0.76 in the derivation sample and 0.72 in the validation sample compares 
equally with well-established clinical CVD prediction scores such as two risk scores form the 
Framingham  cohort6;44 or SCORE9  and slightly favorable with a related radiological score (c-index 
of 0.71 at validation)20.  The improved performance of a prediction model can not always be 
deduced from a change in c-index40;45;46, but may better be expressed by a statistical test that 
indicates the amount of patients, who are better classified into risk categories, such as the ATP 
III47. The Net Reclassification Index of 7.8%, also comparable to other studies on CVD7;48, pointed 
to approximately 1 in 13 patients that were more accurately classified into a risk category. In 
conclusion, the Triple-R score is to preferred over the other simple radiological risk score with 
this note that it remains a reasonable good alternative in case the Triple-R score cannot be used.

The Triple-R score uses unrequested imaging findings in an effective way to contribute 
to cardiovascular risk stratification.  The score is complementary to existing clinical prognostic 
scores6-10, as it is based upon the anatomic manifestations of atherosclerosis rather than clinical 
symptoms and in intent it differs from the source of the patients that they address. As a result there 
may be minimal overlap between the individual patients identified through traditional methods 
and the Triple-R score. This has the large advantage of being able to expose patients that were 
previously invisible –for whatever reason- as being at increased risk for CVD. 

Previous prognostic radiological studies also have investigated the relationship between 
imaging findings and CVD. Unlike this PROVIDI-study, many of these studies were conducted in 
asymptomatic screening populations in a controlled research setting. Additionally, this particular 
study also distinguishes itself from previous research by its design and analysis, which directly 
aimed at generating multiple-predictor, individual risk estimation models (a main goal of prognostic 
research49). In contrast, many previous studies only focused on single imaging findings and only 
present isolated relative risks or hazard- or odds-ratios and as such these studies should be 
conceived of as explorative precursors to further prognostic research and clinically useful predictive 
models. Illustrating examples are studies investigating the prognostic potential of coronary artery 
calcium50-52. By limiting themselves to single findings and to a highly controlled screening domain 
they are not optimally suitable as evidence for direct clinical implementation. The multivariable 
approach of this study allowed us to uncover the interaction between a wider range of imaging 
findings in a daily-care setting. Through this approach we were able to find that a single component 
(eg. LAD coronary calcification) in a class of findings could provide enough prognostic information 
on its own to render the remaining components (LM, LCX and RCA coronary calcifications) 
redundant, a welcome fact given the increased reviewing times involved in such scores.

Explicit choices were made to ensure that the Triple-R score can be applied to all 
diagnostic chest CT’s made in routine daily care. The Triple-R score incorporates a set of gratis (in 
terms of costs and radiation exposure) imaging findings which can be readily abstracted from a 
range of contrast and non-contrast scans routine CT scanning data. Also the simple visual grading 
schemes employed in this study require a minimum of extra viewing time and may more easily 
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be implemented in routine clinical settings using the currently routinely available protocols and 
equipment, in contrast to other frequently used calcium scoring techniques that require special or 
software or CT- protocols53;54. 

Despite some other advantages as power, sample size and external validation, some 
limitations need also to be discussed. Due to the limited follow-up period available, the Triple-R 
score can only be used to calculate up to 3 year predicted probabilities. Disadvantageous, we had 
to choose simplified risk cut-offs for 1 year risks by dividing the widely accepted ATP III risk cut-

Figure 3: Nomogram	to	calculate	1,2	and	3-year	probabilities	of	being	free	from	a	cardiovascular	event.	
Gender:	 0=female,	 1=male.	 CT	 indication:	 1=pulmonary	 diseases,	 3=	 haematological	 malignancy,	 4	 =	mediastinal	
abnormalities,	5	=	ruled–out	pulmonary	malignancy		6=Pulmonary	embolism,	8	=	Other.	CAClad	=	Calcification	LAD,	
MVLcalc	=	Mitral	Valve	calcification,	DSCcalc	=	calcification	descending	aorta
For	example:	a	56-year	old	(2	points)	female	(0	points)	patient	gets	a	CCT	in	because	she	is	suspected	of	having	lung	
emboli	(2.5	points).	She	has	a	sumscore	of	2	(2	points)	regarding	calcifications	in	the	LAD,	no	Mitral	valve	calcification	
(	0	points)		and	a	score	of	1	regarding	calcification	in	the	descending	aorta(1	point)	.	Her	cardiac	diameter	was	14	
cm	(1,5	points)	and	her	maximal	ascending	aortic	diameter	was	35	cm.	(0.5	points).	In	total	the	score	is	10.5.	This	
corresponds	to	a	predicted	1-year	survival	of	approximately	96%	for	the	cardiovascular	endpoint	and	a	3-year	predicted	
survival	of	90%.
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offs47 by ten. Note however that this assumption was made previously in other studies as well, 
including guidelines41. 

Additional clinical patient-information might have improved our prediction model but, 
the accessibility of extensive patient histories is rare in routine radiological practice and the 
inclusion of such information would have made any resulting model less applicable to routine care. 
As they stand, the results are applicable to daily routine diagnostic practice and potentially benefit 
from the relative non-overlap of the predictors, as more previously undetected high-risk patients 
may be identified.

As the triple-R score was derived from a largely Caucasian Dutch population, 
generalizability to other populations, cannot be blindly assumed.  

Model presentation and implication 
The Triple-R score function presented in table 3 was also programmed as an Excel 

spreadsheet and as the nomogram / score sheet as presented in figure 3 for easy computation 
of an individual’s absolute risk. Note that, as there are currently no widely recognized CVD risk 
cut-off for patients in our domain, further preventive strategies should be carefully defined. These 
need not solely follow the risk classifications used here (>2% 1-year absolute risks is high risk), 
but should also be base upon extensive medical records:  the absolute risks from our model could 
be implemented in CT reports and referring specialists could then choose to verify whether a 
patient is already receiving optimal preventative treatment. High risk patients previously identified 
by other means would not suffer from such double classification (it is based on gratis information) 
as it may then serve as a valuable corroboration (e.g. ‘red flag’) for clinical management decisions. 
The clinical impact of including such prognostic risk estimations with CT reports is currently 
unknown and remains to be investigated. 

Conclusion

This study incorporated freely available unrequested imaging findings on routine 
diagnostic chest CT to develop a risk score algorithm (termed the Triple-R score) for fatal and non-
fatal cardiovascular events. The Triple-R score complements currently existing clinical prediction 
models for CVD with radiological information and demonstrates how this wealth of information 
may be tapped to improve the quality of patient care.



151

The Triple R (Routine Radiological Risk)-Score 

Reference List

 1.  Sofi F, Capalbo A, Cesari F et al. Physical activity during leisure time and primary prevention 
of coronary heart disease: an updated meta-analysis of cohort studies. Eur J Cardiovasc 
Prev Rehabil 2008; 15(3):247-257.

 2.  http://www.cbs.nl/nl-NL/menu/themas/gezondheid-welzijn/cijfers/default.htm.   
Last accessed 12-10-2010. Ref Type: Internet Communication

 3.  De Backer G, Ambrosioni E, Borch-Johnsen K et al. European guidelines on cardiovascular 
disease prevention in clinical practice. Third Joint Task Force of European and Other 
Societies on Cardiovascular Disease Prevention in Clinical Practice. Eur Heart J 2003; 
24(17):1601-1610.

 4.  Smith SC, Jr., Allen J, Blair SN et al. AHA/ACC guidelines for secondary prevention for 
patients with coronary and other atherosclerotic vascular disease: 2006 update endorsed 
by the National Heart, Lung, and Blood Institute. J Am Coll Cardiol 2006; 47(10):2130-2139.

 5.  Wilson PW. Risk scores for prediction of coronary heart disease: an update. Endocrinol 
Metab Clin North Am 2009; 38(1):33-44.

 6.  D’Agostino RB, Sr., Vasan RS, Pencina MJ et al. General cardiovascular risk profile for use in 
primary care: the Framingham Heart Study. Circulation 2008; 117(6):743-753.

 7.  Ridker PM, Paynter NP, Rifai N et al. C-reactive protein and parental history improve 
global cardiovascular risk prediction: the Reynolds Risk Score for men. Circulation 2008; 
118(22):2243-51, 4p.

 8.  Ridker PM, Buring JE, Rifai N et al. Development and validation of improved algorithms for 
the assessment of global cardiovascular risk in women: the Reynolds Risk Score. JAMA 
2007; 297(6):611-619.

