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Abstract

BACKGROUND: Protein intake is suggested as an important dietary
factor in the prevention of frailty, however, the influence of lifelong
intake remains unclear.

OBJECTIVES: The present study investigated the relationship between
daily protein intake and patterns of protein intake over 21 years and the
risk of pre-frailty/frailty.

DESIGN: Prospective cohort study.

SETTING: The population-based Tromsg Study in Tromsg municipality,
Norway.

PARTICIPANTS: In total, 1,906 women and 1,820 men aged >45 years
in 1994 who participated in both Tromsg4 (1994-95) and Tromsg7
(2015-16).

MEASUREMENTS: Frailty status in Tromsg7 was measured according
to Fried’s phenotype, classifying participants as “robust” (frailty
components present: 0), “pre-frail” (1-2) or “frail” (>3). Daily intake of
protein was estimated from self-reported habitual dietary intake using
food frequency questionnaires and assessed as grams per kilogram
bodyweight (g/kg BW) and per megajoule energy intake (g/MJ). The
protein—frailty association was assessed via longitudinal and cross-
sectional multivariable logistic regression analyses.

RESULTS: The prevalence of pre-frailty and frailty in this study was
27% and 1.0%, respectively. Longitudinal analysis showed that the
odds of pre-frailty/frailty decreased by 57% (odds ratio (OR) = 0.43,
95% confidence interval (CI) = 0.31;0.58, p<0.001) with the increase in
intake of one additional gram of dietary protein per kg BW. The results
obtained from cross-sectional analysis were similar. Tracking analysis
showed that, compared to a stable high intake of protein in g/lkg BW
over time, other patterns of protein intake increased the risk of pre-
frailty/frailty. No associations were found between intake of protein in
g¢/MJ and pre-frailty/frailty.

CONCLUSIONS: Intake of protein in g/kg BW both in mid-life and
later in life was inversely associated with pre-frailty/frailty in older
adults. This emphasizes the importance of an adequate protein intake to
facilitate healthy ageing in Norwegian older adults.
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Introduction

growing ageing population with subsequent age-
associated deteriorating health represents one of
the most prominent health challenges of the
twenty-first century (1). As the proportion of older adults >65

years increases (1), the prevalence of the geriatric syndrome
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frailty is likely to increase accordingly. Frail individuals
experience increased vulnerability to stressors and are at higher
risk of negative health outcomes including falls, disability,
institutionalization and mortality (2, 3).

Despite the lack of consensus in the definition of frailty, a
diversity of scales and indices exists for its operationalization
(4). The most widely used definition (4) of physical frailty
is the presence of three or more of the five frailty phenotype
components proposed by Fried and colleagues in 2001 (3):
unintentional weight loss, exhaustion, weakness, slow walking
speed and a low physical activity level. The presence of one or
two of these criteria indicates pre-frailty, an intermediate stage
in which individuals are at high risk of progressing to frailty
(5). Owing to the fluctuating nature of the frailty syndrome,
these states are also transitional, and therefore, potentially
reversible (6).

Poor nutrition is identified as an important modifiable risk
factor for frailty, and all components of the frailty phenotype
may be influenced directly by this factor (7). Maintenance
of a healthy diet is key for preservation of independence
during ageing, and in particular a high protein intake has
been associated with better physical performance and a
lower prevalence of frailty (7-10). Adequate intake of protein
contributes to preservation of the muscle protein synthesis
and slows down age-associated muscle degeneration and the
development of sarcopenia, which facilitates maintenance of
muscle mass, physical activity and reduces weight loss (10, 11).

Although several longitudinal (11-15) and cross-sectional
(16-18) studies have shown a protective effect of protein
consumption on the risk of frailty, other studies have observed
no relationship at all (19, 20). The use of study-specific
definitions of frailty, and different cut-offs and units to assess
protein intake, hampers comparisons among studies (10).
Further, most studies on protein intake and risk of frailty have
a cross-sectional study design and there are few longitudinal
studies with long periods of follow-up (10). Therefore,
longitudinal studies are needed to elucidate further the potential
role of lifelong protein intake on the risk of frailty.

The aims of the present study were to assess the impact of
both previous and current daily intake of protein, as well as
tracking patterns of protein intake over 21 years, on the risk of
pre-frailty/frailty in Norwegian older adults.
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Methods

The Tromsg Study

Data were obtained from the longitudinal population-based
Tromsg Study conducted in the municipality of Tromsg,
Norway (21). The Tromsg Study consists of seven surveys
(Tromsg@1-7) carried out between 1974 and 2016, in which
full birth cohorts and random samples of the population were
invited to participate. In total, 45,473 men and women have
participated in one or more of the surveys (participation rate
65%—79%). Data were collected via interviews, questionnaires,
physical examinations and biological sampling (21). The
present study includes data from Tromsg4 (1994-95) and
Tromsg7 (2015-16), the only two study waves in which
nutritional intake was estimated.

Study sample

In Tromsg4 (1994-95), all inhabitants aged >25 years
(N=37,558) were invited, and 27,158 (72%) participated
(22). Invitations were sent by mail accompanied by a short
questionnaire, which the participants completed before
attendance. At the examination site, participants were given a
more comprehensive questionnaire, which included questions
about diet, to be completed during the visit or afterwards at
home and returned by mail, and they underwent physical
examinations including measurement of height in metres (m)
and BW in kg in light clothing without shoes (22).

In Tromsg7 (2015-16), all inhabitants >40 years (N=32,591)
were invited, and 21,083 (65%) participated (23). On
attendance, a sub-sample (n=9,324), were invited to undergo
extended examinations (a second visit) approximately two
weeks later, in which 8,346 (90%) people attended. This sub-
sample consisted of randomly selected participants plus a
small extra sample of participants in previous Tromsg studies.
For the main examination, participants received invitations
by mail with a short printed questionnaire and log-in details
to complete this and additional questionnaires online (23).
The questionnaires were to be completed before attendance,
but technical support was available at the examination site.
Participants were subjected to measurements of height and BW,
as in Tromsg4, and they received a comprehensive paper-based
food frequency questionnaire (FFQ) to be completed during
the visit or at home and returned by mail. Participants who
attended the second visit underwent comprehensive physical
examinations, including measurements of grip strength and
walking speed (23).

