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Abstract 

Background  Sleep, physical activity, and nutrition (SPAN) are critical behaviours for health, although they have 
traditionally been studied separately. We examined the combined associations of SPAN and the minimum between-
individual variations associated with meaningfully lower all-cause mortality risk.

Methods  This prospective cohort analysis included 59,078 participants from the UK Biobank (median age: 64.0 years; 
45.4% male) who wore trackers for 7 days and self-reported dietary data. Wearable-measured sleep (hours/day) 
and moderate to vigorous physical activity (MVPA; mins/day) were calculated using a machine learning based 
schema. A 10-item diet quality score (DQS) assessed the intake of vegetables, fruits, fish, dairy, whole grains, vegetable 
oils, refined grains, processed and unprocessed meats, and sugary beverages (0–100 for all components with higher 
values indicating higher quality). Cox proportional hazards models were used to estimate hazard ratios (HR) for all-
cause mortality risk across 27 separate joint tertile combinations of SPAN behaviours with the lowest tertile for all 
three as the referent group. For more granular clinical interpretations, we examined combined incremental dose–
response changes of the SPAN behaviours using the 5th percentile of each behaviour as the referent point.

Results  Over the 8.1-year median follow-up time, 2,458 mortality events occurred. Compared to the referent group 
of combined SPAN exposure (lowest tertiles for all three), the optimal SPAN combination involving moderate sleep 
duration (7.2–8.0 h/day), high MVPA (42–103 min/day), and a DQS between 57.5 and 72.5 was associated with an HR 
of 0.36 (95% CI: 0.26–0.50). Relative to the 5th percentile of sleep (5.5 h/day), physical activity (7.3 min/day), and nutri‑
tion (36.9 DQS), a theoretical minimum combined increase of 15 min/day of sleep, 1.6 min/day MVPA, and 5 DQS 
points (corresponding to e.g., extra 1/2 serving of vegetables per day or 1 less serving of processed meat per week) 
was associated with 10% lower all-cause mortality risk (0.90; 0.88–0.93). Combined increases of 75 min/day of sleep, 
12.5 min/day MVPA, and 25 DQS points were associated with 50% lower all-cause mortality risk (0.50; 0.44–0.58).

Conclusions  This study highlights the potential health value of subtle combined SPAN modification in relation 
to mortality risk and expands opportunities for more holistic recommendations.
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Background
Adequate sleep, physical activity, and nutrition (SPAN) 
are vital for health and well-being, and each has estab-
lished links with lower risks of chronic disease and 
premature mortality [1–3]. Insufficient sleep is associ-
ated with impaired metabolic and brain health through 
mechanisms such as insulin resistance, inflammation, 
and disruption of appetite hormones [4, 5]. Physical inac-
tivity is a major contributor to the etiology of multiple 
chronic diseases  [2]; adhering to current physical activ-
ity guidelines is linked with approximately 30–61% lower 
all-cause mortality risk [6, 7]. Excessive calorie intake and 
unhealthy dietary patterns play a key role in the patho-
genesis of some of the most common non-communicable 
diseases [8, 9], premature mortality [10], and the biol-
ogy of ageing itself [11, 12]. Sleep, physical activity, and 
nutrition are behaviourally interlinked, often clustering 
together to form broader lifestyle patterns [13, 14]. For 
instance, sleep deprivation can lead to lower physical 
activity due to fatigue, while exercise uptake may lead to 
improvements in sleep [15–17]. Poor sleep upregulates 
signaling for hunger hormones and downregulates sati-
ety hormones, directly influencing food intake and food 
choices [18]. Additionally, low-quality diets negatively 
impact sleep by disrupting the neurotransmitters that 
regulate normal sleep–wake cycles [19]. Despite this high 
degree of behavioural interdependency, the three SPAN 
behaviours have been studied and promoted in narrow 
unidisciplinary silos, and research that examines the 
combined impact of these key chronic disease risk factors 
is scarce. A small number of studies have explored joint 
associations of pairs of these behaviours with all-cause, 
cardiovascular disease, and cancer mortality, for example 
diet and physical activity [20, 21], or sleep and physical 
activity [22, 23]. A study of just over 1000 National Health 
and Nutrition Examination Survey participants revealed 
the effects of different combinations of the SPAN expo-
sures with all-cause mortality via model-based cluster-
ing analysis [24]. This study revealed unique behavioural 
SPAN profiles that were associated with mortality.

