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ABSTRACT  

Background: The ageing of the population is a global challenge and the 
period of life spent in good health, although increasing, is not keeping pace 
with lifespan. Consequently, understanding the important factors that 
contribute to healthy ageing and validating interventions and influencing 
policy to promote healthy ageing are vital research priorities.  

Method: The PANINI project is a collaboration of 20 partners across Europe 
examining the influence of physical activity and nutrition in ageing. 
Methods utilised encompass the biological to the social, from genetics to 
the influence of social context. For example, epigenetic, immunological, 
and psychological assessments, and nutritional and sports science-based 
interventions have been used among older adults, as well as mathematical 
modelling and epidemiology. The projects are multi-disciplinary and 
examine health outcomes in ageing from a range of perspectives. 

Results: The results discussed here are those emerging thus far in PANINI from 
11 distinct programmes of research within PANINI as well as projects cross-
cutting the network. New approaches, and the latest results are discussed. 

Conclusions: The PANINI project has been addressing the impact of 
physical activity and nutrition on healthy ageing from diverse but 
interlinked perspectives. It emphasises the importance of using 
standardized measures and the advantages of combining data to compare 
biomarkers and interventions across different settings and typologies of 
older adults. As the projects conclude, the current results and final data 
will form part of a shared dataset, which will be made open access for 
other researchers into ageing processes.  

KEYWORDS: ageing; epigenetics; frailty; genetics; inflammation; 
nutrition; physical activity; physical function; well-being 

INTRODUCTION 

The ageing of the population is a global challenge: current data suggests 
that by the year 2020 about one fifth of the population of Europe will be 
aged 65+ years and there will be a tripling of the number of individuals 
aged 85+ years by 2050 [1]. Although life expectancy is increasing by 2 
years per decade on average, the period of life spent in good health (health 
span) although also longer, is not keeping pace with lifespan to the same 
extent. This means that most Europeans spend their latter years in poor 
health. Thus, understanding the important factors that contribute to 
healthy ageing versus frailty and validating interventions and influencing 
policy to promote healthy ageing is a cross-cutting research priority in 
Europe. Healthy ageing is life spent in relatively good health with 
independence and good quality of life across physical and mental domains 
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versus living with limited independence and poor quality of life. This 
review will describe briefly the Physical Activity and Nutrition INfluences 
In ageing (PANINI) project, the different work packages within the project 
which address the global challenge of healthy ageing, and the recent 
findings and ongoing research. Finally, future directions informed by this 
research will be discussed. 

The PANINI project is filling a key knowledge gap by considering the 
impact of lifestyle factors on healthy ageing and disease, specifically 
physical activity and nutrition. These factors and their influence on 
various bodily systems and the net effect on the individual should not be 
considered in isolation. Consequently, the PANINI project is an innovative 
multi-disciplinary training and research network examining the influence 
of physical activity and nutrition on age-related changes from gene to 
societal level [2–4] As a result, PANINI is very diverse in the nature of 
research conducted. However, it devised of a toolkit of multi-factorial 
important measures of function and wellbeing in ageing using existing 
gold standards and/or previously validated and commonly used measures 
across existing datasets. This means that each project, as far as was 
possible, has integrated the measurement of a standard set or part of a 
standard set of measures for comparison across populations in addition to 
answering their own specific research questions. The PANINI project 
consists of three main research work-packages: Standardisation of measures; 
Physical Activity; and Nutrition. The present review is an update and 
summary of PANINI network findings and implications thus far. Table 1 
summarises the completed and ongoing individual projects within each work 
package and associated references, and papers in preparation.  

Table 1. Summary of PANINI completed and ongoing activities and associated references.  

Work Package Project/Activity Associated 
References 

1. Standardisation • The physical activity and nutritional influences in ageing toolkit: 
methodology 

• Malnutrition is associated with dynamic physical performance. 

[5] 
 
[6]  

• Is knowing better doing better? The relationship between knowledge of 
nutrition and physical activity guidelines and physical function and 
activity in older adults 

[7] 

• Systematic review of objectively measured sedentary behavior and 
mortality 

ongoing 

• Systematic review of objectively measured sedentary behavior and 
physical function 

ongoing 

• Are different geriatric domains different constructs with respect to 
muscle measures (muscle mass, muscle function, and muscle strength)? 

ongoing 

• Application of the PANINI Toolkit in diverse European Cohorts ongoing 
• A machine learning approach to investigate the relation between physical 

activity, nutrition and the pace of ageing in the PANINI shared dataset. 
ongoing 
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Table 1. Cont. 

Work Package Project/Activity Associated 
References 

2. Physical Activity • A systematic review of randomised controlled trials investigating 
prehabilitation before major intra-abdominal cancer surgery: An analysis 
of prehabilitation content and outcome measures 

[8] 

• AGING & ALLOSTASIS: A critical evaluation of allostatic markers in the 
context of aging 

[9] 

• Capturing changes in functional, inflammatory and metabolic biomarkers 
over time in elderly undergoing major (abdominal) surgeries. 

[10] 

• Impact and recovery: adequate assessment of psychophysiological 
reserve capacity and recovery in elderly before and after major life event. 

ongoing 

• Interventions targeting sedentary behavior in non-working older adults: a 
systematic review. 

[11]  

• INTervention to REduce Sitting Time in older adults undergoing 
orthopaedic surgery: protocol for a feasibility study (INTEREST).  

[12]  

• INTervention to REduce Sitting Time in older adults undergoing 
orthopaedic surgery: results from a feasibility study (INTEREST).  

[13] 

• Frailty Levels in Geriatric Hospital paTients (FLIGHT)—The prevalence of 

frailty amongst geriatric populations within hospital ward settings: A 

systematic review protocol. 

[14] 

• Frailty Levels In Geriatric Hospital paTients (FLIGHT)—the worldwide 

prevalence of frailty amongst geriatric hospital inpatients and its 

association with healthcare expenditure and economic prosperity: A 

systematic review and meta-analysis 

[15] 

• Assessing the feasibility and impact of an adapted resistance training 

intervention; aimed at improving the multi-dimensional health and 

functional capacity of frail elderly care home residents: protocol for a 

feasibility study (KARE).  

[16] 

• Assessing the feasibility and impact of specially adapted exercise 

interventions, aimed at improving the multi-dimensional health and 

functional capacity of frail geriatric hospital patients: protocol for a 

feasibility study (SPAA). 

[17] 

• Determining the feasibility and impact of specially adapted exercise 

interventions, aimed at improving the multi-dimensional health and 

functional capacity of frail geriatric hospital patients: results from a 

feasibility study (SPAA). 

ongoing  

• Assessing the feasibility and impact of an adapted resistance training 

intervention; aimed at improving the multi-dimensional health and 

functional capacity of frail elderly care home residents: results from a 

feasibility study (KARE). 

ongoing 

• Determining the feasibility and impact of specially adapted exercise 

interventions, aimed at improving the multi-dimensional health and 

functional capacity of frail geriatric hospital patients: results from a 

feasibility study (SPAA). 

ongoing  
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Table 1. Cont. 

Work Package Project/Activity Associated 
References 

2. Physical Activity • Physical performance in relation to menopause status and physical 

activity.  

[18]  

• The role of physical activity in the link between menopausal status and 

mental wellbeing 

[19] 

• Changes in the physical performance and a role of physical activity 

during menopausal transition. 

[20] 

• Association of physical fitness and mental well-being in middle aged 

women. 

ongoing 

• Effects of a 12-month home-based physical rehabilitation programme on 

the mitigation of sarcopenia in older hip fracture patients: a randomised 

controlled trial. 

ongoing 

3. Nutrition • Hand grip strength cannot be assumed a proxy for overall muscle 

strength 

[21]  

• Knee extension strength measurements should be considered as part of 

the comprehensive geriatric assessment. 

[22]  

• Sarcopenia and its association with falls and fractures: systematic review 

and meta-analysis 

[23]  

 • The use of a portable metabolic monitoring device for measuring resting 

metabolic rate in healthy young and older adults. 

[24] 

• Current knowledge and practice of Australian and New Zealand 

healthcare professionals in sarcopenia diagnosis and treatment: Time to 

move forward! 

[25] 

• Clinical determinants of resting metabolic rate in geriatric outpatients. [26] 

• Distance metrics for genome scale metabolic networks [27] 

• A machine learning model to predict 3-month mortality and the chance 

of living independently three months after hospital discharge 

[28] 

• The impact of dietary patterns on cognition through the lens of 

neuroimaging—a systematic review 

[29] 

• The interplay between diet quality and cognitive performance on 

physical functioning in healthy aging. 

