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Incidental findings in diagnostic medical imaging
Incidental or unrequested findings can be defined as, abnormal imaging findings 
that are unsuspected or unrelated to the clinical indication for imaging 1. Incidental 
findings are a growing challenge due to improved imaging capabilities and 
increased use of diagnostic imaging 2. The most challenging questions, regardless 
of the imaging modality and of the organ in which the incidental findings are found 
in, is how to manage incidental findings 3.
A first crucial step into providing an approach for handling incidental findings is 
to differentiate between findings that are clinically or prognostically relevant and 
that are not 4. Clinical and prognostic relevance is determined by the need and 
time frame for follow-up and/or therapeutic intervention of incidental findings. 
Categorization based on the latter results in distinction of four categories of 
incidental findings 5 (Figure 1).

1. findings requiring immediate therapeutic intervention; clinically or 
prognostically relevant incidental findings (e.g. aortic dissection)

2. findings requiring follow-up and/or therapeutic intervention; incidental 
findings with unambiguous clinical or prognostic relevance (e.g. small 
abdominal aneurysms)

3. findings for which it is yet unknown whether they require follow-up and/
or therapeutic intervention; incidental findings with potential clinical or 
prognostic relevance (e. g. thoracic aorta calcifications)

4. findings for which it has been proven that follow-up and/or therapeutic 
intervention are not required; clinically or prognostically irrelevant incidental 
findings (e. g. aberrant left subclavian artery)

According to this classification, incidental findings belonging to category 1 and 
2 can be found at one extreme, as they are clinically or prognostically relevant. 
Reporting of these relevant incidental findings may potentially avert harm through 
early detection and intervention. At the other extreme are the incidental findings 
categorized in category 4, which are clinically or prognostically irrelevant and do not 
need further consideration. However, a substantial amount of incidental findings 
belong to category 3 and seem to be of unclear relevance 6. Reporting of these 
uncertain incidental findings can be an opportunity leading to patient benefit. On 
the other hand reporting of these findings may lead to invasive, costly and in many 
cases unnecessary interventions for an in retrospect innocent process. “To report 
or not?” that is the question concerning incidental findings with potential, but yet 
unresolved clinical or prognostic relevance 3.
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Incidental findings and chest CT
The prevalence of incidental findings strongly depends on the imaging modality 
and the organ being imaged 6. Computed tomography (CT) of the thorax has 
evolved as one of the most commonly used tools in the evaluation of a variety 
of chest symptoms and generally includes the heart, large vessels, lungs, pleura, 
chest wall, mediastinum and the thoracic spine 7-9. As a result, chest CT produces 
a high percentage of incidental findings 6. Through the constantly increasing 
imaging quality and utilization of chest CT are radiologists routinely confronted 
with incidental findings reflecting potential (preclinical) manifestations of 
cardiovascular disease (CVD), chronic obstructive pulmonary disease (COPD) and 
osteoporosis 5 (Figure 2). However, as the prognostic relevance of these incidental 
findings is yet unknown, there is currently limited consensus about whether to 
report these findings in routine clinical practice 3, 5, 6. The PROgnostic Value of 
unrequested Information in Diagnostic Imaging (PROVIDI) study seeks to address 
this issue 10.

The PROVIDI study
The PROVIDI study 10 is a retrospective multicenter study comprising 23 443 subjects 
aged ≥ 40 years who underwent routine clinical chest CT scanning between 2002 
and 2005 for various diagnostic indications. PROVIDI aims to investigate the 
relevance of a cluster of incidental chest CT findings for the prediction of certain 
future target diseases. 

Figure 1: Categorization of incidental imaging findings based on clinical and prognostic relevance
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In PROVIDI, data on target diseases and follow-up has been ascertained through 
linkage with the Dutch National Registry of Hospital Discharge Diagnoses and 
the National Death Registry. Patients with a diagnosis of primary lung cancer 
(including mesothelioma) or distant metastatic disease from other types of cancer 
(excluding hematologic malignancies) at baseline were excluded (n=9077), as it 
is highly unlikely that detection of incidental imaging findings will alter clinical 
decision making. 
To determine their prognostic value, the cluster of incidental findings are being 
compared between subjects who experience the target disease during follow-up 
and subjects who did not. This will finally contribute to the distinction between 
incidental chest CT findings that are prognostically relevant and, at least equally 
important, that are not.

Figure 2: Incidental chest CT findings 
Chest CT enables imaging of the heart and large vessels (A), lungs (B) as well as the thoracic spine (C), 
comprising potential (preclinical) manifestations of respectively cardiovascular disease, chronic 
obstructive pulmonary disease and osteoporosis

B

A

C
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Framework
A nine-step framework for a systematic approach to unravel the prognostic 
relevance of uncertain incidental findings is provided in Figure 3. Following the nine 
steps of the framework will eventually answer the question whether reporting of 
one single or a cluster of incidental finding(s) for the prediction of a certain target 
disease will finally lead to benefits exceeding the costs and risks. This framework 
was initially designed for application to the PROVIDI cohort, thus for chest CT of 
the thorax, but it can serve as a useful blueprint for uncertain incidental findings 
detected with any imaging modality and for any part of the body.
In the first step the target disease is determined in a standardized and reliable 
way, using clear definitions. Early detection of the disease should reasonably be 
expected to result in patient benefit. Secondly, uncertain incidental findings are 
selected based upon their potential prognostic ability, as suggested by the available 
literature and expert opinions from experienced radiologists, clinical specialists 
and epidemiologists. Step 3 provides a method using clear cut definitions for 
standardized and reproducible assessment of the candidate imaging findings. The 
next step demonstrates which of the selected potentially prognostically relevant 
incidental findings are related to the target disease in multivariable analyses. In 
the fifth step multivariable analysis will be used to make a selection of all the a 
priori selected candidate imaging findings, to arrive at a final parsimonious model. 
Subsequently, internal validation is performed to correct for over-fitting and 
over-optimism in model performance. In step 6 external validation is performed 
through assessment of predictive performance measurements (discrimination, 
calibration and risk-stratification). The aim of step 7 is to evaluate whether 
model performance can be increased by addition of new potentially prognostic 
valuable imaging findings 11, 12. The following step evaluates the challenges to the 
introduction of the prediction model in daily practice. Ideally in the final step, a 
prospective randomized multicenter trial should be performed, evaluating cost-
effectiveness as well as improve in outcome of the target disease effectuated by 
reporting of an (cluster of) incidental finding(s) 13. 
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Figure 3: Framework as applied in PROVIDI to elucidate the prognostic relevance of incidental 
chest CT findings; where do we stand and where are we going?
Middle column depicts that to elucidate the prognostic relevance of incidental chest CT findings 
for the prediction of CVD, the first four steps of the framework have been addressed in previous 
studies. The consecutive steps will be addressed in the several chapters of this thesis. 
Last column depicts that to elucidate the prognostic relevance of incidental chest CT findings for 
the prediction of COPD, the first four steps of the framework will be addressed in the current 
thesis. 
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Current state of the PROVIDI study according to the nine-step 
framework
The PROVIDI study has come a long way in determining the prognostic relevance 
of incidental chest CT findings for the prediction of CVD as a target disease, as 
previous studies 14-17 have addressed step 1 to 4 of the framework. 
Briefly, CVD was defined as all coronary events, cerebrovascular events, peripheral 
artery disease and heart failure. Coronary artery calcifications, thoracic aorta 
calcifications, cardiac valve calcifications as well as cardiovascular diameter 
measurements were considered to be incidental findings, potentially prognostically 
relevant for future CVD. A straightforward semi-quantitative grading system was 
developed to grade calcifications in the coronary arteries, thoracic aorta and 
on the cardiac valves 18. This grading system can be applied to grade incidental 
coronary and extra-coronary CT findings on a broad range of diagnostic multislice 
chest CTs as performed in daily clinical practice with an overall good to excellent 
inter- and intra-observer variability. Coronary artery calcifications, thoracic aorta 
calcifications, cardiac valve calcifications as well as cardiovascular diameter 
measurements were all significantly and independently related to future CVD 
events. 
So, even though we are closer, the relevance of uncertain incidental chest CT 
findings for the prediction of CVD, or other target diseases has not been fully 
unraveled yet. So the question to report or not these incidental chest CT findings 
remains to be answered. 

Outline of this thesis 
In this thesis, the prognostic relevance of incidental chest CT findings for the 
prediction of future cardiovascular disease and chronic obstructive pulmonary 
disease is further elucidated through resolving further steps of the provided 
framework.
In a first step, in Chapter 2, age- and gender-specific prevalence and distributions 
are described for incidental coronary and extra-coronary calcifications as detected 
on routine diagnostic chest CT. In Chapter 3 a prediction rule is derived and 
validated based on incidental cardiovascular imaging findings. Here, we have 
taken a new perspective providing a different approach for CVD risk prediction 
strictly based on information readily available to the radiologist. Improvement in 
performance of the CT based prediction rule is evaluated in Chapter 4 by addition 
of pulmonary disease related CT findings and in Chapter 5 by addition of a well-
established risk factor like smoking. In this way, we aim to reinforce that good 
individual risk prediction is possible humbly based on incidental cardiovascular 
chest CT findings combined with age and gender, without the need of additional 
patient information. In Chapter 6 is evaluated whether an important risk factor 
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like smoking retains its detrimental effect even in subjects who already have 
subclinical target organ damage. Chapter 7 has investigates the challenges to the 
routine use of the CT based prediction rule in daily practice. In Chapter 8 the CT 
based prediction rule is externally validated in a lung cancer screening cohort. 
Whether incidental CT biomarkers can predict future hospitalization or death due 
to acute exacerbations of COPD is evaluated in Chapter 9. Finally, the progression 
on answering the question: “To report or not to report…prognostically relevant 
incidental chest CT findings” is discussed in Chapter 10 and a summary of this thesis 
is also provided in Chapter 10.
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Abstract 
Objective
To establish age- and gender-specific reference values for incidental coronary 
artery, thoracic aorta and cardiac valve calcification scores on routine diagnostic 
CT scans. These reference values can aid in structured reporting and interpretation 
of readily available imaging data by chest CT readers in routine practice. 

Methods
A random sample of 1572 (57% male, median age 61 years) was taken from a 
study population of 12 063 subjects who underwent diagnostic chest CT for non-
cardiovascular indications between January 2002 and December 2005. Coronary 
artery, thoracic aorta and cardiac valve calcifications were graded using a validated 
ordinal score. The 25th, 50th and 75th percentile cut-points were calculated for the 
coronary artery, thoracic aorta and cardiac valve calcification scores within each 
age/gender stratum.

Results
The 75th percentile cut-points for coronary artery calcification scores were higher 
for men than for women across all age groups, with the exception of the lowest 
age group. The 75th percentile cut-points for thoracic aorta and cardiac valve 
calcifications scores were comparable for both genders across all age groups. 
Based on the obtained age- and gender-reference values a calculation tool is 
provided, that allows one to enter an individual’s age, gender and calcification 
scores to obtain the corresponding estimated percentiles.  

Conclusions
The calculation tool as provided in this study can be used in daily practice by CT 
readers to examine whether a subject has high calcifications scores relative to 
others with the same age and gender.
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Introduction
“High” calcifications scores are associated with an increased risk of cardiovascular 
disease (CVD) events 1. To improve correct interpretation of calcification scores, 
previous studies providing reference values for calcification scores have accounted 
for the significant influence of age and gender on calcifications 2-5. However, the 
applicability of reference values as provided by these studies is restricted for several 
reasons. Firstly, these studies focused merely on coronary artery calcifications 
(CAC), whereas reference values for thoracic aorta calcifications (TAC) and cardiac 
valve calcifications are scarce 2-5. Reference values for TAC and cardiac valve 
calcifications can be worthy as emerging evidence indicates that these extra-
coronary calcifications are manifestations of generalized atherosclerosis and may 
even provide the earliest sign of the atherosclerotic process 6-9. Secondly, these 
reference values apply to non-contrast, ECG-gated CT scans. Thirdly, reported 
reference values are obtained from studies conducted in asymptomatic subjects 
in a research setting. These reference values do not apply to incidental coronary 
and extra-coronary calcifications as obtained from routine chest CT scans in daily 
practice 2-5. 
Providing reference values of calcifications for a population who undergoes chest 
CT for clinical purposes, can aid in structured reporting and clinical interpretation 
of readily available incidental information by chest CT readers in routine practice 
10. Additionally, indexing the calcification burden of an individual, may lead to 
detection and referral for timely preventive management of those with relative 
high calcification scores. So we aim to describe reference values for coronary, 
thoracic aorta and cardiac valve calcifications on the basis of age and gender in 
a multicenter cohort who underwent routine chest CT, for various indications in 
a clinical setting. We furthermore provide a calculation tool, which facilitates the 
application of the results of our analysis in the individual patient, in daily routine 
practice.  

Methods
Study population
This is an ancillary study of the PROgnostic Value of unrequested Information 
in Diagnostic Imaging (PROVIDI) study. This study was approved by the ethical 
review board of the University Medical Center Utrecht (number 06/193), data were 
analyzed anonymously, informed consent was waived. 
The rationale and design of the PROVIDI study has been described in detail 11. 
Briefly, the study population comprised 23 443 subjects aged ≥ 40 years, who 
underwent routine clinical chest CT scanning between 2002 and 2005 for various 
diagnostic clinical indications in participating hospitals in the Netherlands. 
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Patients with a diagnosis of primary lung cancer (including mesothelioma) or 
distant metastatic disease from other types of cancer (excluding hematologic 
malignancies) at baseline were excluded (n=9077). Also excluded were patients 
yielding a prior history of CVD or subjects with a CT referral indication directly 
related to (suspected) cardiovascular pathology (n=2303), to ensure that the 
evaluated calcifications were truly “incidental”. In total, there were 12 063 
participants remaining in the study cohort.

Sample selection and study design
For efficiency reasons, chest CT-scans of a ≈10% random sample from the study 
cohort were scored for cardiovascular findings and subsequently analyzed. The 
distribution of the cardiovascular CT findings in this sample is assumed to reliably 
reflect the distribution in the whole study population, since a valid sample is taken 
and the sample is sufficiently large enough 12. Figure 1 shows a flowchart of the 
study design and the selection of the study cohort. 

G
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Inclusion criteria
- CT Thorax 2002-2005
- ≥ 40 years

5 academic hospitals

Total
n = 23.443

3 general hospitals

Exclusion criteria (1)
- Primary lung cancer
- Distant metatsase from
  other types of cancer
(except haematological cancers)

Screening CT application forms Excluded
n = 9.077

Full Cohort
n = 14.366

Cu
rr

en
t s

tu
dy

Exclusion criteria (2)
- Cardiovascular indication for CT Screening CT application forms Excluded

n = 2.303

Full Study Cohort
n = 12.063

Random sample ≈ 10%

Study population 
n = 1.572

Figure 1: Flowchart of study design. 

Scoring of CT characteristics
CT examinations were graded for calcifications in the coronary arteries, thoracic 
aorta and on the cardiac valves, using a validated 13, straightforward semi-
quantitative grading system (Table 1). Coronary artery calcifications were graded 
separately for the left main (LM), left anterior descending (LAD), left circumflex 
(LCX), and right coronary artery (RCA). The four separate scores of each coronary 
artery were summed into a total CAC score (range 0-12). Thoracic aorta calcifications 
were graded separately for the ascending and descending aorta. The separate 
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scores of the ascending and descending thoracic aorta were joined in a total TAC 
score (range 0-6). Calcifications of the cardiac valves were anatomically subdivided 
into calcifications of the aortic valve (AV) leaflets and the mitral valve (MV) leaflets. 
The AV and MV calcification scores were summed into a total cardiac valve score 
(range 0-4). Extensive information about the grading and measurements of the 
imaging findings can be found in the Appendix. 

Statistical analyses
Baseline characteristics and chest CT imaging features were summarized 
separately for men and woman across five preselected categories of age (40-49, 
50-59, 60-69, 70-79 and ≥ 80 years). Values of continuous variables were expressed 
as medians (range) because of non-normal distributions. 
Prevalence of calcifications in the coronary arteries, thoracic aorta and cardiac 
valves were compared across age categories between men and women. Therefore, 
calcification grading scores of the LM, LAD, LCX, RCA, ascending and descending 
thoracic aorta as well as scores of the AV and MV, were dichotomized as absent 
(visual grading score = 0) or present (visual grading score > 0). 
Quartiles were calculated for the total CAC score, the total TAC score and the total 
cardiac valve score within each age/gender stratum. Analyses were performed 
with R-project software package, version 2.15 (www.r-project.org).

Table 1: Semi-quantitative, ordinal score for grading of coronary artery, thoracic aorta and cardiac 
valve calcifications

 0 = Absent 1 = Mild 2 = Moderate 3 = Severe

Coronary artery calcifications *     

number and size of calcifications none 1-2 focal 
limited  

to ≤2 slices

>2 focal or  
1 extending >2 

slices

fully calcified 
coronary artery 

extending 
multiple slices

Aortic calcifications Ɨ     

number and size of calcifications none ≤3 focal 4-5 focal or  
1 extending  

≥ 3 slices

>5 focal or  
>1 extending 

≥ 3 slices

Cardiac valve calcifications §

number of affected valve leaflet(s) none 1 leaflet 2 or 3 leaflets

* Coronary artery calcifications (CAC): calcifications in the left main, left anterior descending, 
left circumflex and right coronary artery. The maximum score per coronary artery is 3, resulting 
in a CAC sum score of min.0 – max.12.
Ɨ Thoracic aorta calcifications (TAC): calcifications in the ascending thoracic aorta and 
descending thoracic aorta. The maximum score for the ascending and descending thoracic aor-
ta separately is 3, resulting in a TAC sum score of min.0 – max 6.
§ Cardiac valve calcifications: calcifications on the aortic valve and mitral valve. The maximum 
score for aortic valve and mitral valve separately is 2 , resulting in a cardiac valve sum score of 
min.0 – max. 4.
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Results
Table 2 presents selected patient characteristics and CT features of the 1572 
subjects in our study sample. A total of 57% of the study population was male, 
the median age was 61 years. CAC was more prevalent and severe in men than in 
women in all four coronary arteries. The number and severity of ascending TAC 
and descending TAC as well as calcifications on the AV and MV were comparable 
for men and women. In both sexes more than 50% underwent a chest CT because 
of suspicion of pulmonary malignancy or pulmonary diseases.  

Table 2: Patient- and cardiovascular CT characteristics of the 1572 subjects who underwent CT 
imaging for non-cardiovascular indications

 All   Men  Women  

  n=1572 n=901 n=671

Age, years 61 (40-95) 61 (40-95) 62 (40-92)
CT-indication , n (%)

Lung disease 566 (36) 306 (34) 255 (38)

Hematological malignancy 173 (11) 99 (11) 67 (10)

Mediastinal abnormality 157 (10) 99 (11) 67 (10)

Suspicion pulmonary malignancy 377 (24) 189 (21) 174 (26)

Suspicion pulmonary embolism 79 (5) 45 (5) 40 (6)

Other 220 (14) 153 (17) 54 (8)

LM* coronary artery calcifications , n (%)

mild 314 (20) 189 (21) 121 (18)

moderate 142 (9) 99 (11) 40 (6)

severe 63 (4) 54 (6) 7 (1)

LADƗ coronary artery calcifications , n (%)

mild 472 (30) 261 (29) 215 (32)

moderate 314 (20) 216 (24) 94 (14)

severe 157 (10) 126 (14) 40 (6)

LCX‡ coronary artery calcifications , n (%)

mild 393 (25) 234 (26) 154 (23)

moderate 141 (9) 108 (12) 40 (6)

severe 79 (5) 54 (6) 20 (3)

RCA§ calcifications , n (%)

mild 409 (26) 252 (28) 161 (24)

moderate 189 (12) 117 (13) 60 (9)

severe 126 (8) 90 (10) 34 (5)
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Table 2. continued

 All   Men  Women  

  n=1572 n=901 n=671

Ascending aorta calcifications , n (%)

mild 314 (20) 189 (21) 127 (19)

moderate 63 (4) 36 (4) 27 (4)

severe 16 (1) 9 (1) 0 (0)

Descending aorta calcifications , n (%)

mild 424 (27) 252 (28) 181 (27)

moderate 236 (15) 135 (15) 101 (15)

severe 110 (7) 72 (8) 40 (6)

Aortic valve calcification , n (%)  
1 leaflet 252 (16) 144 (16) 101 (15)

2 or 3 leaflets 189 (12) 117 (13) 60 (9)

Mitral valve calcification , n (%)  

1 leaflet 110 (7) 54 (6) 47 (7)

2 leaflets 31 (2) 18 (2) 7 (1)

Values are expressed as median (interquartile range) or as n (%).   
*LM = left main, Ɨ LAD = left anterior descending, ‡ LCX = left circumflex, § RCA = right coronary 
artery

An age related increase in the prevalence of calcifications in the coronary arteries, 
thoracic aorta and on the cardiac valves was observed in both sexes (Figure 2). 
Notably, the prevalence of calcifications in all four coronary arteries in women 
lagged about 20 years behind men. For example the prevalence of LM calcifications 
was 47% for women aged ≥ 80 years compared with 41% in men aged 60-69 years. 
Neither men nor women showed consistently higher rates of ascending TAC and 
descending TAC across all age categories. Calcifications in the descending thoracic 
aorta were widely prevalent by the sixth decade of life in both sexes. Calcifications 
of the AV were far more prevalent across each age group in both sexes compared 
to MV calcifications. Moreover, unlike for MV calcifications prevalence, there was 
a clear gender difference for the presence of AV calcifications; within the age 
groups beneath 60 years women having more AV calcifications than men and men 
having evidently more calcifications from the sixth decade. Additional details on 
the severity of calcifications in these three different cardiovascular sites across all 
age groups for men and women are displayed in respectively, Supplemental Table 
1 and 2. 
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Figure 2: Prevalence (%) of coronary artery calcifications, thoracic aorta calcifications and cardiac 
valve calcifications (visual grading score > 0) according to age groups in men and women. 
LM = left main, LAD = left anterior descending, LCX = left circumflex, RCA= right coronary artery
TAC = thoracic aorta calcifications, AV = aortic valve, MV= mitral valve
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Figure 3 provides the cut-points of the semi-quantitative grading scores for the 
total CAC, total TAC and total cardiac valve calcification scores for the 25th, 50th 
and 75th percentile by 10-year age group in men and women, respectively. In 
men, the total CAC scores in all quartiles increased with age, with the exception 
of the two lowest age groups in the 2nd quartile and the two highest age groups 
in the 2nd and 3th quartile. In women consistent age-specific increase in total CAC 
score was only seen in the 3th quartile with the exception of the two highest age 
groups. Consistently higher total TAC and cardiac valve scores were not observed 
in the three quartiles distributions of men and women. With the set of curves as 
provided in Figure 3 it is easier to determine at a glance what an approximate 25th, 
50th and 75th percentile value is for a particular patient and to compare these values 
between both genders. For the 75th percentile cut-point only the total CAC score 
values were consistently higher for men than for women, with the exception of 
the lowest age group. The 75th percentile cut-point for total TAC and cardiac valve 
scores were comparable in both genders across all age groups, besides for one 
age group where men had higher scores. 
To facilitate applicability and interpretation of these quartile values an on-line 
quartile calculating sheet was constructed. This interactive form can be applied 
on individuals who receive a chest CT for diagnostic non-cardiovascular indication 
in current practice. It allows one to enter an individual’s age and gender, together 
with the grading score for calcifications in each of the coronary and extra-
coronary segments. The CAC, TAC and cardiac valve calcification sum scores with 
corresponding quartile scores and interpretation are automatically provided. In 
Figure 4 an example is provided on how the calculation sheet can be applied to 
index an individual’s atherosclerotic burden.
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Figure 3: Comparison of the 25th, 50th and 75th percentile cut point values of the visual grading sco-
res for coronary, aortic and cardiac valve calcifications in men and women.
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Discussion 
The present study establishes age- and gender-specific quartile values for semi-
quantitative CAC, TAC and cardiac valves calcification scores in a random sample of 
1572, drawn from a study population of 12 063 subjects free of CVD, who underwent 
routine clinical chest CT scanning for non-cardiovascular indications. Applying these 
reference values in current daily practice may 1) aid in structured reporting and 
interpretation of incidental coronary and extra-coronary calcifications by chest CT 
readers in a clinical setting, 2) contribute to indexing the systemic atherosclerotic 
burden and identification of those with a relative high calcium burden based on 
incidental information embedded in CT. 

Prevalence in comparison to other studies
The prevalence of coronary and extra-coronary calcifications were overall for 
both sexes higher compared to the prevalence described in other studies like the 
Multi-Ethnic Study of Atherosclerosis (MESA) study among a United States (US) 
population as well as European population based studies 8, 14-17. Higher rates of 
CAC for both genders in European compared to US citizens has been described 
previously and was explained by the presence of more favourable risk factor 
levels among the MESA participants 18. Additionally, research population based 
studies, like the MESA study, contain self-and physician-referred subjects who 
have demonstrated to be more frequently cardiovascular healthy subjects 19, 20. 
Moreover, the clinical study population of the current study, contained a high 
number of subjects who underwent chest CT for diseases in which the inflammatory 
processes is involved. Calcification have demonstrated to occur more commonly 
in the setting of inflammation 21. Furthermore, the difference in prevalence of TAC 
can partly be explained by the fact that in our study more segments of the thoracic 
aorta were examined for the presence of calcifications. We used standard chest 
CTs with a larger field of view as compared to calcium scans used in the MESA 
study.
Consistent with prior studies we found CAC scores to be more prevalent in men 
than in women across all age groups. However, we found CAC scores for women 
were similar to men ≈ 20 years younger as to the 10 to 15 years that has been 
described in other studies 2, 22. In the MESA study women had almost consistently 
higher rates of ascending TAC and descending TAC than males across all age 
categories 17. Conversely, in our study population neither men nor women showed 
consistently higher rates across all age categories of ascending and descending 
TAC. The discordant results in the evaluation of sex-differences in prevalence of 
TAC between the studies may possibly be due to heterogeneity in demography. In 
the present study, total age prevalence for AV calcifications was 27% and for MV 
calcifications 8%, compared to 13% and 10% in the MESA 23, 24. As has been described 
in previous studies, we found AV calcifications to be widely prevalent from the 
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seventh decade of life and far more prevalent compared to MV calcifications in 
both genders 23. 

Clinical utility 
A recent meta-analysis provided evidence that calcifications can be reliably 
measured using semi-quantitative grading techniques on non-triggered CT scans 
25. The present study takes these results to an additional level by providing a 
calculation tool that facilitates interpretation of calcification scores. For application 
in daily clinical practice the use of the presented calculation tool may be favoured 
over the use of previous reported reference values 2-5 for several reasons. 
Reference values as provided in previous studies are all based on the Agatston 
score, which is generally limited to the quantification of vascular calcifications on 
ECG-triggered CT scans. The semi-quantitative score on which the calculation tool 
of the current study is based, is a simple method, allowing to grade coronary and 
extra-coronary calcifications, on a broad range of diagnostic multi slice chest CTs, 
including non-gated scans. Given the millions of these scans done annually 26, these 
age- and gender-specific reference values can procure substantial implications in 
the primary prevention of CVD. 

Implications 
Previous reference studies were conducted in a research setting containing more 
cardiovascular healthy subjects 19, 20. The reference values as obtained in the current 
study are likely to be more representative for utilisation in daily practice since the 
study population of this study consisted of individuals who received a chest CT for 
clinical purposes.
Moreover, the current study population contained a high number of subjects who 
underwent chest CT for diseases in which the inflammatory processes is involved 
or in subjects suspected of lung cancer. Calcifications have demonstrated to occur 
more commonly in subjects with a high inflammatory status as well as in aging 
and smoking individuals who are suspected of lung cancer 21, 25. Especially, in this 
population indexing an individual’s atherosclerotic burden and subsequently 
identification of subjects with a relative high individual burden can provide an 
opportunity to utilize this important incidental information to the patients’ benefit. 
The reference values as provided in the current study may be used to index the 
systemic atherosclerotic burden of an individual relative to others with the same 
age and gender rather than to make medical decisions. We advocate to deem 
individuals with cardiovascular calcification scores above the age- gender-specific 
cut-point of the 75th percentile as subjects with a high calcification burden and 
requiring referral for preventive cardiovascular risk management. As should be 
mentioned relative high calcification scores indicate a greater likelihood of CVD. 
However, whether high calcification scores are indeed consistent with a high-risk 
of CVD needs to be investigated further by determining the predictive power of 
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each of the quartiles values of the cardiovascular calcification scores. Nevertheless, 
age and sex related CAC scores as quantified by the Agatston score from over the 
75th percentiles have been demonstrated to be associated with an increased risk 
of CHD 27. Hence, these 75th percentiles CAC scores are incorporated in guidelines, 
including those from National Cholesterol Education Program Adult Treatment 
Panel (NCEP ATP III), as a threshold for the recommendation of intensified LDL-
lowering therapy 28.

Limitations
Our study has some limitations that merit consideration. Firstly, our study cohort 
comprised a population of Dutch descent. Since coronary and extra-coronary 
calcification patterns have been demonstrated to differ across ethnic groups 23, our 
results may not be completely generalizable to populations undergoing routine 
chest CT scans of different racial or ethnic backgrounds. As should be mentioned, 
our study results do not apply to the whole range of patients undergoing routine 
chest CT scans, since patients with primary lung cancer or distant metastatic disease 
from other types of cancer were excluded. Nonetheless, it is highly unlikely that 
reporting of incidentally detected calcifications will alter clinical decision making 
in patients with such a poor prognosis. Also excluded were patients yielding prior 
history of CVD or subjects with a CT referral indication directly related to (suspected) 
cardiovascular pathology. These patients are also not likely to benefit from indexing 
the atherosclerotic burden with subsequently identification and referral for 
preventive CVD risk management of those with a high calcium burden, because 
these patients are expected to already receive optimal cardiovascular evaluation 
and treatment. Lastly, our measure of TAC was restricted to calcifications found 
in the segments of the ascending and descending thoracic aorta and does not 
include calcifications in the aortic arch. However, the purpose of this study was 
to utilize cardiovascular calcifications for indexing the systemic atherosclerotic 
burden of an individual. Ascending and descending TAC have been demonstrated 
to be good estimates of the presence and extent of the overall calcium burden 29, 
and therefore expected to be sufficient measurements to full fill the study aim.

