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ABSTRACT

OBJECTIVE

To investigate the association of macronutrient intake
with all cause mortality and cardiovascular disease
(CVD), and the implications for dietary advice.

DESIGN
Prospective population based study.

SETTING
UK Biobank.

PARTICIPANTS

195 658 of the 502 536 participants in UK Biobank
completed at least one dietary questionnaire and
were included in the analyses. Diet was assessed
using Oxford WebQ, a web based 24 hour recall
questionnaire, and nutrient intakes were estimated
using standard methodology. Cox proportional models
with penalised cubic splines were used to study non-
linear associations.

MAIN OUTCOME MEASURES
All cause mortality and incidence of CVD.

RESULTS

4780 (2.4%) participants died over a mean 10.6
(range 9.4-13.9) years of follow-up, and 948 (0.5%)
and 9776 (5.0%) experienced fatal and non-fatal

CVD events, respectively, over a mean 9.7 (range
8.5-13.0) years of follow-up. Non-linear associations
were found for many macronutrients. Carbohydrate
intake showed a non-linear association with mortality;
no association at 20-50% of total energy intake but

a positive association at 50-70% of energy intake
(3.14 v 2.75 per 1000 person years, average hazard
ratio 1.14, 95% confidence interval 1.03 to 1.28
(60-70% v 50% of energy)). A similar pattern was
observed for sugar but not for starch or fibre. A higher
intake of monounsaturated fat (2.94 v 3.50 per 1000

WHAT IS ALREADY KNOWN ON THIS TOPIC

Associations between macronutrients and health are often assumed to be linear,
especially in isocaloric substitution analysis

Carbohydrate intake was suggested to have a linear or curvilinear linear
association with risk of mortality and cardiovascular disease

WHAT THIS STUDY ADDS

association with health

In this study, many of the associations between macronutrient intakes and
health (risk of mortality and cardiovascular disease) were non-linear, and
components of carbohydrates (total sugar and starch) had a differential

Dietary advice should be tailored to current intake and consideration given to the
components of macronutrients
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person years, average hazard ratio 0.58, 0.51 to

0.66 (20-25% v 5% of energy)) and lower intake of
polyunsaturated fat (2.66 v 3.04 per 1000 person
years, 0.78, 0.75 t0 0.81 (5-7% v 12% of energy))

and saturated fat (2.66 v 3.59 per 1000 person years,
0.67,0.62t0 0.73 (5-10% v 20% of energy)) were
associated with a lower risk of mortality. A dietary risk
matrix was developed to illustrate how dietary advice
can be given based on current intake.

CONCLUSION

Many associations between macronutrient intake and
health outcomes are non-linear. Thus dietary advice
could be tailored to current intake. Dietary guidelines
on macronutrients (eg, carbohydrate) should also take
account of differential associations of its components
(eg, sugar and starch).

Introduction

Achieving important and sustained changes in lifestyle
requires clear, consistent public health messages.
The general public, however, has been bombarded
with confusing and conflicting recommendations
on diet. These are due in part to presumptions that
the associations between macronutrients and health
outcomes are linear across the range of consumption
and hold true irrespective of the level of intake of other
macronutrients and total energy consumption. Also,
dietary recommendations have often focused on single
macronutrients in isolation without taking into account
the impact of other concurrent macronutrients.

The focus for dietary recommendations has
included fat, saturated fat, carbohydrate, and sugar.’
Historical advice to reduce consumption of saturated
fat was challenged by recent studies, including meta-
analyses of prospective studies,”> which led the UK
Scientific Advisory Committee on Nutrition (SACN)*
and World Health Organization® to conclude, based on
evidence from both randomised controlled trials and
prospective cohort studies, that saturated fat intake
is not associated with cardiovascular mortality. At the
same time, however, SACN also found inconsistency
between randomised controlled trials and prospective
cohort studies on the association between saturated fat
intake and cardiovascular events (including ischaemic
heart disease, cerebrovascular disease, and peripheral
vascular disease).* Whereas randomised controlled
trials found that reducing intake of saturated fat
could reduce cardiovascular events,® meta-analyses
of prospective cohort studies did not identify any
associations.’
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More recently, focus has switched to promoting low
carbohydrate diets, such as the Atkins diet. Although
early evidence suggested such diets were effective in
reducing weight,” ® the more recent Diet Intervention
Examining The Factors Interacting with Treatment
Success (DIETFITS) trial and a meta-analysis showed
no additional benefit compared with low fat diets.” 1°
The Prospective Urban Rural Epidemiology (PURE)
study reported higher mortality among people
consuming high carbohydrate, low fat diets.'! Its
models suggested that replacement of carbohydrate
with polyunsaturated fat might be associated with
a lower risk of mortality and that replacement with
saturated fat might be associated with a lower risk
of stroke. The Atherosclerosis Risk in Communities
(ARIC) study and accompanying meta-analysis also
suggested that replacement of carbohydrate with
plant, but not animal derived, protein or fat was
associated with lower mortality.”> The isocaloric
replacement analyses undertaken by PURE and ARIC
assumed linearity between macronutrient intake and
health outcome, implying that the effect of replacing
macronutrients was independent of current levels of
intake. Furthermore, in common with most previous
studies, PURE and ARIC analysed total carbohydrate
rather than its components, sugar, starch, and fibre,
which have different associations with mortality and
morbidity."® For example, higher sugar consumption
(in sugar sweetened beverages) is associated with
greater risk of diabetes, whereas starch is not.'

