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IntroductionIntroduction
Frailty:  The Opposite of Longevity Frailty:  The Opposite of Longevity 
Inflammation in Geriatrics and FrailtyInflammation in Geriatrics and Frailty
Inflammatory cytokines as markers of Inflammatory cytokines as markers of 
vulnerabilityvulnerability
A mouse model of chronic inflammationA mouse model of chronic inflammation



FrailtyFrailty
A geriatric A geriatric syndromesyndrome of weakness, weight of weakness, weight 
loss, and low activity associated with adverse loss, and low activity associated with adverse 
health outcomeshealth outcomes
An ageAn age--related, biological related, biological vulnerabilityvulnerability to to 
adverse outcomes that stems from adverse outcomes that stems from 
alterations in multiple physiological systemsalterations in multiple physiological systems



A Clinical and Research ToolA Clinical and Research Tool
In clinical practice In clinical practice 
–– To identify those at highest risk for adverse To identify those at highest risk for adverse 

clinical outcomesclinical outcomes
–– develop interventions to decrease riskdevelop interventions to decrease risk

As a research toolAs a research tool
–– to explore the biological etiologies of late to explore the biological etiologies of late 

life decline,  chronic disease, and aging life decline,  chronic disease, and aging 
biologybiology

–– to study ageto study age--related, multisystem declinerelated, multisystem decline



Why Does Frailty Matter?Why Does Frailty Matter?

Slowest recovery rateSlowest recovery rate
Most iatrogenic complicationsMost iatrogenic complications
Highest mortality rateHighest mortality rate
Key to understanding late life decline Key to understanding late life decline 
and the connections between aging and and the connections between aging and 
chronic diseaseschronic diseases



Key Observations by CliniciansKey Observations by Clinicians

Shrinking, weight loss, low activity Shrinking, weight loss, low activity 
correlated with vulnerability to correlated with vulnerability to 
getting sick and dying in older adultsgetting sick and dying in older adults
Frail, older adults often resemble Frail, older adults often resemble 
other patients with malignancy or other patients with malignancy or 
inflammatory diseasesinflammatory diseases



Frailty Phenotype DevelopmentFrailty Phenotype Development

Weight loss Weight loss 
WeaknessWeakness
ExhaustionExhaustion
Slowed walking speedSlowed walking speed
Low activityLow activity

Fried, LP, et al, J Ger Med Sci, 2001

* Frail if 3 of 5 are present 



Frailty Status Predicts Adverse Frailty Status Predicts Adverse 
OutcomesOutcomes

CHSCHS WHASWHAS
Incident FallIncident Fall 1.29 (1.00 1.29 (1.00 –– 1.68)1.68) 1.18 (0.63, 2.19) (NS)1.18 (0.63, 2.19) (NS)

Worsening Worsening 
MobilityMobility

1.50 (1.23, 1.82)1.50 (1.23, 1.82) 10.44 (3.51, 31.00)10.44 (3.51, 31.00)

Worsening ADL Worsening ADL 
DisabilityDisability

1.98 (1.54 1.98 (1.54 –– 2.55)2.55) 15.79 (5.83, 42.78)15.79 (5.83, 42.78)

First First 
HospitalizationsHospitalizations

1.29 (1.09,1.54)1.29 (1.09,1.54) 0.67 (0.33, 1.35) (NS)0.67 (0.33, 1.35) (NS)

DeathDeath 2.24 (1.51,3.33)2.24 (1.51,3.33) 6.03 (3.00, 12.08)6.03 (3.00, 12.08)

Fried ,L. P , et al, J Ger Med Sci, 2001
Bandeen-Roche et al, J Ger Med Sci, 2006

Hazard Ratios Estimated Over 3 Years,  covariate adjusted,  p>0.01 



Pathophysiologic HypothesesPathophysiologic Hypotheses

?
Sarcopenia

Neuroendocrine
Dysregulation

Immune 
Dysfunction

Frailty

Physiology

Walston, Fried. Frailty and The Older Male. Medical Clinics of North America. 1999



Inflammatory Biomarkers of Inflammatory Biomarkers of 
FrailtyFrailty

CharacteristicCharacteristic Not FrailNot Frail
(n=2289)(n=2289)

IntermediateIntermediate
(n=2147)(n=2147)

FrailFrail
(n=299)(n=299)

P P 
ValueValue

CC--reactive reactive 
protein (mg/L)protein (mg/L)

2.7  (4.0)2.7  (4.0) 3.7 (6.5)3.7 (6.5) 5.5 (9.8)5.5 (9.8) <.001<.001

Fibrinogen Fibrinogen 
(mg/dL)(mg/dL)

313.3  313.3  
(60.9)(60.9)

324.1 (66.7)324.1 (66.7) 340.7 340.7 
(78.6)(78.6)