Conclusions 
In conclusion, we have described age- and gender-specific reference values for 
incidental coronary, aortic and cardiac valve calcifications in a cohort of patients 
undergoing routine chest CT scans. A calculation tool is provided to facilitate 
structured reporting and interpretation of incidental coronary and extra-coronary 
calcifications by chest CT readers in a clinical setting. Additionally, indexing of 
the atherosclerotic burden of individuals who undergo a CT in daily practice with 
subsequently identification and referral for preventive CVD risk management of 
those with a high calcium burden might be an opportunity to effectuate further 
decline of the global cardiovascular disease burden. 
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Appendix
CT scanning and scoring of CT characteristics 
All chest CT examinations were obtained between January 2002 and December 
2005, using multi-detector CT (2–64 detector rows) of different vendors according 
to the prevailing routine clinical protocols of the participating hospitals. All types of 
CT (including non-contrast and non-triggered) protocols were considered eligible 
as long as the field of view included the heart and full length of the thoracic aorta. 
Section thicknesses varied according to the chest CT indication and corresponding 
protocol (maximal section thickness, 10 mm). 
Coronary, aortic, mitral and aortic valve calcifications were scored by using simple 
ordinal scores. This semi-quantitative grading technique has been previously 
described and demonstrated to have a good inter-and intra-observer reliability 13, 30. 
Briefly, coronary artery calcifications, were specified according to their location 
in the left main (LM), left anterior descending (LAD), left circumflex (LCX), and 
right coronary artery (RCA). Calcifications were assessed using the following scale: 
grade 0, absent; grade 1, mild (1-2 focal calcifications limited to ≤ 2 slices); grade 2, 
moderate (>2 focal calcifications or a single calcification extending for >2 slices); 
and grade 3, severe (fully calcified coronary arteries extending over multiple 
segments). The four separate scores of each coronary artery were summed into a 
total CAC score (0-12).
Thoracic aorta calcifications were graded separately for the ascending and 
descending aorta. The ascending aorta was evaluated for calcifications in all 
segments of the thoracic aorta extending from the aortic root (e.g., above the 
aortic valve) to the origin of the brachiocephalic trunk from the aortic arch. The 
upper margin of the descending aorta was defined as the part from where the 
left subclavian artery origins from the aortic arch, whereas the lower margin 
was defined as the level from where the diaphragm could be seen. The grading 
was as follows: grade 0, absent; grade 1, mild (≤ 3 focal calcifications); grade 2, 
moderate (4-5 focal calcifications or 1 calcification extending for ≥ 3 slices); and 
grade 3, severe (>5 focal calcifications or >1 calcification extending for ≥ 3 slices). 
The separate scores of the ascending and descending thoracic aorta were joined 
in a total TAC score (0-6).
Calcifications of the cardiac valves were anatomically subdivided into calcifications 
of the aortic valve (AV) leaflets and the mitral valve (MV) leaflets. Cardiac valve 
calcifications were graded as follows: grade 0, absent; grade 1, mild (one single 
affected leaflet [spotty or linear calcifications]); grade 2, moderate (two or three 
(only for the AV) affected leaflets [spotty or linear calcifications]). The AV and MV 
calcification scores were summed into a total cardiac valve score (0-4).
The CT scans were scored for abnormalities by three readers: one board-certified 
radiologist with 10 years of experience and two residents with 2 and 3 years of chest 
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CT experience, respectively. The readers interpreted the CT scans independently 
and were blinded to the patient characteristics and outcome statuses. The number 
of scans scored by each of the three readers was comparable. Cases of uncertainty 
were resolved by a joined consensus reading. The residents were trained to use 
this scoring system under the supervision of an experienced board-certified chest 
radiologist with use of a training set of data from 50 randomly selected patients 
who were not part of the study sample. The reproducibility of the visual scores 
has been evaluated in previous studies 13, 30-32 (weighted k values for intra- and 
interobserver reliability regarding calcifications: was 0.89 and 0.96). 
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Supplemental Table 1: Prevalence and extend of calcifications in the coronary arteries, thoracic 
aorta and on the cardiac valves of 901 men who underwent CT imaging for non-cardiovascular 
indications according to age categories

 Age 40-49 Age 50-59 Age 60-69 Age 70-79 Age ≥ 80

  n=140 n=273 n=230 n=195 n=63

LM* coronary artery calcifications, n (%)

mild 15 (11) 44 (16) 55 (24) 53 (27) 18 (29)

moderate 6 (4) 14 (5) 25 (11) 31 (16) 18 (29)

severe 1 (1) 8 (3) 14 (6) 23 (12) 5 (8)

LADƗ coronary artery calcifications, n (%)

mild 34 (24) 82 (30) 78 (34) 57 (29) 11 (17)

moderate 7 (5) 44 (16) 71 (31) 64 (33) 28 (44)

severe 4 (3) 22 (8) 28 (12) 53 (27) 18 (29)

LCX‡ coronary artery calcifications, n (%)

mild 15 (11) 55 (20) 67 (29) 80 (41) 21 (33)

moderate 4 (3) 19 (7) 28 (12) 33 (17) 20 (32)

severe 3 (2) 8 (3) 12 (5) 23 (12) 5 (8)

RCA§ calcifications, n (%)

mild 27 (19) 63 (23) 64 (28) 76 (39) 19 (30)

moderate 7 (5) 27 (10) 35 (15) 35 (18) 16 (25)

severe 3 (2) 19 (7) 23 (10) 35 (18) 15 (24)

Ascending aorta calcifications, n (%)

mild 0 (0) 41 (15) 60 (26) 64 (33) 18 (29)

moderate 0 (0) 3 (1) 9 (4) 12 (6) 9 (14)

severe 0 (0) 3 (1) 2 (1) 8 (4) 1 (2)

Descending aorta calcifications, n (%)

mild 15 (11) 55 (20) 87 (38) 82 (42) 12 (19)

moderate 3 (2) 14 (5) 39 (17) 53 (27) 27 (43)

severe 0 (0) 5 (2) 23 (10) 21 (11) 17 (27)

Aortic valve calcification, n (%)

1 leaflet 6 (4) 25 (9) 39 (17) 47 (24) 23 (37)

2 or 3 leaflets 1 (1) 11 (4) 30 (13) 57 (29) 20 (32)

Mitral valve calcification, n (%)

1 leaflet 0 (0) 8 (3) 12 (5) 27 (14) 8 (13)

2 leaflets 0 (0) 3 (1) 7 (3) 8 (4) 1 (2)

Values are expressed as n (%).
*LM = left main, Ɨ LAD = left anterior descending, ‡ LCX = left circumflex, § RCA = right coronary 
artery
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Supplemental Table 2: Prevalence and extend of calcifications in the coronary arteries, thoracic 
aorta and on the cardiac valves of 671 women who underwent CT imaging for non-cardiovascu-
lar indications according to age categories

 Age 40-49 Age 50-59 Age 60-69 Age 70-79 Age ≥ 80

  n=130 n=170 n=166 n=139 n=66

LM* coronary artery calcifications, n (%)

mild 10 (8) 20 (12) 33 (20) 35 (25) 22 (33)

moderate 3 (2) 9 (5) 8 (5) 13 (9) 8 (12)

severe 0 (0) 0 (0) 3 (2) 6 (4) 1 (2)

LADƗ coronary artery calcifications, n (%)

mild 27 (21) 51 (30) 51 (31) 60 (43) 27 (41)

moderate 4 (3) 14 (8) 28 (17) 25 (18) 22 (33)

severe 0 (0) 0 (0) 13 (8) 19 (14) 6 (9)

LCX‡ coronary artery calcifications, n (%)

mild 12 (9) 27 (16) 38 (23) 56 (40) 21 (32)

moderate 3 (2) 3 (2) 10 (6) 11 (8) 11 (17)

severe 0 (0) 0 (0) 7 (4) 10 (7) 5 (8)

RCA§ calcifications, n (%)

mild 20 (15) 31 (18) 33 (20) 49 (35) 26 (39)

moderate 1 (1) 9 (5) 20 (12) 18 (13) 14 (21)

severe 0 (0) 2 (1) 10 (6) 13 (9) 6 (9)

Ascending aorta calcifications, n (%)

mild 7 (5) 24 (14) 37 (22) 42 (30) 17 (26)

moderate 1 (1) 2 (1) 7 (4) 8 (6) 7 (11)

severe 0 (0) 0 (0) 0 (0) 0 (0) 2 (3)

Descending aorta calcifications, n (%)

mild 10 (8) 37 (22) 55 (33) 58 (42) 19 (29)

moderate 1 (1) 10 (6) 23 (14) 35 (25) 32 (48)

severe 0 (0) 3 (2) 7 (4) 15 (11) 14 (21)

Aortic valve calcification, n (%)

1 leaflet 7 (5) 20 (12) 28 (17) 35 (25) 13 (20)

2 or 3 leaflets 1 (1) 5 (3) 12 (7) 24 (17) 21 (32)

Mitral valve calcification, n (%)

1 leaflet 4 (3) 7 (4) 7 (4) 19 (14) 14 (21)

2 leaflets 1 (1) 2 (1) 7 (1) 4 (3) 2 (3)

Values are expressed as n (%).
*LM = left main, Ɨ LAD = left anterior descending, ‡ LCX = left circumflex, § RCA = right coronary 
artery
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Abstract 
Purpose
We investigated the contribution of incidental findings on chest computed 
tomography (CT) in detecting subjects at high-risk for cardiovascular disease 
(CVD) by derivating and validating a CT imaging based prediction rule.

Materials and Methods
This retrospective study was approved by the ethical review board of the 
primary participating facility, informed consent was waived. The derivation 
cohort comprised 10 410 patients, who underwent diagnostic chest CT for non-
cardiovascular indications. During a mean follow-up of 3.7 years (max. 7.0 years), 
1148 CVD events (cases) were identified. Using a case-cohort approach, CT scans 
from the cases and from a ≈10% random sample of the baseline cohort (n=1366) 
were visually graded for several cardiovascular findings. Multivariable Cox 
proportional hazards analysis with backward elimination technique was used 
to derivate the best-fitting parsimonious prediction model. External validation 
(discrimination, calibration and risk-stratification) was performed in a separate 
validation cohort (n=1653).

Results
The final model included age, gender, CT indication, left anterior descending 
coronary artery calcifications, mitral valve calcifications, descending aorta 
calcifications and cardiac diameter. The model demonstrated to have a good 
discriminative ability with a c-statistic of 0.71 (95%CI 0.68-0.74) and a good overall 
calibration as assessed in the validation cohort. This imaging based model is able 
to accurately stratify individuals into clinically relevant risk categories. 

Conclusion
Structured reporting of incidental CT findings can mediate accurate stratification 
of individuals into clinically relevant risk categories and subsequently distinguish 
those at higher risk of future CVD events. 
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Introduction
Recent data have shown a decreasing trend of mortality from cardiovascular 
disease (CVD) in several Western countries 1. This is to a large extent the result of 
successful identification of subjects at high-risk of CVD combined with targeted 
preventive treatment 2. Currently these high-risk individuals are detected through 
risk stratification tools based on conventional risk factors 3 such as age, sex, blood 
pressure, cholesterol levels, diabetes, smoking status or other factors thought 
to be related to atherosclerotic arterial disease 4. Nevertheless, a substantial 
proportion of events occurs in individuals without conventional risk factors or 
in subjects with yet undetected or underdiagnosed risk factors 5, leaving room 
for efforts identifying high-risk subjects through other ways than individual case 
finding by current risk strategies 6. 
Through the increased use of chest computed tomography (CT)-scans are 
radiologists routinely confronted with findings that are unsuspected or unrelated 
to the CT indication, so called incidental findings 7. Incidental findings reflecting 
(preclinical) manifestations of atherosclerosis are quite common and can play a 
role in a more population based screening approach to identify subjects at high-risk 
for CVD events 8-11, currently no guidance on how to weigh these findings in routine 
practice is available. The present study investigates the contribution of incidental 
findings on chest CT in detecting subjects at high-risk for CVD by derivating and 
validating a CT imaging based prediction rule.

Materials and Methods
Study population
This study was funded by the Netherlands Organization for Scientific Research-
Medical Sciences (NWO-MW), grant 40-00812-98-07-005. No industry was involved. 
The funders of this study had no involvement in the study design, data collection, 
analysis and interpretation, writing of the report, or decision to submit the 
manuscript for publication.
The present study is an ancillary study of the PROgnostic Value of unrequested 
Information in Diagnostic Imaging (PROVIDI) study, which is a retrospective case-
cohort study. This study was approved by the medical ethics committee of the 
primary participating facility, University Medical Center Utrecht (number 06/193), 
and the institutional review boards of all other participating centers. Written 
informed consent was waived for all patients because of the retrospective design 
of the study. A privacy protocol was implemented such that no patient information 
would be visible when reading the CT images, no additional information would 
be obtained by accessing a patient’s medical records, and no patient would be 
contacted as a result of the study.
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The rationale and study population of the PROVIDI study has been described in 
detail 12. Briefly, the study population comprised 23 443 subjects aged ≥ 40 years 
who underwent routine clinical chest CT scanning between 2002 and 2005 for 
diagnostic indications in participating hospitals in the Netherlands. Patients with 
a diagnosis of primary lung cancer (including mesothelioma) or distant metastatic 
disease from other types of cancer (excluding hematologic malignancies) at 
baseline were excluded (n=9077). These patients were excluded because it is 
highly unlikely that detection of unexpected image findings will alter clinical 
decision making in patients with such a poor prognosis. Also excluded were 
patients yielding a prior history of CVD or subjects with a CT referral indication 
directly related to (suspected) cardiovascular pathology (n=2303), to ensure that 
the evaluated imaging findings were truly “incidental”. 

Sample selection and study design
In the present study, 10 410 subjects from seven participating hospitals, represent 
the baseline full derivation cohort and were considered for analyses. Subjects 
who developed a CVD event during follow-up were identified as cases. We used a 
case-cohort approach as introduced by Prentice 13, using all cases and a subcohort 
resembling a ≈ 10% random sample from the full derivation cohort at the beginning 
of the study. With sampling fractions of ≥ 0.10, results of a case-cohort analysis 
are similar to the full cohort analysis 14. The cases together with the subcohort 
define the study population. The advantage of this design is that it enables survival 
analyses without the need to score the chest CT scans for the full cohort. 
A total of 1653 subjects of one hospital were reserved as an independent validation 
cohort. In the validation cohort CVD cases were similarly identified and a subcohort 
was randomly selected (n=211). Figure 1 shows a flowchart of the study design and 
selection of the study populations.

CT scanning and scoring of CT characteristics
All chest CT examinations were obtained using multi-detector CT (2–64 detector 
rows) of different vendors according to the prevailing routine clinical protocols of 
the participating hospitals. When study subjects underwent more than one chest 
CT examination during follow-up, the findings from the first examination were 
used. All types of CT (including non-contrast and non-triggered) were considered 
eligible. Section thicknesses (max. 10 mm) varied according to the chest CT 
indication and corresponding protocol. 
CT examinations were graded for calcifications in the coronary arteries, thoracic 
aorta and on the cardiac valves, using a validated 15, straightforward semi-
quantitative grading system (Table 1). The cardiac and thoracic diameter as well as 
the ascending and descending thoracic aorta diameters were measured. Extensive 
information about the grading and measurements techniques of the imaging 
findings can be found in Appendix A and examples in Figure 2. 
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Cardiovascular events and follow-up 
CVD events were defined as all coronary events (myocardial infarction, coronary 
death, coronary insufficiency, and angina), cerebrovascular events (ischemic 
stroke, hemorrhagic stroke, and transient ischemic attack), peripheral artery 
disease (intermittent claudication), and heart failure. Data on fatal and non-fatal 
CVD events were obtained from the Dutch National Registry of Hospital Discharge 
Diagnoses and the National Death Registry, details are shown in Appendix A. 

Statistical Analysis
CVD event rates were estimated by dividing the number of CVD events by the 
number of person-years at risk. 
To develop the optimal risk prediction rule, multivariate Cox proportional hazard 
analysis with an estimation procedure adapted for the case-cohort design according 
to Prentice 13 was applied in the derivation cohort. Incidental cardiovascular 
imaging findings previously demonstrated to be associated with future CVD 
events 8-11, 16, with the addition of limited patient information available to the 
radiologist were considered as potential determinants of the outcome. Backward 
stepwise selection, with minimisation of the Akaike’s Information Criterion (AIC), 
was used for variable selection for the final parsimonious model. The final model 
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Exclusion criteria (2)
- Cardiovascular indication for CT
- Prior history of CVD

Screening CT application forms

Linkage with CBS/LMR

Excluded
n = 2.303

Derivation Cohort
n = 10.410

Model ValidationModel Derivation

Subcohort
N = 1.366

CVD cases
N = 211

CVD cases
N = 1.148

Subcohort
N = 211

Validation Cohort 
n = 1.653

Figure 1: Flowchart of study design. CVD = cardiovascular disease, CBS = central bureau of statis-
tics, LMR = Dutch medical data registration
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was internally validated in order to correct for over-fitting and over-optimism in 
model performance, using bootstrap resampling and shrinkage procedures 17. The 
proportional hazard assumption was assessed by testing the correlations between 
scaled Schoenfeld residuals for the various predictors and time.
External validation was performed using data from another center, the validation 
cohort, that was not involved in the final model derivation. Discrimination and 
calibration of the final model were assessed in the validation cohort. In addition, 
to demonstrate the clinical usefulness of the final imaging based model we 
evaluated if the prediction model correctly stratifies individuals in the validation 
cohort in the distinct categories as used in current CVD guidelines 18 for initiating 
preventative treatment: low (<10%), intermediate (10-<20%) and high-risk (≥20%). 

A B

C D
Figure 2: Examples of imaging characteristics. (A) ascending thoracic aorta diameter measurement,
(B) cardiac diameter measurement, (C) calcifications in the left anterior descending coronary ar-
tery and in the descending thoracic aorta, (D) calcifications on the mitral valve 
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Table 2: Baseline clinical characteristics and chest CT imaging characteristics for subjects in the sub-
cohort of the model derivation cohort and the model validation cohort

Subcohort Subcohort
Derivation set Validation set

n=1366 n=211

Male gender, n (%) 792 (58) 116 (55)
Age, years 62 (40-96) 65 (42-89)
Academic referral center, n (%) 1038 (76) 211 (100)
Use of contrast agent, n (%) 929 (68) 154 (73)
Section Thickness, n ( %)

1-3 mm 601 (44) 59 (28)
4-6 mm 533 (39) 150 (71)
>6 mm 232 (17) 27 (2)

CT-indication, n (%)
Lung disease 505 (37) 55 (26)
Haematological malignancy 150 (11) 19 (9)
Mediastinal abnormality 150 (11) 21 (10)
Suspicion pulmonary malignancy 314 (23) 53 (25)
Suspicion pulmonary embolism 82 (6) 8 (4)
Other indication 164 (12) 53 (25)

LM* coronary artery calcifications, n (%)
mild 260 (19) 55 (26)
moderate 123 (9) 21 (10)
severe 55 (4) 13 (6)

Finally, the incremental value of the imaging based model beyond well-established 
strong predictors19, like age and gender was evaluated in the validation cohort 
by comparing predictive performance measurements (discrimination and Net 
Reclassification Index (NRI)) between the imaging based model and a model 
merely based on age and gender.   
For a more detailed statistical description, see Appendix A. Analyses were 
performed with R-project software package, version 2.15 (www.r-project.org). 

Results
Table 2 shows the baseline characteristics of the derivation and validation 
subcohorts. During a mean follow-up period of 3.7 years (max. 7 years), 1148 
CVD events occurred in the derivation cohort and 211 in the validation cohort. 
Coronary and aortic calcifications were more numerous in the validation cohort, 
although not more severe. Age, gender, distribution of CT-indication, cardiac valve 
calcifications and cardiovascular diameters were comparable among both groups. 
The mean annualized CVD event rate was 29.3 events/1000 person years. 
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Table 2: Continued
Subcohort Subcohort

Derivation set Validation set
n=1366 n=211

LAD † coronary artery calcifications, n (%)
mild 410 (30) 74 (35)
moderate 260 (19) 53 (25)
severe 137 (10) 25 (12)

LCX ‡ coronary artery calcifications, n (%)
mild 314 (23) 76 (36)
moderate 123 (9) 27 (13)
severe 55 (4) 15 (7)

Right coronary artery calcifications, n (%)
mild 328 (24) 76 (36)
moderate 164 (12) 30 (14)
severe 109 (8) 19 (9)

Ascending aorta calcifications, n (%)
mild 260 (19) 53 (25)
moderate 55 (4) 8 (4)
severe 14 (1) 0 (0)

Descending aorta calcifications, n (%)
mild 382 (28) 55 (26)
moderate 191 (14) 51 (24)
severe 96 (7) 13 (6)

Aortic arch vessels calcifications, n (%)
mild 342 (25) 53 (25)
moderate 314 (23) 80 (38)

Aortic elongation, n (%) 109 (8) 21 (10)
Aortic valve calcification, n (%)

1 leaflet 219 (16) 27 (13)
2 or 3 leaflets 150 (11) 32 (15)

Mitral valve calcification, n (%)
1 leaflet 96 (7) 13 (6)
2 leaflets 27 (2) 27 (2)

Mitral annular calcification, n (%) 164 (12) 17 (8)
Cardiac diameter, mm 126 (64-184) 125 (77 - 185)
Thorax diameter, mm 268 (167 - 342) 265 (194 - 340)
Ascending thoracic aorta, mm 36 (19-55) 36 (26 - 72)
Descending thoracic aorta, mm 28 (14-59) 29 (23 - 49)

Values are expressed as medians (interquartile range) or as n (%).
*LM = left main, † LAD = left anterior descending, ‡ LCX = left circumflex
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Table 3: Best fitting, final model for CVD event risk prediction based on data from model deriva-
tion cohort (n= 10 410)

 β p-value Hazard ratios (95% CI)
Male gender 0.34 <0.001 1.41 (1.24 - 1.60)
Age, years 0.027 <0.001 1.03 (1.02 - 1.03)
CT-indication 

Lung disease ref
Haematological malignancy -0.33 0.007 0.72 (0.56 - 0.91)
Mediastinal abnormality -0.34 0.003 0.71 (0.58 - 0.88)
Suspicion pulmonary malignancy -0.27 <0.001 0.76 (0.65 - 0.88)
Suspicion pulmonary embolism 0.034 0.77 1.03 (0.22 - 1.32)
Other indication -0.30 0.003 0.74 (0.61 - 0.90)

LAD * coronary artery calcifications 0.10 0.003 1.11 (1.10 - 1.17)
Descending aorta calcifications 0.37 <0.001 1.45 (1.30 - 1.54)
Mitral valve calcification 0.22 <0.001 1.25 (1.10 - 1.41)
(Cardiac diameter† -11 cm)2 0.02 <0.001 1.03 (1.02 - 1.03)

* LAD = left anterior descending, † Cardiac diameters below 11 cm get value “0”, from higher 
diameters subtract 11 and square the resulting value 

Model derivation 
In the derivation cohort, various candidate predictors were evaluated for model 
inclusion. Seven variables (age, gender, CT indication, left anterior descending 
coronary artery calcification, mitral valve calcification, descending aortic calcifi-
cation and the cardiac diameter) were included in the final model; the best fitting 
predictive model with the smallest AIC value. 
The bootstrap re-sampling procedure, which was repeated 200 times, showed that 
the prediction model had an average over-optimism of 4%. To correct for this, the β 
coefficients were multiplied with 0.96. The β coefficients, standard errors, hazard 
ratios (HRs) and 95% confidence intervals (95% CIs) for each of the covariates in the 
final model are shown in Table 3. The final models mathematical equation can be found 
in Appendix B. To facilitate applicability a user friendly Excel risk score calculator was 
constructed, Figure 3 provides a visual aid of the risk score calculator. The nomogram 
for cardiovascular risk prediction is presented in Figure 4. Proportional hazards 
assumption were satisfied according to the Schoenfeld’s test.
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Figure 3: Visual aid of the Excel risk score calculator.

CT-‐imaging	  based	  cardiovascular	  risk	  calculation	  sheet	  
Patient	  characteristics:
Age	   65 years
Gender Female
CT-‐indication Pulmonary	  embolism

CT-‐imaging	  characteristics:
LAD	  calcifications 1-‐2	  focal	  calcification(s)	  limited	  to	  ≤2	  slices
Mitral	  valve	  calcifications None
Descending	  aorta	  calcifications ≤3	  focal	  calcification(s)
Cardiac	  diameter 11 cm

Absolute	  5	  year	  risk	  
for	  cardiovascular	  disease	  	  (%) 11

Extrapolated	  absolute	  10	  year	  risk
for	  cardiovascular	  disease	  	  (%) 21
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Figure 4: Nomogram to calculate 1-, 3- and 5-year probabilities of being free from a cardiovascular 
event. Gender: 0=female, 1=male; CT indication: 1= lung disease, 3= haematological malignancy, 4 = 
mediastinal abnormality, 5 = suspicion pulmonary malignancy, 6= suspicion pulmonary embolism, 
8 = other indication. Abbreviations: LADcalc = calcification score left anterior descending coronary 
artery; MVLcalc = calcification score mitral valve; DSCcalc = calcification score descending aorta. 
Heartdm = cardiac diameter in mm
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Figure 5: Survival curves. 1 & 2 = lowest two risk quartiles, lowest predicted probabilities, 3 & 4 = 
highest two risk quartiles, highest predicted probabilities.

External validation 
The c-index was 0.71 (95%CI 0.68 – 0.74) in the validation set. This refers to a good 
20 discriminative ability of the model and is supported by the survival plot (Figure 5). 
In the plot participants categorized by the prediction model in the third and fourth 
quartiles (i.e. highest CVD predicted probabilities) had a worse 5-year event free 
survival compared to the first and second quartiles with lower CVD predicted 
probabilities. The overall calibration was good. The predicted 5-year risk was 
modestly over-estimated across the probability range between 0.55 and 0.70 and 
underestimated between 0.75 and 0.90 (Figure 6). 
According to the predicted risks by the final model 174 (11%) were stratified in 
the low-risk (<10%) category, the actual observed risk in these subjects was 9%; 
616 (37%) were deemed as intermediate-risk (10-<20%), with an observed risk of 
12%; 863 (52%) were deemed as high-risk (≥20%) with an observed risk of 50%. 
Thus the observed risks were similar to the risk predicted for each risk category 
for the final imaging based model, indicating that the model accurately stratified 
individuals into clinically relevant risk categories (Table 4). The c-index of the age-
gender model was 0.66 (95% CI 0.65-0.72) and of the imaging based model was 
0.71 (95%CI 0.68 – 0.74). Reclassification as measured by the NRI was 8.3% (p<0.01). 
This indicates that with the imaging based model 8.3% of the subjects are more 
appropriately classified compared with the age-gender model. 
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Figure 6: Calibration plot. Deciles of respectively 5-year predicted survivals plotted against 5 year 
Kaplan-Meier estimates of those deciles. 

Table 4: Risk stratification flow chart of validation cohort subjects (n=1653) according to the 
imaging based model, with number of subjects and actual (observed) 10-year risk in categories 
of predicted risk

 Imaging based model

Low 10-year risk group (<10%)  

Patients (n;% of group) 174; 11%

Observed 10-year KM* risk 9%

Intermediate 10-year risk group (10-20%)  

Patients (n;% of group) 616; 37%

Observed 10-year KM* risk 12%

High 10-year risk group (>20%)  

Patients (n;% of group) 863; 52%

Observed 10-year KM* risk 50%

* KM = Kaplan-Meier. All estimates and observed risks have been extrapolated to 10-year 
rates, by exponentiation of the median survival estimates
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Discussion
In this case cohort study of 10 410 subjects who underwent routine clinical chest 
CT scanning, we developed and validated a simple CVD event prediction algorithm 
incorporating unrequested information embedded in CT. This prediction rule 
accurately stratified individuals into clinically relevant risk categories used in 
current CVD guidelines, providing the opportunity to refer these patients for 
timely preventive cardiovascular risk management.

CT imaging findings and CVD risk prediction 
Our findings are consistent with previous findings demonstrating the value of 
cardiovascular CT imaging findings in CVD event risk prediction. However, these 
studies have mainly focused on the improvement of risk classification by the 
addition of imaging findings to algorithms based on conventional risk factors 21, 

22. We have taken a new perspective by providing a different approach for CVD 
risk prediction strictly based on information readily available to the radiologist. 
Addressing conventional risk factors is not an option, since this information is in 
general not available to the radiologist. Moreover, risk factor detection, earlier in 
the disease process, precedes in many patients the presence of the image findings. 
Therefore, utilization of markers of subclinical target organ damage for CVD risk 
prediction, like cardiovascular calcifications incorporated in the imaging based 
model , provide a novel strategy and adequate estimation of CVD risk irrespective 
of the conventional risk factor status 5, 23. 

Clinical implications: identification of subjects with a high-risk of CVD event 
The imaging based prediction model is likely to lead to increased detection of high 
CVD event risk subjects for a number of reasons. 
Firstly, the prediction rule demonstrates to have a good discrimination and 
calibration. The model has a c-index of 0.71 in the validation cohort, which is 
comparable to the c-index of well-established clinical CVD event prediction rules 
such as the Framingham and Systematic COronary Risk Evaluation (SCORE) 4. 
Secondly, the utilization of chest CT has increased enormously in the past decades 
24, creating an opportunity for a population-based CVD event risk screening 
approach by the implementation of an imaging-based prediction rule. 
Additionally, the population undergoing a chest CT is most likely to contain more 
high CVD event risk subjects as in several diseases for which a CT is requested, 
infection or non-infectious inflammatory processes associated with an increased 
CVD event rate play a crucial role 24. Supportive of this notion is that in the current 
study the CVD event rate of 29.3 events/1000 person-years clearly exceeds the 
CVD event rate of 13.3/1000 person-years that has recently been reported for the 
general population 25.



Incidental CT findings identify subjects at high-risk of CVD 

57

Chapter 3

Furthermore, data is accumulating supporting the role of chest CT for lung cancer 
screening purposes. Calculating the radiological risk score for chest CT- based lung 
cancer screening subjects could lead to increased detection of subjects at high-risk 
for CVD events, since heavy smokers are known to be at high-risk for lung cancer 
as well as CVD events 26.

Clinical implications: Treatment of subjects identified with a high-risk of CVD 
event
Identification of high-risk subjects by the imaging-based algorithm can contribute 
to improvement of outcome in these individuals when identification is followed 
by assessment and if necessary treatment of risk factors 27. Moreover, showing 
patients sample images from their scans is thought to serve as a powerful visual 
tool to help motivate behavior change 28.
Based on the presence and earlier recognition of conventional risk factors, 
subjects deemed as high-risk by the radiological prediction rule can be categorized 
into three reasonably distinct categories. The level of contribution to CVD risk 
reduction of the imaging based algorithm is expected to vary between these 
categories: 
1) High radiological risk and recognized conventional risk factors; 
Among patients well known with risk factors, blood pressure, lipid, and glycemic 
control are essential for reducing CVD risk. Although control of these conditions 
is improving, large proportions of patients remain suboptimally controlled 29. 
Moreover, a systematic review of the causes of CVD mortality demonstrated that 
adaptations positively affecting predisposing risk factors like obesity, physical 
inactivity and poor diet improved prognosis 30. Thus even in subjects already 
identified by conventional risk factor algorithms, the radiological score may play 
a role in further CVD risk reduction. This can be accomplished by considering an 
elevated radiological score as a reason for emphasizing comprehensive lifestyle 
intervention in addition to re-assessment and if required stricter control of risk 
factors. 
2) High radiological risk, presence of yet undetected risk factors; 
Rates approaching 50% have been documented for the unawareness of the 
presence of risk factors in patients with hypertension, dyslipidaemia and 
diabetes. In addition, physicians typically underdiagnose conventional risk factors 
19. Because of lack of risk factor recognition, these patients are likely to escape 
current individual case finding strategies. The imaging based model could attribute 
in detection of especially these individuals. Evidently, identification of high-risk 
subjects requires correction of the aforementioned risk factors to effectively 
contribute to CVD risk reduction. 
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3) High radiological risk and absence of conventional risk factors;
A substantial proportion of CVD events occurs in patients without conventional 
risk factors. Markers of subclinical target organ damage, like cardiovascular 
calcifications, provide a better estimation of CVD risk in these particular patients 
compared with traditional risk factor assessment 5, 23. The accurate predictive value 
of these imaging findings lies in the fact that they are a measure of subclinical target 
organ damage that occurs further down the causal pathway than the presence of 
conventional risk factors, that can vary over time and is mere a surrogate for this 
process. 
Current guidelines do not indicate prevention therapies for patients with 
subclinical organ damage determined with imaging techniques, without the 
presence of traditional risk factors 31. However, previous studies among individuals 
without modifiable risk factors demonstrated that those with subclinical organ 
damage detected by CT have significantly increased hazards for CVD events and 
mortality 16, 23, 32, 33. In this regard, preventive treatment with statins and aspirin of 
patients with a high radiological score may be considered appropriate, given the 
fact that the radiological score is based on markers of organ damage 23. However, 
whether pharmacological treatment of patients with a high radiological risk score, 
irrespective of their conventional risk factor status, will result in CVD risk reduction 
and reduce the overall economic healthcare costs needs to be addressed in future 
randomized trials.