To deal with these limitations, we used data from
the UK Biobank cohort to examine the associations
between macronutrients and their components and all
cause mortality and cardiovascular disease (CVD); to
conduct non-linear isocaloric replacement analyses;
and to develop a dietary risk matrix to illustrate how
conditional advice can be given.

Methods

Study design

Between 2007 and 2010, UK Biobank recruited
502 536 participants aged 37-73 years from the general
population. Participants attended one of 22 assessment
centres across England, Scotland, and Wales where
they completed a self-administered, touch screen
questionnaire and face-to-face interview. Trained
staff took a series of measurements, including height,
weight, and blood pressure. Ethnicity, smoking status,
and alcohol intake were self-reported. Comorbidities
and medical history were based on self-report of a
doctor diagnosis and verified during the face-to-face
interview. Townsend area deprivation index was
derived from postcode of residence using aggregated
data on unemployment, car and home ownership, and
household overcrowding.'® Physical activity level over
a typical week was self-reported using the validated
international physical activity questionnaire, and the
total metabolic equivalent of task (MET) in a week was
used in analysis.'® Height was measured to the nearest
centimetre using a stadiometer (Seca 202; Hamburg,
Germany) and body weight was measured to the nearest
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0.1kgusing abody composition analyser (Tanita BC-418;
Tokyo, Japan). Body mass index (BMI) was calculated as
weight (kg)/(height (m)? and classified into six categories
using WHO criteria: underweight (<18.5), normal weight
(18.5 to <25), overweight (25 to <30), obese (30 to <35),
obesity class 2 (35 to <40), and obesity class 3 (240).
Only the assessment at baseline was used in this study.

Dietary information was collected using the Oxford
WebQ (www.ceu.ox.ac.uk/research/oxford-webq), a
web based 24 hour recall questionnaire developed
for use in large population studies. UK Biobank
participants were invited to complete the Oxford WebQ
on five occasions over five years, and we calculated
mean values from the available data. The Oxford
WebQ has been validated against an interviewer
administered 24 hour dietary recall, producing a mean
Spearman correlation coefficient for macronutrients
of 0.62 (range 0.54-0.69).) We estimated nutrient
intake using McCance and Widdowson’s Composition
of Foods'® and fibre intake using the Englyst method.*’
The intake of monounsaturated fatty acids (MUFA) was
calculated by subtracting the intake of saturated fatty
acids (SFA) and polyunsaturated fatty acids (PUFA)
from total fat intake. The primary exposure variables
were the percentages of total energy intake derived
from the three macronutrients (carbohydrate, fat,
and protein) as well as their components (total sugar,
starch, and fibre, and MUFA, PUFA, and SFA). We
converted these into quintiles for descriptive statistics.
For energy derived from carbohydrate, the cut-off
values for quintiles were 40.9%, 45.5%, 49.2%, and
53.4%. The corresponding values for fat were 26.9%,
30.6%, 33.8%, and 37.4%, and for protein were
12.8%, 14.4%, 16.0%, and 18.0%. Participants with
implausible values for dietary intake and total energy
intake based on the mean of all estimates of dietary
intake (ie, up to five separate estimates over five years,
n=15365), defined as <1.1 or >2.5xbasal metabolic
rate, estimated using the Henry equation,20 were
excluded based on previous studies.?!

Date of death was obtained from death certificates
held within the NHS Information Centre (England
and Wales) and the NHS Central Register Scotland
(Scotland). Date and cause of hospital admissions
were obtained through record linkage to health
episode statistics (England and Wales) and Scottish
morbidity records (Scotland). Detailed information
about the linkage procedures can be found at http://
content.digital.nhs.uk/services. At the time of analysis,
mortality data were available to 14 February 2018. We
therefore censored mortality analysis at this date or
at date of death, whichever occurred first. As hospital
admission data were available to 31 March 2017,
we censored the disease specific outcome analysis
at this date or the date of first disease incidence or
death, whichever occurred first. We defined incident
CVD as incident fatal or non-fatal angina, myocardial
infarction, chronic ischaemic heart disease, atrial
fibrillation, heart failure, and stroke (ICD-10
(international classification of diseases, 10th revision)
codes 120, 121, 125, 148, 150, 160, 161, 163, and 164).
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Statistical analyses

Cox proportional hazard models were used with
exposure variables fitted on penalised cubic splines.
Penalised spline is a variation of basis spline (B spline),
with better model fit for most scenarios and comparable
with the restricted cubic spline in other scenarios.??
We zeroed the estimated hazard ratio curves at the
median of each exposure variable. To examine overall
statistical significance as well as non-linearity of the
exposures, we used likelihood ratio tests.

