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Abstract Physical frailty and cognitive frailty share bi-
ological mechanisms, but sex-specific biomarkers asso-
ciated with transitions in gait speed and cognition during
ageing are poorly understood.Gait speed, cognition
(BMSE), body composition (DXA) and serological bio-
markers were assessed annually over 9 years in 216 males
(72.7+ 8.07 years) and 384 females (71.1 + 8.44 years).
In females, maintaining normal gait speed was associated
with lower percent body fat (IRR 0.793, p=0.001,
95%CI 0.691-0.910) and lower lactate dehydrogenase
(LDH) (IRR 0.623, p=0.00, 95%CI 0.514-0.752), and
in males, the association was with higher cholesterol
(IRR 1.394, p=0.001, 95%CI 1.154-1.684). Abnormal
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to normal gait speed transitions were associated with
higher insulin in females (IRR 1.325, p=0.022, 95%CI
1.041-1.685) and lower creatinine in males (IRR 0.520,
p=0.01, 95%CI 0.310-0.870). Normal to slow gait
speed transitions in males were associated with IGF-1
(IRR 1.74, p=0.022, 95%CI 1.08-2.79) and leptin in
females (IRR 1.39, p =0.043, 95%CI 1.01-1.91.) Main-
taining normal cognition was associated with lower LDH
in females (IRR 0.276, p=0.013, 95%CI 0.099-0.765)
and higher appendicular skeletal muscle mass in males
(IRR 1.52, p=0.02, 95%CI 1.076-2.135). Improved
cognition was associated with higher leptin (IRR 7.5,
p=0.03, 95%CI 1.282-44.34) and lower triglyceride
(IRR 0.299, p=0.017, 95%CI 0.110-0.809) in males.
Education was protective against cognitive decline in
females (IRR 0.84, p = 0.037, 0.732-0.982). Sex-
specific biomarkers of muscle (LDH, Creatinine, IGF-1,
APSM) and metabolism (%fat, insulin,cholesterol, leptin,
tryglycerides) were associated with gait speed and cog-
nitive transitions. These data suggest that modifiable
biomarkers of muscle and metabolism could be targeted
for interventions.

Keywords Gaitspeed - Cognition - Biomarkers -
Transitions - Sex-specific

Background
Changes in physical frailty and cognitive frailty are
seen throughout the lifespan with gait speed and cog-

nition consistently reported as a progressive trajectory
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of decline in older ages (Diehr et al. 2013). However,
these changes can be transitory, masking a more com-
plex trajectory of decline with periods of decline
followed by recovery (Diehr et al. 2013; Qualls et al.
2017; Thielke et al. 2012). A person’s ability to tran-
sition from a worsened health state back to an im-
proved or “normal” state is influenced not only by age
(Newman et al. 2016) but also by the overall state of
health when the transition occurs (Newman et al.
2016) and can be sex-specific (Kojimaa et al. 2019;
Kane and Sinclair 2019). Sometimes these transitions
have been referred to as “tipping points” when the
person cannot recover function and a cascade of events
are set in place resulting in significant frailty that has
low probability of recovery (Rikkert and Melis 2019).
To identify those people whose function is in the early
stages of transition and when intervention may be
most effective, there is growing interest in identifying
biomarkers associated with transitions in physical
function and cognition.

The first step to understanding relationships between
biomarkers, physical health transitions (gait speed) and
cognitive health transitions (cognition) may be by ex-
ploring these relationships in longitudinal cohort study
designs assessing who is able to maintain normal gait
speed and cognitive function over time and those who
transition from poorer gait and cognitive function back
into an improved/normal state. These markers of “suc-
cessful” ageing should also be compared to biomarkers
associated with detrimental transitions, such as from a
normal gait speed or cognition to an abnormal (lower)
state of functioning. Biomarkers for physiological pro-
cesses related to frailty have recently been proposed
(Wang et al. 2019). These include structural and func-
tional brain changes, endocrine dysregulation including
changes in growth hormone, thyroid hormone,
adrenocorticoids, estradiol and testosterone and meta-
bolic processes including dysregulation of carbohydrate
and energy metabolism (leptin, adiponectin), insulin
signalling, vitamin D metabolism and changes in body
composition. Chronic inflammatory markers such as IL-
6, C-reactive protein, interleukin-1-receptor agonist, in-
terleukin-18, and soluble TNF-« receptor 1 and meta-
bolomics have also been proposed (Rodriguez-Manas
et al. 2019; Pujos-Guillot et al. 2019). More general
biomarkers were proposed by Kane and Sinclair (Kane
and Sinclair 2019) including low albumin, markers of
anaemia (haemoglobin, iron, ferritin), total cholesterol,
LDL and low creatinine, and these investigators also
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stressed the importance of controlling for sex differ-
ences in identifying biomarkers.