Limitations
Our study has limitations that should be acknowledged. The imaging based score 
pertains to a population of Caucasian Dutch descent. Risk models may, however, 
perform differently in populations of different racial or ethnic backgrounds. 
Systematic efforts for model validation in other populations are essential 34. 
Moreover, measuring diameters on axial planes, as well as using a semi-quantitative 
visual grading system for the grading of calcifications does not provide the most 
accurate estimations and is to a certain extend arbitrary. However, we favored 
using these methods for various reasons. 
Firstly, because the visual grading system used in the current study is well validated 
15 and has been demonstrated to not only grade coronary calcifications but also 
thoracic aorta and cardiac valve calcifications 9-11, 15. The use of a more quantitative 
measure, like the Agatston score, is in general limited to quantification of vascular 
calcifications. 
Furthermore, the semi-quantitative score used in the current study, is a simple 
method, allowing to grade coronary and extra-coronary calcifications, in a broad 
range of diagnostic multi slice chest CTs, including non-gated scans. For concerns 
regarding inaccurate assessment of calcifications on non-gated scans, we rely on 
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the results of a recent meta-analysis by Xie et al 26 on the validity and prognostic 
value of calcium scoring obtained on non-gated thoracic CT scans. This analysis, 
mainly conducted in studies that used semi-quantitative techniques for grading 
of calcifications, provides evidence for the prognostic valuable role of non-gated 
vascular calcification assessments. 
Lastly, in clinical prediction modeling the predictive value of a predictor does not 
only lie in the accuracy but also in the inter-observer reliability of the predictor 
assessment 35. In this regard, assessment of the predictors in the current study 
have been demonstrated to have a good inter-and intra-observer reliability 9-11, 15. 
To conclude, the above mentioned arguments substantiate that the methods 
used for diameter and calcification assessment in the current study are sufficient 
enough to full fill the study aim; using incidental findings on chest CT to adequately 
detect subjects at high-risk for future CVD events.

Conclusions
In summary, this study demonstrates the value of combined incidental radiological 
information on routine diagnostic CT images to identify patients at an increased 
CVD event risk. Using radiological information may complement standard clinical 
strategies in cardiovascular risk screening and help to improve timely installment 
of cardiovascular risk management in eligible patients. The use of the score derived 
in this study is simple and quick and is able to accurately stratify individuals into 
clinically relevant risk categories and subsequently distinguish those at risk of CVD 
events in the near future. 
However, to position radiological CVD event screening with confidence in daily 
practice, a trial in which the impact of the implementation of this risk score and 
subsequent intervention as well as the cost-effectiveness of the approach is 
measured, is needed.
An Excel risk score calculator was constructed to facilitate application by clinicians.
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Appendix A: Methods 
Scoring of CT characteristics
Coronary artery, thoracic aorta and cardiac valve calcifications were scored by 
using simple ordinal scores. This semi-quantitative grading technique has been 
previously described and demonstrated to have a good inter-and intra-observer 
reliability 10, 15. 
Briefly, coronary artery calcifications, were specified according to their location 
in the left main (LM), left anterior descending (LAD), left circumflex (LCX), and 
right coronary artery (RCA). Calcifications were assessed using the following scale: 
grade 0, absent; grade 1, mild (1-2 focal calcifications limited to ≤ 2 slices); grade 2, 
moderate (>2 focal calcifications or a single calcification extending for >2 slices); 
and grade 3, severe (fully calcified coronary arteries extending over multiple 
segments). 
Thoracic aorta calcifications were graded separately for the ascending and 
descending aorta. The ascending aorta was evaluated for calcifications in all 
segments of the thoracic aorta extending from the aortic root (e.g., above the 
aortic valve) to the origin of the brachiocephalic trunk from the aortic arch. The 
upper margin of the descending aorta was defined as the part from where the 
left subclavian artery origins from the aortic arch, whereas the lower margin 
was defined as the level from where the diaphragm could be seen. The grading 
was as follows: grade 0, absent; grade 1, mild (≤ 3 focal calcifications); grade 2, 
moderate (4-5 focal calcifications or 1 calcification extending for ≥ 3 slices); and 
grade 3, severe (>5 focal calcifications or >1 calcification extending for ≥ 3 slices). 
Supra aortic vessel calcifications were graded using the following score: grade 
0, absent; grade 1, mild (one vessel affected); grade 2, moderate (two or more 
vessels involved).
Calcifications on the cardiac valves were anatomically subdivided into calcifications 
of the aortic valve (AV) leaflets and the mitral valve (MV) leaflets. Cardiac valve 
calcifications were graded as follows: grade 0, absent; grade 1, mild (one single 
affected leaflet [spotty or linear calcifications]); grade 2, moderate (two or three 
(only for the AV) affected leaflets [spotty or linear calcifications]). 
Diameters were measured of the aorta ascendens, aorta descendens, the thorax, 
and the heart. All CT measurements were performed in the axial plane using a 
measurement function, implemented in the DICOM reviewing software; no other 
reformatted planes were included for analysis. The maximal diagonal aortic 
diameters were measured at the level of the bifurcation of the trachea. The cardiac 
diameter was measured at the maximum transverse diameter of the cardiac 
silhouette; the thoracic diameter was measured at the level of the diaphragm 
between the internal margin of the ribs. 



Incidental CT findings identify subjects at high-risk of CVD 

65

Chapter 3

The CT scans were scored for abnormalities by three readers: one board-certified 
radiologist with 10 years of experience and two residents with 2 and 3 years of chest 
CT experience, respectively. The readers interpreted the CT scans independently 
and were blinded to the patient characteristics and outcome status. The number of 
scans scored by each of the three readers were comparable. Cases of uncertainty 
were resolved by a joined consensus reading. The residents were trained to use 
this scoring system under the supervision of an experienced board-certified chest 
radiologist with use of a training set of data from 50 randomly selected patients 
who were not part of the study sample. The reproducibility of the visual scores has 
been evaluated in previous studies (weighted k values for intra- and interobserver 
reliability regarding calcifications was 0.89 and 0.96 9-11, 15). Reproducibility of 
diameter measurements was not statistically tested as these measurements are 
simple to conduct, especially with the use of the anatomical landmark points.

Cardiovascular events and follow- up 
Data on fatal and non-fatal CVD events were obtained from the Dutch National 
Registry of Hospital Discharge Diagnoses (ICD-9 codes 390 to 459) and the National 
Death Registry (codes ICD-10 codes I00-I99) from baseline to January 2008. Using 
the ICD-9 codes, we categorized CVD events as coronary events (codes 410 to 
414), cerebrovascular events (codes 430-438) or other cardiovascular disease 
(codes 401–405, 420–429, 440–449). Using the ICD-10 codes, we categorized 
cardiovascular deaths as coronary heart deaths (codes I20-I25), cerebrovascular 
death (codes I60-I69) or death due to other cardiovascular disease (codes I30–I52, 
I70–I79, R00–R09) 36.
The database was linked to the study cohort with a validated probabilistic method 
37, 38. As previously demonstrated, the overall quality of Dutch national registers 
is high and ICD-codes have high sensitivities and positive predictive values 39, 40, 
enabling reliable identification of cases and follow-up. 
For each patient we determined an entry date, which was the date subjects 
underwent chest CT. In addition, we determined the censor date, which was the 
earliest date of the dates on which they developed outcome of interest, date the 
study period ended (1 January 2008) or date of death. Whenever multiple events 
occurred, the first event was taken as an end point. We determined the person 
years at risk; the difference between the entry date and the censor date. 

Statistical Analysis

Model derivation 
Among the subjects allocated to the derivation cohort, an initial function was fit 
using Cox proportional hazard analysis with an estimation procedure adapted for 
the case-cohort design according to Prentice 13. Incidental cardiovascular imaging 
findings previously demonstrated to be associated with future CVD events 8-11, 16, 
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with the addition of limited patient information available to the radiologist were 
considered for this initial full model. Age as well as the scores for aortic, coronary 
and valve calcifications were modelled as continuous covariates whereas gender 
and CT-indication were treated as categorical covariates. Cardiac and aortic 
diameter measurements were modelled with transformations that improved 
their prognostic impact 9. Interaction between covariates was tested by adding 
the interaction terms - imaging findings*slice thickness, imaging findings*contrast 
agent, imaging findings*image quality or imaging findings*hospital - to the model 
and they did not improved model fit.
The final criterion for inclusion in the final model was minimisation of the Akaike’s 
Information Criterion (AIC) 41 through a backward selection procedure. The AIC is 
a likelihood-based measure in which lower values indicate better fit and in which a 
penalty is paid for increasing the number of variables. Thus, the variables selected 
for inclusion should provide not only the best fit but also the most parsimonious 
prediction model. The likelihood ratio test between the initial (full) model 
incorporating all covariates and the final (reduced) model was used to investigate 
the effect of the backward stepwise procedure on model fit. 
The final model was internally validated in order to correct for over-fitting and 
over-optimism in model performance, using bootstrap resampling and shrinkage 
procedures 17. For model derivation and subsequently internal validation data of 
the derivation cohort was used, since this has been proposed to be the correct 
technique 35, 42.  

External validation 
External validation was performed through assessment of discrimination and 
calibration of the final model in the validation cohort. 
Discrimination refers to the ability of the risk prediction model to differentiate 
between patients who experience a cardiovascular event during the study and 
those who do not. In the validation cohort discrimination was evaluated through 
the c-index. Additionally, a survival plot stratified for quartiles of the full model is 
used to visually assess its discriminative ability across risk categories. 
Calibration refers to the degree of similarity between observed Kaplan-Meier 
estimates and predicted risks 42. Calibration was visually evaluated in calibration 
plots for 5 year predicted absolute risks. This gives an indication of the agreement 
between the model’s prediction and the observations across the full range of risk 
prediction (from low to high) 43-45. 
External validation is correctly performed when the model with its predictors 
and assigned β coefficients as estimated from the derivation cohort are applied 
to “different but related individuals’ as compared with the derivation cohort. 
Therefore, we performed external validation using data from another centre, the 
validation cohort, that was not involved in the final model derivation. Additionally, 
discrimination and calibration analyses were computed with risk at 5-years because 
30% of study patients completed at least 5-years’ follow-up. 



Appendix B: mathematical equation
5-year cardiovascular disease event risk (%) = [1 - 0.88 (exp[A- 2.16 ]) ] x 100% where 

A = (0.027 x age) + (0.34 if male gender) – (0.33 if CT-indication hematological 
malignancies) – (0.34 if CT-indication mediastinal abnormalities) – (0.27 if CT-
indication suspicion pulmonary malignancy) + (0.034 if CT-indication suspicion 
pulmonary embolism) – (0.30 if other CT-indication) + (0.10 x score [LAD calc]) + 
(0.22 x score [MV calc]) + (0.37 x [DSC calc]) + (0.02 x [Cardiac diameter*-11 cm]2)

LAD calc= left anterior descending coronary artery calcification, MV calc=mitral 
valve calcification, DSC calc= descending aorta calcification.
* Cardiac diameters below 11 cm get value “0”, from higher diameters subtract 11 
and square the resulting value.
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Abstract 
Background
Certain pulmonary diseases are associated with cardiovascular disease (CVD). 
Whether pulmonary, mediastinal and pleural chest CT abnormalities reflecting 
these pulmonary diseases improve CVD risk estimation beyond what is possible with 
cardiovascular findings is unknown. We investigated the incremental predictive 
value of pulmonary, mediastinal and pleural features over cardiovascular imaging 
findings. 

Methods
The cohort comprised 10 410 patients, who underwent diagnostic chest CT for 
non-cardiovascular indications. Using a case-cohort approach, CT scans from the 
cases and from a ≈10% random sample of the baseline cohort (n=1203) were visually 
graded for cardiovascular, pulmonary, mediastinal and pleural findings. Using Cox 
proportional hazards a model based on cardiovascular imaging findings was pre 
specified. A second model was derivated adding a selection of pulmonary disease 
related CT findings, using a forward stepwise procedure, to the cardiovascular 
imaging based model. We evaluated the incremental value of pulmonary disease 
related CT finding in CVD event risk prediction by comparing discrimination and 
reclassification between the two models. 

Results
During a mean follow-up of 3.7 years (max. 7.0 years), 1148 CVD events (cases) 
occured. Addition of pulmonary, mediastinal and pleural features to a cardio-
vascular imaging findings based prediction model led to marginal improvement 
of discrimination (increase in c-index from 0.72 (95% CI 0.71-0.74) to 0.74 (95% CI 
0.72-0.75)) and reclassification measures (net reclassification index 6.5% (p<0.01)). 

Interpretation
Pulmonary, mediastinal and pleural CT imaging features do have limited additional 
predictive value in the identification of high CVD event risk subjects beyond 
cardiovascular CT imaging findings on routine diagnostic chest CT scans.  
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Introduction
Chest Computed Tomography (CT) has emerged as a commonly used imaging 
modality in the evaluation of thoracic diseases, with >10 million chest CT scans 
performed annually in the United States 1, 2. In addition to the clinically valuable 
information embedded in the imaging findings related to the chest CT indication, 
incidental findings that are unsuspected or unrelated to the indication contain 
prognostically valuable information for multiple diseases 3-5. In fact, in the case 
of incidental cardiovascular CT features, such as coronary and extra-coronary 
calcifications, cardiovascular disease (CVD) risk can immediately by derived from 
these markers of organ damage visible on CT-scans 6-11. 
An explorative study 12 has proposed a different approach for CVD risk prediction 
strictly based on information readily available to the radiologist. The provided 
prediction rule allows calculating up to 5-year predicted probabilities for non-fatal 
and fatal CVD events by combining: age, gender, CT-indication, cardiac diameter, 
left anterior descending coronary artery calcifications, mitral valve calcifications 
and descending aorta calcifications. Addressing conventional risk factors is not 
possible in daily routine practice, since this information is in general not available 
to the radiologist. Moreover, risk factor detection, earlier in the disease process, 
precedes in many patients the presence of the image findings. Additionally, a 
substantial proportion of CVD events occurs in individuals without conventional 
risk factors or in subjects with yet undetected or underdiagnosed risk factors 
13. Therefore are several studies supporting a shift in CVD risk assessment from 
conventional risk factors, as they are mere a surrogate for atherosclerosis, to direct 
measures of subclinical atherosclerosis 13-15.  Utilization of markers of subclinical 
target organ damage for CVD risk prediction, like cardiovascular CT features 
incorporated in the imaging based model, provide a novel strategy and adequate 
estimation of CVD risk irrespective of the conventional risk factor status. 
Emerging data indicate a direct link between certain pulmonary diseases and 
cardiovascular disease. Additionally, chest CT abnormalities on routine diagnostic 
chest CT scans reflecting these pulmonary diseases like airway thickening, 
pulmonary ground glass, pulmonary consolidation, pleural effusion and mediastinal 
lymph-adenopathy, were found to be associated with CVD 16-19. Whether these 
pulmonary, mediastinal and pleural characteristics, which can be evaluated on the 
same scan as the cardiovascular findings without additional scanning or radiation 
exposure, improve CVD risk estimation beyond what is possible with cardiovascular 
findings is unknown. To address this issue we evaluated the incremental predictive 
value of pulmonary, mediastinal and pleural findings on routine diagnostic chest 
CT scans over a cardiovascular CT features based prediction model.  
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Methods
Study population
This is an ancillary study of the PROgnostic Value of unrequested Information in 
Diagnostic Imaging (PROVIDI) study and has been described in detail 4. Briefly, the 
study population comprised 23 443 subjects aged ≥ 40 years who underwent chest 
CT in eight participating hospitals in the Netherlands. Patients with a cardiovascular 
imaging indication based on the pre-CT referral forms were excluded (n=2303), 
to ensure that the evaluated imaging findings were truly ‘unrequested’. Also, 
excluded were subjects who had lung cancer or metastasis (n=9077) because of 
the poor prognosis. 

Sample selection and study design
In the present study, 10 410 participants represent the full study cohort and were 
considered for analyses. Subjects who developed a CVD event during follow-
up were identified as cases. We used a case-cohort approach as introduced by 
Prentice 20, using all cases and a ≈10% random sample from the full study cohort 
(subcohort) at the beginning of the study. With sampling fractions of ≥ 0.10, results 
of a case-cohort analysis are similar to the full study cohort analysis 21. The cases 
together with the subcohort define the study population in which the imaging 
characteristics are determined. The advantage of this design is that it enables 
survival analyses without the need to score the chest CT scans from the full study 
cohort. Figure 1 shows a flowchart of the study design and the selection of cases 
and subcohort.

PR
O

VI
D

I G
en

er
al

Inclusion criteria PROVIDI
- CT Thorax 2002-2005
- ≥ 40 years

5 academic hospitals

Total
n = 23.443

3 general hospitals

Exclusion criteria (1)
- Primary lung cancer
- Distant metatsase from
  other types of cancer
(except haematological cancers)

Screening CT application forms Excluded
n = 9.077

Full Cohort
n = 14.366

Cu
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t s
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dy

Exclusion criteria (2)
- Cardiovascular indication for CT
- Prior history of CVD

Screening CT application forms Excluded
n = 2.303

Full Study Cohort
n = 10.410

Linkage with CBS/LMR

CVD cases 
n = 1.148

Subcohort 
n = 1.203

}
}

Figure 1: Flowchart of study design. CBS = central bureau of statistics, CVD = cardiovascular di-
sease, LMR = Dutch medical data registration.
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Scoring of CT characteristics
All chest CT examinations were obtained between January 2002 and December 
2005, using multi-detector CT (2–64 detector rows) of different vendors according 
to the prevailing routine clinical protocols of the participating hospitals.
CT examinations were examined for left anterior descending (LAD) coronary 
artery calcifications, mitral valve calcifications, descending aorta calcifications 
and cardiac diameter. This set of four cardiovascular CT features demonstrated to 
enable adequate identification of subjects at high-risk for CVD 12. Additionally, CT 
scans were evaluated for airway thickening, ground glass, consolidation, pleural 
effusion and mediastinal lymph node diameter. These five pulmonary disease 
related CT findings have been previously shown to be associated with future 
CVD events 19. The presence and extend of the cardiovascular and pulmonary CT 
abnormalities were graded using a validated simple ordinal 22 (Table 1). Extensive 
information about the definitions and grading of the CT features can be found in 
the Appendix and examples in Figure 2.

Figure 2: Examples of pulmonary, mediastinal and pleural CT imaging characteristics. (A) airway 
thickening (white arrow) and ground glass in the left lower lobe (black arrows), (B) consolidation 
in the right under lobe (black arrow), (C) short axis diameter measurement of the largest medias-
tinal lymph node, (D) pleural effusion measurement of left sided fluid layer on axial image.

Figure 1. Examples of pulmonary disease related CT findings 
A) air wall thickening (white arrows) and ground glass in the left lower lobe (black arrows) 
B) consolidation in the right under lobe (black arrow) 
C) short axis diameter measurement of the largest mediastinal lymph-node  
D) pleural effusion measurement of left sided fluid layer on axial image

Pulmonary Disease Related Imaging Findings From Routine 
Chest CT Have Limited Added Value in Cardiovascular 
Disease Risk Prediction Beyond Cardiovascular Calcifications

Pushpa M. Jairam MD1,2 Pim A. de Jong MD PhD2 Willem P. Th. M. Mali MD PhD2 Ivana Isgum PhD3 
Yolanda van der Graaf MD PhD1 on behalf of the PROVIDI study-group.

1 Julius Center for Health Sciences and Primary Care, University Medical Center Utrecht, Utrecht, The Netherlands
2 Department of Radiology, University Medical Center Utrecht, Utrecht, The Netherlands 
3 Image Sciences Institute, University Medical Center Utrecht, Utrecht, The Netherlands

Background:
• Cardiovascular findings on routine diagnostic chest CT scans can be 

incorporated in a cardiovascular disease (CVD) event prediction rule 
• This prediction rule is able to adequately detect subjects at high-risk of 

future cardiovascular events
• Chest CT abnormalities reflecting pulmonary diseases (airway wall 

thickening, pulmonary ground glass, pulmonary consolidation, pleural 
effusion and mediastinal lymph-adenopathy) are associated with CVD

Objective:
To evaluate the incremental predictive value of pulmonary disease related 
CT findings on routine diagnostic chest CT scans over cardiovascular 
imaging findings.

Methods:
Design and setting
• PROVIDI study: Retrospective multicenter cohort study comprising  

10 410 patients, who underwent diagnostic chest CT for non-cardiovascular 
indications 

• Using a case-cohort approach, CT scans from the cases and from a ≈10% 
random sample of the baseline cohort (n=1203) were visually graded for 
cardiovascular, pulmonary, mediastinal and pleural findings (Figure 1)

Analyses
1. Assessment associations pulmonary disease related CT features and CVD
Cox proportional hazard models, adjusted for predictors in CVD event 
prediction rule 

2. Model building   
• Pre-specifying cardio model 
• Derivation cardio-pulmonary model 

3. Comparison cardio model and cardio-pulmonary model 
• Discrimination; concordance-index (c-index)
• Reclassification; Net Reclassification Index (NRI)

Results:
During a mean follow-up of 3.7 years (max. 7.0 years), 1148 CVD events 
were identified.

1. Assessment associations pulmonary disease related CT features and CVD
The hazard ratios for comparison of the severe versus the absent category 
for these CT features were as follows (Figure 2).

Figure 2.

Pleural e�usion

Lymph-adenopathy

Ground glass

Consolidation

Air wall thickening

1.0 1.5 2.0 2.5

1.7 (1.3 - 2.2)

1.5 (1.3 - 1.8)

2.0 (1.6 - 2.4)

1.3 (1.0 - 1.7)

1.1 (0.9 - 1.3)

CT - imaging Finding HRs (95% CI)

Hazard Ratios (95% Con�dence Interval)

2. Model building   
Cardio model:
age, gender, CT indication, Left Anterior Descending coronary artery 
calcifications, mitral valve calcifications and descending aorta calcifications 
and cardiac diameter. 

Cardio-pulmonary model: 
cardio model predictors + ground glass, pleural effusion and lymph-
adenopathy. 

3. Comparison cardio model and cardio-pulmonary model 
Addition of pulmonary, mediastinal and pleural features to a cardio-vascular 
imaging findings based prediction model led to marginal improvement of:
• discrimination measures; increase in c-index from 0.72 (95% CI 0.71-0.74) 

to 0.74 (95% CI 0.72-0.75)
• reclassification measures; NRI 6.5% (P<0.01)

Conclusion: 
Pulmonary, mediastinal and pleural CT imaging features do have limited additional predictive value in the identification of subjects with high CVD risk 
beyond cardiovascular CT features on routine diagnostic chest CT scans.  

Contact:  P.Jairam@umcutrecht.nl

Pushpa Jairam  | LinkedIn
http://www.linkedin.com/pub/pushpa-jairam/78/87...

http://kaywa.me/xD3oU

Download the Kaywa QR Code Reader (App Store &Android Market) and scan your code!

Pushpa Jairam | LinkedIn
This study was funded by the Netherlands Organization for Scientific Research-Medical Sciences (NWO-MW),

grant 40-00812-98-07-005. No industry was involved.
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Follow up and cardiovascular events
CVD events were defined as all coronary events (myocardial infarction, coronary 
death, coronary insufficiency, and angina), cerebrovascular events (ischemic 
stroke, hemorrhagic stroke, and transient ischemic attack), peripheral artery 
disease (intermittent claudication), and heart failure. Data on fatal and non-fatal 
CVD events were obtained from the Dutch National Registry of Hospital Discharge 
Diagnoses and the National Death Registry, details are shown in the Appendix. The 
database was linked to the study cohort with a validated probabilistic method 23, 24. 
As previously demonstrated, the overall quality of Dutch national registers is high 
and ICD-codes have high sensitivities and positive predictive values 25, 26, enabling 
reliable identification of cases and follow-up. Whenever multiple events occurred, 
the first event was taken as an end point. 

Statistical analyses
The analysis comprised 3 stages. The first was an assessment of the associations 
between each pulmonary disease related CT finding and future CVD events; the 
second involved the derivation of a cardio-pulmonary CT features prediction 
rule consisting of the four graded cardiovascular CT features, plus a selection of 
pulmonary disease related CT findings (a forward stepwise procedure was used 
for predictor selection) and the third involved comparison of discrimination 
and reclassification between the cardio-pulmonary CT features model and the 
model only based on cardiovascular CT features. For a more detailed statistical 
description, see the Appendix. Analyses were performed with R-project software 
package, version 2.15 (www.r-project.org).

Results
During a median follow up of 3.7 years, 1148 CVD events occurred among the 10 410 
subjects of the baseline cohort. Table 2 presents the baseline characteristics and 
chest CT imaging findings for the subcohort and CVD cases. As expected, the cases 
were slightly older, were more often male and had more numerous and more 
severe cardiovascular calcifications as well as pulmonary, mediastinal and pleural 
abnormalities compared to the subcohort.
In Table 3, unadjusted and adjusted hazard ratios (HRs) and their 95% confidence 
intervals (95% CIs) for CVD events are presented for the mild, moderate and severe 
categories of airway thickening, ground glass, consolidation, pleural effusion 
as well as lymph node diameter compared with the absent category. All five 
pulmonary, mediastinal and pleural findings were significantly related to CVD risk 
in the age and sex adjusted analysis. When estimates were fully adjusted for age, 
gender, CT-indication, LAD coronary artery calcifications, mitral valve calcifications 
and descending aorta calcifications and cardiac diameter, the association 
between airway thickening and consolidations with CVD events was no longer 
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Table 2: Baseline characteristics and chest CT imaging findings for subjects in the subcohort 
(n=1203) and for the cardiovascular disease cases (n=1148)

 Subcohort CVD cases

  n=1203 n=1148

Age, years 61 (52-71) 68 (59-75)

Male gender, n (%) 698 (58) 723 (63)

CT-indication, n (%)
Pulmonary disease 457 (38) 505 (44)
Hematological malignancy 132 (11) 80 (7)
Mediastinal disease  132 (11) 103 (9)
Rules out lung cancer 277 (23) 241 (21)
Pulmonary embolism 72 (6) 80 (7)
Other 144 (12) 126 (11)

LAD* coronary artery calcifications, n (%)
mild 373 (31) 298 (26)
moderate 229 (19) 321 (28)
severe 120 (10) 207 (18)

Descending aorta calcifications, n (%)
mild 325 (27) 333 (29)
moderate 180 (15) 253 (22)
severe 72 (6) 195 (17)

Mitral valve calcification, n (%)  
1 leaflet 84 (7) 149 (13)
2 leaflets 12 (1) 34 (3)

Cardiac diameter, mm 125 (115-134) 130 (121-141)
Airway thickening, n (%) 

mild 120 (10) 138 (12)
moderate 132 (11) 161 (14)
severe 108 (9) 138 (12)

Ground glass, n (%) 
mild 144 (12) 172 (15)
moderate 84 (7) 149 (13)
severe 96 (8) 138 (12)

Consolidation, n (%) 
mild 180 (15) 184 (16)
moderate 108 (9) 126 (11)
severe 48 (4) 57 (5)

Pleural effusion, n (%)
mild 60 (5) 57 (5)
moderate 72 (6) 115 (10)
severe 48 (4) 92 (8)

Lymph node diameter, n (%)
6-10 mm 457 (38) 551 (48)
>10 mm  252 (21) 287 (25)

Values are expressed as median (interquartile range) or as n (%).                                                                                                                          
*LAD = left anterior descending
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Table 3: Hazard ratios (HRs) and 95% confidence interval (95% CI) for cardiovascular events 
(n=1148) during a median follow-up period time of 3.7 years according to the pulmonary disease 
related CT findings on routine chest CT

 Sex and age 
adjusted 

HRs (95% CI)

Multivariable* 
adjusted 

HRs (95% CI)

Airway thickening 

absent Reference Reference

mild 1.3 (1.3-1.5) 1.0 (0.8-1.3)

moderate 1.3 (1.1-1.5) 1.2 (1.0-1.4)

severe 1.4 (1.1-1.7) 1.1 (0.9-1.3)

Consolidation 

absent Reference Reference

mild 1.1 (0.9-1.3) 0.9 (0.7-1.1)

moderate 1.5 (1.2-1.8) 1.2 (1.0-1.5)

severe 1.5 (1.1-1.9) 1.3 (1.0-1.7)

Ground glass 

absent Reference Reference

mild 1.4 (1.2-1.7) 1.6 (1.3-1.8)

moderate 1.9 (1.4-2.6) 2.0 (1.7-2.4)

severe  2.2 (1.6-3.0) 2.0 (1.6-2.4)

Pleural effusion 

absent Reference Reference

mild 1.3 (1.0-1.7) 1.0 (0.8-1.3)

moderate 2.7 (1.8-4.0) 1.7 (1.4-2.2)

severe 2.3 (1.5-3.5) 1.7 (1.3-2.2)

Lymph node diameter 

< 6 mm Reference Reference

6-10 mm 1.8 (1.5-2.0) 1.5 (1.3-1.8)

>10 mm 1.9 (1.6-2.2) 1.5 (1.3-1.8)

*Multivariable adjusted; adjustment for predictors of the cardiovascular CT features model = 
age, gender, CT-indication, left anterior descending coronary artery calcification, mitral valve 
calcification, descending aortic calcification and the cardiac diameter
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significant. Pulmonary, mediastinal and pleural findings that were independently 
related to future CVD events after accounting for the predictors included in the 
cardiovascular CT features based model were ground glass, pleural effusion and 
lymph node diameter. The HRs for comparison of the severe versus the absent 
category for these CT features were as follows: ground glass (HR 2.0 [95% CI, 1.6-
2.4]), pleural effusion (HR 1.7 [95% CI, 1.3-2.2]) and lymph node diameter (HR 1.5 
[95% CI, 1.3-1.8]) (Figure 3). 

To assess the incremental value of pulmonary disease related CT features over 
cardiovascular imaging findings, first a Cox proportional hazard model including 
limited patient characteristics and cardiovascular CT findings was pre-specified. 
This model will further be referred to as the “cardiovascular CT features model” and 
comprised the following predictors: age, gender, CT-indication, cardiac diameter, 
LAD coronary artery calcifications, mitral valve calcifications and descending 
aorta calcifications. Second a “cardio-pulmonary CT features model” was derived, 
adding the three strongest and independent predictors by Cox proportional hazard 
models on single pulmonary disease related CT features with future CVD events 
(ground glass, pleural effusion and lymph-adenopathy) to the cardiovascular CT 
features model. The same selection of the best predictors was obtained with the 
use of a forward stepwise procedure, for details see the Appendix. 
Addition of ground glass, pleural effusion and lymph node diameter to the 
cardiovascular CT features model led to marginal improvement of discrimination 
and reclassification measures (Table 4).

Figure 3: Multivariable-adjusted hazard ratios (HRs) and their 95% confidence interval (95% CI) for 
cardiovascular events comparing the severe versus the absent category of pleural effusion (HR 1.7 
[95% CI, 1.3-2.2]), lymph node diameter (HR 1.5 [95% CI, 1.3-1.8]), airway thickening (HR 1.1 [95% CI, 
0.9-1.3]), consolidation (HR 1.3 [95% CI, 1.0-1.7], ground glass (HR 2.0 [95% CI, 1.6-2.4]).

Pleural e�usion

Lymph node diameter
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Discrimination, expressed by the c-index increased from 0.72 (95% CI 0.71-0.74) to 
0.74 (95% CI 0.72-0.75)). Reclassification as measured by the net reclassification 
improvement (NRI) was 6.5% (p<0.01). This indicates that with the cardio-pulmonary 
CT features model 6.5% of the subjects are more appropriately reclassified 
compared with the cardiovascular CT features model, with 0% improvement in 
cases and 6.5% in noncases. 