In the minimally adjusted model, we adjusted
Cox proportional hazard models for total energy
intake, age, sex, ethnicity, and area deprivation
index (supplementary figs S1 and S2), and in the
final model we additionally adjusted for height, BMI
categories, systolic blood pressure, alcohol intake,
physical activity, smoking status, baseline diabetes,
and mental health disorders (eg, depression, anxiety,
schizophrenia, and substance and alcohol misuse).
In analysis of incident CVD, we excluded participants
who reported prevalent CVD at baseline (n=9883).
As components of macronutrients were moderately
correlated (eg, r=-0.41 for starch and sugar and r=0.49
for MUFA and SFA), we mutually adjusted components
of each macronutrient (eg, sugar, starch, and fibre).
Because Oxford WebQ, which uses diet recall for asingle
day, might not be representative of participants’ typical
dietary habit, we conducted a sensitivity analysis
(n=183 904) to exclude participants (n=11 754) who at
any of the five assessments during follow-up reported
their previous day’s diet as not being typical. We also
explored whether the associations differed by energy
intake (1 kcal=4.18 kJ=0.00418 MJ) (men: <2500 kcal
(n=57167) v >2500 kcal (n=29 129); women: <2000
kcal (n=62691) v >2000 kcal (n=46 671)), whether
the associations of SFA differed by carbohydrate
intake (below median (n=97 829) v above median
(n=97 829)). Because dietary intake is associated with
BMI, which in turn influences health, adjustment for
BMI categories might result in over-adjustment bias.?®
We therefore compared the associations estimated
from the models both with and without BMI categories.

A multivariable nutrient density model was used
to estimate the association of isocaloric replacement
of macronutrients with outcomes.”* Nutrient density
models include both the energy from a macronutrient
and the total energy as independent variables. This
deals with the potential correlation between diet
pattern and total energy intake (eg, dietary fat intake
correlates with total energy intake (r=0.20)) while
keeping the total energy intake constant (isocaloric).
Given the potential non-linear relations, we used
penalised cubic splines for all macronutrients. In the
model with sugar replaced, we did not include sugar,
whereas we included fibre and percentages of energy
from starch, SFA, MUFA, PUFA, and proteins as splines,
with adjustments of total energy and other covariates.
Similar approaches were used for the models with
SFA replaced. The hazard ratios produced by these
isocaloric substitution analyses are shown conditional
on the level of the substituting macronutrient.

thelbmj | BMJ2020;368:m688 | doi: 10.1136/bmj.m688
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To develop a risk matrix for all cause mortality, we
ran an additional Cox regression model with dietary
variables selected from the previous analysis. To
balance simplicity and accuracy, we trichotomised
macronutrients and their components using several
cut-offs on the basis of percentage of energy intake:
sugar (5% to <20%, 20% to <30%, 30% to 45%), starch
(10% to <20%, 20% to <30%, 30% to 50%), fibre (5
to <10 g/day, 10 to <15 g/day, 15 to 30 g/day), MUFA
(5% to <10%, 10% to <20%, 20% to 25%), PUFA (2%
to <5%, 5% to <7%, 7% to 12%), and protein (10% to
<14%, 14% to <18%, 18% to 30%). We selected the
cut-offs based on change points at the associations
with mortality (see fig 1). If no relevant change points
were found, we selected cut-offs to balance the sample
size between groups. The dietary exposure variables
were adjusted for potential sociodemographic
and lifestyle confounders (age, sex, diabetes, BMI
categories, systolic blood pressure, and smoking) and
for each other. We chose these factors because they
constitute the office based risk score.”> We collapsed
the categories if they had similar hazard ratios. A risk
matrix was then constructed, with the cells labelled
and coloured on the basis of the estimated hazard
ratios. The combination of macronutrients with the
lowest hazard ratios was chosen as the reference
group, and the percentage increase in hazard of other
diets was calculated as the difference in hazard ratios.

Statistical analyses were performed using R
Statistical Software, version 3.5.2, with the package
survival.