 9.  Ulmer H, Kollerits B, Kelleher C et al. Predictive accuracy of the SCORE risk function for 
cardiovascular disease in clinical practice: a prospective evaluation of 44 649 Austrian men 
and women. Eur J Cardiovasc Prev Rehabil 2005; 12(5):433-441.

 10.  Assmann G, Cullen P, Schulte H. Simple scoring scheme for calculating the risk of acute 
coronary events based on the 10-year follow-up of the prospective cardiovascular Munster 
(PROCAM) study. Circulation 2002; 105(3):310-315.

 11.  Toth PP. An urgent matter-identifying your patients’ cardiovascular risk and improving 
their outcomes. Atherosclerosis: the underlying disease. J Fam Pract 2009; 58(11 Suppl 
Urgent):S19-S25.

 12.  Hollander W. Role of hypertension in atherosclerosis and cardiovascular disease. Am J 
Cardiol 1976; 38(6):786-800.



152

Chapter 5.2

 13.  Timoteo AT, Toste A, Araujo A et al. Expression of subclinical atherosclerosis for different 
cardiovascular risk factors in young populations. Rev Port Cardiol 2010; 29(7-8):1181-1190.

 14.  Jacobs PC, Prokop M, van der Graaf Y et al. Comparing coronary artery calcium and 
thoracic aorta calcium for prediction of all-cause mortality and cardiovascular events on 
low-dose non-gated computed tomography in a high-risk population of heavy smokers. 
Atherosclerosis 2010; 209(2):455-462.

 15.  Shemesh J, Henschke CI, Farooqi A et al. Frequency of coronary artery calcification on low-
dose computed tomography screening for lung cancer. Clin Imaging 2006; 30(3):181-185.

 16.  Gondrie MJ, van der Graaf Y, Jacobs PC et al. The association of incidentally detected heart 
valve calcification with future cardiovascular events. Eur Radiol 2010.

 17.  Giamouzis G, Sui X, Love TE et al. A propensity-matched study of the association of 
cardiothoracic ratio with morbidity and mortality in chronic heart failure. Am J Cardiol 
2008; 101(3):343-347.

 18.  Isselbacher EM. Thoracic and abdominal aortic aneurysms. Circulation 2005; 111(6):816-
828.

 19.  Jacobs PC, Mali WP, Grobbee DE et al. Prevalence of incidental findings in computed 
tomographic screening of the chest: a systematic review. J Comput Assist Tomogr 2008; 
32(2):214-221.

 20.  Gondrie MJ, Mali WP, Jacobs PC et al. Cardiovascular disease: prediction with ancillary 
aortic findings on chest CT scans in routine practice. Radiology 2010; 257(2):549-559.

 21.  Hiratzka LF, Bakris GL, Beckman JA et al. 2010 ACCF/AHA/AATS/ACR/ASA/SCA/SCAI/
SIR/STS/SVM guidelines for the diagnosis and management of patients with Thoracic Aortic 
Disease: a report of the American College of Cardiology Foundation/American Heart 
Association Task Force on Practice Guidelines, American Association for Thoracic Surgery, 
American College of Radiology, American Stroke Association, Society of Cardiovascular 
Anesthesiologists, Society for Cardiovascular Angiography and Interventions, Society of 
Interventional Radiology, Society of Thoracic Surgeons, and Society for Vascular Medicine. 
Circulation 2010; 121(13):e266-e369.

 22.  Hirsch AT, Haskal ZJ, Hertzer NR et al. ACC/AHA 2005 Practice Guidelines for the 
management of patients with peripheral arterial disease (lower extremity, renal, 
mesenteric, and abdominal aortic): a collaborative report from the American Association 
for Vascular Surgery/Society for Vascular Surgery, Society for Cardiovascular Angiography 
and Interventions, Society for Vascular Medicine and Biology, Society of Interventional 
Radiology, and the ACC/AHA Task Force on Practice Guidelines (Writing Committee to 
Develop Guidelines for the Management of Patients With Peripheral Arterial Disease): 
endorsed by the American Association of Cardiovascular and Pulmonary Rehabilitation; 



153

The Triple R (Routine Radiological Risk)-Score 

National Heart, Lung, and Blood Institute; Society for Vascular Nursing; TransAtlantic Inter-
Society Consensus; and Vascular Disease Foundation. Circulation 2006; 113(11):e463-e654.

 23.  Prentice RL. A case-cohort design for epidemiologic cohort studies and disease prevention 
trials. Biometrika 1986; 73:1-11.

 24.  Gondrie MJ, Mali WP, Buckens CF et al. The PROgnostic Value of unrequested Information in 
Diagnostic Imaging (PROVIDI) Study: rationale and design. Eur J Epidemiol 2010; 25(10):751-
758.

 25.  Onland-Moret NC, van der AD, van der Schouw YT et al. Analysis of case-cohort data: a 
comparison of different methods. J Clin Epidemiol 2007; 60(4):350-355.

 26.  Jacobs PC, Prokop M, van der Graaf Y et al. Comparing coronary artery calcium and 
thoracic aorta calcium for prediction of all-cause mortality and cardiovascular events on 
low-dose non-gated computed tomography in a high-risk population of heavy smokers. 
Atherosclerosis 2010; 209(2):455-462.

 27.  Jacobs PC, Prokop M, Oen AL et al. Semiquantitative assessment of cardiovascular disease 
markers in multislice computed tomography of the chest: interobserver and intraobserver 
agreements. J Comput Assist Tomogr 2010; 34(2):279-284.

 28.  De Bruin A, Kardaun JW, Gast A et al. Record linkage of hospital discharge register with 
population register: experiences at Statistics Netherlands. Stat J UN Econ Comm Eur 
2004;(21):23-32.

 29.  Reitsma JB, Kardaun JW, Gevers E et al. [Possibilities for anonymous follow-up studies of 
patients in Dutch national medical registrations using the Municipal Population Register: a 
pilot study]. Ned Tijdschr Geneeskd 2003; 147(46):2286-2290.

 30.  Paas GR, Veenhuizen KC. Research on the validity of the LMR.  2002. Utrecht, Prismant.  
Ref Type: Report

 31.  World Health Organization G. http://apps.who.int/classifications/apps/icd/icd10online/.    
Ref Type: Internet Communication

 32.  World Health Organization G. http://icd9cm.chrisendres.com/index.php?action=contents.   
Ref Type: Internet Communication

 33.  Akaike H. [Data analysis by statistical models]. No To Hattatsu 1992; 24(2):127-133.

 34.  May S, Hosmer DW. A cautionary note on the use of the Gronnesby and Borgan goodness-
of-fit test for the Cox proportional hazards model. Lifetime Data Anal 2004; 10(3):283-291.

 35.  Gronnesby JK, Borgan O. A method for checking regression models in survival analysis 
based on the risk score. Lifetime Data Anal 1996; 2(4):315-328.



154

Chapter 5.2

 36.  May S, Hosmer DW. A simplified method of calculating an overall goodness-of-fit test for 
the Cox proportional hazards model. Lifetime Data Anal 1998; 4(2):109-120.

 37.  Harrell FE, Jr., Lee KL, Mark DB. Multivariable prognostic models: issues in developing 
models, evaluating assumptions and adequacy, and measuring and reducing errors. Stat Med 
1996; 15(4):361-387.

 38.  Pencina MJ, D’Agostino RB. Overall C as a measure of discrimination in survival analysis: 
model specific population value and confidence interval estimation. Stat Med 2004; 
23(13):2109-2123.

 39.  Van Houwelingen JC, Le CS. Predictive value of statistical models. Stat Med 1990; 9(11):1303-
1325.

 40.  Pencina MJ, D’Agostino RB, Sr., D’Agostino RB, Jr. et al. Evaluating the added predictive 
ability of a new marker: from area under the ROC curve to reclassification and beyond. Stat 
Med 2008; 27(2):157-172.

 41.  Pearson TA, Blair SN, Daniels SR et al. AHA Guidelines for Primary Prevention of 
Cardiovascular Disease and Stroke: 2002 Update: Consensus Panel Guide to Comprehensive 
Risk Reduction for Adult Patients Without Coronary or Other Atherosclerotic Vascular 
Diseases. American Heart Association Science Advisory and Coordinating Committee. 
Circulation 2002; 106(3):388-391.

 42.  De Backer G, Ambrosioni E, Borch-Johnsen K et al. European guidelines on cardiovascular 
disease and prevention in clinical practice. Atherosclerosis 2003; 171(1):145-155.

 43.  Steyerberg EW, Pencina MJ. Reclassification calculations for persons with incomplete 
follow-up. Ann Intern Med 2010; 152(3):195-196.

 44.  Wilson PW, D’Agostino RB, Levy D et al. Prediction of coronary heart disease using risk 
factor categories. Circulation 1998; 97(18):1837-1847.