The present study includes participants from Tromsg4 aged
45-69 years who had participated in Tromsg7 and had data
on a minimum of three out of five frailty criteria in Tromsg7.
Participants without valid estimated protein intake either in
Tromsg4 or in Tromsg7 were excluded, as were participants
with energy intakes outside the study-specific cut-offs. In
total, 3,726 participants constituted the main analytical sample.
For the statistical tests, the sample size was further reduced
depending on whether the analyses included estimated protein

intake at baseline (n=3,089), follow-up (n=2,507), or at both
time points (n=1,908) (Figure 1).

Dietary assessment

Calculations of baseline daily nutrient intake in Tromsg4
were based on self-reported intake of 34 food items from
the two study questionnaires provided. Nutrient estimations
were performed for those who had answered at least 31 of
the 34 questions. Participants with energy intakes outside
the <1 (<3,822 kJ/day (914 kilocalories (kcal)/day)) and >99
percentiles (>13,660 kJ/day (3265 kcal/day)) identified from
the whole Tromsg4 population were excluded, in accordance
with Jacobsen and Nilsen (24). Portion sizes were estimated for
each sex on the basis of data from previous dietary surveys in
Northern Norway (25, 26). The Norwegian food composition
table from 1995 (27) provided the basis for calculations of
nutrient intake, supplemented with data from the corresponding
Swedish food composition table in the case of missing food
composition values (28). A more detailed description of
the food and nutrient estimates for Tromsg4 is available in
Jacobsen and Nilsen (24).

In Tromsg7, the follow-up nutritional estimates were based
on an FFQ developed at the University of Oslo (UiO), designed
to collect information on the total diet, including questions
on frequency and amount of intake of 261 dietary items (29).
Participants who completed less than 90% of the FFQ were
excluded, as were participants with extreme energy intakes
(<3,948 kJ/day and >21,267 kJ/day (944 kcal/day and 5083
kcal/day)), in accordance with Lundblad et al. (29). Daily
intakes of energy and protein were calculated using the food
and nutrient calculation system KBS, with database version
AE14 at the UiO (KBS, version 7.3.). The food database KBS
AE14 is based on the 201415 edition of the Norwegian food
composition table (http://www .norwegianfoodcomp.no) and
supplementary data calculated from recipes and additional
databases (30).

Average daily protein intake was expressed in grams (g),
grams per megajoule total energy intake (g/MJ), and grams
per kilogram bodyweight (g/’kg BW). Intake of protein when
expressed as g/MJ reflects the proportion of protein in a
person’s diet while intake in g/kg BW reflects protein intake
relative to BW.

Dietary tracking

For tracking analyses, the participants were allocated to
study-specific tertiles of protein intake at baseline and follow-
up. Subsequently, the proportion of pre-frail/frail and robust
participants with a stable or changed level of protein intake
from Tromsg4 to Tromsg7 was identified by cross-tabulation.
Stability was presented as the proportion of participants
who remained in the same tertile of protein intake between
time points, and change was presented as the proportion
of participants who decreased or increased their associated
tertile of protein intake over time. Tracking coefficients were
calculated for each of the two protein variables for pre-frail/
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Figure 1. Flow chart of included participants

PROTEIN INTAKE AND THE RISK OF PRE-FRAILTY AND FRAILTY

Tromsgd Invited to study
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Dashed line marks sub-samples of participants included in statistical analyses

frail and robust participants separately using Cohen’s weighted
kappa (»w) (31). This is a measure of the level of agreement
between tertile memberships at different time points, with
membership of the same tertile considered to be perfect
agreement and different weighting to movements between
adjacent-versus-extreme tertiles (31). Cut-offs proposed by
Landis and Koch (32) were used for the interpretation of
kappa values. For the logistic regression analyses, a variable
of four tracking groups was created: stable low intake (low
and medium tertiles), stable high intake (highest tertile),
and decreased and increased level of protein intake between
Tromsg4 and Tromsg7. The stable high intake was set as the
reference category.

Frailty measurement

A modified version of the physical frailty phenotype
described by Fried et al. (3) was used to assess frailty in
Tromsg7 (Supplementary Table 1). Baseline frailty status was

not assessed in Troms@4 owing to insufficient data.

A low physical activity level was defined as the lowest
category, “Mainly reading, watching TV/screen or other
sedentary activity”, in the four-level Saltin-Grimby Physical
Activity Level Scale (33). Weight loss was defined by the
Malnutrition Universal Screening Tool (34) as self-reported
involuntary weight loss during the previous 6 months.
Exhaustion was defined by a single item from the Hopkins
Symptoms Checklist 10 (35): “Have you felt that everything is
a struggle during the last week?”, as the two highest categories,
“Pretty much” or “Very much”. Low walking speed was
defined in accordance with cut-offs for frailty as proposed by
Fried et al. (3) using the short physical performance battery test
(36). Participants were asked to walk 4 m at their average speed
twice, of which the fastest test was recalculated as seconds per
4.752 m (15 feet), and adjusted for sex and height to match the
definition of Fried et al. (3). Grip strength (kg) was measured
using a Jamar (PLUS+) electric dynamometer. The strongest of
three measurements on each hand was recorded as the maximal
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grip score, as according to the Southampton protocol (37). Low
grip strength was defined in accordance with cut-offs for frailty
as proposed by Fried et al. (3). For men, low grip strength was
defined accordingly for the body mass index (BMI) quartiles;
<24, 24.1-26, 26.1-28 and >28 when accompanied by grip
strengths (kg) <29, <30, <30, <32, respectively. For women,
the corresponding cut-offs were <23, 23.1-26, 26.1-29, >29
and <17, <17.3, <18, <21, respectively. BMI was calculated as
measured BW divided by the square of a person’s height (kg/
m?).

Participants who fitted none of the above criteria were
considered robust, those scoring 1-2 were considered pre-frail,
while those with a score >3 were considered frail. Given the
low number of participants with frailty score >3 (n=36), the
outcome assessed in this study was pre-frail and frail combined
(frailty score >1).

Covariates

Baseline (Tromsg4) covariates were selected for descriptive
purposes and as potentially confounding factors based on
existing literature. Sociodemographic characteristics and
lifestyle factors were self-reported by participants in the
questionnaires provided.

