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Introduction: The Heart Rate Performance Curve (HRPC) is neither linear mo
uniform and related to 1-adrenoceptor sensitivity. As agig and exercise in uence
1-adrenoceptors we suggested age, sex and performance efécts on the HRPC. Aim of
the study was to examine the effects of aging on the de ectiorof the HRPC in maximal
incremental cycle ergometer exercise (CE) in a large cohaof healthy subjects.

Methods: Heart rate (HR) data of 2,980 men (51 15 years) and 1,944 women (52

14 years) were classi ed into age groups (20 up to >80 years). We analyzed age and

performance (Row 25%-quartile and P,ign 75%-quartile of age predicted power) effects

on HRnax and on the degree k) and the type (regular downward de ectionk > 0.1, linear
0.1 k 0.1 and atypical upward de ectionk < 0.1) of the HRPC.

Results: k-values decreased signi cantly with age in men and women andwere
signi cantly higher in women. Atypical HRPC's increased bya linear trend from 20
to 70 years {n) respectively 80 yearswy) from 10 to 43% (n) and 9 to 30% (). HRnax
of all age groups was lower in R, and overall number of atypical HRPC's was 21%r()
and 16% (w) higher compared to Ryigh.

Conclusion: Aging increased the number of atypical HRPC's with upward dection in
CE tests, which in uences exercise intensity prescriptiorespecially when using xed
percentages of HRnhax. Changes in HRPC's were affected by sex and performance,
where women generally and subjects with higher performanceresented less atypical
HRPC's even at older age.

Keywords: heart rate de ection, 1-receptor sensitivity, intensity prescription, sex differences, maximal heart

rate, aging

INTRODUCTION

Research in the past few years revealed, that the heart raterparice curve (HRPC) in
incremental exercise is neither linear nor uniforr),(which was shown to have an impact on
exercise prescription2]. With stepwise increasing intensity, heart rate incregsegressively in
an s-shaped manner which has already been shown by Brooke amdiei 3). Later on, Conconi
et al. @) used the attening of the heart rate during incremental mige to determine a de ection
point equivalent to the anaerobic threshold. Although thisrao full agreement in literature about
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the reliability and validity of this method, Bodner and Rhesd to graded isoproterenol and propranolol infusions showed a
(5) as well as Hofmann and Pokams)(gave a comprehensive reduced b-adrenergic responsivity with advancing agéé{
overview of its value. 18). This could be addressed to age associated reductions in

Interestingly, a signi cant number of tests show a linear orHRmax (16).
even an inverted time course of the HRPC. Although most Regarding the inuence of exercise, even high levels of
young healthy subjects 86%) showed a regular de ection of daily physical activity had no e ects on heart rate response
the HRPC, in this homogenous group of 227 (234 years) with respect to agelf). On the other hand, Rogers et al.
trained male sports students an inverse de ection was foung19 showed no decrease in maximum heart rate in well-
in in 7.9% cases and a linear time course was found in 7.9%gined master endurance athletes in a period of 8 years of
of subjects in this studylj. Additional information is sparse continues training compared to sedentary controls. Thisnis i
and only one study by Heber et al7)(presented data on line with other results, which showed a slower rate of decline
HRPC de ection in 128 patients during cardiac rehabilitation in HRynax in people with higher cardiorespiratory tnes().
however did not show the distribution among subjects. PokarNevertheless, cardiorespiratory tness declines non-linep
et al. §) was the rst to show increasing atypical HR curves into 45 years followed by an accelerated decline with increasing
older patients su ering from heart disease. Converse to hgalt age 21).
subjects, most patients (86 %) showed an inverse de ectioment  These well-known age-related changes injdkare therefore
exercise tests administered7 days after myocardial infarction. also suggested to alter the pattern of the HRPC during aging.
A regular de ection was only found in 4% and a linear time Hence, the aim of this study was to examine the e ect of aging
course in 10%. on the de ection of the HRPC in a large cohort of healthy male