 45.  Cook NR. Comments on ‘Evaluating the added predictive ability of a new marker: From 
area under the ROC curve to reclassification and beyond’ by M. J. Pencina et al., Statistics in 
Medicine (DOI: 10.1002/sim.2929). Stat Med 2008; 27(2):191-195.

 46.  Cook NR. Statistical evaluation of prognostic versus diagnostic models: beyond the ROC 
curve. Clin Chem 2008; 54(1):17-23.

 47.  Executive Summary of The Third Report of The National Cholesterol Education Program 
(NCEP) Expert Panel on Detection, Evaluation, And Treatment of High Blood Cholesterol 
In Adults (Adult Treatment Panel III). JAMA 2001; 285(19):2486-2497.

 48.  Wilson PW, Pencina M, Jacques P et al. C-reactive protein and reclassification of 
cardiovascular risk in the Framingham Heart Study. Circ Cardiovasc Qual Outcomes 2008; 
1(2):92-97.



155

The Triple R (Routine Radiological Risk)-Score 

 49.  Moons KG, Royston P, Vergouwe Y et al. Prognosis and prognostic research: what, why, and 
how? BMJ 2009; 338:b375.

 50.  Budoff MJ, Shaw LJ, Liu ST et al. Long-term prognosis associated with coronary calcification: 
observations from a registry of 25,253 patients. J Am Coll Cardiol 2007; 49(18):1860-1870.

 51.  Shaw LJ, Raggi P, Schisterman E et al. Prognostic value of cardiac risk factors and coronary 
artery calcium screening for all-cause mortality. Radiology 2003; 228(3):826-833.

 52.  Kim SM, Chung MJ, Lee KS et al. Coronary calcium screening using low-dose lung cancer 
screening: effectiveness of MDCT with retrospective reconstruction. AJR Am J Roentgenol 
2008; 190(4):917-922.

 53.  Agatston AS, Janowitz WR, Hildner FJ et al. Quantification of coronary artery calcium using 
ultrafast computed tomography. J Am Coll Cardiol 1990; 15(4):827-832.

 54.  Ulzheimer S, Kalender WA. Assessment of calcium scoring performance in cardiac computed 
tomography. Eur Radiol 2003; 13(3):484-497.





Chapter 6

Discussion and Summary



Chapter 6.1

General Discussion 



159

General Discussion 

PROVIDI was conceived in the context of the rapidly improving quality of radiological 
imaging scans over the last years. These technical improvements have increased the visibility of the 
specific organ systems or anatomical regions which referring clinicians wish to be informed about. 
In routine care settings, radiologist’s attention is typically highly focused upon these regions, whilst 
the visibility of the surrounding (unrequested) regions has also similarly improved. While the past 
couple of years implementation of improved scanning modalities was ongoing, no efforts were 
undertaken to asses the consequences of the ever-expanding amount of information a radiologist 
has to deal with. This has led to an increase in the unrequested findings being detected and an 
attendant debate amongst radiologists about how to adapt1;2. Currently individual radiologists’ 
expert opinion largely determines how such unrequested findings are dealt with in clinical care, 
as there is little evidence to guide them. Consequently, potentially clinically valuable information 
may be ignored and prognostically worthless findings may be acted upon, causing unneccessary 
and often extensive follow-up. This burdens patients with additional procedures, anxiety and extra 
health care costs3;4.  An evidence based approach should be developed for the reporting of such 
findings. Neglecting potentially valuable information would be unnecessarily wasteful since these 
are already available and thus free in terms of costs and radiation exposure as these are abstracted 
from routine imaging. Using an innovative and efficient case-cohort design, PROVIDI addressed the 
lack of follow-up studies that use real clinical outcomes to investigate which unrequested imaging 
findings are significant and which are not, and to do so in routine settings. 

This thesis presents results from studies investigating the prognostic significance of 
promising (subclinical) imaging findings for predicting the risk of CardioVascularDiseases (CVD). 
CVD remains a worldwide problem5, causing a high burden in terms of mortality, morbidity and 
costs, often striking unexpectedly and without warning. The sudden and dramatic onset of many 
cardiovascular events underscores the need to identify patient at risk earlier so that they may 
benefit from proper preventative measures. In the period preceding a cardiovascular event, the 
circulatory system is typically affected by atherosclerosis6, which progresses silently without overt 
clinical symptoms.  The growing amount of diagnostic imaging being requested in routine care and 
the (above-mentioned) increasing quality of the resulting images is generating a pool of incidental 
sub-clinical cardiovascular imaging findings that directly reflect the process of atherosclerosis7;8. 

Here I will reflect upon how this work contributes to three steps necessary to implement 
the concept of PROVIDI in patient care.

From primary research results to clinical useful prediction models
The first step in the process of employing unrequested imaging findings for prognostic 

purposes began with explorative research (chapter 4). Those studies aim to assess promising 
candidate predictors and seek to sort those findings which have prognostic value from those 
which do not.  For PROVIDI to be meaningful to routine clinical radiological practice such studies 
must be conducted from this perspectice. With this in mind, some explicit choices were made 
during the design of PROVIDI: (A) A wide range of different diagnostic chest CT protocols 
(including contrast and non-contrast scans), were drawn from daily practice, yielding a routine-
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care population that is completely different from the often-investigated asymptomatic and highly 
selected screening populations. (B) Only information that is readily available in routine radiological 
setting was incorporated. No allowance was made for collecting the additional patient history, 
physical examination and laboratory information which characterizes much other cardiovascular 
prognostic research. Such information normally is not available in a standard radiological setting. 
(C) For our results to be prognostically useful, the abstraction of the imaging findings should be 
reproducible using commonly-availble methods. Therefore we ensured that the imaging findings 
under study were measured using simple and universally-implementable scores. This system is 
quite dissimilar from frequently-used (semi-)automatic scoring software based upon Agatston 
scores9 measuring calcification, which is more complex. 

Chapters 4.1 and 4.2 are based on such explorative studies and show the prognostic 
value of unrequested calcified plaques in the coronary arteries, aorta and on cardiac valves, in 
PROVIDI’s routine care setting. However, the increased image quality also makes it possible to 
expand the definition of unrequested findings to include prognostically valuable findings that may 
not have been previously considered. An example of this is presented in chapter 4.3 where we 
showed that classic cardiac and vascular measurements, assessed on CT, also contain prognostic 
information for CVD. 

The second step is then to develop and externally validate prediction models to identify 
those patients who might benefit from timely preventative measures10. Armed with the knowledge 
from the previous studies, we developed and presented prediction models in chapter 5. Since 
simpler prediction models are easier to use in the clinical setting11, we composed a very simple 
prediction model, based only on the aortic imaging findings in chapter 5.1. In chapter 5.2 we used 
all available classes of CVD imaging findings in the development of a more advanced prediction 
model. Due to redundancy, a number of imaging findings were excluded during the backward-
selection process resulting in a final prediction model that is only marginally more complex then 
the simple model presented in chapter 5.1, whilst it performed significantly better. Implementing 
this process gave us insights into the restrictions of currently used prognostic methods and how 
we may improve upon them, something I will address below. 

The final step in - and ultimate goal of - prognostic research is then that the prognostic 
useful unrequested information is employed in daily radiological clinical practice to improve patient 
care. Before applying PROVIDI’s prediction models to daily practice, new research is needed to 
build upon and corroborate on our key findings. Implementing them without impact studies would 
be premature11. Despite using sound methodological principles to derive and validate the models 
discussed in this thesis, there is no direct information about how employing radiological prediction 
models to stratify patients will really influence outcome. Impact studies would have to investigate 
the dynamics of the presumed contribution of the prediction model(s) to patient care and patient 
outcomes prospectively; to convincingly demonstrate their efficacy and utility.

In keeping with the versatile design of PROVIDI, innovative prospective randomized 
study designs could be used to determine the clinical impact of radiological prediction models. 
These designs permit interventions to be compared in parallel drawing from the continuous 
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stream of patients passing through radiological pathways. A possible design for such a study could 
be a prospective randomized multicenter staggered cross-over trial where the implementation 
of the prediction model is the intervention and the order of implementation is randomized 12. 
Specifically, the intervention would be the addition of a risk estimation to the radiological report. 
The actual preventative care would then pragmatically be left to referring clinicians. This design 
would yield a large cohort of patients amongst whom the outcomes can be regularly measured 
throughout follow-up. By virtue of being cross-over, each center can serve as its own control and 
the randomized staggered entry allows the centers to be compared so that longitudinal changes 
in care practices over time can also be assessed.  The observed benefits should then be weighed 
against the costs associated implementing such a strategy, which would largely consist of longer 
review times for radiologists and presumably extra corroboration steps for referring clinicians or 
general practitioners.

