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Keywords:
 Despite all the evidence of health benefits related to physical activity (PA) and cardiorespiratory fitness (CRF), low
levels of PA have reached pandemic proportions, and inactivity is the fourth leading cause of deathworldwide. Lack
of time, and inability to self-manage are often cited asmain barriers to getting adequate PA. Recently, a newperson-
alizedmetric for PA tracking named Personal Activity Intelligence (PAI) was developedwith the aim tomake it eas-
ier to quantify howmuch PA perweek is needed to reduce the risk of prematuremortality fromnon-communicable
diseases. PAI can be integrated in self-assessment heart rate devices and defines a weekly beneficial heart rate pat-
tern during PA by considering the individual's sex, age, and resting and maximal heart rates. Among individuals
ranging from the general population to subgroups of patients with cardiovascular disease (CVD), a PAI score ≥100
per week at baseline, an increase in PAI score, and a sustained high PAI score over timewere found to delay prema-
ture death fromCVDand all causes, regardless ofwhether or not the current PA recommendationsweremet. Impor-
tantly, a PAI score ≥100 at baseline,maintaining ≥100 PAIs and an increasing PAI score over timewas associatedwith
multiple years of life gained.Moreover, obtaining aweekly PAI ≥100 attenuated the deleterious association between
CVD risk factor clustering and prolonged sitting time. PAI and objectively measured CRF (as indicated by VO2peak)
were positively associated in a graded fashion, and individuals with a PAI score between 100 and 150 had expected
age and sex specific average VO2peak values. A PAI score ≥100 was associated with higher VO2peak in both men
(4.1mL·kg−1·min−1; 95% CI, 3.5 to 4.6) andwomen (2.9mL·kg−1·min−1; 95% CI, 2.4 to 3.3), compared to the ref-
erence group of b100 PAI. The combined analysis of PAI, PA and VO2peak demonstrated that a PAI score ≥100was as-
sociated with high VO2peak values regardless of meeting or not meeting the current PA recommendations.
Collectively, these findings suggest that PAI has the potential to be a useful tool to motivate people to become and
stay physically active by quantifying the amount of PA needed to produce significant health benefits.
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The National Institute on Aging and the World Health Organization
(WHO) rank the dramatic increase in average life expectancy in the
20th century as one of the greatest societal achievements.1 However,
this crowning achievement does not come without other challenges.
Changes in demographics have shifted the leading causes of disease
and death from infectious to non-communicable diseases (NCDs),
which more commonly affect the aging adult population.1,2 This, in
turn, has created an unparalleled demand for treatments with societies
struggling to afford the mounting healthcare costs together with the
availability of cost-effective and feasible interventions to prevent
NCDs3. Some estimates have suggested that these costs may become
unsustainable in the not too distant future.4

According to the WHO, insufficient physical activity (PA) is one of
the leading risk factors for NCDs and death worldwide.5 Inadequate
PA level increases the risk of NCDs by 20–30%, shortens lifespan by
3–5 years, and accounts for N5 million deaths each year worldwide.6–8

Indeed, PA can contribute to prevention of different co-morbid condi-
tions including hypertension (HTN), overweight, and obesity and also
is an effective and inexpensive non-pharmacological therapy for these
conditions along with improving mental health, quality of life, and
delaying onset of dementia.9,10 Evolving evidence suggests that cardiore-
spiratory fitness (CRF) might be a stronger predictor of adverse health
outcomes when compared to PA,11–13 and research shows that CRF im-
proves in a dose-responsemanner through PA and/or exercise training.12

Yet the major challenge when it comes to PA effectiveness is adher-
ence. Inactivity has reached pandemic proportions worldwide. A quar-
ter of the world's population, or 1.4 billion adults, are not getting
enough PA, putting them at risk of developing or exacerbating inactivity
related diseases.6,14 A recent study reported that the goal of reducing
physical inactivity by 10%by the year 2025, as set out by theWHO, is un-
likely to materialize.14 Lack of time, and inability to self-manage
(i.e., setting personal goals, monitoring PA progress through personal-
ized feedback tailored to individual needs and preferences) are often
cited as main barriers to getting adequate PA.15–18