The New Mexico Ageing Process Study (NMAPS),
which was a longitudinal study of “successful” ageing,
provided data to explore many of these proposed bio-
markers in association with transitions of gait speed and
cognitive function. This analysis was a sequel investi-
gation to our earlier work on the reversibility of gait
speed and cognitive transitions into old age over 9 years
of this 20-year cohort study (Qualls et al. 2017).

Methods
Participants

The NMAPS was a prospective cohort study of success-
ful ageing that began in 1979 and is described elsewhere
(Garry et al. 2007). To summarize, participants were
60 years of age or older, free of major medical condi-
tions and living independently. Participants were seen
annually and, for this analysis, had at least one consec-
utive annual assessment of cognitive status, gait speed,
body composition and serological measures between
1993 and 2001. This analysis included 216 males
(72.7 + 8.07 years) and 384 females (71.1 + 8.44 years).
The NMAPS was originally approved by the University
of New Mexico Health Sciences Internal Review Board
and had approval for further data analyses.

Measurements

A description of the measurements has been previously
reported (Garry et al. 2007). In brief, cognitive function
was measured with the 100-point modified mini-mental
state examination (3MSE). Low cognition was defined
as a 3MSE score at or below the lower quartile 3MSE <
84 in men and in women) of the annual measurement
(Teng and Chui 1987). Gait speed was assessed over
25 ft (7.62 m) at usual pace (canes/walkers allowed).
Slow gait speed was defined using sex-specific lower
quartile cut scores of 0.80 m/s for males and 0.725 m/s
for females (Newman et al. 2016). Body composition
was assessed annually by dual energy x-ray absorptiom-
etry (Lunar DPX, DXA Lunar Radiation Corp. Madison
WI), and blood samples were collected to assess sero-
logical markers (Table 2). Biomarkers were chosen
based on those collected as part of the NMAPS. The
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rationale for included biomarkers was based on previ-
ously published literature.

Statistical analysis

Baseline demographics, biomarkers and body composition
were created for each participant by taking the score for
each individual participant in the year the participant was
entered in the study. Total count scores were calculated for
both gait speed and cognitive function by calculating each
1-20 transition (abnormal to normal), 0=>0 transition (nor-
mal to normal) and 0->1 (normal to abnormal). We began
with analysis of one biomarker at a time before proceeding
to a fully multivariable Poisson regression model consid-
ering all biomarkers simultaneously. Poisson regression
analysis was performed for all variables, to explore their
individual relationship with the total count score for differ-
ent categories of transitions (“protective” gait 0-20, gait
1-20, and “harmful gait 0->1 and similarly for cognition
020, cognition 120 and cognition 0->1). Note that the
0->0 transition is considered protective; and for example,
this transition is the goal of a primary prevention of disease
strategy. Analyses were stratified by sex and adjusted for
age and APOE4 based on our previous analysis with this
same cohort (Qualls et al. 2017). Analysis of cognitive
transitions were also adjusted for education based on our
previous analysis. All significant variables from the uni-
variate analysis were included in a backward stepwise
multivariate Poisson regression to create a final model for
the different categories of transitions; these models were
verified by (forward) stepwise Poisson regression. All
multivariate analysis accounted for the total number of
years people were entered in the study. Poisson regression
coefficients were exponentiated in order to interpret the
results. Exponentiation obtains the incident rate ratios
(IRR) and their 95% CI. Each category of transition is a
binary outcome allowing interpretation of an IRR to be
analogous to the interpretation of an odds ratio. In all
analyses, continuous predictors were divided 2 times their
standard deviation so the that regression coefficients and
corresponding IRRs for these continuous variables were
comparable to the coefficients and IRRs for binary vari-
ables (coded as 0 or 1).