After demonstration of efficacy, future studies could also focus on further improvements 
which might simplify the implementation and reduce the costs in radiological practice. So far we 
used a simple ordinal visual scoring for our imaging findings and for now such scoring systems are 
the most suitable/applicable to clinical care. This may be made redundant by the promising results 
from studies on (semi)-automatic computer assisted detection (CAD) software13-15. However the 
majority of the currently available studies were conducted on selected chest CT protocols, making 
them unsuitable for use in the wide range of chest CT protocols used in PROVIDI. One can 
imagine that with the rapid successions in developments, CAD software will soon be reliable 
enough to be used on routine diagnostic chest CT ‘s.  This would make prognostic scores much 
more feasible to implement. The basic patient information incorporated into the PROVIDI models 
would then be retrieved from the relevant databases directly with CAD procedures generating 
the prognostically significant imaging findings, using only minimal input from radiologists and the 
resulting risk estimations automatically appended to reports.

Implications for daily care
The innovative nature of PROVIDI and the profoundness of its potential contribution 

to radiological practice deserves to be underlined. The PROVIDI cohort is the first to draw so 
many routine patients from such a heterogeneous mix of routine-care sources. The hodgepodge 
of scanning protocols and quality included mean that any conclusions based upon this data are 
widely applicable to the versatile reality of daily care. In combination with the uniquely complete 
and ongoing follow-up data available for such a large number of patients, this means that PROVIDI 
can continue to provide valuable lessons, of which those contained in this thesis are only one 
part. If these results hold true in future research, models developed in PROVIDI may facilitate 
future disease prevention on the basis of freely available imaging data and expand the fundamental 
role that radiologists play in patient care. It can result in a shift in radiological paradigm from 
only addressing questions in imaging referral requests to taking a stake in the overall quality of 
patient care: that is conducting an extra post-processing step that may create a patient’s risk for a 
given disease.  This potential outcome is recognized by radiologists and is growing in acceptance 
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and is increasingly welcome amongst radiologists, with issues concerning the exact division of 
responsibilities and the reimbursement remaining to be determined16. 

The prediction models generated by PROVIDI do not compete with the role of existing 
clinical prediction models due to their dissimilarity in content and intent. In content they are 
dissimilar, both in terms of the predictive determinants included and the source of the patients and 
the logistic pathways that they undergo. More specifically, patients receiving risk stratification by 
clinical risk scores such as the Framingham Risk Score17-19 or Reynolds Risk must have presented to 
- and aroused the suspicion of - general practitioners (or internists) 20, while radiologists see scans 
from a broad range of patients with CT indications ranging from trauma to pulmonary disease. 
Consequently there may be minimal overlap between the individual patients identified through 
traditional methods and through a putative radiological-based PROVIDI strategy. This would have 
the large advantage of being potentially able to expose patients that were previously invisible –for 
whatever reason- as being at increased risk for CVD. It is also therefore the intent of the models 
presented here to complement currently existing strategies. The possibility exists that a part of the 
radiologically identified high-risk patients were already recognized as being high risk through the 
other risk stratification pathways. This would have no adverse effects as the proposed PROVIDI 
risk scores can be applied with freely and readily available radiological information. The double risk 
stratification can in these cases be used as a ‘red flag’ serving to verify whether such a patient is 
already receiving optimal preventative treatment. 

A final point that warrants mention addresses the feasibility of PROVIDI’s aim to 
improve the prognosis. During the first phase of PROVIDI we observed that overall, patients who 
undergoing a routine chest CT are generally unhealthy. At inception, 37% of the patients were 
excluded from the PROVIDI cohort based on their poor a-priori prognosis (chapter 3). Still, in the 
remaining cohort a considerable amount of patients died (n=3677, 25%) within the first 4 years 
of follow-up. With these numbers one may be tempted to question whether risk stratification (as 
proposed for CVD in this thesis) would be of any use. On the other hand a considerable number 
of patients remain alive who could benefit from preventative treatment and those patients who 
succumbed within four years may have similarly benefited (albeit modestly). The conservative and 
careful use of (chest) CT in the Netherlands is changing with the use of CT continuing to grow, 
possibly resulting a lower proportion of immediate mortality amongst a wider group of patients to 
whom the findings of PROVIDI may apply.  

Also note that three quarters of the patients included in PROVIDI were drawn from 
tertiary referral centers and that these patients are typically more seriously ill than those in 
secondary centers. 

Challenges for future prognostic research 
In the course of developing the PROVIDI CVD prediction models, we gained familiarity 

with prognostic research methodologies as they are currently applied. This type of research is of 
growing importance in clinical epidemiology and in medicine as a whole. Despite this momentum 
that prognostic research currently possesses, the clinical impact in daily patient care of most 
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prognostic studies is disappointing, implying that there is room for improvement in the current 
methodology. These could span all steps of prognostic research, including model development and 
reporting and model validation steps. We addressed two aspects of prognostic methodology using 
data from the Second Manifestations from ARTerial disease (SMART) study21. 

 To date, authors of prognostic studies who chose to use composite endpoints typically 
only summarily describe which individual events comprise the composite endpoint. Well-known 
examples of this practice in the field of CVD are the Framingham risk score or the Reynold’s risk 
score17-20. Despite their apparent acceptance, we recommend in chapter 2.1 that in future prediction 
studies, composite outcomes should be more elaborately described including information about 
the incidence of the individual component outcome events. Doing so would give clinicians insight 
into how the composite endpoint is composed. The adaption method also presented would then 
allow the reported data to be used to predict the risk of individual component endpoints as 
well, obviating the need for new prediction models to be developed. This work agrees with other 
contemporary methodological literature that finds that the dissonance of new prediction models 
should be lessened by modifying existing models to new settings or populations11.

In chapter 2.2 we showed that temporal validation can be achieved much more effectively 
by all follow-up data available by incorporating left-truncated follow-up data from subjects who 
did not experience an outcome-event during the derivation-study, in addition to all subjects 
who entered the study cohort after the conclusion of the derivation study. Temporal validation 
is a valuable step preceding the implementation of a prediction model22 that demonstrates its 
beyond its development cohort but within the same domain. With this efficient method, future 
prediction model development studies can save an enormous amount of calendar time to reach 
the point where enough events are collected for reliable temporal validation. This approach may 
also increase the quality and clinical impact of future studies which currently often lack in proper 
external validation.

Through this work we strove to improve upon the current practices and thus improve 
the quality of future prognostic research. The two aspects of prognostic research addressed here 
demonstrate how this type of research can be innovated upon. The ongoing effort of PROVIDI can 
also benefit from these insights.  

Concluding statement 
In this thesis we presented results from the CVD arm of the PROVIDI project, showing 

that freely-available unrequested imaging findings can be used for risk stratification purposes. 
Hereby taking the first steps towards a possible  change in the manner in which radiologists 
may contribute to improving the quality of patient care.  In addition  we also addressed two 
aspects of prognostic methodology aiming to contribute to the onging imrpovement and impact 
of prognostic research in general. 
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Background
Medical prognostication is particularly relevant to CardioVascular disease (CVD): this 

important cluster of diseases is one of the most significant causes of mortality and morbidity in 
westernised societies. However, significant proportions of CVD-related morbidity and mortality 
could be prevented through cost-effective population-based interventions for high-risk patients. 
Rarely are the results from imaging techniques considered f as prognostic markers to identify those 
high-risk patients, whilst prognostic promising imaging findings are increasingly beings detected in 
routine daily care. This prompted the start of the PROgnostic Value of unrequested Information in 
Diagnostic Imaging (PROVIDI) study, which  aims to identify those readily accessible unrequested 
findings that can be used by radiologists for prognostic purposes and sort them from findings that 
have little or no value to the patient. Starting from chapter 3, in this thesis unrequested cardiac and 
vascular imaging findings are related to future CVD events.  While actively conducting prognostic 
research we gathered insights into the restrictions of currently used prognostic methods and how 
we may improve upon them, something which is addressed in chapter 2 of this thesis using data 
from the Second Manifestations from ARTerial disease (SMART) study. 

Methodological issues addressing prognostic research
Despite the momentum that prognostic research currently possesses, the clinical impact 

in daily patient care of most prognostic studies is disappointing, implying that there is room for 
improvement in the current methodology. These could span all steps of prognostic research, 
including model development and model validation steps. 