Smoking status was divided into three groups: never smoked,
current daily smoker, and previous daily smoker. Cohabitation
was defined based on a combination of the participant’s marital
and living status. Participants who were married or living with
their spouse/partner, were classified as cohabitants. Level
of education was grouped into four categories: 1) primary/
(modern) secondary school (7-10 years) , 2) technical/
vocational/middle school, 1-2 years senior high school, high
school diploma, 3) college/university <4 years and 4) college/
university >4 years. The question “Do you feel that you have
enough good friends?”, (“yes”/“no”) was included as a measure
of the level of social capital and support. Participants were
classified as physically active if they reported performing hard
physical activity weekly, with sweating or breathlessness,
or >3 hours weekly of light activity without sweating or
breathlessness. Comorbidity was defined as the self-reported
presence of two or more of the following diseases: coronary
heart disease (angina pectoris and/or heart attack), stroke,
pulmonary disease (asthma and/or chronic bronchitis), peptic
ulcer (gastric and/or duodenal ulcer), cancer and diabetes,
based on the Charlson Comorbidity Index without weigthing
of diseases (38). High alcohol consumption was defined as
estimated intake above the upper recommended daily limits set
out by the Norwegian Directorate of Health at >10 g for women
and >20 g for men (39). The same characteristics were obtained
for participants at follow-up (Tromsg7) for sensitivity analyses
and descriptive purposes, with the exception of peptic ulcer
owing to a lack of information.

Statistical analysis

Differences between pre-frail/frail and robust groups were
tested using the Student’s t-test for continuous variables and

the chi-square or Fisher’s exact test for categorical variables.
Continuous variables are presented as means and standard
deviations or 95% confidence intervals (Cls). Categorical
variables are presented as counts and proportions.

The association between protein intake and pre-frailty/frailty
was examined via multivariable logistic regression analysis
in three ways: 1) longitudinal analyses on baseline (Tromsg4)
protein intake and 21-year follow-up (Tromsg7) frailty status,
2) cross-sectional analyses on Tromsg7 protein intake and
frailty status, and 3) longitudinal analyses on tracking patterns
of protein intake between Tromsg4 and Tromsg7, and Tromsg7
frailty status. All effect estimates are presented as odds ratios
(OR) with 95% CI.

Primary analyses were solely adjusted for age (Model 1)
and subsequently further for baseline (Model 2) and follow-up
covariates (Model 4), respectively. The main analytic model,
Model 2, was adjusted for age, sex and baseline smoking
status, education level, and BMI. Model 4 was adjusted for
age, sex and follow-up smoking status, comorbidity and BMI.
Multivariable analyses on protein expressed as g/kg BW were
not adjusted for BMI. However, to assess the potential influence
of energy intake, Models 3 and 5 were additionally adjusted for
baseline and follow-up daily energy intake, respectively.

Several supplementary analyses were performed. To assess
potential influence of follow-up protein intake, supplementary
longitudinal logistic regression analyses were additionally
adjusted for Tromsg7 protein intake (Models 6, 7). To
account for possible misclassification of participants of robust
participants with missing frailty data (n=910), frailty was
imputed in individual frailty items in these participants.
Imputation was done manually in 25% (n=228), 50% (n=455),
75% (n=683) and 100% (n=910) of cases. Subsequently, Model
2 was run in these four hypothetical study populations. To
elucidate further the protein—frailty association, Models 1 and
2 were run on protein intake and frailty score >2, and low grip
strength, respectively. Analyses on frailty score >2 excluded
participants with frailty score 1 and were run to further account
for possible misclassification given that these constituted the
vast majority of the pre-frail/frail group. Low grip strength was
chosen among the five frailty criteria as a proxy for muscle
function.

The multivariable model was built using purposeful selection
method with protein intake (g/MJ) as the key exposure variable
(40, 41). Following univariate analyses of the covariates
previously described, variables with p-values <0.20 or with
known clinical relevance (sex) were selected for further
inclusion.

Specific diseases were not included in the univariate
analysis, only the comorbidity variable as a proxy for disease
status. After identification of nonlinear tendencies of the
continuous variables age and BMI, these were additionally
added to the model in their quadratic forms. No statistically
significant interactions were found between biologically
plausible variables. All statistical analyses were performed in
STATA 16.5. A p-value of <0.05 was considered statistically
significant.
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Table 1. Baseline (Tromsg4) characteristics of study participants by Tromsg7 frailty status (n=3726)

PROTEIN INTAKE AND THE RISK OF PRE-FRAILTY AND FRAILTY

Baseline characteristics

All (n=3726)

Women (n=1906)

Men (n=1820)

Robust Pre-frail/frail P’ Robust Pre-frail/frail P Robust Pre-frail/frail P
(n=2681) (n=1045) (n=1343) (n=563) (n=1338) (n=482)

Attendees, % 720 28.0 70.5 295 735 265
Age (years), mean (sd) 50.9 (4.9) 52.3(5.6) <0.001 50.6 (4.9) 52.2(5.6) <0001  51.1(4.9) 52.4(5.6) <0.001
Weight (kg), mean (sd) 73.8 (12.6) 754 (13.9) <0.001 66.6 (10) 68.9(11.6)  <0.001  81.1(10.4) 82.9 (12.6) 0.002
Height (cm), mean (sd) 171 (8.9) 169 (9.5) <0.001 164 (5.9) 163 (6.4) <0.001 177 (6.3) 177 (6.9) 0.08
BMI (kg/m?), mean (sd) 253(3.3) 263 (3.8) <0.001 247 (3.6) 26.0 (4.1) <0.001  258(2.8) 26.6 (3.4) <0.001
Daily smoking, n (%) 2677 1045 1341 563 1336 482

Currently, n (%) 744 (27.8) 381 (36.5) €001 369275 204 (36.2) 0001 375 (28.1) 177 (36.7) 0.001

Previously, n (%) 963 (36.0) 347 (33.2) 404 (30.1) 158 (28.1) 559 (41.8) 189 (39.2)

Never, n (%) 970 (36.2) 317 (30.3) 568 (42.4) 201 (35.7) 402 (30.1) 116 (24.1)
Married or cohabitation, n (%) 2292 (88.5) 864 (86.6) 0.12 1101 (85.5) 449 (84.2) 0.50 1191 (91.4) 415 (89.3) 0.17
Education’, n (%) 2675 1043 1340 561 1335 481

Primary/partly secondary, n (%) 822 (30.7) 400 (38.4) 461 (34.4) 264 (47.0) 361 (27.0) 136 (28.3)