[30] 

• Study on the Mediterranean diet affects cognition and brain measures in 

community dwelling adults.  

[31] 

• The relationship between healthy diet and self-control brain areas [32] 

• Motivational interviewing as an approach to dietary counselling on 

eating habits of older adults 

ongoing 

• Social networks and their influences on dietary intake, nutritional status 

and physical function of community-dwelling ethnically diverse older 

adults: A mixed method longitudinal study 

[33] 
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Table 1. Cont. 

Work Package Project/Activity Associated 
References 

3. Nutrition • The association between nutritional status, cognition and physical 

function of community-dwelling ethnically diverse older adults: A 

longitudinal study. 

[34] 

• Perceptions and factors influencing eating behaviours and physical 

function in community-dwelling ethnically diverse older adults: a 

longitudinal qualitative study 

[35]  

• The interplay of dietary fibre and social networks on cognition among 

community-dwelling older adults: A moderation model 

[36] 

• One-year Mediterranean-diet promotes epigenetic rejuvenation in the 

elderly participants of the NU-AGE study: country and sex-specific 

effects. 

[37] 

• DNA methylation and skeletal muscle aging in humans [38] 

• Development of gene-targeted epigenetic aging clock using the Agena 

Bioscience EpiTYPER system 

ongoing 

• Enhanced targeted resequencing by optimized combination of 

enrichment technology and DNA insert length 

[39] 

4. Dissemination • Consortium mission statement [2] 

• Lengthening healthy life [3] 

• The need for ageing research in Europe [4] 

All studies conformed to the Declaration of Helsinki and regulations 
established within the respective governmental and research 
organisations’ regulations. All studies involving human participants 
gained ethical approval and written informed consent; ethical approvals 
for each individual study were also submitted to the funder and are 
available on request.  

WORK PACKAGE 1: STANDARDISING TOOLS AND DATA 

Within this work package, it was aimed to understand the interaction 
between the domains of nutrition status and physical status in older adults 
as a matter of clinical urgency. Using large datasets and combined data 
across the PANINI consortium it was aimed to gain a better understanding 
of these domains and especially their interaction. Heterogeneity in the 
methods used to assess nutrition and physical domains across different 
studies presents a challenge [40]; thus standardisation of methods is 
required. The PANINI Toolkit was devised by the consortium and is made 
up of best practice measures in five domains (background, 
anthropometrics, nutrition, physical status, and psychological and 
cognitive health) for assessing nutritional and physical status across five 
domains [5]. Measures exist within datasets previously collected by 
PANINI partners and have been applied across new PANINI projects. The 
measures comprising the PANINI toolkit are summarised in Table 2. 
Application of the PANINI toolkit across new PANINI projects and 
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standardisation of data entry allows for comparability between different 
ageing populations and interventions by using the same protocol baseline 
and outcome measurements (the PANINI Protocol and Case Report Form, to 
be made available on the PANINI website in June 2019: 
https://www.birmingham.ac.uk/generic/panini/index.aspx). This standardization 
of measures has allowed us to study the interaction between the nutrition 
and physical activity and effects on physical and mental function across 
different ageing profiles and to compare effectiveness of interventions 
conducted with healthcare and non-academic partner settings. The 
eventual combined PANINI dataset will be made open access via the 
University of Birmingham data repository within 12 months of the end of 
the project and will be accessible by request using a data access form 
through the PANINI website, which will be reviewed by the PANINI 
steering committee. PANINI is using these data to develop a set of physical 
activity recommendations for older adults across the range of frailty and 
dependency levels which will be integrated with the knowledge gained 
regarding nutritional intake and energy balance across the network. This 
will be integrated into a set of policy-ready recommendations for healthy 
ageing, as one of the deliverables of PANINI (Table 3). 

Table 2. Summary of measures of the PANINI Toolkit by domain. 

Domain Sub-Domains Tool Measure 
1. Socio-
demographics 

Socio-
demographic 

PANINI Questionnaire Nationality, language, education, and 
occupation 

 Social PANINI Questionnaire Marital status, living situation, and 
social circumstances 

2. General 
Health 

Intoxicants PANINI Questionnaire  Alcohol, smoking, and drug use  
Medical history PANINI Questionnaire Past and current medical conditions 
Medication use PANINI Questionnaire Current medication use 
Anthropometrics Calibrated height and 

measuring system  
Height (cm) and weight (kg) 

Tape measure  Waist, hip, calf, and mid-arm 
circumferences (cm) 

Body Composition Dual-energy X-ray 
absorptiometry (DXA) 

Fat mass, lean soft-tissue mass 
(comprising muscle, inner organs, and 
body water), and bone mineral 
content (kg) 

Bioelectrical Impedance 
Analysis (BIA)  

Fat mass, lean soft-tissue mass 
(comprising muscle, inner organs, and 
body water), and bone mineral 
content (kg) 
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Table 2. Cont.  

Domain Sub-Domains Tool Measure 

3. Nutrition Malnutrition Mini Nutritional 

Assessment (MNA) 

Nutritional status (points) (normal 

nutritional status, at risk of malnutrition, 

malnourished)  

Water consumption PANINI Questionnaire  Daily amount of water consumption 

(mL/day) 

Nutritional intake Food frequency 

questionnaire  

Macronutrient and micronutrient intake  

4. Physical 

Activity & 

Physical 

Performance 

Physical Activity  Modified Minnesota 

Leisure Time Activities 

(MLTA) Questionnaire 

Self-reported physical activity (kcal/week) 

International Physical 

Activity Questionnaire 

Short Form (IPAQ-s) 

Self-reported physical activity (vigorous 

activity, moderate activity, walking, sitting) 

(h/day) 

Accelerometer s Physical activity, energy expenditure, and 

sedentary behaviour  

Mobility PANINI Questionnaire Self-reported mobility  

Physical 

performance 

Short Physical 

Performance Battery 

Composite physical performance score 

(points) 

Four meter (4 m) walk test Gait speed (m/s) 

Chair stand test  Time to complete 5 stands from a chair (s) 

Balance tests  Ability to maintain balance for  

10 s in side by side, tandem, and semi-

tandem positions (yes/no, points) 

Balance tests with eyes 

closed 

Ability to maintain balance for  

10 s in side by side, tandem, and semi-

tandem positions with eyes closed (yes/no, 

points) 

Handheld dynamometer Hand grip strength (kg) 

Frailty Fried Frailty Phenotype 

Criteria 

Frailty status (robust, pre-frail or frail) * 

4. Physical 
Activity & 
Physical 
Performance 

Frailty Shrinking: Weight loss 

questions ** 

Shrinking: Unintentional weight loss in 

past year ** (yes/no) 

Weakness: Handheld 

dynamometer 

Weakness: Hand grip strength (kg) 

Poor endurance: 

Depression Center for 

Epidemiologic Studies 

Depression Scale (CES-D) 

*** 

Poor endurance: Depression score (points) 

Slowness: 4m walk test Slowness: Gait speed (m/s) 
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Table 2. Cont.  

Domain Sub-Domains Tool Measure 

4. Physical 

Activity & 

Physical 

Performance 

Frailty Low activity: MLTA 

Questionnaire 

Low Activity: Physical activity (kcal/week) 

Falls Short Fall Efficacy Scale 
International (FES-I) 

Fear of falling (points) 

PANINI Questionnaire Falls history information in past year 
Activities of daily 
living 

Katz Index of 
Independence in 
Activities of Daily Living 
(IADL) 

Ability to independently complete 
activities of daily life (yes/no, points) 

5. Psychological 
& Cognitive 
Health 

Cognition Standardised Mini 
Mental State 
Examination (SMMSE) 

Cognitive status (points) 

Psychological Geriatric Depression 
Scale-15 (GDS-15) 

Depression (normal, mild depression, 
moderate depression, severe 
depression)  

Bulleted items represent individual measures within a composite measure. Measures from the PANINI Questionnaire 

are assessed through questions developed by the PANINI consortium. * All criteria of the Fried Frailty Phenotype are 

assessed as above or below a specified threshold cutoff (adjusted BMI, age, height, and/or sex as necessary.  
** Unintentional weight loss is assessed by self-reported loss ≥4.5 kg in the year before the current evaluation or 

unintentional weight loss ≥5% of the previous year’s body weight is used to assess the “shrinking” criteria of the Fried 

Frailty Phenotype. *** The evaluation of two statements (a) “I felt that everything I did was an effort” and (b) I could not 

get going from the CES-D scale are used to assess the “poor endurance” criteria of the Fried Frailty Phenotype.  