In chapter 2.1, an adaptation method, designed to accurately adjust absolute risks for 
a composite-endpoint to risks for the individual component outcomes, is presented. An example 
prediction model for recurrent cardiovascular events (composite-endpoint) was used to evaluate 
the performance regarding the individual component outcomes (cardiovascular death, myocardial 
infarction and stroke) before and after the adaptation method. Discrimination for the individual 
component outcomes (concordance index myocardial infarction 0.68, concordance index stroke 
0.70) was very similar to discrimination for the original composite-endpoint (concordance index 
0.70). For cardiovascular death it even increased substantially (concordance index 0.78). After 
adaptation, calibration plots for the component-outcomes also improved, with visible convergence 
of the predicted risks and the observed incidences.  In sum, this chapter shows that the adaptation 
method is useful when validating or applying a composite-endpoint prediction model to the 
individual component outcomes. Following from this, recommendations concerning reporting of 
composite-endpoints in future research were included as well. 

In chapter 2.2 a methodological aspect of model validation was addressed. To date, 
temporal validation only involves subjects who enter a dynamic cohort after a prediction model’s 
derivation phase while the remaining follow-up data from the derivation study’s censored patients 
are being omitted. This results in a large amount of follow-up data going unnecessarily unused. 
Accordingly, a novel ‘efficient’ method of composing a temporal validation cohort was presented. 
Data from the clinical SMART cohort-study was used to conduct a temporal validation following 
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the traditional and novel efficient method aiming to illustrate the advantages of the latter in real-
life. Using the traditional approach with maximally 5 years of follow-up, only 90 endpoints could 
be ascertained. For the efficient approach the cohort was replenished with the left-truncated 
follow-up time of event-free patients censored at the end of the derivation-phase. Consequently, 
the efficient cohort included 405 events over 12.5 years of follow-up. The larger quantity of data 
allowed more accurate performance analysis to be conducted, reflected in smaller standard errors 
(standard error c-index: 0.019 vs. 0.027; standard error calibration slope: 0.09 vs. 0.17). The major 
advantages of the efficient approach were increased power and increased length of follow-up time, 
accelerating the moment at which a prediction model could properly be temporally validated.

Results from the PROVIDI study
In chapter 3, the rationale of the PROVIDI study was described. The deployment of 

more advanced imaging modalities in routine care means that unrequested findings are being 
detected with increasing frequency. However, as the prognostic significance of many types of 
unrequested findings is unknown, the optimal response to such findings remains uncertain and in 
many cases an overly defensive approach is adopted, to the detriment of patient-care. Additionally, 
novel and promising imaging findings that are newly available on many routine scans cannot be 
used to improve patient care until their prognostic value is properly determined.  The PROVIDI 
study seeks to address these issues using an innovative multi-center case-cohort study design. 
PROVIDI is to consist of a series of studies investigating specific, selected disease entities and 
clusters. By incorporating unrequested imaging findings and outcomes data relevant to patients, 
truly meaningful conclusions about the prognostic value of unrequested and emerging imaging 
findings can be reached and used to improve patient-care.                   

The first step in the process of employing unrequested cardiovascular imaging findings 
for prognostic purposes began with explorative research (chapter 4). Those studies aim to assess 
promising candidate predictors and seek to sort those findings which have prognostic value from 
those which do not. In chapter 4.1 a study was conducted to investigate the prognostic relevance 
of subclinical coronary (CAC) and aortic calcification (TAC) for CVD as contained in routine 
diagnostic chest CT.  In chapter 4.2, the prognostic value of incidental aortic valve calcification 
(AVC), mitral valve calcification (MVC) and mitral annular calcification (MAC)  was investigated for 
cardiovascular events and non-rheumatic valve disease in particular and in chapter 4.3 the study 
aimed diameter measurements of the thoracic aorta and the heart could be used as prognostic 
markers for future CVD by radiologists. All studies followed a case cohort design. The follow-
up of 10,410 subjects (>40 years) from the PROVIDI cohort included 240 fatal and 275 non-
fatal cardiovascular events (mean follow-up 17.8 months). Patients not referred for cardiovascular 
indications were excluded. Three trained reviewers reviewed all CT scans for the imaging findings. 
Cox proportional-hazard models was used to compute hazard ratios for CVD events.  CAC 
and TAC were significantly and independently predictive of CVD events. Compared with subjects 
with no calcium, the adjusted - for age, gender and CT indication - risk of a CVD event was 3.7 
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times higher (95% CI, 2.7-5.2) among patients with severe coronary calcification (CAC score ≥ 
6) and 2.7 times higher (95% CI, 2.0-3.7) among patients with severe aortic calcification (TAC 
score ≥ 5). Compared with patients with no valve calcification, patients with severe AVC, MVC 
or MAC had respectively 2.03 (95% CI 1.48-2.78), 2.08 (95% CI 1.04-4.19) and 1.53 (95% CI 
1.13–2.08) increased risks of experiencing an event during follow-up. For valve endpoints the 
hazard ratios were respectively 14.57 (95% CI 5.19-40.53), 8.78 (95% CI 2.33-33.13) and 2.43 
(95% CI 1.18-4.98). All measurements showed significant prognostic effects after adjustment for 
age, gender and CT indication: the heart (HR 1.04, 95%CI 1.03-1.06) and ascending thoracic (HR 
1.002 , 95%CI 1.001 -1.004) diameter showed an exponential prognostic effect beyond a threshold 
diameter of respectively 11cm and 30 mm; the descending aortic diameter (HR 1.04 , 95%CI 1.01 
– 1.13) and cardiothoracic diameter (HR 1.06 , 95%CI 1.04 -1.08)showed linear prognostic effects 
beyond respectively 25mm and 0.45.  In conclusion, this chapter showed that subclinical vascular 
calcification and valve calcification on CT is a strong predictor of incident CVD events in a routine 
clinical care population. Besides, intrathoracic diameter measurements of the heart and aorta, 
measured on routine care, diagnostic chest CT in a unselected clinical care population, can be used 
as markers to predict cardiovascular events in patients not referred for that disease outcome.

Armed with the knowledge from chapter 4, we developed and presented prediction 
models in chapter 5 to identify those patients who might benefit from timely preventative measures.  
In chapter 5.1 we aimed to predict CVD with prevalent examples of subclinical, unrequested 
aortic imaging findings. From 6973 patients who underwent diagnostic, contrast enhanced CCT for 
non-cardiovascular indications, a representative sample (n=817) plus the patients that developed 
a cardiovascular event (n=347) over a mean follow-up time of 17 months, were visually graded 
for unrequested aortic abnormalities (calcifications [0-8], plaques [0-4], irregularity [0-4] and 
elongation [0-1]). Four Cox proportional hazard models incorporating different sumscores for 
the aortic abnormalities plus age, gender and CCT-indication were compared for discrimination 
and calibration. The prediction model that performed best was presented and externally validated. 
Each aortic abnormality was highly predictive and all of the models performed well (range c-index 
0.70-0.72, range goodness-of-fit p=0.43-0.89). The prediction model incorporating a sumscore for 
aortic calcifications was presented due to its good performance (c-index 0.72, goodness-of-fit 
p=0.47) and its applicability to non-contrast scans. Validation of this model in an external dataset 
showed good performance as well (c-index 0.71, goodness-of-fit p=0.25, sensitivity 46%, specificity 
76%). This prediction model incorporating unrequested aortic calcification of the aorta, detected 
on routine diagnostic CT, complements established risk scores and may identify patients at high 
risk for CVD. Timely preventative measures may ultimately reduce future CVD events.

In chapter 5.2 we aimed to derive and validate a CVD prediction rule using all multiple 
unrequested chest CT findings, which were  investigated in this thesis and are visible on non-
contrast CT,  together with limited patient information readily available to radiologists in daily care. 
By selecting the optimal combination of predictors, the model informs which imaging findings may 
be omitted and which findings can be used by radiologists to identify patients at high or low risk for 
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CVD. From 10410 patients who underwent diagnostic chest CT for non-cardiovascular indications, 
a representative sample (n=1208) plus the patients that developed a cardiovascular event over a 
mean period of 17months (n=515) were visually graded for  a pool of candidate cardiovascular 
imaging predictors. Cox proportional hazard analysis with a backward stepwise procedure was 
used to specify the prediction model (Triple-R score). Validation was conducted using a random 
sample (n=185) and CVD patients (n=105) coming form 1653 external patients, who were 
followed over the same period. The triple-R score incorporated age, gender, CT indication, LAD 
calcification, Mitral valve calcification, descending aortic calcification and the heart- and ascending 
aortic diameter.  At internal validation, Triple-R score yielded a c-index of 0.757 (95%CI 0.735–
0.779), in the external dataset it decreased to 0.721 (95%CI 0.679–0.768). Sensitivity and specificity 
of the top quartile predicted risks was 46% was 79%. Compared to a simple radiological CVD 
score, the Triple-R score classified 7.8% of the patients into more accurate risk categories. This 
study incorporated unrequested imaging findings on routine diagnostic chest CT to develop a risk 
score algorithm (Triple-R score) for CVD. The Triple-R score performs well and demonstrates 
how freely available radiological information may be tapped to improve the quality of patient care. 

