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Slow gait, white matter characteristics, and

prior 10-year interleukin-6 levels in older
adults

ABSTRACT

Objective: To examine the relationship between gait speed and prior 10 years interleukin-6 (IL-6)
burden in older adults. We then assessed whether white matter characteristics influence this
relationship.

Methods: In 179 community-dwelling older adults, gait speed was assessed on an automated
walkway and serum IL-6 was assayed on ELISA. Concurrently, white matter characteristics
were assessed on MRI by quantifying volume of white matter hyperintensities (WMH), a marker
of small vessel disease, and normal-appearing white matter on fractional anisotropy (NAWM-
FA), a marker of axonal integrity. IL-6 was assayed at regular intervals at gait assessment
and over the prior 10 years and estimates of sustained 10-year IL-6 exposure and the rate
of change in IL-6 over 10 years were obtained. Multivariate linear regressions were used to
examine the relationships among sustained IL-6 exposure, rate of change in IL-6, gait speed,
and white matter characteristics.

Results: In this sample (age 83 years, 58% female, 41% black, gait speed 0.9 m/s), higher sus-
tained IL-6 levels, but not the rate of change in IL-6 or IL-6 at gait assessment, was significantly
related to slower gait (8 = —0.27, p < 0.001) and to higher WMH (B = 0.23, p = 0.002), but not
NAWM-FA, withstanding covariate adjustments. WMH accounted for 30% attenuation in the
relationship between higher sustained IL-6 levels and slower gait speed (p = 0.043) in the medi-
ation analyses.

Conclusions: Sustained exposure to high IL-6 over 10 years rather than the rate of change in IL-6
or an isolated high IL-6 level may adversely affect gait speed by influencing cerebral WMH.
Neurology® 2016;87:1993-1999

GLOSSARY

3 MS = modified Mini-Mental State Examination score; BMI = body mass index; DTI = diffusion tensor imaging; FLAIR =
fluid-attenuated inversion recovery; Health ABC = Health Aging and Body Composition; IL-6 = interleukin-6; NAWM =
normal-appearing white matter; NAWM-FA = fractional anisotropy of normal-appearing white matter; WM = white matter;
WMH = white matter hyperintensities.

Increased levels of inflammatory cytokines such as interleukin-6 (IL-6) are cross-sectionally and
longitudinally associated with poor physical function in older adults."” IL-6 assayed at regular
intervals over a long-term period may better capture sustained IL-6 exposure and rate of change
rather than random assays spread apart over time. It is not known whether the sustained long-
term exposure to IL-6 or rate of change in IL-6 contributes to the relationship between IL-6 and
gait speed beyond a single concurrent indicator of inflammation.

Higher IL-6 is linked to greater volume of white matter hyperintensities (WMH) on MRI in
most studies®® but not in all.” WMH are related to slow gait in older adults.'®!" In regions that
are free of WMH, which we refer to here as normal-appearing white matter (NAWM), subtle
changes are detected on diffusion tensor imaging (DT1) as a reduction in fractional anisotropy of
NAWM (NAWM-FA), denoting loss of myelin and astrogliosis at the microstructural level.'*'?
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Lower NAWM-FA is related to slow gait in

14,15

elders as well as chronic inflammation in

aging.'® The potential central mechanisms
underlying long-term effects of IL-6 on gait
slowing remain unknown.

We examined the independent relation-
ships among the longitudinal measures of
IL-6 burden, gait speed, and cerebral white
matter (WM) characteristics and assessed
whether WM characteristics influence these
relationships in community-dwelling older
adults. We hypothesized that sustained eleva-
tion of IL-6 over 10 years is associated with
slow gait and this relationship is influenced
by cerebral WM disease burden in the brain.

METHODS Study population. A total of 1,501 partici-
pants were enrolled at the Pittsburgh site of the Health Aging
and Body Composition (Health ABC) study, a longitudinal
study of physical measures in 3,075 independent
community-dwelling older adults aged 70-79 years.!” In the
10th year of the Health ABC study, 819 of the 1,501 alive
were screened for an imaging ancillary study. We analyzed
data on 179 who had an IL-6 assayed at every timepoint
over the 10-year period that included an IL-6 level assayed
concurrent with gait speed assessment and brain imaging (flow

chart, figure e-1 at Neurology.org).