This emerging body of evidence suggests that address-
ing multiple SPAN behaviours concurrently may have 
promising potential for reducing mortality risk. Sustain-
able SPAN behaviour change is challenging, particularly 
through the traditional intervention approaches that 
usually set targets for substantial changes in one of the 
three SPAN behaviours. No study has examined the min-
imum, and hence likely more behaviourally sustainable, 
improvements across all three SPAN behaviours required 
for measurable improvements in health outcomes.

The first aim of this study was to examine the combined 
associations of SPAN exposures with the risk of all-cause 
mortality in a large UK cohort using device-measured 

sleep, physical activity, and a comprehensive diet quality 
score for nutrition. Our second aim was to identify the 
minimum and optimal between-individual variations in 
sleep, physical activity and diet associated with clinically 
meaningful lower all-cause mortality risk.

Methods
Study population
We used data from the UK Biobank cohort study which 
recruited 502,629 adults aged 40–69 from 2006 to 2010 
[25, 26]. Participants completed touchscreen question-
naires for sociodemographic information, lifestyle char-
acteristics, and health status. All participants provided 
informed consent, and the ethical approval was com-
pleted by the UK National Health Service and National 
Research Ethics Service for the UK (No. 11/NW/0382).

During 2013 to 2015, a subgroup of 103,684 partici-
pants were mailed and wore wrist-worn accelerometers 
(Axivity AX3, York, UK) on their dominant wrist for 7 
days. Participants were only included in the present study 
if they had wrist-worn accelerometry data collected with 
a sufficient wear time of at least three days (> 16 h/day) 
with one of the days being a weekend day [27–31]. Par-
ticipants were also excluded from the primary analysis if 
no sleep data was recorded, the accelerometer was poorly 
calibrated, or a faulty accelerometer was distributed. 
We also excluded participants who reported they were 
unable to walk or with incomplete covariate information 
(Fig. 1).

Sleep, physical activity, and nutrition
Sleep and physical activity information was derived from 
wrist accelerometry data. All accelerometers were cali-
brated and initialized to 100 Hz, and participants were 
instructed to wear the device on their dominant wrist 
for 7 consecutive days. Sleep was defined as the average 
daily duration of sleep (hours/day) as calculated using a 
validated algorithm based on relative changes in wrist 
tilt angle between successive 5-s windows [32, 33]. Physi-
cal activity was defined as daily minutes of moderate to 
vigorous physical activity (MVPA) estimated using a 
validated two-stage machine learning scheme [28, 31, 34, 
35]. Further detail regarding the classification system is 
described in the Additional Files 1: Methods.

Dietary data was derived using a previously vali-
dated twenty-nine item self-report food-frequency 
questionnaire (FFQ) [36–38], collected at recruitment 
(2006–2010) to determine the frequency of commonly 
consumed foods and food groups over the past 12-month 
period. From the recorded FFQ dietary information, we 
calculated a previously established diet quality score 
(DQS) which emphasizes higher intake of vegetables, 
fruits, fish, dairy, whole grains, and vegetable oils and 
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lower intake of refined grains, processed meats, unpro-
cessed red meats, and sugar-sweetened beverages (Addi-
tional Files 1: Supplementary Table 1) [39–42]. This score 
rates the intake of each food/beverage category on a 
scale from 0 (unhealthiest) to 10 (healthiest) for a total 
of 100 points, where higher values equate to a higher diet 
quality.

Outcome ascertainment
Participants were followed through November 30th, 
2022, with all-cause mortality information including fol-
low-up duration and mortality events retrieved via the 
data linkage program from the National Health Service 
Central Register and National Records of Scotland. To 
avoid potential reverse causation, we excluded all partici-
pants with a mortality event in the first year of follow-up 
to omit individuals who may have altered lifestyle behav-
iours due to declining health status [27, 29].

Statistical analyses
We estimated the associations between SPAN lifestyle 
characteristics and all-cause mortality using Cox propor-
tional hazard regression models. To minimize the influ-
ence of sparse data and outliers, the values below the 
2.5 percentile and above the 97.5 percentile for all SPAN 
exposures were Winsorized in this analysis [43].