Unfortunately, most available PA metrics have failed to translate
physiological measures into meaningful, personal and scientifically
proven information for the mainstream user.18–20 For instance, goals
such as “10,000 steps per day” or “30 minutes of PA per day” are too
vague andmay even bemisleading. Research shows that intensity of ex-
ercise matters when it comes to health benefits.10,12,21 Walking 6000
steps rapidly uphill at a high relative intensity results in superior phys-
iological or psychological adaptations compared to walking slowly
downhill at low relative intensity. The advice to walk 10,000 steps per
day does not account for intensity, and a person able to walk only
6000 steps per day, but at a faster rate or with inclines (stairs or uphill)
may be discouraged by not meeting the daily step count goal, even
though the physiological workload can be much higher than walking
10,000 steps on flat terrain. Because it parallels metabolic rate, the
most personalized and accurate reflection of the body's response to
PA, regardless of the PA type, is heart rate.19,22 However, current PA ad-
vice and most widely marketed PA trackers do not convert PA- induced
changes in heart rate into a metric for understanding how much PA an
individual needs to perform, and at what intensity in order to prevent
NCDs and improve survival.

In keeping with the suggestions for overcoming PA barriers,15 the
Cardiac Exercise Research Group (CERG) (ntnu.edu/cerg) developed a
personalized PA metric, named Personal Activity Intelligence (PAI),19

with the aim to make it easier to quantify how much PA per week is
needed to reduce the risk of premature mortality from NCDs.19,23 PAI
can be integrated in self-assessment heart rate devices and defines a
weekly beneficial heart rate pattern during PA. PAI considers the indi-
vidual's sex, age, and resting andmaximal heart rates, and reflects an in-
dividuals' response to PA.19 The metric translates heart rate variations
over the course of a week, into a simple and easily understandable
score (0 = inactive, and 100 = active enough). For instance, a score of
100 PAI could be obtained by performing various PA volumes and
intensities, using individually preferred activities as long as the heart
rate is elevated above a certain threshold.19,24 Currently, the relation-
ship between PAI and CRF is not known. Such a relationshipmay expand
our understanding of biological adaptations elicited by PAI to obtain
substantial health benefits.

The purpose of this paper is to summarize the epidemiological evi-
dence regarding the effects of PAI on health and investigate the associ-
ation between PAI and CRF in a large unselected population of healthy
individuals.

PAI and cardiovascular disease (CVD) risk

Among individuals ranging from the general population to sub-
groups of patients with CVD, a PAI score ≥100 per week at baseline, an
increase in PAI score, and a sustained high PAI score over time were
found to delay premature death from CVD and all causes, regardless of
whether or not the current PA recommendations were met.19,24,25

In a study on 19,269men, and 20,029 women free from known CVD
at baseline and followed up for 26.2 (SD 5.9) years,19 a PAI score of
≥100/week was associated with a 13% (95% confidence interval [CI],
6%–20%) lower all-cause mortality, and 17% (95% CI, 7%–27%) lower
CVD mortality in men, compared with inactive group. The correspond-
ing risk reduction in women was 17% (95% CI, 6%–26%) for all-cause
mortality, and 23% (95% CI, 4%–38%) for CVD mortality (Fig. 1). In sub-
groups of participants, i.e., pre-specified age groups, or those with
known CVD risk factors, such as diabetes, HTN, smoking, or over-
weight/obesity, obtaining ≥100weekly PAI was associatedwith a signif-
icantly lower risk of all-cause and CVD mortality. For example, HTN
patients with ≥100 PAI had 30% (95% CI, 21%–38%) lower CVDmortality,
and the corresponding risk reduction in diabetic patients was 54% (95%
CI, 17%–75%).19