Upper secondary, n (%) 937 (34.7) 372 (35.7) <0.001 475 (35.5) 194 (34.5) <0.001 452 (33.9) 178 (37.0) 0.13

Short tertiary, n (%) 466 (17.4) 146 (14.0) 186 (13.9) 46 (8.2) 280 (21.0) 100 (20.8)

Long tertiary, n (%) 460 (17.2) 125 (12.0) 218 (16.3) 58 (10.3) 241 (18.1) 67 (13.9)
Social support, n (%) 2071 (82.4) 793 (80.3) 0.16 1074 (854)  439(82.4) 0.10 997 (79.3) 354 (78.0) 0.55
Good self-rated health, n (%) 2053 (76.7) 660 (63.2) <0.001 968 (72.2) 318 (56.6) <0.001 1085 (81.2) 342 (71.0)  <0.001
Physically active, n (%) 1881 (70.2) 603 (57.7) <0.001 869 (64.8) 310 (55.1) <0.001 1012 (75.6) 293 (60.9)  <0.001
High alcohol consumption?, n (%) 44 (2.0) 23 (2.6) 0.26 25(222) 10 (2.1) 0.92 19 (1.7) 13(3.1) 0.08
Comorbidity, n (%) 46 (1.7) 26 (2.5) 0.12 19 (1.4) 13(2.3) 0.17 27 (2.0) 13.(2.7) 0.38
Coronary heart disease', n (%) 62 (2.3) 44 (4.2) 0.002 12(0.9) 13 (2.3) 0.01 50 (3.7) 31 (6.5) 0.01
Pulmonary disease!, n (%) 213 (8.0) 98 (9.4) 0.16 115 (8.6) 59 (10.5) 0.19 98 (7.3) 39 (8.1) 0.58
Peptic ulcer’, n (%) 169 (6.8) 88 (9.0) 0.03 70 (5.7) 38(72) 0.20 99 (7.9) 50 (11.1) 0.04
Cancer, n (%) 65 (2.6) 31(3.1) 0.38 53 (4.3) 19 (3.6) 0.52 12 (0.9) 12 (2.6) 0.01
Stroke, n (%) 13 (0.5) 8(0.8) 0.30 6(0.5) 3(0.5) & 7(0.5) 5(1.0) 023
Diabetes, n (%) 11(0.4) 6(0.6) 0.50 5(04) 3(0.5) ok 6(0.5) 3(0.6) L

BMI: body mass index, sd: standard deviation, MJ: megajoule, BW: bodyweight. N deviates slightly owing to a lack of data on specific variables. "P-value from Student’s t-test for
continuous variables and chi-square test for categorical variables between pre-frail/frail and robust women and men. "Primary/secondary school 7-10 years, modern secondary school;
technical/vocational/middle school, 1-2 years senior high school or high school diploma (3—4 years); college/university <4 years; college/university >4 years. ‘Self-reported satisfactory
number of good friends. *Daily alcohol intake =10 g (women) or =20 g (men). "Angina pectoris and/or myocardial infarction. {Asthma and/or chronic bronchitis. *Gastric and/or duodenal

ulcer. **No chi-square test performed owing to low n (<5) in cell.

Results

Characteristics

The mean age at follow-up was 73 years (Supplementary
Table 2). Thirty-six participants (1.0%) were classified as frail
and 1,009 (27%) as pre-frail, totalling 1,045 (28%) pre-frail/
frail. The prevalence of frailty and pre-frailty increased with
age (p<0.001) (Supplementary Table 3).

At baseline, pre-frail/frail participants were slightly older and
had higher BW and BMI compared with robust participants,
both when all participants were combined, and when stratified
by sex (Table 1). A higher proportion of pre-frail/frail than
robust participants were daily smokers (37% vs 28%) at
baseline, while more robust participants considered their own
health as good (77% vs 63%) and were physically active (70%
vs 58%). At baseline, pre-frail/frail women were more likely
to have the lowest level of education (47% vs 38%). Pre-
frail/frail and robust participants did not differ at baseline in

terms of cohabitation, self-perceived social support, alcohol
consumption or comorbidity, either when men and women were
combined or considered separately (Table 1).

Also at follow-up, pre-frail/frail participants had higher
BW and BMI than robust participants (Supplementary Table
2). Compared with robust participants, more pre-frail/frail
participants were daily smokers (15% vs 8.0%) and suffered
from comorbidity (21% vs 13%), while fewer were satisfied
with their own health (45% vs 71%). Pre-frail/frail women were
more likely to have completed the lowest level of education
(57% vs 43%) and less likely to have high alcohol consumption
(17% vs 29%) compared with robust women (Supplementary
Table 2).

Tromsg4 participants who did not attend Tromsg7 (n=5,991)
were older, had higher BMI, were less physically active (57%
vs 65%), had higher prevalence of comorbidity (7.0% vs
2.2%) and slightly higher intake of protein in g/MJ in Tromsg4
compared with those who did (n=4,755) (Supplementary Table
3).

260



JFA - Volume 11, Number 3, 2022

Table 2. Daily nutrient intake in Tromsg4 and Tromsg7 by follow-up (Tromsg7) frailty status (n=3726)

All (n=3726) Women (n=1906) Men (n=1820)
Robust Pre-frail/frail Robust Pre-frail/frail Robust Pre-frail/frail

Mean (95% CI)  Mean (95% CI) P’ Mean (95% CI) Mean (95% CI) P’ Mean (95% CI) Mean (95% CI) P*

Tromsg4, n=3089 2220 869 1113 457 1107 412
Energy, MJ 7.96 (7.88:8.05) 7.70 (7.57;7.84) 0.002  6.82(6.73;691) 657 (6.44;6.70) 0004  9.11 (9.00;9.22) 8.96 (8.78;9.13) 0.15
Protein, g 78.3 (77.5;79.1) 76.6 (75.2;77.9) 0.03 67.6 (66.7,684) 652 (64.0;664) 0.003 89.1(88.1;90.2) 89.1(87.4,90.9) 0.99
Protein, g/MJ 9.95 (9.90;10.0) 10.0 (9.95:10.1) 0.09 10.0 (9.95;10.1)  10.0 (9.91;10.2) 096  9.87(9.79;9.94) 10.0(9.91;102) 0.02
E% 16.6 (16.6;16.7) 16.8 (16.6;16.9) 0.09 16.8 (16.6;16.9)  16.8 (16.6;17.0) 0.96 16.5(16.4;16.6) 168 (16.6;17.0)  0.02
Protein, g/lkg BW 1.08 (1.07;1.09) 1.03(1.01;1.05)  <0.001  1.04(1.02;1.05) 097 (095;1.00) <0.001 1.12(1.10;1.14) 1.10(1.07;1.12)  0.11

