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Background: Long-term changes in (bio)markers for cognitive frailty are not well
characterized. Therefore, our aim is to explore (bio)marker trajectories in adults who
became cognitively frail compared to age- and sex-matched controls who did not
become cognitively frail over a 15 year follow-up. We hypothesize that those who become
cognitively frail have more unfavorable trajectories of (bio)markers compared to controls.

Methods: The Doetinchem Cohort Study is a longitudinal population-based study that
started in 1987-1991 in men and women aged 20-59 years, with follow-up examinations
every 5 years. For the current analyses, we used data of 17 potentially relevant
(bio)markers (e.g., body mass index (BMI), urea) from rounds 2 to 5 (1993-2012). A global
cognitive functioning score (based on memory, speed, and flexibility) was calculated for
each round and transformed into education and examination round-adjusted z-scores.
The z-score that corresponded to the 10th percentile in round 5 (z-score = —0.77)
was applied as cut-off point for incident cognitive frailty in rounds 2-5. In total, 455
incident cognitively frail cases were identified retrospectively and were compared with
910 age- and sex-matched controls. Trajectories up to 15 years before and 10 years
after incident cognitive frailty were analyzed using generalized estimating equations
with stratification for sex and adjustment for age and, if appropriate, medication use.
Results were further adjusted for level of education, depressive symptoms, BMI, and
lifestyle factors.

Results: In men, (biomarker trajectories did not differ as they ran parallel
and the difference in levels was not statistically significant between those who
became cognitively frail compared to controls. In women, total cholesterol trajectories
first increased and thereafter decreased in cognitively frail women and steadily
increased in controls, gamma-glutamyltransferase trajectories were more or less
stable in cognitively frail women and increased in controls, and urea trajectories

Frontiers in Neurology | www.frontiersin.org

1 May 2019 | Volume 10 | Article 497


https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org/journals/neurology#editorial-board
https://www.frontiersin.org/journals/neurology#editorial-board
https://www.frontiersin.org/journals/neurology#editorial-board
https://www.frontiersin.org/journals/neurology#editorial-board
https://doi.org/10.3389/fneur.2019.00497
http://crossmark.crossref.org/dialog/?doi=10.3389/fneur.2019.00497&domain=pdf&date_stamp=2019-05-31
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles
https://creativecommons.org/licenses/by/4.0/
mailto:liset.rietman@rivm.nl
https://doi.org/10.3389/fneur.2019.00497
https://www.frontiersin.org/articles/10.3389/fneur.2019.00497/full
http://loop.frontiersin.org/people/626955/overview

Rietman et al.

(Bio)marker Trajectories of Cognitive Frailty

increased in cognitively frail women and remained more or less stable in controls. Results
were similar after additional adjustment for potential confounders.

Conclusions: Out of the 17 (bio)markers included in this explorative study, differential
trajectories for three biomarkers were observed in women. We do not yet consider any
of the studied (bio)markers as promising biomarkers for cognitive frailty.

Keywords: cognitive frailty, markers, biomarkers, trajectories, Doetinchem Cohort Study

INTRODUCTION

Frailty is a state of increased vulnerability to adverse health
outcomes when exposed to stressors caused by the cumulative
decline in one or more domains of functioning, including the
cognitive domain (1-4). Moderate cognitive decline is part of
the normal aging process (5). Some elderly are confronted with
accelerated cognitive decline, which could eventually lead to
(mild) cognitive impairment or dementia. A (reversible) state
of cognitive vulnerability within mild cognitive impairment has
been termed “Cognitive frailty” (6). Although the existence
of cognitive frailty and its definition are still under debate
(7), there seems to be broad agreement that cognitively frail
people experience accelerated cognitive decline (i.e., cognitive
dysfunction) without having a form of dementia (8). In this study,
people were considered to be cognitively frail when their global
cognitive functioning was poor, given their level of education.

It is not yet fully understood how cognitive frailty develops
and whether it can be detected at an early stage. However,
there are indications that processes of inflammation and
oxidative stress are involved and that C-reactive protein (CRP)
could potentially serve as a biomarker (9). In addition, in
previous studies we observed associations between body mass
index (BMI), self-reported health, several biomarkers (e.g., -
cryptoxanthin and zeaxanthin), and cognitive frailty (10, 11).
Unfavorable changes in these and other (bio)marker levels may
precede cognitive frailty. Studying these changes can provide
insight into the molecular pathways involved and could point out
promising biomarkers for cognitive frailty.