Discussion
In this case cohort study of 10 410 subjects who underwent routine clinical chest 
CT scanning, the incremental value of pulmonary, mediastinal and pleural findings 
over certain cardiovascular characteristics in CVD event risk prediction was 
evaluated. Ground glass, pleural effusion and lymph-adenopathy were associated 
with an increased risk of CVD events, independent of age, gender, CT-indication, 
cardiac diameter, LAD coronary artery calcifications, mitral valve calcifications 
and descending aorta calcifications. However, improvement of CVD event risk 
prediction beyond cardiovascular imaging findings with addition of these three 
pulmonary, mediastinal and pleural imaging features, was only marginal. 
Our data provide evidence for the established direct association between certain 
pulmonary diseases and CVD 16-19, as airway thickening, ground glass, consolidation, 
pleural effusion and lymph-adenopathy demonstrate to be associated with CVD risk. 
This positive relation can be explained because the most common and mutual cause 
for these imaging findings, inflammation, has a central role in the atherosclerotic 
process precipitating CVD events 27-30. Consistent with our findings are that markers of 
inflammation measurable in serum or plasma (e.g. high sensitivity-C-reactive protein, 

Table 4: Discrimination and reclassification estimates for cardiovascular events (n=1148 events) 
during a median follow-up period time of 3.7 years according to the cardiovascular CT features 
model without and with addition of pulmonary, mediastinal and pleural chest CT findings

 Cardiovascular CT 

features model ‡

Cardio-pulmonary CT

features model ӿ 

c-statistic (95% CI) * 0.72 (0.71-0.74) 0.74 (0.72-0.75)

NRI (95% CI) Ɨ NA 6.50 (4.44-8.55)

* c-statistic is corrected for over optimism by using 150 bootstrap repetitions 
Ɨ Percentage of NRI (95% CI) for the cardiovascular model versus the cardio-pulmonary mo-
dels, using 5-year predicted cardiovascular risks and risk categories of <5%, 5%-10% and >10%. 
‡ Cardiovascular CT features model included variables; age, gender, CT indication, left anterior 
descending coronary artery calcification, mitral valve calcification, descending aortic calcifica-
tion and the cardiac diameter 
ӿ Cardio-pulmonary CT features model included variables: age, gender, CT indication, left 
anterior descending coronary artery calcification, mitral valve calcification, descending aortic 
calcification and the cardiac diameter plus ground glass, pleural effusion and lymph node 
diameter  
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interleukin 6, fibrinogen) have also been associated with CVD risk 31. Additionally, 
some abnormalities reflect (subclinical) heart failure. The most common cause 
of bilateral pleural effusion is heart failure 27. So bilateral effusion can be a direct 
marker of CVD, explaining the significant association between pleural effusion and 
CVD risk even after adjustment for cardiovascular imaging features. 
When adjusted for cardiovascular imaging features, only ground glass, pleural 
effusion and lymph-adenopathy demonstrated to be independently associated 
with CVD event risk. This may indicate that these pulmonary disease related CT 
findings exert their hazardous effect on future CVD event through other pathways 
than those through which cardiovascular findings affect CVD risk. However, as 
these abnormalities may reflect (subclinical) heart failure it could well be that 
they are mere a consequence of the disease. Ground glass, pleural effusion and 
lymph-adenopathy were selected for addition to the cardiovascular CT features 
model as they were independently associated with CVD. Using a forward stepwise 
procedure resulted in identical predictor selection. Although these features were 
independently associated with the risk for later CVD events, their incremental 
value beyond cardiovascular findings was marginal. Addition of these three 
imaging features to the cardiovascular CT features model yielded an NRI in the 
intermediate-risk group of less than 10%, falling below reclassification thresholds 
that are considered clinically relevant 32. 

Limitations 
One of the limitations of our study that merits consideration is that our cohort 
comprised a population of Caucasian Dutch descent. Therefore the generalizability 
of our findings to populations of different racial or ethnic backgrounds, remains 
uncertain. 

Conclusion
In conclusion, ground glass, pleural effusion and lymph-adenopathy on routine 
clinical CT exams were independent predictors of future CVD events. However, 
addition of these imaging features to a risk model based on cardiovascular 
findings marginally improves 5-year CVD event risk prediction in a Caucasian Dutch 
population. 
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Appendix: Methods 
Scoring of CT characteristics
Presence and extend of cardiovascular and pulmonary disease related CT 
abnormalities were assessed and categorized using simple ordinal scores. This 
semi-quantitative visual grading technique has been previously described and 
demonstrated to have a good inter-and intra-observer reliability 8, 19, 22.
Calcifications in the left anterior descending (LAD) coronary artery were assessed 
using the following scale: grade 0, absent; grade 1, mild (1-2 focal calcifications 
limited to ≤ 2 slices); grade 2, moderate (>2 focal calcifications or a single 
calcification extending for >2 slices); and grade 3, severe (fully calcified coronary 
artery extending over multiple segments). 
The upper margin of the descending aorta was defined as the part from where 
the left subclavian artery origins from the aortic arch, whereas the lower margin 
was defined as the level from where the diaphragm could be seen. The grading 
was as follows: grade 0, absent; grade 1, mild (≤ 3 focal calcifications); grade 2, 
moderate (4-5 focal calcifications or 1 calcification extending for ≥ 3 slices); and 
grade 3, severe (>5 focal calcifications or >1 calcification extending for ≥ 3 slices). 
Mitral valve leaflet calcifications were graded as follows: grade 0, absent; grade 1, 
mild (one single affected leaflet [spotty or linear calcifications]); grade 2, moderate 
(two affected leaflets [spotty or linear calcifications]).
The cardiac diameter was measured at the point where the transverse cardiac 
silhouette reached its maximum. The cardiac diameter was measured using a 
measurement function, implemented in the DICOM reviewing software. 
Scoring of pulmonary abnormalities was performed at a research workstation 
(iXViewer; Image Sciences Institute). Abnormalities were defined according to the 
Fleischner Society criteria 29. Airway thickening, ground glass and consolidation 
were scored as absent or present for each of the five pulmonary lobes. Pleural 
effusion was assessed on axial images by measuring the fluid layer on the left 
and right side in cm. The largest lymph node on the axial image was measured. 
Measurements were performed using a measurement function, implemented 
in the DICOM reviewing software. For airway thickening, ground glass and 
consolidation a total score of the five pulmonary lobes of 1 was defined as mild, 
score 2 as moderate and score 3 and higher as severe disease. For pleural effusion 
a sum score of the fluid layers on the left and right side of < 6 cm was defined as 
mild, 6-12 cm was defined as moderate and > 12 cm as severe. For lymph node 
diameter a short axis diameter between 6 and 10-mm was defined as mild and 
greater than 10-mm as moderate disease. In routine clinical practice lymph nodes 
<10-mm are seen as normal, but we argued that these small lymph nodes may still 
be predictive for cardiovascular disease.
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CT scorings were performed by research physicians with 3 years of experience in 
reading chest CT and one board certified radiologist. The reader was blinded for 
participant’s characteristics and outcome status. A random set of 50 examinations, 
enriched with abnormalities were scored by the radiologist and research 
physicians. Observer agreement was good for coronary calcifications (kappa 
0.77), aortic calcifications (kappa 0.72), lymph-adenopathy (ICC 0.93) and pleural 
effusion (kappa 0.81), moderate for mitral valve calcifications (kappa 0.58) and fair 
for consolidations (kappa 0.36), ground glass (kappa 0.37) and airway thickening 
(kappa 0.33).

Follow up and cardiovascular events
Data on fatal and non-fatal CVD events were obtained from the Dutch National 
Registry of Hospital Discharge Diagnoses (ICD-9 codes 390 to 459) and the National 
Death Registry (codes ICD-10 codes I00-I99) from baseline to January 2008. Using 
the ICD-9 codes, we categorized CVD events as coronary events (codes 410 to 
414), cerebrovascular events (codes 430-438) or other cardiovascular disease 
(codes 401–405, 420–429, 440–449). Using the ICD-10 codes, we categorized 
cardiovascular deaths as coronary heart deaths (codes I20-I25), cerebrovascular 
death (codes I60-I69) or death due to other cardiovascular disease (codes I30–I52, 
I70–I79, R00–R09) 33.
The database was linked to the study cohort with a validated probabilistic method 
23, 24. As previously demonstrated, the overall quality of Dutch national registers 
is high and ICD-codes have high sensitivities and positive predictive values 25, 26, 
enabling reliable identification of cases and follow-up. 
For each patient we determined the entry date, which was the date subjects 
underwent chest CT. In addition, we determined the censor date, which was the 
earliest date of the dates on which they developed outcome of interest, date the 
study period ended (1 January 2008) or date of death. Whenever multiple events 
occurred, the first event was taken as an end point. We determined the person 
years at risk; the difference between the entry date and the censor date. 

Statistical analyses
Association analysis
Associations of the five pulmonary disease related CT findings and disease 
endpoints were investigated using Cox proportional hazard models with an 
estimation procedure adapted for the case-cohort design according to Prentice 34. 
Two series of cox models were built; the first model adjusted for age and gender; the 
second adjusted for age, gender, CT-indication, left anterior descending coronary 
calcifications, mitral valve calcifications and descending aorta calcifications and 
cardiac diameter. 



Chapter 4

86

Ch
ap

te
r 4

Forward stepwise procedure for cardio-pulmonary CT features model 
derivation
A Cox proportional hazard model including limited patient characteristics and only 
cardiovascular CT findings was pre-specified. This model will further be referred 
to as the “cardiovascular CT features model” and comprised the following 
predictors: age, gender, CT-indication, LAD coronary artery calcifications, mitral 
valve calcifications and descending aorta calcifications and cardiac diameter. 
Subsequently, the “cardio-pulmonary CT features model” was derived, consisting 
of the predictors included in the cardiovascular CT features model plus a selection 
of pulmonary disease related CT findings. First, each pulmonary disease related CT 
finding was added separately to the cardiovascular CT features model. Pulmonary 
disease related CT findings that provided a significantly better model fit when 
added to the cardiovascular CT features model as measured by the likelihood 
ratio test were selected. The magnitude of the likelihood ratio Chi-Square value 
determined the order in which pulmonary disease related CT findings were 
entered in the cardiovascular CT features based model. Addition of variables to 
the cardiovascular CT features based model was stopped when admission of 
candidate variables did no longer significantly improved model fit, as indicated by 
a non-significant likelihood Chi-square (p>0.05). 

Discrimination and reclassification
The incremental prognostic value of pulmonary disease related CT findings in CVD 
event risk prediction was assessed by comparing discrimination and reclassification 
of the cardiovascular CT features model and cardio-pulmonary CT features model. 
Discriminative ability of the models was examined by calculating the bootstrap 
corrected c-statistic using 150 repetitions. The bootstrap method was used to 
correct for over-optimism of the fitted models 35. Next, reclassification percentages 
were computed to study the incremental ability of the composite pulmonary, 
mediastinal and pleural findings to classify subjects in 5-year risk categories of low- 
(<5%), intermediate- (5–10%), and high- risk (>10%) 36. To evaluate true improvement 
in classification by addition of pulmonary, mediastinal and pleural findings to 
cardiovascular CT features model, the net reclassification improvement (NRI) was 
calculated 37. Measures were reweighted to reflect the distribution in the overall 
cohort. 
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Appendix: Results 
Based on the likelihood ratio statistic tests ground glass (χ2 92.9 , p<0.001), 
lymph node diameter (χ2 44.2, p<0.001), pleural effusion (χ2 33.5, p<0.001), and 
consolidation (χ2 9.3, p<0.03) significantly improved model fit when separately 
added to the cardiovascular CT features based model. The magnitude of the χ2 
statistics indicate that, after ground glass, lymph node diameter provided the best 
model fit, followed by pleural effusion and consolidation. In the forward procedure 
used for derivation of the cardio-pulmonary CT features model, ground glass 
entered first because it provided the best model fit. Subsequently, the variables 
lymph node diameter and pleural effusion were entered to the model. Addition of 
consolidation no longer improved model fit (likelihood Chi-square=6.04, p=0.11), so 
the final cardio-pulmonary CT features model included age, gender, CT -indication, 
left anterior descending coronary, mitral valve and descending aorta calcifications 
and cardiac diameter plus ground glass, lymph node diameter and pleural effusion. 
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Abstract
Background
A prediction rule based on incidental cardiovascular CT findings provides
adequate absolute cardiovascular disease (CVD) risk estimations. Refinement of 
CVD risk prediction by addition of readily accessible predictors is preferable. We 
evaluated the added value of smoking characteristics to the CT based prediction 
rule in a lung cancer screening population.

Methods
The cohort comprised 3559 subjects, who underwent CT scanning for lung cancer 
screening purposes.  Using a case-cohort approach, CT scans from the cases and 
from a ≈10% random sample of the baseline cohort (n=341) were visually graded for 
left anterior descending coronary artery calcifications, mitral valve calcifications 
and descending aorta calcifications, additionally the cardiac diameter was 
measured.
Using Cox proportional hazards a model based on cardiovascular imaging findings 
was pre-specified. A second model was derivated adding smoking characteristics 
to the cardiovascular imaging based model. We evaluated the incremental value 
of smoking characteristics in CVD event risk prediction by comparing global model 
performance measures (Akaike Information Criterion (AIC)) and likelihood ratio 
chi-square test),  predictive performance measures (discrimination and calibration) 
as well as reclassification indices (net reclassification index (NRI)) between the 
two models. 

Results
During a median follow-up of 2.6 years (max. 3.7 years), 263 fatal and non-fatal
cardiovascular events (cases) were identified. Addition of smoking to a 
cardiovascular imaging findings based prediction model led to negligible 
improvement of discrimination (increase in c-index of 0.01 (p=0.94)) and 
reclassification measures (net reclassification index 2.3% (p<0.01)). 

Conclusion
Adequate individual CVD risk prediction is possible through a CT based CVD risk 
assessment tool humbly based on additional chest CT findings combined with age. 
Addition of a well-established strong CVD risk factor like smoking has no additional 
predictive value. 
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Introduction
Cardiovascular disease (CVD) risk has traditionally been assessed through risk 
stratification tools based on conventional risk factors such as age, sex, blood 
pressure, cholesterol levels, diabetes and smoking 1-7. Conventional risk factors 
explain only part of the CVD pathogenesis and many events occur in patients 
without risk factors 8. Coronary and other vascular calcifications can detect high-
risk subjects that are missed by conventional risk factors 9, 10 and net reclassification 
indices up to 40% have been reported when coronary arterial calcifications are 
added to conventional predictors 11. Because of the challenges with current pre-
diction and management we have developed a computed tomography (CT) based 
CVD prediction rule. This rule is based on additional imaging findings in routine 
non-cardiovascular chest CT scans 12. When left anterior descending (LAD) coronary 
artery, mitral valve and descending aortic calcifications and measurement of the 
cardiac diameter are combined with age, gender and CT-indication, the absolute 
5-year CVD risk can be calculated. The CT based prediction rule demonstrated 
good predictive performance in subjects who underwent routine diagnostic chest 
CT scanning with a c-index of 0.73 (95% CI 0.71-0.74) 13. However, refinement of CVD 
risk prediction by addition of readily accessible predictors is preferable. Smoking 
details are readily accessible for lung cancer screening patients. Hence, we aimed 
to determine the added value of smoking characteristics to the CT based prediction 
rule in a lung cancer screening population.

Methods
Study population
This is an ancillary study of the Dutch and Belgian Lung Cancer Screening Trial 
(NELSON trial; ISRCTN63545820) 14. NELSON was approved by the Dutch and 
Belgian Ministry of Health and by the ethical review board of the participating 
hospitals. Written informed consent was obtained from each participant. 
Screening trial participants included current or former (<10 years) heavy smokers 
between the ages of 50 and 75 years with a smoking history of at least 16 cigarettes 
per day for 25 years or at least 11 cigarettes per day for 30 years (i.e., >16.5 pack-
years). Exclusion criteria for participating in the lung cancer screening trial were 
self-reported moderate or poor health with inability to climb two flights of stairs, 
recent chest CT, current or previous history of cancer, and body weight greater 
than or equal to 140 kg. At baseline, participants in the NELSON-trial filled in a 
questionnaire on their current and former smoking behavior 14.



Ch
ap

te
r 5

Chapter 5

92

Sample selection and study design
In the present study, 3559 male participants from two participating hospitals, 
University Medical Center in Groningen (UMCG) and University Medical Center in 
Utrecht (UMCU), were considered for analyses. Subjects who developed a CVD 
event during follow-up were identified as cases. We used a case-cohort approach 
as introduced by Prentice 15, using all cases and a subcohort resembling a ≈ 10% 
random sample from the full derivation cohort at the beginning of the study. 
With sampling fractions of ≥ 0.10, results of a case-cohort analysis are similar 
to the full cohort analysis 16. The cases together with the subcohort define the 
study population. The advantage of this design is that it enables survival analyses 
without the need to score the chest CT scans for the full cohort. Figure 1 shows a 
flowchart of the study design and selection of the study population.

CT scanning
Subjects underwent a volumetric chest CT in full inspiration between January 2004 
and December 2007. CTs were obtained without cardiac or respiratory gating on 
16-slice MDCT scanners with a collimation of 16 x 0,75 mm. The UMCG participants 
were scanned on a Sensation-16 CT (Siemens Medical Solutions, Forchheim, 
Germany), whereas the UMCU participants were scanned on either a Mx8000 or 
Brilliance-16P CT (Philips Medical Systems, Cleveland, OH, USA). Exposure settings 
were adjusted according to body weight: 120 kVp (less than 80 kg) or 140 kVp (80 
kg or more) both at 30 mAs, yielding an effective dose of <0,9 and <1,6 millisievert, 
respectively. Axial images with a slice thickness of 1-mm at 0.7-mm increment were 
reconstructed using a smooth reconstruction filter (Siemens B30f, Philips B-filter).

Figure 1: Flowchart of study population. Abbreviations: CVD = cardiovascular disease, UMC = uni-
versity medical center, CBS =  central bureau of statistics (the Netherlands), LMR = Dutch medical 
data registration

UMC Groningen & UMC Utrecht
n = 3.648

Females excluded
n = 89

Study Cohort
n = 3.559

Linkage with CBS/LMR

Subcohort
n = 341

CVD cases
n = 263
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Scoring of CT characteristics
Presence and extend of cardiovascular CT findings included in the CT based CVD risk 
score were assessed using simple ordinal scores (Table 1). This semi-quantitative 
visual grading technique has been previously described and demonstrated to have 
a good inter-and intra-observer reliability 17-19.
Calcifications in the LAD coronary artery were assessed using the following 
scale: grade 0, absent; grade 1, mild (1-2 focal calcifications limited to ≤ 2 slices); 
grade 2, moderate (>2 focal calcifications or a single calcification extending for >2 
slices); and grade 3, severe (fully calcified coronary artery extending over multiple 
segments). 
The upper margin of the descending aorta was defined as the part from where 
the left subclavian artery origins from the aortic arch, whereas the lower margin 
was defined as the level from where the diaphragm could be seen. The grading 
was as follows: grade 0, absent; grade 1, mild (≤ 3 focal calcifications); grade 2, 
moderate (4-5 focal calcifications or 1 calcification extending for ≥ 3 slices); and 
grade 3, severe (>5 focal calcifications or >1 calcification extending for ≥ 3 slices). 
Mitral valve leaflet calcifications were graded as follows: grade 0, absent; grade 1, 
mild (one single affected leaflet [spotty or linear calcifications]); grade 2, moderate 
(two affected leaflets [spotty or linear calcifications]).
The cardiac diameter was measured at the point where the transverse cardiac 
silhouette reached its maximum. The cardiac diameter was measured using a 
measurement function, implemented in the DICOM reviewing software.
CT scorings were performed by research physicians with 3 years of experience in 
reading chest CT and one board certified radiologist. The reader was blinded for 
participant’s characteristics and outcome status. A random set of 50 examinations, 
enriched with abnormalities were scored by the radiologist and research physicians. 
Observer agreement was good for coronary calcifications (kappa 0.77) as well as 
for aortic calcifications (kappa 0.72) and moderate for mitral valve calcifications 
(kappa 0.58).  

Follow up and cardiovascular events
Data on fatal and non-fatal CVD events were obtained from the Dutch National 
Registry of Hospital Discharge Diagnoses and the National Death Registry from 
baseline to January 2008. According to the International Classification of Diseases 
(ICD) the Dutch National Registry codes all discharge diagnoses as ICD-9 and the 
causes of death as ICD-10 codes 20. The database was linked to the study cohort 
with a validated probabilistic method 21, 22.  
Using the ICD-9 codes, we categorized cardiovascular disease events (codes 
390 to 459) as coronary heart disease (CHD) (codes 410 to 414), including acute 
myocardial infarction (AMI) (code 410), cerebrovascular disease (codes 430-438) 
or other cardiovascular disease. 
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Table 1: Semi-quantitative grading score of the cardiovascular CT findings included in the  CT based 
CVD risk score  

 0 = Absent 1 = Mild 2 = Moderate 3 = Severe

LAD* coronary artery calcifications     

number and size of calcifications none 1-2 focal 
limited to 
≤2 slices

>2 focal or  
1 extending 

>2 slices

fully calcified 
coronary artery 

extending  
multiple slices

Descending aorta calcifications     

number and size of calcifications none ≤3 focal 4-5 focal or  
1 extending 

≥3 slices

>5 focal or  
>1 extending ≥3 

slices

Mitral valve calcifications  

number of affected valve leaflet(s) none 1 leaflet 2 leaflets

* LAD = left anterior descending

Using the ICD-10 codes, we categorized cardiovascular deaths (codes I00-I99) as 
ischemic heart deaths (codes I20-I25), cerebrovascular death (codes I60-I69) or 
death due to other cardiovascular disease.
Whenever multiple events occurred, the first diagnosis was taken as an end point, 
aside from cardiovascular deaths, which prevailed over hospital admissions. 

Statistical analyses
The baseline characteristics of the CVD cases (n=263) and the subcohort (n=341) 
are presented. Continious variables were expressed as medians (interquartile 
range) because of non-normal distributions. Categorical variables were expressed 
as percentages.  Cox proportional hazard analysis was used for model fitting. We 
first fitted the risk score to our data on the basis of variables used in the CT based 
CVD risk score; age, LAD coronary calcifications, mitral valve calcifications and 
descending aorta calcifications and cardiac diameter. The established CT based 
CVD risk score items gender and CT-indication were left out as all subjects in the 
present study were male and all underwent CT scanning for lung cancer screening. 
We refer to this model as the model A. 
We developed three new models, each containing the variables of model A 
with the addition of smoking status, number of pack years and both smoking 
characteristics. We compared model A with the three smoking detail models by 
using the Akaike Information Criterion (AIC) and the likelihood ratio chi-square 
test for global model fit. The AIC is a likelihood-based measure in which lower 
values indicate better fit and in which a penalty is paid for increasing the number 
of variables; as the AIC adjusts the log likelihood for the number of variables, 
magnitude of the AIC can be directly compared between different models 23. The 
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model with the lowest AIC is best supported by the data, if the difference in AIC’s 
between two models is < 2, according to the principle of Occam’s Razor 24 the model 
with the smallest numbers of predictors is chosen. The likelihood ratio chi-square 
test demonstrates the increase in model fit after extending model A with each 
individual or both of the smoking characteristics. Based on the AIC and likelihood 
ratio test statistic, from the three models including smoking characteristics the 
model that fits the data best is from here on refered to as model B and was chosen 
for further analyses.  
The predictive performance of model A was compared to model B with several 
criteria. Before estimation of these performance measures both models 
were corrected for optimism, by using a bootstrap re-sampling and shrinkage 
procedures. First, discrimination, or the ability of the risk prediction models to 
distinguish those who go on to experience a CVD event from those who do not, 
was evaluated with concordance (c) –index, which is analogous to the area under 
the receiver operating curve (for which larger values indicate better discrimination) 
for survival data 25.  Second, model calibration (or how closely the predicted 
probabilities reflect actual risk), was mathematically assessed by the Gronnesby-
and-Borgan goodness-of-fit test. Gronnesby-and-Borgan test χ2  values of >20 (p 
< 0.01) suggest a lack of adequate calibration 26-28. Third, the net reclassification 
index (NRI) was calculated as a measure to estimate any overall improvement in 
reclassification with model B instead of model A using 10-year risk groups of <10%, 
10%-20% and 20%. Calibration and discrimination analyses were computed with risks 
at 3 years, because > 50% of the individuals were followed up through this time. For 
the NRI risk calculations were extrapolated to 10 years for presentation purposes.

Results
Eighteen fatal and 245 non-fatal cardiovascular cases (Table 2) were recorded 
over a mean follow-up period of 2.6 years (max. 3.7 years). The majority involved 
coronary heart disease (45%) or cerebrovascular disease (16%). As expected, the 
number, volume and severity of all cardiovascular calcifications were higher in 
cases compared to the subcohort and cases were slightly older (Table 3).
Table 4 details measures of improvement in model fit when smoking characteristics 
are added to model A. Statistical improvements were observed for the model with 
the smoking status and the model with addition of both smoking details (smoking 
status and number of pack years). The difference in AIC between these models 
was < 2 and as indicated by the likelihood ratio chi-square test, both of the models 
made the data approximately 5 times more probable than model A. According to 
the principle of Occam’s Razor we chose the simplest model (model A + smoking 
status) and further refer to this model as model B.
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Table 2: Specification of the 263 cardiovascular events recorded over a median follow-up time 
of 2.6 year

Type of cardiovascular event ICD-9/ICD-10 codes CVD events

Non- fatal cardiovascular disease events     245

Coronary heart disease 410-414 137 (56)

Cerebrovascular disease 430-438 36 (15)

Other cardiovascular disease 401-405, 420-429, 440-449 72 (29)

Fatal cardiovascular disease events     18

Coronary heart disease I20-I25 7 (39)

Cerebrovascular disease I60-I69 3 (17)

Other cardiovascular disease I30-I52, I70-I79, R00-R09 8 (44)

Values are expressed as n (%)

Table 3: Baseline characteristics of cardiovascular disease cases and the subcohort 

 Cases   Subcohort  

  n=263 n=341

Age, years 61.4 (57.4-65.8) 60.3 (56.5-64.0)

Pack years, years 38.7 (29.7-49.5) 38.7 (28.0-49.5)

Years of smoking cessation, years 6 (3-10) 5 (2-8)

Smoking status , n (%)

current smoker 166 (63) 198 (58)

former smoker  97 (37) 143 (42)

LAD* coronary artery calcifications , n (%)

mild 39 (15) 61 (18)

moderate 47 (18) 51 (15)

severe 134 (51) 102 (30)

Descending aorta calcifications , n (%)

mild 55 (21) 58 (17)

moderate 26 (10) 27 (8)

severe 82 (31) 14 (4)

Mitral valve calcifications , n (%)

1 leaflet  50 (19) 38 (11)

2 leaflets 5 (2) 3 (1)

Cardiac diameter, cm 12.9 (9.6-17.9) 12.6 (9.6-15.8)

Values are expressed as medians (interquartile range) as n (%).                                                                                                                          
*LAD = left anterior descending
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The bootstrap re-sampling procedure, which was repeated 500 times, showed that 
model A and model B had an average over-optimism of 3% and 4%, respectively. To 
correct for this, the regression coefficients were multiplied with 0 .97 and 0.96.  
The c-index was 0.69 (95%CI 0.66-0.73) for the model A and 0.70 (95%CI 0.67-
0.73) for the model B. This small increase of 0,01 in c-index was not significant 
(p=0.94). The Gronnesby-and-Borgan χ2  for model A was 11.75 and for model B 14.2 
indicating sufficient calibration by both models. Reclassification as measured by 
the net reclassification improvement (NRI) was 2.3% (p<0.01). 

Table 4: Model fit, discrimination and calibration of model A  (the established CT based CVD risk score ) 
and model A with the addition of smoking status, number of pack years and both smoking characteristics

Likelihood Ratio  
Test Statistic

(χ2)

AIC C-statistic Gronnesby and  
Borgan test

( χ2)

Model A 4104.13 0.69 11.8

Model A + smoking status 4.81 Ɨ 4101.32 0.70 14.2

Model A + packyears 0.17 4105.96

Model A + packyears & smok-
ing status

5.02 Ɨ 4103.12

Ɨ Statistically significant improvement in model fit (p<0.05) as evaluated by likelihood ratio 
chi-square.

Discussion 
This study shows that in patients with a smoking history of > 16,5 pack years 
addition of smoking details like current smoking status or number of pack years 
does not substantially improve predictive performance in terms of discrimination, 
calibration and reclassification above the CT based CVD risk score. This study 
therefore reinforces that good individual risk prediction is possible by the CT based 
CVD risk score humbly based on additional chest CT findings combined with age, 
without the need of additional patient information. Consequently, the CT based 
CVD risk score enables radiologists to perform multiple disease screening in lung 
cancer screening populations, based on readily available information. 
Strengths of this study are that for comparing the performances of the two models 
we have used different measures of predictive performance. We have reported 
single summary measures like the c-index for discrimination and the Gronnesby-
and-Borgan χ2  for calibration, as these measurements allow direct comparison 
between two models 25. We have also calculated the NRI to give additional insight 
into the clinical value of adding smoking details to the CT based CVD risk score.
Previous studies have demonstrated that there is a strong dose-response 
relationship with smoking and coronary calcifications 30. Moreover,  active smoking 
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as well as smoking duration is known to play a major role in the progression of 
atherosclerosis 31. This may explain our findings that addition of cumulative 
smoking exposure information to the CT based CVD risk score does not further 
improve risk prediction as this information is already integrated in the CT based 
CVD risk score predictor of coronary calcification.
Shortcomings of this study are the relatively short follow-up time when compared to 
other risk scores that were often developed with 10-years follow-up. We argue that 
as the study population consisted of heavy smoking males being at high risk for CVD, 
CVD events are expected to occur in a relatively short follow-up time 29. Moreover, 
even at this relatively short-term the risk score performed well. Another limitation 
is the constricted generalizability, this study was conducted in a male lung cancer 
screening population of current and former smokers with a smoking history > 16,5 
pack years. All participants had the same gender and CT-indication, so we can not 
be sure that addition of smoking details for patients with a smoking history < 16,5 
pack years, female gender or receiving a chest CT for other reasons than ruling 
out pulmonary malignancy does not improve CVD risk prediction by the imaging 
based CVD risk algorithm. In addition, CT scans were scored by a physician and 
not a radiologist. This fact can be regarded as both as strength and shortcoming.  
Results of previous studies 17 demonstrating that non-radiologists provide repro-
ducible scores are reassuring, since it is unlikely that radiologist will be doing these 
standardized procedures in the future. In this regard there may also be a role for 
automated CT analysis that may replace human readers in this setting, although 
further research is needed to proof feasibility of such an approach.   
In summary in this case cohort study, there was no improvement of CVD risk 
prediction and reclassification by an imaging based risk prediction model with 
addition of smoking details in a population of heavy smokers. Further investigation 
in a population consisting of non-smokers as well as former and current smokers 
is needed to investigate if cumulative smoking exposure information is reflected 
by coronary and perhaps even by extra-coronary calcifications  in such a way that 
addition of these smoking details to the CT based CVD risk score does not improve 
predictive performance  in general population.    
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Abstract 
Background
Current smokers have an increased cardiovascular disease (CVD) risk compared 
to ex-smokers due to reversible as well as irreversible effects of smoking. We 
investigated if current smokers remain to have an increased CVD risk compared 
to ex-smokers in subjects with a long and intense smoking history. We in addition 
studied if the effect of smoking continuation on CVD risk is independent of or 
modified by the presence of cardiovascular calcifications.

Methods
The cohort used comprised a sample of 3559 male lung cancer screening trial 
participants. We conducted a case-cohort study using all CVD cases and a random 
sample of 10% (n=341) from the baseline cohort (subcohort). A weighted Cox 
proportional hazards model was used to estimate the hazard ratios for current 
smoking status in relation to CVD events. 

Results
During a median follow-up of 2.6 years (max. 3.7 years), 263 fatal and non-fatal 
cardiovascular events (cases) were identified. Age, packyears and cardiovascular 
calcification adjusted hazard ratio of current smokers compared to former smokers 
was 1.33 (95% confidence interval 1.00-1.77). In additional analyses that incorporated 
multiplicative interaction terms, neither coronary nor aortic calcifications modified 
the association between smoking status and cardiovascular risk (p=0.08).