Results

Participant characteristics are shown in Table 1. During
the 9-year follow-up, the number of gait speed

Table 1 Participant characteristics

Variable Male Female
(n=216) (n=384)

Age (years) * 72.71+8.07 71.10 +8.44

Years of follow-up (%) 4.98+2.70 5.04+£2.57

1-3 years 37.04% 31.77%

4-6 years 27.78% 35.68%

7-9 years 35.19% 32.56%

Education (%) *

Less then 12 years 1.48 1.20

High school graduate 6.67 17.60

Some university 16.30 31.20

University degree 20.74 19.60

Some graduate degree study 16.30 8.80

Masters degree 23.70 13.60

Doctorate degree 9.63 240

Vocational/Technical training ~ 5.19 5.60

Apolipoprotein E4 (%) 21.79 21.85

Gait speed (m/s) * 0.85+0.21 0.81+£0.21

Modified mini-mental state 84.34+6.14 84.65+5.55
exam (3MSE)

Waist circumference (cm) * 97.32+10.65  86.76 +10.63

Body mass index (wt/h?) 25.56+3.54 24.94+4.01

Health status (%)

Excellent 30.73 28.71

Good 45.81 48.71

Fair 15.64 18.06

Poor 7.82 4.52

Mean + St. deviation unless stated otherwise
Bold and * = significant sex difference p <0.05

transitions from abnormal to normal was 224 (males 93
and females 131) and 207 normal to abnormal transi-
tions (males 83 and females 124), and the number of
transitions maintaining normal gait speed was 1395
(males 508 and females 887). For cognitive transitions,
the total number of transitions from abnormal to normal
was 248 (males 88 and females 160) and 203 normal to
abnormal transitions (males 71 and females 132), and
the number of transitions for maintaining normal cogni-
tion was 1471 (males 518 and females 953).

Table 2 shows all biomarkers explored in the univar-
iate analysis. The serological biomarker concentrations
reported were within age normative ranges for labora-
tory assay values and did not have any “outlier” values
that could have changed the results reported. Table 3
shows the univariate analysis results. Table 4 shows the
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Table 2 Biomarkers for models

Serological biomarker variables Males Females
Oestrone (pg/mL) - 42.67+72.91
Glucose (mg/dL) 93.75 +11.58* 90.91 +13.53*
Hormone replacement therapy - 0.27+0.44
Insulin-like growth factor-1 (ng/ml) 147.42 £52.04* 122.94£49.73%
IGF binding protein-3 (mcg/ml) 3.13+0.78* 3.60 +0.80*
Insulin (mIU/L) 9.25+7.29 8.10+£6.23
Leptin (ng/ml) 7.76 £4.97* 20.03 £14.38*
Soluble interleukin-2 receptor (U/ml) 684.18 £318.29 603.45+729.79
Soluble interleukin-6 receptor (U/ml) 114.21 £73.06 122.90+75.65
Testosterone (ng/dL) 419.31 +151.46* 13.83 £15.83*
Haematocrit (%) 46.32 +3.99* 43.48 +3.22%
Vitamin C (mg/dL) 1.31+0.36* 1.42+0.41%
Serum iron (mcg/dL) 90.37 +£28.83* 85.28 +£25.82%*
Total iron binding capacity (ug/dL) 285.66 +41.61* 294.27 +40.69*
Vitamin B12 (ng/mL) 478.37 +234.29* 551.27+316.72%
Ferritin (ng/mL) 113.93 +113.24%* 90.96 + 112.63*
Calcium (mg/dL) 9.04£0.36* 9.16+0.39*
Cholesterol (mg/dL) 195.86 +34.91* 217.52 +36.11*
Potassium (mEq/L) 428+0.36 422+0.51
Triglyceride (mg/dL) 133.44 +78.66* 150.94 + 88.37*
Creatinine (mg/dL) 1.20£0.23* 0.96+0.16*
High-density lipoprotein cholesterol (mg/dL) 51.30 +11.85* 64.91 £ 14.64*
Haemoglobin (gm/dL) 15.40 £1.34* 14.24 +£1.20%
Lactate dehydrogenase (units/L) 233.33+128.03 248.20+128.75
Low-density lipoprotein cholesterol (mg/dL) 108.24 +26.61 113.70+£32.16
Lymphocytes — absolute (K/MCL) 1.54 +0.46* 1.84 +£0.86*
Mean corpuscular volume (fL/red cell) 92.44 +4.35% 91.21 £4.19*
Platelets (K/uL) 221.39 +56.82* 271.21+£124.25%
Red blood cell count (mcL) 4.87+0.45 4.74+£2.65
Total protein levels (g/dL) 6.84+0.46 6.84+0.46

