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S U M M A R Y

Background: Personal Activity Intelligence (PAI) is a new metric for physical activity tracking, and is associ-
ated with reduced risk of all-cause and cardiovascular mortality. We prospectively investigated whether PAI
is associated with lower body weight gain in a healthy population.
Methods: We included 85,243 participants (40,037 men and 45,206 women) who participated in at least one
of three waves of the Trøndelag Health Study (HUNT1: 1984-86, HUNT2: 1995-97, and HUNT3: 2006-08).
We used questionnaires to estimate PAI, and linear mixed models to examine body weight according to PAI
levels at three study waves. We also conducted regression analyses to assess separate relationships between
change in PAI and the combined changes in PAI and physical activity recommendations, according to body
weight from HUNT1 to HUNT3.
Findings: Compared with HUNT1, body weight was 8.6 and 6.7 kg higher at HUNT3 for men and women,
respectively, but was lower among those with �200 PAI at HUNT3. For both sexes, a change from inactive (0
PAI) at HUNT1 to �100 weekly PAI-score at HUNT2 and HUNT3, and a �100 PAI-score at all three occasions
were associated with lower body weight gain, compared with the reference group (0 PAI at all three waves).
Importantly, among both sexes, obtaining �100 weekly PAI at HUNT1 and HUNT3 was associated with lower
body weight gain regardless of adhering to physical activity guidelines.
Interpretation: Adhering to a high PAI over time may be a useful tool to attenuate excessive body weight gain
in a population free from cardiovascular disease.
Funding: Norwegian Research Council and the Liaison Committee between the Central Norway Regional
Health Authority and the Norwegian University of Science and technology.
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1. Introduction

The number of obese individuals has tripled over the last 50 years,
reaching epidemic proportions [1,2]. Data suggest that excessive
body weight has contributed to 4¢7 million deaths worldwide in
2017, [3] representing a major public health concern. Excessive body
weight results from an imbalance between energy intake and expen-
diture [4]. Therefore, adults are encouraged to limit energy intake,
and engage in regular physical activity [1,5]. The current physical
activity guidelines for adults consist of 150 to 300 weekly minutes of
moderate intensity physical activity, or 75 to 150 weekly minutes of
vigorous intensity physical activity, or a combination of both [5,6,7].
Even though meeting these guidelines has been related to lower
body weight and improved health outcomes [8�12], adherence
remains low [6,13�15]. Indeed, the guidelines define intensity both
in relative terms (relative to one’s cardiorespiratory capacity) such as
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Research in context

Evidence before this study

We searched PubMed for clinical and observational studies,
meta-analyses, and review articles published until December
2020, using the following search terms: “physical activity”,
“exercise”, “change in physical activity/exercise”, “body
weight”, “weight gain”, “weight gain prevention”, “exercise/
physical activity”, and “body weight/weight gain prevention”.
The scientific evidence supports that regular exercise or physi-
cal activity is an effective strategy to minimize or prevent
weight gain in adults.

Added value of this study

Our study reports an association between Personal Activity
Intelligence (PAI) and weight gain over time. PAI is a novel
activity metric which is based on mechanistic interactions
between physical activity and fitness using relative intensity
physical activity. Although, body weight increased over time in
both men and women regardless of PAI, the weight gain was
least pronounced in participants who maintained or increased
their PAI scores over time. Interestingly, when PAI scores were
taken into account, there were no significant differences in
body weight regardless of following the physical activity rec-
ommendations. Furthermore, our findings show the PAI met-
ric’s importance when used in health risk assessments. Activity
data can be shared between clinicians and patients/consumers
and provide an opportunity for the clinicians to both track the
activity levels of their patients and motivate them to increase
their activity levels to improve health outcomes.

Implications of all the available evidence

Over time, individuals gain body weight regardless of physical
activity engagement. However, available data show that body
weight is modifiable, and support the fact that moderate to
high intensity exercise may be a cost-effect strategy to mini-
mise the impact of the obesity pandemic. Our results indicate
that individuals may be able to prevent or minimise weight
gain by obtaining high PAI scores during a week. The PAI metric
may be an appropriate and personalised metric for both healthy
people and individuals with excessive body weight to motivate
physical activity participation and mitigate weight gain.
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percentage of heart rate reserve (%HRR, exercise heart rate above
resting heart rate relative to the difference between resting and max-
imal heart rate), and absolute terms such as km/h or METs (metabolic
equivalent of tasks) [6,16,17]. For instance, walking at 5 km/h equates
moderate intensity in absolute terms which may lead to confusion as
it equates vigorous intensity in relative terms when performed by an
individual with low cardiorespiratory fitness (CRF) [18]. It may fur-
ther be problematic as a 5 km/h pace may be above an individual’s
maximal CRF [18]. Considering that individuals with excessive body
weight tend to have low CRF relative to their body mass,[19] relative
exercise intensity may be more appropriate when quantifying and
advocating physical activity goals for these individuals.

Recently, an activity metric named Personal Activity Intelligence
(PAI) was developed based on mechanistic interactions between
physical activity and CRF [20,21]. The metric accounts for relative
intensity of physical activity through %HRRs: when combined with a
heart rate monitor, the metric translates individual weekly heart
rates, by the means of individual resting and maximal heart rates,
into a straightforward and easily applicable sex-specific and personal
score [20�24]. Thus, PAI scores may be obtained while performing
different combinations of physical activity options at varying intensi-
ties according to personal preferences, as long as individual heart
rates are elevated above resting heart rate. For example, a score of
100 PAI can be obtained by combining 60 weekly minutes of brisk
walking, 40 weekly minutes of cycling, 50 weekly minutes of swim-
ming, 30 weekly minutes of dancing/aerobics, and 20 weekly minutes
of running [24]. A weekly PAI-score of 0 represents inactivity,
whereas a weekly �100 PAI-score was associated with lower risk of
all-cause and cardiovascular disease (CVD) mortality among adults in
the general population, in adults with established CVD, and in sub-
group analysis of adults with overweight and obesity [20�25].

However, the long-term association between the activity metric of
PAI and body weight is not known. A relationship between PAI and
prevention of weight gain over the years may contribute to the
knowledge regarding the general protective effect of PAI on mortal-
ity. Therefore, we aimed to evaluate the association between PAI and
body weight at three occasions, and to test the hypothesis that
change in PAI over time is associated with change in body weight.
2. Methods

2.1. Study population

We used data from a Norwegian population study, the Trøndelag
Health Study (the HUNT Study) in which participants are followed up
longitudinally between the surveys, and in several virtually complete
national health registries. The detailed account of the HUNT Study
has been described elsewhere [26]. Briefly, the entire population
aged 20 years and older from the Trøndelag County in Norway was
invited to participate in three waves of the HUNT study: HUNT1
(1984-1986), HUNT2 (1995-1997), and HUNT3 (2006-2008). A total
of 77 223 (89¢4%) individuals at HUNT1, 65 635 (69¢5%) at HUNT2
and 50 810 (54¢1%) at HUNT3 accepted the invitations. For the pres-
ent study, we selected 106 428 unique individuals who participated
in at least one of three HUNT waves. Among these individuals with
more than 193 000 observations across all study waves, 47 725 par-
ticipated in both HUNT1 and HUNT2, 37 107 participated in both
HUNT2 and HUNT3, 30 435 participated in both HUNT1 and HUNT3,
and 28 027 participated in all three HUNT waves. We wanted to study
the association between PAI and body weight in relatively healthy
participants, therefore, 12 159 participants with self-reported CVD
(angina pectoris, myocardial infarction, or stroke) at any time point
of three HUNT waves were excluded. Further, 7 039 participants with
missing information on physical activity, 1 987 participants with
missing information on body weight, 3 886 participants with missing
data on diabetes, smoking status, or alcohol consumption, and 12 838
participants with missing data on occupational physical activity were
excluded when these data were missing at all three HUNT waves.
This resulted in 68 519 participants in our main analyses (Model 3,
Fig. 1). All participants provided informed written consents. The
study was approved by the regional Committee for Medical and
Health Ethics (2017/319/REKmidt).
2.2. Clinical and questionnaire-based information

Participants filled out questionnaires and went through a clinical
examination at all three HUNT waves[26]. In the analyses, we used
information from the questionnaires to obtain data regarding partici-
pants’ physical activity levels, age, smoking status, diabetes status,
use of antihypertensive drugs and alcohol consumption. Trained
nurses measured brachial artery blood pressure, height and body
weight using standardized methods [26]. The body weight was mea-
sured to the nearest half kilogram without shoes while wearing light
clothing without jackets, and outdoor garments [26,27].



