
shaped CC since the single ultra-thin (70 nm) TEM section does not
permit 3D interpretation of the overall picture (Figure 2E/F). Polarized
light microscopy does detect small, early CC but lacks the needed high-
resolution to provide greater architecture. Thus, considering all of the
challenges mentioned above in visualizing CC, we believe that focused
ion beam scanning electron microscopy (FIB-SEM) with attached en-
ergy dispersive X-ray technology under cryo conditions, not requiring
any organic solvents, could provide the highest resolution CC imaging
in the most natural setting. However, because labs with the cryo-FIB-
SEM setup are relatively rare and its operation is costly and time-
consuming, analysing CC formation on a routine basis with this method
in the vasculature or cell culture may be impractical for most labs.

Recent cardiovascular imaging advances have allowed scientists and
medical professionals to have a much more detailed look into the mor-
phology of atherosclerotic plaques, allowing a better understanding of
the patients’ cardiovascular risk profile. Recent imaging advances using
frequency-domain optical coherence tomography, for example, allows
the visualization of CC in the patients coronary artery and formulation
of a correlation to plaque vulnerability.41 Further development of inno-
vative imaging techniques in the future could result in imaging of CC as
an additional diagnostic tool to assess the extent, severity, and high-
risk features of atherosclerotic plaques in patients. It will be important
to determine the impact of lipid-lowering therapies like statins and
anti-PCSK9 and/or anti-inflammatory therapies on CC formation in
high-risk cardiovascular disease patients and its relationship with car-
diovascular events. From the research perspective, it will be of critical
importance to further understand and examine the underlying mecha-
nisms behind cellular CC formation in atherogenesis. The deeper un-
derstanding of involved pathways as well as the actual cellular
crystallization process itself will allow the development of targeted fu-
ture therapies.

Data are available from the corresponding author upon reasonable
request.
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Extending the age limit of commercial pilots?

A cardiovascular risk assessment concept is presented by a physician consultant
for aerospace medicine and a former cardiology expert of the Federal Office of
Civil Aviation, Switzerland

Introduction

Safety is the leading principle in aviation. Therefore, it is mandatory for
commercial air transport pilots (CAT pilots) to undergo a medical ex-
amination to obtain or revalidate their medical certificate: yearly for
pilots of multi-pilot operations and 6 monthly for pilots over the age of
60 or flying single pilot operations.1 The examinations are to ascertain
that pilots are fit to perform all flying tasks and to assess a pilot’s risk of

in-flight incapacitation. When a pilot becomes completely unable to
function during the flight, this condition is categorized as a total incapaci-
tation. Currently, European rules dictate age limits of 60 years for com-
mercial single-pilot operations and of 65 years in multi-pilot operations.1

A number of stakeholders in the aviation industry requested the
European Aviation Safety Agency (EASA) for an extension of the age
limits for CAT pilots. In that context, EASA commissioned a study to
develop medical references related to the risk of pilot incapacitation in
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relation to the pilot’s age and to determine whether the risk of inca-
pacitation can be mitigated by appropriate health screening.2 When
considering extension of the age limits for CAT pilots, those medical
conditions that bear an increased incapacitation risk with increasing
age should be considered.

In-flight incapacitation risk of pilot:
medical causes and relation to age

In-flight incapacitation due to a medical cause is a rare event occurring
up to 0.45 times per 106 flight hours or 0.25% per annum.2–4 In a re-
cent systematic literature study, evidence was found for an increasing
rate of in-flight incapacitations with increasing age.2

Of the in-flight incapacitations, 50–70% cannot be prevented by set-
ting a regulatory age limit because incapacitations caused by problems
such as acute gastroenteritis, laser strikes, headache, and ear/sinus con-
ditions are not age-related.5–7 The remaining 30–50% of total in-flight
incapacitations of commercial pilots is to a significant extent caused by
cardiovascular disorders (CVDs), such as sudden cardiac death, acute
coronary syndrome, cardiac arrhythmias, pulmonary embolism, and
stroke.2,8 These results are in agreement with outcomes of studies
about the medical causes of grounding of pilots.2,4,9,10 The frequency of
these conditions is known to increase with age in general populations11

as well as in aircrew,2 although the overall cardiovascular mortality rate
in pilots is significantly lower than in the general population.12–14