Standard protocol approvals, registrations, and patient
consents. All participants provided written informed consent for
participation. This study was approved by the institutional review
boards of the University of Pittsburgh, Pennsylvania, and the

University of Tennessee Health Science Center, Mempbhis.

Inflammatory markers. Fasting morning blood samples from
participants included in this analysis were collected in year 1
(baseline) and years 2, 4, 6, 8, and 10. IL-6 was assayed from
serum, citrated plasma, or EDTA plasma.'® At baseline, IL-6
was assayed at the University of Vermont using ELISA (R&D
Systems, Minneapolis, MN), and at subsequent timepoints, at
Wake Forest University using high-sensitivity Quantikine
calorimetric immunoassay (R&D Systems).'®!” The detectable
limit for IL-6 (by HS600 Quantikine kit) was 0.10 pg/mL.
The interassay coefficients of variation for this assay were 14%,
11%, and 13% for low, medium, and high ranges, respectively.
To enable longitudinal analysis of varying IL-6 samples and assays
at 2 independent laboratories, IL-6 values were harmonized
through a calibration developed at Wake Forest University
laboratory as reported previously.' IL-6 measures were not log-
transformed to enable comparisons with other studies.

We obtained 3 main estimates of IL-6 burden: (1) sustained
exposure to IL-6 over prior 10 years obtained by averaging IL-6
levels (pg/mL) at all timepoints for each individual; (2) rate of
change in IL-6 over prior 10 years using slope of IL-6 change
(pg-mL™"-y™") estimated for each participant using least absolute
deviation regression; and (3) IL-6 level (pg/mL) at brain MRI,
which was at a concurrent timepoint of gait assessment. In the
179 individuals, the mean (SD) of the percentage of total absolute
variation (pseudo-R?) explained by the L1-norm person-specific
lines was 18.2% (17.5%) and across the sample the average mean
absolute difference from predicted value was 0.81 pg/mL. IL-6 at
year 1 of study and at year 10 of study averaged 1.9 and 3.1 pg/mL,
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respectively. To account for the variation and intermittent spikes
across the 10-year period, we used the least absolute deviation
regression to estimate slope trends over time rather than least
squares, which have a tendency to be strongly influenced by

outliers.

Neuroimaging. Brain imaging was performed on a 3T Siemens
(Munich, Germany) Tim Trio magnetic resonance scanner with
a Siemens 12-channel head coil and WMH and FA was measured

2021 summarized here.

using previously published methods,
WMH were classified on fluid-attenuated inversion recovery
(FLAIR) using an automated threshold-based algorithm,*" and
normalized to total brain volume (sum of voxels classified as
gray matter, WM, and CSF obtained from skull-stripped T1
image).* Diffusion-weighted images were preprocessed using
the FMRIB’s Diffusion Toolbox® and the tensor applied was
diagonalized and eigenvalues were determined to compute the
FA maps* which were registered to the FMRIB58_FA
template” as described previously.”> Then, NAWM-FA was
obtained utilizing the cerebral WM and WMH segmentation
obtained from the magnetization-prepared rapid gradient echo
and T2-weighted FLAIR image.** The Johns Hopkins
University White Matter Atlas was overlaid on to the
segmented WMH images to obtain regional WMH in the
corpus callosum and bilateral anterior thalamic radiation,
corticospinal tracts, inferior fronto-occipital fasciculi, inferior
longitudinal fasciculi, superior longitudinal fasciculi, and

uncinate fasciculi.?*?’

Gait measures. Gait speed (assessed the same day of the brain
imaging) was measured on a 4-meter-long GaitMatll (EQ Inc.,
Chalfont, PA) that contains pressure-sensitive sensors that
capture various gait parameters. Two practice walks across the
walkway preceded the steady-state gait speed measures, which
were averaged over 2 consecutive traverses. Changes in gait
speed at initiation and termination of gait were not included in

the gait speed estimation.

Covariates. These included demographic variables and health
behavior variables (self-reported smoking, alcohol use, and mod-
erate intensity exercise in the last 12 months), body mass index
(BMI, kg/m?), comorbidities (self-reported or hospital-record
identified diagnoses of hypertension, diabetes mellitus, angina,
myocardial infarction, congestive heart failure, intermittent
claudication, stroke, or TIA), modified Mini-Mental State
Examination score (3 MS),* isometric grip strength (assessed
using a hand-held dynamometer) (JAMAR Technologies, Inc.,
Hatfield, PA), age-related parkinsonism (quantified on the
Unified Parkinson’s Disease Rating Scale), intracranial volume
on MRI, microstructural properties of total gray matter assessed
on DTI, and APOE &4 carrier status.