<.001<.001

Factor VII Factor VII 
(mg/dL)(mg/dL)

124.0  124.0  
(28.3)(28.3)

125.5 (29.4)125.5 (29.4) 124.9 124.9 
(33.1)(33.1)

.42.42

Factor VIII Factor VIII 
(mg/dL)(mg/dL)

118.6  118.6  
(34.6)(34.6)

123.3 (37.8)123.3 (37.8) 137.9 137.9 
(44.8)(44.8)

<.001<.001

Walston, et al. 2002, Arch Intern Med

* Including those with CVD & diabetes



Metabolic Biomarkers of Metabolic Biomarkers of 
FrailtyFrailty

CharacteristicCharacteristic Not FrailNot Frail
(n=2289)(n=2289)

IntermediateIntermediate
(n=2147)(n=2147)

FrailFrail
(n=299)(n=299)

P P 
ValueValue

Fasting Glucose Fasting Glucose 
level (mg/L)level (mg/L)

107.3  (28.8)107.3  (28.8) 111.4 (34.8)111.4 (34.8) 119.8 (57.2)119.8 (57.2) <.001<.001

22--hour Glucose hour Glucose 
level (mg/dL)level (mg/dL)

141.4  (55.6)141.4  (55.6) 151.4 (59.3)151.4 (59.3) 160.6 (65.0)160.6 (65.0) <.001<.001

Fasting Insulin level Fasting Insulin level 
(IU/mL)(IU/mL)

15.8  (23.8)15.8  (23.8) 18.2 (26.5)18.2 (26.5) 18.0 (29.9)18.0 (29.9) .001.001

22--hour Insulin level hour Insulin level 
(IU/mL)(IU/mL)

79.9  (61.7)79.9  (61.7) 87.5 (64.8)87.5 (64.8) 89.0 (63.6)89.0 (63.6) <.001<.001

Walston, et al. 2002, Arch Intern Med

* Including those with CVD & diabetes



Cortisol and FrailtyCortisol and Frailty

Significantly higher PM cortisol levels Significantly higher PM cortisol levels 
in frail compared to non frailin frail compared to non frail
–– beta = 0.11, p =.04beta = 0.11, p =.04

No differences early in AMNo differences early in AM
Rate of decline significantly lower Rate of decline significantly lower 
from morning to afternoon in frailfrom morning to afternoon in frail
–– beta = 0.04, p =.02 beta = 0.04, p =.02 

Varadhan R et al, Gerontology 2008



Chronic Disease InfluenceChronic Disease Influence

What diseases most associate with  What diseases most associate with  
frailty?frailty?
–– Type 2 Diabetes MellitusType 2 Diabetes Mellitus
–– Congestive Heart FailureCongestive Heart Failure
–– HypertensionHypertension
–– Peripheral vascular diseasePeripheral vascular disease

Blaum C et al, JAGS 2009; Newman A, et al, Journal of Gerontology 2001



Modal PathwayModal Pathway-- 20102010
Outcomes

Falls

Disability

Dependency

Death

Syndrome

Weakness

Weight loss

Slowed 
performance

Exhaustion

Low activity

Molecular       
& Genetic

?

Disease

Fried, et al., Gerontology 2001

Walston, et al., Archives of IM 2002
Leng, et al., JAGS 2002

Leng, et al., Aging 2004

↑ IL-6, CRP
↑Clotting   
process
Glucose 
intolerance
↓IGF-1,   
DHEA-S

Physiology

↑Cortisol



Pathophysiologic Model for Adverse Pathophysiologic Model for Adverse 
Outcomes in Older AdultsOutcomes in Older Adults

Aging
↑ Free radicals
Senescent cells
Shortened telomeres
DNA damage

Disease
Depression
Cancer
Chronic Infection
Cardiovascular disease
Diabetes/Obesity

Frailty

Disability
Disease
Death

CRP
IL-6

IGF-1
DHEA-S
Cortisol

Activation of 
Inflammation 

Neuroendocrine 
Dysregulation

Anorexia 
Anemia
Sarcopenia
Osteoporosis
Hyperglycemia
↑Clotting
↑Mild Cognitive impairment

Triggers Physiology Outcomes

Gene Variation IL-6 DHEA-S
Cortisol



Inflammation and Poor HealthInflammation and Poor Health

Dozens of association studiesDozens of association studies
Molecular studies demonstrating Molecular studies demonstrating 
direct pathological impact of direct pathological impact of 
inflammatory mediators on multiple inflammatory mediators on multiple 
cell  and tissue typescell  and tissue types
Biological evidence that inflammation Biological evidence that inflammation 
contributes to specific disease states contributes to specific disease states 