Fig. 1. Flow of participants in the study
CVD: cardiovascular disease, kg; kilogram, HUNT; The Trøndelag Health Study.

S.K. Kieffer et al. / The Lancet Regional Health - Europe 5 (2021) 100091 3
2.3. Personal Activity Intelligence (PAI)

Information on leisure time physical activity was obtained from a
self-administered questionnaire. PAI scores for each participant at all
three HUNT waves were estimated using the responses to physical
activity questions about duration, frequency and relative intensity
[20�23,25]. The major assumptions underlying the PAI metric have
robust scientific background and include a threshold of exercise
intensity after which PAI can be accumulated, as very low intensity
does not contribute to increased cardiorespiratory fitness [20]. The
metric further includes a non-linear scaling of exercise intensity, as
fewer exercise sessions of higher intensities are associated with simi-
lar or improved health benefits compared with frequent sessions at
low intensity activity [20]. Finally, it is easier to earn the first 50 PAI
vs the next 50 PAI because of an exercise induced lowering of resting
as well as submaximal or maximal heart rates, and the evidence that
moving from an inactive state to an active one is associated with a
relatively larger reduction in mortality compared with moving from
a relatively active to a very active state [20].

For each participant at HUNT1 and HUNT3, average weekly physi-
cal activity frequency and duration were multiplied to obtain weekly
minutes spent performing physical activity [20]. Frequency of physi-
cal activity was assessed with “How often do you exercise? (on the
average)”. The different options: “Never”, “Less than once a week”,
“Once a week, 2-3 times a week”, “Nearly every day” were translated
to 0, 0.5, 1, 2.5, and 5 weekly days, respectively. Physical activity
duration was assessed with “For how long do you exercise each
time?”. The following options: “Less than 15 minutes”, “16-30
minutes”, “30 minutes-1 hour”, “More than 1 hour” were translated
to 7.5, 22.5, 45, and 60 minutes. Intensity of exercise which was
stated as "How hard do you exercise?" provided three options ("no
sweat or heavy breath," "heavy breath and sweat," and "push myself
to exhaustion") [28]. The physical activity questions at HUNT2 distin-
guished between light (“no sweat/not out of breath”) and hard
(“sweating/out of breath”) physical activity during a week, providing
four response options for each intensity level (none, less than one
hour, one to two hours or at least three hours) [29]. To estimate the
weekly PAI score, we combined weekly minutes with physical activ-
ity intensities using %HRRs [20]. According to the PAI algorithm, and
based on previous studies, these exercise intensities of “no sweat”,
“sweating/heavy breathing” and “practically exhaustion” correspond
to approximately 44%, 73% and 83% of HRR, respectively [20,21].
Because the questions about light and hard physical activity at
HUNT2 were not mutually exclusive, the number of inactive partici-
pants at HUNT 2 were lower compared with the other two HUNT
waves (eTable 1).

The physical activity questions were further used to estimate
MET-hours per week where weekly minutes spent performing
physical activity were divided by 60 to obtain weekly hours, and
further multiplied with METs. Similar to a previous study, [30]
the three intensity options were respectively translated to 3, 6,
and 9 METs.
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2.4. Statistical analyses

Descriptive data are reported as mean (standard deviation) for
continuous variables and number (%) for categorical variables. To
examine the association between PAI and body weight, participants
were divided into five groups according to their weekly PAI-scores: 0
PAI (inactive), 1 to 50 PAI, 51 to 99 PAI, 100 to 199 PAI and �200 PAI,
using the inactive group as reference category. The choice of these
cut points was made “a priori” based on previous reports, [20�25]
and further extended to investigate the association between PAI and
body weight. Linear mixed model analyses [31] were performed to
examine body weight according to PAI levels at all three HUNT waves
using data from participants who underwent at least one of the three
HUNT waves. The estimates of linear mixed models are unbiased
under the missing at random (MAR) assumption while a complete
case analysis would have been unbiased only under the more restric-
tive missing completely at random (MCAR) assumption. Previous
studies have suggested that HUNT data are not MCAR [26,32].
The dependent variable (weight in kg) and all covariates were
updated at all three HUNT waves when available. Three models
were used based on a previous study assessing the relationship
between physical activity and body weight in the HUNT population9:
model 1 included PAI, period indicator (HUNT1, HUNT2 and HUNT3),
an interaction term between PAI and period indicator, and age
(continuous variable); model 2 further included diabetes status (yes
or no), smoking status (never, former or current), and alcohol con-
sumption (abstainers, <1 time/2 weeks, 1-4 times/2 weeks or
�5 times/2 weeks), and model 3 further included occupational physi-
cal activity (sedentary, walk and lift, and heavy). For our analyses, the
number of participants is different across the three statistical models
depending upon the variables used in these models (Fig. 1).

We also conducted age adjusted linear regression analyses for
participants who underwent all three HUNT waves, with complete
data on weight, PAI and age. We used difference in body weight from
Table 1
Characteristics of study participants according to baseline (HUNT1) PAI levels (N=51 004)a.

Men

Inactive PAI �50 PAI 51-99 PAI

(N= 10 381) (N= 6007) (N= 2 104) (N=
Age years, mean (SD) 45.8 (17.1) 53.8 (17.3) 46.0 (16.6) 42.
Weight kg, mean (SD) 78.8 (11.7) 78.0 (11.0) 78.4 (10.2) 78.
Height cm, mean (SD) 176.6 (6.7) 175.5 (6.9) 177.0 (6.7) 177
BMI, kg/m2, N (%)
< 18.5 87 (0.8) 32 (0.5) 10 (0.5) 5 (0
18.5 - 24.9 5 102 (49.2) 2 891 (48.1) 1 099 (52.2) 1 8
25.0 - 29.9 4 187 (40.3) 2591 (43.1) 885 (42.1) 1 2
� 30.0 919 (8.9) 480 (8.0) 110 (5.2) 137

Alcohol consumption/ 2 weeks, N (%)
Abstainer 615 (5.9) 492 (8.2) 118 (5.6) 147
<1 time 3 674 (35.4) 2 407 (40.1) 691 (32.8) 994
1-4 times 4 941 (47.6) 2 489 (41.4) 1 067 (50.7) 1 7
� 5 times 965 (9.3) 458 (7.6) 184 (8.8) 282

Smoking status, N (%)
Never 2 762 (26.6) 1 788 (29.8) 799 (38.0) 1 4
Former 2 657 (25.6) 1 866 (31.1) 631 (30.0) 1 0
Current 4 633 (44.6) 2 131 (35.5) 634 (30.1) 742

Hypertension status, N (%)
Yes 5 150 (49.6) 3 557 (59.2) 1 073 (51.0) 1 4
No 5 192 (50.0) 2 439 (40.6) 1 026 (48.8) 1 8

Diabetes status, N (%)
Yes 200 (1.9) 156 (2.6) 43 (2.0) 31
No 10 168 (98.0) 5 850 (97.4) 2 061 (98.0) 3 1

Occupational PA, N (%)
Sedentary 1001 (9.6) 572 (9.5) 300 (14.3) 604
Walk and lift 5 946 (57.3) 2 820 (47.0) 1 204 (57.2) 1 9
Heavy 983 (9.5) 284 (4.7) 107 (5.1) 177

PAI: Personal Activity Intelligence, kg: kilograms, m: meters.
a 14 888 participants at HUNT1 had missing data on PAI.
HUNT1 to HUNT3 as dependent variable [31]. For the analysis,
we divided PAI into 3 categories at each of the three HUNT waves (0
PAI, 1-99 PAI and �100 PAI), constructing 27 different PAI change
categories.