Statistical analysis. The associations of the 3 IL-6 measures
(sustained 10-year IL-6, rate of IL-6 change, IL-6 concurrent
with brain MRI) with gait speed and WM measures were
assessed using Pearson  correlations adjusting for multiple
comparisons  (Bonferroni  correction) and separate linear
regression models. First, unadjusted regressions were calculated
with each of the IL-6 measures as the primary independent
predictor variable and gait speed as dependent variable. We
adjusted for sociodemographic variables (model A), BMI,
smoking, alcohol, high-intensity exercise hypertension, coronary
heart disease, diabetes mellitus II, stroke, grip strength, 3 MS
score, APOE €4 carrier status, intracranial volume, microstructure
total gray matter volume (model B, selecting covariates using
backward selection criteria [p < 0.01]), and NAWM-FA and
WMH volume (models C and D, respectively), which were
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added to the fully adjusted model and statistical tests for
mediation®” of the associations between gait speed and IL-6
measures. We also examined whether baseline IL-6 level or
variance in IL-6 levels over 10 years influenced the relationship
between our IL-6 measures and gait speed. We finally explored
the association between IL-6 and WMH of tracts linked to
mobility using Pearson correlation with Bonferroni correction for
multiple comparisons. Statistical analyses were performed on SAS
9.3 and SPSS 22.0 statistical software packages.

RESULTS In this sample of 179 older adults (mean
age 83 years, 58% female, 37% black), the mean gait
speed was 0.92 m/s and average 3 MS score was 93
(table 1).

Table 2 shows the unadjusted correlations among
IL-6 measures, gait speed, and WM characteristics.
Higher 10-year sustained IL-6 exposure and higher
IL-6 at brain MRI correlated significantly with slower
gait speed and with greater WMH but not with lower
NAWM-FA. Additionally, slower gait speed corre-
lated significantly with worse WM characteristics
(lower NAWM-FA and greater WMH burden).

Table 3 shows the unadjusted and adjusted 3

coefficients of the association between sustained

[ Table 1 Sample characteristics (n = 179)

Baseline characteristics

Age, y, mean (SD)

Female, n (%)

Black, n (%)

Postsecondary school education, n (%)

Family income $>25,000 annually, n (%)

IL-6 at time of brain MRI, pg/mL

Average 10-year IL-6 exposure, pg/mL

Rate of change in IL-6, pg-mL-*-y-*

Gait speed, m/s

Modified Mini-Mental State Examination score
Type |l diabetes mellitus, n (%)

Smokers, n (%)

Moderate intensity exercise in the last 12 months, n (%)
Hypertension, n (%)

Stroke, n (%)

Coronary heart disease, n (%)

Nonsteroidal anti-inflammatory drugs, n (%)
APOE :4 positive status, n (%)

Body mass index, kg/m?

Grip strength, cm?

UPDRS motor score

WMH normalized to total brain volume, median (IQR)

FA, median (IQR)

|

Values
83.1(2.7)
104 (58.1)
66 (36.9)
95 (52.5)
90 (57.7)
31(22)
2.7 (1.6)
0.083 (0.2)
0.92(0.2)
93.5 (5.9)
40 (22.4)
4(2.3)

41 (31.8)
121 (67.6)
16 (8.9)
41 (22.9)
15 (8.4)
42 (23.5)
27.1(4.3)
30.5(10.3)
21(3.7)
0.0032 (0.001-0.008)
0.358 (0.35-0.37)

Abbreviations: FA = fractional anisotropy; IL-6 = interleukin-6; UPDRS = Unified Parkin-
son's Disease Rating Scale; WMH = white matter hyperintensities.