Patient and public involvement

No patients were involved in setting the research
question or the outcome measures, nor were
they involved in developing plans for design or
implementation of the study. No patients were asked
to advise on interpretation or writing up of results.
There are no plans to disseminate the results of the
research to study participants or the relevant patient
community.

Results

Of the 502536 UK Biobank participants, 211023
completed at least one dietary questionnaire. Of these,
15365 were excluded because of implausible energy
intake or dietary intake; leaving 195 658 participants
eligible for inclusion in the study. The mean follow-up
period for mortality was 10.6 (range 9.4-13.9) years
and for CVD incidence was 9.7 (range 8.5-13.0) years.
During this period, 4780 (2.4%) participants died and
10 724 (5.5%) had cardiovascular events.

Table 1 shows the characteristics of the cohort by
carbohydrate intake. Briefly, participants who derived
a higher proportion of energy from carbohydrates
were more likely to be women and non-smokers and
were more physically active. Carbohydrate intake had
a U-shaped relation with deprivation index and an
inverse U-shaped relation with total energy intake.
Generally, participants with baseline diabetes were
less likely to have high carbohydrate intake, and
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Overall P=0.04; Non-linear P=0.03

Overall P=0.31; Non-linear P=0.18

Overall P<0.001; Non-linear P<0.001
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Fig 1 | Association between percentage energy intake from macronutrients and all cause mortality. Analyses adjusted for age, sex, deprivation index,
ethnicity, smoking status, height, body mass index categories, systolic blood pressure, baseline diabetes, mental health disorders, total physical
activity, daily alcohol intake, and total energy intake. Components of macronutrients (eg, sugar, starch, and fibre) were mutually adjusted. Shaded
areas represent 95% confidence intervals

this was the opposite for participants with mental
health disorders. Supplementary table S1 shows the
median and interquartile range values of the dietary
variables, figure S1 the distribution of dietary intake,
and tables S2 and S3 the characteristics of the cohort
by fat and protein intake.

Figure 1 shows the fully adjusted associations
between macronutrient intake and mortality
(supplementary fig S2 presents the results for
minimally adjusted models). Total fat intake was
not significantly associated with all cause mortality.
All the remaining macronutrients, except for
MUFA, PUFA, and SFA, had non-linear associations
with mortality. Risk of death was lowest among
participants who consumed 5-20% energy from sugar

(2.88 v 3.24 per 1000 person years, average hazard
ratio 0.87 (95% confidence interval 0.82 to 0.92),
compared with high (35% of energy) intake), 20-
30% energy from starch (2.71 v 3.78 per 1000 person
years, 0.86 (0.83 to 0.89) compared with low (10%
of energy) intake), 15-30 g/day fibre (2.79 v 3.94 per
1000 person years, 0.68 (0.65 to 0.72) compared
with low (5 g/day) intake), 20-25% energy from
MUFA (2.94 v 3.50 per 1000 person years, 0.58 (0.51
to 0.66) compared with low (5% of energy) intake),
5-7% from PUFA (2.67 v 3.04 per 1000 person years,
0.78 (0.75 to 0.81) compared with high (12% of
energy) intake), 5-10% from SFA (2.66 v 3.59 per
1000 person years, 0.67 (0.62 to 0.73) compared
with high (20% of energy) intake), and 14-18% from

doi: 10.1136/bmj.m688 | BMJ 2020;368:m688 | thebmj
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Table 1 | Characteristics of cohort by quintiles of energy intake from carbohydrates. Values are numbers (percentages) unless stated otherwise
Quintile groups of energy from carbohydrates (% of total energy intake)

10.4-40.9 >40.9-45.5 >45.5-49.2 >49.2-53.4 >53.4-77.7

Characteristics All (n=195658) (n=39132) (n=39131) (n=39132) (n=39131) (n=39132)
Women 109362 (55.9) 19753 (50.5) 21156 (54.1) 22249 (56.9) 22712 (58.0) 23492 (60.0)
Mean (SD) age (years) 56.15 (7.94) 55.75 (7.85) 56.17 (7.87) 56.28 (7.93) 56.38 (7.96) 56.17 (8.08)
Mean (SD) deprivation index -1.62 (2.85) -1.48 (2.91) -1.68 (2.81) -1.73(2.78) -1.72 (2.81) ~1.48 (2.92)
Ethnicity:

White 187 549 (96.2) 37850 (97.0) 37896 (97.2) 37821 (97.0) 37558 (96.3) 36 424 (93.4)

South Asian 1140 (0.6) 241 (0.6) 196 (0.5) 209 (0.5) 232 (0.6) 262 (0.7)

Black 2408 (1.2) 294 (0.8) 308 (0.8) 343 (0.9) 455 (1.2) 1008 (2.6)

Chinese 2059 (1.1) 339 (0.9) 290 (0.7) 312 (0.8) 391 (1.0) 727 (1.9)