We first estimated relative dose–response plots for 
each SPAN exposures to explore the minimum com-
bined dose of SPAN exposures associated with a clini-
cally meaningful reduction in all-cause mortality risk. 
As per previous work [44], we defined clinically mean-
ingful lower all-cause mortality risk as a 10% reduction 
in risk or the nearest predicted integer. To identify the 
minimum variation associated with a clinically meaning-
ful reduction in mortality risk, we created a combination 
matrix of all three exposures and selected the combina-
tions associated with this level of risk reduction. For a 
broader list of clinically meaningful combinations, we 
plotted a heatmap correlogram that uses the combined 
5th percentile of all three exposures (sleep (5.5 h/day), 
physical activity (7.3 min/day), and nutrition (36.9 DQS)) 
as reference while providing a corresponding hazard 
ratio for incremental amounts of each exposure as inde-
pendent terms (i.e., 10th, 30th, 50th, 70th, and 90th per-
centile rounded to nearest 5th integer). We also explored 
associations of individual SPAN behaviours with all-
cause mortality risk via dose–response plots using an 
‘unhealthy’ reference (i.e., 5th percentile for each expo-
sure) and a ‘healthy’ reference (i.e., median value for the 
two behaviours not shown: sleep (7.6 h per day), physical 
activity (31.2 min/day MVPA), and nutrition (54.3 DQS). 
In addition, we also created dose–response plots using 
guideline-oriented references for the individual SPAN 

Fig. 1  Multivariable-adjusted associations of combined Sleep, Physical Activity, and Nutrition with all-cause mortality risk. Legend: Model 
is adjusted for age, sex, ethnicity, smoking, education, Townsend deprivation index, alcohol, discretionary screen time (time spent watching TV 
or using the computer outside of work), light intensity physical activity, medication (blood pressure, insulin, and cholesterol), previous diagnosis 
of major CVD (defined as disease of the circulatory system, arteries, and lymph, excluding hypertension), previous diagnosis of cancer, and familial 
history of CVD and cancer (n = 59,078; events = 2,458). Sleep (hours/day), physical activity (moderate to vigorous intensity (MVPA) minutes/day), 
and nutrition (Dietary Quality Score (DQS)) were included in the model as a joint term. The specific ranges for each exposure included sleep 
duration as 4.8-7.2 hours/day (low), 7·2-8.0 hours/day (medium), and 8.0-9.4 hours/day (high); MVPA measurements as 5-23 minutes/day (low), 23-42 
minutes/day (medium), and 42-103 minutes/day (high); and diet quality using the DQS as 32.5-50.0 (low), 50.0-57.5 (medium), and 57.5-72.5 (high). 
The lowest tertiles for all three exposures (sleep, MVPA and DQS) was considered the reference group. Dashed blue lines separate tertiles MVPA 
and dashed black lines separate tertiles of sleep. Sleep (Slp); Low Diet Quality (LD); Medium Diet Quality (MD); High Diet Quality (HD)
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behaviours. This included the minimum recommenda-
tion sleep for adults (7 h/day) [45], 150 min per week of 
MVPA for physical activity (approximately 20 min/day) 
[2], and given the absence of guidelines for DQS score, 
we used approximate percentile comparable to the other 
behaviours (25th percentile: 47.5 DQS).

To examine the optimal SPAN combination, par-
ticipants then were grouped by SPAN combined SPAN 
exposure tertiles (i.e., low, moderate, and high) which 
equated to a joint exposure of 27 separate groups for all 
three SPAN behaviours. The sample size and number of 
all-cause mortality events for each group are detailed in 
Additional Files 1: Supplementary Table  2. The specific 
ranges for each exposure included sleep duration as 4.8–
7.2 h/day (low), 7.2–8.0 h/day (medium), and 8.0–9.4 h/
day (high); MVPA measurements as 5–23 min/day (low), 
23–42 min/day (medium), and 42–103 min/day (high); 
and diet quality using the DQS as 32.5–50.0 (low), 50.0–
57.5 (medium), and 57.5–72.5 (high). In these models, we 
included a joint SPAN exposure comprising 27 (mutually 
exclusive) categories reflecting all tertile combinations of 
the three individual exposures, with the lowest combined 
tertile serving as the referent category.