Table 3. Summary of PANINI scientific deliverables/milestones (ESR = Early Stage Researcher).  

Title  WP Description 
ESR1 Toolkit 1 Standardised measures collated and toolkit developed 
ESR6 Study 1 2–3 Data collection complete on 3-year follow-up of cohort on neurocognitive 

parameters, dietary intake and physical function. 
ESR3 Study 1 2 Systematic review of sedentary time interventions and acute study 

observational analysis complete 
ESR1 Verification 1 Check that standardised measures are implemented across all studies 
ESR2 Study 1 2 Data collection completion and analysis of Study 1  
ESR6 Sub-study 2–3 Dietary pattern profiles. Selection of clusters for nutrient analysis and 

actigraphy. 
ESR6 Model 2–3 Definition of bio-mathematical models that predict cognitive ageing. 
ESR9 Study 1 3 Clinical phenotype of sarcopenia data collected and analysed 
ESR10 Study 1 3 Genome wide analysis of NUAGE diet study complete 
ESR11 Lit search 3 Literature search of genetic determinants of ageing-related conditions  
ESR8 Study 1 2–3 Literature review complete, assessment battery operational 
ESR4 Study 1 3 Completion and analysis of dietary assessment methods data 
ESR5 Study 1 2 Computational model of skeletal muscle metabolism developed 
ESR6 Sub-sample 2–3 Data collection complete on essential nutrients and cognition. 
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Table 3. Cont.  

Title  WP Description 
ESR8 Pilot study 2–3 Pilot stage complete, standardized assessment battery complete 
ESR3 Study 2 2 Feasibility trial for reducing sitting time pre-surgery complete 
ESR7 Dataset 2 Complete cross-sectional data collection  
ESR8 Study 1 2–3 Participants recruited and data analysed 
ESRs10 &11 
Analysis 

3 Completion of candidate gene & DNA methylation analysis pre/post 
intervention 

ESR 8 Intervention 2–3 Complete pre-surgical exercise intervention data collection  
ESR1 Collation 1 Data collation across all studies into shared database 
ESRs2,4 Study 2 3 Completion of Study 2 
ESR6 Analysis 2–3 Complete longitudinal analysis (3- & 6-year follow-up). 
ESRs 2,3,6,8,9 2–3 All samples from interventions to UNIBO for epigenetic analysis 
ESR7 Follow-up 2 Follow-up data in early and late perimenopausal women collected  
ESR8 Study 1 2–3 Data collection complete on main trial in patients 
ESR5 Study 2 2 Model applied to active versus sedentary adult data  
ESRs 3–4 Study 3 2 Data collection complete and analysed for third studies for ESRs 3–4 
ESR8 Data analysis 2–3 Data analysis & manuscripts complete on acute and post-op intervention 

effects  
ESRs 2,3,6,8,9 2–3 UNIBO for epigenetic analysis complete 

One of the initial set of analyses across multiple datasets within PANINI 
focused on malnutrition and physical function. Malnutrition and poor 
physical performance are both conditions that increase in prevalence with 
age [41], however, their clinically relevant interrelation has not been 
thoroughly studied. PANINI has studied the strength of the association 
between malnutrition and measures of both static and dynamic physical 
performance as a reflection of strength and power of muscle as a key 
linking substrate in a cohort of geriatric outpatients. It was found that 
malnutrition was associated with dynamic (chair stand test, gait speed, 
and timed up and go), rather than static (hand grip strength and balance) 
measures of physical performance [6]. Malnutrition was most strongly 
associated with chair stand test (the time required for an individual to 
stand up and down from a chair five times) and gait speed (the time it takes 
for an individual to walk 4 meters at normal pace). Less strong but 
significant associations were found between malnutrition and timed-up-
and-go test (the time it takes for an individual to stand up from a chair, 
walk three meters, turn around, walk back to the chair, and sit down) test. 
There was no significant association between malnutrition and hand grip 
strength (an individual’s ability to apply maximum force to a handheld 
dynamometer) or balance (the ability to maintain balance in side-by-side, 
semi-tandem, and tandem stances for 10 seconds). The expertise on 
malnutrition as well as physical activity and physical function measures 
within the cohort also helped shape the content of the PANINI toolkit. This 
was then implemented into new data collection within PANINI, meaning 
projects were able to incorporate and analyse more multi-disciplinary 
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measures and examine their associations through collaboration within the 
network.  

A further part of the joint PANINI initiative on data collection, data 
sharing, and public engagement, was a public engagement event at the 
Vrije University Amsterdam called "PANINI: Recipe for Becoming Older". 
This event engaged a group of Dutch older adults, assessed their 
knowledge of Dutch nutrition and physical activity guidelines through 
questionnaires, and tested their functional status through a series of 
physical function and anthropometric measurements. It also provided 
education through a series of lectures pertaining to healthy ageing and 
engagement activities. Participants received feedback on their 
performance on the knowledge questionnaires as well as their vitality 
measurements. Data collected were used to study the relationship 
between knowledge of Dutch nutrition and physical activity guidelines 
and physical function (hand grip strength, gait speed, and physical activity 
min/week) and asked the question: Is knowing better doing better? It was 
found that in this inception cohort of generally healthy and motivated 
older adults, there was no association between knowledge of guidelines 
and physical function [7]. 

WORK PACKAGE 2: PHYSICAL ACTIVITY 

The loss of skeletal muscle mass and function during the ageing process 
(sarcopenia), when associated with weight loss, poor physiological 
reserves, fatigue, weakness, slow walking speed, reduced balance and 
physical inactivity, results in frailty [42]. Low physical activity and higher 
sedentary behaviour among elders impacts on sarcopenia leading to 
frailty and mortality [43]. Thus, early detection and mitigation through 
sensitive biomarkers and targeted interventions is essential to ensure 
healthy ageing. The Physical Activity work package has incorporated 
studies of the impact of physical activity on muscle cell function through 
to acute effects of sedentary time on physical (muscle) and psychological 
(mental well-being and cognition) function.  

Understanding the biology and physiology behind the development of 
frailty is an initial step required to develop appropriate interventions. 
PANINI is addressing this through focusing on muscle function, endocrine 
function, and inflammation in ageing at the cell and system level. These 
biological and physiological changes are being studied in a range of older 
populations of differing frailty and mobility and pre/post novel tailored 
interventions to reduce sedentary time, increase activity and improve 
physical function. Many of the measures incorporated in these studies are 
from the PANINI toolkit to allow comparability (see Table 2).  

Physical activity interventions need to be appropriate for older adults 
of a range of health, frailty and independence levels thus must be tailored 
to the individual. For example, major surgery induces stress, which 
combined with the prevailing physically passive coping strategy can be 
harmful for patients, particularly when frail. PANINI is testing a novel 
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intervention known as ‘better in, better out’ which promotes a pro-
physical activity and social environment to patients before and during the 
entire surgical trajectory to prevent poor recovery post-surgery [44].  

Limited mobility and independence can hamper the uptake and 
maintenance of physical activity in frail older populations. Research 
suggests that seated muscle strengthening activities can be effective at 
improving muscle function [45–47], however, such chair-based exercise 
may not be feasible among very frail dependent older adults. Further, it is 
not known whether such interventions might be effective at altering levels 
of key healthy ageing biomarkers such as inflammation. The PANINI 
project is developing interventions to determine their feasibility and 
effectiveness for different frail older adult groups, including sedentary 
community-dwelling adults, care home residents, and hospital in- and 
outpatients.  

Prehabilitation 

The present steady increase in longevity, combined with advances in 
medical expertise and technologies result in an increase in invasive 
medical procedures, like major surgeries (e.g., abdominal surgeries or 
hip/knee replacements), most notably in older people [48]. These 
developments result in a growing demand for health care, causing rising 
costs and constrained resources [49]. A considerable proportion of the 
strain on resources is post-surgical hospitalisation, which is directly 
related to effective recovery from surgery. However, the ability to 
adequately recover from such procedures requires substantial physical 
and psychological resilience, which, by definition, will likely be of 
increased necessity with increasing age [50]. Under the umbrella of 
‘prehabilitation’, promising new interventions are being developed that 
aim to increase pre-operative fitness and psychophysiological 
resilience/reserve capacity, even in older adults, and in this way enhance 
post-operative recovery [8,51] However, to adequately monitor the effects 
of such interventions, reliable methodologies are required that accurately 
and repeatedly monitor health status, not least in aged populations. This 
should additionally help to predict and thereby provide options to prevent 
eventual negative side-effects from prehabilitation.  