Uric acid (mg/dL) 6.01+1.24* 4.86+1.21*
White blood cell count (10°/L) 590+1.41 5.99+1.64
Body composition biomarkers Males Females
Appendicular skeletal muscle mass (kg) 23.56 +3.38% 15.13 £2.05%
Bone mineral content lumbar spine (g) 76.05 +16.89% 50.63 +12.84*
Total bone mineral content (g) 2942.66 + 448.44* 1995.88 +£321.16*
Bone mineral content Ward’s triangle (g) 2.73+0.70* 1.79 £ 0.50*
Bone mineral density lumbar spine (SD) 1.23£0.22%* 1.02£0.19*
Total bone mineral density (SD) 1.18+0.10% 1.03 +0.10%
Bone mineral density (SD) 0.87+0.14* 0.66+0.11*
Bone mineral density Ward’s triangle (SD) 0.73+0.15* 0.63+£0.13*
Height (cm) 174.19 £7.35% 159.26 £ 6.61*
Weight (kg) 77.45+13.22% 63.60 +11.40%*
Total fat mass (kg) 20.64 +7.81* 24.20 +8.43*
Fat free mass (kg) 53.38 £8.14* 36.84 £4.50%
Lean mass (kg) 54.01 £6.63* 36.79 £3.92*

Total soft tissue (kg)

74.65 +£11.92%

61.03 £10.55*

Mean + St. deviation unless stated otherwise. Bold and * = significant sex difference p < 0.05
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Table 3 Univariate Poisson regression analysis

Gait speed Cognitive status

1-0 1-0

Variable Coefficient Std. error p value 95% CI Variable Coefficient Std. error p value 95%CI

Female Female

Leptin 0.358 0.162 0.027  0.040-0.676  —

Lymphocytes 0.461 0.165 0.005  0.137-0.785

Insulin 0.281 0.122 0.022  0.041-0.521

Male Male

Creatinine —0.654 0.263 0.013 —1.169-0.138 Leptin 0.939 0.457 0.04 0.044-1.834
Triglyceride —0.667 0.325 0.04 —1.303-0.031

00 00

Female Female

Leptin -0.173 0.073 0.018 —0317-0.029 HRT 0.210 0.092 0.023  0.028-0.389

Cholesterol 0.184 0.070 0.008  0.048-0.321 LDH —0.423 0.108 0.000  —0.635-0.211

Weight -0.174 0.087 0.044  —0.344-0.005

% Body fat  —0.189 0.069 0.006  —0.325-0.053

HDL 0.169 0.080 0.034  0.013-0.325

LDH -0.399 0.095 0.000  —0.585-0.212

Soft tissue -0.199 0.085 0.019  —0.366-0.033

Creatinine 0.250 0.104 0.017  0.062-0.455

Male Male

Cholesterol 0.313 0.095 0.001 0.128-0.499  APSM 0.416 0.175 0.028  0.041-0.721

BMCWRD  —0.220 0.110 0.046  —0.436-0.003 LBM 0.381 0.174 0.017  0.074-0.759
LDH —0.288 0.142 0.043  —0.566-0.010

01 021

Female Female

Leptin 0.456 0.225 0.043 0.014-0.898 Triglyceride —0.848 0.379 0.025  —1.591-0.105

Male Male

IGF1 0.566 0.226 0.012  0.123-1.009 -

Creatinine —0.550 0.270 0.042  —1.080-0.021

Lymphocytes —0.572 0.291 0.049  —1.141-0.002

Gait univariate analysis are adjusted for age and APOE4. Cognitive univariate analysis are adjusted for age, APOE4 and education. APOE4
apolipoprotein E4, HDL high-density lipoprotein cholesterol, LDH lactate dehydrogenase, BMCWRD bone mineral content Ward’s triangle,
HRT hormone replacement therapy, APSM appendicular skeletal muscle mass, LBM lean body mass

results of the multivariate analysis and presents the
significant biomarkers associated with beneficial and
harmful transitions in gait speed and cognitive function.