In a separate analysis, participants were divided according to
whether or not they obtained �100 weekly PAI and whether or not
they performed �7¢5 MET-hours corresponding to meeting the lower
level of the current physical activity recommendations (i.e. 150 min
of moderate or 75 minutes of vigorous intensity), [5,6,11] at both
HUNT1 and HUNT3. This resulted in 16 different categories.

Finally, we conducted sensitivity analyses where only individuals
with complete information on all covariates who participated in all
three HUNT waves and were free from CVD were included, i.e., com-
plete case analysis (eFig. 1). We report 95% confidence intervals (CI)
where relevant, and two-sided P-values<0.05 as indications of statis-
tical significance. We used Stata statistical software (version 15.1,
StataCorp, College Station, TX, USA) for all statistical analyses.

Role of the funding source: The funding organizations had no role
in the design and conduct of the study, in the collection, analysis, and
interpretation of the data or in the preparation, review, or approval
of the manuscript.

3. Results

Baseline characteristics of men and women according to PAI levels
are presented in Table 1. For both sexes, participants with high PAI-
scores were younger and had a healthier risk profile compared with
their inactive counterparts, i.e., lower body weight, lower percentage
of participants with high alcohol consumption and hypertension
(systolic blood pressure above 139 mmHg, diastolic blood pressure
above 89 mmHg or use of antihypertensive drugs), fewer number of
current smokers, and lower percentage of participants with diabetes.
Over the 22 years of follow-up of those individuals with data on body
weight at HUNT1 and HUNT 3, we observed an overall increase in
Women

100-199 PAI �200 PAI �50 PAI 51-99 PAI 100-199 PAI �200

3 229) (N= 2 605) (N= 9 519) (N=2 744) (N= 968) (N= 2 346)
1 (13.7) 39.7 (16.3) 50.7 (17.0) 44.6 (15.9) 38.1 (12.4) 38.8 (13.1)
4 (9.7) 77.5 (9.3) 66.5 (11.5) 64.7 (10.5) 64.2 (9.9) 64.9 (9.9)
.9 (6.5) 177.9 (6.6) 162.8 (6.3) 164.1 (6.1) 164.8 (5.7) 165.1 (5.9)

.2) 3 (0.1) 171 (1.8) 46 (1.7) 18 (1.9) 38 (1.6)
66 (57.8) 1 610 (61.8) 5 124 (53.8) 1 816 (66.2) 688 (71.1) 1 617 (68.9)
16 (37.7) 909 (34.9) 2 957 (31.1) 660 (24.1) 194 (20.0) 546 (23.3)
(4.2) 83 (3.2) 1 234 (13.0) 218 (7.9) 66 (6.8) 142 (6.1)

(4.6) 140 (5.4) 1 500 (15.8) 298 (10.9) 69 (7.1) 169 (7.2)
(30.8) 798 (30.6) 4 908 (51.6) 1 298 (47.3) 449 (46.4) 1 067 (45.5)

78 (55.1) 1 450 (55.7) 2 489 (26.2) 990 (36.1) 414 (42.8) 979 (41.7)
(8.7) 181 (7.0) 254 (2.7) 92 (3.4) 25 (2.6) 104 (4.4)

03 (43.5) 1 331 (51.1) 4 827 (50.7) 1 309 (47.7) 459 (47.4) 1 154 (49.2)
25 (31.7) 639 (24.5) 1 492 (15.7) 530 (19.3) 190 (19.6) 545 (23.2)
(23.0) 576 (22.1) 2 676 (28.1) 808 (29.5) 304 (31.4) 608 (25.9)

01 (43.4) 1 077 (41.3) 4 506 (47.3) 923 (33.6) 208 (21.5) 586 (25.0)
15 (56.2) 1 522 (58.4) 4 997 (52.5) 1 819 (66.3) 759 (78.4) 1 758 (74.9)

(1.0) 33 (1.3) 234 (2.5) 36 (1.3) 8 (0.8) 15 (0.6)
95 (99.0) 2 572 (98.7) 9 283 (97.5) 2 707 (98.7) 960 (99.2) 2 331 (99.4)

(18.7) 376 (14.4) 806 (8.5) 284 (10.4) 99 (10.2) 312 (13.3)
72 (61.1) 1 459 (56.0) 5 065 (53.2) 1 637 (59.7) 623 (64.4) 1 457 (62.1)
(5.5) 197 (7.6) 536 (5.6) 154 (5.6) 68 (7.0) 154 (6.6)
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body weight of 8¢0 kg (95% CI: 7¢8 to 8¢1) and 8¢5 kg (95% CI: 8¢3 to
8¢6) for men and women, respectively, with the largest increase
observed during the first 11 years (4¢6 kg, 95% CI: 4¢5 to 4¢7 for men,
5¢1 kg, 95% CI: 5¢0 to 5¢2 for women) for those with data on body
weight at HUNT1 and HUNT2. A detailed description of the individu-
al’s characteristics, pooling men and women, according to participa-
tion in three HUNT waves is presented in eTable 1.

3.1. PAI and changes in body weight using linear mixed model analysis

Among both sexes, body weight at HUNT3 was higher across all
PAI groups compared with the body weight at HUNT1, and weight
gain over time was most pronounced among inactive individuals at
HUNT1 (eTable 2 & Table 2). Based on the results from linear mixed
model analyses including data of individuals who participated in at
least one of the three HUNT waves, body weight was on average
8.6 kg (95% CI: 8.4 to 8.9) and 6.7 kg (95% CI: 6.5 to 6.9) higher at
HUNT3 compared with HUNT1, for men and women respectively
(data not shown, unadjusted analyses). Compared with the reference
group of inactive men at HUNT1, body weight was 4¢8 kg (95% CI: 4¢4
to 5¢2) higher at HUNT2 among inactive men and 9¢1 kg (95% CI: 8¢8
to 9¢4) higher at HUNT3 among inactive men (Table 2, Fig. 2a). How-
ever, body weight was 1¢3 kg (95% CI: 0¢9 to 1¢6) lower at HUNT1
among men with a weekly PAI-score of �200, compared with inac-
tive men at HUNT1 (Table 2, Fig. 2a). Among men with a weekly PAI-
score of �200 at HUNT3, the increase in body weight was 1¢8 kg (95%
CI: 1¢3 to 2¢2) lower than the increase in body weight of inactive men
at the same time point (Table 2, Fig. 2a).

Among inactive women, body weight was 4¢7 kg (95% CI: 4¢2 to
5¢2) higher at HUNT2 and 8¢2 kg (95% CI: 7¢9 to 8¢6) higher at HUNT3,
compared with the reference group of inactive women at HUNT1
(Table 2, Fig. 2b). Among women with weekly PAI-score of �200 at
HUNT1, body weight was 0¢2 kg (95% CI: �0¢2 to 0¢5) lower (Table 2,
Fig. 2b), compared with the same reference group. Among women
with a weekly PAI-score of �200 at HUNT3, the increase in body
weight was 2¢1 kg (95% CI: 1¢6 to 2¢5) lower than the increase in
Table 2
Difference in body weight (95% CI) in kilogram and interaction estimates between body w

Men

PAI N HUNT1 HUNT2 HUNT3

Model 1 Inactive Ref 5.0 (4.6 to 5.3) 10.0 (9.7
�50 0.5 (0.3 to 0.8) -0.6 (-1.0 to -0.2) -2.4 (-2.7
51-99 0.1 (-0.2 to 0.5) 0.2 (-0.3 to 0.7) -0.6 (-1.1
100-199 0.1 (-0.2 to 0.3) 0.7 (-0.4 to 0.5) -1.0 (-1.4
�200 -1.1 (-1.4 to -0.8) 0.0 (-0.5 to 0.5) -1.6 (-2.0

40 037
Model 2 Inactive Ref 4.9 (4.5 to 5.2) 9.5 (9.2 t

�50 0.4 (0.2 to 0.7) -0.5 (-1.0 to -0.1) -2.4 (-2.7
51-99 0.0 (-0.3 to 0.4) 0.2 (-0.3 to 0.7) -0.7 (-1.2
100-199 -0.2 (-0.5 to 0.1) 0.1 (-0.3 to 0.6) -0.9 (-1.3
�200 -1.3 (-1.7 to -1.0) 0.0 (-0.4 to 0.5) -1.6 (-2.0