A potentially useful example of such a methodology is the concept of 
allostasis [52]. Allostasis defines health status as one’s ability to adapt to 
environmental demands by dynamic neuroendocrine responses in 
multiple domains, typically associated with metabolic, inflammatory, and 
cardio-respiratory processes. Allostasis is “achieving stability through 
adaptive changes” and provides an outline to quantify health, health-
impact and recovery by combining generally applied clinical (bio)markers 
[52,53]. Allostatic load is an index of multisystem physiological 
dysregulation or being in a state of allostasis [51,54]. Allostatic load is 
different to frailty in that it considers a range of changes which are not 
usually incorporated in most conceptualisations of frailty or frailty 
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indices, however, multisystem dysregulation in older adults serve as a 
warning of developing frailty after some years [51]. Further, the present 
project focused on allostatic load rather than frailty because allostatic load 
can be observed at all ages in response to chronic or severe stress, whereas 
frailty indices tend to focus on changes that emerge in association with 
ageing itself or disease. As such, there is overlap between frailty and 
allostatic load in both cause and consequences, but allostatic load is 
broader. The ‘Allostatic Load Index’ (ALI) [55] is generally regarded as a 
valid and clinically useful parameter of resilience, most profoundly in 
relation to the mid- to long-term health consequences of somatic strain 
and psychological stress. Strangely however, the concept has so far only 
been validated in (quite diverse) adult populations. A validated ALI for 
older adults (ALIE) is yet lacking, which might be considered a serious 
omission, both for the patients as well as their caregivers. The explicit 
relevance of concepts like allostasis for specifically people “at risk” for 
negative health outcomes seems all too obvious. However, a seriously 
restrictive factor might be that some included parameters are known to 
change with ageing. This principle makes redesigning this concept 
specifically for ageing populations (e.g., in the context of prehabilitation, 
surgery, and recovery) quite a challenge. This endeavour has been 
engaged upon within the PANINI project as a first attempt to modify the 
ALI specifically to be applied with older adults. Using Bayesian modelling, 
and based on previously published statistics, preliminary results indicate 
that an allostatic load model specified for older people (>60 years) can 
technically be developed (ALIE)[9]. However, this research has revealed 
that although the original clustering of ALI markers (neuroendocrine, 
immune, metabolic, cardiovascular, respiratory, and anthropometry) 
appears to hold in older adults very well, not all standardized 
(bio)markers of ALI were clustered in this age group. A possible 
explanation for this could be that some original (bio)markers decrease 
with ageing (e.g., aldosterone), significantly reducing their proportional 
contribution, while others seem to be too disorder-specific (e.g., dopamine 
in relation to dementia). Hence, in the aged population, these are not truly 
representative for the impact of, and recovery from, single major life 
events like surgery. Nevertheless, these promising new insights seem to 
provide useful avenues for designing effective prehabilitation protocols, 
strategies, and/or policies [10]. 

Sedentary Behaviour 

As an important correlate of physical function several PANINI projects 
have focused on sedentary behaviour. Sedentary behaviour is defined as 
any waking behaviour characterized by an energy expenditure ≤1.5 
metabolic equivalents (METs), while in a sitting, reclining or lying posture 
[56]. The association between self-reported sedentary behaviour and 
health outcomes has been well studied [57], however, self-reported 
measures of physical activity tend to overestimate physical activity 
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duration and intensity and underestimate sedentary time [58,59]. 
Consequently, PANINI aims to quantify the association between sedentary 
behaviour and physical function, as well as, sedentary behaviour and 
mortality through systematic reviews with meta-analyses. 

Further, in relation to sedentary time, a series of related PANINI studies 
have focused on interventions to reduce sedentary behaviour in older 
adults, including the prehabilitation described above. We published the 
first systematic review to assess interventions to reduce sedentary 
behaviour in older adults [11]. This is despite older adults being one of the 
most sedentary groups within the population as well as being most at-risk 
for its negative health effects. Although the evidence reported in the 
review was limited in both quantity and quality, sedentary behaviour 
interventions in non-working older adults were found to have the 
potential to lead to meaningful reductions in sedentary time of up to 51.5 
min/day. However, there was insufficient evidence for an impact of a 
reduction of sedentariness on clinical outcomes such as physical function 
and cardiometabolic health. The review informed us that future studies 
should be of RCT design and should endeavour to assess changes in 
function and health as primary outcomes, with adequate follow-up 
assessment to establish duration of achieved behaviour change. 
Additionally, it was evident few interventions on sedentariness had not 
been attempted in populations with mobility limitations, such as 
osteoarthritis. To this end, the INTEREST intervention was developed, 
which is an INTervention to REduce Sitting Time in older adults 
undergoing orthopaedic surgery: a feasibility study (INTEREST) as a form 
of prehabilitation [12]. Working within the PANINI network has meant 
that it has been possible to share expertise, making the methodologies and 
measurement tools in projects such as INTEREST more multi-disciplinary 
in approach. For example, both in terms of the mixed methods needed to 
fully assess the feasibility of an intervention, and the incorporation of 
measures of psychological wellbeing and cognition alongside physical 
activity and physical function measures. Osteoarthritis is common to 
many older adults, and often results in knee or hip replacement to 
decrease pain and enhance quality of life [60]. While waiting for surgery, 
such individuals are often very sedentary, so the aim of the INTEREST 
project was to reduce sedentariness prior to surgery and examine whether 
this improved post-operative outcomes. The study was a randomised 
controlled trial design, with 2:1 randomisation into an intervention and 
usual care group respectively. Thirty-five patients aged at least 60 years or 
older waiting for hip and knee replacements were recruited 
approximately 8–10 weeks before surgery date estimates. Participants 
included 18 knee and 17 hip patients. Participants had a median of 3 
medical conditions, indicating a high degree of multimorbidity. The Short 
Physical Performance Battery scores indicated great variability in physical 
function, and the mean BMI showed a high prevalence of overweight in 
the sample. Additionally, the mean self-reported daily sitting time was 8.9 
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h/day and objectively measured mean sedentary time was 590.18 ± 113.9 
mins/day (9.84 h/day). The intervention, developed using Self-
Determination Theory (SDT) [61] as a theoretical framework, was 
composed of multiple behaviour change techniques; namely, motivational 
interviewing, feedback on current objectively-measured sedentary 
behaviour and activity, goal-setting, environmental modification, self-
monitoring, and social support. Assessments occurred at baseline, 1-week 
pre-surgery, and 6-weeks post-surgery, and the intervention was of 
variable duration depending on patient surgery schedules. The primary 
outcome was the feasibility of the study and intervention, assessed 
quantitatively based on rates of recruitment and retention, measures-
completion, and intervention fidelity assessment, and with mixed-
methods assessment of acceptability, practicality, adaption, satisfaction, 
and safety. Exploratory outcomes included physical function, 
cardiometabolic biomarkers, measurement of SDT constructs, and both 
objective (ActivPal inclinometers) and subjective measurement daily 
activity and sedentariness. Preliminary data based on n = 14 pre-surgical 
assessment points in the intervention group suggests high satisfaction 
with the programme, with all patients stating that they were at least 
“likely” to keep working towards their goals in the future. However, most 
patients reported that achieving their goals exposed them to additional 
pain and was physically and mentally difficult. There was a 14.2% uptake 
rate, with a recruitment rate of 2.99 patients per month, highlighting the 
challenges to recruitment to an interventional trial among this patient 
group. The results of the feasibility study will be available shortly [13].  