For maintaining a normal gait speed in females, the
primary biomarkers associated were a lower percent
body fat (IRR 0.793, p=0.001, 95%CI 0.691-0.910)
and lower lactate dehydrogenase (LDH) (IRR 0.623,
p<0.001, 95%CI 0.514-0.752). Maintaining gait speed
in males was associated with higher cholesterol (IRR
1.394, p=0.001, 95%CI 1.154-1.684). The number of
transitions from a low gait speed into a normal gait

speed was associated with higher insulin (IRR 1.325,
p=0.022, 95%CI 1.041-1.685) in females and lower
creatinine (IRR 0.520, p =0.01, 95%CI 0.310-0.870) in
males. Maintaining normal cognitive function in fe-
males was associated with lower lactate dehydrogenase
(IRR 0.276, p=0.013, 95%CI 0.099-0.765) and for
males with higher appendicular skeletal muscle mass
(APSM) (IRR 1.52, p=0.02, 95%CI 1.076-2.135). Im-
proving cognitive state was associated with higher leptin
(IRR 7.5, p=0.03, 95%CI 1.282-44.34) and lower
triglyceride (IRR 0.299, p=0.017, 95%CI 0.110—
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Table 4 Multivariate Poisson regression analysis

Gait speed Cognitive status

1-0 1-0

Variable IRR Std. error  p value 95% CI Variable IRR Std. error  p value 95%CI1

Female Female

Age 1.048 0.012 0.000 1.024-1.072  Age 1.002 0.019 0910 0.966-1.040

APOE4 0.908 0.198 0.659 0.592-1.394  APOE4 0.876  0.246 0.638 0.506-1.519

Insulin 1.325 0.163 0.022 1.041-1.685 Education 0.932 0.059 0.263 0.824-1.054

Male Male

Age 1.056 0.018 0.001 1.021-1.091 Age 1.010  0.034 0.781 0.944-1.079

APOE4 1.331 0.333 0.253 0.815-2.175 APOE4 1.136  0.405 0.720 0.565-2.284

Creatinine 0.520 0.137 0.013 0.310-0.870  Education 0.951 0.087 0.583 0.794-1.138
Leptin 7.539 6.814 0.025 1.282-44.34
Triglyceride ~ 0.299  0.152 0.017 0.110-0.809

0-0 00

Female Female

Age 0.948 0.005 0.000 0.938-0.958 Age 0.985 0.012 0.196 0.961-1.008

APOE4 0.972 0.079 0.732 0.829-1.141 APOE4 1.144  0.145 0.288 0.893-1.466

% Body fat  0.793 0.056 0.001 0.691-0.910  Education 1.059  0.028 0.032 1.005-1.116

LDH 0.623 0.060 0.000 0.514-0.752  LDH 0276  0.144 0.013 0.099-0.765

Male Male

Age 0.961 0.007 0.000 0.948-0.974  Age 0.985 0.010 0.148 0.966-1.005

APOE4 0.870 0.098 0.217 0.697-1.085 APOE4 0.844  0.110 0.193 0.653-1.089

Cholesterol 1.394 0.135 0.001 1.154-1.684  Education 1.021 0.032 0.512 0.960-1.086
APSM 1.516  0.265 0.017 1.076-2.135

01 01

Female Female

Age 1.041 0.014 0.003 1.014-1.069  Age 1.020  0.021 0.335 0.979-1.063

APOE4 1.102 0.255 0.673 0.699-1.737  APOE4 0999  0.295 1.000 0.560-1.784

Leptin 1.389 0.226 0.043 1.010-1.911 Education 0.856  0.856 0.037 0.740-0.990

Male Male

Age 1.066 0.023 0.003 1.022-1.111 Age 1.070  0.037 0.054 0.999-1.146

APOE4 1.140 0.353 0.671 0.621-2.093 APOE4 1.936  0.711 0.072 0.942-3.977

IGF-1 1.737 0419 0.022 1.082-2.787  Education 1.053 0.104 0.600 0.867-1.280

Age and APOE4 were used to adjust in the final gait speed multivariate model. Age, APOE4 and education are used to adjust in the final
cognitive status multivariate model. APOE4 apolipoprotein E4, LDH lactate dehydrogenase, APSM appendicular skeletal muscle mass

0.809) in males, and no biomarkers were statistically
significant for females.

Harmful gait speed transitions (0—1) in males was
associated with IGF-1 (IRR 1.74, p =0.022, 95%CI
1.08-2.79) and leptin in females (IRR 1.39, p=
0.043, 95%CI 1.01-1.91). None of the biomarkers
considered were associated with harmful cognitive
transitions (0=>1).
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Discussion

We explored the possible relationships between bio-
markers with gait speed and cognitive transitions and
investigated these relationships in people who are
able to maintain gait speed and cognitive function
over time, those who transitioned from a worsened
state back to an improved/normal state and with those
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who transitioned from a normal state to abnormal
state (harmful transition).