In the Doetinchem Cohort Study (DCS), various markers
(e.g., self-reported health, BMI) and biomarkers (e.g., CRP,
urea), have been measured over a time span of at least 15
years (12). Out of these (bio)markers, we identified 17 possibly
relevant (bio)markers for cognitive frailty. These are mainly
cardiometabolic, inflammatory, and oxidative stress markers.
These types of markers have been linked to cognitive decline
(13) and could therefore possibly serve as biomarkers for
cognitive frailty. Since cognitive frailty arises gradually, it is
meaningful to study how (bio)markers “behave” in the course
of developing cognitive frailty. These insights can be helpful
for the development of treatment and prevention. Therefore,
our aim is to explore the trajectories of several (bio)markers
during the development of cognitive frailty in adults and
compare these to the trajectories of age- and sex-matched
controls. We hypothesize that those who become cognitively frail
have more unfavorable trajectories of (bio)markers compared
to controls.

METHODS

Cohort

The DCS is a longitudinal population-based cohort study starting
in 1987-1991 (round 1) examining 7,769 men and women aged
20-59 years living in Doetinchem, a town in the Netherlands.
Adults who participated in the first round were invited for follow-
up examinations in 1993-1997 (round 2, n = 6,117, mean age:
46 years), 1998-2002 (round 3, n = 4,918, mean age: 51 years),
2003-2007 (round 4, n = 4,520, mean age: 56 years), and 2008—
2012 (round 5, n = 4,018, mean age: 60 years). Response rates
were 75% or higher in all rounds. Verschuren et al. (14) and
Picavet et al. (12) have described the study design in more detail.
All participants gave written informed consent in each round and
the study was approved by the Medical Ethics Committee of the
University Medical Center Utrecht.

Incident Cognitive Frailty

Cognitive functioning was assessed among participants aged >45
years. Trained personnel carried out the cognitive tests according
to a standardized protocol. In rounds 2-5, global cognitive
functioning was measured with a neuropsychological test
battery assessing three domains: memory function, information
processing speed and cognitive flexibility. These were tested
using the 15 Words Verbal Learning Test (VLT) (immediate
and delayed recall) (15), the Stroop Color-Word Test (16), the
Word Fluency Test (17), and the Letter Digit Substitution Test
(18). Nooyens et al. (19) have described the cognitive tests in
more detail. From the separate test scores, one global cognitive
functioning score was calculated for each round. Next, the global
cognitive functioning scores were transformed into z-scores,
based on the mean and standard deviation in round 5, and
were adjusted for level of education and for the number of
tests performed during follow-up to take a possible learning
effect into account. The z-score that corresponded to the 10th
percentile in round 5 (z-score = —0.77) was applied as cut-off
point for incident cognitive frailty in rounds 2, 3, 4, and 5. This
is consistent with the definition used in one of our previous
studies, where we also defined people as being cognitively frail
when their global cognitive functioning was poor, given their
level of education (11). Since the prevalence of frailty naturally
increases with age, this was not included in the definition of
cognitive frailty. Participants with a score below the cut-off point
were considered incident cognitively frail and participants with
a score above this value were considered not cognitively frail. As
cognitive tests were only performed among participants aged >45
years, we defined participants <45 years as not being cognitively
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frail. Participants aged >45 years without data on cognitive
functioning were excluded.

Measurements

Markers

Weight and height (to calculate the BMI), waist circumference,
and diastolic and systolic blood pressure were measured
according to standard protocols (14). Standardized
questionnaires were used to obtain data on self-reported
health, depressive symptoms (assessed with the Mental Health
Inventory-5 and the Vitality dimension of the 36-Item Short-
Form Health Survey) (20, 21), level of education, smoking
status, alcohol consumption, physical activity (categorized
using the Cambridge Physical Activity Index) (22), use of
anti-hypertensive medication, cholesterol-lowering medication,
and glucose-lowering medication.