Frailty 

In contrast to more able patients undergoing elective surgery, one set 
of projects within this physical activity work package in PANINI has 
specifically focussed on more frail older adults. Estimates of the 
prevalence of frailty in the general population vary widely [62,63], but less 
is known about prevalence in hospital inpatients. An ongoing output in 
PANINI to address this is a systematic review and meta-analysis on the 
worldwide prevalence of frailty amongst geriatric hospital inpatients [14]. 
This review is systematically searching and analysing the prevalence of 
frailty within geriatric hospital inpatients within the literature. If 
sufficient data are available, a meta-analysis synthesising pooled 
estimates of the prevalence of frailty and pre-frailty will be conducted [15]. 
Further, the prevalence of frailty stratified by age, sex, frailty definition, 
prevalent morbidities, ward type, and location, among older hospitalised 
in-patients will also be assessed. Alongside this, two specific interventions 
to address physical frailty have been developed as part of PANINI. One is 
the project Keeping Active in Residential Elderly (KARE), which is a mixed 
methods feasibility study presently being conducted at a care home in 
Birmingham, United Kingdom assessing the feasibility and impact of a six-
week adapted resistance training intervention (machine-based strength 
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training). This is aimed at improving the multidimensional (physiological, 
psychological, cognitive, social and emotional) health and functional 
capacity of frail older adults within residential care settings [16]. Finally, 
as a similar study Seated Physical Activity in Ageing (SPAA) is ongoing, 
which is a mixed methods feasibility study being conducted at the Queen 
Elizabeth Hospital Birmingham on a ward focusing on delayed transfer of 
care and acute care patients. It is assessing the feasibility and impact of 
specialised exercise interventions (machine-based strength training and 
chair-based strength training) aimed at improving the multi-dimensional 
health and functional capacity of frail geriatric hospital inpatients [17]. 

The feasibility component of both KARE and SPAA is assessed through 
semi-structured interviews with study participants, focus groups with 
study support staff, a reflective journal, and analysis of recruitment and 
retention rates. The impact of these interventions on the multi-
dimensional health of their respective populations is predominantly 
measured through physiological assessments of inflammatory markers in 
blood samples. Functional capacity is being measured via through hand 
grip strength, leg strength, Short Physical Performance Battery (SPPB)[64], 
Activities of Daily Living [65] and the Fried frailty phenotype assessments 
[42]. Psychological assessments are focussing on depression [66] and 
anxiety [67]. Finally, cognitive assessment is through the standardized 
mini-mental state examination [68] and social assessment through the 
Interpersonal Support Evaluation List [69]. This is a relatively novel 
approach within this area, with the majority of previous studies being 
solely concerned with the impact of such interventions on singular or bi-
dimensional perspectives of health and well-being in the form of 
physiological and cognitive health, or functional capacity. It also shows the 
impact of developing the PANINI toolkit as a consortium and applying this 
across projects to take a more multi-disciplinary approach. The second 
novel aspect of these studies, particularly of the ongoing SPAA feasibility 
study, is the attempt to recruit the frailest of frail older adults with an 
array of comorbidities and functional deficits. These individuals would 
traditionally be deemed to be outside of the purview of such research.  

Ageing is often accompanied by an increase in systemic inflammation, 
for example increases in pro-inflammatory cytokines (e.g., IL-6, TNFα), 
acute phase proteins (C-reactive protein) and coagulation factors (e.g., 
fibrinogen) [70] which are often also associated with chronic stress [71]. 
These can affect physical and mental function, as many diseases have 
common inflammatory pathogenesis such as Alzheimer’s disease and 
arthritis. Further, stress hormone changes with ageing relate to significant 
decrements in immunity, mental health and frailty [72]. Thus, 
cortisol:dehydroepiandrosterone (DHEA) hormone ratios and 
inflammatory markers are being assessed within PANINI both in the 
context of understanding the mechanisms underlying age-related 
changes, and prior to and in response to novel interventions in frail older 
adults, such as that described above, these measures are also relevant to 
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populations undergoing age-related hormonal transitions, as will be 
discussed in the next section.  

Muscle Mass, Function and Mental Wellbeing 

Good muscle function is essential for the maintenance of everyday 
functional capacity and quality of life. Age-related declines in muscle 
strength and functioning are known causes of low walking speed, mobility 
limitations and disabilities among older people [73]. The rate of the decline 
typically accelerates in later decades of life [74], however, in women the 
accelerated pattern may occur in midlife [75,76]. This difference between 
men and women is suggested, as mentioned above, to be due to hormonal 
changes occurring in menopausal years [77,78]. In addition to 
physiological changes, midlife has traditionally been viewed as a 
psychologically stressful life phase when several competing social roles, 
for example, caregiving and work roles, go along with a cumulative 
number of losses [79]. Consequently, it is important to examine whether, 
and how, specific physiological events, such as menopause, contribute to 
physical and mental well-being.  

Numerous methodological issues have challenged the study of the role 
of menopause in muscle strength, physical functioning and mental well-
being. These include varied criteria for distinguishing women by their 
menopausal status, use of a limited number of physical performance 
measurements not allowing for capture of different dimensions of 
physical fitness (e.g., muscle strength, muscle power, endurance) or 
focusing on negative aspects of mental well-being with insufficient 
attention to its positive aspects. To address these challenges, the Estrogenic 
Regulation of Muscle Apoptosis (ERMA) study was developed to investigate 
a role of menopause-related hormonal changes in physical as well as 
psychological functioning among 47- to 55-year old healthy women [80]. 
This is a population-based cohort study with both cross-sectional and 
longitudinal design, capturing comprehensive dimensions of physical 
performance, positive and negative mental well-being, and validates 
menopausal status by hormonal analysis. The cross-sectional part of the 
study in 912 participants showed that menopausal factors contribute to 
losing muscle strength and power as postmenopausal women were 
weaker by 7% in hand grip strength and, had lower muscle power by 6% 
than premenopausal women [18]. It was also found that physical activity 
plays a protective role as it helps to withstand the decline in muscle 
function due to menopause. The next step is to investigate the role of 
menopause and physical activity in mental well-being among 1098 women 
categorised as pre- (n = 304), peri- (n = 407) or postmenopausal (n = 387) 
based on a hormonal analysis and bleeding diary [19]. This study part 
captures both positive and negative dimensions of mental well-being using 
a depressive symptoms scale, a scale measuring positive and negative 
affect and a life satisfaction scale. The second part of this project is to 
corroborate the cross-sectional findings in a longitudinal design [20]. 
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Muscle Mass, Function and Health 

Particularly relevant to physical function and the onset of frailty is the 
health of muscle during ageing. Sarcopenia, low muscle mass and low 
muscle function, is an age-related condition [81] associated with adverse 
health outcomes [82]. In a recent PANINI systematic review and meta-
analysis, a positive association between sarcopenia, falls, and fractures 
among older adults, independent of study design, population, sex, 
sarcopenia definition, continent, and study quality were found [23]. Part 
of the diagnostic criteria for sarcopenia is muscle strength. Hand grip 
strength, compared to knee extension strength, is predominantly assessed 
in clinical practice because of its practicality and cost. The PANINI project 
has found a low to moderate agreement between hand grip and knee 
extension strength among 960 individuals differing in age and health 
status [21]. Therefore, measure of a single muscle group should not be 
regarded as a proxy for overall muscle strength. It was also found that 
there were stronger associations between health characteristics and knee 
extension strength compared with hand grip strength among geriatric 
outpatients [22], suggesting additional value of measuring knee extension 
strength in addition to hand grip strength. Indeed, this broader approach 
has been then applied in studies within the Physical Activity work package 
within PANINI such as the KARE and INTEREST projects.  

Nutrition plays an important role in physical function and 
counteracting sarcopenia, which is where the physical activity and 
nutrition work packages within PANINI overlap. To establish dietary goals, 
knowledge of individual energy requirements is required. Recent studies 
indicated that resting metabolic rate is increased by chronic diseases in 
older adults independent of body composition [83,84]. A study is currently 
being conducted within PANINI [26] to better understand the association 
between number, severity and types of diseases with resting metabolic 
rate among geriatric outpatients. Indirect calorimetry is the preferred 
method to determine resting metabolic rate. Metabolic monitoring devices 
such as QUARK are however relatively expensive, less portable and 
complicated to calibrate and use, thus routine resting metabolic rate 
measurement is difficult and impractical in clinical practice. Fitmate GS is 
a new portable device, easier to calibrate, requires less space, less training 
for operators and has lower operational costs. However, both metabolic 
monitoring devices have not yet been investigated in the same individuals. 
It was found that there was good relative agreement of resting metabolic 
rate between Fitmate GS and QUARK indirect calorimetry measures of 
resting metabolic rate in healthy adults [24]. In the absence of a gold 
standard, Fitmate GS is recommended because of price and practical 
advantages.  