Discussion 
This thesis started to address two aspects of prognostic methodology aiming to 

contribute to the ongoing improvement and impact of prognostic research in general. Subsequently, 
we presented results from the CVD arm of the PROVIDI project, showing that freely-available 
unrequested imaging findings can be used for risk stratification purposes. Hereby taking the first 
steps towards a possible change in the manner in which radiologists may contribute to improving 
the quality of patient care.  Before applying the prediction models presented in this thesis to daily 
practice, new research is needed to build upon and corroborate on our key findings. Implementing 
them without impact studies would be premature. Impact studies would have to investigate the 
dynamics of the presumed contribution of the prediction model(s) to patient care and patient 
outcomes prospectively; to convincingly demonstrate their efficacy and utility. 
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Achtergrond
Medisch prognostisch onderzoek is relevant met betrekking tot Hart- en Vaatziekten 

(HVZ). HVZ is namelijk een van de meest voorkomende groep ziekten en belangrijke oorzaak 
van overlijden. Significante percentages van HVZ kunnen daarentegen worden voorkomen 
door kosteneffectieve preventieve maatregelen voor hoogrisico patiënten. Het merendeel van 
de predictiemodellen, die tegenwoordig gebruikt worden om hoog risico patiënten voor HVZ 
te identificeren, beschikken over overeenkomstige predictoren. Zelden worden radiologische 
beeldkarakteristieken gebruikt, terwijl op routinematig gemaakte diagnostische CT thorax 
scans steeds vaker bevindingen worden gedetecteerd, die voorspellend zouden kunnen zijn. De 
PROgnostic Value of unrequested Information in Diagnostic Imaging (PROVIDI) studie werd 
gestart met het doel om die beeldkarakteristieken te identificeren, die door radiologen in de 
dagelijkse praktijk gebruikt kunnen worden voor prognostische doeleinden en te onderscheiden 
van bevindingen die helemaal geen prognostische waarde hebben.  Vanaf hoofdstuk 3 worden in 
dit proefschrift resultaten gepresenteerd waarin vaat- en hartafwijkingen op CT thorax worden 
gerelateerd aan toekomstige Hart- en Vaatziekten bij patiënten die niet voor deze problematiek 
werden verwezen. Door het actief uitvoeren van prognostisch onderzoek kwamen bepaalde 
restricties van de huidige prognostische methodologie aan het licht. Daarom begint dit proefschrift 
met een hoofdstuk (hoofdstuk 2), dat zich richt op twee onderdelen van de methodologie van 
prognostisch onderzoek in het algemeen en hoe die, ons inziens, kunnen worden verbeterd. 

Op prognostisch onderzoek gerichte methodologische kwesties
Samengestelde eindpunten (een studie-eindpunt wat uit meerdere individuele events 

bestaat) worden zeer vaak gebruikt voor prognostisch onderzoek. Echter, de samenstelling en 
incidentie van de geïncludeerde individuele eindpunten worden dikwijls slecht beschreven. 
Hierdoor is het onmogelijk om de resultaten van een prognostische studie toe te schrijven aan 
de individuele events, terwijl dat mogelijk wel wenselijk is. In hoofdstuk 2.1 wordt daarom een 
adaptatie methode beschreven, die gebruikt kan worden om absolute risico’s voor samengestelde 
eindpunten aan te passen voor de individuele events van het samengestelde eindpunt. Om het 
effect aan te tonen werd een predictiemodel voor herhaaldelijk optreden van HVZ (samengesteld 
eindpunt) gebruikt. De nauwkeurigheid van absolute risico’s voor de individuele events (dood 
door HVZ, hartinfarct en cerebrovasculair accident) werden geëvalueerd zonder én na gebruik 
van de adaptatie methode. Discriminatie voor de individuele events (C-index 0.69 en 0.70) was 
vergelijkbaar met discriminatie voor het samengestelde eindpunt (C-index 0.70). Voor ‘dood door 
HVZ’ ging de discriminatie zelfs omhoog (C-index 0.79).  Na gebruik van de adaptatie methode 
verbeterden de calibratieplots: de calibratie lijn verschoof duidelijk richting de diagonaal, die 
perfecte calibratie aangeeft. De adaptatiemethode is een bruikbare manier om predictiemodellen, 
gederiveerd op samengestelde eindpunten, te valideren voor geïncludeerde individuele events. 
Daarnaast worden in dit hoofdstuk nog aanbevelingen gedaan, hoe het gebruik van samengestelde  
eindpunten het best kan worden gerapporteerd in toekomstig prognostisch onderzoek. 
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Hoofdstuk 2.2 richt zich op externe temporele validatie (ofwel validatie in tijd) van 
een predictiemodel. Hiervoor worden tegenwoordig alleen patiënten gebruikt, die na afloop van 
een predictiemodel’s ontwikkelingsstudie worden geïncludeerd in het cohort.  De resterende 
follow-up van de in de derivatie studie gecensureerde patiënten wordt genegeerd. Dit is zonde 
en inefficiënt.  Daarom wordt in dit hoofdstuk een nieuwe ‘efficiënte’ methode beschreven voor 
‘temporele validatie’. Om de voordelen van deze nieuwe methode aan te tonen, werd SMART 
studie data gebruikt om een ‘temporele validatie’ uit te voeren op een predictiemodel volgens 
de traditionele manier én volgens de nieuwe efficiënte manier.  Volgens de traditionele methode 
waren er in het ‘temporeel validatie’ cohort 90 eindpunten  beschikbaar binnen maximaal 5 
jaar follow-up. Echter, volgens de nieuwe efficiënte methode werd dit cohort aangevuld, gebruik 
makend van ‘left truncation’,  met de overige follow-up van gecensureerde patiënten uit de 
ontwikkelingsstudie. Hierdoor bevatte het efficiënte validatie cohort 12.5 jaar follow-up en 405 
eindpunten. Dientengevolge kon betrouwbaarder en nauwkeuriger temporele validatie worden 
uitgevoerd (standard error C-index: nieuw 0.019 vs. oud 0.027; standard error calibration slope: 
nieuw 0.09 vs. oud 0.17). 

Concluderend is het grote voordeel  van de nieuwe efficiënte methode dat de power 
wordt vergroot en lengte van follow-up wordt verlengd. De methode kan worden ingezet, of om 
de nauwkeurigheid van temporele validatie te vergroten of de periode waarin genoeg data kan 
worden verzameld om een betrouwbare validatie uit te voeren te verkorten. 

Resultaten van de PROVIDI studie
In hoofdstuk 3 worden de opzet van, en de rationale achter het PROVIDI project 

beschreven. De ontwikkeling van radiologische scan modaliteiten in de dagelijkse praktijk heeft tot 
gevolg dat ongevraagde subklinische beeldkarakteristieken steeds vaker ontdekt worden.  Deze 
informatie wordt vrij verkregen in termen van kosten en stralingsblootstelling omdat ze worden 
gedetecteerd op scans, die om diagnostische redenen toch al gemaakt worden. Echter, de klinisch 
prognostische waarde van veel van deze ongevraagde informatie is onbekend, wat zorgt voor 
onzekerheid, hoe met deze bevindingen om te gaan. Het gevolg is dat radiologen deze bevindingen 
totaal negeren of juist voor een extreem defensieve follow-up kiezen, wat nadelige gevolgen kan 
hebben voor patiënten. Follow-up studies zijn nodig om de echte waarde van zulke bevindingen te 
onderzoeken. Pas daarna kunnen zulke bevindingen ‘evidence based’ worden beschreven en gebruikt 
worden ter verbetering van patiëntenzorg.  De PROVIDI studie heeft een efficiënt multi-center 
case-cohort studie opzet en zal uit verschillende series van studies bestaan, waarin ongevraagde 
bevindingen aan verschillende specifieke ziekten(groepen) worden gerelateerd.  Omdat binnen 
deze studie veel beeldkarakteristieken na follow-up aan uitkomstdata worden gekoppeld, is het 
mogelijk om te onderscheiden, welke bevindingen wel en welke niet prognostisch van belang zijn 
om patiëntenzorg te verbeteren. 