Biomarkers

Total and high-density lipoprotein (HDL) cholesterol were
measured with standardized enzymatic methods. In 2013-2014,
standardized enzymatic methods were used to retrospectively
determine triglycerides, alanine aminotransferase (ALT),
gamma-glutamyltransferase (GGT), high sensitivity CRP,
albumin, uric acid, cystatin C, and creatinine of rounds 2-5
using blood plasma that had been stored in freezers. Participants
with only one measurement of the (bio)markers were excluded
and participants who were pregnant in a particular round were
excluded for that round only. Details of all measurements are
described in the Appendix A (Supplementary Material).

Statistical Analyses

Matching

The time of incident cognitive frailty was the first examination
round in which participants scored below the cut-off point of
—0.77. From this point in time, we were able to investigate
trajectories with a maximum of 15 years before and 10 years after
incident cognitive frailty. There were not enough observations
to study the trajectories up to 15 years after incident cognitive
frailty. Both cognitive frailty and biomarker levels vary strongly
by sex and age. Therefore, we used a matching design in
which each incident cognitively frail person was matched to
two controls based on sex, age (with 5-year age categories), and
examination round. We excluded two incident cognitively frail
cases, as no suitable controls could be identified.

(Bio)marker Trajectories

Trajectories of (bio)markers for incident cognitively frail
cases and controls were analyzed using generalized estimating
equations (GEE) with an unstructured correlation structure. The
GEE analysis was performed for each (bio)marker (dependent
variable) separately and with cognitive frailty (“yes” vs. “no”) as
the main determinant. This resulted in separate estimates (i.e.,
adjusted marginal means) at each point in time for cases and
controls. With these estimates, trajectories for the cognitively frail
and the controls were constructed. This approach is consistent
with the method used by Hulsegge et al. (23).

Analyses were stratified for sex and the model included age
(linear and quadratic), examination round (categorical variable
with round 5 as reference category), and time (categorical
variable). Time consisted of six categories ranging from T_;5
to T410 with Ty as the moment of incident cognitive frailty.
Age was centered at 60 years because this was approximately
the mean age at round 5, which resulted in (bio)marker levels
of someone who was hypothetically 60 years old. Trajectories
of systolic and diastolic blood pressure were adjusted for
self-reported anti-hypertensive medication, trajectories of total
cholesterol, HDL cholesterol and triglycerides were adjusted for
self-reported cholesterol-lowering medication, and trajectories
of glucose were adjusted for the self-reported use of glucose-
lowering medication.

Triglycerides, ALT, GGT, and CRP had a skewed distribution.
Therefore, we log-transformed these biomarkers and reported
back-transformed geometric means. Differences between
trajectories of cognitively frail people and their controls were
tested using an overall interaction term between cognitive
frailty and time, and a p-value lower than 0.1 was considered
statistically significant. This was obtained via the joint tests
for GEE, where differences in slopes were calculated based on
five interaction terms (frailty*T_;5, frailty*T_;o, frailty*T_s
frailty*T1s, frailty*T419) with Ty (i.e, moment of incident
cognitive frailty) as reference category.

To summarize, trajectories up to 15 years before and 10 years
after incident cognitive frailty were analyzed and compared to
controls using GEE with stratification for sex and adjustment for
age and, if appropriate, medication use (model 1). We verified
whether the results changed after additional adjustment for level
of education, depressive symptoms (model 2), BMI, smoking,
alcohol intake, and physical activity (model 3). Trajectories of
BMI and waist circumference were not adjusted for BML.

We performed a sensitivity analysis to study the potential
impact of loss to follow-up due to mortality on our results. To
this end, we excluded participants who died during the follow-
up period (1993-2012) along with their matched case and/or
control(s) and compared the results to those obtained in the total
population. All analyses were performed using SAS 9.4 software
(SAS Institute, Cary, North Caroline, USA).

RESULTS

Population Characteristics

After excluding participants >45 years without data on cognitive
functioning and applying the additional exclusion criteria, 5,139
participants remained for further analyses. Over the course of the
study, 6 participants were defined as incident cognitively frail in
round 2, 116 participants in round 3, 134 participants in round
4, and 202 participants in round 5. In total, 455 participants
became cognitively frail of which 303 (67%) were men and 152
(33%) were women. At incident cognitive frailty (Ty), men had
an average age of 65.5 (SD 7.6) and women of 66.9 (SD 7.8).
Cognitively frail people more often had a low level of education
and a slightly higher BMI, waist circumference, and systolic blood
pressure than controls (Table 1). In addition, cognitively frail
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TABLE 1 | Population characteristics for incident cognitively frail men and women and their controls at Tg.