Finally, early diagnosis and subsequent intervention of sarcopenia 
requires awareness among healthcare professionals. Limited knowledge 
about sarcopenia was identified among 250 healthcare professionals in 
Australia and New Zealand attending a professional development event—
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the “Sarcopenia Roadshow” [25]. Next to educational strategies, this study 
identified practical issues that need to be resolved to overcome barriers in 
diagnosing and treating sarcopenia.  

Ageing in the Era of Personalized Medicine  

In order to integrate the ongoing research above on the impact of 
ageing, nutrition and physical activity on muscle strength and function, 
one set of projects within PANINI focused on the metabolic processes 
underlying muscle ageing. Dysregulation of mitochondrial function in the 
muscle is a hallmark of ageing and age- and lifestyle-related diseases and 
so within PANINI it is being studied in skeletal muscle, applying a systems 
biology approach. Biomedical research is becoming more and more a data-
driven process: the last decades saw a surge in the generation of data from 
high-throughput experiments (e.g., DNA and RNA sequencing, 
proteomics), clinical records and wearable devices. Computational models 
of human physiology, such as genome-scale metabolic models, offer a 
context to interpret experimental and clinical data and a framework to 
test new hypotheses, thus guiding the planning of new experiments [85].  

Thus far, a collection of age-specific computational models of muscle 
metabolism from gene expression data have been developed. These 
models allow the computational study of the age-related reprogramming 
of muscle metabolism. Acting as simulated patients, these models facilitate 
integration and interpretation of multiple types of molecular data (genetic, 
proteomic, gene expression), providing structured a priori knowledge on 
how the different biological systems interact. During the development of 
these models it became clear that existing tools were not sufficient to 
investigate the metabolic heterogeneity across individual metabolic 
models. Starting from the concept of distance metrics between genome-
scale metabolic models, we introduced a framework to enable the 
application of machine learning algorithms to large collections of 
metabolic models [27] allowing to search for patterns in hundreds of 
models at the same time. 

Machine learning tasks such as clustering and classification, are 
becoming relevant in the emerging field of personalized medicine: they 
have already been used for patient stratification, to enable the discovery 
of previously unknown disease sub-types, and to provide indications for 
diagnosis and targeted therapeutic treatments. The application of such 
algorithms to datasets containing up to hundreds of metabolic models, 
brings together physiology-based mechanistic models and statistical 
analysis of large datasets. Such have been derived in part from partners 
within the Nutrition work package who have access to clinical and 
experimental datasets, to identify the metabolic processes involved in 
muscle ageing and help develop personalized anti-ageing treatments. 

Computational modelling and statistical tools such as pattern 
recognition algorithms are also going to be a fundamental part of medicine 
in the near future, helping the diagnosis of diseases and offering 
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indications for tailored medical treatments. In another ongoing PANINI 
project, statistical models and machine learning are being applied also to 
the EMPOWER data [28]. This study, conducted by one of the PANINI 
partners, the VU Medical Center in Amsterdam, explores the association 
between muscle mass and strength in a cohort of older adults at hospital 
admission, and the incidence of four geriatric conditions (delirium, 
malnutrition, falls and loss of independence in daily activities) for each 
individual [86]. From these data a multivariate logistic regression model 
has been created to predict the chance of survival and of living 
independently for frail older adult inpatients, three months after hospital 
discharge. This is an example of cross-network collaboration and 
integration of the impact of nutrition and physical activity on healthy 
ageing in existing cohorts that would not be possible without the network. 
Finally, the tools developed so far will be applied to the shared PANINI 
dataset, a heterogeneous set of clinical, biological, physical activity, 
nutrition, cognition and psychological data derived from the PANINI 
projects, to investigate the relation between physical activity, nutrition 
and the pace of ageing. 

WORK PACKAGE 3: NUTRITION 

Human ageing is typically associated with a gain in fat mass (adiposity), 
which with decreased activity can contribute to sarcopenia, and reduced 
mobility [87]. However, with ageing, energy intake also decreases, and 
under-nutrition is prevalent, particularly in hospitals and geriatric 
outpatients, yet correct nutrition and physical activity engagement can 
enhance quality of life, cognition, muscle mass, and decrease fat. PANINI 
is assessing nutritional intake, physical activity and health outcomes in a 
range of older populations including frail outpatients, and associations 
between malnutrition and specific aspects of physical function have been 
demonstrated in the ongoing projects above. This knowledge can also be 
used to develop and test interventions to counteract frailty. Much of the 
research on the broad-reaching effects of diet and nutrition that is 
published in the general media is contradictory. Controversial findings on 
the impact of diet on age-related cognitive function might be explained by 
a combination of short- and long-lasting effects that cannot always be 
captured by neurocognitive tests [88,89]. Besides neurocognitive testing, 
neuroimaging studies have provided evidence that nutrients influence 
brain imaging measures. For instance, alterations of the cerebral blood 
flow, brain metabolism, functional connectivity and integrity of the white 
matter have been associated with specific nutrients [89–91]. However, the 
study of dietary patterns better reflects the interactions between the 
different nutrients of a diet. Consequently, within PANINI a systematic 
review focusing on the impact of dietary patterns on brain imaging 
measures and cognition was conducted [29]. Results seem to indicate that 
dietary patterns correlate with alterations in specific brain imaging 
correlates, cognition or both.   

Adv Geriatr Med Res. 2019;1:e190005. https://doi.org/10.20900/agmr20190005 

https://doi.org/10.20900/agmr20190005


 
Advances in Geriatric Medicine and Research 22 of 38 

As previously found on the SW/TEMPO cohort, a community-based 
prospective cohort aiming to understand healthy ageing, lifestyle factors 
such as physical activity positively correlate with the cognitive 
performance in older community-dwelling adults [92]. The cognitive 
performance of the participants was derived from a comprehensive 
neuropsychological battery of tests assessing executive and memory 
functions. More specifically, response inhibition/cognitive flexibility was 
measured with Stroop colour-word test [93] verbal fluency with the 
controlled oral word association test F-A-S [94], and high level information 
processing speed with the digit symbol substitution test (DSST, subtest of 
the Wechsler adult intelligence test WAIS III, 1997)[93]. As for the memory 
domain, the digit span forward test (subtest of the Wechsler adult 
intelligence test WAIS III, 1997) measured short-term verbal memory [95], 
the digit span backward test (subtest of the Wechsler adult intelligence test 
WAIS III, 1997) ascertained verbal working memory [95] and the selective 
reminding test assessed verbal learning [96]. General cognitive status was 
ascertained with the mini-mental state examination [97]. In the same 
cohort, it was hypothesised that another factor could impact on age-
related cognitive performance—a healthy diet. The ongoing analyses 
indicate that that the previous adherence to a Mediterranean-like diet, as 
assessed by the Mediterranean Diet Adherence Score (MEDAS)[98], is 
associated with executive and memory composite scores [31]. 
Interestingly, structural and functional alterations of the prefrontal cortex 
(PFC), a brain area involved in the dietary self-regulation, were associated 
with body mass index (BMI)[99]. Similarly, preliminary analyses suggest 
that structural brain changes were associated with adherence to the 
Mediterranean diet [32]. Moreover, in a longitudinal analysis, functional 
status as measured by the Lawton Instrumental Activities of Daily 
Living questionnaire [100] is correlated with adherence to the 
Mediterranean diet [30]. 

Despite the mounting evidence of the benefits of a healthy dietary 
pattern, adherence to a healthy diet is poor and behaviour change 
difficult. Several factors have been reported to hamper behaviour change 
from the patient’s perspective. Food preferences, lack of cooking skills, 
limited budget, low education attainment and lack of understanding of 
dietary recommendations were reported to impact behaviour change 
[101,102]. While educational interventions did not always lead to a 
sustainable behaviour changes [103], collaborative clinical methods such 
as motivational interviewing yielded promising results [104]. Thus, within 
PANINI it was hypothesized that a motivational interviewing-based 
approach to dietary counselling would be more effective in changing older 
adults’ eating habits than the traditional approach. Currently, this 
intervention is taking place at primary care centres in Portugal [29–32]. 
This is an example of the links between the physical activity work package 
projects developing interventions and the nutritional work package. 
Shared expertise and training promoted incorporation of different 
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methodologies across projects where these techniques were not currently 
in use.  

It is not just adherence to diet that is challenging, but indeed the 
assessment of dietary intake itself. Assessing dietary intake is subject to 
bias yet quantitative methods are cost- and labour-intensive and only 
provide a narrow view of nutrients [105]. PANINI is also extending beyond 
nutritional intake alone by using a mixed-methods approach that can 
provide a richer and broader view of food choice and eating behaviours, 
allowing the possibility of designing appropriate interventions that 
address and sustain healthy food choices in older age. 