Among patients with established CVD (1123 women, 2010 men)
followed for a mean of 12.5 years (39,157 person-years), those with a
weekly baseline PAI score ≥100 had 24% (95% CI, 10%–35%) and 36%
(95% CI, 21%–48%) lower risk of all-cause and CVD- mortality,
respectively.25 Furthermore, a PAI weekly score ≥100 was associated
with similarly lowermortality risk among various subgroups of patients
in both sexes and across age groups.25

The temporal changes in PAI were also predictive of a mortality risk.
In a prospective cohort study of 11,870men and 13,010womenwithout
known CVD at baseline and followed up for 18.0 (SD 4.0) years, high PAI
score that was sustained (≥100 PAI at both time points) and an increase
in PAI score (b100 at first assessment and ≥100 at second assessment)
over a 10-year period were associated with lower risk of mortality.24

Participants obtaining a score ≥100 PAI at both time points had a 32% re-
duction in risk for CVDmortality (95% CI, 14%–46%), and a 20% reduction
in risk for all-cause mortality (95% CI, 9%–29%), compared to partici-
pants with a PAI score b100 at both assessments. For those who in-
creased their PAI score over time, the risk reduction was 14% (95% CI,
5%–21%) for all-cause mortality.24

Importantly, obtaining a PAI score ≥100was associated with a lower
risk of mortality regardless of meeting or not meeting the current PA
recommendations.19,25 However, among those with a PAI score b100
who adhered to the PA recommendations, the adjusted hazard ratios
were 1.27 (95% CI, 1.09–1.48) for CVD mortality, and 1.13 (95% CI,
1.02–1.24) for all-cause mortality.19

An additional intriguing finding was that a PAI score ≥100 at baseline
was associated with multiple years of life gained both in the general pop-
ulation free from CVD [4.7 (95% CI, 4.4–5.0) years],19 as well as patients
with known CVD [4.7 (95% CI, 3.2–6.3) years].25 Furthermore, maintaining
≥100 PAIs and an increasing PAI score over time associated with 8.2 (95%
CI, 7.4–9.0) and 6.6 (95% CI, 5.7–7.4) years of life gained, respectively.24

Emerging evidence indicates that sedentary behaviour, which is dis-
tinct from physical inactivity, is associated with a clustering of risk fac-
tors for CVD, several chronic conditions and mortality.26–29 The results
of a study on a large apparently healthy population (n = 29,950)
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Fig. 1. Personal Activity Intelligence (PAI) and health.

181J. Nauman et al. / Progress in Cardiovascular Diseases 62 (2019) 179–185
show that participants with a weekly PAI score b100 had a higher like-
lihood of CVD risk factor clustering across age groups compared with
those who had a weekly PAI ≥100.30 Moreover, obtaining a weekly PAI
≥100 attenuated the deleterious association between CVD risk factor
clustering and prolonged sitting time. For instance, for subjects between
the ages of 45–59, the odds ratio for those sitting 5–b7 and ≥7 h per day

Image of Fig. 1
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and having a weekly PAI score b100 were 2.20 (95% CI, 1.61–3.00) and
2.21 (95% CI, 1.61–3.01), respectively, compared with the reference
group (≥100 PAI per week and sitting 4 or less hours per day).30

Collectively, these results suggest that PAI may be used as a very
suitable prescription for PA, with a personalized dose required for sig-
nificant health benefit.

Linking PAI and CRF

The characteristics of the study participants used to establish the as-
sociation between PAI and CRF are presented in Table 1 (for methods,
see Online Supplement). The mean VO2peak was 36.0 ± 7.7 mL·kg−1·-
min−1 and 44.4 mL·kg−1·min−1 for women and men, respectively. In
total, 55.3% achieved a ≥100 PAI score, and 7.6% of the participants
(10.5% of men and 4.9% of women) were classified as inactive (0 PAI).