IL-6 exposure over 10 years, gait speed, and WM
characteristics. A higher sustained 10-year exposure
to IL-6 was significantly associated with slower gait
speed (B = —0.266, p < 0.001). This association,
though attenuated by approximately 47%, re-
mained statistically significant after accounting
for covariates (model B, B= —0.141, p = 0.03).
The strength of association between higher sus-
tained 10-year IL-6 exposure and slow gait speed
diminished by approximately 63% and was no lon-
ger significant with WMH in the model (model C,
B = —0.099, p = 0.133). Tests of mediation ef-
fects revealed that WMH accounted for approxi-
mately 30% of the attenuation in the strength of
the relationship between sustained IL-6 and slow
gait (p = 0.043; table 3). The association between
sustained IL-6 levels and slow gait speed remained
significant with NAWM-FA in the fully adjusted
model. NAWM-FA did not significantly attenuate
the relationship between sustained 10-year IL-6
levels and slow gait speed in the mediation model
(p = 0.9). Furthermore, the association between
higher 10-year sustained IL-6 exposure and slow
gait speed remained statistically significant after
accounting for IL-6 level at MRI (B = —0.15,
p = 0.04) and the rate of change in IL-6 over 10
years (B = —0.17, p = 0.01) in the fully adjusted
model. Finally, adjusting for the IL-6 level at Health
ABC study entry or the variance in IL-6 levels over the
prior 10 years did not substantially influence the
unadjusted association between sustained IL-6
exposure and slow gait speed (3 = —0.27 for both,
2 = 0.002 and 0.006, respectively).

Higher sustained 10-year IL-6 exposure was asso-
ciated with greater WMH volume (3 = 0.234, p =
0.002) and remained statistically significant after
accounting for covariates that included APOE €4 sta-
tus (table 3, model B, 3 = 0.197, p = 0.006). With
NAWM-FA in the model, there was a modest dimi-
nution in strength of association between higher sus-
tained 10-year IL-6 exposure and greater WMH by
approximately 26% but the statistical significance was
still retained (model D: 8 = 0.173, p = 0.01).

The association between rate of change in IL-6
over prior 10 years and gait speed was not significant
in the fully adjusted model (B = —0.1, p = 0.061).
There was no significant association between rate of
change in IL-6 and NAWM-FA or WMH volume.

Higher IL-6 level at brain MRI was not signifi-
cantly associated with slow gait speed after adjust-
ment for sustained IL-6 levels over the prior 10
years (B = 0.004, p = 0.5). Higher IL-6 at MRI
was also associated with greater WMH volume
(B = 0.159, p = 0.03), and withstood adjustments
for demographic covariates, but this relationship was
not significant in the fully adjusted model. The
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Table 2 Unadjusted correlations (Pearson r and p value) between main variables of interest corrected for

multiple comparisons

Sustained 10-year Rate of change in

IL-6 exposure IL-6 over 10 years
Gait speed —-0.27 (<0.001) —0.15 (0.045)
NAWM FA -0.12(0.13) 0.02 (0.8)
WMH 0.23 (0.002)° 0.03(0.7)

IL-6 at time of MRI  NAWM FA WMH

-0.18 (0.016) 0.15 (0.042) -0.27 (<0.001)

-0.15 (0.05) -0.4 (<0.001)°
0.16 (0.033) —0.4 (<0.001)°

Abbreviations: IL-6 = interleukin-6; NAWM-FA = fractional anisotropy of normal-appearing white matter; WMH = white

matter hyperintensities.

2 Statistically significant values, set at « =0.008 (Bonferroni correction for multiple comparisons).
b Statistically significant values, set at « =0.01 (Bonferroni correction for multiple comparisons).

association between higher IL-6 level and lower
NAWM-FA was not significant when adjusted for
WMH (B = —0.09, p = 0.12). IL-6 at time of
MRI was not significantly associated with slow gait
speed in the fully adjusted model (3 = —0.052, p =
0.4) and therefore formal mediation effects of WMH
or NAWM-FA in this relationship were not
conducted.

Our exploratory analysis of the regional WMH re-
lationships revealed that sustained exposure to high
IL-6 over 10 years was significantly correlated with
greater WMH in the corpus callosum (r = 0.21,
p = 0.005), bilateral anterior thalamic radiation
(r = 0.15, p = 0.04), corticospinal tracts (left: » =
0.23, p = 0.002), inferior fronto-occipital fasciculi
(r=0.21, p = 0.000), inferior longitudinal fasciculi
(r=0.16, p = 0.04), and superior longitudinal fascic-
uli (= 0.20, p = 0.007), but not the uncinate fasciculi
(r = 0.13, p = 0.2); the regional associations in the

corpus callosum, corticospinal tracts, inferior fronto-
occipital fasciculi, and superior longitudinal fasciculi
withstood correction for multiple comparisons (o set
at =0.0071, Bonferroni correction for 7 regional tracts).