Tromsg7, n=2507 1834 673 893 359 941 314
Energy, MJ 9.20 (9.07:9.33) 8.70 (8.50:891)  <0.001  8.50(8.33;8.67) 8.01(7.78;8.32) 0.005 9.86(9.68;10.0) 9.45(9.15:9.75) 0.03
Protein, g 95.6 (94.2;97.0) 90.3(88.0;92.5) <0.001  89.7(87.8:91.6) 83.7(89.7;86.8)  0.001 101 (99.3;103)  97.7 (94.5;101)  0.08
Protein, g/MJ 10.5 (10.4;10.5) 10.4 (10.3;10.5) 0.66 10.6 (10.5;10.7)  10.4 (10.3;10.6) 0.09 10.3 (10.2;104) 104 (10.3;10.6) 035
E% 175174;176)  175(172:17.6) 066  177(17.5:17.9) 174(172;177) 009 173 (17.1;174) 174(17.1;177) 035
Protein, g/lkg BW 1.27 (1.25;1.29) 1.17 (1.14;1.20) <0.001 1.31(1.28;1.34) 1.17 (1.12;1.22)  <0.001 1.22(1.20;1.25) 1.17(1.23;1.21) 0.04

Participants in tracking analysis (n=1908)

Tromsg4 1401 507 680 259 721 248
Energy, MJ 8.01 (7.90;8.11) 7.78 (7.61;7.95) 0.03 6.85(6.73;:6.97)  6.68 (6.51;6.86) 0.13  9.09(8.97;9.22) 892(8.71;9.14) 0.19
Protein, g 78.5 (77.5;79.5) 77.3 (75.6;78.9) 0.21 67.6 (66.6;68.7)  66.3 (64.6;68.0) 0.19  88.8(87.5;90.0) 88.7(86.6;90.9) 0.99
Protein, g/MJ 9.91 (9.85;9.98) 10.0 (9.91;10.2) 0.08 9.99 (9.89;10.1)  10.0 (9.87;10.2) 070  9.84(9.75;9.93) 10.0 (9.86;10.2) 0.04
E% 16.6 (16.5;16.7) 16.8 (16.6;17.0) 0.08 16.7 (16.6;16.9) 168 (16.5;17.1) 0.70 16.5(16.3;16.6) 168 (16.5;17.1)  0.04
Protein, g/lkg BW 1.09 (1.07;1.10) 1.03(1.08;1.05) <0.001  1.05(1.02;1.07) 098 (0.94;1.01) <0.001 1.12(1.10;1.14)  1.09 (1.06;1.12)  0.14

Tromsg7 1401 507 630 259 721 248
Energy, MJ 9.23 (9.09;9.38) 8.77 (8.53;9.01) 0.001 8.61(8.42;8.80) 8.05(7.76;8.36)  0.003  9.82(9.62;10.0) 9.52(9.18;9.86) 0.14
Protein, g 95.5(93.9:97.0) 90.9 (88.3;93.5) 0.003  90.5(88.4;92.7)  83.8(80.3;87.3)  0.002 100 (98.0;102)  98.3(94.7;102)  0.41
Protein, g/MJ 10.4 (10.3;10.5) 10.4 (10.3;10.6) 0.65 10.5(10.4;10.7)  10.4 (10.3;10.6) 0.32 10.3 (10.2;104) 104 (10.2;10.6)  0.12
E% 174 (17.3;17.5) 17.4 (17.2;17.7) 0.65 17.6 (17.5;17.8)  17.5(17.1;17.8) 0.32 172 (170;17.3) 174 (17.1;17.8)  0.12
Protein, g/kg BW 1.27 (1.25;1.29) 1.16 (1.13;1.20)  <0.001  1.33(1.30;1.36)  1.15(1.10;1.21) <0.001 1.21(1.19;1.24) 1.17(1.12;1.22) 0.12

CI: confidence interval, MJ: megajoule, E%: proportion of total energy from protein, BW: bodyweight. N deviates slightly owing to a lack of data on specific variables. Data shown as

means and 95% confidence intervals. “P-value from Student’s t-test between daily protein intake and frailty status.

Protein intake

Mean daily protein intake for all participants was 78 g at
baseline (Tromsg4) and 93 g at follow-up (Troms@7) (Table 2).
Also, in Tromsg4, mean daily intake was 1.1 g/lkg BW and 17
E%, whereas in Tromsg7 the corresponding values were 1.2 g/
kg BW and 18 E%, respectively. Both pre-frail/frail and robust
participants had higher total and relative daily intake of protein
at follow-up (Tromsg7) than at baseline (Tromsg4).

Overall, robust participants had a higher daily intake of
protein in g and g/kg BW compared to pre-frail/frail
participants at baseline and follow-up (Table 2). In women,
robust participants had a higher daily intake of total protein
and protein expressed as g/kg BW compared with pre-frail/
frail women at baseline (68 g vs 65 g, p=0.003; 1.04 vs 0.97 g/
kg BW, p<0.001) and follow-up (90 g vs 84 g, p=0.001; 1.31 vs
1.17 g/lkg BW, p<0.001). In men, a marginally higher baseline
intake of protein expressed as g/MJ was observed in pre-frail/
frail men, compared with robust men (100 vs 99 g/MJ, p=0.02).
At follow-up, robust men had slightly higher intake of protein
expressed as g/lkg BW compared with pre-frail/frail men (1.22
vs 1.17 g/kg BW, p=0.04) (Table 2).

The sub-sample of participants included in the tracking

analyses (Figure 1) resembled the main samples with higher
observed intakes at follow-up than at baseline (Table 2).
Moreover, differences in protein intake between robust and pre-
frail/frail groups in the tracking sub-sample were largely similar
as described above, except for intake of total protein, which was
less likely to differ significantly between groups.

