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Populdrvetenskaplig sammanfattning

POPULARVETENSKAPLIG
SAMMANFATTNING

Brandmaén utsitts i sitt yrke for harda fysiska pafrestningar, i synnerhet
under rok- och kemdykning. Forutom brandbekdmpning, raddning av
manniskor i fara och andra kriavande uppgifter som tillhér raddningsar-
betet, stiller tung skyddsutrustning, viarmebelastning och psykologisk
stress stora krav pa brandmannens fysiska forméga. For att klara av ar-
betsmomenten pa ett effektivt och sékert sitt ar det darfor viktigt att sa-
kerstilla att varje enskild brandman har tillrickligt god kondition och
hilsa.

Det ar enligt Arbetsmiljoverkets foreskrifter reglerat att brandmén ska
konditionstestas och screenas for hjartsjukdom vid upprepade medi-
cinska tjanstbarhetsbedémningar. Arbetsprov med EKG-registrering, ut-
fort till maximal anstrangning pa testcykel, anvinds for riskbedomning av
eventuell bakomliggande hjiartsjukdom. Tidigare undersoktes dven kon-
ditionen pa testcykel genom ett 6 minuter ldngt test med konstant belast-
ning (200 watt). For att testa brandméannen pa ett mer yrkesspecifikt sitt
omarbetades konditionstestet och sedan 2008 anvinds enbart kondit-
ionstest pa rullband, dir brandmannen ikladd full rékdykarutrustning
(24kg), méste klara 6 min i viss hastighet och lutning.

De bada testerna antas pa gruppniva ha jamforbara syreupptagnings-
krav, men skiljer sig arbetsfysiologiskt at. Cykelprov har relativt konstant
mekanisk verkningsgrad och en viss belastning kriaver ungefar
samma absoluta syreupptag for olika individer. Vid rullbandsarbete ar
den mekaniska verkningsgraden diremot inte konstant och ett flertal fak-
torer paverkar syreférbrukningen, i synnerhet testpersonens egen
kroppsvikt.

Arbetsprov med EKG-registrering ar en relativt billig och enkel metod,
som traditionellt bedomer sannolikheten for kranskirlssjukdom genom
att analysera EKG-komplexets ST-stracka vid maxarbete. Testets mojlig-
heter att uppticka eller utesluta kranskirlssjukdom varierar dock i olika
grupper beroende péa olika forekomst av hjartsjukdom. I grupper med lag
sannolikhet for sjukdom, dit yrkesverksamma brandmén kan antas
hora, uppstar ofta tolkningsproblem pa grund av stor andel falskt positiva
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resultat, d.v.s. ST-séankning kan uppsta dven hos personer utan bakomlig-
gande kranskarlssjukdom.

Genom att kombinerat studera puls- och ST-utveckling (ST/HR) un-
der provets arbets- och aterhdmtningsfas, kan ett flertal utvidgade para-
metrar berdknas (ST/HR index, ST/HR slope samt area och rotationstyp
for ST/HR loopen). ST/HR har i tidigare studier visat sig anvandbart for
bade diagnostik och sjukdomsgradering av kranskirlssjukdom i vissa

grupper.

Syftet med studierna i den har avhandlingen var att

e undersoka hur individuella faktorer sdsom kroppskonstitution pa-
verkar sannolikheten att klara de olika konditionstesterna, samt att
jamfora uppmatt puls och berdknat syreupptag fran respektive test.

e utarbeta en metod for att extrahera och kvalitetssakra data fran ett
Kkliniskt arbetsprovssystem till att anvandas for forskningsandamal.

e studera virdet av ST- och ST/HR-parametrar vid analys av arbets-
EKG pa friska, symtomfria individer.

e Lkaraktirisera faktorer som ar kopplade till utveckling av ST-
sankning hos personer utan kiand kranskarlssjukdom.

Vi har studerat rullbandstest och arbets-EKG genomfoérda 2004-2011 av
brandmin inom Riddningstjinsten i Ostergotland. Fér brandmin som
gett sitt samtycke har vi ocksd genom journalstudier foljt upp resultat av
hjartundersokningar och férekomst av eventuell hjartsjukdom fram till
och med 2015.

Vid jamforelse av test pa rullband och cykelergometer fann vi att trots att
rullbandstestet tycktes mer kriavande, med tanke pa bade hogre slutpuls
och hogre berdknad syreatgang, var det vanligare att klara rullbandstestet
och samtidigt inte uppfylla kravet pa cykeltestet, dn vice versa. Langre och
yngre brandméin hade 6kad sannolikhet att klara bada testtyperna, medan
lagre kroppsvikt enbart var en fordel vid rullbandstestet.

Vidare fann vi att utveckling av ST-sdnkning under arbete var vanligt
(20%) hos dessa symtomfria brandméan, medan insjuknande i ischemisk
hjartsjukdom under uppfoljningstiden var 1ag (2%). Avvikande resultat
vid fordjupad EKG-diagnostik med ST/HR analys var associerad med
ischemisk hjartsjukdom i fler EKG-avledning dn vad ST-sdnkning var, i
synnerhet for de variabler som inkluderade bade arbets- och aterhamt-
ningsfas i kombination.

ST-sankning i samband med fysiskt arbete hos personer utan kind
hjartsjukdom var associerat med stigande lder. Dessutom fanns en kopp-
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ling mellan ST-sankning och stor pulsokning. Vi fann daremot inget sam-
band mellan ST-siankning och traditionella riskfaktorer for kranskarls-
sjukdom (hogt blodtryck, hoga blodfetter och diabetes).

Sammanfattningsvis innebar dessa resultat att man genom bytet av metod
for konditionstest av svenska rokdykande brandman, fran cykelergometer
till rullband, kan ha sankt miniminivan for godkand kondition. Visserli-
gen kan rullbandstestet ha fordelar genom att vara mer yrkesspecifikt,
men det ar det oklart huruvida den dndrade kravprofilen paverkar yrkes-
utovningen.

Vid tolkning av arbetsprov pa symtomfria personer kan ST/HR analys
overvigas. Daremot var andelen falskt positiva och falskt negativa resultat
fortfarande sa hog vid ST/HR-analys, att viardet av arbetsprov for att hitta
kranskarlssjukdom hos symtomfria brandmén och andra motsvarande
grupper ar mycket tveksamt.
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Abstract

ABSTRACT

Background. Firefighting is one of the most physically demanding oc-
cupations and it requires a high cardiorespiratory fitness level.

Pre-duty medical evaluation of firefighters includes fitness testing and
assessment of cardiac health to ensure that firefighters meet the
minimum physical fitness standard and to ensure that they are not at
increased risk of cardiac events. The medical evaluation methods for
Swedish firefighters are regulated by the Swedish Work Environment
Authority and include a 6 min constant workload treadmill (TM) test for
fitness evaluation in which the firefighter wears full smoke diving
equipment and a maximal effort exercise electrocardiography test
(EXxECG) at cycle ergometer (CE) for assessment of cardiac health.
Previously, fitness was also evaluated by cycle ergometry.

The standard parameter for evaluation of ischaemic heart disease
(THD) is exercise-induced ST depression. In general, exercise testing of
asymptomatic low-risk individuals is discouraged due to low sensitivity
and specificity for THD, generating both false-positive and false-negative
test results. Heart rate (HR) adjustment of the ST-segment response has
been shown to be superior to simple ST depression to evaluate cardiac
ischaemia in some populations, but has not been extensively evaluated in
an occupational setting.

Methods. We retrospectively analysed a cohort of 774 firefighters who
were asymptomatic at the time of the testing.

In paper I, test approval, HR response, and calculated oxygen uptake
from TM tests and CE tests for 424 firefighters (44+10 years) were com-
pared.

Paper IT methodologically described the process for data extraction,
processing, and calculation of EXECG data from a clinical database. Pro-
cedures for noise assessment, error checking, and computerized calcula-
tion of ST/HR parameters were described.

In paper III, EXECG and medical records of 521 male firefighters
(44+10 years) were studied. During 8.4 + 2.1 years of follow-up, IHD was
verified angiographically in 12 subjects. The predictive value of HR-
adjusted ST variables (ST/HR index, ST/HR slope, and ST/HR loop) for
IHD was evaluated.
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In paper IV, subjects with objectively verified THD were excluded and
factors associated with exercise-induced non-ischaemic ST depression
were studied in the remaining 509 males (46+11 years).

Results. The firefighters had an average maximal exercise capacity of
281 + 36 W (range 186-467 W) achieved by incremental CE exercise. To
enable comparison, the maximal workload was converted to the workload
sustainable for 6 min. It was more common to pass the 6 min TM fitness
test but to fail the supposedly equivalent CE test rather than vice versa.

Twenty percent of the firefighters developed an ST depression of >0.1
mV in at least one lead during exercise and half of the firefighters had a
horizontal or downsloping ST depression. While an abnormal ST response
associated with an increased risk for THD only in V4, both an abnormal
ST/HR index and an abnormal ST/HR slope associated with IHD in three
leads each. Clockwise rotation of the ST/HR loop was infrequent in all
precordial leads (1%), but it associated with an increased risk for THD.

In the subgroup without evidence of coronary artery disease, age and
the HR response associated with ST depression, whereas hypertension,
hyperlipidaemia, diabetes, blood pressure response, and exercise capacity
did not.

Conclusions. Even though the calculated oxygen uptake was higher for
the TM test than for the supposedly equivalent CE test, the higher tread-
mill approval rate may indicate that the fitness requirement for Swedish
firefighters has been lowered by changing the test modality.

Exercise-induced ST depression was common in asymptomatic physi-
cally active men, although there were only a few cases of IHD during fol-
low-up. If performing EXxECG in asymptomatic, low-risk populations,
ST/HR analysis could be given more importance. However, the limited
clinical value of EXECG in low-risk populations was emphasised and
needs to be reconsidered.

In asymptomatic, physically active men without coronary artery dis-
ease, false-positive ST depressions can be partially explained by HR vari-
ables rather than by common cardiovascular risk factors and blood pres-
sure response to exercise.
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ACC
ACS
AHA
BMI
BP
CA
CAD
CCTA
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CVvD
CWL
ECG
ExECG
HR
IHD
MPI
LVH
PPV
SD
™
VO,

WHO

Abbreviations

ABBREVIATIONS

American College of Cardiology
Acute Coronary Syndrome
American Heart Association
Body Mass Index

Blood pressure

Coronary Angiography
Coronary Artery Disease
Coronary Computed Tomography Angiography
Cycle ergometer
Cardiovascular disease
Constant Workload
Electrocardiography

Exercise Electrocardiography
Heart Rate

Ischaemic Heart Disease
Myocardial Perfusion Imaging
Left Ventricular Hypertrophy
Positive Predictive Value
Standard Deviation

Treadmill

Oxygen uptake

Watt

World Health Organization
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Background

BACKGROUND

Physical activity increases the metabolic demand of the body more than
anything else. The working skeletal muscles convert stored energy to
muscular contractions to perform various kinds of external movements.
This increased energy turnover requires an increased oxygen supply to
enable aerobic cellular respiration and sustained work.

To meet the increased oxygen demand, both respiration and transport
of oxygenated blood throughout the circulatory system are increased,
which, in turn, requires increased pumping of the heart.

From rest to maximal effort, the heart rate (HR) can increase up to
four-times, and the volume of blood pumped from the left ventricle with
each heart beat can increase approximately 50%, leading to an overall six-
fold increase in the cardiac output.

Oxygen supply to the cardiac muscle

The coronary arteries are the vessels that distribute oxygenated blood and
nutrients to the myocardium. Because the anaerobic capacity of the heart
is limited, the cardiac response to exercise requires an instant increase in
the oxygen supply to the myocardial tissue.

The vascular resistance of the coronary arteries is continuously regu-
lated to deliver sufficient quantities of oxygen to meet changes in the de-
mand. In addition, the myocardium extracts 70-80% of the delivered oxy-
gen, which is higher than any other human organ. Consequently, addi-
tional extraction of oxygen as a response to increased demand is rather
limited. Instead, an increase in the oxygen supply depends primarily on
enhanced blood flow.

The regulation of the coronary circulation is complex. Several mecha-
nisms modulate coronary vascular resistance, including extravascular
compressive forces (tissue pressure), coronary perfusion pressure, myo-
genic, local metabolic, endothelial, hormonal, and direct and indirect neu-
ral factors [1].

In summary, a sufficient cardiac oxygen supply during exercise relies
on the ability of the coronary arteries to dilate adequately to generate
functional hyperaemia and to provide adequate amounts of oxygen by the
increased blood flow.

13
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Coronary artery disease (CAD)

Coronary arteries exposed to cholesterol and inflammation will harden
and narrow due to lipid deposition and plaque formation in a process
called atherosclerosis, which leads to CAD. The main risk factors for ath-
erosclerosis and CAD are dyslipidaemia, hypertension, diabetes, obesity,
and smoking. All of these factors contribute to an inflammatory and pro-
thrombotic environment in which oxidative stress and endothelial dys-
function trigger development of atherosclerotic lesions [2-4].

Atherosclerotic arteries are less able to increase blood flow in re-
sponse to exercise, and the limitation depends on the degree and distribu-
tion of the restricting stenosis. If blood flow during rest or exercise is im-
peded such that the availability of oxygen does not meet the need, the af-
fected subject may suffer chest pain (angina). With more advanced ather-
osclerosis and more limited blood flow, less activity is needed to provoke
symptoms. Nevertheless, individuals with stenotic lesions that significant-
ly reduce the size of the artery lumen may have no symptoms.