Finally, we compared the 179 participants with
IL-6 assays at all timepoints to those excluded as they
lacked 1 to 3 IL-6 assays over the 10-year period (n =
101, table e-1). Those excluded had higher IL-6
measures, worse NAWMS-FA, lower cognitive perfor-
mance, and slower gait, although the differences in
gait were not statistically significant (table e-1). As
a sensitivity analysis, we reanalyzed the whole sample
(n = 280), which included the 101 participants who
had at least 3 IL-6 assays over the 10-year with a final
IL-6 assay concurrent with MRI (average number of
IL-6 assays 5, range 3—6). We again found that sus-
tained exposure to high IL-6 level over prior 10 years,
but not the rate of change in IL-6 or IL-6 at time of
MRI, was associated with slower gait, and this

Table 3 Association of gait speed and NAWM-FA and WMH on brain MRI (dependent variables) with sustained
exposure to IL-6 over prior 10 years (independent variable) in the sample of older adults who had IL-6
assayed at all 6 timepoints over the 10-year period (n = 179)

Gait speed NAWM-FA WMH

Mean 10-year IL-6 (unadjusted) —0.266 (<0.001) —0.125 (0.096) 0.234 (0.002)
Model A: age, sex, race, education —0.233 (0.001) —0.099 (0.157) 0.210 (0.004)
Model B: fully adjusted® —-0.141 (0.033) —-0.048 (0.456) 0.197 (0.006)
Model C: model B + WMH —-0.099 (0.133) 0.0093 (0.881)

WMH: standardized g (p value) —0.184 (0.005) —0.314 (<0.001)

Mediation: % attenuation (p value) 29.8% (0.043) NA
Model D: model B + NAWM-FA —-0.142 (0.033) 0.173(0.010)

NAWM-FA: standardized B (p value) —-0.013 (0.852) -0.322 (<0.001)

Mediation: % attenuation (p value) ns (0.855) NA

Abbreviations: IL-6 = interleukin-6; NAWM-FA = fractional anisotropy of normal-appearing white matter; UPDRS = Unified
Parkinson's Disease Rating Scale; WMH = white matter hyperintensities.

Gait speed: age, sex, race, obese, self-reported moderate exercise intensity prior 12 months, diabetes, hypertension,
modified Mini-Mental State Examination score, UPDRS Ill score; NAWM-FA: age, sex, race, education, former smoker, self-
reported moderate exercise intensity prior 12 months, prior stroke or TIA, UPDRS Il score, microstructure, total gray
matter volume; WMH: age, sex, race, education, current drinker, self-reported moderate exercise intensity prior 12 months,

prior stroke or TIA, UPDRS Il score, APOE &4 status.
2Fully adjusted models.
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association was influenced by worse WM character-
istics (table e-2).

DISCUSSION In this cohort of older adults with
mean age of 83 years, sustained exposure to high
IL-6 levels over the prior 10 years is strongly related
to slower gait and this association is explained by
higher WMH burden in the brain. Each participant
had an IL-6 assay conducted at every timepoint of
the study, culminating with a final assay at time of
gait assessment and brain MRI. Hence, we were
able to comprehensively characterize long-term IL-6
burden by measuring sustained IL-6 exposure over
10 years and by estimating the rate of change in IL-
6 over this period. Among the measures we utilized
to characterize IL-6 burden, we found that only
sustained 10-year IL-6 exposure was robust enough
to withstand several statistical adjustments, whereas
rate of change in IL-6 over 10 years or IL-6 at
gait assessment and MRI timepoint were not
significant on their own, did not withstand
statistical adjustments, or were not significant when
accounted for each other in the model. This is the
first report indicating that in community-dwelling
older adults, higher sustained IL-6 exposure could
be detrimental to gait speed, possibly mediated by
higher WMH burden in the brain.