Underlying  physiological regulations such as aandfemale subjects. We hypothesized that the number of atlpic
parasympathetic or sympathetic inuences, as well as thelRPC's is increasing with age but di erent between sexes and
relationship to left ventricular function on the degree andmodulated by exercised performance.
direction of HRPC de ection, have been investigated in salver
studies compiled in a review6). The most plausible and
actually valid explanation for the di erent HRPC patterns wasMETHODS
found for bl-receptor sensitivity shown by our study group
(9). This hypothesis was supported most recently by resultShis study was performed within the “HEALTHeBIKES” project
from cardio-pulmonary exercise testing in individuals within order to classify potential users by their HR response to
type 1 diabetes1() where the degree of HRPC de ection exercise and to investigate whether programming a HR based e-
was signi cantly lower in individuals with type 1 diabetes bike control is depending on age. The study has been approved
compared to matched controls. These authors concluded, thély the Ethics Committee of the local University.
constantly elevated HbA levels and concomitantly elevated Heart rate and performance data from 30,000 cycle ergometer
catecholamine levels and/or in ammation induced chronictests carried out for performance diagnostic, health preventi
stress impairsdl-receptor sensitivity, which alters the degreeor medical reasons between 2004 and 2017 were obtained.
and direction of the HRPC. Such a pathophysiological valu&enerally, this tests last about 15min and individuals were
of the HRPC can also be found in patients after myocardiaéncouraged notto do any vigorous activity the day beforealfy,
infarction, who frequently present an upward de ection in 2,980 healthy men (age: 5115 years., range 13—-87 years) and
incremental exercise testdél). A normalization of the HRPC 1,944 women (age: 52 14 years, range from 13 to 89 years)
was found with increasing cardiorespiratory tness aftergedr who performed the same test protocol were included in the
exercise-based cardiac rehabilitation program indepenftent  study. Only tests with correct HRPC presentation (no outliers
medication (7). or interruptions of HR recordings) and a HRx within 15%

As the pattern of the HRPC has substantial consequences fof the expected HRax calculated as 210-age were included in
the prescription of exercise intensity it was argued thatgsive  our analysis. The test protocol was uniform and independent
same xed percentage of maximal heart rate (kR will result  from age, gender and performance and was applied according
in di erent workloads with respect to the anaerobic thresholdto the recommendations of the local Society of Cardiologg).(
(12). Subjects with an atypical HRPC are prone to overload\ll ergometer tests started at 20W and power was increased
compared to subjects with regular HRPCs 13). in uniform 20 W increments per minute up to exhaustion. In

A well-examined factor inuencing HRax is age. From our retrospective analysis, we categorized the tests inta age
the age of 18 to 50 years, HB was shown to decrease groups starting with 20 years up to> 80 years Table 1). The
linearly by 0.7 beatgr 1, with a smaller decrease in youngerdegree and the direction of the HRPC de ection was calculated
adulthood (14). Several reasons for this decrease in3R by a second-degree polynomial t curve (least error squag) (
with age have been discussed, although no de nite conatusiofrom the mean HR of each single load-step between 40 and 100%
has been drawn yet. Beside the age associated decline oinPyax (Figure 1). From this quadratic function the slopesi(k
cardiac autonomic function1(5) and a reduction of intrinsic and k) of the tangents ¢t and t) in the two HR-points of
heart rate (HRy) with age (€), one main reason may the curve corresponding to 40 and 100%aRwere calculated.
be a reducedb-adrenoreceptor sensitivity or density with With the slopes of these two tangents the type of de ection was
cardiac aging. Studies examining the cardiovascular e ectdetermined by using the factdt (k D (ki-k2) / (1 C k1 k2)).
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TABLE 1 | Number of tests (\) and mean SD age, BMI, body mass (BM) and %R.x of each age group in men and women.