Models were adjusted for age, sex, ethnicity, smok-
ing, education, Townsend deprivation index, alcohol, 
self-reported discretionary screen time, light intensity 
physical activity, medication (blood pressure, insulin, and 
cholesterol), previous diagnosis of major CVD, previous 
diagnosis of cancer, and familial history of CVD and can-
cer (Additional Files 1: Supplementary Table  3 provides 
full covariate definitions). We adjusted for self-reported 
discretionary rather than device measured sedentary 
behaviour to avoid a high degree of multicollinearity 
across the time-based movement behaviours [46, 47]. 
There was no evidence of problematic multicollinear-
ity in the primary models or when adjusting for device 
measured sedentary behaviour (Additional Files 1: Sup-
plementary Table 4–5) [48].

To test for interactive and synergistic effects, we cal-
culated the relative excess risk due to interaction (RERI), 
attributable proportion due to interaction (AP), and the 
synergistic effects index (S) [49]. These tests provide 
insight into the contribution of synergistic interactions 
between exposures where an RERI or AP of 0 and an S 
value of 1 denote no interaction effect. All Cox models 
satisfied proportional hazards assumptions using Schoe-
nfeld residuals.

Sensitivity analyses
We adjusted a sensitivity model for other sleep character-
istics from a previously established sleep score reflective 
of sleep quality including self-reported insomnia, snor-
ing, chronotype (morning/evening person), and daytime 

sleepiness [23]. We also employed an alternative marker 
of dietary patterns by repeating main analyses using 
the proportion of dietary ultra-processed food (Addi-
tional Files 1: Supplementary Table  6) [36, 50–52]. We 
further adjusted the DQS model for total energy intake 
and excluded participants with sex-specific implausible 
ranges of total energy intake [53]. We repeated the main 
analyses after excluding participants who self-reported 
poor health, current smokers, those in the top 20th 
percentile of the frailty index, and those with an under-
weight BMI (< 18.5). In separate sensitivity models we 
also adjusted for BMI [54, 55]. We repeated the main 
analyses excluding those with prevalent CVD or can-
cer at baseline. We also completed a sensitivity analysis 
excluding rather than Winsorizing potential sparse data 
or outliers. We also provide a sensitivity analysis where 
we adjusted for device measured sedentary behaviour 
rather than self-reported discretionary screen time.

We undertook all statistical analyses and visualizations 
using the survival, rms, ggplot2 packages of R (version 
4.3.1). We followed the Strengthening the Reporting of 
Observational Studies in Epidemiology (STROBE) guide-
lines (Additional Files 1: Supplementary Table 7).

Results
Sample
The final analytic sample included 59,078 participants 
(Median age [IQR]: 64.0 [7.8] years; 45.4% male) and 
2,458 all-cause mortality events (Table 1). After excluding 
mortality events in the first 12 months of follow-up, the 
median follow-up period was 8.1 [7.5–8.6] years.

Dose–response associations of individual SPAN behaviours 
with mortality
Compared to the 5th percentile, an additional 2 min/day 
of MVPA was associated with approximately 10% lower 
mortality risk (HR: 0.89; 95% CI: 0.88, 0.91; Additional 
Files 1: Supplementary Fig. 2). An additional 24 min/day 
of sleep was associated with approximately 10% lower 
risk for all-cause mortality (HR: 0.91; 95% CI: 0.88, 0.94). 
DQS revealed a subtle but not statistically significant 
dose–response relationship with mortality.

At the median level of SPAN behaviours (Additional 
Files 1: Supplementary Fig. 2), an additional 3 min/day of 
MVPA (HR: 0.71; 95% CI: 0.64, 0.79) or an additional 36 
min of sleep (HR: 0.63; 95% CI: 0.64, 0.79) was associated 
with a 10% lower risk for all-cause mortality. DQS was 
significantly associated with all-cause mortality but did 
not reach a clinically meaningful lower risk of all-cause 
mortality in isolation.

When compared to the guideline-based reference for 
sleep (7 h/day), physical activity (20 min/day of MVPA), 
and nutrition (47.5 DQS), an additional 3.5 min/day of 
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MVPA (HR: 0.89; 95% CI: 0.88, 0.91) was associated with 
a 10% lower all-cause mortality risk (Additional Files 1: 
Supplementary Fig. 3).