Associations of biomarkers with trajectories of health
status change have been previously reported. Trajectories
can be described by (linear or nonlinear) trends over
longer times, but transitions can be described by proba-
bilities of transitions in health status over shorter
timeframes (e.g. 1 year) but are assessed over longer
periods of time. Thus, investigations using trajectories
or transitions apply different analyses. Associations of
biomarkers with trajectories has been reported on 13
different health variables that declined in a trajectory path
with advancing age, but all the health variables investi-
gated in this study declined at significantly different rates
(Diehr et al. 2013). Newman and colleagues also reported
that trajectories of functional decline accelerate late in life
(Newman et al. 2016). However, transitions, that is,
changes from normal status to abnormal, abnormal status
back to normal or maintaining normal function over time,
rather than measuring trajectories, have not been investi-
gated, and understanding these transitions and possible
biomarkers associated with transition may provide oppor-
tunities for early intervention.

In the current study, biomarkers associated with
maintaining gait speed in females were lower percent-
age body fat and LDH, and an increase in percentage
body fat and increase in LDH were associated with a
worse ability to maintain normal gait speed. Previous
research has reported that high percentage body fat is
associated with poorer physical performance in older
adults (Stefano et al. 2015) and a high LDH may reflect
tissue damage and injuries (Cardoso et al. 2018) and
skeletal muscle damage (Paschalis et al. 2007). Interest-
ingly, beneficial gait speed transitions in females in our
study were associated with higher insulin concentrations
and a better ability to improve one’s gait speed. The
mean insulin concentrations of these female participants
were within normal values albeit at the higher end of the
normal range. While this finding may seem paradoxical,
insulin sensitivity is essential for normal physiological
functioning in mammals, and higher insulin concentra-
tions has been speculated to extend longevity, suggest-
ing an adaptive rather than a maladaptive role (Barzilai
and Ferrucci 2012).

Our analysis showed that higher cholesterol was
associated with better ability to maintain normal gait
speed. Note that the mean cholesterol in our sample
was in the normal range, and a higher cholesterol, there-
fore, was not reflecting abnormal cholesterol levels, but

levels that are at the higher end of the normal range for
this assay. A Swedish longitudinal study, also with 9-
years follow up, reported that several cardiovascular risk
factors, especially when they coexisted, appeared to
increase the risk of walking speed limitation in older
adults, particularly those younger than 78 years of age
(Heiland et al. 2017). The NMAPS cohort mean age was
younger than 78 years (~ 72 + 8.4 years) and had all the
common cardiovascular risks factors measured, which
were included in the univariate analysis, but only cho-
lesterol and insulin remained significant. The analysis of
the Swedish cohort was stratified by age (young/old and
old/old) but not by sex, as we did in the current analysis
make comparisons with this study more problematic,
particularly with the recent emphasis on sex-specific
differences when investigating biomarkers and frailty
(Kojimaa et al. 2019; Kane and Sinclair 2019).

In the current study, the ability to improve from a
slower gait speed to a normal gait speed was associated
with higher creatinine in males. Higher creatinine levels
in older adults have been associated with a history of
diabetes or heart attack and in those reporting the use of
cimetidine and diuretic medications (Salive et al. 1995).
It may therefore be expected that higher creatinine could
be associated with a decrease in the amount of beneficial
gait speed transitions. In the recent review by Kane and
Sinclair (Kane and Sinclair 2019), low creatinine was a
biomarker for frailty, although these authors stressed
that much of the evidence to date on biomarkers for
frailty are from cross-sectional studies and the studies
did not controlled for sex. Thus, in the current study,
higher creatinine could be a marker of an ability to
transition from slow to normal gait speed in males that
warrants further investigation.