38 557
Model 3 Inactive Ref 4.8 (4.4 to 5.2) 9.1 (8.8 t

�50 0.2 (0.0 to 0.5) -0.4 (-0.9 to 0.1) -1.9 (-2.3
51-99 0.2 (-0.2 to 0.5) -0.2 (-0.7 to 0.3) -0.8 (-1.4
100-199 -0.2 (-0.5 to 0.1) -0.2 (-0.6 to 0.3) -1.2 (-1.6
�200 -1.3 (-1.6 to -0.9)a -0.2 (-0.7 to 0.3) -1.8 (-2.2

32 764

PAI: Personal Activity Intelligence, HUNT: The Trøndelag Health Study, CI: confidence inte
Model 1 adjusted for age.
Model 2 was further adjusted for diabetes status (yes or no), smoking status (never, forme
or �5 times/2weeks).
Model 3 was further adjusted for occupational physical activity (sedentary, walk and lift a
Numbers in italic are interactions estimates between PAI category and HUNT wave. The
obtaining �200 at HUNT1 has 1.3 kg lower body weight at HUNT1. Compared to the sam
obtaining �200 at HUNT3 had 1.8 kg lower body weight increase at HUNT3 (interaction es
Finally, the expected body weight in the �200 PAI group (eTable 2) can then be calculated
body weight of inactive women at HUNT3 (Table 2, Fig. 2b). The dif-
ference in body weight in absolute kilograms related to different lev-
els of PAI-score is presented in eTable 3. Compared with men
obtaining �200 PAI at HUNT1, body weight was 7¢3 kg (95% CI: 6¢9 to
7¢7) higher at HUNT3 among men with a weekly PAI-score of �200 at
HUNT3, and the corresponding estimate for women was 6¢2 kg (95%
CI: 5¢8 to 6¢6), (eTable 3). Furthermore, results from the complete
case analysis for both men and women were not materially different
than our main results, except from showing a larger inverse associa-
tion between PAI and body weight at HUNT2 (eTable 4).
3.2. Changes in PAI, physical activity recommendations and body weight

For both men and women, those remaining active with �100
weekly PAI and those increasing their activity from inactive to �100
weekly PAI had lower body weight gain, compared with those
remaining inactive at all three HUNT waves. Men who increased their
activity level from inactive at HUNT1 to �100 weekly PAI at HUNT2
and HUNT3 had 1¢2 kg (95% CI: �0¢2 to 2¢5) less body weight gain at
HUNT3 (Table 3), whereas men with �100 weekly PAI at all three
HUNT waves had 1¢6 kg (95% CI: 0¢5 to 2¢6) lower body weight gain
at HUNT3 (Table 3). Among women, those who increased their activ-
ity level from inactive at HUNT1 to �100 weekly PAI at HUNT2 and
HUNT3 had 2¢3 kg (95% CI: 0¢7 to 3¢8) less body weight gain at
HUNT3, whereas women with �100 weekly PAI at all three HUNT
waves had 3¢9 kg (95% CI: 2¢5 to 5¢4) lower body weight gain at
HUNT3 (Table 3).

Among both men and women obtaining �100 weekly PAI at both
HUNT1 and HUNT3, there were no significant differences in body
weight change between meeting or not meeting the physical activity
recommendations (defined as 7¢5 weekly MET-hours) (eTable 5 and
eTable 6). Men with �100 PAI but not fulfilling the physical activity
recommendations at HUNT1 and HUNT3 had similar body weight
gain (�0¢5 kg, 95% CI: �1¢8 to 2¢9) as men with �100 weekly PAI and
meeting physical activity recommendations at both occasions
eight and time by PAI categories.

Women

N HUNT1 HUNT2 HUNT3

to 10.2) Ref 4.2 (3.8 to 4.5) 7.6 (7.3 to 7.9)
to -2.0) 0.4 (0.2 to 0.6) -0.1 (-0.5 to 0.3) -1.5 (-1.9 to -1.2)
to -0.1) -0.6 (-1.0 to -0.3) 1.4 (0.9 to 1.9) -0.2 (-0.6 to 0.3)
to -0.6) -0.8 (-1.3 to -0.3) 0.8 (0.2 to 1.4) 1.0 (0.3 to 1.7)
to -1.2) -0.3 (-0.6 to 0.0) -0.2 (-0.7 to 0.3) -0.7 (-1.1 to -0.3)

45 206
o 9.7) Ref 4.1 (3.7 to 4.4) 7.6 (7.3 to 7.9)
to -2.0) 0.3 (0.0 to 0.5) 0.1 (-0.3 to 0.6) -1.6 (-1.9 to -1.2)
to -0.2) -0.8 (-1.1 to -0.4) 1.5 (1.0 to 2.1) -0.3 (-0.7 to 0.2)
to -0.6) -0.9 (-1.4 to -0.4) 0.1 (0.3 to 1.6) 0.8 (0.0 to 1.5)
to -1.2) -0.5 (-0.9 to -0.2) 0.0 (-0.5 to 0.5) -0.9 (-1.3 to -0.5)

42 800
o 9.4)a Ref 4.7 (4.2 to 5.2) 8.2 (7.9 to 8.6)
to -1.5) -0.2 (-0.5 to 0.1) 0.0 (-0.5 to 0.6) -1.1 (-1.5 to -0.7)
to -0.3) -0.8 (-1.2 to -0.4) 0.9 (0.3 to 1.5) -0.2 (-0.8 to 0.3)
to -0.8) -0.8 (-1.3 to -0.3) 0.2 (-0.5 to 0.9) -0.2 (-0.9 to 0.6)
to -1.3)a -0.2 (-0.5 to 0.2) -0.9 (-1.5 to -0.3) -2.1 (-2.5 to -1.6)

35 746

rval, N: number

r, current) and alcohol consumption (abstainers, <1 time/2 weeks, 1-4 times/2weeks

nd heavy).
interpretation is as follows: aCompared with the inactive group at HUNT1, those

e reference group, inactive men had 9.1 kg higher body weight at HUNT3, and men
timate).
with the following equation: body weight in reference group � 1.3 + 9.1 � 1.8.



Fig. 2. Body weight according to PAI categories across HUNT waves.
a) Men; b) Women
PAI; Personal Activity Intelligence, kg; kilogram, HUNT; The Trøndelag Health Study.
The estimates of body weight for participants who maintained the same levels of PAI across HUNT waves: adjusted for age, diabetes (yes or no), smoking status (never, former,

current), alcohol consumption (abstainers, <1 time/2 weeks, 1-4 times/2weeks or �5 times/2weeks) and hypertension (yes or no) and occupational physical activity (sedentary,
walk and lift and heavy).

The squares represent mean weight in kilograms, and error bars represents 95% confidence intervals.
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(eTable 5). Similar data were observed for women (2¢0 kg, 95% CI:
�1¢3 to 5¢4) (eTable 6).