There was a graded positive association between PAI and VO2peak in
both men and women as shown in Table 2. Compared with men in the
reference group (0 PAI), a PAI score ≥100 was associated with a
5.4 mL·kg−1·min−1 higher VO2peak (95% CI, 4.5 to 6.3). In women, PAI
≥100 was associated with a 4.1 mL·kg−1·min−1 higher VO2peak (95% CI,
3.1 to 5.2), compared with inactive women. Similarly, a PAI score ≥100
was associated with higher VO2peak in both men (4.1 mL·kg−1·min−1;
95% CI, 3.5 to 4.6) and women (2.9 mL·kg−1·min−1; 95% CI, 2.4 to 3.3),
compared to the reference group of b100 PAI (Table 2).

The combined analysis of PAI, PA and VO2peak is presented in Table 3.
The results demonstrate that a PAI score ≥100 was associated with high
VO2peak values regardless of meeting or notmeeting the current PA rec-
ommendations. Compared with the reference group (b100 PAI and not
meeting the recommendations), those with a PAI ≥100 and not meeting
Table 1
Descriptive characteristics of the participants.

Total

No. of subjects 4334
Age, mean (SD), years 48.4 (13.5)
VO2peak, mean (SD), mL·kg−1·min−1 40.1 (9.5)
Height, mean (SD), cm 172.5 (9.1)
Weight, mean (SD), kg 77.5 (13.7)
BMIb, mean (SD), kg/m2 25.9 (3.6)
RHR, mean (SD), bpm 68.1 (10.8)
Cholesterol, mean (SD), mmol/L 5.5 (1.1)
HDL, mean (SD), mmol/L 1.4 (0.3)
Glucose, mean (SD), mmol/L 5.4 (1.3)
Smoking status, No. (%)

Never 2158 (49.8)
Former 1380 (31.8)
Current 471 (10.9)
Occasional 325 (7.5)

Occupational physical activity, No. (%)c

Mostly sedentary 1478 (34.1)
Frequent walking 1535 (35.4)
Frequent walking and lifting 1043 (24.1)
Heavy manual work 92 (2.1)

Alcohol consumption, No. (%)c

0 643 (14.8)
1–4 1750 (40.4)
≥5 1796 (41.4)

Health status, No. (%)c

Poor 13 (0.3)
Not so good 444 (10.2)
Good 2636 (60.8)
Very good 1170 (27.0)

Personal Activity Intelligence (PAI)
0 329 (7.6)
≤50 1132 (26.1)
51–99 476 (11.0)
≥100 2397 (55.3)

VO2peak, peak oxygen uptake; BMI, body mass index; RHR, resting heart rate; bmp, beats per m
a Baseline group differences were examined by using t-test for continuous variables, and χ2
b Calculated as weight in kilograms divided by height in meters squared.
c Data is missing.
the recommendations had a 2.6 mL·kg−1·min−1 (95% CI, 2.2 to 3.0)
higher VO2peak. Among those with PAI ≥100 andmeeting the recommen-
dations, the adjusted difference in VO2peak was 4.4 mL·kg−1·min−1 (95%
CI, 3.9 to 4.8), compared to the reference group.

Fig. 2 presents the VO2peak values according to weekly PAI scores, and
show that individualswith a PAI score between 100 and 150 had expected
age and sex specific mean VO2peak values. For instance, VO2peak for men
with 100–150 weekly PAI and in the age groups of 40–59 and ≥60 years
was 44.1 ± 8.1 mL·kg−1·min−1 and 38.5 ± 7.4 mL·kg−1·min−1, respec-
tively. The analogous VO2peak values for women were 34.9 ±
6.0 mL·kg−1·min−1 and 30.0 ± 3.7 mL·kg−1·min−1, respectively. This
is of great interest given that achieving average or above average age-
specific CRF levels have been associatedwith substantial health and health
economic benefits.13,31,32 The figure also shows that there is a gradual in-
crease in VO2peak with increasing levels of PAI categories in both men
and women.