ILIL--6 and Multisystem 6 and Multisystem 
DysregulationDysregulation

IL-6

↓Lean body mass

Anemia

Polyclonal expression 
& autoantibodies

Osteoporosis

Localized CNS inflammation

HPA axis activation



Inflammatory Mediators and Aging

NFκB

IL-6
IL-8 MCP-1 VCAM1

iNOS,
COX-2

CRP,  Acute Phase Reactants, WBCs

TNF-αLPSThrombin H2O2

Diseases Free Radicals

↓Anabolic 
Hormones

Altered body composition

IL-1



Clinical Translation Clinical Translation 

identify those at most risk for poor identify those at most risk for poor 
outcomesoutcomes
assess risk for periassess risk for peri-- and postand post--
operative complications in those operative complications in those 
undergoing surgery or anesthesia undergoing surgery or anesthesia 
Monitor effectiveness of therapiesMonitor effectiveness of therapies



Developing Inflammatory Developing Inflammatory 
Phenotype MarkersPhenotype Markers

Access to In CHIANTI and Cardiovascular Access to In CHIANTI and Cardiovascular 
Health Study samples and phenotypic data Health Study samples and phenotypic data 
Baseline serum cytokines measured first in In Baseline serum cytokines measured first in In 
CHIANTI and determined relationship CHIANTI and determined relationship 
between cytokines and mortalitybetween cytokines and mortality
Developed aggregate phenotypes in CHS and Developed aggregate phenotypes in CHS and 
validated in In CHIANTIvalidated in In CHIANTI



Best Serum Inflammatory Best Serum Inflammatory 
Markers of Vulnerability?Markers of Vulnerability?

Candidate Inflammatory BiomarkersCandidate Inflammatory Biomarkers
–– ILIL--1 RA1 RA
–– ILIL--6, 15, 18, 1beta6, 15, 18, 1beta
–– TNFTNF--alpha and R1, R2alpha and R1, R2
–– CRPCRP
–– MCPMCP--11
–– WBCWBC



Five Finalists Based on Mortality Five Finalists Based on Mortality 
and Age Associations in IN and Age Associations in IN 

CHIANTICHIANTI

ILIL--1 RA1 RA
ILIL--66
TNFTNF--alpha R1alpha R1
ILIL--1818
CRPCRP



Three methods utilized and 
evaluated for mortality risk analysis of 
inflammatory phenotypes in 10 years 
CHS survival data.

Validated same method in an 
independent study - 10 years 
InCHIANTI  data

Endophenotype  Development



WSS =                            ,,

Weighted Summary Score (WSS)   

- Where Yik is each log cytokine
k = cytokines, 1, 2…5;  i = obs, 1, 2…n, n = total obs. 

- mortality risk assessed using age adjusted Cox model 

- Weights are: 

logCRP logIL6 LogTNFR1 logIL18 logIL1RA

0.08 0.24 0.37 0.18 0.13



- Uses the first principle component of correlation matrix

PCS = ∑Wk*Yik

Principle Component Score (PCS): 

- Where Wk is the loading of the first principle component .
k = cytokines, 1, 2…5;  

- ∑wk2 = 1 by the property of principle component. 

- Weights (loading) are:

logCRP logIL6 logTNFRI logIL18 logIL1RA

0.48 0.50 0.44 0.31 0.47



Mortality Risk Score (MRS):

- Model selection for 5 cytokines by BIC

where k=0 is for age, k =1, 2…5 for cytokines 

- IL6 and TNFaR1 were selected by strength of prediction, others
dropped from model as didn’t add additional information

- mortality risk score assessed using age adjusted Cox model

MRS = βlogIL6 * logIL6 + βlogTNFa * logTNFa 

- Weights (coefficients) :

β_logIL6 β_logTNFaRI
0.48 0.94

hi(t) = h0(t) exp(β0Yi0 + β1Yi1 + … + βkYik)



Results in CHS

• Each predictor is adjusted by age, except age by its own.  
•To make HRs comparable between predictors, all predictors are standardized.
• From looking at the hazard ratios for age, the model indicates that increase 1 unit of 
standardized age, the rate of mortality increases by 80 %. 

Parameter Chi-Square Pr > ChiSq Hazard Ratio 

logCRP 72 <.0001 1.22
logIL6 287 <.0001 1.44
logTNFRI 274 <.0001 1.48
logIL18 24 <.0001 1.12
logIL1RA 56 <.0001 1.19
age 772 <.0001 1.8
WSS 281 <.0001 1.47
PCS 237 <.0001 1.43
MRS 433 <.0001 1.64



Validation in InCHIANTI 

• Each predictor is adjusted by age, except age by its own.  
•To make HRs comparable between predictors, all predictors are standardized .
• From looking at the hazard ratios for age, the model indicates that increasing 1 unit of 
standardized age, the rate of mortality increases by 178%. 