Within PANINI, a longitudinal, observational, mixed methods study of 
community-dwelling ethnically diverse older adults aged 60 years and 
older living in Birmingham, UK has taken place. Many ethnic minority 
groups live in areas of higher deprivation and experience 
disproportionate health inequalities, predisposing them to a lower quality 
of life and poorer health than the White British population. One study 
aimed to explore the social networks, nutrient intake, nutritional status 
and physical function among this population over an 8-month period 
using a concurrent mixed methods design [33,34,36]. Additionally, the 
study sought to measure how any changes in social networks impacted on 
these variables throughout this time period.  

The study recruited 100 participants self-identifying as 
Africans/Caribbean (58%), South Asians (34%), and other ethnicities (7%) 
with a mean age (SD) of 70.8 (8.1). Five social network typologies were 
identified using the Wenger Practitioner Assessment of Network Types 
(PANT)[106]: locally integrated (44%), family dependent (25%), locally self-
contained (16%), wider community (8%) and private restricted (6%). 
Locally integrated and wider community social networks were combined 
to form the category, “integrated social network”, while the remaining 
three formed the “non-integrated social network”. Nutrient intake was 
measured using multiple pass 24-h dietary recalls. In line with the PANINI 
toolkit of best practice measures, nutritional status was measured using 
the Mini Nutritional Assessment-Short Form (MNA-SF)[107]. Physical 
function was measured using the Short Physical Performance Battery 
(SPPB)[33] and hand grip strength test. At follow-up, 81 participants 
provided complete data, with a mean age (SD) of 70.7 (8.2), composed of 
35% females. 

There were three main findings from this study [35]. First, social 
networks changed over the eight months, which was associated with 
changes in nutritional status and physical function at follow-up. At 
baseline, integrated social networks as compared to non-integrated social 
networks were found to predict lower declines in physical function and a 
lower risk of malnutrition at follow-up. These results were also supported 
by the qualitative findings, as participants identified that declines in their 
social networks combined with other factors had a negative impact on 
their physical function and eating behaviours.  
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Second, there was a significant association between nutrient intake, 
nutritional status, and physical function over time. There were significant 
decreases in intakes of vitamin B6, vitamin B1, iron, folate, and 
magnesium. Despite these declines, the intakes of these nutrients, except 
for folate, were still above the UK Recommended Nutrient Intake (RNI) 
values at follow-up. However, when these intakes were controlled for 
energy intake, the resultant intakes of these were below the RNI. A 
healthier nutritional status was associated with higher physical function 
at baseline and follow-up.  

Finally, perceptions of, and factors influencing, healthy eating and 
physical function were shaped by various socio-demographic 
characteristics and the presence of non-communicable diseases. 
Perceptions of healthy eating were related to portion sizes, eating patterns 
and cooking methods. Physical function was perceived as "fitness" and the 
ability to carry out activities of daily living. The majority viewed healthy 
eating as more important than, and unrelated to, physical function. The 
most common factors influencing eating behaviours and physical function 
were medical conditions, age, religion/faith, body image, diversity, social 
support, and cultural beliefs and practices. At follow-up, males were more 
likely to report experiencing negative changes in their lives, including 
declines in social support, illness, and issues with the weather, and more 
commonly identified these as negatively affecting eating behaviours and 
physical function than female participants. Overall, the findings of this 
study will contribute to the growing evidence of providing critical insights 
to inform programmes and approaches that can be used to improve health 
among ethnically diverse older adults.  

GENETICS AND EPIGENETICS 

Pulling together the work packages across PANINI, we have also sought 
to discover biomarkers able to predict the biological age of an individual 
as a crucial goal of ageing research. Various epigenetic markers are 
relevant to this and are being investigated in terms of their ability to 
predict physiological function independently of age. This could, for 
example, be used to test the effectiveness of different nutritional and 
physical function interventions at modulating important epigenetic 
markers. In addition, the PANINI network has also been exploring the 
relevance of individual genetic background for the development of 
sarcopenic/frail phenotypes and for the success of nutritional and physical 
activity interventions within PANINI, in this way linking methodologies 
and underlying mechanisms across the network. 

Heritable reversible changes in chromatin structure and gene function, 
which can be used to determine biological ageing and health, are called 
epigenetics. Certain genes show increases in methylation across the 
lifespan so can be considered to be potential biomarkers of ageing [108]. 
The discovery of these so-called ‘epigenetic clocks’ represents important 
progress in the field of ageing research within the last six years [109–111]. 
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As their names imply, these biomarkers are based on epigenetics, and 
more specifically on DNA methylation. DNA methylation consists in the 
addition of a methyl group to a cytosine residue, preferentially in a CpG 
dinucleotide. Epigenetic clocks are mathematical models which combine 
DNA methylation levels at specific CpG sites in order to estimate one 
individual’s age. They are considered as robust measures of chronological 
age, but they are also great indicators of the biological age of a subject 
[112]. Several lines of evidence have suggested that the epigenetic age 
predictors can be influenced by lifestyle factors, among which are 
nutritional variables. Within the framework of the PANINI project, there 
was the objective of studying the impact of nutritional and physical 
interventions on epigenetic biomarkers of age. Firstly, the influence of a 
one-year Mediterranean-like diet was evaluated, delivered within the 
framework of the NU-AGE project [113] on Horvath’s clock, a 
mathematical model which combines DNA methylation values at 353 CpG 
sites in order to estimate the biological age of an individual, and three 
derived measures of epigenetic age acceleration [109,111], named 
AgeAcceleration, Intrinsic Epigenetic Age Acceleration (IEAA) and 
Extrinsic Epigenetic Age Acceleration (EEAA) [37,38]. These measures are 
aimed at capturing different aspects of biological ageing, as IEEA is 
independent of blood cell type dynamics while EEAA appears to be more 
informative of immune system ageing. Secondly, it was a goal to develop a 
new epigenetic biomarker of ageing, based on a gene-targeted DNAm 
analysis. This biomarker of age, based on the combination of a limited 
number of CpG sites carefully chosen after literature review and 
exploitation of available datasets, is assessable through the EpiTYPER 
assay. This new epigenetic biomarker will soon be applied to samples 
newly collected within the PANINI project, in order to monitor the impact 
of physical activity interventions, thereby maximising potential via the 
links across the PANINI network. 

Research into genes underlying differences in muscle mass or muscle 
strength has shown different sarcopenia risk phenotypes. However, a less 
studied but relevant field is that of the relationship between nutritional 
habits and variants in genes that affect appetite and dietary preferences. 
PANINI is novel in addressing this little studied area; by examining the 
interplay between genetic background, diet and sarcopenic/frail 
phenotype in older adults.  

Medical genomics has the objective to translate high throughput 
genetic methods to the clinic, aiming to interpret the clinical significance 
of genetic variants present in an individual genome. Next Generation 
Sequencing (NGS) technologies are rapidly becoming a routine in 
diagnostics and screening tests as an alternative to chips genotyping, able 
to detect the presence or absence of genetic variants only at single 
positions along the human genome. 

Targeted resequencing is a common application for NGS technologies, 
which allows the capture and sequencing of selected regions of interest 
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(ROI) of the genome. This methodology improves the process of base 
calling (genotyping) at single sites extending it to the entire ROI sequence. 
Sequencing fragment length is generally suggested by standard protocols 
of library preparation. The DNA library represents a collection of similarly 
sized fragments aimed to be sequenced through a selected platform to 
generate a set of reads. The reads will be eventually mapped to known 
reference bases of the human genome to identify their correct location 
along it. Variant sites compared to the reference genome are identified and 
reported in a VCF file, the most used standard format, which is quite 
limited due to the lack of information about the invariant genomic regions 
(same as reference). Positions not reported in a VCF file can be reference 
or not genotyped due to limitations of the technology. For this reason, the 
absence of a genetic variant in a specific position could lead to an incorrect 
interpretation.  

The most common parameter used to indicate whether a genomic 
position could be properly genotyped is the depth of coverage, or the 
average number of reads that map on the region of interest [114]. 
Nevertheless, the successful base calling (genotypability) has been 
observed to be influenced not only by the number of reads mapping in a 
specific region, but also by other parameters like the quality of the read 
alignment, determined on the base of its uniqueness. Repeated or highly 
homologous regions of the genome usually lead to a low-quality mapping, 
where no high-confidence variant discovery can be performed. For this 
reason, in order to optimize the genotypability of the ROI, the 
enhancement of the quality of the read alignment is necessary. 