Combined SPAN associations and all‑cause mortality risk
The absolute risk as was highest in the low sleep, low 
MVPA, and low DQS tertiles (49.76 per 10,000 person 
years (PY); 95% CI: 42.09, 58.83; Additional Files 1: Sup-
plementary Fig. 4) and lowest in the high MVPA (42–103 
min/day), moderate sleep (7.2–8.0 h/day), and high DQS 
(57.5–72.5; Absolute Risk: 17.95 per 10,000 PY; 95% CI: 
13.25, 24.31).

MVPA contributed most to the gradient in all-cause 
mortality risk followed by sleep duration and DQS 
(Fig. 1). Compared to the referent lowest combined ter-
tile for all three exposures, low MVPA,  moderate sleep 
and high DQS corresponded to a 32% lower risk for 
all-cause mortality (HR: 0.68; 95% CI: 0.54, 0.87). Com-
paratively, a combination of moderate MVPA, moder-
ate sleep, and high DQS was associated with 52% lower 
mortality risk (HR: 0.48; 95% CI: 0.37, 0.63). The highest 
risk reduction was associated with high MVPA, moderate 
sleep, and high DQS which corresponded to a 64% lower 
risk for all-cause mortality (HR: 0.36; 95% CI: 0.26, 0.50). 
There was evidence for a synergistic interaction between 
the three behaviours and all-cause mortality, as indicated 
by the RERI (0.06; 95% CI: 0.004, 0.13), AP (11.7%; 95% 
CI: 1–39%), and S (0.89; 95% CI: 0.84, 0.97; Additional 
Files 1: Supplementary Table 8).

Minimal variations across the three SPAN behaviours 
and all‑cause mortality risk
Table  2 presents the combined doses of sleep, physical 
activity, and nutrition associated with different levels of 
all-cause mortality risk (10–70% range). The first rows 
indicate the minimal differences in the combined SPAN 
behaviours associated with clinically relevant lower risk 
for mortality. For example, compared to the combined 
SPAN reference point (5th percentile of sleep (5.5 h/day), 
physical activity (7.3 min/day), and nutrition (36.9 DQS)), 
the combination of an additional 15 min/day of sleep, 1.6 
min/day MVPA, and 5 points DQS was associated with a 
10% lower risk of all-cause mortality (HR: 0.90; 95% CI: 
0.88, 0.93). The combination of an additional 75 min/day 
of sleep, 12.5 min/day MVPA, and 25 DQS points cor-
responds to a 50% lower risk of all-cause mortality (HR: 
0.50; 95% CI: 0.44, 0.58). The optimal concurrent varia-
tion included an additional 200 min/day of sleep, 58.8 
min/day of MVPA, and 35 DQS points corresponding 
to 70% lower all-cause mortality risk (HR: 0.30; 95% CI: 
0.25, 0.38). For context, an additional 5 DQS points cor-
responds to increasing cooked vegetable consumption by 
1/3 cup per day or increasing fresh fruit consumption by 

1.5 pieces per day. The different combinations of SPAN 
exposures corresponding to all-cause mortality risk are 
graphically illustrated as heat map correlograms in Addi-
tional Files 1: Supplementary Fig.  5 (absolute risk) and 
Fig. 2 (hazard ratios).

Sensitivity analyses
Excluding participants with poor health (n = 51,164; 
events = 1,887), previous CVD or cancer (n = 49,786; 
events = 1,637), potentially sparse or outlier data 
(n = 48,670; events = 1,888), adjusting for device meas-
ured sedentary behaviour (n = 59,078; events = 2,458), 
adjusting for BMI (n = 58,363; events = 2,405), or 
adjusting for other sleep characteristics (n = 37,475; 
events = 1,506) did not materially influence the results 
(Additional Files 1: Supplementary Figs.  6–11). Catego-
rising diet quality by the proportion of ultra-processed 
food intake (n = 41,936; events = 1,758; Additional Files 1: 
Supplementary Fig.  12) and adjustment for total energy 
intake (n = 42,990; events = 1,758; Additional Files 1: Sup-
plementary Fig. 13) produced results consistent with the 
main findings. Some sensitivity analyses showed mar-
ginal differences in the optimal group, these were likely 
influenced by the reduced sample size and low event 
numbers.