Mixed 523 (0.3) 90 (0.2) 109 (0.3) 94 (0.2) 105 (0.3) 125 (0.3)

Others 1296 (0.7) 187 (0.5) 187 (0.5) 217 (0.6) 271 (0.7) 434 (1.1)
Smoking status:

Never 110739 (56.7) 18043 (46.2) 21085 (54.0) 22725 (58.2) 24018 (61.5) 24868 (63.8)

Former 69 494 (35.6) 16 413 (42.0) 14820 (38.0) 13638 (34.9) 12721 (32.6) 11902 (30.5)

Current 14937 (7.7) 4580 (11.7) 3128 (8.0) 2678 (6.9) 2321 (5.9) 2230 (5.7)
Baseline diabetes 7554 (3.9) 1780 (4.5) 1619 (4.1) 1431 (3.7) 1312 (3.4) 1412 (3.6)
Baseline mental health disorders 12948 (6.6) 2528 (6.5) 2439 (6.2) 2494 (6.4) 2596 (6.6) 2891 (7.4)
Physical measurements
Mean (SD) height (m) 1.69 (0.09) 1.70 (0.09) 1.70 (0.09) 1.69 (0.09) 1.69 (0.09) 1.68 (0.09)

BMI categories:

Underweight (<18.5)

73470 (37.6) 12546 (32.1) 14310 (36.6)

15051 (38.5) 15747 (40.2) 15816 (40.4)

Normal weight (18.5 to <25) 1045 (0.5) 147 (0.4) 214 (0.5) 203 (0.5) 222 (0.6) 259 (0.7)
Overweight (25 to <30) 81688 (41.8) 17 252 (44.1) 16558 (42.3) 16175 (41.3) 15981 (40.8) 15722 (40.2)
Obese =30* 39455 (20.2) 9187 (23.5) 8049 (20.6) 7703 (19.7) 7181 (18.4) 7335 (18.7)

Mean (SD) systolic blood pressure (mm hg)

136.61 (18.29) 137.57 (18.22) 136.69 (18.09)

136.41 (18.23) 136.42 (18.35) 135.96 (18.51)

Total physical activity (MET-min/week)

2501.93 (2317.16) 2406.51 (2287.14)

2412.20 (2266.11)

2462.30 (2270.23) 2547.06 (2313.99) 2687.08 (2435.30)

Mean (SD) dietary intake

Total energyt (kcal/day)

2006.55 (527.24) 1927.93 (542.61)

2026.43 (518.07)

2044.59 (507.61)  2043.22 (512.05) 1990.60 (545.58)

Carbohydrate (%) 49.63 (7.00) 40.77 (5.31) 46.44 (3.24) 49.58 (2.78) 52.84(2.53) 58.54 (3.70)

Fat (%) 33.99 (6.43) 40.57 (5.58) 36.73 (4.40) 34.27 (4.02) 31.55 (3.79) 26.84 (4.19)
Protein (%) 16.38 (3.58) 18.66 (4.09) 16.83 (3.23) 16.15 (3.08) 15.61 (3.03) 14.62 (3.03)
Sugar (%) 23.62 (6.72) 18.44 (5.48) 21.27 (5.13) 23.30 (5.14) 25.51 (5.32) 29.56 (6.62)
Starch (%) 24.10 (5.99) 21.01 (5.68) 23.61(5.18) 24.51 (5.24) 25.27 (5.61) 26.07 (6.81)
Fibre (g) 16.48 (6.17) 14.02 (5.56) 15.93 (5.59) 16.68 (5.74) 17.51 (6.14) 18.26 (6.85)
Monounsaturated fat (%) 14.70 (3.19) 17.93(2.99) 15.91 (2.27) 14.73 (2.06) 13.52 (1.94) 11.41(2.13)
Polyunsaturated fat (%) 6.25 (2.24) 7.38(2.39) 6.78 (2.15) 6.35(2.02) 5.85 (1.93) 4.90 (1.84)
Saturated fat (%) 13.04 (3.26) 15.26 (3.28) 14.04 (2.89) 13.18 (2.72) 12.18 (2.62) 10.52 (2.62)
Alcohol (g) 16.47 (21.14) 34.57 (28.93) 20.16 (19.66) 13.61 (15.53) 9.25(12.51) 4.76 (8.68)

BMI=body mass index; MET=metabolic equivalent.
*Includes World Health Organization obese and obesity classes 2 and 3 categories.
tTotal energy per day from carbohydrates, fat, and protein.

protein (2.73 v 3.41 per 1000 person years, 0.73 (0.70
to 0.75) compared with low (10% of energy) intake).
The spline curves can be used to calculate the hazard
ratio between any two points. For example, the hazard
ratio of 10% energy from starch compared with 25%
can be approximated by using the equation: (hazard
ratio at 10% of energy)+(hazard ratio at 25% of
energy)~1.05+0.9=1.17.