 
Het proces om ongevraagde bevindingen op een ‘evidence-based’ manier te gaan 

beschrijven in de klinische praktijk begint met exploratieve studies, die nuttig zijn om nieuwe 
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predictoren te identificeren. Dergelijke studies beogen vast te stellen welke bevindingen wel en 
welke geen prognostische waarde hebben, als ze ongevraagd in de praktijk worden gedetecteerd. In 
hoofdstuk 4.1 wordt een studie beschreven met het doel de prognostische waarde van ordinaal 
gescoorde coronaire en aorta kalk vast te stellen voor toekomstige HVZ. Vervolgens betrof dit de 
prognostische waarde van calcificaties op de hartkleppen (red. aorta en mitralis)  in hoofdstuk 
4.2. Tenslotte wordt in hoofdstuk 4.3 de prognostische waarde van diameter metingen van de 
aorta en het hart vastgesteld. Alle drie deze onderzoeken hadden een case-cohort studie opzet. 
Uit 10.410 subjecten ( > 40 jaar) werden 240 fatale HVZ en 275 niet-fatale HVZ gedetecteerd 
binnen een gemiddelde follow-up van 17.8 maanden. Patiënten die werden verwezen met een 
cardiovasculaire indicatie werden geëxcludeerd met als gevolg dat de aan hart - en vaatziekten 
gerelateerde bevindingen daadwerkelijk ongevraagd waren.  Drie onderzoekers scoorden alle CT 
scans en Cox regressie werd gebruikt om de hazard ratio’s voor HVZ te berekenen. Bij patiënten 
met ernstige coronaire kalkafzetting was het risico (gecorrigeerd voor leeftijd, geslacht en CT 
indicatie) op HVZ 3.7 keer hoger (95% CI 2.7 – 5.2) en bij patiënten met ernstige kalk in de aorta 
was het risico op HVZ 2.7 keer hoger (95% CI 2.0 - 3.7) in vergelijking met patiënten die geen 
coronaire of aorta kalk hadden. In vergelijking met patiënten die geen klepkalk hadden , hadden 
patiënten met ernstige calcificaties op de aortaklep, mitralis klep en mitralis annulus respectievelijk 
2.03 (95% CI 1.48-2.78), 2.08 (95% CI 1.04-4.19) en 1.53 (95% CI 1.13–2.08) keer zo hoog risico.  
Voor niet-reumatische klepeindpunten was dit zelfs 14.57 (95% CI 5.19-40.53), 8.78 (95% CI 2.33-
33.13) en 2.43 (95% CI 1.18-4.98) keer zoveel. Alle diametermetingen bleken een gecorrigeerd 
significant voorspellende waarde te hebben: Het hart (HR 1.04, 95%CI 1.03-1.06) en de aorta 
ascendens (HR 1.002 , 95%CI 1.001 -1.004) lieten een exponentieel prognostische waarde zien na 
bepaalde drempel diameters van respectievelijk 11cm en 30mm; de aorta descendens (HR 1.04 
, 95%CI 1.01 – 1.13)  en de cardiothoracale ratio (CTR)  (HR 1.06 , 95%CI 1.04 -1.08) hadden 
een lineair prognostisch effect na 25 mm en boven een ratio van 0.45. In dit hoofdstuk wordt 
vastgesteld dat allerlei subklinische ongevraagde vasculaire- en klep bevindingen op routine CT  
een prognostische waarde hebben voor HVZ  en dus in de klinische praktijk door radiologen 
gebruikt kunnen worden als prognostische marker. Tevens laat het hoofdstuk ook zien dat simpele 
diametermetingen op routine scans ook voorspellend zijn voor HVZ. 

De kennis van hoofdstuk 4 hebben we in hoofdstuk 5 gebruikt voor de volgende stap. 
Namelijk, het ontwikkelen van predictiemodellen, die gebruikt kunnen worden om patiënten 
te identificeren die profijt kunnen hebben van tijdig genomen preventieve maatregelen. In 
hoofdstuk 5.1 werd een predictiemodel voor HVZ ontwikkeld, gebaseerd op verschillende 
subklinische afwijkingen van de thoracale aorta.  We kozen hiervoor omdat de aorta op elke 
CT-scan goed zichtbaar is  en weinig onderhevig is aan bewegingartefacten. Hierdoor is de aorta 
altijd gemakkelijk te scoren op bepaalde bevindingen. Van 6973 patiënten, die contrast versterkte 
thorax CT ondergingen voor non cardiovasculaire indicaties, werden een representatieve sample 
(n=817) en de subjecten met een eindpunt (n=347) geanalyseerd op ongevraagde aorta afwijkingen 
(calcificaties [0-8], plaques [0-4], irregulariteit [0-4] en elongatie [0-1]). Vier Cox modellen, die 
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verschillende aortascores plus leeftijd, geslacht  en CT indicatie bevatten, werden vergeleken 
ten aanzien van discriminatie en calibratie. Het predictiemodel dat het beste presteerde werd 
uitgebreid gepresenteerd en extern gevalideerd. Elke aorta afwijking was voorspellend voor HVZ 
en de vier modellen presteerden allemaal goed  (bereik C-index 0.70-0.72, bereik goodness-of-
fit p=0.43-0.89) . Het model met aortacalcificaties werd uiteindelijk gepresenteerd, omdat deze 
het beste presteerde (C-index 0.72, goodness-of-fit p=0.47) en ook toepasbaar is op patiënten 
met scans, waarbij geen contrastmiddel wordt gebruikt. In een externe validatieset presteerde 
het model ook goed (C-index 0.71, goodness-of-fit p=0.25, sensitiviteit 46%, specificiteit 76%).
Conclusie: Het predictiemodel dat alleen een score voor aortakalk bevat, samen met leeftijd, 
geslacht en CT indicatie is simpel en zou gebruikt kunnen worden door radiologen om hoogrisico 
patiënten te identificeren.

In hoofdstuk 5.2 trachtten we een predictiemodel te deriveren en valideren dat 
bestaat uit de beste combinatie van alle beeldkarakteristieken die in deze thesis zijn onderzocht 
samen met leeftijd, geslacht en CT indicatie. De optimale combinatie van beeldkarakteristieken 
verschaft tevens meer duidelijkheid, welke beeldkarakteristieken minder belangrijk zijn als ze 
samen met anderen gemodelleerd worden en dientengevolge genegeerd kunnen worden bij het 
voorspellen van HVZ.  10.410 patiënten, die een diagnostische CT scan hadden ondergaan, werden 
gevolgd tijdens follow-up (gem. 17 maanden). Uiteindelijk  werden alleen de scans bekeken van 
patiënten uit een representatieve sample (n=1208) en patiënten die een cardiovasculair eindpunt 
hadden ontwikkeld. Cox regressie werd gebruikt om het model, wat Triple-R (Routine Radiological 
Risk-score) genaamd werd, te deriveren en valideren.  Externe validatie werd uitgevoerd op 1653 
patiënten uit een ander cohort. Bij interne validatie had de Triple-R een C-index van 0.76 (95%CI 
0.74–0.78), die in externe validatie daalde tot 0.72 (95%CI 0.68–0.77). Sensitiviteit en specificiteit 
was 46% en 79%. Vergeleken met de simpelere score uit hoofdstuk 5.1 werd 7% van de patiënten 
in meer accurate risico categorieën geclassificeerd door de Triple-R score. De Triple-R score 
presteerde goed en demonstreert daarmee hoe vrij verkregen (in kosten en stralingsblootstelling) 
radiologische informatie goed gebruikt kan worden in de dagelijkse praktijk om HVZ te voorspellen. 
De Triple-R score is puur voor radiologen ontwikkeld en complementeert reeds bestaand risico 
scores voor HVZ die door andere specialisten gebruikt worden. 