It is concluded that higher age is an important risk factor for total in-
capacitation of pilots due to CVD. In the context of extending the age
limit of CAT pilots, it is therefore recommended to concentrate on
surveillance of pilots at high risk of cardiovascular and cerebrovascular
events.2,4,8

First steps of cardiovascular risk
estimation

We consider that a standardized stratified cardiovascular risk assess-
ment will be a useful approach to reduce the risk of total in-flight

incapacitation and will also contribute to individual prevention of
CVD, thereby reducing the number of cases at risk. Such standardized
stratified cardiovascular risk assessment should be geared to identify
risk in asymptomatic pilots.

A comprehensive risk assessment should include a full clinical his-
tory and should cover known cardiological risk factors. Pilots who are
found to be at high risk based on documented cardiovascular disease,
diabetes mellitus (>40 years of age), kidney disease, or a highly ele-
vated single risk factor, such as very high cholesterol or very high blood
pressure, should be referred for further cardiological evaluation irre-
spective of the score of a risk calculator.15

Although a poor discriminator for the prediction of coronary events
in asymptomatic individuals, a routine 12-lead resting electrocardio-
gram (ECG) is recommended to identify abnormal conduction or
other arrhythmogenic patterns that could increase the risk of
incapacitation.

Analogous to the clinical preventive approach, in the first phase of
risk stratification CVD risk calculators can be used to complement the
medical examination in order to classify the risk. Intermediate or high-
risk cases will then enter the second phase in which expert cardiologi-
cal evaluation methods will be used to establish the risk level and its
consequences for flight safety.

Exercise stress tests do not have the required sensitivity required to
suggest their use as part of a screening protocol in asymptomatic indi-
viduals.8 In selected cases exercise stress testing may be indicated in an
enhanced cardiological evaluation. The use of genetic markers for the
prediction of CVD in asymptomatic pilots is currently not recom-
mended.15 A positive family history of premature CVD is considered
to represent a good surrogate for an increased genetic risk.16,17

Cardiovascular risk calculators

A risk calculator is constructed as an equation with regression coeffi-
cients for each included risk factor, based on a statistical analysis of
data from a population of a certain region to provide a crude risk esti-
mate. A risk calculator to be used for screening of CAT pilots should
be relevant for the ethnicity of the pilots being screened and should
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predict the 5–10 years risk for non-fatal events such as acute coronary
syndromes or stroke, as well as fatal cardiac events, as both may lead
to total in-flight incapacitation.

Table 1 in this section shows pros and cons of frequently used risk
calculators. Based on the appraisal of these pros and cons, the
‘European cohort-derived’ PROCAM risk calculator18 can be recom-
mended for European pilots. The PROCAM algorithm uses data on
age, gender, LDL- and HDL-cholesterol and triglycerides, systolic
blood pressure, smoking, diabetes mellitus, and a family history of myo-
cardial infarction. It predicts ‘hard’ events such as myocardial infarction,
stroke, or death as endpoints. A score below 10% is considered low,
10–20% intermediate, and>20% high 10-year risk of coronary events.
The algorithm can be adapted to represent the ethnicity of the pilots
concerned. For example, the AGLA risk calculator (www.agla.ch) is a
PROCAM version adapted with a regional adjustment factor for a
Swiss population.