Figure 2 shows the fully adjusted association between
macronutrients and incident CVD (supplementary fig
S3 presents the results for minimally adjusted models).
Intakes of starch and SFA were not associated with
CVD even though some part of the confidence intervals
did not overlap the null. Total carbohydrate, sugar,
and MUFA were linearly associated with CVD, whereas
there were non-linear associations for fibre, PUFA, and
protein. Risk of CVD was lowest among participants
who consumed 5-20% of energy from sugar (7.11
v 7.83 per 1000 person years, average hazard ratio
0.83 (95% confidence interval 0.80 to 0.87) compared
with high (35% of energy) intake), 15 to 30 g/day
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fibre (7.36 v 7.46 per 1000 person years, 0.82 (0.79
to 0.86) compared with low (5 g/day) intake), 20% to
25% from MUFA (6.31 v 7.45 per 1000 person years,
0.80 (0.72 to 0.89) compared with low (5% of energy)
intake), 5% to 7% from PUFA (6.94 v 7.61 per 1000
person years, 0.90 (0.87 to 0.92) compared with high
(12% of energy) intake), and 14% to 18% from protein
(7.12 v 7.35 per 1000 person years, 0.82 (0.80 to 0.84)
compared with low (10% of energy) intake).

Similar results were found in sensitivity analysis
including only participants who reported their typical
diet (supplementary figs S4 and S5). The associations
were also similar without adjusting for BMI categories
(supplementary figs S6 and S7). Supplementary figures
S8 and S9 show that the associations for participants
with higher energy intake (men: >2500 kcal; women:
>2000 kcal) and with lower energy intake (men:
<2500 kcal; women: <2000 kcal) were largely similar,
but the association of sugar with CVD risk seems to
be stronger in participants with lower energy intake.
Although the association of saturated fat with all cause
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Fig 2 | Association between percentage energy from macronutrients and incidence of cardiovascular disease (CVD). Analyses were adjusted for age,
sex, deprivation index, ethnicity, smoking status, height, body mass index categories, systolic blood pressure, baseline diabetes, mental health
disorders, total physical activity, daily alcohol intake, and total energy intake. Components of macronutrients (eg, sugar, starch, and fibre) were
mutually adjusted. Shaded areas represent 95% confidence intervals

mortality differed between individuals with high and
low carbohydrate intake, no differences were observed
for incident CVD (supplementary fig S10).

Because higher sugar intake was associated with a
higher risk of all cause mortality and incident CVD, and
higher SFA intake was associated with a higher risk of
all cause mortality, isocaloric substitution of these two
components was investigated. When energy intake
remained constant, replacing sugar with starch, MUFA,
and protein (fig 3) was associated with lower risk of all
cause mortality and incident CVD when replacement
was up to 30% of energy from starch, 25% from MUFA,
and 20% from protein. The associations with MUFA
appeared to be linear, whereas that between protein
and CVD appeared to be J-shaped. Replacing sugar

with PUFA (fig 3) was associated with an increased risk
of both mortality and CVD when PUFA exceeded 6-7%
of energy. Replacing sugar with SFA (fig 3) above 10%
of energy was associated with a higher risk of mortality
and a lower risk of CVD.

Similarly, replacing SFA with MUFA or with protein
(fig 4) was associated with a lower risk of both total
mortality and CVD up to 25% energy from MUFA and
15% energy from protein. Replacing SFA with starch
(fig 4) was not significantly associated with CVD risk
but was associated with a lower risk of mortality up to
30% of energy from starch. Replacing SFA with PUFA
(fig 4) was not significantly associated with mortality
risk but was associated with a higher risk of CVD.
Replacing SFA with sugar (fig 4) was associated with
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Fig 3 | Multivariable isocaloric analysis on replacing sugar intake with starch, monounsaturated fatty acids (MUFA), polyunsaturated fatty acids
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(PUFA), saturated fatty acids (SFA), and protein. Outcomes were all cause mortality (left panel) and incident cardiovascular disease (CVD) (right
panel). Curves represent hazard ratios conditional on current intake of the replacement macronutrient. For example, for a person having 10% of
energy from protein, replacing 5% of energy from fat by protein is associated with lower risk of all cause mortality. Macronutrients shown were
mutually adjusted. Additionally, analyses were adjusted for age, sex, deprivation index, ethnicity, smoking status, height, body mass index
categories, systolic blood pressure, baseline diabetes, mental health disorders, total physical activity, daily alcohol and fibre intake, and total
energy intake. Shaded areas represent 95% confidence intervals
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lower all cause mortality up to 25% energy from sugar
but was linearly associated with a higher risk of CVD.