Eventually, an atherosclerotic plaque may rupture and the subsequent
thrombus that covers the lesion can obstruct or occlude the artery leading
to an acute coronary syndrome (ACS), such as myocardial infarction, un-
stable angina, or even sudden cardiac death (SCD).

In the papers included in this thesis, both the terms CAD and is-
chaemic heart disease (IHD) have been used to describe the disease of in-
sufficient oxygen supply to the cardiac muscle. CAD and IHD essentially
describe the same phenomenon and can often be used interchangeably
even though they reflect morphological versus functional points of view.

Exercise testing

Because the requirements of the entire cardiorespiratory system increase
with physical activity, an exercise test can reveal signs or symptoms of
disease that are not present at rest. That is the main purpose of diagnostic
exercise testing. Symptoms during exercise can originate from diseases in
different organ systems, including the heart, the lungs, the peripheral cir-
culation, the muscles, and the metabolism. Nevertheless, in the clinical
setting, cardiac disease, especially suspected ITHD, has been the single
most common reason for exercise testing for almost a century.

Another aspect of exercise testing is evaluation of the cardiorespirato-
ry fitness of the test subject. Fitness can be measured as the maximal oxy-
gen uptake, maximal external work (watts, W), or maximal increase in
energy expenditure by the end of the working phase compared to the rest
phase (metabolic equivalent of task, MET). Knowledge of physical capaci-
ty can be used for a variety of contexts and circumstances ranging from

14
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the suitability to go through major surgery to the refinement of sports
performance. Within certain areas of occupational medicine, exercise test-
ing is also used to ensure a minimum level of exercise capacity to safely
meet the demands of the work tasks.

Exercise electrocardiography (EXxECG)

The reference and standard method for visualising the coronary vascula-
ture and diagnosing CAD is coronary angiography. However, it is an inva-
sive procedure associated with both risks and costs. EXECG is a non-
invasive, relatively inexpensive, widely available, and generally safe tech-
nique. During physical exercise, electrocardiography (ECG) recordings
are made and dynamic and morphological changes in the different ECG
leads are analysed to identify patterns characteristic of exercise-induced
ischaemia and to diagnose ITHD.

During a standard exercise test procedure, ECG recordings are col-
lected during exercise and during the subsequent recovery. Valuable in-
formation can be retrieved from all parts of the ECG recording, but for
evaluation of IHD, the main area of interest is the ST segment (Fig. 1).

ST depression

During an ECG recording, depolarisation in the cardiac ventricles is re-
flected as a QRS complex. The subsequent ventricular repolarisation is
seen as a T wave. Between the QRS complex and the T wave, the mem-
brane potential of the myocytes is relatively constant, which is depicted as
a nearly flat ST segment at the same level as the isoelectric PQ segment.
The J point represents the time-voltage coordinate at the end of the QRS
complex and at the beginning of the ST segment (Fig. 1).

During ischaemia, the membrane potential of the affected myocytes is
altered. Hypoxia most often affects the innermost part of the cardiac mus-
cle, the endocardium, where blood flow is functionally more restricted by
increased pressure during cardiac contraction. The epicardial cells are lo-
cated more favourably for oxygenation via the arteries that run along the
outer surface of the heart, thus they can maintain normal function during
partial reduction of the oxygen supply. The consequence is subendocardi-
al ischaemia that results in an electrical difference in membrane potential
between the endocardial and epicardial cells, which is visualised as an ST
depression by the exploring ECG lead.

Although ST depression is typically caused by myocardial ischaemia,
other physiological, pathological, and iatrogenic causes exist, such as digi-
talis treatment, hypokalaemia, intraventricular conduction abnormalities,
and left ventricular hypertrophy [5, 6]. Normally, the QRS complex con-
ceals the atrial repolarisation wave. During exercise with sinus tachycar-

15
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dia, the PQ interval is shorter and atrial repolarisation may coincide with
the ST segment causing a deviation from the isoelectric level [7]. If atrial
repolarisation occurs slightly earlier, it interacts with the J point and
drags it downwards, generating an upward-sloping ST depression.

The magnitude of the ST deviation is measured relative to the isoelec-
tric baseline. At rest, the point of measurement is usually the J point.
When the HR is increased, the J point may be physiologically depressed,
and a more accurate point of measurement may be 60 or 80 ms after the J
point (ST60 or ST80, respectively). In subjects with an elevated resting J
point due to early repolarisation, the ST level generally approaches the
isoelectric level with exercise, which is normal and should not be consid-
ered equivalent to an ST depression. Therefore, an ST depression should
only be calculated as the additional negative deflection below baseline [8].

The most common electrocardiographical criterion for exercise-
induced ischaemia is a horizontal or downsloping ST-segment depression
of at least 0.1 mV measured at ST60 or ST80 in one or several leads [9].

Figure 1. Example of an ECG recording with the different sections labelled.

16
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Historical perspective

Exercise testing for the detection of IHD was developed during the first
half of the 20t century when the burden of cardiovascular mortality in the
Western world was heavy.

As early as 1908, Einthoven, “the father of the electrocardiogram”,
recorded post-exercise ST depression in a patient [10]. During the follow-
ing decades, it was correctly hypothesised that exercise-induced ST-
segment depression was caused by myocardial ischaemia. At the same
time, the quality of electrocardiographic recording devices improved,
which allowed for recording of precordial leads with higher sensitivity for
IHD detection [11].

The role of EXECG for the diagnosis of CAD was initially very promis-
ing. Later, correlation of EXECG data with angiographic findings revealed
limitations in EXECG methodology [12] and raised questions on the opti-
mal use of the EXECG. For example, the correlation between an abnormal
ExECG and CAD has been shown to be low in asymptomatic subjects [13].

In 1989, a well-cited meta-analysis studied the standard ST depres-
sion criterion in over 24,000 subjects and found a mean sensitivity for
IHD of 68% (range 23—100%) and a mean specificity of 77% (range 17—
100%) [14]. The wide ranges were due to differences in the characteristics
of the populations studied and other methodological factors.

More recent studies and guidelines have emphasised the importance
of pre-test probability evaluations to determine the value of the test re-
sults [9, 15]. In summary, the probability of a “true” positive stress test
depends on the pre-test risk of the patient.

Thus, it has become clear that, although evaluation of exercise-
induced ST depression is the most widely used, and most studied parame-
ter for analysis of suspected CAD, its usefulness is limited due to its low
sensitivity and poor positive predictive value in low-prevalence popula-
tions. This insight is important because the prevalence and mortality of
cardiovascular disease in the Western world has decreased [16].

According to the 2013 European guidelines on management of stable
CAD, exercise testing is discouraged in low-risk groups (<15% pre-test
probability) [17].

ST/HR analysis

Improved approaches to analyse EXECGs beyond simple analysis of
ST depression are sought after. The rationale behind the HR correction of
the ST depression is the relationship between HR and ST depression dur-
ing exercise-induced ischaemia. HR normally increases in proportion to

17
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the myocardial oxygen demand during exercise. Thus, in the case of blood
flow limitation, the HR can be expected to correlate with the onset and
severity of ischaemia. Exercise-induced ST depression is dependent on
the presence of a coronary obstruction and on the amount of additional
myocardial oxygen required for increased work. Therefore, there should
be a relationship between the degree of ST depression and HR increase in
CAD cases. Instead of only evaluating the ST depression at peak exercise,
this methodology adds a dimension to the ST assessment and theoretical-
ly enables identification of CAD in cases with a subthreshold ST depres-
sion (<0.1 mV).

The two original methods for HR correction of the ST depression were
ST/HR slope and ST/HR index (Fig. 2).

ST60 (uV)
150 -
ST
100 /Hﬁslop
e
50
0o —N— 80 ‘ 120 ‘ 160 HR (beats/min)
ol R B T STmaXI
e STd AST
-100 1 e )
i ¢ HRmax - HRmin (A HR)
150 X

ST/HR index = A ST/ A HR

Figure 2. Principles for calculating the ST/HR index and the ST/HR slope.
HR = heart rate, STdep = ST depression

ST/HR slope

The ST/HR slope represents the peak rate of ST-segment change as a
function of HR during the end of the exercise phase. Analysis begins by
calculating a regression line using at least the final three ST/HR pairs
during the exercise phase and progressively includes the previous ST/HR
pairs. The steepest significant regression line (p<0.05) is accepted as the
ST/HR slope for that lead. In the original publication, the value from the
lead with the greatest ST/HR slope was used as the final test result [18].

The ST/HR slope was initially suggested to evaluate the severity of
IHD and could accurately predict the presence and severity of CAD in pa-
tients with anginal pain [19]. Later, other investigators confirmed higher
CAD sensitivity for the ST/HR slope in study populations referred for
coronary angiography because of suspected CAD [20].
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ST/HR index

The ST/HR index is mathematically simpler then the ST/HR slope and
divides the overall ST depression by the HR increase during exercise [21].
Theoretically, it is an attractive and easily available approximation of the
ST/HR slope. Because healthy patients supposedly have relatively high
HRs compared to sick patients, the ST/HR index in normal individuals
should be lower than in subjects with heart disease.

In patients with non-significant ST depression (<0.1 mV), but with
clinical stable angina or angiographically proven CAD, an abnormal
ST/HR index (see definition below) correctly identified 50% of patients
with CAD [22]. However, another study that compared ST depression and
the ST/HR index in patients referred for exercise testing due to suspected
CAD did not find better results with the ST/HR index than with ST de-
pression [23].

Suggested cut-off levels for ST/HR variables

In an early publication evaluating the HR correction of the ST depression,
Kligfield et al. determined the ST/HR index and the ST/HR slope in a
subgroup of normal subjects without anginal pain or abnormal coronary
angiography findings. Partition values were identified by calculating the
95th percentile values for the ST/HR slope and the ST/HR index in these
subjects. Consequently, an ST/HR slope <-2.4 pV/beats/min and an
ST/HR index <-1.6 puV/beats/min were defined as abnormal [24]. These
partition values have been used in other studies [25].

ST/HR loop

Plotting all of the ST/HR pairs from the work and recovery phases gener-
ates an ST/HR loop that has been characterised in terms of rotation pat-
tern [26] and area of ST/HR hysteresis [27].

In the Framingham offspring study that analysed asymptomatic men
and women, the relative risk of coronary events was 1.9 when either the
ST/HR index or the ST/HR loop was abnormal, and when both the
ST/HR index and the ST/HR loop were abnormal, the relative risk of cor-
onary events was 3.6, whereas the standard ST-segment depression crite-
rion was not predictive of new coronary events [25].

Exercise test modalities

The two main modalities for exercise testing, with or without ECG regis-
tration, are cycle ergometer (CE) and treadmill (TM). Both modalities en-
gage large muscle groups in dynamic work to generate a large increase in
oxygen uptake for evaluation of aerobic capacity and possible IHD. Inter-
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nationally, TM testing is often the standard for exercise testing, whereas
the Scandinavian tradition favours cycling.

Pedalling elicits a cardiorespiratory response closely associated with
the resistance that has to be overcome to keep the pedals and the wheel
moving. Advantages of CE are that the relatively constant mechanical effi-
ciency of the work performed is not particularly affected by body compo-
sition [28] and that the work correlates fairly well with the absolute oxy-
gen uptake required for a given load [29]. On the other hand, the meta-
bolic demand of TM exercise is largely affected by the body mass that has
to be transported forwards and upwards, hence mechanical factors inher-
ent in the testing, such as speed and grade, alone do not associate with
specific oxygen uptake.

Firefighters

Firefighters have one of the most physically demanding occupations. At
the emergency scene, they perform a variety of tasks, including connect-
ing hose lines to hydrants, positioning and climbing ladders, and rescuing
victims, which all involve lifting, carrying, and pulling heavy objects in hot
and hazardous environments. The work is performed while carrying the
additional weight of the personal protective equipment and the self-
contained breathing apparatus (SCBA), which, in itself, requires extra
work. In addition to the physiological stress, the emotional stress and the
heat stress affect the cardiorespiratory response. Firefighting activities
elicit HRs near or at the age-predicted maximum [30] indicating a sub-
stantial strain on the cardiovascular system. Thus, a high cardiorespirato-
ry fitness level is required to manage many of the strenuous tasks associ-
ated with fire suppression and search and rescue.

Among U.S. firefighters, on-duty mortality is related to cardiovascular
disease (CVD) in about 45% of the cases, which is higher than among oth-
er emergency personnel. Research has shown that most firefighter on-
duty CVD fatalities are elicited by the work and occur in firefighters with
underlying CAD [31]. The Swedish fire brigade is substantially smaller
and has lower absolute numbers of deaths. Swedish authorities do not
keep data on disease prevalence or fatal incidents among firefighters, alt-
hough deadly accidents seem to be more common than death due to CVD

[32].

Aerobic demands of firefighting

It is difficult to measure the actual oxygen cost of firefighting due to the
limitations of the measuring instruments in strong heat and smoke and
the potentially disruptive effects of the instruments on fire suppression
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when public safety is at risk. Therefore, the oxygen requirement of fire-
fighting has normally been estimated or directly measured under simulat-
ed firefighting conditions.

A study of oxygen consumption in typical firefighting activities
showed an average oxygen requirement of 23 ml/kg/min for 90% of the
most common tasks [33]. However, the most demanding operations re-
quired more than 42 ml/kg/min [33, 34]. Other studies on simulated fire-
fighting have found average oxygen consumption values to be 29-34
ml/kg/min [35-38].

Recommendations on minimum fitness level

In the literature, for firefighters, minimum aerobic capacity recommenda-
tions vary between 39 and 45 ml/kg/min [33, 35, 39] and absolute oxygen
uptake recommendations range from 2.7 1/min [39] to 4.0 1/min [40].