Parameter Chi-Square Pr > ChiSq Hazard Ratio 

logCRP 24 <.0001 1.3

logIL6 19 <.0001 1.26

logTNFAR1 25 <.0001 1.32

logIL18 16 <.0001 1.25

logIL1RA 18 <.0001 1.29

age 366 <.0001 2.78

WSS 33 <.0001 1.23
PCS 27 <.0001 1.24
MRS 33 <.0001 1.37



Study predictive power of MRS for other 
adverse outcomes and frailty

Use in clinical translational studies to 
assess risk of adverse outcomes to 
surgery, anesthesia, other procedures 

Use in genetic studies as aggregate 
inflammatory phenotype 

Next Steps:



A Mouse Model for Frailty And A Mouse Model for Frailty And 
Chronic Inflammation: Chronic Inflammation: 

IL-10tm/tm

C57Bl/6J 

Walston J et al, Gerontology Med Sciences, 2008



Molecular Gateway to Inflammation
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Decreased activity
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Walston et al., The physical and biological characterization of a frail mouse model. J Gerontol A Biol Sci Med Sci, 2008. 63(4): 391-8

Weight loss
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mouse type age (week) KC    mean(SE) p'
WT 12 60.94(22.44)
KO 108.72(84.05) 9.8E‐03
WT 24 67.87(15.32)
KO 118.94(82.45) 5.6E‐02
WT 48 65.83(25.90)
KO 94.22(32.14) 6.0E‐03
WT 72 75.82(15.79)
KO 100.8(46.51) 9.4E‐02
WT 90 80.19(53.07)
KO 149.27(58.27) 3.2E‐03

overall P" 2.39E‐08

P' = P value by strains in each age group, rank sum test

P''= P value by strain adjusted by age, linear regression based on log 
transformed cytokines. 

KC (IL‐8) by Age and Strain



mouse type age (week) IL1B mean(SE) p'

WT 12 1.20(0.73)

KO 1.37(0.64) 4.0E‐01

WT 24 1.18(0.55)

KO 2.32(1.32) 1.2E‐02

WT 48 1.24(1.44)

KO 2.35(1.20) 1.8E‐03

WT 72 1.99(1.61)

KO 3.73(2.22) 9.8E‐04

WT 90 1.62(1.39)

KO 2.63(0.85) 2.7E‐03

overall P" 4.51E‐07

IL‐1beta by Age and Strain



mouse type age (week) IL6   mean(SE) p'
WT 12 6.25(1.36)
KO 12.7(7.34) 5.1E‐04
WT 24 7.25(2.00)
KO 19.32(21.98) 2.9E‐01
WT 48 8.48(6.12)
KO 15.68(11.84) 3.9E‐03
WT 72 8.78(3.09)
KO 20.63(29.43) 1.7E‐01
WT 90 13.77(24.36)
KO 30.36(28.34) 7.7E‐04

overall P" 1.86E‐08

IL‐6  by Age and Strain



mouse type age (week) TNFa  mean(SE) p'
WT 12 0.33(0.88)
KO 4.21(2.67) 2.8E‐04
WT 24 2.03(1.76)
KO 4.10(2.92) 1.2E‐02
WT 48 0.41(0.76)
KO 3.82(2.27) 1.2E‐05
WT 72 1.46(1.76)
KO 3.22(2.32) 1.8E‐02
WT 90 0.41(0.80)
KO 3.65(1.90) 3.2E‐04

overall P" 1.71E‐09

TNF‐alpha by Age and Strain



Airspace Enlargement in IL10-deficient Lung

WT IL10-/-



Altered Gene Expression in Altered Gene Expression in 
Skeletal Muscle Skeletal Muscle 

UpregulatedUpregulated
–– Apoptotic programming genesApoptotic programming genes
–– DNA methylation related genesDNA methylation related genes

DownregulatedDownregulated
–– DNA repairDNA repair
–– BiosynthesisBiosynthesis
–– Transcription regulationTranscription regulation

Walston J et al, Gerontology Med Sciences, April 2008



Altered Gene Expression in Aging Altered Gene Expression in Aging 
Lung ParenchymaLung Parenchyma

UpregulatedUpregulated
–– Apoptotic programming genes Apoptotic programming genes 
–– Chemokines (CXCL1, 5, and 13)Chemokines (CXCL1, 5, and 13)
–– DNA methylation related genes DNA methylation related genes 

DownregulatedDownregulated
–– DNA repairDNA repair
–– BiosynthesisBiosynthesis
–– Transcription regulationTranscription regulation

Walston J et al, Gerontology Med Sciences, April 2008



Other PhenotypesOther Phenotypes

BoneBone
CognitionCognition
CardiacCardiac
VascularVascular
MuscleMuscle
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