In terms of mortality risk, previous PAI studies19,25 show no addi-
tional benefits in those havingmore than 100 weekly PAI (in our popu-
lation exhibiting equal to or above age-specific CRF-levels, Fig. 2)
compared to those having100 PAI. Thismight appear to contrast studies
using CRF-values to categorize risk indicating an inverse association be-
tweenCRF and long-termmortalitywith noupper limit of benefit.33 The
lack of additional benefit in terms of risk reduction among those achiev-
ing higher than 100 weekly PAI might reflect a lack of statistical power
in these studies given that there were relatively few events in each age
category that achieved very high weekly PAI levels (N200 PAI). How-
ever, the seemingly contrasting observations may have another likely
explanation. Currently, there is no consensus regarding classification
of CRF categories, however, recent reports from the United States,34–36
Men Women P-valuea

2112 2222
49.0 (13.5) 47.9 (13.6) b0.01
44.4 (9.2) 36.0 (7.7) b0.01
179.4 (6.3) 166.0 (5.8) b0.01
85.6 (11.4) 69.8 (11.2) b0.01
26.6 (3.2) 25.4 (3.8) b0.01
66.6 (11.1) 69.4 (10.2) b0.01
5.5 (1.1) 5.4 (1.1) 0.15
1.3 (0.3) 1.5 (0.3) b0.01
5.6 (1.5) 5.2 (1.0) b0.01

1069 (50.6) 1089 (49.0)
673 (31.9) 707 (31.8)
196 (9.3) 275 (12.4)
174 (8.2) 151 (6.8) b0.01

846 (40.1) 632 (28.4)
596 (28.2) 939 (42.3)
499 (23.6) 544 (24.5)
77 (3.7) 15 (0.7) b0.01

220 (10.4) 423 (19.0)
702 (33.2) 1048 (47.2)
1138 (53.) 658 (29.6) b0.01

5 (0.2) 8 (0.4)
187 (8.9) 257 (911.6)
1327 (62.8) 1309 (58.9)
567 (26.9) 603 (27.1) b0.01

221 (10.5) 108 (4.9)
545 (25.8) 587 (26.4)
208 (9.8) 268 (12.1)
1138 (53.9) 1259 (56.6) b0.01

inute; HDL, High-density lipoprotein.
tests were used for proportions of categorical variables.



Table 2
Difference in VO2peak (mL·kg−1·min−1) according to Personal Activity Intelligence.

PAI Men Women

n Crude mean VO2peak Age-adjusted difference Adjusted diff.a (95% CI) n Crude mean VO2peak Age-adjusted difference Adjusted diff.a (95% CI)

0 221 40.6 0.0 (Ref.) 0.0 (Ref.) 108 32.2 0.0 (Ref.) 0.0 (Ref.)
≤50 545 40.0 1.4 1.2 (0.3–2.2) 587 32.7 1.8 1.1 (0.0–2.2)
51–99 208 43.7 3.6 2.8 (1.7–3.9) 268 34.5 3.0 2.1 (0.9–3.2)
≥100 1138 47.5 7.3 5.4 (4.5–6.3) 1259 38.1 5.6 4.1 (3.1–5.2)
b100 974 40.9 0.0 (Ref.) 0.0 (Ref.) 963 33.2 0.0 (Ref.) 0.0 (Ref.)
≥100 1138 47.5 5.8 4.1 (3.5–4.6) 1259 38.1 3.6 2.9 (2.4–3.3)

VO2peak, objectively measured peak oxygen uptake; PAI, Personal Activity Intelligence.
a Adjusted for age, body mass index, smoking status, occupational physical activity, alcohol consumption, marital status, serum glucose, serum cholesterol, HDL and general health status.