It is worth noting that the SCBA used during smoke diving reduces
the maximal oxygen uptake significantly [41]. Therefore, a margin is re-
quired when work-related activities are assessed without a breathing ap-
paratus. The need for a margin is also strengthened by the finding that a
self-selected pace of about 85% of the maximal oxygen uptake (VO. max)
was chosen when firefighters were asked to perform a task as quickly as
possible [36]. This indicates that a high maximal aerobic capacity is re-
quired to manage certain tasks and also contributes to the safety of the
firefighters and the victims because the rescue work can be completed in a
shorter time.

Regulations and requirements

Exercise tests of firefighters are intended to assess work capacity and to
ensure a sufficiently high oxygen uptake to fulfil firefighting duties in a
safe way. According to current regulations that have been valid since
2006, all Swedish firefighters must undergo an annual medical examina-
tion to be approved for smoke diving duty (search and rescue). The medi-
cal evaluation requires a TM fitness assessment and CE ExXECG testing
[42].

The EXECG testing is performed with increasing workloads until ex-
haustion is reached, and the primary aim of EXECG testing is to screen for
IHD. With increasing age, the time interval between EXECG tests decreas-
es. Initially, ExXECG testing is repeated every 5 years, but between the ages
of 40—-50 years, testing is performed every 2 years, and after 50 years of
age, EXECG tests are performed annually.

Fitness requirements for Swedish firefighters were first introduced in
1986. Initially, work capacity was evaluated by CE with a 200 W constant
workload (CWL) test for 6 min, requiring an oxygen uptake of at least 2.8
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L/min [43]. However, fire personnel and researchers criticised the origi-
nal CE test for not accurately reflecting the occupational demands, includ-
ing the heavy equipment and the bodyweight that the firefighter carries.
Therefore, in 1995, a TM test was introduced as an alternative to the CE
test, and the new TM test consisted of walking while wearing 24 + 0.5 kg
of personal protective equipment for 6 min on an 8° elevated slope at 4.5
km/h or faster (Fig. 3). Since 2008, the TM test has replaced the CE test
and is now compulsory for the annual evaluation of work capacity in Swe-
dish firefighters [42].

s

Figure 3. Schematic illustration of the TM test.
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Background to research questions

There is little doubt that firefighting is physically demanding. Together
with occupational skills, adequate fitness is necessary to perform emer-
gency operations with as little risk as possible for the individual firefight-
er, his or her colleagues, and potential fire victims. In Sweden, the test
modality for the fitness assessment has changed over time from a stand-
ard bicycle ergometer test to a more occupational-specific TM-based test
with an added burden and heat stress from the turn-out gear. The differ-
ences in the cardiovascular requirements between the two tests have not
been studied previously.

Although exercise testing for the assessment of CAD is discouraged in
low-risk subjects [17], official regulations require that Swedish firefighters
perform repeated EXECG tests prior to smoke diving duty [42].

The diagnostic and prognostic value of exercise testing in asympto-
matic populations has been studied extensively for many decades. The
vast majority of EXECG studies have focused on simple ST depression
analysis at maximum work [44] even though other exercise-related varia-
bles have gained attention as both diagnostic markers and prognostic in-
dicators [45, 46]. If an in depth ECG analysis, including ST deviation in
relation to HR during both exercise and recovery (ST/HR analysis), could
increase the sensitivity and specificity of the EXECG, it could be more val-
uable as a diagnostic tool, also in asymptomatic populations and firefight-
er recruits.

Because of the low specificity of EXECG in asymptomatic populations,
a substantial proportion of tested firefighters would be expected to exhibit
exercise-induced ST depression despite the absence of CAD. An enhanced
knowledge of factors that contribute to such a response in low-risk indi-
viduals could improve understanding of the test results.
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AIMS

The aim of the work described in this thesis was to study exercise testing
in a cohort with low CVD risk and a high fitness level relative to the gen-
eral population. More specifically, the aims were to evaluate two exercise
test modalities used to assess the fitness of firefighters and to identify as-
sociations between EXECG test results and subclinical IHD in a low-risk
population.

The objectives were:

e To compare measured and calculated indicators of cardiovascular
demand as well as the calculated work, between a CE test and a fire-
fighter-specific TM test.

Paper 1

¢ To investigate how individual factors, such as body composition, af-
fect test approval of two exercise test modalities.

Paper I

¢ To describe the methodological steps taken to acquire reliable re-
search data from a large clinical exercise test database.

Paper II

¢ To evaluate the ability of exercise-derived electrocardiographical
parameters, specifically ST depression and HR-adjusted ST varia-
bles, to correctly identify THD in asymptomatic low-risk subjects.

Paper 111

¢ To characterise factors in the cardiovascular response to exercise
that associated with exercise-induced ST depression in asympto-
matic men without CAD.

Paper 1V

e To evaluate the association between risk factors for IHD and exer-
cise-induced ST depression in asymptomatic men without CAD.

Paper IV
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METHODS

Study population

All full-time and part-time firefighters in the Swedish county of Ostergot-
land who had performed at least one CE exercise test between January
2004 and December 2010 (n = 774) could initially be included in these
studies.

A letter was sent to all of the firefighters asking for informed consent
to review their medical records for cardiac disease along with a short
questionnaire asking for additional health care information, such as dates
and locations of additional health care facilities where cardiac disease
tests and treatments were performed. A reminder was sent after two
months if no reply was received.

Paper1

TM tests were carried out at the local fire stations. TM test results were
collected retrospectively and were added to the study database. In some
cases, only the most recent test results were available, but if a test was
dated later than December 2010, it was excluded from the study. Tests
with missing body weight or test date data were not included. At least one
CE and one TM test from the inclusion period that met the inclusion crite-
ria were available for 424 firefighters (97% males) (Fig. 4).

Paper I1

Paper II describes the methodology used for extracting and processing
ExECG data for papers III-1V.

Paper III

Informed consent to access county medical records was obtained from
567 male firefighters. Significant gender differences have previously been
shown for EXECG performance and the identification of IHD [47]. Be-
cause the proportion of females in this study population was too small
(3%) for subgroup analysis of EXECG variables, they were excluded from
further analysis.

According to predefined exclusion criteria (Table 3) that could ham-
per interpretation of ST/HR data, 29 males were excluded resulting in a
study population of 521 male firefighters in paper III (Fig. 4).
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Eligibility
All firefighters in Ostergétland with at least one
available EXECG 2004-2010
n=774 (22 females)

v

Information letter by mail
Informed consent
Questionnaire

| Declined all participation
7 n=1
Reminder
n=292 Declined participation
including medical records
Unavailable studies
- TM tests n=13 (1 female)
n=349
| No answer
n=193 (4 females)
At least one available Informed consent
TM test 2004-2010 n=564
(14 females) Deceased
n=3
R Females
\ i n=17
n=550
Excluded due to
-implanted pacemaker
PAPER | PAPER Il -history of myocardial
n=424 Methodology infarction prior to test
-insufficient EXECG signal
quality

-bundle branch block
-exercise induced
arrhythmia

v -left ventricular

Follow-up hypertrophy with
secondary ST-T changes

n=29
PAPERIII
n=521
Ischemic heart disease
n=12
PAPER IV
n=509

Figure 4. The study populations for the different papers. Note that subjects in
paper I were available also for papers II, III, and IV.
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Paper IV

Paper IV aimed to characterize non-ischaemic ST depression, therefore all
12 subjects from paper III with objectively verified CAD were excluded
and the remaining 509 individuals were included as subjects in paper IV

(4).

Characteristics
Table 1 summarises the subjects included in papers I, III, and IV.

Table 1. Subjects included in papers I, III, and IV.

Paper | Paper llI Paper IV
Number, n 424 521 509
Males, % 97 100 100
Age, years 44+10 44+10 46+11
Weight, kg 8611 86+11 86+10
Height, cm 180+7 181+6 181+6
BMI, kg/m? 263 26+3 263
IHD during follow-up, n NA 12 0
Employment
Full-time, % 44 46 46
Part-time, % 56 52 52
Unknown, % 0 2 2

BMI = body mass index, IHD = ischaemic heart disease

Follow-up

Informed consent to access county medical records was obtained from
550 male firefighters. Medical records up to June 2015 were examined for
histories of cardiac disease and the following were searched for:

e Cardiac imaging studies (coronary angiography, myocardial scintig-
raphy, cardiac magnetic resonance imaging, and coronary comput-
ed tomography). Test results were classified as:

o Normal
o Inconclusive/non-significant THD
o Significant IHD

¢ Diagnoses within the circulatory system according to the World
Health Organization (WHO) International Classification of Diseas-
es (codes 100-199), as well as diagnoses for diabetes (E10, E11, E14)
and hyperlipidaemia (E78) [48]. During examination of medical
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records, each diagnosis was only registered in the study database
the first time it was found for each individual.

e Mortality data for individuals who died during the follow-up peri-
od, including the date and cause of death. The cause of death was
registered as:

o Cardiac
o Cardiac but non-ischaemic
o Other

If there was a positive answer in the questionnaire regarding cardiac
investigation and/or treatment performed outside the county (n = 3), a
copy of the medical record was requested from the specified health care
facility and the results were added to the study database.

Loss to follow-up

By December 2015 (six months after the end of the follow-up period),
96% of the study subjects who had consented to medical record review
were still registered in the study county of Ostergotland, thus their medi-
cal records were available for digital follow-up. The remaining 4% had
moved outside the county (n = 25), emigrated (n = 1), or could not be re-
trieved from the census record for other reasons (n = 3). Among those
registered outside of the county, almost two-thirds (64%) were under 40
years of age and were considered to have a low likelihood for cardiac
events.

In case a local inhabitant suffered a cardiac event outside the county,
any aftercare or medical follow-up was assumed to be performed within
the home county, thus it should have been included in the medical record
review.
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Exercise tests
In these studies, both TM and CE tests were analysed.

Treadmill (TM) tests

The TM test consisted of a 1 + 1 min warm-up period of walking at 2.5°
and 4° inclines, respectively, followed by 6 min of walking at an 8° incline.
The TM speed was constant but ranged between 4.5 and 5.7 km/h de-
pending on age-adjusted local policies. According to the Swedish regula-
tion for smoke diving firefighters, 6 min at a minimum speed of 4.5 km/h
at an 8° incline was required for test approval of existing employees (Fig.
3), whereas 5.6 km/h was required for new employees. Handrails were
not allowed for support. The subjects wore full personal protective
equipment with a total extra weight of 24 + 0.5 kg, including a SCBA
without the facial piece, and with light shoes instead of boots [42]. HR
data were collected using a pulse watch with a chest strap, and HR data
were recorded every minute or, at some fire stations, as peak HR only.

Cycle ergometer (CE) tests

CE tests were carried out on a computer-controlled, mechanically braked
CE with a cadence-independent workload system (Ergomedic 839E,
Monark, Vansbro, Sweden). Two test types were used during the study
period: the CWL test for fitness assessment and the incremental ramp test
for evaluation of maximal work capacity.

The CWL test included a 2 min warm-up at 100 W and 6 min at 200
W. For testing of new recruits, 250 W was used. The CWL test immediate-
ly transitioned to the incremental ramp test with a successively increasing
workload until exhaustion was reached.

During the incremental ramp test, the starting workload was chosen
by the test leader depending on the expected final workload and ranged
from 50 to 90 W, and then the workload increased 1 W every 3 s (20
W/min) continuously until exhaustion. The final power output (Pmax) was
registered.

Workload and 12-lead ECG data, including HR, was monitored con-
tinuously during the CE test and blood pressure (BP) was measured every
3 min. All of the CE tests were supervised by the same cardiologist. Tests
were terminated prematurely if an adverse cardiovascular sign, such as
arrhythmia or a pathological increase in the BP according to standard cri-
teria, was observed.
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Extraction and processing of exercise ECG data

ExECG data before, during, and after pedalling were registered with a PC-
based EXECG system (Welch Allyn Cardioperfect 1.6.3). The system
stored important basic test data as the test progressed (Table 2). The dy-
namic variables of interest (ST variables and HR) were stored at 15 s in-
tervals throughout the test and were recorded as the mean values of the
past 15 s.

All of the firefighter EXECG recordings performed between 2004 and
2010 were manually exported from a clinical database to a research data-
base file.

ECG leads V1 and aVL were excluded from further analyses as sug-
gested by Okin et al. [26] and adopted by several investigators because of
insufficient diagnostic information [24, 27, 49-52].

Table 2. Variables stored in the EXECG database.

Variable Comment
TID Unique test ID
DoB Date of birth
DoT Date of test
TP Test protocol
Weight Weight, recorded once before the first test (kg)
Height Height, recorded once before the first test (cm)
MaxBP Maximum registered blood pressure during the test (mmHg)
HR Heart rate (beats/minute)
Lead# Data assigned to a specific ECG lead
ST40 ST level 40 ms from the J point (V)
ST60 ST level 60 ms from the J point (uV)
ST80 ST level 80 ms from the J point (uV)
Time Time since the test started (s)
Wmax Maximum load achieved (W)
Tend Time at the shift from the work phase to the rest phase (s)

BP = blood pressure, ms = milliseconds

32



Methods

Eligible tests

On average, 2.5 + 1.7 CE tests for each subject in the entire cohort were
registered in the study database. For the subpopulation of subjects who
consented to medical record follow-ups, tests were assessed for eligibility
regarding ST and ST/HR parameters. Exclusion criteria that could ham-
per the automated interpretation of ST and ST/HR data included the fol-
lowing (Table 3):
¢ Conduction disorders at rest or during exercise (e.g. left or right
ventricular bundle branch block)
¢ Arrhythmia at rest or during exercise (e.g. atrial fibrillation/flutter,
prolonged supra ventricular tachycardia affecting the HR curve)

e Left ventricular hypertrophy with secondary ST deviations at rest

e <3 min recovery time

e Tests performed by pacemaker carriers

e Technically poor registration quality

e Other (e.g. prematurely ended test due to low grade infection, joint
pain, etc.)

e Tests performed after diagnosis of IHD

Except for the subjects excluded due to the last criterion, none of the
other subjects who were excluded due to the above criteria were diag-
nosed with THD during follow-up.