Conclusions
Current smokers have an increased CVD risk compared to former smokers even in 
subjects with a long and intense smoking history. Smoking exerts its hazardous 
effects on CVD risk by pathways partly independent of cardiovascular calcifications. 
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Introduction
Cardiovascular disease (CVD) is one of the major causes of death worldwide. 
As many as 30% of the deaths from CVD are attributed to cigarette smoking 1, 2. 
Previous studies have consistently demonstrated that smoking cessation rapidly 
and markedly reduces coronary heart disease (CHD) risk 3, 4. One year after quitting, 
the risk of CHD decreases by 50 percent, indicating that certain mechanisms by 
which smoking induces CVD are reversible to some extent 5-7. However, smoking 
also has irreversible effects, by which former smokers continue to have an elevated 
CVD risk for a long time, even years after they have quit smoking 8-10. Subsequently, 
it could be hypothesized that the advantageous effect of smoking cessation on 
CVD risk may be attenuated in subjects with an extended and intense smoking 
history. So, we aim to investigate if in a population containing subjects who have 
a common long and intense smoking history current smokers have a different CVD 
risk compared to ex-smokers. Furthermore, smoking is associated with coronary 
and aortic calcifications. These calcifications play an important role in plaque 
vulnerability which is considered to cause an increased CVD risk 8-10. We, in addition, 
intend to investigate whether the relation between current smoking status and 
CVD risk is independent of, or modified by, cardiovascular calcifications.

Materials and methods
Study population
This is an ancillary study of the Dutch and Belgian Lung Cancer Screening Trial 
(NELSON trial; ISRCTN63545820) 11. NELSON was approved by the Dutch and 
Belgian Ministry of Health and by the ethical review board of the participating 
hospitals. Written informed consent was obtained from each participant. The 
trial population comprised subjects between the ages of 50 and 75 years with a 
smoking history of >15 cigarettes a day for >25 years or >10 cigarettes a day for 
>30 years, and who were current smokers, or former smokers who quit smoking 
<10 years ago. Exclusion criteria for participating in the lung cancer screening trial 
were self-reported moderate or poor health with inability to climb two flights of 
stairs, recent chest CT, current or previous history of cancer, and body weight ≥140 
kg. At baseline, participants in the NELSON-trial filled in a questionnaire regarding 
their current smoking behavior and the number of pack years smoked. A pack year 
is defined as twenty cigarettes smoked everyday for one year. Subjects who were 
active smokers at the time of scanning were classified as current smokers 11. 

Sample selection and study design
In the present study, 3559 male participants from two participating hospitals, 
University Medical Center in Groningen (UMCG) and University Medical Center in 
Utrecht (UMCU), represent the full cohort and were considered for analyses. We 
used a case-cohort design as introduced by Prentice 12, that consists of cases and a 
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subcohort sample that is randomly sampled from the full cohort at the beginning 
of the study. Subjects who developed a cardiovascular event during follow-up 
were identified as cases. We selected a random sample of ≈ 10% (n=341) from the 
full cohort to serve as the subcohort. With sampling fractions of ≥ 0.10, results of 
a case-cohort analysis are similar to the full cohort analysis 13. The cases together 
with the subcohort define the actual population under study. The advantage of 
this design is that it enables the performance of survival analyses without the need 
to score all 3559 chest CT scans.

CT scanning
Between January 2004 and December 2007 all subjects underwent a volumetric 
chest CT in full inspiration. CTs were obtained without cardiac or respiratory gating 
on 16-slice MDCT scanners with a collimation of 16 x 0.75 mm. The participants at 
UMCG were scanned on a Sensation-16 CT (Siemens Medical Solutions, Forchheim, 
Germany), whereas the participants at UMCU were scanned on either a Mx8000 
or Brilliance-16P CT (Philips Medical Systems, Cleveland, OH, USA). Exposure 
settings were adjusted according to body weight: 80-100 kVp (<50 kg), 120 kVp 
(50- 80 kg) or 140 kVp (80 kg or more) at 30 mAs, yielding a computed tomography 
dose index of 0.8, 1.6 and 3.2 mGy, respectively. Axial images with a slice thickness 
of 1-mm at 0.7-mm increment were reconstructed using a smooth reconstruction 
filter (Siemens B30f, Philips B-filter).

Scoring of CT characteristics
CT scoring was performed at a research workstation (iX Viewer; Image Sciences 
Institute). Left anterior descending coronary artery calcification (CAC) and 
descending aortic calcifications (DAC), were scored as previously described 14, 15. 
Briefly, calcifications in the left anterior descending (LAD) were assessed using 
the following scale; grade 1, mild (1-2 focal [limited to <=2 slices] calcifications); 
grade 2, moderate (>2 focal calcifications or a single calcification extending for 
>2 slices); and grade 3, severe (fully calcified coronary arteries extending over 
multiple segments). The lower margin of the descending aorta was defined as 
the level from where the diaphragm could be seen. The number and size of aortic 
wall calcifications were assessed and graded as follows: grade 0, absent; grade 
1, mild (<=3 focal calcifications); grade 2, moderate (4-5 focal calcifications or 1 
calcification extending for >=3 slices); and grade 3, severe (>5 focal calcifications 
or >1 calcification extending for >=3 slices). 
CT scoring was performed by a research physician with two years of experience 
in reading chest CT. The reader was blinded for participant’s characteristics and 
outcome status.
Adequate scoring of the chest CT was assessed by evaluating the reproducibility 
of the visual grading between the research physician and an experienced board 
certified chest radiologist for a subset of 50 randomly selected chest CTs, that 
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were part of this study. Weighted kappa’s were 0.85 for CAC and 0.72 for DAC, 
reflecting a good interobserver agreement between the research physician and 
the chest radiologist.  

Follow up and cardiovascular events
Data on fatal and non-fatal CVD events were obtained from the Dutch National 
Registry of Hospital Discharge Diagnoses and the National Death Registry from 
baseline to January 2008. According to the International Classification of Diseases 
(ICD) the Dutch National Registry codes all discharge diagnoses as ICD-9 and the 
causes of death as ICD-10 codes 16. The database was linked to the study cohort 
with a validated probabilistic method 17, 18.  
Using the ICD-9 codes, we categorized cardiovascular disease events (codes 
390 to 459) as coronary heart disease (CHD) (codes 410 to 414), including acute 
myocardial infarction (AMI) (code 410), cerebrovascular disease (codes 430-438) 
or other cardiovascular disease. 
Using the ICD-10 codes, we categorized cardiovascular deaths (codes I00-I99) as 
ischemic heart deaths (codes I20-I25), cerebrovascular death (codes I60-I69) or 
death due to other cardiovascular disease.
Whenever multiple events occurred, the first diagnosis was taken as an end point, 
aside from cardiovascular deaths, which prevailed over hospital admissions. 

Statistical analyses
The baseline characteristics of the CVD cases (n=263) and the subcohort (n=341) 
are presented. Medians and quartile limits (quartile 1 to 3 [Q1-Q3]) were computed 
for the continuous variables, as they all showed skewed distributions. Categorical 
variables were expressed as frequencies. The numbers of subject with moderate 
DAC were small, therefore we grouped moderate and severe together. Similarly, 
moderate or severe CAC were grouped together. 
CVD event rates stratified according to smoking status were estimated, by dividing 
the number of CVD events in the corresponding smoking status category by the 
number of person-years at risk in that category. 
To assess the relation between current smoking status and CVD events hazard 
ratios (HRs) and 95% confidence intervals (95% CIs) for CVD events were calculated 
for current smokers, with former smokers as the reference group. We used a Cox 
proportional hazards model with an estimation procedure adapted for the case-
cohort designs. These adaptations were carried out with the method according to 
Prentice in which all subcohort members are equally weighted 12. Age (continuous), 
pack years (continuous), CAC (categorical) and DAC (categorical) were evaluated 
for confounding the association of smoking status and CVD risk. 
Additionally, we performed tests for effect modification by CAC and DAC by 
including multiplicative interaction terms with these variables and smoking status. 
Analyses were performed with R-project software package, version 2.15 (www.r-
project.org).
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Results
During a median follow-up of 2.6 years, 263 CVD events occurred among the 3559 
subjects of the baseline cohort (Table 1), 18 CVD events were fatal and 245 were 
non-fatal. The median age subjects experienced a fatal CVD event was 63.3 years 
and the median age for experiencing a non-fatal CVD event was 63.1 years. The 
majority of all CVD events involved CHD events (54%). 
Table 2 presents the baseline characteristics of the CVD cases and the subcohort. 
As expected, the cases were slightly older, were more often current smokers and 
had more numerous and more severe cardiovascular calcifications compared to 
the subcohort. The number of pack years smoked were comparable among both 
groups. 
The mean annualized event rate 18.65 events/1000 person years (95% CI 15.11-22.78) 
for former smokers versus 26.88 events/1000 person years (95% CI 22.95-31.28) in 
current smokers.
In Table 3, unadjusted and adjusted HRs and the 95% CIs for CVD events are 
presented for current smokers compared with former smokers. The unadjusted 
HR of 1.31 (95% CI 1.03-1.68) as well as the for age, pack years and cardiovascular 
calcifications (CAC and DAC) adjusted HR of 1.33 (95% CI 1.00-1.77) indicate that 
there was a statistically significant positive association between current smoking 
status and CVD events. 
In additional analyses that incorporated multiplicative interaction terms, neither 
CAC nor DAC modified the association between smoking status and CVD risk 
(p=0.08). 

Table 1: Specification of the 263 cardiovascular events recorded over a median follow-up time of 
2.6 year

Type of cardiovascular event ICD-9/ICD-10 codes Number of events

Non- fatal cardiovascular disease events     245

Coronary heart disease 410-414 137 (56)

Cerebrovascular disease 430-438 36 (15)

Other cardiovascular disease 401-405, 420-429, 440-449 72 (29)

Fatal cardiovascular disease events     18

Coronary heart disease I20-I25 7 (39)

Cerebrovascular disease I60-I69 3 (17)

Other cardiovascular disease I30-I52, I70-I79, R00-R09 8 (44)

Values are expressed as n (%)
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Table 2: Baseline characteristics of cardiovascular disease cases and the subcohort 

 Cases   Subcohort  

  n=263 n=341

Age, years 61.4 (57.4-65.8) 60.3 (56.5-64.0)

Pack years, years 38.7 (29.7-49.5) 38.7 (28.0-49.5)

Years of smoking cessation, years 6 (3-10) 5 (2-8)

LAD* coronary artery calcifications , n (%)

absent 42 (16) 126 (37)

mild 39 (15) 61 (18)

moderate/severe 181 (69) 153 (45)

Descending aorta calcifications , n (%)

absent 102 (39) 211 (62)

mild 55 (21) 58 (17)

moderate/severe 105 (40) 75 (22)

Smoking status , n (%)

current smoker 166 (63) 198 (58)

former smoker  97 (37) 143 (42)

Follow-up time, years 1.4 (0.7-2.1) 2.9 (2.7-3.3)

Values are expressed as median (interquartile range) or as n (%).   
*LAD = Left anterior descending

Table 3: CVD event HRs and 95% CIs in current smokers as compared with former smokers

  HRs (95% CI) for current smoker 

Crude 1.31 (1.03-1.68)

*Age and pack years adjusted 1.48 (1.12-1.97)

Ɨ Age, pack years, CAC ‡ and DAC§ calcification adjusted 1.33 (1.00-1.77)

*Adjusted for age (continuous) and pack years (continuous)  
Ɨ Adjusted for age (continuous), pack years (continuous), ‡CAC = coronary artery calcificati-
ons(3 categories), § DAC = descending aorta calcifications (3 categories)
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Discussion
In this case cohort study, comprising a population of male subjects with a long and 
intense smoking history, followed for a median period of 2.6 years, we were able to 
demonstrate that current smoking behavior was associated with a 31% greater risk 
of CVD events compared to former smoking status. This positive relation remained 
significant after adjustment for age, number of pack years and different types of 
cardiovascular calcifications. The effect of smoking continuation on CVD risk is 
identical for all grades of coronary and aortic calcifications (i.e., no interaction or 
effect modification).

Smoking as CVD risk factor in heavy smokers
Our findings are consistent with previous studies demonstrating an increased CVD 
risk among current smokers compared to never smokers and former smokers 19-21. 
Since our study was conducted in a population comprising subjects with a long 
and intense smoking history, our results underline that current smokers remain 
to have an increased CVD risk compared to ex-smokers despite the fact that both 
groups have a heavy smoking history of on average 40 pack years. An explanation 
for this risk difference could be that smoking increases CVD risk due to multiple 
mechanistic pathways with differing temporal responses to smoking cessation 
19-21. So, on one hand, smoking can causes irreversible damage, where increased 
exposure to smoking leads to more damage and increases CVD risk 9, 22. Smoking 
has, on the other hand, potential reversible effects like platelet activation, coronary 
spasm and ventricular arrhythmias attributing to the CVD risk difference between 
current en ex-smokers 5, 20.    

Smoking as CVD risk factor independent of cardiovascular calcifications 
We demonstrated that the effect of current smoking status on CVD risk is 
independent of coronary and aortic calcifications. This finding adds to prior 
research demonstrating that the absence of CAC might not be as reassuring in 
those who smoke, since smokers without CAC have an increased relative risk 
of CVD events and all-cause mortality 23, 24. Factors associated with an increased 
relative risk of CVD events in smokers without cardiovascular calcifications might 
partly be attributed to the potential presence of non-calcified plaques, which 
might be more prone to rupture than calcified plaques 25. Furthermore, smoking 
causes inflammation of these vulnerable non-calcified plaques 20. 
Smoking as well as aortic calcifications have been proposed to cause an increased 
CVD risk by the common underlying process of atherosclerosis 26. However, we 
demonstrated that the effect of current smoking status on CVD risk when jointly 
modeled with DAC did not attenuate. This implies that smoking also causes an 
increased CVD risk via other mechanisms than the with aortic calcifications shared 
atherosclerotic pathway. 
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Concisely current smoking status exerts its hazardous effects on CVD risk by 
pathways that differ from the mechanisms by which smoking causes cardiovascular 
calcifications. These findings support the irreplaceable role of smoking status, for 
CVD risk evaluation.  

Effect modification of smoking on CVD risk by cardiovascular calcifications 
Our study as well as previous studies have demonstrated that smoking as well as 
coronary and aortic calcifications are considered to be independent risk factors 
for CVD, enhancing the possibility for cardiovascular calcifications to magnify 
the adverse effects of current smoking on CVD risk 26-28 . The present data did 
not provide evidence for a potential interaction between current smoking status 
with coronary and aortic calcifications. However, in our results the formal test for 
interaction was of borderline significance (p=0.08), making further investigation in 
cardiovascular calcifications subgroups worthwhile. 

Remarks   
We used a simple and accurate semi-quantitative assessment 14 for grading the 
CAC and DAC on ungated low-dose CT images. Using low dose scans gives rise 
to the possibility to miss extent of small lesions. However, as small calcifications 
are more common in those younger than 50 years 29 and as our study population 
comprised subjects aged 50 years or older, we do not expect this phenomenon to 
have affected our results. 
Furthermore, CT scans were performed on 16-slice scanners with inferior spatial and 
temporal resolution and subsequently less accurate assessment of calcifications 
compared to 64-slice 30. Similarly, usage of quantitative volume measurements 
instead of semi-quantitative assessments gives a more precise quantification of 
the cardiovascular calcifications. Though, if this would lead to a better prediction 
of the attenuation of the CVD risk estimates by cardiovascular calcifications is 
debatable. Ongoing studies are investigating the replacement value of automatic 
quantitative measurements of the coronary arteries and aorta calcifications by 
semi-quantitative assessments.
In addition, we have limited the visual grading to calcifications in the left anterior 
descending coronary artery and descending aorta. So we cannot be sure if current 
smoking exerts its hazardous effect on CVD risk independent of calcifications in the 
whole coronary tree or aorta. Although, we can expect this relation to be true as 
the CAC distribution in the coronary tree reflects the natural history of the disease, 
starting at the first 2 cm of the left anterior descending coronary artery, followed 
by the right coronary artery, left main and left circumflex coronary artery 31 thereby 
verifying previous pathological anatomic studies 32 and analysis of coronary 
angiography 33. It has also been demonstrated that calcifications in the descending 
aorta, in particular, are more dominant in all CVD events compared with ascending 
aorta calcifications and both ascending and descending aorta calcifications 8.
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Moreover, the data on smoking status originates from self-completed 
questionnaires without biochemical verification of the smoking status, with the 
risk of social desirability response bias. However, self-reports on smoking behavior 
appeared to be valid in a lung cancer screening setting 34.

Study limitations
One of the shortcomings of this study is the limited generalizability of the outcomes 
because this study was conducted in a male lung cancer screening population of 
current or former smokers with a smoking history > 16.5 pack years. We cannot be 
sure that current smokers with a smoking history < 16.5 pack years, female gender 
or individuals who receive a chest-CT for other reasons than lung cancer screening 
have an increased CVD risk of 33% compared to ex-smokers. 
Another potential weakness is that smoking status is determined at baseline and 
treated as a time-independent factor, i.e. not changing in time. Dichotomizing 
smoking status can be suboptimal since it is likely that someone who stopped 
smoking at baseline and restarts smoking during follow up (i.e., mixed smoking 
history) is suspected to be at a higher CVD risk than a person who remains a 
quitter. This nondifferential misclassification that could arise over time may 
dilute the difference in CVD risk between ex-and current smokers, resulting in 
an underestimation of the true HR. However, a review on the magnitude of risk 
reduction achieved by smoking cessation in patients with CHD showed that the 
risk reduction reported in studies excluding patients who reported mixed smoking 
histories did not statistically differ from studies that did not account for this 
misclassification 35. Furthermore, collecting reliable data on smoking is challenging 
and many prognostic models like the Framingham 36 and PROCAM 37 risk score 
have been developed with smoking as a time independent factor. 
Additionally in observational research, like in our case cohort study, unobserved 
confounding could be a source of bias 38. Since good life style behavior appear to 
cluster, e.g. persons who quit smoking appear to have higher rates of diet and 
exercise modifications that effectively lower CVD 39, there is always the chance 
that the reduced CVD risk among ex-smokers we observed was due to unmeasured 
health attitudinal characteristics inherent to smoking cessation. 

Conclusion
Current smoking status remains an important CVD event risk factor even in a 
population of heavy smokers. Current smoking exerts its hazardous effects on 
CVD risk by pathways independent of cardiovascular calcifications. These findings 
support the irreplaceable role of smoking status, for CVD risk evaluation. Our 
data reinforce the notion that all current smokers, including those with a heavy 
smoking history and those with and without cardiovascular calcifications, should 
be encouraged to quit. 
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Abstract 
Background
CT based cardiovascular disease (CVD) risk scores may complement standard 
conventional risk based strategies in CVD risk screening. The current study 
evaluates the potential challenges to the introduction of the CT based CVD risk 
score in daily practice.

Design
We conducted a pilot study among patients, referring traumatologists, radiologists 
and general practitioners (GP) involved in the application of the CT based CVD risk 
score.  

Methods
One hundred traumatology patients who underwent chest CT scanning in the 
UMC Utrecht were included. Presentation were held to raise awareness about 
the study and to promote correct application of the CT based CVD risk score 
among referring traumatologists and radiologists. Adherence percentages of 
the referring traumatologists and radiologists to the routine application protocol 
of the CT based CVD risk score were assessed. Additionally, the GPs attitudes 
towards follow-up of the CT based CVD risk score in primary prevention setting 
was evaluated. 

Results
Among the 122 patients invited for study participation 100 (82%) agreed to 
participate. Low compliance among traumatologists and radiologists to the 
study procedure was observed for the first 50 patients. Among the referring 
traumatologists  9/50 (18%) complied with routinely requesting CT based CVD risk 
assessment and 21/50 (42%) conveyed the CVD risk result to the GP. Only 16/50 
(32%) of the radiologists assessed the CVD risk score even though it was specifically 
requested. So these study handlings were taken over by the research physician for 
the remaining participants. Among the GPs 14/100 (14%) were negative towards 
follow-up of the CVD risk score in primary prevention setting. 

Conclusions
In current daily practice there are substantial challenges that need to be faced 
to make the implementation of the routine use of the CT based CVD risk score 
realizable. Main deficiencies are; unfamiliarity and incorrect application of the CT 
based CVD risk score, unawareness about the significance of CVD risk prevention 
in general, financial- and time constraints. 
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Introduction
Adequate cardiovascular disease (CVD) risk estimation is essential in the identification 
of individuals at increased risk for future CVD events 1. Traditional risk factors form 
an integral component of global CVD risk prediction algorithms, currently used in 
daily practice for CVD screening 2. However, a substantial proportion of events occur 
in patients without conventional risk factors 3. Cardiovascular imaging findings 
provide a better estimation of CVD risk, especially in patients without conventional 
risk factors, compared to traditional risk factor risk assessment 4, 5. The accurate 
predictive value of these imaging characteristics lies in the fact that they are a 
measure of subclinical target organ damage, integrating traditional risk exposure 
over a life-time 2. 
Preliminary results of a previous study have revealed that cardiovascular findings 
on routine diagnostic chest CT scans can be incorporated in a CVD event prediction 
rule. This prediction rule is able to adequately (c-statistic 0.71, 95%CI 0.68-0.74) 
detect subjects at high-risk of future cardiovascular events by combining age, 
gender, CT indication, left anterior descending coronary artery calcifications, 
mitral valve calcifications, descending aorta calcifications and cardiac diameter 6.  
Incorporation of this CT based CVD risk score into clinical practice may complement 
standard clinical strategies in cardiovascular risk screening. 
The purpose of the current study was to evaluate potential challenges to the 
introduction of the CT based CVD risk score in daily practice. 

Methods
Study population
From 1 March 2012 to 28 February 2013 we included consecutive patients admitted 
to the traumatology unit of the University Medical Center of Utrecht (Utrecht, The 
Netherlands). Patients were eligible if they were aged ≥ 40 years and underwent a 
thoracic or whole-body CT-scan. Patients who had lung cancer or metastasis were 
excluded because of the poor prognosis. The study protocol was approved by the 
institutional review board of the hospital (number 11-456). 
All participants underwent a CT obtained on a 16 slice MDCT scanner (Mx8000 or 
Brilliance-16P CT (Philips Medical Systems, Cleveland, OH, USA)) with a collimation 
of 16 x 0.75 mm. Exposure settings were adjusted according to body weight: 80-
100 kVp (<50 kg), 120 kVp (50- 80 kg) or 140 kVp (80 kg or more) at 30 mAs, yielding 
a computed tomography dose index of 0.8, 1.6 and 3.2 mGy, respectively. Axial 
images with a slice thickness of 1-mm at 0.7-mm increment were reconstructed 
using a smooth reconstruction filter (Siemens B30f, Philips B-filter).
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Study procedures
The goal of this study was to evaluate potential barriers to the regular use of the 
CT based CVD risk score in daily practice. An implementation strategy was selected 
requiring cooperation of patient, referring traumatologists, radiologist and general 
practitioner (GP).  Presentation were held several times to raise awareness about 
the study, to introduce the study protocol and to promote correct application of 
the CT based CVD risk score among referring traumatologists and radiologists. 
Pocket maps with the study protocol were distributed and in case of uncertainty 
the research physician could be contacted. This implementation strategy involved 
five major steps (Figure 1).  

Traumatology patients (n=100):
-CT-thorax/total body
-≥ 40 years
-prognosis ≥ 6 months

Inclusion of the patients
by the surgeon

Request for CVD risk assessment 
by the surgeon

CVD risk assessment and addition 
 of the result to the chest CT-report 

by the radiologist

Corresponding the radiological 
CVD risk score in a letter to the GP  

by the surgeon

CVD evaluation of  
intermediate- or high-risk subjects 

by the GP

Figure 1: Implementation strategy for the regular use of the CT based CVD risk score in daily practice. 

1. Approval to participate in the study and 
giving informed consent by the patient.

2. Request for CVD risk assessment on the CT 
application form of the included patient 
by the referring traumatologist/surgeon.

3. Assessment of the CVD risk score and 
addition of the result with automatically 
provided recommendation to the chest CT-
report by the radiologist.

4. Conveying the radiological CVD risk score 
and corresponding recommendation in a 
letter to the GP by the referring trauma-
tologist/surgeon.

5. Assessment and if necessary treatment of 
conventional CVD risk factors for patients 
deemed as intermediate- or high-risk by 
the CT based CVD risk score, by the GP.
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When the study procedure stagnated because of non-adherence of the 
traumatologist or radiologist, further steps were handled by the research physician 
or study related radiologist. Because low compliance among traumatologists and 
radiologists to the study procedure was observed for the first 50 patients, these 
study handlings were taken over by the research physician for the remaining 
participants.

Absolute 10-year CVD risk calculations  
The CT based CVD risk score estimates the absolute 10-year CVD risk in subjects 
undergoing CT scanning for non-cardiovascular indications, such as traumatic 
injuries, pulmonary diseases, mediastinal diseases or pulmonary embolisms. 
It calculates the 10-year risk for fatal and non-fatal CVD events taking into 
consideration age, gender, CT indication, left anterior descending coronary artery 
calcifications, mitral valve calcifications, descending aorta calcifications and 
cardiac diameter. An user friendly Excel risk score calculator had been developed 
for the participating radiologists to facilitate CVD risk calculation, Figure 2 provides 
a visual aid of the risk score calculator.  

Figure 2: Visual aid of the Excel risk score calculator.

Categorizing 10-year CVD risk estimations in risk categories & providing with 
appropriate recommendations 
According to current clinical practice guidelines on cardiovascular disease 
prevention 7 subjects were divided into three discrete risk categories based on 
their absolute 10-year CVD risk estimates: low risk group (<10%), intermediate 

CT‐imaging based cardiovascular risk calculation sheet 
Patient characteristics:
Age  80 years
Gender Female
CT‐indication Mediastinal abnormalities

CT‐imaging characteristics:
LAD calcifications Fully calcified coronary artery extending multiple slices 
Mitral valve calcifications Two valves effected
Descending aorta calcifications >5 focal or >1 calcification(s)extending ≥ 3 slices
Cardiac diameter 11 cm

Absolute 5 year risk 
for cardiovascular disease  (%) 38

Extrapolated absolute 10 year risk
for cardiovascular disease  (%) 61
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risk (10%-20%) and high risk (>20%). Additionally, each risk category was provided 
with appropriate recommendations. In low-risk patients general public health 
recommendations were advocated. In patients with intermediate- or high-
risk, assessment and if necessary intervention of conventional CVD risk factors 
(smoking, total cholesterol ≥200 mg/dL, HDL cholesterol <40 mg/dL, systolic 
blood pressure >120 mm Hg, glucose intolerance, body mass index >25 kg/m2) 
was proposed. In case of patients with established conventional CVD risk factors 
or established CVD (coronary heart disease, cerebrovascular events, peripheral 
artery disease and heart failure) monitoring of treatment was recommended.     

Questionnaire to the GP
A survey questionnaire was sent to the GPs of all 100 study participants to evaluate 
their attitude towards follow-up of the CVD risk score result in primary prevention 
setting. The survey included a question with standardized answers (positive, 
negative or neutral) to assess the GPs opinion. Additionally, the GPs were asked a 
motivation if they were negative about the study.  

Results
Patient level
During the study period 122 patients were invited for study participation, of which 
22/122 (18%) declined participation. In total 7/22 (32%) patients refused participation 
because they were already being treated for the presence of conventional risk 
factors or CVD, 3/22 (14%) did not want to become aware of their CVD risk, 4/22 
(18%) considered themselves too old or cognitive/physically too weak to benefit 
from the CT based CVD risk score, 3/22 (14%) first wanted to focus on and recover 
from their traumatic injury and 5/122 (23%) subjects were not interested (Table 1).

Table 1: Reasons for nonparticipation among patients (n=22)

n

Subjects were already diagnosed with and/or treated for the presence of CVD* and/or RFƗ  7

Subjects did not want to become aware of their CVD risk  3

Subjects considered themselves too old or cognitive/physically too weak to benefit from 
the CT based CVD risk score

4

Subjects first wanted to focus on and recover from their traumatic injury 3

Subjects were not interested 5

*CVD = cardiovascular disease, Ɨ RF = Risk factors  
CVD; coronary heart disease, cerebrovascular events, or peripheral arterial disease    
Risk factors; hypertension, hypercholesterolemia, Diabetes Mellitus type 2  
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Referring traumatologists level 
Among the first 50 study participants, 9 (18%) of the traumatologists, referring 
the patient for CT scanning specifically requested the radiologist for CVD risk 
assessment. In 21 (42%) of these 50 cases the traumatologist  conveyed the CVD 
risk assessment with corresponding recommendation to the GP. Reasons for not 
asking for CVD risk assessment and/or informing the GP were unawareness of 
the study (procedure) and unclearness about which clinician was accountable for 
conveying the CVD risk result to the GP. 

Radiologist level
Among the first 50 study participants, the radiologists calculated the CVD risk 
score in 16 (32%) patients and added the result with the automatically provided 
recommendation to the CT report. For the remaining participants the study related 
radiologist calculated the score. The main cited reason for not adopting the CT 
based CVD risk score in their regular workflow was time constraints.    

GP level
The survey questionnaires sent to the GPs of all 100 study participants indicated 
that; 54 (54)% of the GPs were positive towards follow-up of the CVD risk score 
result in primary prevention setting. Overall, 15 (15%) was neutral, 14 (14%) was 
negative and 17 (17%) declined participation. However, eight GPs were sent a 
questionnaires two times, since they were the GP of two study participants. Three 
of the GPs were consistent in their opinion, and five inconsistent. Reasons for a 
negative attitude included lack of time, financial constraints and unfamiliarity with 
CVD recommendations published by professionals outside their specialty.  

An overall summary of the main results of the study procedure, specified on 
patient, referring traumatologists, radiologist and GP level is provided in Table 2. 

Table 2: Adherence percentages to the introduction of the CT based CVD risk score in daily prac-
tice on patient, referring  traumatologists , radiologist and GP level

100 (82%) of the 122 subjects invited for study participation agreed to participate

*9 (18%) of the traumatologists referring the patient for CT scanning specifically request-
ed the radiologist for the CVD risk assessment  

*21 (42%) of the traumatologists conveyed the CVD risk assessment with corresponding 
recommendation to the GP

*16 (32 %) of the radiologists calculated the CVD risk score and added the result with the 
automatically provided recommendation to the CT report

Ɨ 54 (54%) of the GPs were positive towards follow-up of the CVD risk score result in prima-
ry prevention setting

CVD = cardiovascular disease, GP = general practitioner
*Among the first 50 study participants, Ɨ Among all 100 study participants    



Chapter 7

124

Ch
ap

te
r 7

Discussion
From our experience with the 100 subjects included in this pilot study, it became 
clear that in current daily practice there are certain challenges that need to be 
faced to make the implementation of the routine use of the CT based CVD risk 
score successful. The two most substantial challenges are: 1) radiologist do not 
routinely use the radiological risk assessment tool in daily practice, 2) referring 
traumatologists do not routinely request for and convey the CVD risk score with 
corresponding recommendations to the GP. 

Major findings

Patient level
An important and encouraging observation from this study is that the majority 
(82%) of the subjects invited for study participation agreed to participate. This 
indicates that study participants are to a certain extent aware of the importance 
of CVD risk assessment and therefore participating in the study. Increased patient 
awareness is known to improve patient adherence to risk-reduction interventions 
(drug treatment and healthy lifestyle prescription) 8. Additionally, patient adher-
ence has been identified as a key aspect in the successful effects of risk-reduction 
interventions on CVD prevention 9-12. In middle-aged adults who switch and 
adhere to a healthy lifestyle after the age of 45 years, in merely 4 years the risk of 
cardiovascular events can be reduced by 35% 13. 