Men Women

Controls Cognitively frail Controls Cognitively frail

N = 606 N =303 N =304 N =152
SOCIO-DEMOGRAPHIC FACTORS
Age (years), mean (SD) 63.0 (7.8) 65.5 (7.6) 64.6 (8.0) 66.9 (7.8)
Low level of education, % 42 49 62 70
LIFE-STYLE FACTORS
Current smoker, % 15 24 17 14
Alcohol consumption (1 or more glasses/week), % 77 76 60 39
MEDICATION USE
Anti-hypertensive, % 24 27 29 34
Cholesterol-lowering, % 17 22 16 20
Glucose-lowering, % 6 10 6 7
HEALTH
Poor or fair self-reported health, % 16 23 22 34
Mental health (range 0-100), mean (SD) 81.3(14.3) 78.2 (15.9) 75.6 (15.4) 70.2(17.9)
Vitality (range 0—-100), mean (SD) 71.0 (17.4) 68.9 (18.0) 65.8 (17.4) 59.9 (19.8)
ANTHROPOMETRIC DATA
BMI (kg/m?), mean (SD) 26.9 (3. ) 27.4 (3. ) 271 (4.7) 28.3 (5.5)
Waist circumference (cm), mean (SD) 100.7 (10. 102.7 (10. 93.5(12.0) 97.4 (13.3)
Systolic blood pressure (mmHg), mean (SD) 134.7 (17. ) 138.0 (18. ) 133.8 (18.5) 137.8(19.4)
Diastolic blood pressure (mmHg), mean (SD) 81.9(9.8) 81.4 (9.9) 79.9(9.7) 80.4 (10.1)
BIOMARKERS
Total cholesterol (mmol/L), median (IQR) 5.5 (4.8-6.1) 5.3 (4.4-6.3) 5.9 (6.1-6.7) 5.9 (56.4-6.5)
HDL cholesterol (mmol/L), median (IQR) 1.21 (1.00-1.44) 1.17 (0.98-1.42) 1.51 (1.23-1.81) 1.39 (1.17-1.67)
Glucose (mmol/L), median (IQR) 5.3 (4.8-6.1) 5.4 (4.9-6.1) 5.2 (4.8-5.8) 5.3 (4.9-5.9)
Triglycerides (mmol/L), median (IQR) 1.45 (1.06-2.07) 1.55 (1.10-2.08) 1.40 (1.05-1.90) 1.54 (1.11-2.10)
ALT (U/L), median (IQR) 18 (14-24) 18 (14-24) 16 (12-20) 14 (11-18)
GGT (U/L), median (IQR) 28 (19-40) 27 (20-41) 19 (15-29) 19 (14-26)
CRP (mg/L), median (IQR) 1.17 (0.62-2.40) 1.61(0.81-3.07) 1.38(0.68-2.89) 1.50 (0.70-2.48)
Albumin (g/L), median (IQR) 45 (43-46) 45 (43-46) 45 (43-47) 45 (43-46)
Cystatin C (mg/L), median (IQR) 0.86 (0.78-0.97) 0.91(0.81-1.02) 0.81(0.72-0.94) 0.89 (0.79-0.99)
Creatinine (umol/L), median (IQR) 84 (76-93) 83 (76-91) 67 (60-74) 69 (62-77)
Uric acid (mmol/L), median (IQR) 0.34 (0.29-0.38) 0.33(0.29-0.38) 0.27 (0.23-0.30) 0.27 (0.22-0.32)
Urea (mmol/L), median (IQR) 6.2 (5.4-7.1) 6.2 (5.3-7.4) 5.8 (4.9-6.6) 6.1(6.1-7.2)

BMI, body mass index; HDL cholesterol, high-density lipoprotein cholesterol; ALT, alanine aminotransferase; GGT, gamma glutamyltransferase; CRR, C-reactive protein.

men and women more often reported to have poor or fair health
and their medication use was higher compared to controls.