Table 3. Overview of consecutive, available, and excluded EXECG tests inde-
pendent of performance date. The first column includes the first available test
for each study subject. For definitions of the exclusion criteria, see the text.

Test # 1t 2 gl Al ghoooeh 7
Eligible 502 312 202 129 68 42 22
Excluded
Technically poor 11 5 4 2 0 0 0
Conduction disorder 7 3 0 0 0 0 0
Short recovery 11 16 4 2 3 4 0
Arrhythmia 4 2 1 0 2 0 0
Pacemaker 1 2 2 1 1 1 1
IHD before current test 3 2 4 3 2 2 0
LVH with ST deviation 1 1 0 0 0 0 0
Other 3 3 0 0 0 0 0
Excluded tests (%) 0.1 0.1 0.1 0.1 01 02 00

IHD = ischaemic heart disease, LVH = left ventricular hypertrophy
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Calculations

Exercise electrocardiography (ExECG)
The following EXECG variables were calculated for each lead:

e STdepression
Negative ST deflection at peak exercise. If present, any baseline (resting)
negative ST deviation was subtracted. A peak exercise ST depression of
>0.1 mV was considered significant and was called STep.

Comment: In the papers included in this dissertation, a significant ST
depression has been referred to as both “STaep <-0.1 mV” (paper IIT) and
“STaep 20.1 mV” (papers II and IV), although they refer to the same elec-
trocardiographic changes. Consistent terminology was used within each
paper.

e ST/HR index

The change in ST level from rest to peak exercise divided by the HR in-
crease during the same period (Fig. 2).

e ST/HR slope
The slope at the end of the ST/HR plot was evaluated beginning with line-
ar regression analysis of the four rightmost ST/HR pairs and successively
adding more data points until significance of the regression line was
reached. If there was no significant linear fit when reaching the lowest
HR, no ST/HR slope value was accepted for that lead (Fig. 2).

e ST/HR loop characteristics

By splitting the ST/HR loop into two halves and comparing the ST/HR
data points from the work and rest phases in the respective halves, we
characterised the ST/HR loop as rotating clockwise, rotating counter-
clockwise, crossed, or flat (Fig. 5).

e Normalised area (NA) of the ST/HR loop

The area covering the upper 70% of the HR increase was calculated and
divided by the included HR span.
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Counterclockwise Counterclockwise crossing

ST ST
HR HR
Flat
ST
HR

Clockwise

ST Clockwise crossing

ST

HR
HR

Figure 5. Typical ST/HR loop patterns.
HR = heart rate

Cycle ergometer (CE) tests

For estimation of VO. during CE, we used the following prediction equa-
tion from the American College of Sports Medicine (ACSM) [53].

VO, (ml/min) = (1.8 * 6.12 P) + My, (3.5 + 3.5)

VO, (ml/kg/min) = (1.8 * 6.12 P/My) + 3.5 + 3.5

in which P = power output (W) and M, = body mass of the test subject
(kg).

To compare performance in the incremental ramp CE test with the CWL
cycling test, the Pmax from the ramp cycling test was converted to the max-
imal CWL that the individual was expected to maintain for 6 min (Pmaxs’)
using the following equation [54]:

Puaxe = [(Pa,b)6 /(36b)]0’2
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in which Pap = the final workload, a = the initial workload, and b = the
increase in workload per minute.

Accordingly, a Pmax of 250 W corresponds to a Puaxs' of ~200 W. A
Pmax = 250 W during the incremental ramp test was considered equivalent
to passing the 6 min CWL test at 200 W.

Treadmill (TM) tests

To calculate the gross metabolic rate during gradient walking with added
weight, the Pandolf prediction equation [55] was used:

P(W) = 1.5 My + 2 (Myp + My) (Mi/Mp)2 + 5y (Mp + My) [1.5 V2 + 0.35 VG]

in which My, = body mass (kg), M1 = the weight of the load (kg), p = terrain
factor (y = 1 for TM), V = speed (m/s) and G = inclination (grade).

By using indirect calorimetry, the calculated gross energy expenditure was
converted to gross oxygen expenditure by assuming that 1 ml of oxygen
produces 20.1 J of energy for work performed in submaximal, aerobic
conditions [56].

36



Methods

Concepts of test interpretation

The interpretation of a test result must be done in the context in which
the test was performed and with respect to the predefined question of in-
terest. A useful diagnostic test adds valuable information to increase the
probability that a patient will be correctly classified as diseased or not dis-
eased, compared to what was known before performing the test, thus aids
the clinician in the care of the patient.

Sensitivity and specificity

Sensitivity is the proportion of individuals with true positive test re-
sults among all of the subjects with the disease, i.e. the ability of the test
to correctly identify diseased subjects (the true positive rate). Specificity,
on the other hand, is the proportion of individuals with true negative test
results among all of the healthy individuals (the true negative rate). Sensi-
tivity and specificity are in-born properties of a test that determine its
ability to accurately detect or reject a disease diagnosis (Fig. 6).

In addition, estimation of the sensitivity and specificity of specific pa-
rameters depends on accuracy of the reference method. That is, if 10% of
the population stated as healthy actually have the disease, but the “gold
standard” method was unable to detect it, the analysed parameter can
reach a maximum specificity of 90%.

Disease

Yes No
Positive
Positive True False redictive value =
= positive positive P B
3 A/ A+B
g
i C D Negative
= Negative False True predictive value =
negative negative D/C+D
Sensitivity = Specificity =
A/ A+C D/B+D

Figure 6. A conventional 2 x 2 table representing the relationships between
test results and sensitivity, specificity, and positive and negative predictive val-
ues.
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Pre-test and post-test probabilities

In a clinical situation, the pre-test probability is equal to the prevalence
of a disease, i.e. the likelihood that a subject in a certain population has a
certain disease before performing any diagnostic testing. Accordingly,
post-test probability is the probability that a subject has a disease after
knowledge has been gained from a diagnostic test result. The pre-test
probability has a high impact on the clinical usefulness of a test.

Positive and negative predictive values

While sensitivity and specificity values are intrinsic to the parameter
itself, the clinical usefulness of a test in different populations also depends
on the prevalence of the disease in the specific population. This relation-
ship is described by the positive predictive value (PPV). The PPV de-
scribes how likely it is that a patient with a positive test result actually has
the disease. The PPV is calculated as the number of diseased persons with
positive test results divided by the number of all persons with positive test
results. A negative predictive value represents the number of true negative
test results among all persons with negative test results (Fig. 6). Thus, in
populations with low prevalence of the studied disease, the PPV would be
expected to be low even if the sensitivity is considerably high. These rela-
tionships, also called the conditional probability of disease, are derived
from the Bayesian theorem, and hold true for detection of IHD by EXECG
in different populations [57].
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Ethics

Studies I-IV were conducted according to the principles of the Declaration
of Helsinki and were approved by the regional ethic review board (diary
number 2011/290-31 and 2017/243-32). Informed consent was obtained
from all of the participants included in studies ITI-IV.

Statistics

SPSS statistical software (SPSS Statistics v. 21-24, IBM) was used for
analyses. P-values <0.05 were considered significant. The independent
samples t-test was used to compare mean values and the chi-squared test
was used to compare categorical data. Mean values were expressed as
mean + SD. The paired samples t-test was used to analyse individual per-
formances in different tests. Pearson’s correlation was used to determine
correlations. Binary logistic regression analyses were performed to identi-
fy independent predictors of IHD among ExECG parameters with imaging
verified ischaemia as the dependent variable.
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RESULTS

Exercise capacity
TM and CE tests of 424 firefighters were retrospectively analysed.

Constant workload (CWL) tests

Due to changes in the required test procedure used to evaluate the fitness
of firefighters [42], the number of 200 W CWL CE tests performed dimin-
ished in 2006 and were no longer performed by the end of 2007.

TM tests were available for the study cohort from 2006, thus there
were 2 years (2006-2007) when CWL tests of both modalities (TM and
CE) were performed (Fig. 7).

CE and TM tests 2004-2010

450
400
350
300
250
200
150
100

50 — o~

2004 2005 2006 2007 2008 2009 2010

number of tests

year

~==CEramp =—CE200W CE 250W =—TM (all speeds)

Figure 7. Distribution of test types during the study period for subjects who
had performed at least one CE and one TM test (n = 424). CE 200W and CE
250W indicate constant workload tests at 200 and 250 W, respectively.

CE = cycle ergometer, TM = treadmill

Observed and calculated parameters

In total, 977 subjects performed both CE (200 W) and TM (4.5 km/h) CWL
tests during the study period. Only 12 subjects performed both tests with-
in 12 months, which was considered too few for further analyses. Instead,
we selected the most recently performed CE (200 W) and TM (4.5 km/h)

41



Exercise testing in firefighters

test for each of the 97 subjects for analysis (Table 4). The mean time dif-
ference between the tests was 3.3 + 1.7 years.

The calculated oxygen uptake (absolute numbers and after adjust-
ment for body weight) was found to be higher in the TM test than in the
CE test. In addition, although the subjects were older (50 vs. 45 years of
age) at the time of the TM test, the HRpeak was higher at the end of the TM
test. Thus, the HRpeak as a percentage of the predicted maximal HR was
higher in the TM test (977%) than in the CE test (90%).

Table 4. Calculated and measured variables from the two modalities (TM and
CE) of constant workload exercise tests. HR variables reflect the end of the work
phase and were only analysed for subjects who completed all 6 min of both tests
(n = 88).

CE 200 W TM 4.5 km/h
Mean SD Range Mean SD Range p
Calculated (n = 97)
VOz, 33 3 27-44 38 1 36-41 <0.001
mi/kg/min
VOz2, L/min 2.8 0.1 2.6-3.0 33 0.3 2.5-4.0 <0.001
Measured (n = 88)
HRpeak, 158 16 122-194 166 13 132-194 <0.001
beats/min
HR%max, 90 8 69-108 97 6 77-110 <0.001
%
Observed (n = 97)
Age, years 45 8 27-61 50 7 32-65 <0.001

CE = cycle ergometer, TM = treadmill, HR = heart rate

Both test protocols consisted of 6 min at CWL, and it was required
that the entire 6 min were completed for approval. For the CE test, 98%
(n = 95) of the subjects completed the 6 min at 200 W, whereas 93% (n =
90) of the subjects completed the 6 min TM test. This difference was con-
sidered significant (p<0.05), however no adjustment was made for the
older age of the subjects at the time of the TM test.

Heart rate response

The TM testing was done locally at each fire station by designated test
leaders. Official requirements for the TM test include predefined settings
for the TM and clothing and gear for the firefighter, but do not require
any medical monitoring or assessment of physiological parameters. Nev-
ertheless, all of the fire stations in these studies used a pulse watch with a
chest strap to monitor HR and typically recorded the HR at the end of
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each minute. During the last 4 min of the TM test at 4.5 km/h, the HR in-
creased an average of 11 beats/min (range 0-26).

Incremental workload tests

The study participants performed an average of 2.4 + 1.8 CE ramp tests
per person.

Change in working capacity over time

When we analysed the entire initial study cohort, 667 individuals had
performed at least one pure incremental ramp CE test. The mean Pmax of
the first CE ramp test was 281 + 36 W (range 186-467 W) and the mean
age at the time of the test was 44 + 10 years (range 21-68 years). For ref-
erence, the expected maximal exercise capacity of a 180 cm 44-year-old
man in the general Swedish population is 270 W [58].

For those who had performed at least two CE ramp tests, the mean
time between the first and second test was 18 + 10 months (the different
inter-test intervals were due to age-dependent regulations [42]) and the
average difference in performance was -1.8 + 22 W, which corresponds to
an average annual decline of 1.2 W.

Furthermore, subanalysis based on age revealed that in the youngest
subgroup aged 20-29 years at inclusion, the average performance in-
creased with time. In the 30-39 and 40-49 years of age subgroups, the av-
erage performance remained stable. In the subgroup over 50 years of age,
the average performance decreased over time (Fig. 8).

Change in work capacity over time

340
320
300
20-29 years
= 280 ====30-39 years
£ a
a 260 o 40-49 years
240 o= 5()-59 years
=@ 60-69 years
220
200

1st CE ramp test 2nd CE ramp test

Figure 8a. Maximal workload (Pmax) of the first and second available cycle er-
gometer (CE) ramp tests, subdivided by age at first test.
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Figure 8b. Change in maximal work capacity (Pmax) over time, as average
change in Pmax per year, subdivided by age at first test.

Comparing cycle ergometer and treadmill performance

We matched the TM test at 4.5 km/h with the CE ramp test per-
formed by the same subject within 12 months and compared the accom-
plishments. Test approval was defined as completing 6 min on the TM
and achieving a Pmax> 250 W in the CE ramp test.

In total, there were 221 individuals who had available data for com-
parison and 168 of them (76%) passed both tests. Fourty-four firefighters
(20%) passed the TM test but not the CE test, while the opposite was the
case for only one firefighter (0.5%), p<0.001. Eight subjects (3.5%) did
not pass either of the tests.