Discussie
Deze thesis begon met het neerzetten van twee  onderwerpen  die betrekking hebben 

op prognostische methodologie in het algemeen, met de bedoeling een bijdrage te leveren aan 
de continue ontwikkeling  en impact van prognostisch onderzoek in het algemeen. Vervolgens 
hebben we resultaten gepresenteerd van het cardiovasculaire deel van PROVIDI waarin we laten 
zien, dat vrij verkregen, ongevraagde beeldkarakteristieken in de dagelijkse praktijk gebruikt 
kunnen worden voor prognostische risicostratificatie.  Deze resultaten hebben betrekking op 
de eerste stappen die nodig zijn om de principes van PROVIDI te kunnen gaan implementeren 
in de dagelijkse praktijk. Echter, er zijn nog enkele wetenschappelijke vervolgstappen nodig die 
verder bouwen op de resultaten van deze thesis. Met name zouden impactstudies moeten 
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worden opgezet, die de waarde van dit soort radiologische predictiemodellen voor patiënten 
moeten evalueren met betrekking tot effectiviteit (daling van HVZ bij patiënten die absoluut 
risico meekrijgen in radiologisch rapport) en bruikbaarheid (haalbaarheid van implementatie in de 
radiologische praktijk).  Mocht implementatie in de toekomst (kosten-)effectief blijken, dan zouden  
radiologische predictiemodellen geïmplementeerd kunnen worden in de dagelijkse praktijk. Zo 
zou de puur diagnostische rol van radiologen in de algemene gezondheidszorg kunnen veranderen 
naar een combinatie van een diagnostische én prognostische rol. Ten aanzien van dit laatste zouden 
zij dan actief een bijdrage moeten gaan leveren aan de reeds voortdurende risicostratificatie 
van hoogrisico patiënten, door alle daarvoor bruikbare informatie die zij kunnen detecteren op 
diagnostische scans, te gaan beschrijven. 
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Ik staar vooruit en tel 36 proefschriften van oud-collega’s die mij voor zijn gegaan. 
Ik moet eerlijk bekennen dat ik niet al deze boekjes inhoudelijk heb doorgenomen, echter het 
dankwoord werd altijd wel goed bestudeerd, en mijns inzien terecht! Immers, geen proefschrift 
kan voltooid worden zonder (in)directe bijdragen van anderen en het dankwoord geeft je een 
uitgelezen mogelijkheid om je waardering voor die bijdragen te laten blijken. Zonder iemand tekort 
te willen doen, wil ik hierbij ook een poging wagen om een aantal mensen te bedanken voor 
afgelopen periode, die ik persoonlijk als zeer plezierig en leerzaam heb ervaren. 

Prof. dr. Y. van der Graaf, geachte promotor, beste Yolanda, deze drie benamingen zijn wat 
mij betreft metaforisch voor de eerste drie dagen van mijn promotietraject. Ze typeren duidelijk de 
snelheid waarmee jij een informele en laagdrempelige werksfeer creëert voor - in het begin vaak 
onzekere - promovendi. Je begeleiding wordt gekarakteriseerd door je tomeloze enthousiasme en 
vertrouwen in een goede afloop, je relativeringsvermogen bij (eventuele) tegenslagen, de tijd die je 
altijd maakt voor ons promovendi, en oprechte belangstelling/interesse op persoonlijk vlak. Zonder 
dat je enig gevoel van druk oplegde, bewaakte je perfect de voortgang van mijn promotietraject. 
Hiernaast staat je epidemiologische kennis natuurlijk buiten kijf. Ik heb veel van je geleerd en ben 
tevens zeer dankbaar voor de MSc. Klinische Epidemiologie. Enorm bedankt voor dit alles, ik heb 
onze samenwerking als zeer prettig en motiverend ervaren en wat mij betreft mag deze in de 
toekomst best op een of andere manier een vervolg krijgen. 

Prof. dr. W.P.Th.M. Mali, geachte promotor, beste Willem, elke carrière begint doordat 
iemand het in je ziet zitten en je een kans geeft. U was voor mij die ‘iemand’ toen u ruim 3.5 
jaar geleden vertrouwen in mij had en me - buiten een ’normale’ sollicitatie om - op dit mooie 
project binnen loodste. Heel hartelijk dank daarvoor. Uw ervaring met, en enthousiasme voor 
wetenschap en klinische radiologie zijn onmisbaar voor PROVDI. Binnen dit epidemiologisch nogal 
ingewikkelde project bewaakt u op een zeer plezierige en leerzame manier de continuïteit en 
klinische relevantie in het bijzonder. Als geen ander kunt u hoofd- van bijzaken scheiden en met 
slechts enkele rake opmerkingen (met “het moet simpeler” wist ik vaak genoeg) weet u tot de 
kern van een artikel door te dringen en de relevantie ervan te vergroten. Door uw ervaring, straalt 
u rust en vertrouwen uit, waardoor ik altijd het gevoel had dat er binnen mijn promotie- en het 
PROVIDI project überhaupt niets fout kon gaan. Bedankt, dat was zeer prettig.

De leden van de beoordelingscommissie, te weten prof. dr. F.L.J. Visseren, prof. dr. J.P.J. 
van Schaik, prof. dr. K.G.M. Moons en prof. dr. J.E. Wildberger, dank ik voor hun bereidheid het 
manuscript te lezen en te boordelen. 

Alle betrokkenen van de participerende PROVIDI ziekenhuizen wil ik bedanken. In het 
bijzonder wil ik Prof. dr. C. van Kuijk, dr. J van Heesewijk, prof. dr. J. Wildberger, prof. dr. J. Laméris, 
prof. dr. M. Oudkerk,  drs. A Leenders-Oen, dr. W. ten Hove bedanken voor het vrijgeven van de grote 
hoeveelheden CT data voor het PROVIDI project. Daarnaast wil ik Marc Geerlings, Dennis Stoeltie, 
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Het digiteam, Jan Wolters, Andre Broekema, Willie Donkers en Robert Dragt bedanken voor hun 
hulp met het exporteren van alle CT scans naar het UMC Utrecht. Jullie hulp en medewerking 
hebben er mede voor gezorgd dat PROVIDI tot een succes is geworden. 

Prof. dr. E Steyerberg, prof. dr. C. Moons, dr. R. Eijkemans, dr. K. Jansen, beste Ewout, Carl, 
Rene en Kristel, je leert iets pas echt als je er zelf mee aan de slag gaat, en dat heb ik geweten. 
Ik wil jullie bedanken voor jullie kritische betrokkenheid en waardevolle commentaar bij het 
methodologische deel van mijn proefschrift. 

Cees Haaring, hoe je het doet, doe je het. Jij bent, met jou kennis en kunde omtrent het 
gestructureerd verzamelen en opslaan van grote hoeveelheden belangrijke data onmisbaar voor 
PROVIDI. Daarbij heb je die data ook nog weten te koppelen aan een zelfontworpen, toegankelijke 
database, waar menig collega binnen het Julius jaloers op is. Dit alles doe je altijd goed gemutst, 
waardoor het zeer prettig samenwerken is met je. Bedankt!

Ayke Leenders-Oen, jou wil ik bedanken voor je inzet voor PROVIDI, met name voor het 
enthousiasme om helemaal vanuit Helmond wekelijks op en neer te rijden om mee te helpen met 
het scoren van de cardiovasculaire set PROVIDI scans. 

CBS, dank voor jullie medewerking met betrekking tot het koppelen van onze data aan 
eindpuntengegevens, en het aanbieden en exporteren van de geanalyseerde data via de remote-
access werkomgeving.

Cootje, bedankt voor het structureren van alle afspraken, de gezellige praatjes voorafgaand 
aan een bespreking en hulp bij papierwerk. Coby, Henk en JC-ICT, bedankt voor al jullie hulp bij het 
creëren en onderhouden van een goede werkomgeving waarin gepresteerd kon worden. 

Beste Marc, bedankt voor je ontwerp voor de omslag en de hulp bij de lay-out.

Alle (oud-)collega promovendi, bedankt voor de leuke en gezellige tijd samen tijdens en 
buiten werktijden op borrels. Ik wil er een aantal speciaal noemen:

Alle kamergenoten van ‘Kamertje 4.143’, Eefje, Florianne, Lennie, Anneke, Roderick, 
Susanne, Bauke, Mirjam en Annet. Ondanks de drie eilandjes waren we een hechte groep. Ik kon 
me geen leukere en betere kamergenoten wensen om de eerste 2 jaar van mijn promotie mee 
door te brengen. Het werk was leuk, maar vooral de borrels daarbuiten waren hilarisch. We zien 
elkaar vast nog wel, daar twijfel ik niet aan. 
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Anneke, Bauke en op het allerlaatst Caroline: Het laatste deel van je promotie op een 
schrijfkamer zou een  stressvolle periode moeten zijn, waarin er alleen maar heel hard gewerkt 
moet worden. Ik heb ervaren dat het ook heel anders kan. Bedankt!

Beste Peter, ik heb niks gemerkt van het feit dat je eigenlijk liever een vrouw zag komen 
en heb vanaf het begin genoten van onze samenwerking. Buiten het feit dat we goed ‘levelde’ qua 
werkstructuur, deden we dat zeker ook qua interesses buiten het werk. Door die klik konden we 
dagen achter elkaar samen achter een computer zitten en veel werk verzetten zonder dat het ging 
vervelen. Onze werkwijze zal niet altijd even professioneel hebben geoogd, maar later besefte ik 
me, en daar ben ik echt van overtuigd, dat we veel werk hebben verzet van een hoge kwaliteit. Ik 
meen het oprecht als ik zeg dat ik me geen betere collega kon wensen waarmee ik toentertijd 
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