For the tracking of intake of protein expressed as g/lkg BW,
a trend was observed in which more pre-frail/frail participants
had a stable low than high level of intake (53% vs 39%), and a
decreased rather than increased (30% vs 27%) tertile of intake
(Table 3). In robust participants, a slightly higher proportion
had a stable high than low level of intake of protein in g/kg
BW (51% vs 49%) between time points. No clear trend was
observed for patterns of intake of protein when expressed as
g/MJ. Tracking coefficients measured by Cohen’s weighted
kappa (0.18-0.25) indicated overall slight to fair tracking of
protein intake between time points (Table 3).

Protein intake and risk of pre-frailty/frailty

Longitudinal analyses of protein intake in Tromsg4,
expressed as g/kg BW, and pre-frailty/frailty in Tromsg7
showed lower odds of pre-frailty/frailty with increased protein
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Table 3. Tracking values and proportion of stability of protein intake in pre-frail/frail and robust participants between Tromsg4

and Tromsg@7 (n=1908)

Protein intake Tromsg4 Tromsg7
n (%) Decrease II tertiles, Decrease I tertile, Stability, Increase I tertile, Increase II tertiles, Cohen’s Kw#
n (%) n (%)" n (%)* n (%)" n (%)"
Protein intake, g/MJ
Robust participants 1401
Low (<9.3) 470 (33.6) nc nc 223 (474) 160 (34.0) 87 (18.5)
Medium (9.3-10.4) 482 (344) nc 146 (30.3) 174 (36.1) 162 (36.1) nc 0.20
High (>10.4) 449 (32.0) 99 (22.0) 147 (32.7) 203 (45.2) nc nc
Pre-frail/frail participants 507
Low (<9.3) 166 (32.7) nc nc 76 (45.8) 51(30.7) 39(23.5)
Medium (9.3-10.4) 154 (30.4) nc 51(33.1) 46 (29.9) 57 (37.0) nc 0.18
High (>10.4) 187 (36.9) 41(219) 58 (31.0) 88 (47.1) nc nc
Protein intake, g/kg BW
Robust participants 1401
Low (<0.9) 433 (30.9) nc nc 214 (49.4) 127 (29.3) 92 (21.2)
Medium (0.9-1.2) 478 (34.1) nc 141 (29.5) 177 (37.0) 160 (33.5) nc 0.25
High (>1.2) 490 (35.0) 73 (14.9) 165 (33.7) 252 (51.4) nc nc
Pre-frail/frail participants 507
Low (<0.9) 203 (40.0) nc nc 107 (52.7) 60 (29.6) 36 (17.7)
Medium (0.9-1.2) 158 (31.2) nc 65 (41.1) 54 (342) 39(24.7) nc 0.19
High (>1.2) 146 (28.8) 36 (24.7) 53(36.3) 57 (39.0) nc nc

MJ: megajoule, BW: bodyweight. nc: no possible change (decrease/increase) in level of intake. "Proportion of participants who changed tertile of protein intake from Tromsg4 to Tromsg7.
"Proportion of participants who remained in the same tertile of protein intake from Tromsg4 to Tromsg7. “Tracking coefficient of weighted Cohen’s kappa.

intake both in primary (Model 1) and fully adjusted analyses
(Model 2) (OR=0.43, 95%CI1=0.31;0.58, p<0.001) (Table
4). Similarly, cross-sectional analyses of protein intake in
Tromsg7, expressed as g/kg BW, showed an inverse association
with odds of pre-frailty/frailty after adjusting for baseline
covariates (Model 2) (OR=0.57, 95%CI=0.46;0.72, p<0.001).
All findings remained significant following adjustment for
follow-up covariates (Model 4) and/or energy intake (Models 3,
5) (Table 4).

Results from tracking analyses of protein intake, expressed
as g/lkg BW, showed that participants with a stable low intake
or who changed their tertile of protein intake between time
points had higher odds of pre-frailty/frailty than those with a
stable high level of intake. Specifically, a stable low protein
intake (OR=1.96, 95%CI=1.38;2.78, p<0.001), a decreased
(OR=1.73, 95%CI=1.22;2.46, p=0.002) or an increased tertile
of protein intake over time (OR=1.70, 95%CI=1.20;2.44,
p=0.004) increased the risk of pre-frailty/frailty in Tromsg7
(Model 2, Table 4). Following additional adjustment for energy
intakes, the patterns increased and decreased level of protein
intake (in g/kg BW) were not significantly (Model 3) and
borderline significantly (Model 5) associated with pre-frailty/
frailty in Troms@7 (Table 4).

For intake of protein in g/MJ, age-adjusted tracking analysis
(Model 1) showed that participants with a stable low intake
over time had lower odds of pre-frailty/frailty in Tromsg7
(OR=0.67, 95%C1=0.48;0.92, p=0.02) than participants with
a stable high intake, although this was no longer significant
after further adjustments (Table 4). No other associations were

found between intake of protein in g/MJ and pre-frailty/frailty
in Tromsg7.

Supplementary analyses with additional adjustment for
protein intake in Tromsg7 supported the findings of an inverse
association between intake of protein in g/kg BW and risk
of pre-frailty/frailty (Supplementary Table 5). Similarly,
sensitivity analyses with imputed frailty data showed lower
odds of pre-frailty/frailty with increased daily intake of protein
in g/kg BW, at all levels of imputation. Also, with imputations,
the only patterns of protein intake associated with increased
risk of pre-frailty/frailty were a stable low, and a decreased
level of intake (Supplementary Table 6). Results were similar
for sensitivity analyses on daily intake of protein in g/kg BW
and frailty score >2. A stable low level of intake was associated
with increased risk of frailty score >2 (Supplementary Table
7). For low grip strength, cross-sectional analyses showed an
inverse association with daily intake of protein in g/kg BW.
Tracking analyses showed higher odds of low grip strength in
Tromsg7 in participants with decreased level of protein intake
over time (Supplementary Table 8).