Sugar, starch, fibre, protein, SFA, MUFA, and PUFA
were considered when developing a dietary intake risk
matrix. Subsequently, sugar and SFA were dropped
from the model because their associations were
not significantly independent of the other dietary
components (supplementary table S4). The highest
two categories of fibre, MUFA, and protein intake
were combined because they had comparable hazard
ratios. The diet with the lowest hazard ratio of all
cause mortality comprised high fibre (10-30 g/day),
protein (14-30%), and MUFA (10-25%) and moderate
PUFA (5% to <7%) and starch (20% to <30%) intake
(supplementary table S4). This was used as the referent
dietary pattern in the risk matrix (supplementary fig
S11). The cells of the matrix represent alternative,
isocaloric combinations of macronutrients and are
coloured from green (lowest risk) to red (highest risk)
based on the hazard ratios. The numbers inside the cells
are the percentage difference in hazard compared with
the reference group. Cells with similar colours represent
different dietary combinations that are associated with
similar levels of risk. For example, people with a diet
that was high in protein (214%) and starch (230%)
and low in fibre (<10 g/day), MUFA (<10%), and PUFA
(<5%) had a 70% higher risk of mortality compared
with the referent diet (supplementary fig S11). A
higher fibre intake (>10 g/day) corresponded to a lower
risk; 31% above the referent group. However, a similar
lower level of risk, at 29% above the referent group,
could be achieved by reducing starch intake to 20% to
<30% of total energy, and replacing it with MUFA (up
to 10-25% of total energy intake) or PUFA (up to 5% to
<7% of total energy intake).

Discussion

In this study, intake of carbohydrate (including sugar,
starch, and fibre) and protein were non-linearly
associated with all cause mortality, and this finding
was similar for intake of fibre, polyunsaturated fatty
acids (PUFA), and protein with incident cardiovascular
disease (CVD). In contrast, intake of saturated fatty
acids (SFA), monounsaturated fatty acids (MUFA),
and PUFA were linearly associated with all cause
mortality, and this finding was similar for intake of
total carbohydrate (including sugar) and total fat
(including MUFA) with incident CVD. In addition,
when participants were compared within the cohort,
we found that replacing intake of sugar with starch,
MUFA, or protein was associated with a lower risk of
all cause mortality and incident CVD when the current
intake of starch, MUFA, and protein were low. Similarly,
replacing SFA with MUFA or protein was associated
with a lower risk of both total mortality and CVD. The
results were largely consistent in a series of sensitivity
and subgroup analysis.

These findings highlight the complex and diverse
associations between macronutrient intake and health
outcomes. Previous research has commonly reported
linear associations of single macronutrients with
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health outcomes. In this study we investigated non-
linear associations, adjusted the analysis for intake
of other macronutrients that could influence the
observed associations, and implemented isocaloric
replacements based on non-linear and linear
associations of macronutrients and health outcomes.

Comparison with other studies

Many of the previous studies'’ '? that investigated
associations of diet with health did not consider
the components of carbohydrates. In our study we
identified divergent associations of sugar and starch
with all cause mortality, indicating that it could be
misleading to provide advice on carbohydrate intake
without specifying the components.

We founda]J-shaped and positive association between
total carbohydrate intake and mortality, similar to that
reported in the Prospective Urban Rural Epidemiology
(PURE) study.! In contrast, the Atherosclerosis Risk
in Communities (ARIC) study'? reported a U-shaped
association after adjusting for sociodemographic
characteristics, energy intake, exercise, smoking,
and diabetes. We did find a similar U-shaped pattern
when we adjusted our analyses for sociodemographic
factors (supplementary fig S2). However, the inclusion
of additional confounders (such as blood pressure and
mental health disorders) resulted in a J-shaped curve,
with non-significant changes in risk associated with
carbohydrate intake less than 50% of total energy.
Although the PURE and ARIC studies'! '? adjusted for
several important confounders (including physical
activity level and diabetes), they did not adjust for other
health conditions such as obesity, hypertension, and
depression that might influence dietary choices?® 2’
and are associated with increased morbidity and
mortality.?®

In contrast with findings from a recent meta-analysis
of observational studies,®> we observed strong and
significant associations between SFA consumption
and mortality, independent of unsaturated fat
consumption. Our finding of a curvilinear relation
could explain the lack of association in previous
studies, which compared the lowest and highest
quintiles® or assumed linearity.?® *° Also, the inverse
association of SFA reported by the PURE study might
be an artefact of the truncation used for reporting
saturated fat consumption at 18% of total energy,'!
thereby masking a U-shaped (albeit non-significant)
relation that we found between SFA and CVD.