Referring traumatologists level 
The adherence percentages for the study procedures (requesting the radiologist 
for the CVD risk assessment and conveying the CVD risk to the GP) that were 
proposed to be undertaken by the traumatologists were less than 50%. Reasons 
indicated for not adopting these study procedures were unawareness of the study 
(procedure) and unclearness about which clinician was accountable for conveying 
the CVD risk result to the GP. The latter reason is the result of the daily workflow 
where the clinician responsible for the discharges letter alters from the clinician 
requesting for the CT based CVD risk score. 
These data underscore the need for educational efforts to promote correct 
application of the CT based CVD risk score and raise awareness about the 
significance of CVD risk prevention in general among clinicians. Especially because 
awareness of risk is a critical first step in taking action to reduce it 14 . Moreover, 
electronic alerting methods have been shown to improve screening and treatment 
performance of dyslipidemia in general practice 15. Similarly, incorporation of 
an alerting method in the electronic health system used by clinicians for the 
application of chest CTs and for writing discharge letters may obviate flaws in the 
current clinical workflow impeding successful utilization of the CT based CVD risk 
score. 
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Radiologist level
According the our study, 32% of the radiologists calculated the CVD risk score and 
added the result with the automatically provided corresponding recommendations 
to the CT report. A recent meta-analysis by Allan et al 1, identified two main barriers 
in the regular use of conventional risk factor based vascular risk calculators; they 
can be time consuming to apply, and their output is often difficult to understand 
and communicate. To reduce these barriers with the routine use of the CT 
based CVD risk score a user friendly online risk calculator was constructed and 
recommendations rather than just absolute risk CVD assessments were provided. 
Although, CVD risk assessment with the online calculator takes only minutes to 
complete, yet radiologists still considered this to be too time consuming. So the 
actual barrier to the usage of the CT based CVD risk score by the radiologist is not 
clear. It is conceivable that unfamiliarity with the application of the risk calculator is 
causing the radiologist to experience utilization of the risk tool as time consuming. 
To improve successful utilization, extensive promulgation of the CT based CVD risk 
score is emphasized. 
Concordant with our study result, less than half of the clinicians most commonly 
involved in the primary prevention employ the available conventional risk factors 
based calculators. Although the majority of these clinicians supports the concept 
of preventive cardiology, main reasons for inertia in using the risk prediction 
calculators were lack of time and reimbursement 16-18. Barriers to CVD preventive 
care in our study may be similar, suggesting that policy makers and insurers need 
to address systems constraints to better serve public health.  

GP level
A total of 14% of the GPs in our study reported that they were negative about 
results and follow-up of the CT based CVD risk score being assigned to them. 
Previous studies have demonstrated that GPs acknowledge that as they provide 
primary care, they can play a vital role in managing CVD risk 16. However, lack of 
time, financial constraints and unfamiliarity with CVD recommendations published 
by professionals outside their specialty were commonly cited underlying reasons 
in these previous studies as well as in the current study for the negative attitude 
of GPs. Thus, future tactics to improve implementation of the CT based CVD risk 
score should emphasize on educational efforts and financial opportunities, also 
among GPs.

Limitations
The present study has some limitations that merit consideration. The results on 
adherence behavior on referring traumatologists level may not be generalizable 
to all referring clinicians requesting for chest CT-scans, because the current 
survey was restricted to traumatologists. However, chest CT is increasingly used 
by traumatologists as CT evaluation decreases the investigation time in trauma 
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patients considerably 19. So our data may represent a real practice scenario as with 
the increased use of chest CT among traumatologists these specialist are proposed 
to be the referring specialists frequently involved with the CT based CVD risk score 
in daily practice.
Whilst it is acknowledged that investigations of this nature do not provide the most 
robust level of evidence, they provide insight into the ‘daily-practice’ situation. 
Additionally, since this study has emphasized several deficiencies that need to 
be remedied when the CT based CVD risk score is employed in daily practice, the 
purpose of the current research seems to be fulfilled.  

Conclusion
In our experience, routine use of a CT based CVD risk score in current daily practice 
is feasible. However, there are certain challenges that need to be faced. The 
most readily rectifiable issues are promoting routine and correct application of 
the CT based CVD risk score. Yet, the role of awareness about the significance 
of CVD risk prevention in general and appropriate reimbursement should not be 
underestimated. To conclude, a focus on changing the attitudes of clinicians to 
think “behind the guidelines of their own specialties” is clearly among the major 
challenges that need to be addressed in order to reduce the global burden of CVD 
and improve patient outcomes.
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Abstract
Objective
Incidental chest CT findings can be incorporated in a cardiovascular disease (CVD)
prediction rule. This CT based CVD risk score was derived in a population who 
underwent routine diagnostic chest CT scanning and allows calculating up to 
5-year predicted probabilities for non-fatal and fatal CVD events. We performed 
external validation of the CT based CVD risk score in a cohort of heavy smokers 
who underwent CT for lung cancer screening purposes. 

Methods
A case-cohort study was used within a lung cancer screening trial. Two hundred 
sixty three fatal and non-fatal cardiovascular events (cases) occurred in a cohort 
of 3559 male participants during a mean follow-up of 2.3 years (max. 3.8 years). 
From the cohort 341 subjects were randomly drawn (subcohort). According to CT 
based CVD risk score, CTs for the cases and subcohort were visually graded for left 
anterior descending coronary artery calcifications, mitral valve calcifications and 
descending aorta calcifications, additionally the cardiac diameter was measured. 
External validation was performed through assessment of predictive performance 
measurements (discrimination and  calibration). 

Results
Mean age of the cases and subcohort were respectively 62 (52-78) and 61 (52-78) 
years. The model demonstrated to have an acceptable discriminative ability with 
a c-statistic of 0.68 (95%CI 0.65-0.72) and a good overall calibration according to 
the calibration plot.

Conclusion
The CT based CVD risk core performed well in this lung cancer screening cohort, 
which is supporting future use of the risk score in subjects who will undergo chest 
CT scanning for diagnostic as well as lung cancer screening purposes.  
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Introduction
To reduce the cardiovascular disease (CVD) burden, identification of subjects at 
high-risk for CVD  combined with risk factor modification is important 1, 2. For this 
purpose, many risk stratification tools predicting non-fatal and fatal cardiovascular 
events have been developed 3-9. These CVD risk scores are all based on traditional 
risk factors such as age, gender, systolic blood pressure, smoking status, 
diabetes and total serum cholesterol 10. However, extensive literature has clearly 
documented the uncertainty of these risk scores and their shortcomings to miss 
a large proportion of those truly at risk 11. In previous work, we have sought for 
new strategies to identify subjects at high-risk for CVD and developed a risk score 
based on incidental imaging findings on routine chest CT scans 12. This CT based 
risk score allows calculating up to 5-year predicted probabilities for CVD events 
by combining: age, gender, CT indication and visual calcification scores of the left 
anterior descending (LAD) coronary artery, descending aorta and on the mitral 
valve as well as cardiac diameter measurements.
The CT based risk score has been internally and externally validated in a clinical 
population comprising subjects who underwent chest CT scanning for diagnostic 
purposes. However, the performance of this CT based risk score has not been 
assessed in a lung cancer screening setting. Good performance of the CT based 
risk score in lung cancer screening setting, emerges the possibility to enhance the 
benefits and the cost-effectiveness of chest CT based screening of heavy smokers. 
The aim of the present study was to assesses the predictive performance of the CT 
based CVD risk score in a lung cancer screening population. 

Methods
Study population
This is an ancillary study of the Dutch and Belgian Lung Cancer Screening Trial 
(NELSON trial; ISRCTN63545820) 13. NELSON was approved by the Dutch and 
Belgian Ministry of Health and by the ethical review board of the participating 
hospitals. Written informed consent was obtained from each participant. 
Screening trial participants included current or former (<10 years) heavy smokers 
between the ages of 50 and 75 years with a smoking history of at least 16 cigarettes 
per day for 25 years or at least 11 cigarettes per day for 30 years (ie, >16.5 pack-
years). Exclusion criteria for participating in the lung cancer screening trial were 
self-reported moderate or poor health with inability to climb two flights of stairs, 
recent chest CT, current or previous history of cancer, and body weight greater 
than or equal to 140 kg. At baseline, participants in the NELSON-trial filled in a 
questionnaire on their current and former smoking behavior 13.
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Sample selection and study design
In the present study, 3559 male participants from two participating hospitals, 
University Medical Center in Groningen (UMCG) and University Medical Center in 
Utrecht (UMCU), were considered for analyses. Subjects who developed a CVD 
event during follow-up were identified as cases. We used a case-cohort approach 
as introduced by Prentice 14, using all cases and a subcohort resembling a ≈ 10% 
random sample from the full derivation cohort at the beginning of the study. 
With sampling fractions of ≥ 0.10, results of a case-cohort analysis are similar to 
the full cohort analysis 15. The cases together with the subcohort define the study 
population. The advantage of this design is that it enables survival analyses without 
the need to score the chest CT scans for the full cohort. Figure 1 shows a flowchart 
of the study design and selection of the study population.

CT scanning
Subjects underwent a volumetric chest CT in full inspiration between January 2004 
and December 2007. CTs were obtained without cardiac or respiratory gating on 
16-slice MDCT scanners with a collimation of 16 x 0.75 mm. The UMCG participants 
were scanned on a Sensation-16 CT (Siemens Medical Solutions, Forchheim, 
Germany), whereas the UMCU participants were scanned on either a Mx8000 or 
Brilliance-16P CT (Philips Medical Systems, Cleveland, OH, USA). Exposure settings 
were adjusted according to body weight: 120 kVp (less than 80 kg) or 140 kVp (80 
kg or more) both at 30 mAs, yielding an effective dose of <0,9 and <1,6 millisievert, 
respectively. Axial images with a slice thickness of 1-mm at 0.7-mm increment were 
reconstructed using a smooth reconstruction filter (Siemens B30f, Philips B-filter).

Figure 1: Flowchart of study population. CVD = cardiovascular disease, UMC = University Medical 
Center, CBS =  central bureau of statistics (the Netherlands), LMR = Dutch medical data registra-
tion

UMC Groningen & UMC Utrecht
n = 3.648

Females excluded
n = 89

Study Cohort
n = 3.559

Linkage with CBS/LMR

Subcohort
n = 341

CVD cases
n = 263



External validation of a CT based CVD risk score

135

Chapter 8

Scoring of CT characteristics
Presence and extend of cardiovascular CT findings included in the CT based CVD risk 
score were assessed using simple ordinal scores (Table 1), examples are provided 
in Figure 2. This semi-quantitative visual grading technique has been previously 
described and demonstrated to have a good inter-and intra-observer reliability 16-18.
Calcifications in the left anterior descending (LAD) coronary artery were assessed 
using the following scale: grade 0, absent; grade 1, mild (1-2 focal calcifications 
limited to ≤ 2 slices); grade 2, moderate (>2 focal calcifications or a single 
calcification extending for >2 slices); and grade 3, severe (fully calcified coronary 
artery extending over multiple segments). 
The upper margin of the descending aorta was defined as the part from where 
the left subclavian artery origins from the aortic arch, whereas the lower margin 
was defined as the level from where the diaphragm could be seen. The grading 
was as follows: grade 0, absent; grade 1, mild (≤ 3 focal calcifications); grade 2, 
moderate (4-5 focal calcifications or 1 calcification extending for ≥ 3 slices); and 
grade 3, severe (>5 focal calcifications or >1 calcification extending for ≥ 3 slices). 
Mitral valve leaflet calcifications were graded as follows: grade 0, absent; grade 1, 
mild (one single affected leaflet [spotty or linear calcifications]); grade 2, moderate 
(two affected leaflets [spotty or linear calcifications]).
The cardiac diameter was measured at the point where the transverse cardiac 
silhouette reached its maximum. The cardiac diameter was measured using a 
measurement function, implemented in the DICOM reviewing software.

Table 1: Semi-quantitative grading score of the cardiovascular CT findings included in the  CT 
based CVD risk score  

 0 = Absent 1 = Mild 2 = Moderate 3 = Severe

LAD* coronary artery calcifications

number and size 
of calcifications 

none 1-2 focal limited 
to ≤2 slices

>2 focal or  
1 extending 

 >2 slices

fully calcified coronary 
artery extending multiple 

slices

Descending aorta calcifications

number and size 
of calcifications 

none ≤3 focal 4-5 focal or  
1 extending  

≥3 slices

>5 focal or  
>1 extending  

≥3 slices

Mitral valve calcifications 

number of 
affected valve 
leaflet(s) 

none 1 leaflet 2 leaflets

* LAD = left anterior descending
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CT scorings were performed by research physicians with 3 years of experience in 
reading chest CT and one board certified radiologist. The reader was blinded for 
participant’s characteristics and outcome status. A random set of 50 examinations, 
enriched with abnormalities were scored by the radiologist and research 
physicians. Observer agreement was good for coronary calcifications (kappa 
0.77), aortic calcifications (kappa 0.72) and moderate for mitral valve calcifications 
(kappa 0.58).  

Follow-up and cardiovascular events
Data on fatal and non-fatal CVD events were obtained from the Dutch National 
Registry of Hospital Discharge Diagnoses and the National Death Registry from 
baseline to January 2008. According to the International Classification of Diseases 
(ICD) the Dutch National Registry codes all discharge diagnoses as ICD-9 and the 
causes of death as ICD-10 codes 19. The database was linked to the study cohort 
with a validated probabilistic method 20, 21.  

180 
 











  

Figure 2: Examples of imaging findings included in the CT imaging based prediction rule. (A) co-
ronary calcification in left anterior descending artery, (B) cardiac diameter measurement, (C) cal-
cification on the mitral valve, (D) severe calcifications in the descending aorta
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Using the ICD-9 codes, we categorized cardiovascular disease events (codes 
390 to 459) as coronary heart disease (CHD) (codes 410 to 414), including acute 
myocardial infarction (AMI) (code 410), cerebrovascular disease (codes 430-438) 
or other cardiovascular disease. 
Using the ICD-10 codes, we categorized cardiovascular deaths (codes I00-I99) as 
ischemic heart deaths (codes I20-I25), cerebrovascular death (codes I60-I69) or 
death due to other cardiovascular disease. Whenever multiple events occurred, 
the first diagnosis was taken as an end point. 

Statistical analyses
The predictive performance (calibration and discrimination) of the CT based CVD 
risk score was tested. Discrimination refers to the ability of the risk prediction 
model to differentiate between patients who experience a cardiovascular event 
during the study and those who do not, and is quantified by calculating the c-index. 
To visually assess the discriminative ability of the CT based CVD risk score, a survival 
plot stratified for quartiles of the CT based CVD risk score in the validation sample, 
was generated. Calibration refers to the degree of similarity between observed 
Kaplan-Meier estimates and predicted risks, which was evaluated visually in 
calibration plots for 3-year predicted absolute risks. Calibration can often be 
improved by adjusting the baseline hazard of the original prediction model to the 
individuals of the validation sample 10, 22. Discrimination and calibration analyses 
were computed with risk at 3 years, because most individuals were followed up 
through this time.
Analyses were performed with R-project software package, version 2.10 (www.r-
project.org).

Results
Eighteen fatal and 245 non-fatal cardiovascular cases (Table 2) were recorded over 
a mean follow-up period of 2.6 years. As expected, the number and severity of all 
cardiovascular calcifications were higher in cases compared to the subcohort and 
cases were slightly older (Table 3).
Discrimination of the CT based CVD risk score was acceptable with a c-statistic of 
0.68 (95%CI 0.65-0.72) 23. Participants in the third and fourth quartiles of CT based 
CVD risk score (i.e. highest predicted probabilities) had a worse 3-year event-free 
survival compared to the first and second quartiles with lower CT based CVD risk 
scores (Figure 3). 
Calibration of the CT based CVD risk score in the validation population was good. The 
calibration plot of 3-year predicted survival showed a modest risk overestimation 
across the probability range between 0.75 and 0.85 and a slight underestimation 
was seen across the probability range between 0.90 and 0.95 (Figure 4). Overall 
the agreement of predicted risk with the observed outcomes was judged to be 
good. Adjustment of the baseline hazard did not improve calibration.
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Table 2: Specification of the 263 cardiovascular events recorded over a median follow-up time 
of 2.6 year

Type of cardiovascular event ICD-9/ICD-10 codes Number of events

Non- fatal cardiovascular disease events     245

Coronary heart disease 410-414 137 (56)

Cerebrovascular disease 430-438 36 (15)

Other cardiovascular disease 401-405, 420-429, 440-449 72 (29)

Fatal cardiovascular disease events     18

Coronary heart disease I20-I25 7 (39)

Cerebrovascular disease I60-I69 3 (17)

Other cardiovascular disease I30-I52, I70-I79, R00-R09 8 (44)

Values are expressed as n (%).   

Table 3: Baseline characteristics of cardiovascular disease cases and the subcohort 

 Cases   Subcohort  
External validation 

set

Subcohort
Derivation 

set

  n=263 n=341 n=1366

Age, years 61.4 (57.4-65.8) 60.3 (56.5-64.0) 61.6 (40-96)

LAD* coronary artery calcifications, n (%)

mild 39 (15) 61 (18) 410 (30)

moderate 47 (18) 51 (15) 260 (19)

severe 134 (51) 102 (30) 137 (10)

Descending aorta calcifications, n (%)

mild 55 (21) 58 (17) 55 (26)

moderate 26 (10) 27 (8) 51 (24)

severe 82 (31) 14 (4) 13 (6)

Mitral valve calcifications, n (%)

1 leaflet  50 (19) 38 (11) 13 (6)

2 leaflets 5 (2) 3 (1) 26 (2)

Cardiac diameter, cm 12.9 (9.6-17.9) 12.6 (9.6-15.8) 12.5 (7.7-18.5)

Values are expressed as medians (interquartile range) or as n (%).   
*LAD = left anterior descending
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Figure 3: Calibration plot. Deciles of respectively 3-year predicted survivals plotted against 3 year 
Kaplan-Meier estimates of those deciles. 

Figure 4: Survival curves. Survival plot of the CT based prediction rule stratified to quartiles. 1 & 2 = 
lowest two risk quartiles, lowest predicted probabilities. 3 & 4 = highest two risk quartiles, highest 
predicted probabilities.
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Discussion
In this case-cohort study of 3559 heavy current and former smokers, the CT based 
CVD risk score, which was developed in a population who underwent CT scanning 
for diagnostic purposes, showed good predictive performance measurements in 
subjects who underwent CT scanning for lung cancer screening purposes. The CT 
based CVD risk score may be a promising tool as it improves the cost-effectiveness 
of chest CT scans performed in a routine diagnostic setting, but also in a lung 
cancer screening setting. 
One of the strengths of this study is that external validation of the risk score was 
performed in a separate data sample that was not included in the development 
of the risk score. This has been acknowledged as an adequate form of external 
validation as it provides a degree of heterogeneity that can be expected to 
be encountered in real life application of the risk score 22, 24. Moreover, in this 
substantial cohort of 3559 subjects 263 CVD events occurred, which provided us 
with enough power to perform the external validation. Additionally, this study 
provides insight in the distribution of coronary and extra-coronary calcifications 
in a lung cancer screening population. These calcifications may become valuable 
in CVD risk prediction as they are considered to be manifestations of generalized 
atherosclerosis and may even provide the earliest sign of the atherosclerotic 
process 25-28. 
Our study has limitations that should be acknowledged. Firstly, we excluded 
the female participants because of the limited number. However since gender 
is included in the CT based CVD risk score equation with an appropriate weight, 
we do not expect this to have influenced the predictive performance measures 
22, 24. In addition, CT scans were scored by a physician and not a radiologist, which 
can be regarded as a strength and a shortcoming. Results of previous studies 16 
demonstrating that non-radiologists provide reproducible scores are reassuring, 
since it is unlikely that radiologist will be doing these standardized procedures in 
the future. In this regard, there may also be an increasing role for automated CT 
analysis that may replace human readers in this setting, although further research 
is needed to proof feasibility of such an approach. It is reassuring that CT based 
CVD risk score works in the hands of non-radiologists and was able to differentiate 
between low-risk and high-risk smokers. 
The risk model demonstrated a good overall calibration and adjustment of 
the baseline hazard did not improved calibration. This can be explained by the 
comparable CVD event rates in the PROVIDI derivation and NELSON validation 
cohort. The PROVIDI cohort, consists of a population with varying chest CT 
indications, the cardiovascular incidence rate was 2.95/10.000 person years. This 
rate is comparable with the incidence rate of 2.74/10.000 person years in the 
NELSON cohort, comprising asymptomatic screening subjects 22, 24.  
Given the promising results of the National Lung Cancer Screening Trial there 
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are high expectations for lung cancer screening and large agencies already 
proposed systematic lung cancer screening with chest CT. With the acceptable 
predictive performance for CVD, the CT based CVD risk score may increase the 
cost-effectiveness of screening heavy smokers with chest CT 29. However, further 
research is needed to quantify the cost-effectiveness and the extent to which the 
CT based CVD risk score can improve outcome of individuals undergoing CT scans 
(for clinical diagnostic as well as screening purposes).
In conclusion, this study showed good predictive performance measurements of 
the CT based CVD risk score in a population of heavy current and former smoking 
males, who underwent CT scanning for lung cancer screening purposes.
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Abstract 
Background
Chronic obstructive pulmonary disease (COPD) events, particularly those requiring 
hospitalization, have a detrimental effect on lung function, quality of life and 
health care expenditure. 

Objective
To evaluate whether computed tomography (CT) metrics of emphysema, airway 
thickening and bronchiectasis, as obtained from CT scans performed for other, 
non-pulmonary, clinical indications are associated with future acute exacerbations 
of COPD resulting in hospitalization or death. 

Setting
Multicenter cohort study. 

Patients
6406 subjects (median follow-up of 4.4 years, 304 COPD events) who underwent 
routine diagnostic chest CT for non-pulmonary indications between 2002 to 2005 
in one of the eight participating hospitals. 

Measurements
Visually graded scores of emphysema (range 0-20), airway thickening (range 
0-5) and bronchiectasis (range 0-5) using a semi-quantitative lobe based grading 
method. 

Results
Compared to patients with no pulmonary abnormalities the adjusted risk for 
a COPD event was 4.1 times higher (95% CI 2.6-6.2) among patients with severe 
emphysema (score ≥7), was 3.8 times higher (95% CI 2.1-6.9) among patients with 
severe airway thickening (score ≥3) and was 1.5 times higher (95% CI 0.8-2.5) among 
patients with severe bronchiectasis (score ≥3).

Limitations
These findings may not be generalizable to non-Caucasian populations.

Conclusions
Morphologic correlates of COPD, such as emphysema and airway thickening, 
detected on CT scans obtained for other indications, can be used as markers for 
future hospitalization or death due to acute exacerbations of COPD, without 
additional radiation exposure or costs. This may enable health care providers to 
detect high-risk COPD individuals at an early stage and better target these subjects 
for more tailored treatments based on incidental information embedded in routine 
diagnostic chest CTs in a clinical care population. 
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Introduction
Morbidity and mortality from chronic obstructive pulmonary disease (COPD) 
continue to rise 1. With a 5-year mortality of 55% and total annual cost of $18 billion 
in the United States, especially acute exacerbations of COPD requiring hospital 
admission have strong effects on health status, mortality and health care costs 2. 
Detection of subjects who are at risk for acute exacerbations of COPD requiring 
hospital admission or resulting in death is therefore of major importance. 
Currently these high-risk individuals are detected with the use of risk factors such 
as lung function, body mass index, pulmonary hypertension, health status and 
comorbid conditions 3, 4. Yet, it is well known that these proposed risk factors far 
from explain the whole picture of COPD risk 5. 
Interestingly, COPD is a condition that lends itself to morphologic imaging 6. On 
that ground, computed tomography (CT) has been proposed as an important 
tool for the evaluation of COPD as it comprises morphologic correlates of COPD 
including CT findings such as emphysema, airway thickening and bronchiectasis 7, 8. 
However, in current practice CT has no defining role in the evaluation of COPD 9. 
On the other hand, smokers or ex-smokers who have subclinical or symptomatic 
COPD that is undiagnosed, frequently undergo CT imaging for non-pulmonary 
issues 10, 11. On that account, are radiologists routinely confronted with findings that 
are unsuspected or unrelated to the CT indication, so called incidental findings 12. 
The present study aims to investigate whether incidental CT findings can predict 
future hospitalization or death due to acute exacerbations of COPD in a population 
who underwent routine clinical chest CT scanning for non-pulmonary issues.

Methods
Study population
The present study is an ancillary study of the PROgnostic Value of unrequested 
Information in Diagnostic Imaging (PROVIDI) study, which is a retrospective case-
cohort study. This study was approved by the medical ethics committee of the 
primary participating facility, University Medical Center Utrecht (number 06/193), 
and the institutional review boards of all other participating centers. Written 
informed consent was waived for all patients. A privacy protocol was implemented 
such that no patient information would be visible when reading the CT images, 
no additional information would be obtained by accessing a patient’s medical 
records, and no patient would be contacted as a result of the study.
The rationale and study population of the PROVIDI study has been described in 
detail 13. Briefly, the study population comprised 23 443 subjects aged ≥ 40 years who 
underwent routine clinical chest CT scanning between 2002 and 2005 for diagnostic 
indications in participating hospitals in the Netherlands. Patients with a diagnosis 
of primary lung cancer (including mesothelioma) or distant metastatic disease 
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from other types of cancer (excluding hematologic malignancies) at baseline were 
excluded (n=9077). These patients were excluded because it is highly unlikely 
that detection of unexpected image findings will alter clinical decision making in 
patients with such a poor prognosis. Also excluded were participants from whom 
follow-up data could not be obtained (n=942), as they were not linkable to the 
Dutch National Diagnoses and Death Registry. Additionally, patients with a prior 
history of an acute COPD exacerbation requiring hospital admission, or CT referral 
indication directly related to (suspected) pulmonary pathology (n=7018), including 
pulmonary embolisms and pulmonary malignancies, were excluded, to ensure that 
the evaluated imaging findings were truly “incidental”. In the present study, 6406 
subjects from the eight participating hospitals, represent the baseline full cohort 
and were considered for analyses.

Sample selection and study design
Subjects who were hospitalized or died due to a COPD exacerbation during follow-
up were identified as cases. We used a case-cohort approach as introduced by 
Prentice 14, using all cases and a subcohort resembling a ≈ 10% random sample 
from the full cohort at the beginning of the study. With sampling fractions of 
≥ 0.10, results of a case-cohort analysis are similar to the full cohort analysis 15. The 
cases together with the subcohort define the study population. The advantage of 
this design is that it enables survival analyses without the need to score the chest 
CT scans for the full cohort. Figure 1 shows a flowchart of the study design and 
selection of the study population.

CT scanning, selection and scoring of CT findings
All chest CT examinations were obtained using multi-detector CT (2–64 detector 
rows) of different vendors according to the prevailing routine clinical protocols 
of the participating hospitals. When study subjects underwent more than one 
chest CT examination during follow-up, the findings from the first examination 
were used. All types of CT (including non-contrast and non-triggered) were 
considered eligible as long as the field of view encompassed the entire lung 
parenchyma, from the apex to the base of the lung. Section thicknesses (max. 10 
mm) varied according to the chest CT indication and corresponding protocol. A 
research physician abstracted and classified the CT indication from the CT reports 
in one of the following categories; cardiovascular disease, trauma, hematological 
malignancy, mediastinal disease or other.
CT scans were evaluated for CT findings previously demonstrated to be related 
to COPD including emphysema, airway thickening and bronchiectasis 5, 16. COPD 
is characterized by incompletely reversible airflow limitation that is caused by a 
combination of emphysema and small airway remodeling. Emphysema has been 
quantified in vivo by CT for decades 17. In vivo detection of small airways disease 
has been difficult since these small airways (diameter <2mm) can not be visualized 
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directly with current CT techniques, however airway thickening has been proposed 
as an indirect sign of small airways disease and bronchiectasis as large airways 
disease 18, 19.
Scoring of pulmonary abnormalities was performed at a research workstation, 
using iXViewer reviewing software. Abnormalities were defined according to 
the Fleischner Society criteria 20.The presence and extend of these CT findings 
were graded using a straightforward lobe based visual grading system (Table 1), 
examples can be found in Figure 2.
Firstly, airway thickening and bronchiectasis were visually graded as absent (visual 
grading score=0) or present (visual grading score=1) for each of the five pulmonary 
lobes. The five separate scores of each pulmonary lobe were summed into a 
total score (range 0-5). Subsequently, four degrees of severity were obtained 
by categorizing the total scores of each CT finding as following; grade 0, absent 
(total score=0); grade 1, mild (total score=1); grade 2, moderate (total score= 2); 
and grade 3, severe (total score ≥3), cumulating in a maximum score of 15 points.
For emphysema the scoring system from the National Emphysema Treatment Trial 
21 was used. Each pulmonary lobe was visually scored for the percentage affected 
by emphysema (0=0%, 1=1-25%, 2=26-50%, 3=51-75%, 4=≥75%). The five separate 
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Figure 1: Flowchart of study design. Abbriviations: COPD = chronic obstructive pulmonary disease, 
CBS = central bureau of statistics, LMR = Dutch medical data registration.
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scores of each pulmonary lobe were summed into a total score (0-20). The severity 
degree for emphysema was obtained by categorizing the emphysema total score 
in four categories; grade 0, absent (total score=0); grade 1, mild (total score=1-3); 
grade 2, moderate (total score= 4-6); and grade 3, severe (total score ≥7).
CT scorings were performed by research physicians with 3 years of experience in 
reading chest CTs and one board certified radiologist. The reader was blinded for 
participant’s characteristics and outcome status. A random set of 50 examinations, 
enriched with abnormalities were scored by the radiologist and research 
physicians. Observer agreement was evaluated according to the Guidelines for 
Reporting Reliability and Agreement Studies (GRRAS) 22. Observer agreement was 
moderate for emphysema (ICC 0.67); moderate for bronchiectasis (kappa 0.47); 
and fair for airway thickening (kappa 0.33).

Identification COPD cases and follow- up 

Table 1: Lobe based visual grading system of CT findings for COPD 

 0 = Absent 1 = Mild 2 = Moderate 3 = Severe

Air way thickening     

nr of effected lobes, range (0-5) 0 1 2 ≥3

Bronchiectasis     

nr of effected lobes, range (0-5) 0 1 2 ≥3

Emphysema*     

sum score of all lobes, range (0-20) 0 1-3 4-6 ≥7

* Each pulmonary lobe was visually scored for the percentage affected by emphysema (0=0%, 1= 
1-25%, 2= 26-50%, 3= 51-75%, 4≥75%). The emphysema score is the sum score of all five lobes and 
can vary between 0-20. 

Figure 2: Examples of CT findings for COPD. (A) emphysema, (B) airway thickening and bronchiec-
tasis (arrow)
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Data on COPD events requiring hospitalization were obtained from the Dutch 
National Registry of Hospital Discharge Diagnoses (ICD-9 codes 491, 492, 496). 
Data on COPD events resulting in death were obtained from the National Death 
Registry (codes ICD-10 codes J41-J44 and J47) from baseline to January 2009 23.
The database was linked to the study cohort with a validated probabilistic method 
24, 25. As previously demonstrated, the overall quality of Dutch national registers is 
high and ICD-codes have high specificity (>99%) and negative predictive values (93-
94%) 26, enabling reliable identification of COPD events and follow-up. 
For each patient we determined an entry date, which was the date subjects 
underwent chest CT. In addition, we determined the censor date, which was the 
earliest date of the dates on which they developed outcome of interest, date the 
study period ended (1 January 2009) or date of death. Whenever multiple events 
occurred, the first event was taken as an end point. We determined the person 
years at risk; the difference between the entry date and the censor date. 