Discussion

Daily intake of protein expressed as g/kg BW in adulthood
and older age was inversely associated with risk of pre-frailty/
frailty in older age. Tracking analysis showed that, compared to
a stable high intake of protein in g/lkg BW over time, different
patterns of protein intake increased the risk of pre-frailty/frailty.
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Table 4. Odds ratios (OR) and 95% confidence intervals (CI) for daily intakes of protein in Troms@4, and Tromsg7, tracking
patterns of protein intake from Tromsg4 to Tromsg7, and pre-frailty/frailty in Tromsg7 (n=3726)

Dietary exposure Model 1 Model 2* Model 3* Model 4* Model 5*
OR 95% CI P OR 95% CI1 P OR 95% CI P OR 95% CI P OR 95% CI1 P
Daily intake Tromsg4, n=3089+
Protein, g/MJ 1.04 0.98;1.11 0.17 1.00  093;1.06 0.88 1.00 0.94;1.07 0.97
Protein, g/lkg BW 047 0.34;0.63 <0.001 043 031058 <0.001 042 0250.72 0.001 045 0.33;0.62 <0.001 047 0.33;0.67 <0.001
Daily intake Tromsg7, n=2507"
Protein, g/MJ 1.01 0.95;1.07 0.87 095 089101 009 0.96 0.90;1.02 0.18
Protein, g/kg BW 0.58 047;0.72 <0.001 057 046072 <0001 051 038070 <0001 054 043;0.67 <0001 044 0.30;0.64 <0.001
Tracking of protein intake from Tromsg4 to Tromsg7, n=1908"
Protein, g/MJ
Stable high 1.00 1.00 1.00
Stable low* 0.67 0.48;0.92 0.02 084  0.60;1.18 032 0.80 0.57;1.14 0.22
Decrease 0.80 0.58;1.10 0.17 091 065126 057 0.89 0.64;1.24 049
Increase 0.82 0.60;1.12 021 093 067130 0.69 0.92 0.66;1.29 0.64
Protein, g/lkg BW
Stable high 1.00 1.00 1.00 1.00 1.00
Stable low* 1.86 132263 <0001 196  138;2.78 <0.001 190  1.16;3.09 0.011 1.89 1.33;2.69  <0.001 1.63 1.09;2.44  0.02
Decrease 1.73 122;244  0.002 1.73 122;246  0.002 1.85 1.14299 0013 1.75 123;249  0.002 1.50 1.00;226  0.05
Increase 1.63 115232 0.007 170 120244 0.004 159 097;261  0.06 1.58 1.10;2.26 001 1.58 1.09;227  0.02

MI: megajoule, BW: bodyweight. OR and 95% CI from logistic regression analyses. "N deviates slightly owing to a lack of data on specific variables. "Analytical sample for Model. ‘Low
and medium tertiles. Model 1: Adjusted for baseline age. Model 2: Adjusted for baseline age, sex, smoking, education level and body mass index (not for analyses including protein in
g/kg BW). Model 3: Model 2 + additionally adjusted for baseline energy intake (MJ/day). Model 4: Adjusted for Troms@7 age, sex, smoking, comorbidity and body mass index (not for
analyses with protein per g/lkg BW). Model 5: Model 4 + additionally adjusted for Tromsg7 energy intake (MJ/day)

No significant associations were found between intake of
protein relative to energy (in g/MJ) and pre-frailty/frailty.

In line with the observed beneficial effects of increased
intake of protein expressed as g/kg BW on risk of pre-frailty/
frailty as seen from longitudinal analyses, were findings
reported by Beasley et al. in the Women’s Health Initiative
cohort (11). Beasley and colleagues found that a 20% increased
intake of protein (g/kg BW) calibrated by 24-hour urinary
nitrogen was associated with a 35% lower risk of frailty and
a 22% lower risk of pre-frailty among 24,417 older women
over a 3-year follow-up (11). In support of this, The Newcastle
85+ study showed that increased intake of protein in g/kg
BW adjusted to normal BMI for older adults (22-27 kg/m?)
decreased the likelihood of transitioning from pre-frail to frail
over five years in the oldest individuals (>85 years) (15).
Further, an American 10-year longitudinal study observed
fewer health problems, including a study-specific definition
of frailty, amongst community-dwelling women over 60 years
with a daily protein intake >1.2 g/kg BW compared with those
consuming <0.8 g/kg BW (14). The lower cut-off at 0.8 g/
kg BW was set according to the current Recommended Daily
Allowance for protein intended for healthy adults and older
adults (42), and the upper cut-off (>1.2 g/kg BW) was set as
emerging evidence has suggested that older adults need a higher
protein intake to maintain muscle mass and function (14, 39, 43,
44). However, using these cut-offs (<0.8 and >1.2 g/kg BW),
a prospective cohort study of Dutch adults (>45 years) did not
observe any association between protein intake and risk of
frailty (19).

In line with our findings from cross-sectional analyses on

intake of protein relative to BW, Rahi and colleagues (16)
found that, in older French community-dwellers, daily protein
intake >1 g/kg BW was significantly associated with a lower
prevalence of frailty when compared with those consuming less
protein. Conversely, Bollwein et al. (45) found no association
between quartiles of protein intake (g/kg BW) and risk of
frailty. Of note, the cross-sectional studies suffer the risk
of reverse causality (46). The findings from supplementary
analyses performed with imputed frailty data and on frailty
score >2 and low grip strength emphasize the protective effect
of consuming sufficient amounts of protein relative to one’s
BW.

The lack of association between intake of protein in g/
MJ and risk of pre-frailty/frailty in this study, was somewhat
confusing. However, the null findings observed in the
longitudinal analyses are in agreement with Shikany et al.
(20), who did not observe any association between quartiles
of protein E% and frailty amongst older US men over
a 4.6-year follow-up period. They did, however, show an
inverse association between overall diet quality and risk of
frailty. Furthermore, a Japanese prospective cohort found
higher total protein intake to be negatively associated with
pre-frailty/frailty development in older adults over 2 years;
however, the results were no longer statistically significant
after additional adjustment for energy intake. The authors
suggested this indicated that increased energy intake mediated
the contributions of protein intake towards reducing frailty
development (47). This hypothesis was tested in our study by
performing risk analyses stratified by quartiles of energy intake,
however, this did not influence the results notably (data not
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shown). Moreover, considering the observed higher BW and
BMI of pre-frail/frail participants, it could be speculated that
the observed increased risk of pre-frailty/frailty from intake
of protein in g/kg BW is in fact due to differences in BW and
body composition between groups, however, this was not
investigated further due to lack of body composition data.