Men (2,980) 20 21-30 31-40 41-50 51-60 61-70 71-80 >80

N 105 236 455 651 670 555 271 37
Age (years) 178 1.8 260 28 36.1 29 458 2.8 553 2.9 653 29 743 25 832 138
BMI (kg/m?) 223 28 242 3.8* 255 3.4* 264 3.3* 26.8 3.6 266 3.3 26.7 3.3 26.1 3.2
BM (kg) 72.4 10.7 79.2 129 83.2 122 85.0 115 854 125 825 115 81.1 116 77.2 10.6
%Pmax (%) 108 18 114 21 124  24* 120 21 122 20 119 22 112 19* 105 18
Women (1,944)

N 33 151 207 429 505 424 171 24
Age (years) 18.2 1.8 262 2.7 364 238 459 2.9 55.2 2.9 65.1 2.8 744 26 834 1.9
BMI (kg/m?) 220 238 221 3.7 230 3.9 240 4.3* 252 4.2* 258 3.9 258 4.0 255 34
BM (kg) 624 93 61.6 11.1 643 11.6 66.5 124 68.5 12.3 68.5 10.7 68.1 11.2 65.1 8.8
%Pmax (%) 125 18 129 18 127 23 126 21 119 19* 111 20* 101 18* 93 17

*Signi cant different compared to the previous younger age group.

N denote the number of analyzed tests.

%Pmax denotes Pmax in percent of age predicted power (Rreq) Which was calculated for men: Brg D 6,773 C 136,141:BS-0.916:BS-age and women: Pyeq D 3,933 C
86,641:BS-0.346:BS-age whereby BS denotes body surface calculated as: B® 0.007148:BW (kgf42° H (cm)f-725 (23).

3-phase model of the HRPC ical determination of k:
220 - - 220

A Downward = k+

O Linear 200] k-
O upward

2004

180 180

160- 160

£ £
£ 140 2 140
© -4
I x
120 120
,DI,
100 : i 100 o A
v Rt
s e
804 : : 80
"o 20 Iy 60 80 100 "o 4 80 120 160 200 240 280 320 360 400
P (%) PW

FIGURE 1 | Schematic 3-phase model of the HRPC from incremental cyclergometer exercise with regular downward de ection, linearitne course and upward
de ection (1). Mathematical determination ok-values from HRPC's with downward kC) and upward de ection (k-). The degree and the direction of the HRPC
de ection (k) was calculated from the difference of angles of the tangest(t;, t;) from a polynomial best t between 40 and 100% of Ryax (8).

k-values were classi ed as downward de ectig@ (k > 0.1) normality, the Shapiro-Wilk normality test was used. Repeated

(regular), linearkO ( 0.1 k 0.1) and upward de ectiork—  measures ANOVA with Dunn's multiple comparison test was

(k< 0.1) (atypical) Figure 1). used to comparek-values, HRax, Pmax, %Pnax, and BMI
Furthermore, Riaxin percent of age predicted power (%&)  between age groups. Linear regression analyses were pedforme

was calculated using a standard equatidale 1) from the local to prescribe the age-related changes of the HRPC and the

cardiological society2(). To assess the e ect of performanceabsolutek-values. Data are presented as mearSD. Statistical

on HR de ection and HRax we compared subjects with low signi cance was set gt< 0.05.

(Piow: 25%-quartile) and high (fyn: 75%-quartile) performance

(%PRnax) within each age group.

RESULTS

Data Analysis The number of analyzed tests as well as the mean age, BMI and
Data Analysis was performed using GraphPad Prism ®Body mass of each age group are showreahle 1 Maximum HR
(GraphPad Software, San Diego, CA). For conrmation ofdecreased linearly with age(HRnax D 212—0,93agey D 0.82;
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W: HRmax D 205-0.85agey D 0.80) from 191 9bpm {Mm)to 185 in men and< 20 to 60 yearsi(k D 0.16 0.08) in womenk-

7 bpm () in the youngest age group to 1338 bpm (m) and  Values were signi cantly di erent for male subjects betweeP0
128 9 bpm {w) in the oldest age groupe{gure 2). The mean to 60 years and for female betweer20 to 30 and>40 to 50
decrease per decade of both groups was 8129 bpm, whereas years. The number of curves with atypical upward de ection was
the HRnax decrease was less in subjects younger than 50 yednigher in Rq,, compared to Rign in men and women except for
(6.5 1.3 bpm) compared to subjects older than 50 years (9.the age groups 70 to 80 years. The increase of atypical curves

1.3 bpm). Correlation analyses of RHR and age-predicted was delayed to older age iigh (Figure 5).
maximum heart rate calculated from Tanaka et @¥)((HRmax
D 208-0.7age), were comparable and signi cant§ 0.81). DISCUSSION