Statistical Analysis
Baseline characteristics and chest CT findings were summarized for the subcohort 
and the cases. Quantitative data with a normal distribution was described using 
mean (SD). Quantitative data with nonnormal distribution was described with 
median (interquartile range). Qualitative data were described using percentages. 
To compare subjects within the subcohort and patients who experienced a COPD 
event, continuous variables were analyzed with Mann-Whitney U test. Differences 
in categorical variables were compared using chi-square (χ2) analysis.
Cox proportional hazard analysis with an estimation procedure adapted for the 
case-cohort design according to Prentice 27 was used to establish the strength 
of associations of the explanatory variables (emphysema, airway thickening and 
bronchiectasis) to hospitalization or death due to a COPD exacerbation. Results 
are reported in terms of hazard ratios (HRs) and their 95% confidence intervals 
(95% CIs). HRs are presented in two ways; 1) for the mild, moderate and severe 
categories compared with the absent category, 2) for each point of increase in 
total score. In addition to the crude associations, the hazard ratios were adjusted 
for age, gender, CT-indication and hospital in which the CT was performed. Finally 
Kaplan-Meier analysis was used to compare COPD event free survival between 
absent, mild, moderate and severe categories of the strongest and independently 
associated CT findings. Analyses were performed with R-project software package, 
version 2.15 (www.r-project.org).
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Results
Among the 6406 subjects of the baseline cohort, 304 patients were hospitalized 
or died due to a COPD exacerbation. Table 2 compares the clinical and CT 
findings of the subcohort and the COPD cases. At baseline, patients who were 
later hospitalized or died due to COPD were older, > 50% received a chest CT for 
cardiovascular indication, had a shorter follow-up time and all the CT abnormalities 
were more frequently and severe compared to the subjects in the subcohort.  
In Table 3, crude and adjusted HRs and their 95%CIs for COPD events are presented 
for the mild, moderate and severe categories of emphysema, airway thickening, 
bronchiectasis compared with the absent category. The HRs for comparison of 

Table 2: Baseline characteristics and chest CT findings for subjects in the subcohort (n=704) and 
for the COPD cases (n=304)

 Subcohort   COPD cases  p-valueƗ 

  n=704 n=304  

Age, median (IQR), years 62 (54-72) 71 (61-76) <0.001

Male gender, n (%) 419 (60) 184 (61) 0.8

CT indication, n (%)   <0.001

Cardiovascular disease  310 (44) 175 (58)

Trauma 38 (5) 10 (3)

Hematological malignancy 136 (19) 34 (11)

Mediastinal disease  128 (18) 59 (19)

Other 92 (13) 26 (9)

Emphysema, n (%) (range sum score 0-20)   <0.001

mild (sum score =1-3)  147 (21) 53 (17)

moderate (sum score =4-6) 48 (7) 2 (8)

severe (sum score ≥ 7) 72 (10) 90 (30)  

Airway thickening, n (%) (range sum score 0-5)   <0.001

mild (sum score =1) 91 (13) 57 (19)

moderate (sum score =2) 56 (8) 54 (18)

severe (sum score ≥ 3) 32 (5) 29 (10)  

Bronchiectasis, n (%) (range sum score 0-5)   0.06

mild (sum score =1) 90 (13) 47 (15)

moderate (sum score =2) 37 (5) 25 (8)

severe (sum score ≥ 3) 51 (7) 29 (10)  

Values are expressed as medians (interquartile range) or as n (%). 
Ɨ Continuous and categorical variables were compared between the subjects in the subcohort 
and COPD cases using Mann-Whitney U test and χ2 analysis  
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the severe versus the absent category for these CT findings were as follows: 
emphysema (HR 4.1 [95% CI, 2.6-6.2]), airway thickening (HR 3.8 [95% CI, 2.1-
6.9]), bronchiectasis (HR 1.5 [95% CI, 0.8-2.5]) (Figure 3a). When estimates were 
fully adjusted for age, gender, CT-indication and referral center the association 
between bronchiectasis with COPD events was no longer significant. Table 3 also 
presents the crude and adjusted HRs for each point of increase in total score of the 
CT features emphysema (HR 1.6 [95% CI, 1.4-1.8]), airway thickening (HR 1.5 [95% 
CI, 1.3-1.7]), bronchiectasis (HR 1.1 [95% CI, 1.0-1.3]) (Figure 3b). The CT findings that 
were independently related to future COPD events after fully adjustment according 
to the sum scores were emphysema and airway thickening. Kaplan-Meier curves 
(Figure 4) shows that the difference in risk of hospitalization or death due to COPD 
is most evident between the absent and severe categories for emphysema and 
airway thickening. The 5-year risk of hospitalization or death due to COPD was 

Table 3: Hazard ratios (95% CI) for COPD cases (n=304) during a median follow-up period time of 
4.4 years according to CT findings

 Crude 

HRs (95% CI)

Multivariable* adjusted 

HRs (95% CI)

Emphysema (range sum score 0-20)

absent (sum score =0) Reference Reference

mild (sum score =1-3) 1.2 (0.8-1.7) 1.2 (0.8-1.8)

moderate (sum score =4-6) 1.8 (1.0-3.0) 1.7 (1.0-3.0)

severe (sum score ≥ 7) 4.2 (2.9-6.2) 4.1 (2.6-6.2)

continuous Ɨ 1.1 (1.0-1.2) 1.6 (1.4-1.8)

Airway thickening (range sum score 0-5)   

absent (sum score =0) Reference Reference

mild (sum score =1) 2.3 (1.5-3.3) 1.7 (1.1-2.6)

moderate (sum score =2) 3.2 (2.1-4.8) 2.5 (1.6-4.0)

severe (sum score ≥ 3) 3.3 (1.9-5.7) 3.8 (2.1-6.9)

continuous Ɨ 1.5 (1.3-1.7) 1.5(1.3-1.7)

Bronchiectasis (range sum score 0-5)   

absent (sum score =0) Reference Reference

mild (sum score =1) 1.4 (1.0-2.1) 1.2 (0.8-1.9)

moderate (sum score =2) 1.8 (1.1-3.2) 1.7 (1.0-3.1)

severe (sum score ≥ 3) 1.7 (1.0-2.9) 1.5 (0.8-2.5)

continuous Ɨ 1.2 (1.0-1.3) 1.1 (1.0-1.3)

*Multivariable adjusted = adjustment for age, gender, CT-indication and referral center
Ɨ Hazard ratios for continuous emphysema, airway thickening and bronchiectasis sum score are 
calculated for each point of increase in total score 
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A B

Figure 4: Kaplan-Meier survival curves for COPD events stratified by severity category of emphyse-
ma and airway thickening. (A) emphysema, (B) airway thickening, 0 = absent category, 1 = mild 
category, 2 = moderate category, 3 = severe category.

Figure 3: Multivariable adjusted hazard ratios (HRs) and 95% confidence intervals (95%CI) for COPD 
events. (A) HRs and 95%CI for each point of increase in total emphysema, airway thickening and 
bronchiectasis score,  (B) HRs and 95%CI comparing the severe versus the absent category of 
emphysema, airway thickening and bronchiectasis.
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15% for subjects classified in the severe emphysema category as compared to 4% 
for subjects in the absent category. For the severe airway thickening category the 
5-year risk was 17% compared to 5% in the absent category.

Discussion
In this case cohort study of 6406 subjects, visually graded CT findings of 
emphysema and airway thickening were related to future hospitalization or death 
due to acute exacerbations of COPD in a population who underwent routine 
clinical chest CT scanning for non-pulmonary indications. These associations were 
independent of age, gender, CT-indication and referral center. The 5-year risk of 
hospitalization or death due to COPD was 15% and 17% for subjects classified in the 
severe category of emphysema and airway thickening, respectively. Being able to 
predict which patients are at risk for future acute exacerbations of COPD resulting 
in hospitalization or death, may enable health care providers to detect high-risk 
COPD individuals at an early stage and better target these subjects for more 
tailored treatments based on incidental information embedded in CT. 

Comparison to other studies
In the present study, among COPD exacerbation cases the prevalence of 
emphysema was 55%, airway thickening was 47% and bronchiectasis was 33% 
compared to 67%, 27%, and 27% in the findings in COPD exacerbation study 16. 
Differences in prevalence can be explained by the different selection of COPD 
cases. COPD cases in the current study were incident hospitalization or death due 
to COPD. The COPD exacerbation study, is a large clinical UK cohort in subjects 
with varying severity of COPD, ranging from mild to severe as per GOLD criteria 16. 
Utilization of CT findings for the detection of COPD in a population who underwent 
CT evaluation for other purposes than evaluation of COPD, has been proposed 
in recent studies 28-30. In accordance with our study, these previous findings 
demonstrated that emphysema and airway thickening were positively related to 
COPD. However, these studies were cross-sectional studies evaluating the presence 
of COPD in a lung cancer screening cohort whereas we have performed a longitudinal 
study predicting future hospitalization or death due to COPD in a population who 
underwent routine chest CT-scanning for non-pulmonary indications. Moreover, 
since these studies performed quantitative assessments of findings for COPD in 
a lung cancer screening cohort, the application of these results is restricted to 
chest CT scans following specific scanning protocols. The lobe based visual grading 
score used in the current study, allows to grade findings for COPD on a broad 
range of diagnostic multi-slice chest CTs. Given the millions of these scans done 
annually 31, 32, utilization of CT findings for COPD with a simple lobe based visual 
grading system to identify subjects at high-risk of future hospitalization or death 
due to COPD may have great impact on health care expenditure. 
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Clinical implications
Reporting of prognostic CT findings of COPD with a simple lobe based visual 
grading system in a population who underwent routine chest CT scanning for non-
pulmonary indications can procure substantial implications. 
Firstly, a clinical diagnosis of COPD is usually established late in the course of the 
disease and CT has been shown to be useful for detecting early stages of COPD 
10. Early identification of subjects at high-risk of COPD exacerbations, especially 
those resulting in hospitalization or death, may lead to targeting subjects in whom 
more aggressive therapeutic interventions, including a stop smoking program 
if appropriate, should be performed 33. This can reduce costs of treatment and 
improve the quality of life and possibly also the life expectance in COPD patients 34.
In addition, the current study population contained a high number of subjects 
who underwent chest CT for the evaluation of cardiovascular disease (CVD). COPD 
and CVD have been suggested to be related diseases, where both diseases are 
being associated with inflammation and occur in smoking and aging individuals 35. 
Because of this common link, evaluation of subjects undergoing chest CT for CVD 
indication for the presence of early signs of COPD can be worthwhile. 
Furthermore, COPD has been shown to be independently associated with 
increased incidence of mortality and other co-morbidities like lung cancer and CVD 
1, 36. Thus, early diagnosis is important because smoking cessation early in the COPD 
disease process slows COPD disease progression and may additionally decrease 
related mortality and co-morbidity 33. 
Moreover, showing samples of coronary artery calcium as detected by CT to 
subjects at high-risk for CVD has been demonstrated to serve as a powerful visual 
tool to help motivate behavior change 37. Likewise, visualization of imaging findings 
such as emphysema may sort similar effects in COPD patients. 
Finally, there has been increasing interest in the use of CT for COPD phenotyping. 
Phenotyping refers to clustering patients into clinically meaningful and useful 
subgroups (phenotypes) based on radiological findings; emphysema predominant, 
airway predominant or mixed COPD 16. COPD phenotyping is thought to be useful 
since different phenotypes appear to require different disease management 
strategies 7. The prognostic value of visually assessed incidental CT findings of 
COPD may further increase if they demonstrate to be a useful tool in phenotyping 
of COPD. 

Limitations
Our study has limitations that should be acknowledged. Firstly, our cohort 
comprised a population of Caucasian Dutch descent. Therefore the generalizability 
of our findings to a population of different racial or ethnic backgrounds, remain 
uncertain. 
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Moreover, because of the retrospective study design detailed clinical information, 
such as smoking status or lung function data were not available. On that account 
we could not establish whether the relation between the CT findings and future 
hospitalization or death due to COPD was independent of other clinical information 
besides age and gender. However, we argue that clinical characteristics and 
spirometry measurements, earlier in the disease process, precedes in many 
patients the presence of the imaging findings 38. Also in a routine clinical population 
undergoing chest CT, imaging spirometry is often lacking.
Another issue, that merits consideration is that lobe based visual assessment of 
the CT imaging findings is known to have a relatively low inter-reader reliability 
compared to quantitative CT measurements in COPD 19. We favored using this 
method for various reasons. Quantitative CT measurements in COPD can only be 
used to provide details on abnormalities in small and large airways when adhered 
to strict CT acquisition protocols. Visual assessment of COPD findings has been 
demonstrated to be relatively simple, inexpensive, and independent of machine 
and reconstruction algorithms 39. Moreover, visually graded CT findings of COPD 
do correlate well with physiological assessments 7, enabling reliable prediction 
of future hospitalization or death due to acute exacerbations of COPD, thereby 
fulfilling the aim of the current study.

Conclusion
Morphologic correlates of COPD, such as emphysema and airway thickening, 
detected on routine diagnostic chest CTs in a clinical care population, can be used as 
prognostic markers for future hospitalization or death due to acute exacerbations 
of COPD. Reporting of these CT findings for COPD with a simple lobe based visual 
grading system on the broad range of chest CT scans performed in daily clinical 
practice, can serve as a useful strategy to identify high-risk COPD subjects in whom 
more aggressive therapeutic interventions should be performed.
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What is already known on the relevance of chest CT finding in 
cardiovascular disease prediction from population based studies*:

• Coronary artery calcification is an established, strong and independent 
predictor of CVD

• Emerging evidence indicates that thoracic aorta and cardiac valve calcifications 
are manifestations of generalized atherosclerosis and may even provide the 
earliest sign of the atherosclerotic process, implying a valuable role for these 
extra-coronary calcifications in CVD risk prediction 

• Coronary artery calcification improves CVD risk prediction beyond 
traditional risk factors by means of enhancement of predictive performance 
measurements (calibration, discrimination and reclassification)

* studies among asymptomatic individuals who underwent chest CT scanning in a research setting

What the PROgnostic Value of unrequested Information in 
Diagnostic Imaging (PROVIDI) study* adds:

• Semi-quantitative methods enable reliable grading of various chest CT 
findings on a broad range of diagnostic multislice chest CTs as performed in 
daily clinical practice

• Incidental coronary artery, thoracic aorta and cardiac valve calcifications 
as well as cardiovascular diameter measurements are all significantly and 
independently related to future CVD events

• A prediction rule based on a cluster of incidental cardiovascular CT findings 
provides adequate absolute CVD risk estimations irrespective of the 
conventional risk factor status

* retrospective multicenter study comprising individuals who underwent routine chest CT scan-
ning for various diagnostic indications in a clinical stetting
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“To report or not to report…prognostically relevant incidental imaging 
findings?”, a seemingly simple question. Yet there is no straightforward answer 
to this question, on the contrary, attaining the answer is complex and requires a 
systematic approach 1. A framework for such an approach is provided in the first 
column of the Figure. Resolving each of the steps of the provided framework will 
eventually answer the question whether reporting of incidental findings for the 
prediction of a certain target disease will result in patient benefit through early 
detection and intervention. Before applying the framework it should be decided 
which incidental findings, stemming from which imaging modality and body part 
will be addressed 2, 3. 
Through the constantly increasing imaging quality and utilization of chest computed 
tomography (CT) are radiologists routinely confronted with incidental findings 
reflecting potential (preclinical) manifestations of cardiovascular disease (CVD), 
chronic obstructive pulmonary disease (COPD) and osteoporosis 4. However, the 
exact prognostic value of these incidental imaging findings and whether reporting 
of these findings will finally lead to patient benefit is not clear yet. This initiated the 
start of the PROgnostic Value of unrequested Information in Diagnostic Imaging 
(PROVIDI) study. PROVIDI is a retrospective multicenter cohort study comprising 
23 443 subjects, aged ≥ 40 years who underwent routine clinical chest CT scanning 
between 2002 and 2005 for various diagnostic indications. The specific aim of 
PROVIDI was to investigate whether certain clusters of incidental chest CT findings 
detected on diagnostic chest CTs contribute to the prediction of three explicit 
target diseases, namely CVD, COPD and hip fractures 5. 
This thesis has emphasized on unraveling the prognostic relevance of incidental 
chest CT findings for the prediction of future CVD and made a start with the similar 
issue regarding prediction of hospital admissions or death due to COPD. Next, the 
contribution of PROVIDI in expanding our knowledge on the prognostic relevance 
of incidental CT findings for CVD prediction will be discussed, following the 
consecutive steps of the provided framework. Finally, we will reflect upon where 
we stand and where we are going, in the process of attaining the answer to the 
question “To report or not to report…prognostically relevant incidental chest CT 
findings?”

Different populations, different emphasis on chest CT findings in CVD 
prediction
Coronary artery calcification as detected with chest CT has been demonstrated 
to independently predict future cardiovascular events 6, 7 as well as improve 
prediction beyond conventional risk factors 8, 9. These studies have been conducted 
among asymptomatic individuals who underwent chest CT scanning in a research 
setting. Whether these CT findings are also prognostically valuable for individuals 
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Figure: Framework as applied in PROVIDI to elucidate the prognostic relevance of incidental chest 
CT findings; where do we stand and where are we going?
Middle column depicts that we are one step (impact trial) away from unraveling the full prognos-
tic relevance of incidental chest CT findings for the prediction of cardiovascular events. 
Last column depicts that we are at the beginning of resolving the prognostic value of incidental 
chest CT findings for the prediction of future chronic obstructive pulmonary disease events.
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as seen in daily routine practice by the radiologist is unknown, since in clinical 
practice individuals undergo chest CT for various diagnostic indications. However, 
determination of the prognostic relevance of CT findings for the prediction of 
future cardiovascular events is relevant in this clinical population 5. Firstly, because 
due to increased imaging quality and utilization of chest CT radiologists are 
routinely confronted with incidentally detected coronary calcifications, but also 
other incidental findings reflecting (preclinical) manifestations of CVD 4. Moreover, 
as millions of routine chest CTs are performed annually 10-12, providing an approach 
to utilize already available incidental imaging data as obtained in daily practice, 
to the patients’ benefit may have great impact on health care expenditure. 
Additionally, a large number of subjects undergo chest CT for diseases in which the 
inflammatory processes is involved 13. Since CVD has been shown to occur more 
commonly in the setting of inflammation these patients are likely to benefit from 
early detection of CVD 14. 

Selection and assessment of potential relevant incidental CT findings 
for CVD prediction
Coronary artery calcification as detected with CT has been shown to be a strong and 
independent predictor of CVD in several studies 6, 7. Assessment of calcifications in 
these studies were performed with the use of a quantitative assessment method 
like the Agatston. Quantitative assessment methods are constrained to chest CT 
scans following specific scanning protocols 15. Moreover, even though CT enables 
simultaneously imaging of both coronary and extra-coronary calcifications, 
quantitative assessment strictly allows for quantification of vascular calcifications. 
Nevertheless, emerging evidence indicates that thoracic aorta and cardiac valve 
calcifications are manifestations of generalized atherosclerosis and may even 
provide the earliest sign of the atherosclerotic process 16-19, implying a valuable role 
for these extra-coronary calcifications in CVD risk prediction. For those reasons we 
have provided a semi-quantitative grading score that can be applied to a broad 
range of CT scans adhering to various scanning protocols and allowing to grade 
coronary as well as extra-coronary calcifications 20. This scoring system will enable 
more standardized reporting of these incidental, subclinal atherosclerotic findings 
on diagnostic chest CT. We acknowledge that the use of a semi-quantitative 
method does not provide the most accurate estimations and is to a certain extent 
arbitrary, however we would like to stress that visually graded CT findings correlate 
well with physiological assessments 21. Moreover, in clinical prediction modeling 
the predictive value of a predictor does not only lie in the accuracy but also in 
the inter-observer reliability of the predictor assessment in routine care 22. In this 
regard, assessment of the predictors in the current study have been demonstrated 
to have a good inter-and intra-observer reliability 20, 23-25.
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Novel paradigm in CVD risk assessment 
Currently subjects at high-risk for CVD are detected through risk stratification 
tools based on conventional risk factors such as age, gender, blood pressure, 
cholesterol levels, diabetes, smoking status or other factors thought to be related 
to atherosclerotic arterial disease 26. However, extensive literature has clearly 
documented the uncertainty of these prediction models 27. Moreover, these risk 
factor based scores are known to miss a large proportion of those truly at risk, as 
a substantial proportion of events occurs in individuals without conventional risk 
factors or in subjects with yet undetected or under diagnosed risk factors 28.
We have taken a new perspective by providing a different approach for CVD 
risk prediction strictly based on information readily available to the radiologist. 
Addressing conventional risk factors is not an option, since this information is in 
general not available to the radiologist. Moreover, risk factor detection, earlier in 
the disease process, precedes in many patients the presence of the CT findings. 
Therefore, utilization of markers of subclinical target organ damage for CVD risk 
prediction, like cardiovascular calcifications incorporated in the CT based prediction 
rule, provide a novel strategy and adequate estimation of CVD risk irrespective 
of the conventional risk factor status 28, 29. In conclusion, we emphasize that the 
CT based prediction rule, to some extent, addresses the need for a shift in CVD 
risk assessment from conventional risk factors, as they are mere a surrogate for 
atherosclerosis, to direct measures of subclinical atherosclerosis 30. 

Methodological validity and transportability of PROVIDI
The design of PROVIDI lends itself to adequately address each of the consecutive 
stages required to produce a usable prediction model 5. First we identified important 
predictors of CVD 23-25, 31, subsequently a multivariable prognostic model was 
developed by assigning relative weights to each of the selected predictors 32. 
Then, adjustments were made for over-fitting of the prediction model by internal 
validation with bootstrapping techniques. The predictive performance of the model 
was estimated using data from a separate cohort that was not involved in the final 
model derivation. Ideally in a final step an impact analysis should be performed to 
determine whether use of the model is better, in terms of subsequent therapeutic 
decisions and patient outcome, than usual care 33. As an intermediate step we 
performed a feasibility study, which is considered to be a valuable preliminary step 
33. This feasibility study has evaluated factors that affect implementation of the CT 
based prediction rule in daily care, including the acceptability of the prognostic 
model to clinicians and ease of use. Furthermore, we would like to stress that we 
realize that proof is required before we can state that the CT based prediction 
rule improves CVD outcomes. However, it is interesting that no such randomized 
evidence for improvement in CVD risk factors or outcomes currently exists for 
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the Framingham and Systematic COronary Risk Evaluation (SCORE), QRISK or any 
individual test such as serum cholesterol or high-sensitivity C-reactive protein, or 
global risk assessment in general 34. 
What is more, the stand-alone prognostic value in predicting CVD events of 
coronary and extra-coronary calcifications comprised in relative risks or hazard- or 
odds-ratios has been reported in previous literature 6, 7. In the current study we 
have derived an CT based prediction rule that provides absolute risks for a certain 
cluster of imaging findings reflecting subclinical atherosclerosis. Current CVD 
guidelines for initiating preventative treatment, stratify patients based on their 
absolute 10-year CVD risk estimates into the following distinct categories: low- 
(<10%), intermediate- (10-<20%) and high-risk (≥20%) 35. Thus, relative risk estimates 
can not be directly translated to treatment implications as current prevention 
and treatment guidelines rely on absolute rather than relative risk estimates. 
Moreover, translation of relative into absolute risks can be misleading. A novel 
marker that has a relative risk of 3.0, would result for some subjects in a shift of 
the estimated 10-year risk from 1% to only 3%, a clinically unimportant difference as 
the subject stays in the low-risk group (<10%). For others, the same high marker 
level could alter the estimated 10-year risk of a cardiovascular event from 8% to 
24%, and lead to different treatment recommendations as the subject shifts from 
the low-risk (<10%) to high-risk (≥20%) group. Thus, for risk prediction, the actual 
or absolute predicted risk, which is not captured by the relative risk, is of primary 
clinical interest 36. 
In addition to the independent prognostic value of each of the CT imaging 
findings separately, previous studies have focused on the improvement of risk 
classification by the addition of imaging findings to algorithms based on 
conventional risk factors 8, 9. The usual reason that there is emphasis on the 
incremental benefit (rather than the stand alone association) is that, usually, 
obtaining radiology based information incurs additional costs, possible morbidity 
and often radiological exposure. That is not the case with the CT based prediction 
rule, because it includes incidental findings from a routine exam, and these findings 
are “free” from any improvement beyond conventional risk factor as a gain 1. 
Another supportive argument to predict CVD irrespective of the conventional 
risk factor status is that evidence is growing demonstrating the heterogeneity of 
atherosclerosis in individuals at the extremes of traditional risk classification 30.
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Conclusion 
The framework as applied in PROVIDI (Figure) exemplifies a systematic approach 
to elucidate the prognostic relevance of an (cluster of) incidental finding(s) that 
can serve as a useful blueprint for uncertain incidental findings detected with any 
imaging modality and for any part of the body. 
Resolving the first for steps of the framework revealed that CT findings of COPD 
detected on routine diagnostic chest CTs, can be used as prognostic markers for 
future hospitalization or death due to acute exacerbations of COPD. However, the 
full prognostic relevance of incidental CT metrics in the prediction of COPD has to 
be determined yet. 
All the consecutive steps to unravel the prognostic relevance of incidental chest 
CT findings for the prediction of future CVD of the framework have been resolved, 
except for the last one. This resulted in a prediction rule based on a cluster of 
incidental cardiovascular CT findings, providing adequate absolute CVD risk 
estimations irrespective of the conventional risk factor status. Leaving us one 
step away from the answer to the clinical question: “To report or not to report…
prognostically relevant incidental chest CT findings for the prediction of future 
CVD?”.
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Through the constantly increasing imaging quality and utilization of chest 
computed tomography (CT) are radiologists routinely confronted with incidental 
findings of which the exact prognostic value is not clear yet. This initiated the 
start of the PROgnostic Value of unrequested Information in Diagnostic Imaging 
(PROVIDI) study. The specific aim of PROVIDI was to investigate whether certain 
clusters of incidental chest CT findings detected on diagnostic chest CTs contribute 
to the prediction of three explicit target diseases, namely cardiovascular disease 
(CVD), chronic obstructive pulmonary disease (COPD) and hip fractures. PROVIDI 
is a retrospective multicenter cohort study comprising 23 443 subjects, aged ≥ 
40 years who underwent routine clinical chest CT scanning between 2002 and 
2005 for various diagnostic indications. The main aim of this thesis was to further 
elucidate the prognostic relevance of incidental chest CT findings in PROVIDI 
for the prediction of future CVD and COPD through resolving further steps of a 
provided framework.

Incidental findings reflecting (preclinical) manifestations of CVD are quite common 
on chest CT. An insight into age- and gender-specific prevalence and distributions 
for incidental coronary and extra-coronary calcifications in a study population free 
of CVD, who underwent routine clinical chest CT scanning for non-cardiovascular 
indications, was provided in Chapter 2. From this total study population of 12 063 
subjects, a random sample of 1572 was drawn. In this random sample the 25th, 50th 
and 75th percentile cut-points for semi-quantitative total coronary artery, thoracic 
aorta and cardiac valve calcification scores were calculated within each age/gender 
stratum. The 75th percentile cut-point of total coronary artery calcification scores 
values were consistently higher for men than for women across all age groups. For 
total thoracic aorta and valvular calcification scores the 75th percentile cut-points 
were comparable in both genders. These reference values can aid in structured 
reporting and interpretation of readily available imaging data by chest CT readers 
in routine practice. Additionally, indexing the calcification burden of an individual, 
may lead to detection and referral for timely preventive management of those 
with relative high calcification scores.

Currently subject at high-risk for CVD are detected through risk stratification 
tools based on conventional risk factors. Nevertheless, a substantial proportion 
of events occurs in individuals without conventional risk factors or in subjects 
with yet undetected or underdiagnosed risk factors . In Chapter 3 was evaluated 
whether incidental chest CT findings can play a role in a more population based 
screening approach to identify subjects at high-risk for CVD events by derivating 
and validating a CT based prediction rule. This retrospective study comprised 10 
410 subjects, who underwent diagnostic chest CT for non-cardiovascular indi-
cations. During a mean follow-up of 3.7 years (max. 7.0 years), 1148 CVD events 
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(cases) were identified. Using a case-cohort approach, CT scans from the cases 
and from a ≈10% random sample of the baseline cohort (n=1366) were visually 
graded for several cardiovascular findings. Multivariable Cox proportional hazards 
analysis with backward elimination technique was used to derivate the best-
fitting parsimonious prediction model. The final model included age, gender, CT 
indication, left anterior descending coronary artery calcifications, mitral valve 
calcifications, descending aorta calcifications and cardiac diameter. The model 
demonstrated to have a good discriminative ability with a c-statistic of 0.71 (95%CI 
0.68-0.74) and a good overall calibration as assessed in in a separate validation 
cohort (n=1653). This CT based model accurately stratifies individuals into clinically 
relevant risk categories used in current CVD guidelines, providing an opportunity 
for timely installment of cardiovascular risk management in eligible patients.

Chest CT enables simultaneous imaging of cardiovascular as well as pulmonary 
disease related CT features. Moreover, CVD and COPD have been suggested to 
be related diseases. In Chapter 4 was evaluated whether pulmonary, mediastinal 
and pleural chest CT abnormalities reflecting pulmonary diseases, improve 
CVD risk estimation beyond what is possible with cardiovascular findings. In 
this retrospective case-cohort study comprising a total of 10 410 subjects who 
underwent diagnostic chest CT for non-cardiovascular indications, 1148 CVD events 
(cases) were identified, during a mean follow-up of 3.7 years (max. 7.0 years). 
Two models were pre-specified: Model 1 comprising the cardiovascular imaging 
findings; Model 2 comprised the cardiovascular plus pulmonary, mediastinal and 
pleural imaging findings. Addition of pulmonary, mediastinal and pleural features 
to a cardiovascular imaging findings based prediction model led to marginal 
improvement of discrimination (increase in c-index from 0.72 (95% CI 0.71-0.74) 
to 0.74 (95% CI 0.72-0.75)) and reclassification (net reclassification index 6.5% 
(p<0.01)) measures. Thus, pulmonary, mediastinal and pleural CT imaging features 
do have limited additional predictive value in the identification of high CVD risk 
subjects beyond cardiovascular CT imaging findings on diagnostic chest CT scans. 

The CT based prediction rule as provided in PROVIDI is based on markers of actual 
subclinical target organ damage, integrating traditional risk factor exposure over a 
life-time. Consequently, it can be assumed that risk factors occurring earlier in the 
disease process, will not lead to improvement of CVD risk assessment when added 
to the CT based prediction rule. In Chapter 5 we evaluated whether addition of a well-
established risk factor like smoking to the CT based prediction rule, in a population 
containing subjects who have a common long and intense smoking history, leads 
to refinement of CVD risk prediction. In this retrospective case-cohort study 
comprising a total of 3559 who underwent CT scanning for lung cancer screening 
purposes, 263 CVD events (cases) were identified, during a mean follow-up of 2.6 
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years (max. 3.7 years). One model based on cardiovascular CT findings was pre 
specified and a second model was derivated adding smoking characteristics to the 
cardiovascular CT based model. Addition of smoking to a cardiovascular imaging 
findings based prediction model led to negligible improvement of discrimination 
(increase in c-index of 0.01 (p=0.94)) and reclassification (net reclassification index 
2.3% (p<0.01)) measures. These results support that adequate individual CVD risk 
prediction is possible through a CT based CVD risk assessment tool humbly based 
on additional chest CT findings combined with age. Addition of a well-established 
strong CVD risk factor like smoking has no additional predictive value.

Current smokers have an increased cardiovascular disease risk compared to ex-
smokers due to reversible as well as irreversible effects of smoking. In Chapter 6 
we investigated if current smokers remain to have an increased CVD risk compared 
to ex-smokers in subjects with a long and intense smoking history. We in addition, 
studied if the effect of smoking continuation on CVD risk is independent of or 
modified by the presence of cardiovascular calcifications. In this retrospective case-
cohort study comprising a total of 3559 who underwent CT scanning for lung cancer 
screening purposes, 263 CVD events (cases) were identified, during a mean follow-
up of 2.6 years (max. 3.7 years). Age, packyears and cardiovascular calcification 
adjusted hazard ratio of current smokers compared to former smokers was 1.33 
(95% confidence interval 1.00- 1.77). In additional analyses that incorporated 
multiplicative interaction terms, neither coronary nor aortic calcifications modified 
the association between smoking status and cardiovascular risk (p=0.08). Current 
smokers have an increased CVD risk compared to former smokers even in subjects 
with a long and intense smoking history. Smoking exerts its hazardous effects on 
CVD risk by pathways partly independent of cardiovascular calcifications.