Discussion
In the first study of its kind, we estimated the minimal 
and optimal combined incremental variations across 
sleep, physical activity and nutrition that are associated 
with meaningful reductions in all-cause mortality risk. 
We utilized a novel 3-exposure joint association approach 
and data from the wearables study of the UK Biobank 
for sleep and physical activity measurements [27–29, 
35]. The optimal combination of high MVPA, moderate 
sleep, and high DQS corresponded to a 64% lower risk 
for all-cause mortality compared to the reference group 
(lowest tertiles of all exposures). In practice, such a risk 
reduction would demand substantial and likely unrealis-
tic improvements in any one behaviour (e.g., an extra > 78 
min/day of MVPA). It was therefore particularly encour-
aging that our findings revealed that very modest com-
bined doses of SPAN behaviours (e.g., an additional 15 
min/day of sleep, 1.6 min/day MVPA, and 5 DQS points) 
were associated with a meaningful difference in all-cause 
mortality risk of 10%. Our findings support the existence 
of a synergistic association, as higher diet quality was 
only associated with lower mortality risk in combination 
with more optimal sleep and physical activity (Table  2), 
an assertion also supported by the results of the RERI 
tests. While an existing body of research highlights the 
pairwise effects of physical activity, nutrition, and sleep 
[15, 22, 23, 56], limited research exists that explores all 
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three factors in combination, particularly the combined 
incremental benefits on mortality.

A previous 45 and Up Study [57] analysis examining the 
relationship between dichotomized (healthy-unhealthy) 
lifestyle behaviour risk factors (alcohol, smoking, physi-
cal inactivity, poor sleep, poor diet) and mortality risk in 
a group of 231,048 Australian participants showed that 
short sleep duration, physical inactivity, and poor diet 
had a 49% higher risk of all-cause mortality compared to 
the optimal behaviours referent group. Other work from 
the HUNT Study in Norway (n = 36,911) demonstrated 
that short sleep duration, physical inactivity and poor 
diet, combined with lack of social participation, led to an 
over two-fold increase in risk of all-cause mortality (HR: 
2.26; 95% CI: 1.91–2.69) [58]. Importantly, none of the 
previous studies attempted to estimate the minimal dose 

of combined behaviours that are associated with practi-
cally important reductions in risk.

The individual associations of sleep, MVPA, and DQS, 
required a substantially higher dose to show associations 
of similar magnitude with mortality risk reduction com-
pared to more optimal combined SPAN levels. For exam-
ple, a 10% lower risk of mortality corresponded to 60% 
more sleep (24 min/day), 25% more MVPA (2 min/day) 
and diet alone, as measured using the chosen DQS, was 
unable to reach a 10% lower mortality risk in isolation. 
In comparison, when considering all SPAN behaviours 
in combination, a minimum dose of only 15 min/day 
for sleep, 1.6 min/day MVPA, and 5 DQS was sufficient 
to achieve this goal. For diet quality, this translates into 
making one of the relatively modest changes such as con-
suming an additional 1.5 servings of fresh fruit per day, 
increasing vegetable intake by 1/3 cup cooked vegetables 