The association between IL-6 and mobility
decline is frequent but not universal; a significant
association between high IL-6 levels and subsequent
mobility decline was observed in the Health ABC
study,>® the Women’s Health and Aging Study,*
and InCHIANTT,? but not in the MacArthur studies
of successful aging.®’ The Cardiovascular Health
Study All-Stars study (mean age 84.9 years, with
a demographic that was similar to our study sample)
examined association of IL-6 levels at 2 timepoints 9
years apart concurrent with assessment of physical
and cognitive impairment; higher baseline IL-6 levels
were more strongly associated with slow gait than
change in IL-6 over the 2 timepoints.” This study
supports our findings on the lack of robust association
between rate of change in IL-6 over 10 years and slow
gait speed.

We found that higher IL-6 at time of MRI was
related to worse NAWM-FA but not to WMH,
whereas sustained IL-6 levels were associated with
WMH but not with NAWM-FA. In aging, WMH
represent the aftermath of longstanding WM injury
that begins with changes in NAWM.** IL-6 influen-
ces inflammatory signaling leading to microglial sen-
sitization®*** and neuronal damage,®* which decreases
the spatial restrictiveness within fibers, making them
less anisotropic,'? leading to a lower NAWM-FA sig-
nal on DTL" Over time, cytokines increase blood—
brain permeability enabling reactive gliosis,*® one of

the pathologic hallmarks of WMH. Thus, the rela-
tionship between concurrent high IL-6 and low
NAWM-FA may become blunted over time and high
IL-6 sustained over a long-term period could influ-
ence downstream development of WMH. This rea-
soning, though speculative, may explain the lack of
relationship between sustained IL-6 and NAWM-FA
and between concurrent IL-6 and WMH.

We also found that sustained exposure to high
IL-6 level was associated with greater WMH in the
corpus callosum, corticospinal tracts, inferior fronto-
occipital fasciculi, and superior longitudinal fasciculi.
WMH in these tracts can disrupt neural transmission,
leading to gait slowing in older adults.'®'"* Tracts
that traverse large areas of watershed WM are more
prone to WM injury and WMH.?® Recent evidence
also suggests that inflammation influences corpus cal-
losal changes.?”*® Therefore, we speculate that tracts
such as the corpus callosum, corticospinal, and long
association tracts are likely to bear the brunt of long-
standing effects of sustained high inflammation. The
attenuation of the relationship between IL-6 exposure
and slow gait by WMH points to the regional vul-
nerability of WM and a compromised neural connec-
tivity of gait driven by an inflammation-mediated
pathophysiologic mechanism.

The results of this study have important clinical
relevance to age-related mobility decline. Several
anti-inflammatory and immune-modulatory thera-
pies, including dietary and behavioral interventions,
have potential efficacy in reducing low-grade chronic
inflammation in aging. Vascular risk factor modifica-
tion can potentially mitigate chronically elevated IL-6
levels and potendally affect gait slowing in older
adults.* Our findings suggest that low IL-6 levels
sustained over a long-term period may be more mean-
ingful for maintaining WM health and gait speed in
older adults.

There are several strengths of this study. We stud-
ied participants who had IL-6 levels drawn at every
timepoint over the 10-year period. Inclusion into
study ascertained that those with mobility disability
or impaired mobility were excluded. WM was as-
sessed with both 3T MRI and DTI, which were ob-
tained concurrent with gait speed assessment. The
sample was also racially diverse. Finally, our analysis
accounted for several confounders known to influ-
ence gait in older adults.

Certain limitations need to be considered. Our
sample of older adults was likely robust based on
MRI and study eligibility and may therefore differ
from others who report on similar phenomena in
terms of sensitivity of IL-6 assays across timepoints,
and sources of bias due to survival, health status, func-
tional status, or cognition. Then again, the finding
that sustained high IL-6 levels over 10 years influence
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gait speed and that WM disease appears to be a key
driver of this association in this selective sample is
noteworthy. We did not study other inflammatory
cytokines such as C-reactive protein that are also
linked to mobility decline in aging because C-reactive
protein levels were not obtained at the timepoint of
brain MRI and gait assessment in the Health ABC
study. Brain imaging was not performed at baseline
in the study and therefore, we were unable to examine
the longitudinal relationships between WMH accrual
and the IL-6 measures.

This study suggests that higher sustained exposure
to IL-6 over 10 years is associated with slower gait
in older adults and this relationship is mediated by
cerebral WMH.
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