4. Discussion

In this large prospective study of relatively healthy participants
spanned over more than two decades, we found an inverse associ-
ation between PAI-score and weight gain in men and women. We
observed an overall weight gain among participants over the
years, however, those with high PAI-score had significantly less
pronounced weight gain. Moreover, an increase in PAI-score from
inactive to �100 weekly PAI after 11 and 22 years and maintaining
Table 3
Change in body weight according to change in Perso

Personal Activity Intelligence Men

HUNT1 HUNT2 HUNT3 N Weigh

0 0 0 228 Ref
0 0 1-99 100 0.3 (-1.
0 0 �100 39 0 (-2.5
0 1-99 0 891 0.5 (-0.
0 1-99 1-99 938 -0.4 (-1
0 1-99 �100 476 -0.3 (-1
0 �100 0 231 0.5 (-0.
0 �100 1-99 252 -0.3 (-1
0 �100 �100 269 -1.2 (-2
1-99 0 0 28 0.1 (-2.
1-99 0 1-99 32 -0.5 (-3
1-99 0 �100 6 -4.3 (-1
1-99 1-99 0 291 0.2 (-1.
1-99 1-99 1-99 810 -0.1 (-1
1-99 1-99 �100 448 -0.6 (-1
1-99 �100 0 84 -0.7 (-2
1-99 �100 1-99 268 -0.1 (-1
1-99 �100 �100 386 -1.7 (-2
�100 0 0 18 -0.1 (-3
�100 0 1-99 16 0.6 (-3.
�100 0 �100 25 0.7 (-2.
�100 1-99 0 169 2.0 (0.6
�100 1-99 1-99 371 0.3 (-0.
�100 1-99 �100 478 -1.0 (-2
�100 �100 0 94 1.5 (-0.
�100 �100 1-99 313 -0.6 (-1
�100 �100 �100 1091 -1.6 (-2

HUNT: The Trøndelag Health Study, CI: confidence in
a score of �100 PAI over 22 years were both associated with lower
body weight gain compared with participants who remained inac-
tive. Interestingly, these estimates appeared to be larger for
women than for men. Indeed, women who either stayed active
(�100 weekly PAI) or became active over time had respectively
2¢3 kg and 3¢9 kg less body weight gain in the follow-up period,
whereas the corresponding numbers for men were 1¢2 kg and
1¢6 kg. Of interest, previous studies have considered a 2¢3 kg
reduction in body weight as clinically significant [9,12,33,34].
Therefore, these data suggest that the PAI metric could be used as
a suitable guidance in terms of physical activity levels to reduce
excessive body weight gain over time.
nal Activity Intelligence.

Women

t change (CI) N Weight change (CI)

166 Ref
5 to 2.0) 130 -0.8 (-2.7 to 1.1)
to 2.5) 41 -0.9 (-3.7 to 2.0)
6 to 1.5) 674 0 (-1.5 to 1.4)
.5 to 0.7) 1 437 -1.1 (-2.5 to 0.2)
.5 to 0.9) 676 -1.5 (-3.0 to -0.1)
9 to 1.8)) 129 -0.1 (-2.1 to 1.8)
.7 to 1.0) 269 -1.4 (-3.0 to 0.2)
.5 to 0.2) 333 -2.3 (-3.8 to -0.7)
9 to 3.0) 51 -0.8 (-3.4 to 1.9)
.3 to 2.3) 59 -2.1 (-4.5 to 0.4)
0.4 to 1.7) 27 -1.2 (-4.6 to 2.2)
1 to 1.5) 395 -0.4 (-2.0 to 1.1)
.2 to 1.0) 1 946 -1.4 (-2.7 to 0)
.8 to 0.6) 879 -2.0 (-3.4 to -0.6)
.5 to 1.2) 70 0.1 (-1.3 to 3.3)
.4 to 1.3) 555 -1.4 (-2.8 to 0.1)
.9 to -0.4) 660 -2.6 (-4.0 to -1.1)
.7 to 3.5) 7 -2.0 (-8.3 to 4.3)
2 to 4.4) 13 2.1 (-2.6 to 6.9)
4 to 3.7) 4 -0.1 (-8.4 to 8.2)
to 3.5) 83 -0.7 (-2.9 to 1.5)
9 to 1.6) 383 -1.3 (-2.8 to 0.3)
.2 to 0.2) 420 -2.3 (-3.8 to -0.8)
3 to 3.3) 31 2.9 (-0.3 to 6.1)
.8 to 0.7) 214 -2.3 (-4.0 to -0.6)
.6 to -0.5) 627 -3.9 (-5.4 to -2.5)

terval.
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A previous study using HUNT data showed that men and women
meeting the recommended levels of physical activity had respectively
0¢7 kg (95% CI: 0¢5 to 0¢9) and 0¢5 kg (95% CI: 0¢3 to 0¢7) lower body
weight gain over any 11-year period, compared with their inactive
counterparts [9]. Our results suggest that men and women obtaining
�100 weekly PAI at HUNT1 and HUNT3 had lower body weight gain
regardless of following the physical activity guidelines. Interestingly,
the findings of a recent publication suggest that �100 weekly PAI
score may fit well with the upper limits of new physical activity rec-
ommendations for Americans,[6] and World Health Organization
2020 guidelines on physical activity and sedentary behaviour [7]. The
physical activity recommendations define intensity in both absolute
and relative terms with vaguely defined activity goals [6,16,17]. In
comparison, the PAI is based on relative intensity and provides indi-
viduals with readily available feedback to track their activity levels
using a single and straightforward activity metric. The algorithm also
incorporates the fact that the higher the intensity of the activity, the
shorter the time is needed to obtain 100 PAI. In practical terms, this
is an important contribution to the physical activity science because
earlier reports have shown that fewer activity sessions performed at
higher intensities provide similar or larger health benefits compared
with frequent, low intensity activity of longer durations [35,36].
Therefore, the PAI metric can be used as a guidance to secure appro-
priate weekly levels of physical activity and may contribute for
weight gain prevention at population level.

Modern technologies in the healthcare sector have the potential
to revolutionise health management both today and in the future.
The PAI metric is integrated into wearable devices with a download-
able application (compatible with most Bluetooth enabled heart rate
monitors) and is available worldwide. The PAI data may be shared
between clinicians and patients/consumers and provides an opportu-
nity for clinicians to track the activity levels of their patients and
motivate them to increase their activity levels for most favourable
health outcomes.

4.1. Strengths and limitations

The main strengths of the current study are the prospective
design with 22 years of follow-up, the large sample size, and the
extensive amount of data on possible confounding factors. Moreover,
body weight was measured at all examinations using standardised
methods [26]. Nevertheless, there are also some limitations. Due to
the observational nature of the design, our analyses do not establish
a causal relationship between PAI and body weight. Further, informa-
tion used to estimate PAI, and data on confounding factors are all
self-reported. These may, therefore, be subject to information bias.
However, the questionnaires on physical activity in HUNT waves
have been shown to provide acceptable reliability and validity
[37,38]. The questions about physical activity were different in
HUNT2 than those used in HUNT1 and HUNT3. However, in HUNT 3,
both questionnaires that were used in HUNT1 and HUNT2 were avail-
able, and the cross-classification for PAI scores showed a fairly accu-
rate placing of participants into the correct PAI category. In total,
63.5% and 66.3% of inactive men and women based on HUNT2 ques-
tions were correctly classified as being inactive by HUNT3 questions.
While 76.2% and 79.8% of the men and women with PAI scores �100
estimated through HUNT2 questions were correctly classified into
�100 PAI category by HUNT3 questions (data not shown). Moreover,
previous studies using physical activity data from HUNT1 and HUNT2
have shown expected associations with morbidity and mortality
[39,40]. Nonetheless, the comparison estimates between HUNT1 and
HUNT3 are more robust and likely more unbiased than the compari-
sons with HUNT2, and a cautious interpretation is warranted. In the
field of public health and exercise science, the use of activity-based
wearables is projected to increase many folds in coming years
together with the increasing resources to handle these data, which
would make these kind of studies more feasible now than ever [41].
The PAI metric is relatively new compared with accelerometers or
activity tracking wearables, therefore, future studies using objective
measurements would certainly help to enhance our understanding of
the role of PAI for promoting health and preventing diseases. More-
over, even though participants with CVD were excluded from our
study sample, selection bias may still be present due to underlying
diseases, and functional impairments among the study participants.
The detailed information about diet was not available in this popula-
tion. Although, mean energy intake was similar over an average of
5 years period in two separate studies in Norway, a large proportion
of participants had higher intakes of saturated fats, and lower intakes
of fibre and vitamin D than the nutritional recommendations [42,43].
However, it is suggested that despite the short-term benefits of
weight loss related to dietary modifications, declined levels of physi-
cal activity may be the main reason for increased body weight over
time rather than the changes in energy intake [44,45]. Furthermore,
diet data from large scale population studies are hard to analyse and,
therefore, should be interpreted with caution. Finally, participants
included in this, and previous studies assessing PAI, are ethnically
homogeneous [20-23,25]. Thus, one should be prudent before draw-
ing definite inferences from the relationship between PAI and weight
in other populations.