Fig. 2  Multivariable adjusted all-cause mortality risk associated with concurrent variations in Sleep, Physical Activity, and Nutrition. Legend: The 
correlogram displays changes in sleep (hours/day), physical activity (moderate to vigorous intensity (MVPA) minutes/day), and nutrition (Dietary 
Quality Score (DQS)) and corresponding mortality risk with the reference being the 5th percentile of sleep (5.5 hours/day), physical activity (7.3 
minutes/day), and nutrition (36.9 DQS). Sleep, physical activity, and nutrition are included as independent terms in the model to allow for more 
granular predictions. Each square on the grid represents the hazard ratio for all-cause mortality associated with a combination of behaviours, 
as defined by the x-axis (physical activity), y-axis (sleep), and z-axis (nutrition). The colour corresponds to the hazard ratio where red indicates 
a higher risk of all-cause mortality and green indicates a lower risk of all-cause mortality. Model is adjusted for age, sex, ethnicity, smoking, 
education, Townsend deprivation index, alcohol, discretionary screen time (time spent watching TV or using the computer outside of work), 
light intensity physical activity, medication (blood pressure, insulin, and cholesterol), previous diagnosis of major CVD (defined as disease 
of the circulatory system, arteries, and lymph, excluding hypertension), previous diagnosis of cancer, and familial history of CVD and cancer (n = 
59,078; events = 2,458)
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per day, or adding one serving of fatty fish per week. An 
increase of 25 DQS points corresponds to multiple die-
tary changes such as consuming an extra 1/3 cup per 
day of cooked vegetables in addition to reducing refined 
grains intake by 1 serving per week, reducing processed 
meat by 1 serving per week, and eliminating consumption 
of sugar-sweetened beverages. This study emphasises that 
combined doses of SPAN behaviours act synergistically, 
whereby the collective behaviours were associated with a 
significantly stronger association with all-cause mortality 
risk than their individual components. Unlike the small 
body of previous empirical studies examining combined 
changes in lifestyle behaviours [59, 60], our study evalu-
ates whether subtle theoretical changes in 3 interrelated 
behaviours yield clinically meaningful improvements in 
mortality risk. Assuming causal relationships, our find-
ings suggest that studies focused on individual SPAN 
behaviours may be potentially missing a powerful and 
more behaviourally sustainable opportunity to improve 
health outcomes through subtle behaviour changes.

A key finding of this study is the unique synergies 
between these behaviours, likely driven by their behav-
ioural interdependencies [13–18]. By examining SPAN as 

a combination of behaviours, this study harnesses these 
synergies to maximise health improvements and provide 
tangible public health guidance to assist individuals and 
practitioners in identifying the most feasible behavioural 
lifestyle changes. This is a crucial point for reducing the 
risk of noncommunicable disease and mortality consid-
ering the multiple barriers to major SPAN improvements 
such as the inability to find time or motivation for an 
extra 25–30 min of leisure time physical activity, limited 
cooking skills, or unavoidable disruptions to sleep pat-
terns. If replicated by additional observational studies 
and behavioural trials, these findings expand options for 
holistic, combined lifestyle recommendations that can 
co-exist alongside traditional uni-behavioural advice.

Strengths and limitations
We used a novel analytic approach estimating varying lev-
els of multiple influential lifestyle behaviours and the corre-
sponding association with all-cause mortality risk, allowing 
us to explore both the combined and relative associations of 
individual SPAN components. This is of particular impor-
tance considering the well-established co-dependencies 
between each of the SPAN exposures [15, 17, 19, 23, 24, 57]. 

Table 2  Minimum concurrent variations in Sleep, Physical Activity, and Nutrition associated with clinically relevant increments of all-
cause mortality risk compared to 5th percentile of SPAN exposures

Displays the minimum concurrent combinations of sleep, physical, activity and nutrition associated with a clinically meaningful lower all-cause mortality risk 
compared to individual SPAN exposures. The combined columns show the SPAN combinations and corresponding mortality risk compared to the 5th percentile of 
sleep (5.5 h/day), moderate to vigorous physical activity (7.3 min/day), and nutrition (36.9 DQS) in increments of 10%. For comparison, the dose needed for individual 
SPAN exposures is shown on the right. Empty cells denote that the individual SPAN exposure could not achieve that level of risk reduction in isolation. All models were 
adjusted for age, sex, ethnicity, smoking, education, Townsend deprivation index, alcohol, discretionary screen time (time spent watching TV or using the computer 
outside of work), light intensity physical activity, medication (blood pressure, insulin, and cholesterol), previous diagnosis of major CVD (defined as disease of the 
circulatory system, arteries, and lymph, excluding hypertension), previous diagnosis of cancer, and familial history of CVD and cancer. Moderate to vigorous physical 
activity (MVPA); Diet quality score (DQS); Hazard ratio (HR)
a Each exposure was adjusted by the median value of the other two SPAN exposures
b Here, HR = 0·94. This is the lowest adjusted HR for DQS individually
c 95% CI are based on for combined SPAN model

All-cause mortality riskc Additional Sleep
(min/day)

Additional Moderate 
to Vigorous Physical 
Activity
(min/day)

Additional 
Nutrition
(DQS 
points)