(Bio)marker Trajectories

In our main model (i.e., model 1), we observed no differences
in (bio)marker trajectories between incident cognitively frail
men and controls as the trajectories ran parallel and the
difference in levels was not statistically significant. In women,
we observed differences in the shape of the trajectories of total
cholesterol (p = 0.067), GGT (p = 0.008), and urea (p = 0.002)
between incident cognitively frail women and controls (Figure 1
and Appendix B Table1 in Supplementary Material). Total
cholesterol increased before women became cognitively frail and
decreased after incident cognitive frailty (Ty), while in controls,
total cholesterol levels steadily increased over time. GGT was
more or less stable in incident cognitively frail women, while in

controls, GGT levels slowly increased from T_;o onwards. Urea
increased over time in incident cognitively frail women, while in
controls, urea levels remained more or less stable.

After further adjustment for level of education and depressive
symptoms (model 2), we found no differences in (bio)marker
trajectories for men. In women, we found differences in the
same biomarker trajectories as in model 1 (i.e., total cholesterol,
GGT, urea) and additionally observed a difference in trajectories
for ALT in women (p = 0.046) (AppendixB Tablel in
Supplementary Material). When further adjusting for BMI and
life-style factors (model 3), we still observed no differences in
(bio)marker trajectories for men. In women, differences in the
trajectories for GGT, urea, and ALT between incident cognitively
frail women and controls remained, but the difference in total
cholesterol trajectory (p = 0.109) was just above our threshold
(p-value for interaction <0.1).
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FIGURE 1 | Trajectories of (bio)markers for incident cognitively frail men and women and their controls. Trajectories of self-reported health (A), body mass index (B),
waist circumference (C), diastolic blood pressure (D), systolic blood pressure (E), total cholesterol (F), HDL cholesterol (G), glucose (H), triglycerides (1), ALT (J), GGT
(K), CRP (L), albumin (M), cystatin C (N), creatinine (O), uric acid (P), and urea (Q) of incident cognitively frail people (red lines) and controls (green lines) with 95%
confidence intervals stratified by sex and corrected for age and, if appropriate, medication use (model 1), where men and women were hypothetically 60 years old at
the time of incident cognitive frailty. A difference (p-value for interaction <0.1) in (bio)marker trajectory between those with and without incident cognitive frailty are
indicated by an asterisk. HDL cholesterol, high-density lipoprotein cholesterol; ALT, alanine aminotransferase; GGT, gamma glutamyltransferase; CRP, C-reactive
protein. Geometric means are shown for triglycerides, ALT, GGT, and CRP.
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To explore the potential impact of loss to follow-up due to
mortality on our results, we performed a sensitivity analysis
using model 1 in which we excluded participants who died
(n = 130) during the follow-up period (1993-2012). In men, 61
cognitively frail and 40 controls died. In women, 16 cognitively
frail and 13 controls died. Excluding these participants, along
with their matched case and/or control(s), resulted in the
exclusion of 333 participants in total. After exclusion, in men, the
trajectories of total cholesterol (p = 0.061) and BMI (p = 0.082)
differed between cognitively frail men and controls. In women,
consistent with the observed differences in the total population,
the trajectories of total cholesterol (p = 0.066), GGT (p = 0.018),
and urea (p = 0.001) differed between cognitively frail women
and controls. In addition, the trajectories of ALT (p = 0.057),
and albumin (p = 0.057) also became different between
cognitively frail women and controls (Appendix B Figure 1 in
Supplementary Material).

DISCUSSION

Our aim was to examine whether (bio)marker trajectories differ
for those who become cognitively frail compared to those who
do not over a follow-up of 15 years. In addition, we hypothesized
more unfavorable trajectories for those who became cognitively
frail compared to controls. In our main model (model 1),
we observed no differences in (bio)marker trajectories between
incident cognitively frail men and controls as the trajectories
ran parallel and the difference in levels was not statistically
significant. In women, we observed differences in the shape of the
trajectories of total cholesterol, GGT, and urea between incident
cognitively frail women and controls.