Maximum power was una ected by age up to 50 years in men
(Pmax D 253 49W) and women (Rax D 165 29W) and Qur analysis of a large cohort of age and performance
decreased signi cantly in the older age groups. The lowgskP heterogenous healthy male and female subjects con rm previo
(m: 126 22W;w: 93 16 W) was present in the oldest ageresults that the HRPC in incremental exercise tests is neither
groups ¢ 80 years)Kigure 2). Mean %Rax varied between age uniform nor linear (1, 2) and the well-known decrease of g
groups and decreased with increasing age. Except for thetoldggith age. For the rst time we show signi cant age related
female age group, mean %& was above 100%, which meanschanges of the pattern of the HRPC with an increase in the
normal with respect to the given guideline norm2| in every  number of atypical curves with an upward in ection of HR.

age group. These changes were signi cantly di erent between men and
women and exercise performance had some minor e ects on
Age Dependent Effects on HRPC HRmax and the pattern of the HRPC.

The HRPC pattern signi cantly changed with increasing agdbot ~ Comparable to our older results in young healthy male
in men and women indicated by a signi cant decrease (ANOVA)trained subjects), young subjects in our study presented the
of k-values in age groups 31 years if)) and >41 years )  highest number of regular HRPC's with a downward de ection,
compared to subjects20 years. In the older age groupwas not  syggested as “normal.” However, our study group had a lower
signi cantly di erent in men from 51 to 80 years and in women number of regular HRPC's in subjects in the same age group.
from 41 to>80 years. The highektvalues km D 0.25 0.24/ Toward an age of 50 years changes in the degree of the HRPC
kw D 0.44 0.33) were found in the youngest age group2Q  de ection and the number of atypical curves were stronger
years)k-values were signi cantly higher in women compared tocompared to> 50 years. Sparse studies showed that patients with
men. In men mean values even reached negative values in aggdiovascular disease mostly displayed an upward de ection o
groups older than 50 years which indicates an increasing reimb the HRPC {, 11), prescribed also in people with type 1 diabetes

of atypical inverted HRPC'$~gure 3. (10), however no studies in age heterogenous healthy subjeet ha
Figure 4 shows the distribution ok-values, categorized as peen presented so far.

regular downward de ectionKC) as well as atypical upwar&-)
and linear HRPC de ectionk0). The number of heartrate curves 1-Receptor Sensitivity
with upward de ection increased from 10 to 43% in mer20  The decrease in HRx with age was comparable with recent
to 70 years, but decreased slightly between 71 and 80 yedrs ajtudies (4, 24). As the decrease of HRx with age was
substantial in the oldest age group80 years. In women, the associated with-receptor insensitivity{6-18) and/or reduction
number of atypical curves was smaller compared to men anih receptor density Z5) this suggests a causal relation between
increased from 9 to 30% for 20 to 80 years with a smaller the changes of the HRPC de ection with age afdadrenergic
increase from 51 to 80 years, but also decreased in the agp graeceptor function. A reduced receptor sensitivity was shown
>80 years. The increase of atypical curves with age showsaa lingo blunt the heart rate response at moderate exercise intensit
trend up to 80 years. Conversely, the number of cases presentiwhere catecholamine levels are still I&G)( At higher intensities
aregular downward de ection decreased from 75to 52%4dnd  catecholamine levels increase exponentially and thus retsepto
85 to 49% ) for subjects 20 to 60 years and increased slightlycan be stimulated, increasing HR disproportionally compared to
from 61 to> 80 years in both groups with a large increase in menhe smaller increase at low to moderate exercise intenskis T
>80 years. The number of linear curves was less a ected by agghenomenon was prescribed to cause an upward de ection of the
HRPC ©)
Exercise Performance and HRPC
Assessment of 25 and 75%-quartile of Y4Prevealed a mean Sex Differences
limit of all age groups for the lower quartile @) at 102 6% The overall number of atypical curvesn{ 33%, w: 21%)
(m) /103 12 (W) %PRnax and for the upper quartile (Ryn) at  and the degree of the HRPC de ection was dierent for
128 6% () /128 14 W) %PRnax. HRmax was lower in R, men and women, who presented a comparable decrease of
compared to Ry, of the single age groups, whereby fRwas  k, but women had signi cantly higher values throughout
signi cantly di erent in men between>40 to 70 years and in the whole age span. These sex dierences in the de ection
women betweerr 30 to 70 years. The overall mean di erenceof the HRPC can also be assigned to varied responses
was 6 2 bpm m)and 7 2 bpm (). Higherk-values were of men and women tob-adrenergic stimulation shown
found in Ryigh in age groups 20 to 70 yearsli(k D 0.15 0.04) by isoproterenol infusion 43, 27). Men had a greater
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FIGURE 2 | Mean SD maximum heart rate (HR.ax) and power (Rnax) of the age groups in men and women. Age course of HRax is described via linear regression
and Pmax Via quadratic function. Men and women were signi cantly diéfrent for Pnay within each age group but not for HR,ax except for two age groups. Aging was
signi cantly related to decreasing HR,ax within each age group and decreasing Rax in the age groups older 50 years in men and women. * signi cant iferent HRpax
between men and women;* Pnax signi cant different from repeated measure ANOVAQ(< 0.05).