“Harmful” gait speed transition (transition from nor-
mal to slower gait) had fewer metabolic and muscle
biomarkers (IGF-1 in males and leptin in females). Re-
cent evidence has suggested that IGF-1 may be related to
both functional and cognitive performance; however, the
direction and strength of these associations have been
mixed as well as being reported as sex-specific.
Wennberg and colleagues (Wennberg et al. 2018) report-
ed IGF measures were not associated with cognitive or
functional performance for men, but for women, higher
levels of IGF-1 was associated with better attention,
visuospatial and global cognitive domain performance,
independent of gait speed. Our findings are more similar
to that reported by Doi and colleagues (Doi et al. 2015
2016) where lower levels of IGF-1 were associated with
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both slow gait speed (Doi et al. 2015) and incident
disability (Doi et al. 2016). However, other studies have
found the opposite (Meng et al. 2015) or no association
(Perice et al. 2016). Therefore, whether a relationship
exists between IGF-1 concentrations and gait speed in
males or females remains an enigma.

Higher leptin has been associated with higher body fat,
and higher body fat has been associated with greater risk
of frailty and functional deficits (Harris 2014; Jequier
2002; Garcia-Esquinas et al. 2015). We reported that
higher leptin was associated with greater likelihood of a
harmful transition from normal gait speed to slower gait
speed in females only. This agrees with two investiga-
tions by Lana and colleagues (Lana et al. 2016, 2017)
who reported higher leptin levels in the large cohort study
Seniors-ENRICA and reported associations with muscle
weakness (using the Fried frailty phenotype criteria) and
self-reported impaired mobility and agility, lower extrem-
ity function and overall physical performance, which was
independent of total body fat.

Maintaining cognitive status in females was associ-
ated with lower LDH levels. High LDH serum concen-
trations have been reported to decrease the stability of
cognitive status as higher levels of LDH reflect tissue
damage and cellular injuries (Cardoso et al. 2018). In
our males participants, maintaining cognitive status was
associated with a higher APSM, which agrees with the
AGES-Reykjavik study with 5169 participants (mean
age 76 years, 42.9% men) where only males with a 1
standard deviation increase in thigh muscle had an as-
sociated significant decrease in the likelihood of devel-
oping dementia (Spauwen et al. 2017).

In the current analysis, improving cognitive status in
males was associated with leptin and triglyceride. This
aligns with previous literature, which concluded that
older individuals with higher serum leptin appeared
protected against cognitive decline (Holden et al.
2009) and lower levels of leptin may be involved in
cognitive deficits (Farr et al. 2006). An increase in
triglyceride has been associated with a decrease in the
ability to improve cognitive status. This is also in line
with what is previously shown in both human and
animal studies that obesity is associated with cognitive
impairment and the administration of triglycerides to
mice decreases the learning and memory and impairs
long-term potential (Farr et al. 2008; Morley and Banks
2010). Cardiometabolic abnormalities are independent-
ly associated with a high risk of dementia and cardio-
metabolic syndromes (described as three or more
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cardiometabolic risk factors: inflammation, central obe-
sity, raised triglycerides, low high-density lipoprotein
[HDL] cholesterol, hypertension, and hyperglycaemia
or diabetes) (Kontari and Smith 2019). However, our
data did not identify any clusters of metabolic risk
factors associated with cognition, but rather individual
biomarkers that appeared to be sex-specific.

A strength of this study is the long-term longitudinal
data collection, which other investigators have raised as
necessary to move biomarker research forward. The
cohort was also relatively healthy (successfully ageing)
and was followed up annually. A limitation of the study
would be some current biomarkers of interest reported
in other studies were either not collected or had incom-
plete data, which did not allow those to be included in
the analysis. The NMAPS participant was also primarily
Caucasians from higher socio-economic status, thus
limiting generalizations to other groups.

In conclusion, of all biomarkers investigated, sex-
specific biomarkers of muscle (LDH, creatinine) and
metabolism (%fat, insulin and cholesterol) were associ-
ated with “protective” changes in gait speed over 9 years
of observation. Moreover, metabolic biomarkers
(APSM, leptin and triglycerides) were associated with
cognitive change in males, but not in females. Only
education was protective against harmful cognitive tran-
sitions in females. Muscle and metabolic biomarkers
were also associated with positive or sustained cognitive
function (APSM, leptin and triglycerides) in males only.
It is also possible that transitions in biomarkers may
poorly correlate with transitions in health status, thus
supporting independence in stochastic modelling across
systems as previously reported (Sanders et al. 2014).
However, our longitudinal data that controlled for sex
and age suggests that there may be sex-specific modifi-
able biomarkers that could be targeted for interventions.
These findings need to be replicated in other longitudi-
nal cohorts in order to take the next step of targeted
intervention studies to assess causal inferences.
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