Contradictory to our findings, other studies have observed
a relationship between energy-adjusted protein intake and
frailty. Sandoval-Insausti and colleagues (12) found an inverse
association between quartiles of total protein intake adjusted
for energy and risk of frailty over 3.5 years amongst Spanish
community-dwellers (>60 years). The aforementioned findings
of Beasley et al. of reduced risk of frailty with higher protein
intake in g/kg BW persisted when calibrated protein intake
was expressed as E% (11). In addition, two cross-sectional
studies performed among community-dwelling older Italians
(18) and Japanese women (17), respectively, found an inverse
association between quintiles of daily intake of energy-adjusted
protein and frailty.

Tracking of protein intake and risk of frailty

The low tracking values obtained in the present study are
comparable with other tracking studies on lifestyle variables,
and their magnitude is impaired by the variables’ moderate
reproducibility and the long follow-up period (48-50). For
intake of protein expressed as g’kg BW, the observed opposing
trends of patterns of protein intake between pre-frail/frail versus
robust participants were not clearly reflected in the results,
as all patterns of protein intake over time, except for a stable
high intake, was associated with an increased risk of pre-
frailty/frailty. However, the results from the sensitivity analyses
indicate that a low or decreased level of intake is more crucial
in terms of frailty risk than any pattern of increased protein
intake. Most notably, tracking analyses on frailty score >2 and
low grip strength should be interpreted with caution given the
high level of uncertainty observed in the risk estimates.

Strengths and limitations

Major strengths of the current study are the prospective
design, which allowed for follow-up of a large population-based
sample over two decades, and the use of validated instruments
to measure frailty components. Additionally, the assessment of
the protein—frailty association in both longitudinal and cross-
sectional analyses provides a more thorough understanding of
the relationship than results from just one or the other.

A key limitation is that this study suffers from selective
drop-out of participants with overall poorer health. This attrition
contributes to the existing risk of selection bias associated with
population-based studies, given that study participants tend to
have both better health and higher socioeconomic status than
non-participants (51). Non-attendance of the frailest individuals
invited to Tromsg7 may have influenced the observed
associations and contributed to the low observed prevalence
of frailty. The observed prevalence was lower than reported
in community dwellers worldwide (52), in Europe (53), and
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amongst participants >70 years in Tromsg5 in 2001 (54). In
addition, missing frailty data might have contributed further to
the low frailty prevalence. However, results from sensitivity
analyses in participants with imputed frailty data, supported
the main findings of an inverse association between intake of
protein in g/kg BW and risk of pre-frailty/frailty.

Aside from the problem of selection bias, the relatively
good health of the study participants may also reflect research
showing that today’s older adults are notably stronger than
previous generations (55). Therefore, one could argue that
Fried’s cut-offs (3) are not optimal for identifying frailty
accurately in the present study population, considering that
these cut-offs are population-specific to older Americans in
2001.

This study suffers from the risk of misclassification given
the combination of participants originally classified as pre-frail
or frail in the more heterogeneous group ‘pre-frail/frail’ group
and because the majority of participants in this group had a
frailty score of 1. Consequently, there is a risk that practically
healthy participants were grouped together with the genuinely
frail. This was addressed to some extent in the results of the
sensitivity analyses on frailty score >2, which for the most part
supported the main results. Nonetheless, the majority of the
pre-frail/frail participants were in fact pre-frail, and therefore
comparisons with studies on frail participants are weakened.

Another important limitation is the risk of information bias
introduced by self-reported variables, including the frailty
criteria physical activity level, exhaustion and weight loss,
and the dietary exposure variables and adjustment covariates.
At both time points, the observed relative protein intake of
the participants was in line with current Norwegian dietary
recommendations for both healthy adults (0.8-1.5 g/kg BW,
10-20 E%) and older adults (1.1-1.3 g/kg BW, 15-20 E%)
(39). However, the comparability of the protein estimates
between the two surveys was reduced substantially because
they were based on distinctly different questionnaires and
dietary information, and different food composition databases
were used for the protein calculations. The estimated nutritional
intake in Tromsg7 was based on a much higher number of
dietary items than in Tromsg4, and it is natural to assume that
the reported intake will increase with increased number of
foods asked about. Additionally, portion sizes in Tromsg4 were
estimated on the basis of previous dietary surveys whereas they
were specifically asked for in the Tromsg7 FFQ. Therefore,
there is a risk that the observed increased daily intake of protein
over time may be attributable to methodological differences.

The two relative protein variables measured in this study
have different sources of error according to their respective
adjustment variables, given that BW was measured objectively
whilst estimated energy intake was based on self-reported data.
Moreover, the protein variables reflect the participants’ protein
intake in two different ways. By adjusting for energy, one can
to a certain extent reduce the confounding effect of energy
in the analyses, and account for the influence of other factors
that affect energy intake, such as physical activity level, body
composition, and metabolism (56). On the other hand, changes
in BW may themselves influence protein intake in g/kg BW.
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Therefore, observed changes in intake of protein in g/kg BW
may be explained either by changes in protein intake, BW or
both.

Unfortunately, there is no validation study on the nutritional
data obtained from Tromsg4, but the estimated proportions of
energy obtained from macronutrients were comparable to data
in the first two Norkost surveys (1994-95, 1997), intended to be
representative of the Norwegian population aged 16-79 years
(24, 57). The much more comprehensive FFQ used in Tromsg7
has been validated (58-60) and is considered a suitable tool for
dietary assessment in large population surveys.

In addition to being self-reported, the majority of the study
covariates were dichotomized which led to loss of information
and potential for residual confounding. The findings from
the present study are generalizable to community-dwelling
Norwegian adults and older adults, as long as these limitations
are kept in mind. Specifically, the generalizability of the results
from the tracking analyses is impaired by the use of study-
specific measures as opposed to objective cut-offs for protein
intake (50).

One further limitation of the study is that there are no
repeated measurements of frailty. However, no information
on frailty status was available at baseline. Similarly, repeated
measurements of protein intake between Tromsg4 and Tromsg7
might have added to the study but no such data were available.
There were also no data available to assess the influence of
different sources of protein (plant versus animal), the amount of
protein intake per meal, and the timing of protein intake.

In conclusion, the vast majority of the pre-frail/frail
participants in this population-based study were pre-frail.
The results highlight the significant associations between
protein intake, BW and frailty development, particularly via
the transitional state of pre-frailty. These findings emphasize
the importance of consuming an adequate amount of
protein in adulthood and of complying with current dietary
recommendations in order to prevent age-related loss of muscle
mass and function.
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