FIGURE 3 | Mean SD k-values of age groups in men and women. Dashedni) and dot dashed (v) lines show the decrease via linear regression.

age-associated decrease in inotropic and chronotropic resggon and bl-adrenergic receptor sensitivity, this may explain the
to catecholamines compared to womer3), In addition, higher number of regular HRPC's in women. Beside R1-
b-adrenergic responsiveness was higher in young and oldedrenoceptor sensitivity women were shown to have di erences
women compared to male reference groupgs/)( Referring in autonomic functions 28) although intrinsic HR may not be

to the causal relation between the de ection of the HRPChatimportant (29).
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FIGURE 4 | Distribution of the HRPC de ection pattern (regular downwat de ection: kC, atypical upward de ection: k—, linear heart rate de ection:k0) for all age
groups in men and women.

FIGURE 5 | Age dependent relative number (%) of HRPC's with atypical wpard de ection for high (Fow) and low (Righ) exercise performance groups (25%
respectively 75%-quartile %R,ax) for men and women.

Performance Differences Lehmann et al. 1) showed that higher performance was
Classi cation into low- and high-performance groups revehle related to betterbl-receptor sensitivity which supports our
lower k-values in 5 {n) respectively 6\W) age groups in By. data showing that subjects with higher performance presented
The number of atypical curves in each single age group was higher number of regular curves in line with earlier result
substantially higher in g, compared to R, except for male from our working group @). Additionally, several studies
and female age groups70 to 80 years. Overall the number showed improved-adrenergic responsiveness after 12 weeks
of atypical curves was 219m) and 16% ) higher in Ry,  treadmill training in rats and reverselgtadrenergic disfunction
compared to Righ, indicating a delayed onset of physicaldue to restored cardiac receptor density after exercid. (
frailty in the Rhign (30). The distribution of atypical curves in Also aerobic exercise training was shown to reduce cirmgat
the age groups> 70 to 80 years might be due to a generalcatecholamine's3@3), which counteracts reducebd-adrenergic
higher number of subjects in good condition in this age groupdensity due to overactivation of the sympathetic nervousesys
however relative Rax do not support this suggestion. Anyhow, and concomitant chronic catecholamine stimulaticv). Thus,