Subjects that failed both tests were significantly shorter, older, and
had a higher body mass index (BMI) than the subjects who passed both
tests. Subjects who passed the TM test but failed the CE test had a lower
BMI and a lower body surface area than those who passed both tests, thus
being lighter and shorter.

Effect of body composition on test performance

Predictors of the ability to perform a CE ramp test with a Pmax higher than
or equivalent to 6 min of CWL at 200 W were young age, tall stature, and
full-time employment. Age, height, and BMI also associated with the abil-
ity to complete 6 min of the TM test at 4.5 km/h TM, as well as did lower
body weight (Table 5).
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Methodological consideration

To allow for comparison between the CE and the TM tests, we converted
the incremental ramp CE test to the corresponding workload that an indi-
vidual was expected to maintain for 6 min (Pmax6’) using a previously pub-
lished method (see the Methods section for the equation).

Among the entire cohort, no individual performed both the incremen-
tal ramp and CWL CE tests during the same calendar year. However, from
2005-2007, both the incremental ramp and CWL CE tests were available
for 74 of the firefighters with up to 2 years between the tests. To assess the
methodologies based on the available tests, we converted the CE incre-
mental ramp Pmax t0 Pmax6’ and compared this value with the 200 W CWL
test. Two individuals failed to complete the 6 min at 200 W. Their corre-
sponding Pnax6’ values from the ramp test were 142 W and 202 W. Of the
remaining 72 subjects in this analysis who completed the 6 min 200 W
CWL test, 85% reached Pmax6’ values >200 W (mean 231 W, range 202-
323 W) while 15% reached Pmax6’ values <200 W (mean 187 W, range 176-
197 W).

Table 5. Factors associated with the ability to complete a CE ramp test equiva-
lent to 6 min at 200 W (Pmax6’ > 200 W) and the ability to complete a 6 min
TM test at 4.5 km/h. For the equation used to convert the CE ramp test to CWL,
see the Methods section.

CE Pnax6’ 2 200 W TM 6 min 4.5 km/h
(n = 384) (n =259)

OR (95% Cl) p OR (95% Cl) P
Age (years) 0.92 (0.89-0.95) <0.001 0.89 (0.81-0.98) 0.013
Height (cm) 1.09 (1.03-1.16) 0.005 1.13 (1.01-1.25) 0.031
Body mass (kg) 1.01 (0.98-1.05) 0.461 0.92 (0.87-0.98) 0.006
Employment 3.65 (1.83-7.29) <0.001 2.23(0.43-11.48) 0.338

Gender 0.27 (0.06-1.35) 0.112 - -

Employment was defined as part-time workers = 1 and full-time workers = 2. Gender was
defined as male = 1 and female = 2. The effect of gender was not calculated for TM because too

few females were available for analysis.
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Acquisition and processing of EXECG data

The EXECG test results were originally stored in a large clinical database
from which tests performed by study subjects were manually exported to
a research database file. The EXECG software used for clinical testing and
analysis reported the main variables of interest for each individual test.
However, the data were not instantly accessible for extended calculations
and analyses and had to be systematically extracted and processed.

Using structured query language (SQL), a short script was written to
retrieve, copy, and sort specific EXECG data from each individual test in
the database. At this step, data were checked for inconsistencies, such as
unintentional exchange of height and weight values. Then, an analysis
package was written in the programming language C#, which allowed for
data validation, error checking, and calculation of ST/HR parameters. Fi-
nally, all data were imported to the statistical program SPSS for statistical
analyses.

Transition from work to rest

Most of the EXECG parameters analysed in paper III depend on accurate
identification of the transition time from the work phase to the rest phase.
Due to a number of practical issues inherent in manual recordings, the
precise recording of the transition time may be subject to errors, normally
delays, which would confound identification of the ST/HR loop as well as
determination of the ST/HR index, ST/HR slope, ST level at peak work
rate, and maximum work capacity.

Therefore, we repeatedly checked the HR/time curve for a steep
change in the HR/time slope. The point of change from a positive or near
zero slope to a negative slope was considered the most accurate time for
the “end-of-work”.

In 96% of the tests analysed in paper III, the adjusted end-of-work co-
incided with the manually registered timepoint. In 2% of the tests, the ad-
justed end-of-work occurred within 15 s before the manual recording, and
in the remaining 2% of the tests, the adjustment was an average of 34 s
(range 16-73 s).

Noise detection and filtering

To reduce noise, both ST60 and HR data were filtered with a three-point
moving median.

Noise in the ST and HR data was also assessed with a noise index,
which was calculated by summing the differences between neighbouring
data in each recording and dividing this sum by the number of data points
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included. Leads with abnormal noise indices, which were identified by
visualisation in a histogram, were manually checked. By checking noise
indices, leads/recordings with arrhythmias, loose electrodes, and exten-
sive muscular disturbances were identified. Often, erroneous ST registra-
tions were restricted to a limited number of leads that could be excluded if
found inappropriate, whereas inaccurate HR recordings that were not
smoothed by median filtering could cause an entire test to be excluded.

The average ST noise index for all of the ECG leads from the first
available test for each subject were 0.24-0.35 UV (+0.22-0.43) with max-
imum values between 2.5 and 10.7 for the different leads. After test selec-
tion and quality assessment, the mean ST noise index for the tests includ-
ed in paper III were 0.20-0.28 V (£SD 0.11-0.16).
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Identification of IHD

Ischaemic heart disease (IHD)

ExECG data for 521 male firefighters were evaluated with a special focus
on the ST and ST/HR variables. During 8.4 + 2.1 years of follow-up, 12
subjects were identified with IHD (Table 6) and were compared to the
509 subjects who had either negative (n = 35), inconclusive/non-
significant findings (n = 8), or no available imaging studies (n = 466) for
IHD during the entire follow-up (paper III).

Table 6. Males diagnosed with THD during the follow-up. All of the subjects
with pathological findings by computed tomography were also examined by cor-
onary angiography, and all were found to have significant coronary artery lu-
minal reduction.

Number of leads with

Ageat Timefrom [HDfirst Clockwise STdep ST/HR ST/HR Nega-
diag- test to di- identi- rotating (downward indexs slopes tive NA
nosis agnosis fied by ST/HR sloping) 1.6 2.4

(years) (years) loops uVibeats pV/ibeat

/min s/min
62 3.1 CA 0 0 0 0 0
63 5.8 CA 0 5 (0) 2 4 1
54 1.1 CA 2 0 0 3 9
54 0.3 CA 0 0 0 0 0
55 25 CA 0 0 0 3 0
57 0.3 MPI 9 7 (4) 8 8 9
50 0.8 CA 1 0 0 0 2
53 14 CCTA 0 0 0 0 0
51 5.9 CA 0 0 0 0 1
56 3.0 CCTA 0 0 0 0 0
47 4.8 CA 0 3(2) 3 6 0
48 0.1 CCTA 0 3(0) 2 6 0

CA = coronary angiography, CCTA = coronary computed tomography angiography, IHD =
ischaemic heart disease, MPI = myocardial perfusion imaging, ST4ep = 20.1 mV ST depression,

NA = normalised area
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ST depression

A significant exercise-induced ST depression (STaep) Was defined as an
additional negative ST deflection of >0.1 mV at peak exercise compared to
baseline. STaep was found in 20% of the population (paper III), and
among them, 76% developed ST depression in two or more leads (Fig. 9).
STaep was most common in the III, V5, and V6 leads with a frequency of
>10%. In the precordial leads, the ST4ep was most commonly observed
sloping upwards, whereas a downward sloping ST segment was more fre-
quently observed in the extremity leads (Fig. 10).

However, a significant association between ST4ep and THD was only
found in lead V4 (Table 7). In a receiver operating characteristic (ROC)
curve that allowed for visualisation of the STmax to distinguish THD from
non-IHD, the area under the curve was 73% (Fig. 11). For the ROC curve
analysis, STmax was used instead of STqep so that all of subjects were in-
cluded regardless of the ST level at maximum work.

Number of leads with ST depression
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Figure 9. Number of leads with an ST depression >0.1 mV based on a sub-
group of firefighters who presented with ST depression in at least one lead (n =

105).

Table 7. Association between ST depression >0.1 mV and IHD in the different
leads, adjusted for age. Leads with <2 positive cases were not analysed (-).

| -aVR ] avVF 1] V2 V3 V4 V5 V6

OR - 4.1 23 2.1 1.6 - - 9.6** 3.0 2.6
Cl - 0.5- 0.5- 0.4- 0.3- - - 2.3- 0.8- 0.7-
37.2 11.0 10.3 7.5 40.0 10.9 9.3

CI = confidence interval
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ST depression in different leads

14
=
o
= 12
o
a
a 10
a
[}
2 8
=
G
© 6
T 4
c
g
o 2
=
&

0

-avR 1l avF 1l V2 V3 v4 V5 Ve
M Neg ST slope, no IHD M Pos ST slope, no IHD
B Neg ST slope, IHD M Pos ST slope, IHD
Figure 10. Frequency of ST depressions >0.1 mV at the end of exercise in the
different leads.
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Figure 11. Reciever operating characteristic curves of risk for THD based on the
STmax, ST/HR slope, ST/HR index, and normalised areas (NAs). The best per-
forming lead was selected for each variable.

AUC = area under the curve, CI = confidence interval
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ST/HR index and ST/HR slope

For all of the leads where the ST level at maximum work was negative, the
ST/HR index and ST/HR slope were calculated. An ST/HR index <-1.6
uV/bpm and a ST/HR slope <—2.4 uV/bpm were considered suggestive of
ischaemia as previously proposed [24]. In our population, ST/HR index
and ST/HR slope values below those cut-offs in lead V4 associated with
an increased risk for IHD, whereas most of the other leads did not show
this association (Table 8).

Table 8. a) Association between an ST/HR index <—1.6 uV/bpm and IHD in
different leads. b) Association between a ST/HR slope <—2.4 uV/bpm and IHD
in different leads. The calculations were adjusted for age. These associations
were not evaluated for leads with <2 positive cases (-).

8a.
[ -avR I avF n vz vs V4 V5 V6
OR - 18.7* 5.0 24 1.9 - - 27.5m 4.3 4.0
Cl - 1.6- 1.0- 0.3- 02- - - 5.6- 1.0- 1.0-
224.1 25.7 20.1 15.2 134.5 17.4 16.7
8b.
[ -avR I aVvF I V2 V3 V4 V5 V6
OR 0 2.7 B.7* 3.9 2.7 0 6.9 51* 2.7 25
Cl  00- 06 1.7- 1.1- 07- 00- 0.7- 14- 08  0.7-

13.1 19.2 13.5 8.9 0.7 68.8 18.4 9.3 8.5

OR = odds ratio, CI = confidence interval

*p < 0.05, **p < 0.01, ***p < 0.001

The ST/HR loop

For all of the leads, ST and HR pairs were plotted during exercise and
during the first 3 min of recovery to create ST/HR loops. The ST/HR
loops were categorised into five predefined patterns (Fig. 5). The majority
of the ST/HR loops rotated “counterclockwise”, i.e. with a recovery ST
level more positive than at the same HR during the work phase. This type
of loop was used as a normal reference. An inverse loop with a “clockwise”
rotation was uncommon in precordial leads (1%), but associated signifi-
cantly with IHD. Extremity leads I, -aVR, and II also associated with IHD.
Loops starting in either direction but then crossing themselves were ana-
lysed separately. While “clockwise-crossing” loops did not associate with
IHD in any of the leads, a “counterclockwise-crossing” pattern associated
with THD in the inferior leads (II, aVF, and III). Lastly, loops with little
distance between the exercise and recovery ST levels and an unidentifia-
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ble rotation were classified as “flat”. In V5, a flat ST/HR loop was indica-
tive of THD.

The area of the ST/HR loop was calculated for the upper 70% of the
HR span and was normalised for HR by dividing the area by the HR span
[49]. There are no established reference values for the NA. We suggested
the lowest 5t percentile among non-IHD subjects as a cut-off so that 95%
of all healthy subjects had NAs above the cut-off (Fig. 12). For all of the
leads, the partition values were spread closely around zero (Table 9). Sub-
jects with NAs below the lead-specific cut-off in the —aVR, II, aVF, V4,
and V5 leads had an increased risk for IHD (Table 9). Three additional
ROC analyses of NAs in which each patient was represented by the lead
with the most negative NA, the lowest precordial NA, or the lowest ex-
tremity NA produced area under the curve (AUC) values of 0.65, 0.66,
and 0.66 (p > 0.05), respectively.

80—
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60

Frequency
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Normalized area

Figure 12. Histogram of the NAs of the ST/HR loops, which were calculated
for all of the subjects who did not present objective signs of IHD during follow-
up (n = 509). This histogram allows for visualisation of lead V4. The vertical line
at 34 is set at the lower 5th percentile.
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Table 9. Association between the NA of the ST/HR loop and risk for ITHD in
different leads. Lead-specific cut-offs were based on the lower 5th percentile of
healthy individuals in the cohort. Calculations were adjusted for age.

| -aVR Il aVvF ] A V3 V4 V5 V6

Cut-off

-6 -7 10 1 -18 10 20 34 22 16
(1V)

OR 4.5 6.0* 8.5%* 6.3* 2.1 13 3.3 5.2* B.SF 3.5

0.9- 1.5- 2.3- 1.6- 0.3- 0.2- 0.7- 1.3- 1.3- 0.7-

<! 22.3 24.2 31.1 25.4 17.5 10.9 16.2 215 21.9 17.4

OR = odds ratio, CI = confidence interval

*p < 0.05, **p < 0.01

Exercise capacity

The relationship between exercise capacity and THD was analysed for
those who had performed the pure incremental ramp CE test. Although
the majority of analysed tests were incremental ramp CE tests, 42% of the
IHD subgroup (5/12) had only performed CWL tests and therefore were
excluded. The analysis of 406 non-IHD and 7 IHD subjects showed no
increased risk of IHD with lower exercise capacity (age-adjusted OR 0.99,
CI 0.96-1.01).
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Abnormal ExECG in the absence of IHD

After exclusion of subjects with verified IHD during follow-up, we studied
the relationships between ST depression, test-related variables, and risk
factor co-morbidity. This analysis used the most recent EXECG in the
study database (paper IV).