5. Conclusion

For both sexes, body weight increased over time across all PAI
groups. The body weight gain was less pronounced in participants
with high PAI-scores, and among those improving or maintaining a
high PAI-score. The inverse association between weight gain and PAI
was independent of adhering to physical activity recommendations.
Finally, the PAI metric may aid in attenuating body weight gain, how-
ever, a multifactorial approach should be encouraged for successful
body weight gain prevention.

Contributors: All authors have contributed with the conception of
the work. Ulrik Wisløff, Javaid Nauman, Stian Lydersen, Ulf Ekelund,
and Sophie Kieffer have contributed with analyses and interpretation
of the data, and drafting of the work, while all authors have revised
the work and contributed with intellectual content. Sigurd Stein-
shamn has monitored adherence to the design and statistical analy-
ses. Kieffer, Nauman, and Lydersen had full access to all the data in
the study and takes responsibility for the integrity of the data and the
accuracy of the data analyses. Acquisition of data: Kieffer, Nauman,
Syverud, Selboskar. Analysis and interpretation of data: Kieffer,
Lydersen, Nauman, Ekelund, Wisløff. Drafting of the manuscript:
Kieffer, Syverud, Selboskar, Lydersen, Nauman, Ekelund, Wisløff. Crit-
ical revision of the manuscript for intellectual content: Kieffer,
Syverud, Selboskar, Lydersen, Nauman, Ekelund, Wisløff. Study
supervision: Wisløff, Nauman.

Declaration of interest: Professor Ulrik Wisløff is the inventor of
PAI and serves as a scientific consultant for PAI Health Inc, a software
company that develops applications using data from heart rate moni-
tors to display PAI. Due to this potential conflicting interest, we are
grateful to Professor Sigurd Steinshamn, at the Department of Circu-
lation and Medical Imaging, Faculty of Medicine and Health Sciences,
NTNU for monitoring adherence to the design, and statistical analyses
in the current study. There are no further disclosures or conflict of
interest to report.

Acknowledgements: The Trøndelag Health Study (HUNT) is a col-
laboration between HUNT Research Centre (Faculty of Medicine and
Health Sciences and the Norwegian University of Science and Tech-
nology, NTNU), Trøndelag County Council, Central Norway Regional
Health Authority, and the Norwegian Institute of Public Health. The
HUNT study management has provided data used in the analyses. We
are greatly appreciative of the participants in the HUNT study, and
the management of the HUNT study for providing these data.



8 S.K. Kieffer et al. / The Lancet Regional Health - Europe 5 (2021) 100091
Funding: The study was funded by grants from the Norwegian
Research Council and the Liaison Committee between the Central
Norway Regional Health Authority and the Norwegian University of
Science and technology. The funding organizations had no role in the
design and execution of the study, in the collection, analyses or inter-
pretation of the data. Further, they had no role in the preparation,
review or approval of the manuscript.

Data sharing statement: Researchers associated with Norwegian
research institutes can apply for the use of HUNT material: data and
samples - given approval by a Regional Committee for Medical and
Health Research Ethics. Researchers from other countries are wel-
come to apply in cooperation with a Norwegian Principle Investiga-
tor. Access to the requested HUNT material is given after the
application is approved of by HUNT Data Access Committee and an
agreement is signed. The agreement gives the researcher(s) the right
to research a specific topic for a limited time period and to publish a
decided upon number of articles.

Supplementary materials

Supplementary material associated with this article can be found,
in the online version, at doi:10.1016/j.lanepe.2021.100091.

References

[1] World Health Organization. Obesity and overweight. 2020 https://www.who.int/
news-room/fact-sheets/detail/obesity-and-overweight2020.

[2] World Health Organization. 10 facts on obesity. 2017 https://www.who.int/fea-
tures/factfiles/obesity/en/2020.

[3] GBD 2017 Risk Factor Collaborators. Global, regional, and national comparative
risk assessment of 84 behavioural, environmental and occupational, and meta-
bolic risks or clusters of risks for 195 countries and territories, 1990-2017: a sys-
tematic analysis for the Global Burden of Disease Study 2017. Lancet (London,
England) 2018;393(10159):1923–94.

[4] Hagobian TA, Braun B. Physical activity and hormonal regulation of appetite: sex
differences and weight control. Exercise Sport Sci Rev 2010;38(1):25–30.

[5] World Health Organization. Physical Activity. 2018 https://www.who.int/news-
room/fact-sheets/detail/physical-activity2018.

[6] Piercy KL, Troiano RP, Ballard RM, et al. The physical activity guidelines for Ameri-
cans. Jama 2018;320(19):2020–8.

[7] Bull FC, Al-Ansari SS, Biddle S, et al. World Health Organization 2020 guidelines
on physical activity and sedentary behaviour. Br J Sports Med 2020;54(24).

[8] Slentz CA, Duscha BD, Johnson JL, et al. Effects of the amount of exercise on body
weight, body composition, and measures of central obesity: STRRIDE�a random-
ized controlled study. Arch Intern Med 2004;164(1):31–9.

[9] Moholdt T, Wisløff U, Lydersen S, Nauman J. Current physical activity guidelines
for health are insufficient to mitigate long-term weight gain: more data in the fit-
ness versus fatness debate (The HUNT study, Norway). Br J Sports Med 2014;48
(20):1489–96.

[10] Wen CP, Wai JP, Tsai MK, et al. Minimum amount of physical activity for reduced
mortality and extended life expectancy: a prospective cohort study. Lancet (Lon-
don, England) 2011;378(9798):1244–53.

[11] Arem H, Moore SC, Patel A, et al. Leisure time physical activity and mortality: a
detailed pooled analysis of the dose-response relationship. JAMA Internal Med
2015;175(6):959–67.

[12] Jakicic JM, Powell KE, Campbell WW, et al. Physical activity and the prevention of
weight gain in adults: a systematic review. Med Sci Sports Exerc 2019;51(6):1262–9.

[13] Troiano RP, Berrigan D, Dodd KW, Masse LC, Tilert T, McDowell M. Physical activ-
ity in the United States measured by accelerometer. Med Sci Sports Exercise
2008;40(1):181–8.

[14] Tucker JM, WG J, Beyler NK. Physical activity in U.S.: adults compliance with the
physical activity guidelines for Americans. Am J Prevent Med 2011;40(4):454–61.

[15] Guthold R, Stevens GA, Riley LM, Bull FC. Worldwide trends in insufficient physi-
cal activity from 2001 to 2016: a pooled analysis of 358 population-based surveys
with 1.9 million participants. The Lancet Global Health 2018;6(10) e1077-e86.

[16] World Health Organization. What is Moderate-intensity and Vigorous-intensity
Physical Activity? https://www.who.int/dietphysicalactivity/physical_activity_in-
tensity/en/2020.

[17] Norton K, Norton L, Sadgrove D. Position statement on physical activity and exer-
cise intensity terminology. J Sci Med Sport 2010;13(5):496–502.
[18] Strath SJ, Kaminsky LA, Ainsworth BE, et al. Guide to the assessment of physi-
cal activity: clinical and research applications. Circulation 2013;128(20):
2259–79.

[19] Setty P, Padmanabha B, Doddamani B. Correlation between obesity and cardio
respiratory fitness. Int J Med Sci Public Health 2013;2(2):298–302.

[20] Nes BM, Gutvik CR, Lavie CJ, Nauman J, Wisloff U. Personalized Activity Intelli-
gence (PAI) for prevention of cardiovascular disease and promotion of physical
activity. Am J Med 2017;130(3):328–36.

[21] Kieffer SK, Croci I, Wisløff U, Nauman J. Temporal Changes in a novel metric of
physical activity tracking (personal activity intelligence) and mortality: The
HUNT study, Norway. Progr Cardiovasc Dis 2019;62(2):186–92.

[22] Kieffer SK, Zisko N, Coombes JS, Nauman J, Wisloff U. Personal activity intelligence
and mortality in patients with cardiovascular disease: The HUNT study. Mayo Clin
Proc 2018;93(9):1191–201.

[23] Nauman J, Nes BM, Zisko N, et al. Personal Activity Intelligence (PAI): A new stan-
dard in activity tracking for obtaining a healthy cardiorespiratory fitness level
and low cardiovascular risk. Progr Cardiovasc Dis 2019;62(2):179–85.