Although previous studies, such as the pooled
analysis of the Nurses’ Health Study and Health
Professionals Follow-up Study,’! reported an
association between intake of PUFA and lower risk of
CVD, we found the opposite. The difference in findings
can be related to the use of quintile categories, as well
as the proportional intake of subtypes of PUFA in the
population. In addition, PUFA comprises different
types of fatty acids, and studies have shown that
omega-3 PUFA from seafood (eicosapentaenoic and
docosahexaenoic acid), but not other PUFA, was
associated with incident CVD.>?
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Fig 4 | Multivariable isocaloric analysis on replacing intake of saturated fatty acids (SFA) with sugar, starch, monounsaturated fatty acids (MUFA),
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polyunsaturated fatty acids (PUFA), and protein. Outcomes were all cause mortality and incident cardiovascular disease (CVD) Curves represent
hazard ratios conditional on current intake of the replacement macronutrient. For example, for a person having 10% of energy from protein,
replacing 5% of energy from fat by protein is associated with lower risk of all cause mortality. Macronutrients shown were mutually adjusted.
Additionally, analyses were adjusted for age, sex, deprivation index, ethnicity, smoking status, height, body mass index categories, systolic blood
pressure, baseline diabetes, mental health disorders, total physical activity, daily alcohol and fibre intake, and total energy intake. Shaded areas
represent 95% confidence intervals
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The association of protein intake with all cause
mortality and CVD incidence is relatively less well
studied. Consistent with our findings, the pooled
analysis of three randomised trials has shown that
increased protein intake (by replacing carbohydrate
or fat, or both) reduced bodyweight, fat, and total
cholesterol among overweight and obese people
with increased triacylglycerol levels.’® It should be
noted, however, that the source of protein (eg, animal
versus plant protein) could play a critical role in the
association and this was not investigated in the current
study. In prospective cohort studies plant protein has
been associated with a lower mortality risk and animal
protein with a higher mortality risk.>*3*

Implications

In our study, the individual components of
macronutrients had different associations with
health outcomes even though they were from the
same macronutrient family. Given that many of
the associations were not linear, any guidance on
isocaloric replacement should be based on current
intake. For example, although replacing sugar with
starch is associated with a lower mortality risk, this is
only the case when an individual has a relatively low
starch intake. It would be misleading if dietary advice
is given without consideration of current intake and
the composition of the diet as a whole, even though
this can be hard to measure in practice.

In its current format, based on isocaloric
replacements and expressed as hazard ratios rather
than absolute risk, the risk matrix would be difficult to
implement as a real world tool for patients or members
of the public. The risk matrix in our study shows that
the implications of dietary changes are likely to vary
according to the individual’s current diet and therefore,
when possible, dietary advice should be personalised.

Strengths and limitations of this study

A strength of this study is that we did not assume
linearity between intakes of macronutrients and health
outcomes and we adjusted mutually for macronutrient
components. We also explored associations with
constituent  components of  macronutrients—
for example, starch, sugar, and dietary fibre are
components of carbohydrates, each of which has
distinctive relations with health outcomes. The
possibility of confounding was dealt with through
statistical adjustment for a wide range of covariates
and through a series of sensitivity analyses. As with any
observational study, however, residual confounding
is possible, and causation cannot be tested. Also,
summary statistics and estimates of absolute risk
from this study might not be generalisable even
though the personal characteristics of the cohort and
estimated effect sizes are similar to those of the general
population.’®3® As the dietary information used in
this study was provided by around half of UK Biobank
participants, selection bias is possible. Dietary
measurements in our study were derived from 24
hour recall so might not portray participants’ typical

intake precisely and could be subject to recall bias.*’
Owing to limited statistical power, we did not exclude
participants who did not provide multiple dietary
records, and some analyses might be underpowered.
Further, we were not able to reliably test whether some
associations were sex specific. Similarly, associations
at the extreme ends of intake (particularly intakes
with wide confidence intervals) should be interpreted
with caution. Isocaloric replacement analysis is based
on comparisons between participants and might not
represent real life changes as occurs in randomised
controlled trials. We were unable to investigate
associations with added sugars, trans fat, types of
polyunsaturated fat (omega-3 and omega-6), and
animal based versus plant based protein because these
data were not available. Also, food source (eg, whole
grain versus refined carbohydrate sources) might
modify the associations between macronutrient intake
and outcomes. The dietary risk matrix was constructed
for illustrative purposes rather than as a tool ready for
implementation, and the cut-off values have not been
validated.

Conclusions

This study found that many of the associations between
macronutrient intakes and health (mortality and CVD
risk) are non-linear. Thus, dietary advice should be
based on current intake. Moreover, components of
carbohydrates also displayed differential associations
with health outcomes, indicating that dietary
guidelines on carbohydrate intake should also take
account of the divergent associations of sugar and
starch.
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