ST depression

By the end of exercise, 22% of subjects in the non-THD group developed
STaep in at least one lead, mostly in inferolateral leads, and downsloping
ST depressions were most common in the inferior leads. Ten percent of
subjects had downsloping exercise-induced STqep in at least one lead.

ST depression and age

Subjects who developed STqep in any of the leads were older than those
who did not (49+9 vs. 45+11, p<0.001), and subjects who developed STaep
in one or two consecutive precordial leads were also older (both p<0.001).
Subjects with a downsloping STaep in a precordial or an extremity lead al-
so tended to be older, although the differences were not statistically sig-
nificant.

ST depression and physiological test response

There was a positive association between age-adjusted peak exercise HR
and STgep (Fig. 13). Similarly, a great HR increase associated with one-
lead and a two-lead STaep in precordial leads as well as one extremity lead
STaep after adjustment for age.

ST depression and cardiovascular risk factors

Review of the medical records in the subpopulation with no evidence of
CAD at follow-up, revealed that 7% had either a cardiovascular diagnosis
of some kind (category ‘T’ within the WHO International Classification of
Diseases, ICD [48]), hyperlipidaemia, or diabetes registered in their file
prior to the examined tests. Within the entire non-CAD study population,
2% were diagnosed with hypertension, 1% were diagnosed with diabetes
mellitus, and 1% were diagnosed with hyperlipidaemia. None of these di-
agnoses, separate or in combination, associated with an increased risk for
exercise-induced STaep (Fig. 14).
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Figure 13. Association between different test performance characteristics and
ST depression in a) at least one precordial lead and b) at least one extremity
lead.

HR = heart rate, BP = blood pressure, P = power output
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Figure 14. Association between cardiovascular risk factors and ST depression
in at least one precordial lead.
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DISCUSSION

Evaluation of exercise capacity

Because firefighters require a certain physical capacity to perform fire-
fighting duties in a safe and efficient way, evaluation of the exercise ca-
pacity of firefighters is of great importance. It is also crucial that the
method for exercise testing is relevant for its purpose.

Different exercise test modalities

We evaluated 6 min CE and TM CWL tests and incremental ramp CE tests
performed by a cohort of firefighters. To enable comparison, the incre-
mental ramp CE test was mathematically converted to the maximal CE
workload sustainable for 6 min. It was more common that an individual
achieved approval for the newer work-related TM test, but failed to reach
the calculated equivalent workload of 250 W in the CE test during the
same year rather than vice versa. Our finding indicates that the TM test
was relatively less demanding than the CE test.

There are several possible factors that contribute to the better TM
performance. Walking and carrying heavy firefighter gear is part of the
daily routine for this particular study population. Cycling, on the other
hand, is not compulsory for firefighters and the quadriceps muscles can
become fatigued in subjects unaccustomed to cycling, which may cause
premature test termination before reaching the true maximal exercise ca-
pacity. Also, after changing the testing procedure in 2008, approval of the
TM test is compulsory for continued smoke diving duty, whereas the aim
of the CE test is ‘only’ cardiovascular evaluation. Thus, the firefighters
may have put more effort into their TM performance for socioeconomical
reasons related to employment even though instructions were given to
perform the CE test until exhaustion. High HR values and continued HR
drift during the last minutes of TM walking in some of the test subjects
indicated that steady state was never established and that exertion may
have reached beyond the anaerobic threshold in a near-maximal effort for
some of the subjects.

Factors that predicted approval for both the TM test and the CE test were
taller height and younger age. Age and height are known to be independ-
ent predictors of maximal workload (Pmax) at ergometer cycling, as well as
is gender [58, 59]. In our analysis, where we assessed the ability to reach
>250 W and not the absolute Wmax, gender was not a significant predictor
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of approval. That may be due to that women in the firefighter population
are likely more fit and not representative of the general female popula-
tion. Nevertheless, due to the small number of females in this cohort, con-
clusions cannot be made.

In addition, TM test approval associated inversely with body weight.
Reference equations for TM performance (expressed as VO. max) indicate
that age, body weight, and gender are independent predictors of test re-
sult [60], which is in concordance with our findings.

The difference in the effect of body weight on CE and TM test approv-
al is most probably related to the diverse natures of walking and cycling.

Fitness evaluation in firefighters

As discussed previously, the actual metabolic demands of firefighting
have been studied by several research groups and the results vary. Many
aspects of the tests contribute to the different outcomes, such as

e the evaluated tasks (from the most common tasks to the most
exhausting, either combined as an entire firefighting operation
or as individual tasks),

¢ the pacing (self-paced, time-limited, or paced by instructor),

¢ the evaluated physiological parameters (HR, ventilatory gases,
rate of perceived exertion),

¢ the method of gas exchange measurement (direct or indirect,
breath-by-breath or Douglas bag),

¢ the motivation of the test subjects, and

e the physical ability of the test subjects (e.g. at an intermediate
rate of perceived exertion, subjects with a high level of aerobic
capacity will execute tasks at a higher oxygen consumption level
than test subjects with lower aerobic capacity).

Whether the most relevant measure of oxygen uptake is the absolute value
or the weight-related value has been debated and should be considered in
the context of the intended use of the test.

In simulated firefighting tasks, performance time has been shown to
correlate with oxygen uptake; high weight-adjusted oxygen uptake corre-
lated with a shorter time to complete the task [34, 36, 40]. Dreger and Pe-
tersen compiled average VO. (ml/kg/min) values from these and addi-
tional studies measuring oxygen consumption during simulated fire-
fighting, plotted them against the average work time, and found a signifi-
cant linear relationship between weight-adjusted oxygen cost and work
duration. The mean of the average VO. values was 35 ml/kg/min (range

27-41 ml/kg/min) [36].
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Other studies of physical tests and simulated work tasks suggested
that absolute VO.max (L/min) values correlated better with work task
performance than weight-adjusted VO.max (ml/kg/min) values [61]. von
Heimberg et al. [40] found that the weight-adjusted maximal oxygen up-
take (ml/kg/min) did not differ significantly between fast and slow per-
formance, but that the faster group had a higher absolute VO. max, and
that the variation in VO. max could account for as much as 28% of the
variance in total operation time. Differences in results may be due to the
diverse requirements of the evaluated tasks, which ranged from heavy
carrying and dragging to ladder climbing.

Current Swedish firefighter regulations regarding testing do not explicitly
mention a specific level of oxygen uptake required for approval, but the
former CE test required an oxygen uptake of ~2.8 L/min. The preparatory
work published along with the revised guidelines consider the oxygen up-
take between the new TM test and the former CE test comparable, at least
on a group level [62]. Our estimations for the CE test corresponded well
with the absolute oxygen requirement specified for the CE test.

In this study, we estimated the metabolic requirement for the TM test
to be significantly higher than for the CE test using both absolute and
weight-adjusted numbers. Nevertheless, the estimated average oxygen
expenditure of 38 ml/kg/min for the standard TM test analysed in this
study falls below the minimum level recommended by several authors.
Besides, the estimated oxygen cost of the TM test yielded a mean value
just above the average for simulated firefighting, which, if the estimations
are accurate, leaves a negligible margin between actual oxygen consump-
tion during firefighting and the minimal requirement for Swedish fire-
fighters.

Protective clothing

As an indicator of the cardiovascular effort required for the two types of
CWL test modalities, we studied the HR response, and found that the HR
was significantly higher at the end of the TM test compared to the CE test,
despite the higher age of the test subjects performing the TM test and the
higher rate of test achievement. Thus, HR analysis indicated a higher car-
diovascular strain during the TM test, but the difference is somewhat dif-
ficult to interpret due to the different testing conditions:

The protective clothing worn by firefighters on duty is rather unique
and consists of layered thermal protective clothing, a helmet, boots, and a
SCBA. The protective clothing has been shown to increase energy ex-
penditure ~20% for horizontal TM walking when compared to the same
test performed wearing an athletic outfit [63]. The increase may be due to
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the extra weight of the protective clothing, but it exceeds what is expected
from the theoretical predictions solely [63, 64]. The fractional contribu-
tion of 20 kg of protective firefighting clothing and equipment for level
TM walking was found to be 31% for absolute oxygen uptake and 26% for
HR [65]. Despite weighing merely 2.4 kg, heavy footwear contributed
~11% of the additional oxygen uptake due to their location far from the
centre of mass [66]. Although Swedish firefighters are not required to
wear boots at the stipulated TM test, the remaining gear probably in-
creases both the energy expenditure and the HR, as can be assumed from
our data.

In summary, in the TM test for firefighters, the metabolic and HR in-
creases appear to be related to the load carried and to the altered ther-
moregulation due to the protective clothing. However, the relative contri-
butions of the load and the protective clothing to the energy expenditure
and the cardiovascular strain remain unclear.

Examples of international firefighter testing

A proper firefighter test should distinguish between those who are fit
enough and those who are not fit enough to do the job. Still, firefighter
tests differ between countries and between fire departments in the same
country.

Aerobic capacity

The present TM test protocol for a Swedish smoke diving firefighter is
a modified version of the TM test developed by Smolader et al. [67] in
which the firefighter wears smoke diving equipment and exercises in four
5 min steps. The final step is at an 8° inclination at 4.5 km/h, and the av-
erage VO values were above 36 ml/kg/min or 3 L/min for the final step.
Based on that, the Finnish recommendations from 2007 state that smoke
diving firefighters should have an aerobic capacity of at least 36
ml/min/kg or 3 L/min. Direct measurement of respiratory gases during
cardiopulmonary exercise testing is now recommended, but approval of a
standardised smoke diving work task circuit is also accepted [68].

In Norway, fitness is also tested with a time-limited TM test in which
the test firefighter wears a total of 23 kg of protective equipment. The TM
inclination is marginally lower (7°), but the TM speed is higher (5.6 km/h)
[69].

The recommended minimum aerobic capacity for Brittish firefighters
is 42 ml O2/kg/min, although no specific testing protocol or methodology
is required [70].

The aerobic capacity of American firefighters should be evaluated an-
nually by prediction of the VO. max by either of two submaximal tests:
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the Wellness-Fitness Initiative (WFI) TM protocol or the WFI stepmill
protocol. There is no nationally required minimum level of fitness for du-
ty, but MET values below 12, 10, and 8 METs, which correspond to ~42,
35, and 28 ml/kg/min, respectively, lead to initiation of different fitness
improvement programmes and, if below 8 METSs, possible restriction
from certain essential job tasks [71].

Other physical abilities

Several countries, such as Norway and the United States, also include
standardised tests for muscular strength and endurance in the physical
evaluation [69, 71].

To extend the physical evaluation to include other physical, work-
related abilities in addition to aerobic power, multiple attempts have been
made to develop standardised field tests appropriate for the evaluation of
firefighters [61, 72, 73] as a complement to or as a possible future substi-
tute for the current aerobic capacity tests, although yet not implemented
in national regulations.

Particular considerations on test selection

The importance of a sufficiently high physical capacity to perform tasks
during firefighting emergencies is unquestionable. The key questions in
firefighter testing are: What is measured?, How is it measured?, and How
relevant is the result?

From the perspective of both the employer and employee, the rele-
vance of the test in relation to work performance is crucial. First, as dis-
cussed above, the aerobic capacity required to complete the test must cor-
respond to the aerobic requirements of most firefighting tasks to ensure
safe and efficient manoeuvres. Second, the test result must correspond to
the ability to actually work as a firefighter. In other words, a test result
with poor correlation to performance during firefighting operations may
favour subjects with irrelevant abilities and may discriminate against sub-
jects who perform poorly on the test but who would have been able to
manage the work.

Many exercise tests aim to measure or estimate the maximal oxygen
uptake or assure a certain minimum level. As a physiological marker and
health indicator, oxygen uptake provides useful information. However,
due to the intermittent nature of most firefighting tasks, oxygen uptake
fluctuates and interpretation of mean values overlooks periods of supra-
maximal intensities with anaerobic contributions. The drawback of using
solely peak VO. or a threshold VO. value as a criterion for pass/fail is the
assumption that oxygen uptake in firefighters can predict occupationally
relevant performance. Although peak VO. associates strongly with per-
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formance in sports, it is not the only factor that determines performance.
Firefighting may be even more susceptible to external factors than athletic
performance.

The exercise test examined in this dissertation primarily evaluate aer-
obic capacity. Additional factors such as heat tolerance, lower limb mus-
cular endurance, grip strength, arm/leg/core strength, flexibility, psycho-
logical stress tolerance, and ergonomy, that would affect overall fire-
fighting performance are not evaluated to the same extent in the standard
testing. These factors make firefighter requirements and firefighter test-
ing fairly unique. Although definitely relevant for the testing of firefight-
ers, assessment beyond cardiovascular fitness is outside the scope of this
dissertation. However, the firefighter TM test includes indirect assess-
ment of characteristics valuable for firefighting performance other than
merely cardiorespiratory fitness, which increases its practical usefulness.