Table 3
Adjusted difference in VO2peak (mL·kg−1·min−1) in combined categories of Personal Activity Intelligence and Physical Activity Recommendations.

n Crude mean VO2peak Age & sex adjusted difference Adjusted diff.a (95% CI)

b100, Not meeting 1937 37.1 0.0 (Ref.) 0.0 (Ref.)
b100, Meeting 0 – – –
≥100, Not meeting 1221 40.8 3.6 2.6 (2.2–3.0)
≥100, Meeting 1176 44.4 5.8 4.4 (3.9–4.8)

a Adjusted for age, sex, bodymass index, smoking status, occupational physical activity, alcohol consumption,marital status, serumglucose, serum cholesterol, HDL, and general health status.
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Norway,37 Germany,38 and Brazil39 have made efforts to develop refer-
ence standards. It is well known that CRF varies by age, sex, andmode of
exercise, and it seems clear that these reference classifications vary sub-
stantially (≈1–3 METs) in different regions around the world. A recent
study from the Cleveland Clinic used a cohort-specific (n = 122,007)
age and sex standardized classification of CRF estimated from treadmill
speed and grade.33 The study participants were categorized into low fit-
ness (b25th percentile), below average (25th–49th percentile), above
Fig. 2. Personal Activity Intelligence (PAI) and cardio
average (50th–74th percentile), high (75th–97.6th percentile) and
elite (N97.7th percentile), and the results showed increasingly reduced
risk across all CRF categories “with no upper limit of benefit”.33 Interest-
ingly, the mean age-specific VO2peak value in our study was similar to
that observed when combining the “above average” and “high” fitness
categories of Mandsager et al.33. For instance, VO2peak for men aged
40–59 in the “above average” and “high” fitness groups together was
43 mL·kg−1·min−1 (≈12 METs), similar to what we
respiratory fitness. VO2peak, peak oxygen uptake.

Image of Fig. 2
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(44 mL·kg−1·min−1) observed as the age-specific average. Similarly,
the VO2peak for women aged 40–59 years when combining “above aver-
age” and “high” CRF categories in the study ofMandsager and colleagues
(37 mL·kg−1·min−1) was similar to ours (35 mL·kg−1·min−1). Re-
gardless, the observation of Mandsager and colleagues showing that
those with the highest CRF level categorized as “elite” had the greatest
risk reduction is of high interest. Importantly, these fitness levels are
not those observed in endurance athletes (for instance, “elite” corre-
sponds to VO2peak approximately above 50 and 45 mL·kg−1·min−1 for
men and women aged 40–59 years of age), but values that may be
achievable for most healthy adults. In our view, future studies are
needed to define region-specific and age-specific values for VO2peak

needed to obtain optimal risk reduction. However, what our data clearly
demonstrates is that PAI can be used to target a certain level of VO2peak,
and as such be a very practicalway to secure a high enough level of PA in
order to obtain a CRF level (even beyond average) that induces substan-
tial, and perhaps, optimal risk reduction.

The newPA guidelines for Americans9 suggest that adults should en-
gage in at least 150–300 min a week of moderate intensity, or 75–
150 min of vigorous intensity aerobic PA, or an equivalent combination
without the stipulation to do PA in bouts of at least 10 min. In this re-
gard, PAI seems to fit well with these recommendations as it offers indi-
viduals a variety of options and choices relating to quantity, quality, and
intensity of PA. The key is to accumulate adequate active time above the
relative heart rate threshold in order to earn PAI, and the higher the in-
tensity, the shorter the time needed to obtain 100 PAI. For example, a
PAI score of 100 equates to approximately 60 min per week of PA at
an intensity of≈75% heart rate reserve.

Conclusions

PAI is an easily understandable and scientifically proven PAmetric. If
applied more broadly, it has the potential to be a useful tool tomotivate
people to become and stay physically active. The impact of higher PAI in
reducing the risk of premature CVD and all-cause mortality, and atten-
uating the deleterious effects of prolonged sedentary time have been
well documented in recent years. Furthermore, we observed a graded
positive association between PAI and VO2peak in both men and
women. These findings suggest that PAI may be a useful tool for quanti-
fying the amount of PA needed to produce significant health benefits in
individuals in the general population as well as subgroups of patients
with CVD.
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