[24] Nauman J, Sui X, Lavie CJ, et al. Personal activity intelligence and mortality�data
from the aerobics center longitudinal study. Progr Cardiovasc Dis 2020.

[25] Zisko N, Skjerve KN, Tari AR, et al. Personal activity intelligence (PAI), sedentary
behavior and cardiovascular risk factor clustering - the HUNT study. Progr Cardio-
vasc Dis 2017;60(1):89–95.

[26] Krokstad S, Langhammer A, Hveem K, et al. Cohort Profile: the HUNT Study, Nor-
way. Int J Epidemiol 2013;42(4):968–77.

[27] Holmen J, Midthjell K. The Nord-Trøndelag Health Survey 1984-86. Purpose,
background and methods. Participation, non-participation and frequency distri-
butions. Verdal: Statens Institutt for Folkehelse, Senter for samfunnsmedisinsk
forskning; 1990.

[28] NTNU. HUNT1, questionnaire 2. http://www.ntnu.edu/c/document_library/get_-
file?uuid=a173dabd-d59e-4be1-ad40-fcd1b915fe11&groupId=140075 (accessed
September 2020).

[29] NTNU. HUNT2, questionnaire 1. http://www.ntnu.edu/c/document_library/get_-
file?uuid=262e55e8-f8df-43c2-8ad0-d26b762d830c&groupId=140075 (accessed
September 2020).

[30] Sagelv EH, Hopstock LA, Johansson J, et al. Criterion validity of two physical activ-
ity and one sedentary time questionnaire against accelerometry in a large cohort
of adults and older adults. BMJ Open Sport Exercise Med 2020;6(1):e000661.

[31] Twisk JWR. Applied longitudinal data analysis for epidemiology: a practical guide.
Second edition ed.

[32] Langhammer A, Krokstad S, Romundstad P, Heggland J, Holmen J. The HUNT
study: participation is associated with survival and depends on socioeconomic
status, diseases and symptoms. BMC Med Res Methodol 2012;12:143.

[33] ST Jeor ST, Brunner RL, Harrington ME, et al. A classification system to evaluate
weight maintainers, gainers, and losers. J Am Diet Assoc 1997;97(5):481–8.

[34] Kannel WB, D'Agostino R, Cobb JL. Effect of weight on cardiovascular disease. Am J
Clin Nutr 1996;63(3) 419S�22S.

[35] Wisloff U, Lavie CJ. Taking Physical Activity, Exercise, and Fitness to a Higher
Level. Progr Cardiovasc Dis 2017;60(1):1–2.

[36] Fletcher GF, Landolfo C, Niebauer J, Ozemek C, Arena R, Lavie CJ. Promoting physi-
cal activity and exercise: JACC health promotion series. J Am Coll Cardiol 2018;72
(14):1622–39.

[37] Kurtze N, Rangul V, Hustvedt BE, Flanders WD. Reliability and validity of self-
reported physical activity in the Nord-Trondelag Health Study: HUNT 1. ScandJ-
Public Health 2008;36(1):52–61.

[38] Kurtze N, Rangul V, Hustvedt BE, Flanders WD. Reliability and validity of self-
reported physical activity in the Nord-Trondelag Health Study (HUNT 2). Eur J
Epidemiol 2007;22(6):379–87.

[39] Wisloff U, Nilsen TI, Droyvold WB, Morkved S, Slordahl SA, Vatten LJ. A single
weekly bout of exercise may reduce cardiovascular mortality: how little pain for
cardiac gain? 'The HUNT study, Norway'. Eur J Cardiovasc Prevent Rehab 2006;13
(5):798–804.

[40] Stensvold D, Nauman J Fau - Nilsen TIL, Nilsen Ti Fau - Wisløff U, Wisløff U
Fau - Slørdahl SA, Slørdahl Sa Fau - Vatten L, Vatten L. Even low level of phys-
ical activity is associated with reduced mortality among people with meta-
bolic syndrome, a population based study (the HUNT 2 study, Norway). BMC
Med 2011;9(1).

[41] Strain T, Wijndaele K, Dempsey PC, et al. Wearable-device-measured physical
activity and future health risk. Nat Med 2020;26:1385–91.

[42] Lundblad MW, Andersen LF, Jacobsen BK, et al. Energy and nutrient intakes in
relation to National Nutrition Recommendations in a Norwegian population-
based sample: the Tromsø Study 2015�16. Food Nutr Res 2019;63.

[43] Totland TH, Melnæs BK, Lundberg-Hall�en N, et al. Norkost 3 En landsomfattende
kostholdsundersøkelse blant menn og kvinner i Norge i alderen 18-70 a� r,
2010�11. Oslo Helsedir 2012.

[44] Pescatello LS, VanHeest JL. Physical activity mediates a healthier body weight in
the presence of obesity. Br J Sports Med 2000;34(2):86–93.

[45] Volek JS, Vanheest Jl, Forsythe CE. Diet and exercise for weight loss: a review of
current issues. Sports Med 2005;35(1):1–9.