Our results indicate that changing the regulations for fitness testing of
Swedish firefighters from CE-based to TM-based testing may have low-
ered the threshold for approval and permitted a slight reduction in the
average cardiorespiratory fitness level of Swedish firefighters. In addition,
the aerobic demands for the analysed tests, which have been previously
published and calculated in this study, are in the lower range of the rec-
ommendations for minimal aerobic capacity for firefighters, thus there is
only a small margin for further lowering of the threshold. Although the
association between firefighting performance and test results could not be
addressed in this study, potential lowering of the fitness threshold merits
further attention.

We have found that different tests favour different body composi-
tions, for example, the TM test is unfavourable for heavier firefighters.
Speculatively, heavier firefighters who achieve TM test approval perform
a large amount of total work during the test and may have an increased
ability to managing the occupationally heavier moments when compared
to the lighter individuals who can pass the TM test with a lower total oxy-
gen uptake that may challenge their ability to complete the physically
heavier tasks. A similar phenomenon was observed in a study that com-
pared an extended TM test to a work-simulating test in Norway [72].

In summary, use of a more firefighter-specific fitness test, such as the
TM test examined here, seems favourable, but its configuration regarding
load, speed, and inclination may need to be reviewed to assure that the
minimum threshold for firefighter approval is high enough.
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Exercise capacity and age

A decrease in exercise capacity with age has been described previously
[74-76] and was confirmed by our data. For firefighters, it has been sug-
gested that the decline in exercise capacity is compensated for by experi-
ence. Danielsson et al. [77] examined typical firefighting activities per-
formed by recruits and firefighters of different ages with different work
experience (age coincided with years of experience) and found a succes-
sive increase in the duration to complete the test course as age increased,
although the rate of perceived exertion was similar.

Professional firefighters are requested to maintain their fitness by
physical exercise at work, but the decline in exercise capacity with age ob-
served in this firefighter cohort agrees with that there should be a ‘fitness
margin’ for new, young employees to compensate for their successive de-
cline in the future, as in the current Swedish guidelines.
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Exercise testing for identification of subclinical IHD in
low-risk populations

Pre-test probability

As already stated in the Methods section, it is crucial to analyse the char-
acteristics of a test and the tested population using a Bayesian approach
for the test to be useful.

The pre-test probability of stable angina, i.e. the probability of finding
significant CAD by catheterisation, is usually based on age, sex, and char-
acteristics of symptoms. The original American College of Cardiolo-
gy/American Heart Association (ACC/AHA) guidelines for management
of patients with chronic stable angina [78] defined the pre-test probability
percentages based on the early estimates of Diamond and Forrester [79].
The European Society of Cardiology (ESC) guidelines [9] used modified
predictive effects of the same parameters in an updated Diamond-
Forrester model, which adjusted for changes in the distribution of risk
factors over the past decades (i.e. the declining prevalence of hyperten-
sion, hyperlipidaemia, and tobacco use in the overall population) and for
differences between American and European populations [80].

According to the ESC guidelines, a pre-test probability of <15% is con-
sidered low. In subpopulations with pre-test probabilities below the
threshold of 15%, performing no test will generate fewer incorrect diagno-
ses than using a test with a sensitivity and specificity of 85%. Thus, sub-
jects who have a low (<15%) probability of significant CAD should have
their cardiovascular risk factors adjusted based on a risk score assessment
[81], but stress testing is discouraged according to the guidelines [9]. It
should be emphasised that these risk estimates apply to subjects present-
ing with chest discomfort, which was not the case for the firefighters in
this study. Males aged 35, 45, or 55 years old with atypical symptoms of
angina are classified as having a pre-test probability of 18%, 25%, or 34%
respectively [9]. Substantially lower pre-test probabilities can be expected
in our asymptomatic cohort.

ST depression

More than 20% of subjects in our asymptomatic cohort developed an ST
depression of at least 0.1 mV in at least one lead by the end of exercise. In
10% of the population, the ST depression was horizontal or downsloping.
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In a sample of the Kuopio Ischemic Heart Disease Risk Factor Study that
analysed ~1,800 Finnish men aged 42—60 years with no history of myo-
cardial infarction or angina pectoris, the prevalence of asymptomatic hor-
izontal/downsloping ST depression during exercise was 11% and compa-
rable to our cohort. The exercise-induced ST depression was found to be
associated with an increased risk for SCD during an 18-year follow-up
(HR 2.1, 95% CI 1.2-3.9), although with a sensitivity of merely 18%. The
risk increase was even higher in the presence of other conventional risk
factors, such as smoking or hypercholesterolemia [82]. Interestingly,
when adding fitness level to the analysis, exercise-induced ST depression
did not associate with an increased adjusted risk for SCD when compared
to subjects with matching cardiorespiratory fitness but no exercise-
induced ST depression [83], which illustrates the challenge of screening
fit individuals.

Other studies have also found a higher long-term (>10 years) risk for
mortality and morbidity due to IHD in apparently healthy men with exer-
cise-induced ST depression than in individuals with normal EXECG re-
sponses [84]. On the contrary, in the Multiple Risk Factor Intervention
Trial (MRFIT), the prognostic value of exercise tests in asymptomatic
subjects was studied for a shorter follow-up time (77 years), and no signifi-
cant increase in CAD mortality risk was observed for individuals with a
horizontal or downsloping ST depression [85].

All of these referred studies focused on the prognostic rather than the
diagnostic impact of exercise-induced ST abnormalities in asymptomatic
individuals, whereas the repeated firefighter testing aims for diagnosis of
subclinical disease that would have implications on the suitability for
smoke diving duty.

The diagnostic value of ST-segment depression in asymptomatic sub-
jects is more difficult to assess because few asymptomatic patients under-
go coronary angiography. Also, in studies with reduced work-up bias, the
sensitivity of exercise-induced ST depression for diagnosing THD has been
shown to be low [86]. In fact, a rapidly upsloping ST depression may even
be a benign sign of THD with a lower long-term risk of mortality from
CAD compared with a normal ST-segment response [87].

ST/HR variables

In addition to standard ST evaluation during EXECG, we adjusted the ST
deviation to the HR during the work phase (ST/HR index and ST/HR
slope) and during the work and rest phases combined (rotation and area
of the ST/HR loop).

65



Exercise testing in firefighters

In the previous MRFIT study of asymptomatic subjects, an abnormal
ST/HR index associated with increased cardiac risk, whereas, according
to standard criteria, an abnormal exercise test did not associate with in-
creased cardiac risk [85]. Another study that included patients with sus-
pected CAD found that the ST/HR index did not improve the diagnostic
accuracy of the exercise test to identify the presence or severity of CAD
when compared to ST-segment depression analysis [88].

In our study, only in V4 and for no other lead, development of an ST
depression associated with an increased risk for IHD. For all of the
ST/HR variables, an abnormal test result in three or more leads associat-
ed with THD (Tables 8 and 9) indicating an enhancement of the predictive
value. For the clockwise-rotated ST/HR loops, significant increases in the
odds ratios for IHD were consistent across most of the analysed leads, but
the risk estimates did not reach significance in the inferior leads aVF and
IIT where the frequency of clockwise-rotated loops was higher than in the
other leads.

The area encircled by the ST/HR loop is known to be more negative in
patients with THD than in healthy controls [49, 89] and the ST/HR hyste-
resis has been shown to be superior to maximal ST depression in the di-
agnosis of IHD [51], also in subjects with “equivocal” exercise ECG results
(horizontal or upsloping ST depression) [90]. However, both studies ana-
lysed populations with clinically suspected angina pectoris, thus they had
higher pre-test probabilities than our firefighter cohort.

There are no established cut-off limits for the ST/HR loop area that
indicate ischaemia, but a partition value of -15 uV has been suggested as
the cut-off for the lead with the minimum value for each test subject [91].
Our lead-specific NA cut-off values were spread around zero (-18 to +34)
with positive values in all of the precordial leads and in one of the extrem-
ity leads. Viik et al. studied lead-specific properties of the ST/HR varia-
bles and discouraged fixed cut-off points for ECG leads in general, but
found that interlead differences were relatively small for ST/HR hystere-
sis, [51].

Although ST/HR variables appeared to be better predictors of IHD
then ST depression in our asymptomatic cohort, the AUCs in ROC anal-
yses were modest. With some exceptions (ST/HR slope in IT and NA in
-aVR), the AUCs were not significantly different from 50% in the extremi-
ty leads. The anterolateral chest leads (V3-V5) had the highest AUC values
for most variables, especially the STmax and ST/HR index, but for no vari-
able or lead the AUC was higher than 73%. A previous study have found
ROC AUCs of 86-92% for the ST/HR variables in males, being highest for
the ST/HR hysteresis [91]. The authors had selected the most negative
ST/HR loop area for analysis, but using the same method, we did not
reach the same results in our population.
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Our ROC curve results show the lack of a variable that combines high
sensitivity and specificity in our asymptomatic cohort, which implies both
false-positive and false-negative results in a screening situation as the
firefighter medical evaluation.

Firefighters and cardiovascular risk

In the United States, the leading cause of duty-related death among fire-
fighters is SCD. A recent nationally representative sample of firefighter
autopsies revealed evidence of both CAD and left ventricular hypertrophy
in more than 4/5 of the cases. Cardiomegaly, coronary artery stenosis,
and prior myocardial infarction were all strong independent predictors of
duty-related cardiac death [92]. Swedish authorities do not keep system-
atic records on causes of death, but they reported that cardiovascular
conditions are very rare causes of on-duty deaths [93]. The cardiovascular
risk profile of American firefighters who suffered SCD differed from our
subgroup of firefighters who were diagnosed with THD. The American
firefighters had a higher body mass (104.5+22.0 kg) and BMI (31.8+5.8
kg/m2), and 59% were obese. These differences in risk profiles probably
contribute to differences in mortality and risk.

Examples of other strategies to evaluate the cardiovascular health of
firefighters have been found internationally, and many of them involve
more complex algorithms than the current Swedish standard. According
to the Norwegian Labour Inspection Authority, the baseline medical eval-
uation of Norwegian firefighters includes lung function testing, resting
ECG to reveal signs of cardiomyopathy, BP, and total cholesterol. Total
cholesterol and BP are scored for cardiovascular risk evaluation according
to a national risk score system (NORRISK 2). Scores indicating >2%
probability of myocardial infarction within 10 years warrant further car-
diac evaluation [69].

According to the 2018 edition of the National Fire Protection Associa-
tion (NFPA) standards, the annual medical evaluation of American fire-
fighters should include 2-year and 10-year risk assessments for risk of
CAD, as well as risk stratification for stroke and resting ECG for firefight-
ers above the age of 40. Recommended tools for risk stratification are the
ACC/AHA 10-year Heart Risk Calculator and the Framingham Heart
Study 2-year risk prediction score, including age, sex, race, blood lipid
profile, systolic blood pressure, anti-hypertensive medication, and smok-
ing status. Based on the risk stratification, subjects with an intermediate
risk should undergo exercise testing with or without additional imaging,
and subjects with a high risk should be referred to a cardiologist for fur-
ther evaluation and treatment [71].
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Cardiac screening in other populations

Although legal and safety perspectives may differ between the occupa-
tional and voluntary ways that employees with a physically requiring work
and athletes strain their hearts, identification of subclinical heart disease
is desirable for both groups, and lessons could be learned from studying
other populations.

Athletes

Master athletes are comparable to firefighters in that they are both
asymptomatic populations with a generally low cardiovascular risk and a
better than average fitness level. They also both regularly perform cardiac
activities above sedentary levels.

A high cardiorespiratory fitness level is associated with reduced mor-
tality and reduced risk of cardiovascular disease largely due to its benefi-
cial effects on modifiable risk factors, such as blood pressure, lipid profile,
and body weight [94]. Nevertheless, SCD does occur also in the physically
active population. The main cause of SCD in veteran athletes is CAD [95],
but the importance of the EXECG in the prevention of cardiac events
among sportsmen is controversial.

A systematic review of EXECGs for more than 32,000 asymptomatic
athletes found that the mean prevalence of an EXECG positive for IHD
was 1% (range 0—29 %) with a higher mean prevalence in older subgroups
[96]. However, the prevalence of cardiac disease was low and the authors
concluded that the mean PPV for IHD was merely 9%.

Dores et al. studied male veteran athletes >40 years of age and found
that conventional methodology based on clinical CV risk factors and Ex-
ECG was poor at identifying significant subclinical CAD, but that the in-
clusion of more objective markers, particularly data derived from cardiac
CT, was promising for more accurate risk stratification of these athletes
[97].

The prevalence of ST abnormalities during maximal exercise and/or
recovery in a cohort of asymptomatic leisure athletes aged 30-60 years
was ~5% [98]. This prevalence is comparable to our results given that ST
abnormalities were defined as significant ST depression in 22 leads in-
cluding at least one precordial lead. In the subgroups of athletes with ST
abnormalities, 14% were diagnosed with significant CAD and 16% with
origin/course anomalies of the coronary arteries by coronary CT angi-
ography.

Strategies to reduce the risk of cardiac events among leisure athletes
are included in a position stand from the European Association of Cardio-
vascular Prevention and Rehabilitation [99]. Self-assessment of the phys-
ical activity level and modifiable risk factors is promoted for screening of
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large populations and maximal exercise testing of senior/adult individu-
als is advocated in case of an increased risk of coronary events.

Air crew

The medical assessment of aircrew and firefighter shares the needs to
evaluate asymptomatic employees to avoid the disastrous consequences of
a ruptured, previously unknown, coronary plaque.