The aim of this work within PANINI was to optimize the genotypability 
of the ROI through the optimization of the library length, whose extension 
may overcome the repeated or homologous portions of the genome for the 
achievement of a higher quality mapping. Accordingly, targeted 
resequencing of the human genes was performed on three unrelated 
individuals using three different library lengths: standard protocol length 
(200–250 bp), 350 bp and 500 bp. Through the setup of a bioinformatic 
pipeline and by taking advantage of the gVCF file format, an extension of 
the VCF that reports the genotypes of both variant and reference sites and 
their associated calling scores, the genotypability of the ROI was calculated 
and compared for each library length. Results have shown that the library 
length influences the genotypability of the ROI. 

In the context of the PANINI project, one aim is to address the need to 
identify genetic markers for ageing diseases and nutritional responses, 
this methodology can provide the genotypability performance of a custom 
panel designed on regions of interest focused on these markers. According 
to the project’s objectives, the identification of the ROI was undertaken 
through a comprehensive literature research integrating Single 
Nucleotide Polymorphisms (SNP) associated with nutrition and ageing. 
SNPs associated with ageing have been collected from genome-wide 
association studies of different cohorts of long-lived individuals and 
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centenarians, through the research of the word "longevity" in the GWAS 
database. SNPs associated with nutrition have been obtained from the NU-
AGE project performing an association study on the change in the 
epigenetic clock of samples after dietary intervention. Therefore, the best 
performing custom panel has been selected on the base of the 
performance on the ROI [39], with the aim of sequencing a limited 
selection of samples for the high-confident identification of genetic 
variants. This work will provide an improved evaluation of the sequencing 
data obtained within the PANINI project. 

LIMITATIONS 

One of the limitations of the PANINI consortium is that some of the 
projects are relying on secondary analysis of existing data. While this gives 
a rich source of data unlikely to be able to be collected within the lifetime 
of PANINI, it does mean that our standardised measures are not consistent 
across all of the studies involved in PANINI, and not all datasets 
contributing to PANINI were directly comparable. Nor was it possible for 
samples to be donated for analysis such as epigenetics or genomics where 
these prior studies were less recent or did not take or store blood samples. 
However, loss of existing data would limit the analyses that have been 
possible in different population groups and limit the possibility of using 
machine learning approaches. Further, the existing datasets and network 
partners working on them helped drive the selection of the best practice 
but pragmatic, i.e., feasible and commonly used, toolkit of measures. A 
further limitation was that in some of the new data collection it was not 
feasible to incorporate all of the PANINI toolkit measures, for example, 
where data collection was qualitative in focus and additional nutrition 
measures would have provided too much participant burden but not 
much further information. However, there were enough common 
measures across the network to ensure data combining and analysis for 
all partners, thus achieving more as a network than single projects would. 
Future collaborations might consider either only incorporating new data 
collection and consistency of measures across all studies for greater 
comparability, or accept that a rich range of existing and new data 
restricts data combining somewhat. Finally, it should be acknowledged 
that our specific focus on nutrition and physical activity in ageing meant 
that the measurement of psychological, social, and cognitive factors was 
not analysed in depth. However, the use of the standardised toolkit, and a 
multi-disciplinary approach as well as the greater depth of cognitive and 
psychological assessment in some of the existing datasets contributing to 
PANINI does mean that these factors were considered and assessed in 
some of the PANINI projects. This contributes to our knowledge and 
understanding of how all of these important factors interact to predict 
healthy ageing. Future collaborations may also wish to integrate socio-
economic and other environmental factors into their assessment and 
modelling of contributors to healthy and unhealthy ageing. 
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FUTURE DIRECTIONS AND CLINICAL RELEVANCE 

Given the emerging evidence presented above, some clear future 
directions based on the PANINI project have been identified. 
Understanding which (bio)markers cluster in older age groups would 
seem essential to further develop the potential of the outlined ALIE. The 
work on sedentary behaviour revealed that future interventions should be 
of RCT design and should endeavour to assess changes in function and 
health as primary outcomes, with adequate follow-up assessment to 
establish duration of achieved behaviour change. The feasibility studies 
within PANINI are showing that very little research has attempted to 
recruit the frailest of frail older adults with range of functional deficits. 
However, it is these individuals who may actually benefit the most from 
such interventions if they are found to be feasible, therefore future studies 
should seek to engage frailer difficult to reach populations. Further, the 
work in midlife adults shows the impact of key life transitions such as 
hormonal changes due to the menopause and its interaction with physical 
activity in the prediction of physical function and mental wellbeing. This 
underlines the need to assess wellbeing multi-factorially in terms of 
biological, psychological and functional aspects of health. In line with 
multiple measurements, the research into sarcopenia suggests a much 
broader picture of strength in older age interactions with health will be 
developed through measuring knee extension strength in addition to hand 
grip strength. Further, this line of research suggested that there should be 
a greater focus on educating health professionals on what sarcopenia is to 
improve its diagnosis and treatment. With regard to improving dietary 
patterns for overall health including cognition, PANINI is testing whether 
a motivational interviewing-based approach is more effective in changing 
dietary habits than the traditional educational strategies. Future studies 
should focus on approaches to facilitating behaviour change so that older 
adults benefit from more successful ageing. Similarly, the findings from 
the mixed-methods study of nutrition and physical activity in diverse 
ethnic groups should inform the design of new, and adaptation of existing, 
culturally tailored community interventions to support healthy ageing 
among this population. Further, based on the development and testing of 
new epigenetic biomarkers of ageing, future research will be able to 
implement these measures into bigger cohorts to gain deeper insight into 
the biological impact of healthy ageing nutritional and/or physical activity 
interventions. In a related manner, the identification of genetic markers 
for nutritional responses in ageing is relatively new, but this methodology 
can provide improved evaluation of sequencing data in future research to 
better understand the interaction between genetics and lifestyle factors in 
the prediction of healthy ageing. Bringing together the different 
measurements collected in studies such as PANINI, and through the use of 
a standardised toolkit, means that machine learning tasks, such as 
clustering and classification, can be applied for the integrative analysis 
of heterogeneous datasets such as the PANINI Shared Dataset. If future 
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research contributes multiple measurements including genome and 
epigenetic data to the acquisition of big datasets on healthy ageing, 
systems biology approaches could be used more accurately to provide 
indications for diagnosis and targeted therapeutic treatments.  

CONCLUSIONS 

In summary, the PANINI project has been addressing the impact of 
physical activity and nutrition on healthy ageing from a range of diverse 
but interlinked perspectives. First, using standardized best practice 
measures as far as possible the consortium has developed a shared dataset 
of physical, cognitive and psychological function and nutritional status 
measures across a range of older adult populations in order to compare 
these across different settings including hospital inpatient, outpatient, 
care home and community-dwelling older adults. Thus far it has been used 
to examine the association between malnutrition and a range of physical 
function measures. Second, PANINI has conducted or is conducting 
extensive literature reviews on relevant topics such as frailty prevalence, 
sedentary behaviour prevalence, sedentary behaviour and physical 
function, dietary pattern impact on cognition and brain imaging 
measures, and the impact of interventions to reduce sedentariness. 
Combining datasets and sharing data from existing and new PANINI 
projects has also allowed the development and testing of key epigenetic 
and genetic markers of ageing, as well as assessing whether these might 
be useful predictors of intervention success, which is a next step. This data 
sharing also allows for computational modelling of the contribution of 
factors such as genetics and muscle metabolomics to muscle function, 
frailty progression and survival. Further, we have been able to develop 
and/or test nutritional and physical activity interventions in a range of 
settings and older adult populations in terms of their impact on cognitive, 
psychological, social, and physical function measures, leading to 
conclusions regarding the feasibility of such interventions as well as the 
impact of intervention adherence. Factors predicting knowledge of, 
adherence to and choice of different dietary and physical activity advice 
have also been explored in more detail, providing vital information 
regarding the potential targets for intervention and policy guidance. As 
such, the PANINI project has brought together a diverse and multi-
disciplinary range of projects to contribute to our understanding of 
predictors of healthy and unhealthy ageing thus far, and is set to reveal 
more about these as the projects conclude and form part of the planned 
shared dataset, which will latterly be made open access for other 
researchers into ageing processes to interrogate.  
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