The intended aim of any developed prediction model is improvement of outcome 
and should ideally be assessed in an impact trial. As an intermediate step we 
performed a feasibility study, which is considered to be a valuable preliminary  
step. In Chapter 7 the result of a feasibility study evaluating factors that affect 
implementation of a CT based risk score in daily care, including the acceptability 
of the risk score to clinicians and ease of use were reported. Our main findings 
were that in current daily practice there are certain challenges that need to be 
faced to make the implementation of the routine use of the CT based risk score 
realizable. Main deficiencies are; unfamiliarity and incorrect application of the CT 
based risk score, unawareness about the significance of CVD risk prevention in 
general, financial- and time constraints. 
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Lung cancer screening populations typically comprise aging and smoking subjects 
who are considered to be at high-risk for lung cancer but also for cardiovascular 
disease. Good performance of the CT based risk score in a lung cancer screening 
setting, emerges the possibility to enhance the benefits and the cost-effectiveness 
of chest CT based screening of heavy smokers. In Chapter 8 the CT based risk 
score is externally validated in a retrospective case-cohort study comprising 
a total of 3559 subjects who underwent CT scanning for lung cancer screening 
purposes. During a mean follow-up of 2.6 years (max. 3.7 years) 263 CVD events 
(cases) were identified. External validation was performed through assessment of 
predictive performance measurements and demonstrated to have an acceptable 
discriminative ability with a c-index of 0.68 (95%CI 0.65-0.72) and a good overall 
calibration. The CT based risk score performed well in this lung cancer screening 
cohort, which is supporting future use of the risk score in subjects who will undergo 
chest CT scanning for diagnostic as well as lung cancer screening purposes. 

CT has been proposed as an important tool for the evaluation of COPD as it 
comprises morphologic correlates of COPD such as emphysema, airway thickening 
and bronchiectasis . However, in current practice CT has no defining role in the 
evaluation of COPD. In Chapter 9 we evaluated the association between lobe 
based visual grading scores of emphysema (range 0-20), airway thickening (range 
0-5) and bronchiectasis (range 0-5) and the occurrence of future hospitalization 
or death due to acute COPD exacerbations. In this retrospective case-cohort 
study, 6406 subjects underwent routine diagnostic chest CT for non-pulmonary 
indications, 338 COPD events occurred, during a median follow-up of 4.4 years. 
Compared to patients without pulmonary abnormalities the adjusted risk for 
a COPD event was 4.1 times higher (95% CI 2.6-6.2) among patients with severe 
emphysema (score ≥7), was 3.8 times higher (95% CI 2.1-6.9) among patients with 
severe airway thickening (score ≥3) and was 1.5 times higher (95% CI 0.8-2.5) among 
patients with severe bronchiectasis (score ≥3). Reporting of these CT findings for 
COPD with a simple lobe-based visual grading system on the broad range of chest 
CT scans performed in daily practice can be a useful strategy to identify high-risk 
COPD subjects in whom more aggressive therapeutic interventions should be 
performed.
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To summarize, the PROVIDI study has demonstrated that:
• Additional to the diagnostic purposes, chest CT can also be used for the 

prediction of certain diseases.
• Morphologic correlates of COPD, detected on CT scans obtained for other 

indications, can be used as markers for early detection of future hospitalization 
or death due to acute exacerbations of COPD, without additional radiation 
exposure or costs. 

• A prediction rule based on a cluster of incidental cardiovascular CT findings 
accurately stratifies individuals into clinically relevant risk categories used in 
current CVD guidelines.

• To state with confidence that reporting of incidental cardiovascular CT findings 
is cost-effective and effectuates improve in CVD outcome, a prospective 
randomized multicenter trial should be performed. 
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Door de steeds toenemende beeldkwaliteit en het gebruik van computertomografie 
(CT) van de borstholte worden radiologen regelmatig geconfronteerd met 
toevalsbevindingen waarvan de betekenis niet duidelijk is. Dit leidde tot de opzet 
van de PROgnostic Value of unrequested Information in Diagnostic Imaging 
(PROVIDI) studie. Het doel van PROVIDI was om te onderzoeken of allerlei 
CT afwijkingen, die niet direct met de indicatie en de klachten van de patiënt 
samenhangen, hier verder toevalsbevindingen genoemd, kunnen bijdragen aan 
het voorspellen van drie belangrijke ziekten: hart-en vaatziekten, chronische 
obstructieve longziekten (COPD) en heupfracturen. De PROVIDI studie bestaat uit 
een cohort van 23 443 personen, ouder dan 40 jaar, die om diversen redenen voor 
een CT-scan van de borstholte werden verwezen in de periode 2002 en 2005. In dit 
proefschrift wordt in verschillende artikelen beschreven welke bevindingen op de 
CT-scan het optreden van  hart- en vaatziekten en COPD voorspellen, en welke niet.

Toevalsbevindingen die wijzen op de aanwezigheid van slagaderverkalking, 
komen vaak voor op CT-scans van de borstholte. Hoofdstuk 2 geeft aan hoe vaak 
verkalkingen van de kransslagaders (coronaire kalk), aorta en hartkleppen in 
mannen en vrouwen in verschillende leeftijdsgroepen te zien zijn in een populatie, 
die om diversen redenen voor een diagnostische CT-scan van de borstholte werd 
verwezen. De totale populatie die voor de beantwoording van deze vraagstelling 
werd geanalyseerd bestond uit 12 063 personen. Hieruit trokken we een aselecte 
steekproef van 1572 personen. Voor de personen uit deze steekproef werd de 
hoeveelheid kalk in de kransslagaders, aorta en op de hartkleppen (kalkscores) 
bepaald. Vervolgens werden de 25e, 50e en 75e  geslachts- en leeftijdsspecifieke 
percentielen (referentiewaardes) voor die kalkscores in de kransslagaders, aorta 
en hartkleppen bepaald. De coronaire kalkscores behorende bij het 75e percentiel 
waren in alle leeftijdsgroepen hoger voor mannen dan voor vrouwen. De 75e 
percentiel scores voor kalk in de aorta en op hartkleppen waren vergelijkbaar voor 
beide geslachten. Deze referentiewaarden kunnen bijdragen aan het structureel 
rapporteren en interpreteren van toevalsbevindingen op CT-scans van de 
borstholte. Bovendien, kan het bepalen van de kalkscores in iemand, leiden tot 
vroegtijdige opsporing van een verhoogd risico op hart-en vaatziekten.

Hart-en vaatziekten is de verzamelnaam voor verschillende ziekten aan het hart 
en de bloedvaten, zoals; hartinfarcten, beroertes, ischemische aanvallen (TIA) en 
vaatlijden van de grote vaten (zoals etalagebenen). Momenteel worden mensen 
met een hoog risico op hart- en vaatziekten opgespoord door zogenaamde 
risicoscores uit te rekenen, die gebaseerd zijn op bekende risicofactoren zoals 
leeftijd, geslacht, roken, hoge bloeddruk, te hoog cholesterol en leeftijd. Een 
substantieel deel van de mensen zonder die risicofactoren krijgt echter ook 
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symptomen van hart- en vaatziekten. Ook zijn vaak de risicofactoren niet bekend 
of onvoldoende behandeld. In Hoofdstuk 3 worden de resultaten beschreven van 
een studie waarin werd onderzocht of die toevalsbevindingen op CT-scans van de 
borstholte een rol kunnen spelen bij het opsporen van mensen met een verhoogde 
kans op symptomatische hart-en vaatziekten. Er werd een risicoscore ontwikkeld 
en gevalideerd die is samengesteld uit de toevalsbevindingen op CT-scans. In 
deze studie werden de gegevens van 10 410 patiënten die voor een CT werden 
verwezen gebruikt. Gedurende een gemiddelde follow-up periode van 3,7 jaar 
(max. 7,0 jaar) kregen 1148 een symptomatische uiting van hart- en vaatziekten of 
overleden daaraan, de zogenaamde cases. Gebruikmakend van een zogenaamde 
“case-cohort” methode, werden CT-scans van de cases en die van een aselecte 
steekproef met een omvang van ≈10% van de totale studiepopulatie (n=1366), 
het subcohort, beoordeeld op verschillende cardiovasculaire CT-bevindingen. 
Multivariable Cox proportional hazards analyse werd gebruikt om het beste en 
meest simpele model af te leiden. In het uiteindelijke model werden leeftijd, 
geslacht, CT-indicatie, kalk in de linker kransslagader, kalk in de aorta descendens, 
kalk op de mitraalklep en de diameter van het hart opgenomen. Het model bleek in 
een apart validatiecohort (n=1653), een goed onderscheidend vermogen te hebben 
met een c-index van 0,71 (95%-BI 0,68-0,74) en kalibreerde goed. Dit betekent dat 
de risicoscore gebaseerd op toevalsbevindingen op CT-scans, patiënten goed kan 
stratificeren in de klinisch relevante risicocategorieën die gebruikt worden in de 
huidige richtlijnen voor de behandeling van hart-en vaatziekten. Hiermee kunnen 
tijdig preventieve maatregelen worden genomen, die de risicofactoren gunstig 
beïnvloeden, bij de daarvoor in aanmerking komende patiënten. 

Met een CT-scan van de borstholte kunnen de aan hart-en vaatziekten 
en longziekte gerelateerde CT-afwijkingen tegelijk worden afgebeeld. Bovendien 
zijn hart-en vaatziekten en sommige longziekten, zoals COPD, vermoedelijk aan 
elkaar gerelateerde ziektes. Diverse CT-bevindingen in de longen, het mediastinum 
en de pleura, zijn een uiting van longziekten. In Hoofdstuk 4 worden de resultaten 
gepresenteerd van een studie waarin de vraag wordt beantwoord of het toevoegen 
van afwijkingen in de longen, het mediastinum en de pleura, aan de risicoscore die 
berust op CT-bevindingen die wijzen op slagaderverkalking, de voorspelling van 
het risico op  verbeteren. In deze studie werden de gegevens van 10 410 patiënten 
die voor een CT werden verwezen, gebruikt. Gedurende een gemiddelde follow-
up periode van 3,7 jaar (max. 7,0 jaar) kregen 1148 een symptomatische uiting van 
hart- en vaatziekten of overleden daaraan. Een statistisch model gebaseerd op 
de CT-bevindingen die wijzen op slagaderverkalking werd vooraf gespecificeerd. 
Een tweede model werd afgeleid door afwijkingen in de longen, het mediastinum 
en de pleura, toe te voegen aan het model dat berust op CT-bevindingen die 
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wijzen op slagaderverkalking. Als de kennis over de afwijkingen in de longen, het 
mediastinum en de pleura aan een risicoscore gebaseerd op afwijkingen die op 
slagaderverkalking duiden wordt toegevoegd, leidt dat slechts tot een geringe 
verbetering van het onderscheidend vermogen (toename c-index van 0,72 (95%-
BI 0,71-0,74) naar 0,74 (95%-BI 0,72-0,75)) en van de re-classificatie maat (NRI 6,5% 
(p<0,01)). Dus, CT-afwijkingen in de longen, het mediastinum en de pleura hebben 
een beperkte voorspellende waarde in de detectie van hoog risico patiënten als we 
al rekening hebben gehouden met de CT-bevindingen die op slagaderverkalking 
wijzen.

De op CT-bevindingen gebaseerde risicoscore reflecteert de schade aan organen 
die door de levenslange blootstelling aan risicofactoren is ontstaan. Het kan 
dus verwacht worden dat, risicofactoren die zich eerder in het ziekteproces 
aandienen, niet zullen leiden tot een verbetering van de berekening van de kans 
op hart- en vaatziekten als ze worden toegevoegd aan de op CT-bevindingen 
gebaseerde risicoscore. In Hoofdstuk 5 onderzochten wij in een populatie die 
een flink aantal jaren fors gerookt heeft, of het toevoegen van rookgedrag, een 
bekende risicofactor voor ernstige slagaderverkalking, aan de op CT-bevindingen 
gebaseerde risicoscore, leidt tot betere voorspellingen van het risico op hart- 
en vaatziekten. In deze studie werden de gegevens van 3559 patiënten bij wie 
in het kader van  longkankerscreening een CT-scan werd gemaakt, gebruikt.
Gedurende een gemiddelde follow-up periode van 2,6 jaar (max. 3,7 jaar)
kregen 263 een symptomatische uiting van hart- en vaatziekten of overleden 
daaraan. Een statistisch model gebaseerd op CT-bevindingen die wijzen op 
slagaderverkalking werd vooraf gespecificeerd. Een tweede model werd afgeleid 
door rookkarakteristieken, zoals het aantal jaren dat iemand gerookt heeft en of 
iemand nog rookt of gestopt is met roken, toe te voegen aan het model.  Dit leidde 
tot een zeer kleine verbetering van het onderscheidend (toename in c-index van 
0,01 (p=0,94)) en re-classificatie (NRI 2,3% (p<0,01)) vermogen van de risicoscore. 
Deze resultaten bevestigen dat het risico op hart- en vaatziekten goed voorspeld 
kan worden, alleen op basis van CT-bevindingen en leeftijd. De gegevens over 
rookgedrag voegen daar dan niet veel meer aan toe. 

Rokers hebben een verhoogd risico op hart- en vaatziekten vergeleken met de 
mensen die stoppen met roken. Dit komt doordat roken behalve onomkeerbare 
effecten ook omkeerbare effecten heeft op het risico op hart- en vaatziekten. 
In Hoofdstuk 6 onderzochten wij of onder mensen die een flink aantal jaren fors 
gerookt hebben, de mensen die niet stoppen met roken een verhoogd risico 
op hart- en vaatziekten blijven houden ten opzichte van personen die stopten. 
Daarnaast onderzochten wij of het risico op hart- en vaatziekten bij de mensen 
die blijven roken vooral bepaald wordt door de aanwezigheid van verkalkingen 
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in de vaten. In deze studie werden de gegevens van 3559 patiënten bij wie in het 
kader van  longkankerscreening een CT-scan werd gemaakt, gebruikt. Gedurende 
een gemiddelde follow-up periode van 2,6 jaar (max. 3,7 jaar) kregen 263 een 
symptomatische uiting van hart- en vaatziekten of overleden daaraan.  De kans 
op het krijgen van symptomatisch hart- en vaatziekten of dood te gaan aan hart- 
en vaatziekten was voor de rokers 30% hoger dan voor de mensen die stopten 
met roken (voor leeftijd, pakjaren en slagaderverkalkingen gecorrigeerde hazard 
ratio van 1,33 (95%-BI 1,00-1,77)). Dus onder mensen die een flink aantal jaren fors 
gerookt hebben, hebben de mensen die niet stoppen met roken een meer dan 
30% hoger risico op hart- en vaatziekten ten opzichte van personen die stoppen 
met roken. Het effect van roken op hart- en vaatziekten  is voor een belangrijk deel 
onafhankelijk van verkalkingen in de vaten.

Het gebruik van voorspelregels moet uiteindelijk leiden tot betere zorg. Of dat zo 
is kan alleen maar uitgezocht worden in een impacttrial. Als tussenstap hebben 
wij een haalbaarheidsstudie uitgevoerd om na te gaan welke problemen verwacht 
kunnen worden indien de voorgestelde risicoscore in de dagelijkse praktijk wordt 
gebruikt. In Hoofdstuk 7 worden de resultaten van een haalbaarheidsstudie waarin 
de factoren die de implementatie van de op CT-bevindingen gebaseerde risicoscore 
in dagelijkse praktijk beïnvloeden, inclusief de acceptatie en het gebruikersgemak 
van de risicoscore door clinici, gerapporteerd. De belangrijkste bevindingen waren 
dat er in de huidige praktijk nog een aantal knelpunten moeten worden opgelost 
voordat routinematig gebruik van de op CT-bevindingen gebaseerde risicoscore 
mogelijk is. Belangrijkste knelpunten zijn: onbekendheid en onjuist gebruik van de 
op CT-bevindingen gebaseerde risicoscore, onwetendheid over de relevantie van 
preventie van hart- en vaatziekten  risico in het algemeen, onvoldoende financiële 
compensatie en tijdsdruk.

Mensen die voor longkankerscreening worden uitgenodigd hebben niet alleen 
een grotere kans op longkanker maar ook op hart- en vaatziekten. Als de 
op CT-bevindingen gebaseerde risicoscore het goed doet bij de mensen die 
voor longkankerscreening worden uitgenodigd, kan zo het voordeel en de 
kosteneffectiviteit van screening op longkanker met CT vergroot worden. In 
Hoofdstuk 8 laten we zien dat de op CT-bevindingen gebaseerde risicoscore het 
ook goed doet in de longkankerscreeningspopulatie. Deze externe validatie werd 
uitgevoerd in een case-cohort studie met in totaal 3559 personen bij wie in het kader 
van longkankerscreening een CT-scan werd gemaakt. Gedurende een gemiddelde 
follow-up periode van 2,6 jaar (max. 3,7 jaar) kregen 263 een symptomatische uiting 
van hart- en vaatziekten of overleden daaraan. De score bleek een acceptabel 
onderscheidend vermogen te hebben met een c-index van 0,68 (95%-BI 0,65-0,72 ) 
en een goede kalibratie. De op CT-bevindingen gebaseerde risicoscore presteerde 
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dus goed in dit longkankerscreeningscohort, dit ondersteunt het gebruik van de 
risicoscore bij personen die een CT van de borstholte ondergaan voor diagnostisch 
redenen maar ook in het kader van een longkankerscreeningsprogramma.

CT wordt gezien als een belangrijke techniek om de progressie van COPD vast te 
stellen omdat het in staat is de morfologische veranderingen die horen bij COPD 
zoals emfyseem, luchtwegverdikking en bronchiëctasieën, al vroeg af te beelden. 
Echter in de huidige praktijk, heeft CT geen duidelijk omschreven rol in de evaluatie 
van COPD. In Hoofdstuk 9 evalueerden we de relatie tussen visuele scores van 
emfyseem (range 0-20), luchtwegverdikking (range 0-5) en bronchiëctasieën 
(range 0-20) en het optreden van toekomstige ziekenhuisopname of overlijden 
ten gevolge van acute COPD exacerbaties. In deze studie werden de gegevens 
van 6406 patiënten die voor een diagnostische CT van de borstholte, voor een 
niet pulmonale indicatie werden verwezen, gebruikt. Gedurende een gemiddelde 
follow-up periode van 4,4 jaar werden 338 patiënten opgenomen voor of 
stierven aan COPD. Ten opzichte van patiënten zonder longafwijkingen was het 
gecorrigeerde risico voor het krijgen van COPD 4,1 keer hoger (95%-BI 2,6-6,2) bij 
patiënten met ernstig emfyseem (score ≥ 7), 3,8 keer hoger (95%-BI 2,1-6,9) bij 
patiënten met ernstige luchtwegverdikking (score ≥ 3) en 1,5 maal hoger (95%-BI 
0,8-2,5) bij patiënten met ernstige bronchiëctasieën (score ≥ 3). Het rapporteren 
van deze toevalsbevindingen op CT-scans kan een nuttige strategie zijn om 
patiënten die een hoog risico op COPD hebben te identificeren. 

Samenvattend, heeft de PROVIDI studie laten zien dat:
• een CT van de borstholte niet alleen gebruikt kan worden om een diagnose te 

stellen maar ook om ernstige ziekten in de toekomst te voorspellen. 
• CT-bevindingen voor COPD, gedetecteerd op diagnostische CTs van de 

borstholte, kunnen worden gebruikt als signalen voor vroege detectie van 
toekomstige ziekenhuisopnames of overlijden ten gevolge van acute COPD 
exacerbaties.

• Een voorspelregel gebaseerd op CT-bevindingen, die wijzen op 
slagaderverkalking, kan patiënten goed stratificeren in klinisch relevante 
risicocategorieën die toegepast worden in de huidige richtlijnen voor de 
behandeling van hart- en vaatziekten. 

• om met zekerheid te kunnen zeggen dat het rapporteren van 
toevalsbevindingen op CT, en dus het gebruik van de voorspelregel, 
kosteneffectief is en leidt tot minder symptomatische hart- en vaatziekten, is 
een impacttrial nodig.
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Gedurende mijn carrière als arts maar vooral als wetenschappelijk onderzoeker 
heb ik velen ontmoet die mij hebben geïnspireerd, gemotiveerd of met wie ik 
een moment van blijdschap heb gedeeld. Mede hierdoor kan ik terug kijken op 
een plezierig en waardevol promotietraject, dat ik met de verdediging van dit 
proefschrift succesvol verwacht af te sluiten. Een ieder ben ik dankbaar voor zijn 
bijdrage hieraan, een aantal wil ik in het bijzonder bedanken.

Prof. dr. Y. van der Graaf, geachte promotor, allerbeste Yolanda,  ik voel mij 
bevoorrecht dat je mij met persoonlijke aandacht over de drempels die ik op mijn 
pad vond, heen hebt geholpen. Na een jaar te hebben geworsteld met lastige 
klussen zoals complexe R-analyses, honderden huisartsen bellen en duizenden 
CT scans scoren, was ik de weg kwijt geraakt. Gedesillusioneerd vroeg ik jou om 
begeleiding. Alhoewel ik er weinig vertrouwen in had dat onze besprekingen 
-waarin we te vaak en te ver afdwaalden- tot succes zouden leiden, wist jij mij op 
een tactische wijze de juiste richting op te sturen. Onze vrijdagmiddag discussies 
zijn -achteraf gezien- een ideale mix van wetenschap, gekwebbel over koetjes en 
kalfjes, een flinke dosis relativeringsvermogen en gezonde humor. Na anderhalf 
jaar waren alle klussen geklaard, de manuscripten geschreven en kon ik een 
promotiedatum aanvragen. 
Yolanda, you are one of a kind. Ik heb met veel plezier met je samengewerkt en 
veel van je geleerd. Bedankt voor de enorme tijd en energie die je in mij hebt 
geïnvesteerd, maar bovenal voor de belangrijke levenslessen die je mij hebt 
meegegeven.

Prof. dr. W.P.Th.M. Mali, geachte promotor, beste Willem, of toch maar gewoon 
“Professor Mali”, van enige afstand was u altijd bijzonder betrokken en goed 
op de hoogte van de voortgang van mijn promotietraject. Uw deur stond altijd 
open wanneer Yolanda en ik met nieuwe plannen kwamen binnenvallen. De 
vanzelfsprekendheid waarmee u achter onze ideeën stond en alles in het werk 
stelde om het uitvoerbaar te maken, zorgde dat we binnen korte tijd dit mooie 
proefschrift konden schrijven. Bij afwijzingen -omdat onze innovatieve ideeën nog 
niet werden begrepen-, motiveerde u mij om door te gaan, vertrouwen te houden 
en geduld te hebben. Het doorbreken van ingesleten opvattingen kost immers 
tijd. 
In de eindfase van mijn promotietraject hebben wij gezamenlijk in Chicago de basis 
gelegd om de PROVIDI-studie naar een internationaal niveau te tillen. Hartelijk dank 
voor uw vertrouwen en de stimulans om het PROVIDI-onderzoek op verschillende 
internationale congressen te presenteren. 
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Dr. P.A. de Jong, geachte co-promotor, beste Pim, dank voor je laagdrempeligheid, 
bereikbaarheid en snelle terugkoppeling. De beginselen van een aantal artikelen in 
dit proefschrift komen voort uit jouw onuitputtelijke hoeveelheid nieuwe ideeën. 
Met jouw uitleg en geduld lukte het mij om de beoordeling van de CT scans onder 
de knie te krijgen. Bedankt voor deze belangrijke bijdrage aan de totstandkoming 
van dit proefschrift.

Dr. H.M. Verkooijen, geachte co-promotor, beste Lenny, dank voor je positiviteit en 
ondersteuning in de opstartfase van de pilotstudie. Daarnaast wil ik je bedanken 
voor je detaillistisch commentaar op mijn stukken. Juist doordat jij iets meer 
afstand had tot het onderwerp van mijn proefschrift, waren deze vaak waardevol 
en inzichtelijk.

Beste Peter, Martijn en Stan. Jullie hebben de basis gelegd voor de PROVIDI-studie. 
Door de vakkundig verzamelde scans en opbouw van de database, heb ik hieraan 
gevolg kunnen geven. Martijn en Stan, bedankt voor de introductie in de PROVIDI-
wereld en dat ik jullie R-syntaxen verder kon uitbouwen. 

Geachte leden van mijn beoordelingscommissie, te weten Prof. dr. ir. Y.T. van der 
Schouw, Prof. dr. J.W.J. Lammers, Prof. dr. F.L.J. Visseren, Prof. dr. R.J.G. Peters, 
Prof. dr. J.E. Wildberger, hartelijk dank voor uw bereidheid mijn proefschrift op zijn 
wetenschappelijke inhoud te beoordelen.

Alle deelnemers, radiologen en overige betrokkenen die hebben bijgedragen 
aan de totstandkoming van de PROVIDI-studie wil ik bedanken. De NELSON-
studiegroep, dank ik voor het gebruik van de data en voor het leveren van 
waardevol commentaar op mijn papers.

Prof. dr. L.P.H. Leenen, Dr. T.J. Blokhuis en Dr. F.H. Rutten. Dank voor jullie 
bijdrage aan de pilotstudie. Beste Taco, door jouw enthousiasme en pragmatische 
werkwijze, heb ik onze samenwerking als bijzonder prettig ervaren. Beste Frans, 
alhoewel je in principe alleen betrokken was bij de pilotstudie, heb jij mij vaker 
voorzien  van veelomvattende adviezen. Jouw raad heeft mij goed op weg 
geholpen in mijn promotietraject. Hartelijk dank.

Beste Cees, Shanta, Anneke en Saskia van het Trialbureau van de afdeling Radiologie, 
jullie ondersteuning voor wetenschappelijk onderzoekers is onmisbaar. Cees 
Haaring en Shanta Kalaykhan, een aparte vermelding vanwege de professionaliteit 
waarmee jullie mij binnen afzienbare tijd hebben geholpen. Bedankt.

Beste Ivana Isgum, Chris de Mol en Ewoud Smit van het Image Science Institute, 
UMC Utrecht. Duizenden scans scoren duurt lang! Zonder jullie technische 
ondersteuning, zou dit bijna een onmogelijke klus zijn geweest. Dank jullie wel.
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Beste Roy, Karin, Jan en Chris van de afdeling Multimedia van de Radiologie, dank 
voor het schitterende beeldmateriaal. Roy Sanders, dank voor je engelengeduld. 
Jij zorgde dat de figuren nog scherper, de presentaties nog strakker en de posters 
nog opvallender werden. Totdat het precies zo werd zoals ik het voor ogen had. 
Met als sluitstuk, dit prachtig vormgegeven proefschrift met een indrukwekkende 
omslag. 

Beste stafleden van de klinische epidemiologie van het Julius Centrum, UMC 
Utrecht. Door deelname aan bijeenkomsten als de boekenclub, journalclub, 
methodologie-overleg en Geoffrey Rose-overleg, heb ik mijn kennis over klinische 
epidemiologie, methodologie en hart- en vaatziekten kunnen verrijken. Dank voor 
al deze bijeenkomsten en seminars. 

Graag wil ik mijn (ex)-collega’s en (ex)-roomies van het Julius Centrum -Laura, 
Minke, Erica, Louise, Ilona, Miranda, Marleen, Ellen, Willemijn, Anoukh, Wouter Jr. 
& Wouter Sr., Gerdien, Paulien, Nanne, Kim, Sophie, Manon, Noor, Sara, Staveros, 
Loes, Marise, John, Marjolein, Christiana, Marlous, Julien, Maarten, Nienke, Irene, 
Thomas en alle anderen- bedanken voor de leerzame discussies, gezellige lunches, 
borrels, etentjes en uitjes.

Collega promovendi van de afdeling Radiologie -Marlijne, Hanke, Arthur, Anouk 
E., Jip, Martin, Richard, Alexandra, Jill, Maarten S., Laura, Bertine, Björn, Gisela, 
Alexander, Wouter, Maarten B., Dominika, Floor, Anouk G., Merel, Suzanne, Joost, 
Hamza, Anja, Malou, Charlotte, Joris, Thijs en Andor- , uiteraard voor jullie ook een 
plekje in mijn dankwoord. Bedankt voor de congressen, borrels, ski-weekendjes, 
bedrijfsuitjes en andere momenten van plezier!

Beste Patricia, bedankt. Samen met jou was het een stuk prettiger om de vele 
avonden door te werken op kamer 6.116. Floriaan, aan het einde van mijn 
promotietraject werd je mijn nieuwe roomie waardoor  je vaak als klankbord 
fungeerde. Dank voor je steun maar natuurlijk ook voor de leuke koffiebreaks en 
lunches.

Beste Rolf Groenwold, Erik Koffijberg en Joep van der Leeuw, dank voor jullie 
bereidheid mij te helpen als ik weer eens verstrikt was geraakt in onbegrijpelijke 
R-syntaxen en study designs.  

Al mijn familie en vrienden wil ik bedanken voor hun wijsheid, humor, steun, 
vriendschap en liefde op cruciale en alledaagse momenten. Een aantal personen 
wil ik speciaal noemen.

Lieve Nanie (Oma Badal-Rewat), ik vind het bijzonder dat jij op 86-jarige leeftijd 
nog zo vitaal en scherp bent -ook al zeg je zelf van niet- en dat jij aanwezig bent 
op mijn promotie. Dankjewel voor de liefde en genegenheid die je ons van jongs 
af aan hebt gegeven.
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Lieve Adja & Adjie (Opa & Oma Jairam), ondanks dat jullie op ruim 7.500 km afstand 
van ons wonen, heeft jullie liefde en warmte ons altijd bereikt. Vanuit Suriname 
hebben jullie altijd laten weten hoe trots jullie op ons zijn. Dank jullie wel.

Lieve Roy, al vanaf onze eerste dag aan de medische faculteit van de Erasmus 
Universiteit, een zeer goede en trouwe vriend. Lieve Dennis, van oude bekende 
van de middelbare school tot ‘close relative’. Dank voor jullie dierbare vriendschap,  
de plezierige etentjes en goede gesprekken.

Mijn paranimf en goede vriendin. Lieve Eef, de tijd die wij als kamergenoten 
doorbrachten was in één woord top. Wij hadden het optimale klimaat gecreëerd 
op kamer 6.116: hard werken gecombineerd met gezelligheid. Ook wist jij op 
cruciale momenten mee te denken en mij te helpen bij het nemen van de juiste 
beslissingen. Ten slotte, konden we ook goed genieten van het leven buiten de 
wetenschapswereld... Ik ben blij dat je op deze grote dag naast me staat.

Mijn lieve ouders. Mede dankzij jullie onvoorwaardelijke steun en liefde heb ik 
dit bijzondere moment bereikt. Dearest Dad, je was er altijd om met oprechte 
interesse naar mijn verhalen over de ups and downs van mijn promotietraject te 
luisteren en mij van goed advies te voorzien. Wij hebben van je geleerd dat met 
een onbedwingbare wil en grenzeloos doorzettingsvermogen, geen uitdaging te 
groot en geen doel onbereikbaar is. Liefste Mama, dank voor je zorgzaamheid en 
eindeloze geduld. Jij hebt ons altijd gestimuleerd om onze talenten te ontplooien 
en dromen te verwezenlijken. Zonder jullie zou ik mezelf niet zijn, dank jullie wel 
voor alles!

Lieve Maya, mijn grote zus, jouw betrokkenheid betekent mijn hele leven al 
onbeschrijfelijk veel voor mij. Je zorgt ervoor dat ik me nooit ergens zorgen over 
hoef te maken. Het komt wel goed, en zo niet, dan ben jij er. Mede door jouw 
aanmoediging, relativeringsvermogen, trots, en gevoel voor humor heb ik dit 
proefschrift kunnen afronden. Ik ben blij dat jij mijn paranimf wilt zijn. Dank voor 
de uitzonderlijke band die wij hebben en dat je er altijd voor mij bent.

Pushpa Jairam, February 2014
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