https://doi.org/10.1016/j.lanepe.2021.100091
https://www.who.int/news-room/fact-sheets/detail/obesity-and-overweight2020
https://www.who.int/news-room/fact-sheets/detail/obesity-and-overweight2020
https://www.who.int/features/factfiles/obesity/en/2020
https://www.who.int/features/factfiles/obesity/en/2020
http://refhub.elsevier.com/S2666-7762(21)00068-5/sbref0003
http://refhub.elsevier.com/S2666-7762(21)00068-5/sbref0003
http://refhub.elsevier.com/S2666-7762(21)00068-5/sbref0003
http://refhub.elsevier.com/S2666-7762(21)00068-5/sbref0003
http://refhub.elsevier.com/S2666-7762(21)00068-5/sbref0003
http://refhub.elsevier.com/S2666-7762(21)00068-5/sbref0004
http://refhub.elsevier.com/S2666-7762(21)00068-5/sbref0004
https://www.who.int/news-room/fact-sheets/detail/physical-activity2018
https://www.who.int/news-room/fact-sheets/detail/physical-activity2018
http://refhub.elsevier.com/S2666-7762(21)00068-5/sbref0006
http://refhub.elsevier.com/S2666-7762(21)00068-5/sbref0006
http://refhub.elsevier.com/S2666-7762(21)00068-5/sbref0007
http://refhub.elsevier.com/S2666-7762(21)00068-5/sbref0007
http://refhub.elsevier.com/S2666-7762(21)00068-5/sbref0008
http://refhub.elsevier.com/S2666-7762(21)00068-5/sbref0008
http://refhub.elsevier.com/S2666-7762(21)00068-5/sbref0008
http://refhub.elsevier.com/S2666-7762(21)00068-5/sbref0008
http://refhub.elsevier.com/S2666-7762(21)00068-5/sbref0009
http://refhub.elsevier.com/S2666-7762(21)00068-5/sbref0009
http://refhub.elsevier.com/S2666-7762(21)00068-5/sbref0009
http://refhub.elsevier.com/S2666-7762(21)00068-5/sbref0009
http://refhub.elsevier.com/S2666-7762(21)00068-5/sbref0010
http://refhub.elsevier.com/S2666-7762(21)00068-5/sbref0010
http://refhub.elsevier.com/S2666-7762(21)00068-5/sbref0010
http://refhub.elsevier.com/S2666-7762(21)00068-5/sbref0011
http://refhub.elsevier.com/S2666-7762(21)00068-5/sbref0011
http://refhub.elsevier.com/S2666-7762(21)00068-5/sbref0011
http://refhub.elsevier.com/S2666-7762(21)00068-5/sbref0012
http://refhub.elsevier.com/S2666-7762(21)00068-5/sbref0012
http://refhub.elsevier.com/S2666-7762(21)00068-5/sbref0013
http://refhub.elsevier.com/S2666-7762(21)00068-5/sbref0013
http://refhub.elsevier.com/S2666-7762(21)00068-5/sbref0013
http://refhub.elsevier.com/S2666-7762(21)00068-5/sbref0014
http://refhub.elsevier.com/S2666-7762(21)00068-5/sbref0014
http://refhub.elsevier.com/S2666-7762(21)00068-5/sbref0015
http://refhub.elsevier.com/S2666-7762(21)00068-5/sbref0015
http://refhub.elsevier.com/S2666-7762(21)00068-5/sbref0015
https://www.who.int/dietphysicalactivity/physical_activity_intensity/en/2020
https://www.who.int/dietphysicalactivity/physical_activity_intensity/en/2020
http://refhub.elsevier.com/S2666-7762(21)00068-5/sbref0017
http://refhub.elsevier.com/S2666-7762(21)00068-5/sbref0017
http://refhub.elsevier.com/S2666-7762(21)00068-5/sbref0018
http://refhub.elsevier.com/S2666-7762(21)00068-5/sbref0018
http://refhub.elsevier.com/S2666-7762(21)00068-5/sbref0018
http://refhub.elsevier.com/S2666-7762(21)00068-5/sbref0019
http://refhub.elsevier.com/S2666-7762(21)00068-5/sbref0019
http://refhub.elsevier.com/S2666-7762(21)00068-5/sbref0020
http://refhub.elsevier.com/S2666-7762(21)00068-5/sbref0020
http://refhub.elsevier.com/S2666-7762(21)00068-5/sbref0020
http://refhub.elsevier.com/S2666-7762(21)00068-5/sbref0021
http://refhub.elsevier.com/S2666-7762(21)00068-5/sbref0021
http://refhub.elsevier.com/S2666-7762(21)00068-5/sbref0021
http://refhub.elsevier.com/S2666-7762(21)00068-5/sbref0022
http://refhub.elsevier.com/S2666-7762(21)00068-5/sbref0022
http://refhub.elsevier.com/S2666-7762(21)00068-5/sbref0022
http://refhub.elsevier.com/S2666-7762(21)00068-5/sbref0023
http://refhub.elsevier.com/S2666-7762(21)00068-5/sbref0023
http://refhub.elsevier.com/S2666-7762(21)00068-5/sbref0023
http://refhub.elsevier.com/S2666-7762(21)00068-5/sbref0024
http://refhub.elsevier.com/S2666-7762(21)00068-5/sbref0024
http://refhub.elsevier.com/S2666-7762(21)00068-5/sbref0024
http://refhub.elsevier.com/S2666-7762(21)00068-5/sbref0025
http://refhub.elsevier.com/S2666-7762(21)00068-5/sbref0025
http://refhub.elsevier.com/S2666-7762(21)00068-5/sbref0025
http://refhub.elsevier.com/S2666-7762(21)00068-5/sbref0026
http://refhub.elsevier.com/S2666-7762(21)00068-5/sbref0026
http://refhub.elsevier.com/S2666-7762(21)00068-5/sbref0027
http://refhub.elsevier.com/S2666-7762(21)00068-5/sbref0027
http://refhub.elsevier.com/S2666-7762(21)00068-5/sbref0027
http://refhub.elsevier.com/S2666-7762(21)00068-5/sbref0027
http://www.ntnu.edu/c/document_library/get_file?uuid=a173dabd-d59e-4be1-ad40-fcd1b915fe11&groupId=140075
http://www.ntnu.edu/c/document_library/get_file?uuid=a173dabd-d59e-4be1-ad40-fcd1b915fe11&groupId=140075
http://www.ntnu.edu/c/document_library/get_file?uuid=262e55e8-f8df-43c2-8ad0-d26b762d830c&groupId=140075
http://www.ntnu.edu/c/document_library/get_file?uuid=262e55e8-f8df-43c2-8ad0-d26b762d830c&groupId=140075
http://refhub.elsevier.com/S2666-7762(21)00068-5/sbref0030
http://refhub.elsevier.com/S2666-7762(21)00068-5/sbref0030
http://refhub.elsevier.com/S2666-7762(21)00068-5/sbref0030
http://refhub.elsevier.com/S2666-7762(21)00068-5/sbref0031
http://refhub.elsevier.com/S2666-7762(21)00068-5/sbref0031
http://refhub.elsevier.com/S2666-7762(21)00068-5/sbref0032
http://refhub.elsevier.com/S2666-7762(21)00068-5/sbref0032
http://refhub.elsevier.com/S2666-7762(21)00068-5/sbref0032
http://refhub.elsevier.com/S2666-7762(21)00068-5/sbref0033
http://refhub.elsevier.com/S2666-7762(21)00068-5/sbref0033
http://refhub.elsevier.com/S2666-7762(21)00068-5/sbref0034
http://refhub.elsevier.com/S2666-7762(21)00068-5/sbref0034
http://refhub.elsevier.com/S2666-7762(21)00068-5/sbref0034
http://refhub.elsevier.com/S2666-7762(21)00068-5/sbref0035
http://refhub.elsevier.com/S2666-7762(21)00068-5/sbref0035
http://refhub.elsevier.com/S2666-7762(21)00068-5/sbref0036
http://refhub.elsevier.com/S2666-7762(21)00068-5/sbref0036
http://refhub.elsevier.com/S2666-7762(21)00068-5/sbref0036
http://refhub.elsevier.com/S2666-7762(21)00068-5/sbref0037
http://refhub.elsevier.com/S2666-7762(21)00068-5/sbref0037
http://refhub.elsevier.com/S2666-7762(21)00068-5/sbref0037
http://refhub.elsevier.com/S2666-7762(21)00068-5/sbref0038
http://refhub.elsevier.com/S2666-7762(21)00068-5/sbref0038
http://refhub.elsevier.com/S2666-7762(21)00068-5/sbref0038
http://refhub.elsevier.com/S2666-7762(21)00068-5/sbref0039
http://refhub.elsevier.com/S2666-7762(21)00068-5/sbref0039
http://refhub.elsevier.com/S2666-7762(21)00068-5/sbref0039
http://refhub.elsevier.com/S2666-7762(21)00068-5/sbref0039
http://refhub.elsevier.com/S2666-7762(21)00068-5/sbref0040
http://refhub.elsevier.com/S2666-7762(21)00068-5/sbref0040
http://refhub.elsevier.com/S2666-7762(21)00068-5/sbref0040
http://refhub.elsevier.com/S2666-7762(21)00068-5/sbref0040
http://refhub.elsevier.com/S2666-7762(21)00068-5/sbref0040
http://refhub.elsevier.com/S2666-7762(21)00068-5/sbref0041
http://refhub.elsevier.com/S2666-7762(21)00068-5/sbref0041
http://refhub.elsevier.com/S2666-7762(21)00068-5/sbref0042
http://refhub.elsevier.com/S2666-7762(21)00068-5/sbref0042
http://refhub.elsevier.com/S2666-7762(21)00068-5/sbref0042
http://refhub.elsevier.com/S2666-7762(21)00068-5/sbref0042
http://refhub.elsevier.com/S2666-7762(21)00068-5/sbref0043
http://refhub.elsevier.com/S2666-7762(21)00068-5/sbref0043
http://refhub.elsevier.com/S2666-7762(21)00068-5/sbref0043
http://refhub.elsevier.com/S2666-7762(21)00068-5/sbref0043
http://refhub.elsevier.com/S2666-7762(21)00068-5/sbref0043
http://refhub.elsevier.com/S2666-7762(21)00068-5/sbref0043
http://refhub.elsevier.com/S2666-7762(21)00068-5/sbref0044
http://refhub.elsevier.com/S2666-7762(21)00068-5/sbref0044
http://refhub.elsevier.com/S2666-7762(21)00068-5/sbref0045
http://refhub.elsevier.com/S2666-7762(21)00068-5/sbref0045

	Association between Personal Activity Intelligence (PAI) and body weight in a population free from cardiovascular disease - The HUNT study
	1. Introduction
	2. Methods
	2.1. Study population
	2.2. Clinical and questionnaire-based information
	2.3. Personal Activity Intelligence (PAI)
	2.4. Statistical analyses

	3. Results
	3.1. PAI and changes in body weight using linear mixed model analysis
	3.2. Changes in PAI, physical activity recommendations and body weight

	4. Discussion
	4.1. Strengths and limitations

	5. Conclusion
	Supplementary materials
	References