For aircrew, a three-step approach to CAD risk assessment has recent-
ly been suggested. The algorithm begins with population-appropriate risk
stratification and, for pilots above 40 years of age, a resting ECG. Subjects
at increased risk should go through enhanced screening with cardiac CT.
Lastly, if the enhanced screening indicates high risk, second line investi-
gations including functional ischaemia testing and potentially invasive
coronary angiography, follow. The aircrew recommendation also states
that EXECG may be added after performing the cardiac CT, but that it is
discouraged as a sole screening tool for CAD [100].

Implementing a similar model for firefighters is attractive. As stated
above, several countries already use risk stratification as a first step prior
to any medical testing. However, apart from selecting an appropriate risk-
stratification model, clinical interpretation of enhanced screening meth-
ods among physically active firefighters requires specific considerations
because, for example, CT coronary artery calcium scores have been shown
to be higher in athletes than in sedentary individuals [101].

Clinical value of exercise testing in a low-risk population

The utility of a screening test is a function of both test performance and
the possibility to intervene successfully to improve outcomes for patients
with positive test results. Both the Atenolol Silent Ischemia Study (ASIST)
[102] and the Asymptomatic Cardiac Ischemia Pilot (ACIP) [103] studies
suggest that modern pharmaceutical and revascularisation therapies for
patients with mild cardiovascular symptoms and ECG-documented is-
chaemia improve outcomes in terms of survival rate.

ExECG is non-invasive, non-radiant, has good availability, and is rela-
tively low cost, thus an attractive methodology. However, in this study
and in numerous previous studies, standard EXECG criteria failed to con-
sistently and correctly separate healthy individuals from individuals with
subclinical disease or increased risk. We found that an extended analysis
of EXECG results predicted risk slightly better, but is still unsatisfactory
for clinical use. If clinicians are unaware of the limited ability of the Ex-
ECG to accurately identify or exclude disease, EXECG testing may not be
useful in the assessment of subclinical IHD. In fact, testing may do harm
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if the number of false test results is higher than the number of correct test
results.

Thus, the greatest potential benefit of EXECG screening in asympto-
matic populations would probably be for sedentary intermediate-risk per-
sons because the identification of abnormalities could shift them into a
high-risk group, which would benefit from additional interventions. With-
in the firefighter cohort, only a minor subset of individuals would be se-
lected for testing using this pre-test criteria.

In addition to the ST segment, other parameters from the exercise
test, such as chronotropic incompetence, impaired HR recovery, and de-
creased exercise capacity, impact future risk [45]. These variables may be
of long-term or short-term prognostic importance, but for the purpose of
identifying asymptomatic, clinically important CAD, such as in the fire-
fighter assessment, the clinical impact is unclear.

ST depression in the absence of known CAD

Physiological factors

In our study, exercise-induced ST depression in the absence of CAD asso-
ciated primarily with a pronounced increase in HR. Subjects with false-
positive exercise tests have previously been characterised with a high peak
exercise HR, absence of exercise-induced chest pain, and a markedly
downsloping PR segment [104]. An exaggerated P wave repolarisation
displaced into the ST segment is thus a plausible cause of a false-positive
ST-segment depression also in the asymptomatic males in the studied
firefighter cohort.

Non-ischaemic ST depression may also be caused by intraventricular
conduction abnormalities and left ventricular hypertrophy [5], although
individuals with these conditions were excluded from the present study.

Pathological factors

CAD reflects obstructions in the blood flow of the epicardial arteries of the
heart as seen on a coronary angiogram. Absence of significant arterial
stenosis may be interpreted as absence of IHD, although the entire vascu-
lature and the functional blood flow are not visible in the angiogram. Ab-
normalities in the function and structure of the coronary microcirculation
can thus be a cause of myocardial ischaemia in patients without obstruc-
tive atherosclerosis. Exercise-induced ST depression in subjects with
normal angiograms may be caused by microvascular dysfunction, espe-
cially if the ST depression is horizontal or downsloping [105].
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Probable causes of microvascular dysfunction in the absence of ob-
structive CAD are endothelial dysfunction, smooth muscle cell dysfunc-
tion, and vascular remodelling leading to impaired vasodilatation capacity
and/or increased vasoconstrictor tone. Non-ischaemic heart disease may
also cause microvascular dysfunction by extramural compression [106].
The correlation of increased prevalence of non-coronary ST depression
with increased age in our cohort could reflect the development of patho-
physiological processes over time, although the asymptomatic state of the
test subjects decreases the probability of this occurrence.

Coronary microvasculature function can be measured by quantifica-
tion of myocardial blood flow and the coronary flow reserve, which is de-
fined as the magnitude of the increase in coronary flow that can be
achieved from the resting state to maximal coronary vasodilation [107].
Non-invasive techniques, such as stress positron-emission tomography,
cardiovascular magnetic resonance, myocardial perfusion imaging [107],
and transthoracic Doppler echocardiography [105], to understand and
evaluate coronary microvascular dysfunction and coronary flow reserve
are being developed rapidly.

Although microvascular dysfunction is an acknowledged cause of
chest pain in patients without an epicardial coronary obstruction, it has
not been extensively studied in low-risk, asymptomatic subjects with ex-
ercise-induced ST depression and minimal cardiovascular comorbidity,
such as is found in our firefighter cohort. Such studies could help explain
exercise-induced ST depression in asymptomatic individuals.
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Methodological limitations

The studies in this dissertation were performed on all of the available fire-
fighters in a geographic province in Sweden.

Paper1

Paper I compares the physiological response to loaded TM walking and
CE by estimating the oxygen cost. Despite using the most appropriate
equations, the oxygen requirements presented in this study do not take all
parameters, such as heat stress from the protective clothing and emotion-
al stress from the testing situation, into account.

The use of test modalities in this retrospective analysis has changed
over time (Fig. 7), and because individuals were not normally sent for two
parallel exercise capacity tests, direct comparison of different modality
test results performed by the same individual was not possible. Instead,
using a previously published equation, maximal exercise tests with suc-
cessively increasing workloads were converted to the corresponding work-
load that the individual was expected to maintain for 6 min (Pmax6’). We
aimed to assess the accuracy of this conversion by comparing true 200 W
CWL tests with converted CE ramp tests as described in the Results sec-
tion. The comparison included available tests performed within 2 years
and showed a misclassification in 15% of the cases, i.e. when the CWL test
was accomplished, but the calculated Pmax6’ fell below 200 W. In all of
those cases, the CWL test was performed first, which may explain part of
the difference by a small physiological decline in work capacity. We do not
know whether other factors, such as orthopaedic problems or recent in-
fections, impaired the exercise capacity or if the difference was due to an
imperfect equation.

Paper 11

Paper II contains a methodological description of large-scale data acquisi-
tion and transfer from a clinical EXECG database to a research database
for statistical analysis. Extracting, sorting, and processing of data was per-
formed in parallel with quality control and troubleshooting of software
development. This workflow was appropriate for identification of inade-
quate coding in the newly developed software and areas of improvement
when raw data was subject to recurrent errors. However, the simultane-
ous development of the software and the setup of the research database
limited the possibilities to perform in-depth analyses on how the pro-
cessing of the data affected the results, such as comparison of results be-
fore and after data processing. For example, the majority of the subjects
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performed multiple tests, thus when selecting tests for the different stud-
ies, a test that failed to meet the quality criteria was substituted with the
next consecutive test performed by the same subject.

Paper III and IV

Paper III and IV relied on accurate categorisation of patients as having or
not having THD. The categorisation was based on results from retrospec-
tive, available cardiac imaging studies, including coronary angiography,
myocardial scintigraphy, cardiac magnetic resonance imaging, and coro-
nary computed tomography. IHD was defined as at least one positive re-
sult from any of these test modalities. The majority of subjects in the IHD
group (11 out of 12) showed significant stenosis by coronary angiography
even though they may have first been tested with another imaging mo-
dality.

Obviously, a prospective study protocol would have enabled a more
uniform procedure, including the selection of the imaging modality, the
time frame for the imaging studies, and the definition of pathology, for all
of the study subjects. There are a few main considerations regarding the
selected methodological approach.

First, given the retrospective design, we considered it likely that sub-
jects diagnosed with clinically important IHD at some point during the
testing or follow-up period would present with signs or suffer from symp-
toms that would motivate imaging and subsequent classification into the
correct outcome group. However, in some cases, the time between the test
and the positive imaging result was prolonged and may have allowed for
development of the disease from a subclinical state to an overt state.

Second, imaging was restricted to subjects with abnormal EXECGs
who were referred for further evaluation and those who sought medical
care outside of the screening programme. A few of the imaging results
demonstrated atheromatotic lesions of non-significant extent. Although
non-significant findings may have contributed to abnormal EXECG re-
sponses, any such associations could not be assessed in this study because
the majority of coronary vessels in the non-IHD group were not visually
evaluated.

Third, although coronary angiography normally determines the need
for revascularisation, it does not assess microvascular function, which
could have been impaired in patients with exercise-induced ST depression
despite negative (or non-significant) findings on the coronary angiogram.

Finally, it is worth mentioning that the absolute numbers of subjects
with THD, as well as with hypertension, hyperlipidaemia, or diabetes were
low, and this may have contributed to the non-significant results, low-risk
estimates, and large confidence intervals in the statistical analyses. Be-
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cause our study population included all of the firefighters in an entire
county, power calculation prior to sample size determination was not fea-
sible. However, because the study reflects the reality of clinically per-
formed EXECG tests aimed to detect subclinical THD, the lack of signifi-
cance is illustrative of real-world assessments.
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CONCLUSIONS

The main findings of the studies in this dissertation were the following:

Paper1

When comparing two exercise testing modalities in firefighters, we found
that despite a higher estimated oxygen cost and a higher measured HR
response during the TM test than during the CE test, it was more common
to pass the TM test but to fail the supposedly equivalent CE test rather
than vice versa.

Lower age and tall stature predicted approval for both the CE and TM
tests, whereas lower body weight only associated with approval for the TM
test.

Paper 11

This methodological paper contains descriptions of procedures and soft-
ware development to acquire data from a large clinical EXECG database as
well as the subsequent processing steps for automated error checking and
analysis of new parameters.

Increasing the accessibility of data enabled large-scale testing of pos-
sible diagnostic variables, which may impact the value, interpretation,
and strategy for future exercise testing in different subgroups.

Paper III

Exercise-induced ST depression was common in the asymptomatic
firefighter cohort analysed, but the association between ST depression
and clinical IHD was weak. ST analysis combined with HR data during
the work phase (ST/HR index and ST/HR slope) tended to assess THD
risk better than ST depression alone, by increasing the number of leads
with predictive ability. When the recovery phase was included in the
ST/HR loop analysis, a predictive ability to identify IHD risk was seen in
more leads. However, the added value was still low because none of the
analysed variables had both high sensitivity and high specificity in the
ROC analysis, indicating that both false-negative and false-positive test
results remain an issue in this type of population.

Thus, if EXECG is to be performed in asymptomatic individuals,
ST/HR variables could probably be given more importance.

75



Exercise testing in firefighters

Paper IV

In firefighters with no clinical evidence of CAD, exercise-induced ST
depression was more common with increasing age and associated with a
high age-adjusted peak HR and a large age-adjusted HR increase.
Remarkably, neither a high end-exercise blood pressure nor traditional
cardiovascular risk factors, including hypertension, hyperlipidaemia, and
diabetes, associated with exercise-induced ST depression. Whether the
effect of age and HR on exercise-related changes was purely
electrophysiological or secondary to microvascular or structural
myocardial variations remains to be elucidated.
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CLINICAL IMPLICATIONS AND
FUTURE PERSPECTIVES

When performing EXECG on Swedish firefighters, we found that as many
as one out of five of them developed an ST depression, which is the stand-
ard indicator of IHD. For many firefighters with an abnormal ECG re-
sponse, the test result led to referral to a cardiologist for evaluation of
suspected THD. If ITHD was confirmed, it would require medical treatment
and would lead to discontinuation of smoke diving duty. However, only a
few of the firefighters in our cohort were diagnosed with IHD during the
testing period or during the reasonably long follow-up, and a large pro-
portion of the firefighters who underwent cardiac imaging did not benefit
from it. At the same time, the current testing system failed to identify
many of the individuals with a truly increased risk, and who eventually
developed THD.

Our aim to evaluate ST/HR variables to improve interpretation of EXECG
results resulted in minor improvements, but the combination of sensitivi-
ty and specificity remained unsatisfactorily low. This strongly reinforces
doubt of the clinical relevance of performing repeated EXECGs on fire-
fighters or similar unselected, asymptomatic populations.

Instead, other strategies for identifying subclinical IHD and high-risk
subjects should be sought for. A model that can predict the pre-test prob-
ability of stable CAD in an asymptomatic, physically active population and
that can identify individuals who are at increased risk and who may bene-
fit from further diagnostic investigation has yet to be described for fire-
fighters. Integration of additional clinical data in a systematic risk-
stratification process prior to clinical testing is recommended as an im-
provement to the current medical evaluation of asymptomatic firefighters.

Further, our analysis of firefighter fitness test results found a higher ap-
proval rate for the TM test than for the CE test. An approved TM test in
combination with failure to reach 250 W during the CE test may allow for
authorisation of firefighters with maximal oxygen uptakes lower than 2.8
L/min. Over time, there is thus a risk of lowering the physical fitness level
of Swedish firefighters in terms of absolute oxygen uptake.

It would be of interest to investigate the actual oxygen uptake re-
quired to complete the current firefighter TM fitness test and to compare

77
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those values with the oxygen uptake values measured during firefighting
simulations. Also, evaluation of the firefighting performance of firefight-
ers who pass the TM test but not the supposedly equivalent CE test would
be of interest to investigate whether the change in the test modality and
the possible lowering of oxygen uptake requirements have an actual im-
pact on the performance of the Swedish fire brigade.
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