Against our expectations, most of the 17 (bio)markers
included in this study did not show deviating trajectories
between those who became cognitively frail and those who did
not. This was, for example, surprising for the inflammation
marker CRP, since this biomarker has, longitudinally, been
linked to physical frailty (24), cognitive decline (25), and risk
of dementia (26, 27), and therefore could serve as a biomarker
for cognitive frailty. However, also other epidemiological studies
report inconsistent findings regarding longitudinal measures of
inflammation markers and cognitive decline (28, 29). In addition,
Soysal et al. (30) showed that higher CRP and interleukin-6
(IL-6) levels are cross-sectionally associated to physical frailty,
but not longitudinally. Although this study focused on physical
frailty, it seems consistent with our null findings regarding
cognitive frailty.

We did find a difference in the trajectory for total cholesterol
in women. Total cholesterol increased before women became
cognitively frail and decreased after incident cognitive frailty
(To), while in controls, total cholesterol levels steadily increased
over time. In a previous cross-sectional study in MARK-AGE,
we also found lower cholesterol levels among people who were
already cognitively frail compared to people without frailty (10).
Solomon et al. (31) found that non-demented people with high
total cholesterol levels around age 50 had poorer cognition 20
years later. In addition, their total cholesterol levels decreased

after age 50. The pattern Solomon et al. (31) describe seems
comparable to the trajectory we found in incident cognitively frail
women. The decline we observed in total cholesterol levels after
becoming cognitively frail could be caused by various factors, one
of which is medication use. The analyses were adjusted for self-
reported use of cholesterol-lowering medication, but information
about medication type, dose and therapy compliance were not
collected and could therefore not be included in these analyses.
Hence, it is unclear whether the trajectories differ due to the
occurrence of cognitive frailty, or whether other effects, like a
treatment effect, is underlying this difference.

We also observed different urea and GGT trajectories in
incident cognitively frail women compared to controls. Higher
urea levels can be caused by disrupted blood flow through the
kidneys for example through heart failure (32). In contrast, we
found lower GGT levels in incident cognitively frail women,
while heart failure would also cause increased, and not decreased,
GGT levels (33). Lower GGT levels could be caused, for example,
by the use of clofibrate, a lipid-lowering agent controlling high
cholesterol and triglyceride levels. When adjusting for the use
of cholesterol-lowering medication for GGT, results remained
similar. It is suggested that serum GGT within the normal range
is an early marker for oxidative stress (34). Oxidative stress has
been suggested to be associated with frailty (35) and increased
GGT levels in later life (80 years and older) were associated
with cognitive decline (36). However, we unexpectedly observed
lower instead of higher GGT levels in cognitively frail women
compared to controls, indicating that cognitive frail women
might have less oxidative stress. Overall, there does not seem to
be a reasonable explanation for the course of these trajectories.
We cannot exclude the possibility that the trajectories of GGT
and urea are chance findings.

Differences in (bio)marker trajectories were observed among
women, but not among men. We found that more men had poor
cognitive functioning compared to women (i.e., more men were
identified as incident cognitively frail than women). On the other
hand, differences in cognitive functioning between the incident
cognitively frail men and their controls were smaller compared
to the differences observed in women. Possibly, the women who
we identified as incident cognitively frail were relatively worse
off than the incident cognitively frail men, having relatively
poorer cognitive function and potentially poorer overall health
and therefore we only found differences between trajectories
for women.

We studied the potential impact of loss to follow-up due to
mortality on our results. This was appropriate since some of
the trajectories for women indicated a (rapidly) deteriorating
health. For example, decreasing cholesterol levels could be caused
by malnutrition and increasing urea levels could be caused by
heart failure. As expected, mortality rate was higher among
those who became cognitively frail compared to those who did
not. However, excluding these participants did not materially
change the results. In fact, the differences in trajectories for total
cholesterol, GGT, and urea in women remained the same and
seemed therefore rather robust.

We considered people as being cognitively frail when their
global cognitive functioning was poor, given their level of

Frontiers in Neurology | www.frontiersin.org

May 2019 | Volume 10 | Article 497


https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles

Rietman et al.