this group is suggested as healthy “survivors” who alreadsensitization of thél-receptor through regular exercise might
exceeded the age of expected healthy life years which migmbrmalize atypical HRPC provoked by chronic stress due to
lower the physiological di erences between the high and lowdiseases such as type 1 diabet€sdr cardiovascular diseaskl]
performance group. as shown recently7j.
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Mean exercise performance of all single age groups, excdptlependent from the individual performance. The number of
for the oldest age group in women, was higher comparediR points for analysis were therefore smaller in individuals
to the age predicted maximum power output which may bewith low Pmnax. This causes less accuracy in the calculation
classi ed “normal.” Further, maximum ergometer power output of absolute k-values, but does not a ect the classi cation of
was constant up to 50 years which is in line with earlier ndsng de ection types. Talking about the strengths, to our knovged
(21), but di erent to guideline values, which present a contingou this is the rst study investigating the e ect of age on the HRPC
decrease with age€?, 35). The Rnax decline was independent time course. The great number of subjects included alloveed t
from HRmax as already shown3(). HRmax though was lower draw some general conclusions in this large cohort of hgalth
in the low compared to the high-performance group. Thismen and women.
might be due to higher performance motivation of well-traithe
subjects, but might also be caused by a highereRtraction CQONCLUSION
and concomitant higher cardiac output due to a higher muscula
aerobic capacity in the high-performance groug) Our results  The number of atypical HRPC's presenting an upward de ection
are in line with other studies who showed reduced declinén a maximal incremental cycle ergometer exercise test asas
of HRmax in people with high cardiorespiratory tness and with age. These changes were inuenced by age, sex, and
con rm that decreasing HRax with aging is to a certain extent performance, where subjects with higher performance presente
preventable by higher performance levels 0). Anyway, mean less atypical HRPC even at older age. Because the number
Pmax 0f our cohort up to 50 years was 25349 W inmen and 165 of atypical curves substantially increased with age we stigge

29 W in women. to modify linear percent HRax exercise prescription models
. . as the chance to overestimate training intensity increagés
Exercise Prescription age. Furthermore, the determination of the HRPC de ection is

From a practical point of view the heterogenous character ofyggested to give additional information regarding theltheand
HRPC's has some consequences on exercise prescription Whedtformance status of subjects. Further research shouigsfon
using xed percentage of Hix, already discussed in detail by yore detailed analysis of di erent subgroups such as patients,

our study group ¢, 12) which was supported recently by lannetta g, ering from di erent chronic diseases, as shown nicely by
etal. 7). We could nicely show that the same relative intensityeper et al. 7).

of 85% HRhax gave dierent workloads when related to the

anaerobic threshold and this e ect became even stronger with

[31-recepter antagonism applicatioriy). The calculation of a DATA AVAILABILITY STATEMENT

xed percentage consequently leads to an underestimatidhef . .

workload in regular HRPC's but an overestimation in upward | N€ datasets generated for this study are available on sequie
de ecting atypical curves. The use of such a %tRmethod 1€ corresponding author.

may overestimate training heart rate by at least 5-10% arid up

40% in single cased?). Underestimation might cause absenceETHICS STATEMENT

of desired training e ects, but overestimation of the workiba

presents some risks and could have major consequences The studies involving human participants were reviewed
subjects su ering from a chronic disease. lannetta et @) ( and approved by Ethic Committee University of Graz,
supported this earlier results and concluded that “contemppra Universitatsplatz 3, 8010, Graz. Written informed consent
gold-standard methods for exercise prescription based owul-xe to participate in this study was provided by the participantsaleg
percentages of maximum values conform poorly to exercisguardian/next of kin.

intensity domains and thus do not adequately control the

metabolic stimulus.”
Due to the changes of the HRPC pattern with aging, arAUTHOR CONTRIBUTIONS

age dependent prescription of exercise intensity needs to tﬁ—l RM-O, HT, and PB conceived and designed the experimental

d'evelope'd as usual linear equations are not appropriate. Tt}:ﬁan. PB and AB analyzed the data. PB and PH drafted the
given guideline range of 77-95% KR (39 to calculate the . it MF, PH, HH, and PB re ned and approved the nal

upper target training “m'_ts represent a wide spectrum of cardio manuscript. All authors proofread and accepted the nal vemsio
respiratory and metabolic responsexd) so to ful Il the needs of the manuscript

for an individualized approach, individual thresholds neede
determined 87).

Some limits of the study are to be mentioned. The
generalizability of our study is limited. Exercise testsreve
performed in external institutions in terms of medical sanegys.
For our analyzes only apparently healthy individuals with no
recorded medication were used, but insu cient documentati ACKNOWLEDGMENTS
and comorbidity cannot be fully excluded. Additionally, tihis
retrospective study the actual activity level or trainingiree = We acknowledge the nancial support of the University of Graz
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