Additional Sleepa

(min/day)
Additional Moderate 
to Vigorous Physical 
Activitya

(min/day)

Additional 
Nutritiona

(DQS 
points)

COMBINED SPAN INDIVIDUAL SPAN
10% lower risk (HR: 0·90; 
95% CI: 0·88, 0·93)

15 1.6 5 24 2 17b

20% lower risk (HR: 0·80; 
95% CI: 0·76, 0·84)

30 3.6 10 54 5 -

30% lower risk (HR: 0·70; 
95% CI: 0·65, 0·76)

45 5.9 15 102 8 -

40% lower risk (HR: 0·60; 
95% CI: 0·54, 0·67)

60 8.7 20 114 12 -

50% lower risk (HR: 0·50; 
95% CI: 0·44, 0·58)

75 12.5 25 - 18 -

60% lower risk (HR: 0·40; 
95% CI: 0·34, 0·48)

90 19.5 30 - 77 -

70% lower risk (HR: 0·30; 
95% CI: 0·25, 0·38)

200 58.8 35 - - -
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The study is further strengthened due to the device-based 
measurement of both sleep and physical activity. By utiliz-
ing wearable devices for data collection, the study effectively 
mitigates the common pitfalls associated with self-reported 
data, such as under-reporting or over-reporting.

We acknowledge, however, that this latter strength is 
also a weakness when it comes to making comparisons 
between nutrition, which was measured by self-report in 
the UK Biobank, and sleep and physical activity, which 
were measured using wearable devices. This introduces 
some potential misalignment across SPAN exposures as 
device-measured physical activity has shown at least a 
threefold magnitude of associations with all-cause mor-
tality [61]. Additionally, FFQ dietary data was collected 
3–9 years earlier (2006–2010) than the wearable device 
measured sleep and physical activity (2013–2015). We 
conducted a range of additional analyses to strengthen 
the robustness of our findings, including the exclusion 
of those with a mortality event in the first year of follow 
up, self-rated poor health, high frailty index, and those 
with an underweight BMI. Despite these precautionary 
analyses, the possibility of reverse causation or residual 
confounding cannot be ruled out. Additionally, in the 
joint tertile-based analyses there was a relatively small 
number of mortality events in some of the healthiest 
SPAN categories, which may have affected the precision 
of the estimates in these groups. As this study is obser-
vational in nature and did not directly measure changes 
in behaviour, we cannot draw causal conclusions about 
behaviour-related risk reduction. Further longitudinal 
and interventional research is essential to confirm these 
findings and understand the sustainability of subtle SPAN 
behaviour modifications, induction times for meaning-
ful health effects, and the influence of exposure length. 
Lastly, unhealthy lifestyle factors rarely occur in isolation, 
often forming broader deleterious behavioural patterns. 
This may have implications for other aspects of movement 
behaviour such as light physical activity, sedentary behav-
iour, and sleep regularity [62] all of which could have dis-
tinct synergistic relationships with mortality risk. Future 
studies with sufficient sample size and length of follow-up 
should explore different combinations of SPAN related 
behaviours, in addition to other lifestyle factors such as 
alcohol consumption, smoking, and other substance use.

Conclusions
This study emphasises that combined SPAN behaviours 
act synergistically, whereby the collective behaviours 
were more strongly associated with all-cause mortality 
risk than the individual behaviours. We show that the 
optimal SPAN combination included high MVPA (42–
103 min/day), moderate sleep (7.2–8.0 h/day), and high 
DQS (57.5–72.5), which corresponded to a 64% lower 

risk for all-cause mortality compared to the lowest com-
bined tertile category for all three exposures. Our study 
also underscores the significance of incremental com-
bined positive lifestyle behaviours. Compared to those 
with poor SPAN behaviours, very modest collective vari-
ations, such as a 15 min/day increase in sleep, less than 
2 min/day higher MVPA, and higher diet quality equiva-
lent to increasing daily intake of cooked vegetables by 1/3 
cup or fruit by 1.5 servings, were associated with a 10% 
lower risk of all-cause mortality. If supported by future 
trials, our findings support the implementation of clini-
cal and educational strategies and leveraging the poten-
tial of wearables and other digital technologies, aimed 
at encouraging concurrent small incremental improve-
ments in sleep, physical activity, and nutrition.
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