Enhanced screening methods

For pilots of whom the initial risk is estimated to be between 5%
and 10%, thorough lifestyle counselling is recommended, with an
emphasis on preventive diet and exercise measures. Pilots with an
elevated CVD risk (�10%) are referred for enhanced risk assess-
ment, whereby modern cardiology techniques are used such as
computed tomography (CT) coronary artery calcium score
(CACS), CT coronary angiography (CTCA), single-positron emis-
sion tomography (SPECT), positron emission tomography
(PET), cardiac magnetic resonance (CMR), or invasive coronary an-
giography ICA).24

In case of coronary artery disease, the choice of additional examina-
tion depends on whether the aim is to gain information about the cor-
onary anatomy (stenoses?), or information about the coronary artery
function (coronary ischemia?). CTCA is the best non-invasive method
to provide an overview of the coronary artery anatomy.24,25

For a functional examination to determine the level of ischaemia the
other methods mentioned above are available. CACS is a method
which allows estimating the extent of coronary calcium content pre-
sent in the coronary arteries, and as such allows a rough estimation of
the extent of coronary artery lesions.26 Its value is limited as it does
not detect non-calcified plaques.27 The availability of modern diagnos-
tic facilities and local expertise should be considered when there is a
need for such a test. The definitive choice is in the realm of the con-
sulted cardiologist.

Whichever method is chosen its use should be based on the follow-
ing criteria: soundness of scientific basis, clarity and scientific justifica-
tion of decision criteria, practicality, and cost-effectiveness.2 The flow
chart (Figure 1) in this section, adapted from Gray et al.,8 shows the de-
cision criteria for each step of the stratified risk assessment and allows
to refine the CVD risk estimation by anatomical and-if necessary-func-
tional methods. The chart is aimed to support the aeromedical exam-
iner (AME) and medical assessors in the process of deciding a pilot’s
fitness to fly. CTCA is recommended as the preferred method for the
analysis of the anatomical coronary situation.

Recommendations

It is recommended that all aircrew, especially those over the age of
40 years, should be periodically screened for cardiovascular risk using a

....................................................................................................................................................................................................................

Table 1 Frequently used CVD risk estimation tools: Pros and Cons in the context of cardiovascular risk assessment of
European CAT-pilots

Framingham19 Pooled cohort

equations20

SCORE21 PROCAM/

AGLA18

QRISK322 Reynolds risk

score23

Pros Externally vali-

dated in EU

population

cohorts

• Based on large US

database
• Also, applicable for

Afro-Americans

• Based on 12 cohort

studies in 11 EU

countries
• Recalibrated in many

EU countries

• Based on German

cohort and exter-

nally validated in

many EU countries
• Adaptable for use

in different EU

countries

• Based on very large

UK database 1993-

2008
• Extensively validated

and recalibrated in UK
• Includes many risk

factors

• Risk factors in-

clude hs-CRP

Cons Based on US

cohorts of

1968–1987:

overestimation

of risk

• Based on US

cohorts of 1968–

1992: Alleged

overestimation of

risk
• Applicable to US

population - not

externally validated

or recalibrated in

EU cohorts

• Estimates only fatal

CVD risk
• Based on data of

1972–1991: risk

overestimation?
• Limited age range: 40–

65 years

• Older versions are

still on internet.
• Only latest

PROCAM version

(2007) and AGLA

have broad age

range and also

applies for females

• Primarily developed to

predict CVD risk in

UK
• Performance in

cohorts of other EU

nations unclear

• Based on US

cohort of vol-

unteers of

Health

Services:
• Applicable to

US cohortsnot

externally vali-

dated or recali-

brated in EU

cohorts

hs-CRP, high sensitivity-C reactive protein.

Cardiopulse 2241
D

ow
nloaded from

 https://academ
ic.oup.com

/eurheartj/article/41/24/2239/5861073 by guest on 22 July 2021

http://www.agla.ch


resting ECG and risk estimating calculators that are representative and
appropriate for the population to screen and provide non-fatal and fa-
tal endpoints. Pilots with an elevated CVD risk should be referred for
enhanced risk assessment. The flow chart in this section represents a
useful example of such a procedure. This proposed concept of cardio-
vascular risk assessment would allow for an extension of the age limit
for pilots flying multi-pilot operations and an extension to the age of
65 for single flying CAT pilots.
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Figure 1 Flow chart with algorithm adapted from Gray et al.8

*The classification of a low, intermediate or high risk is given by the cardiovascular risk calculator being used. We recommend using the PROCAM risk calculator

in which a 10-year cardiovascular risk of <10% is low, of 10-20% intermediate and of >20% high.
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