(Bio)marker Trajectories of Cognitive Frailty

education. Since the prevalence of frailty naturally increases with
age, this was not included in the definition of cognitive frailty.
The most important difference between our operationalization
of cognitive frailty and the classic operationalization for mild
cognitive impairment (MCI) (37) is that our definition of
cognitive frailty did not include subjective memory complaints.
Also, we did not include self-reported activities of daily living
which is part of the MCI definition. Recently, a definition for
cognitive frailty was proposed combining physical frailty with
MCI (38). Since we have previously observed that it is possible
to be cognitively frail without being physically frail (10), we
defined cognitive frailty only based on cognitive functioning. In
our manuscript, the term “cognitive frailty” represents cognitive
dysfunction, independent of other (physical) limitations and is
only based on poor cognitive functioning given the level of
education. We explicitly adjusted for level of education, since
highly educated people can also experience cognitive dysfunction
and this would otherwise be masked by their cognitive reserves.

One of the strengths of this study is that both cognitive
functioning, using a comprehensive neuropsychological test
battery, and multiple (bio)markers were objectively measured
in four rounds over a follow-up of 15 years, making this a
unique cohort for studying the relation between (bio)markers
and cognitive functioning over time. In addition, all biomarkers
of rounds 2-5 were measured in a single run, limiting inter-
assay variation.

This study has some limitations. We tried to include all
relevant confounders in the analyses (model 3) but residual
confounding may still be present. However, adjustment for
confounders had a marginal effect in the results. Further,
cognitive functioning was not assessed in participants younger
than 45 years. We defined these participants as not being
cognitively frail under the assumption that people become
cognitively frail with advancing age, mostly from 60 years
onwards. In addition, since this population was still relatively
young, it could have been too young to find (bio)markers
for cognitive frailty. Moreover, since cognitive frailty can be
described as a complex syndrome, multiple factors can influence
the development of this syndrome. This makes it challenging
to identify biomarkers for cognitive frailty. Further, we were
unable to exclude participants with dementia. However, given the
age-distribution of the cohort, the prevalence and incidence of
dementia would be quite low and is therefore unlikely to have
influenced our results. Finally, due to the age- and sex-matched

REFERENCES

1. Clegg A, Young J, Iliffe S, Rikkert MO, Rockwood K. Frailty in
elderly people. Lancet. (2013) 381:752-62. doi: 10.1016/S0140-6736(12)
62167-9

2. Fried LP, Tangen CM, Walston ], Newman AB, Hirsch C,
Gottdiener J, et al. Frailty in older adultsevidence for a phenotype.
] Gerontol Ser A. (2001) 56:M146-57. doi: 10.1093/gerona/56.
3.M146

3. Morley JE, Vellas B, van Kan GA, Anker SD, Bauer JM, Bernabei R, et al.
Frailty consensus: a call to action. ] Am Med Dir Assoc. (2013) 14:392-7.
doi: 10.1016/j.jamda.2013.03.022

study design, the power was limited to analyze differences at
any time point. However, more power would probably not lead
to other differences in trajectories, because most trajectories
run almost parallel and that aspect is unlikely to change with
more power.

In conclusion, out of the 17 (bio)markers included in this
explorative study, different trajectories between incident
cognitively frail women and their controls were found
for three biomarkers. However, the relation between these
biomarkers and the development of cognitive frailty is unclear.
Future studies are needed to confirm these findings. Given
the results of this study, we do not yet consider any of
the studied (bio)markers as promising (bio)markers for
cognitive frailty.

ETHICS STATEMENT

The study was approved by the Medical Ethics Committee of the
University Medical Center Utrecht.

AUTHOR CONTRIBUTIONS

All authors were involved in interpreting the data, drafting, and
approving the manuscript.

FUNDING

This work was supported by the Ministry of Health, Welfare
and Sport of the Netherlands, The National Institute for
Public Health and the Environment (grant number S132002)
and by Biobanking and Biomolecular Resources Research
Infrastructure-NL (grant number CP2011-27).

ACKNOWLEDGMENTS

We would like to thank the epidemiologists and fieldworkers
of the Municipal Health Service in Doetinchem for their
contribution to the data collection for this study.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fneur.
2019.00497/full#supplementary-material

4. Rockwood K, Song X, MacKnight C, Bergman H, Hogan DB, McDowell I,
et al. A global clinical measure of fitness and frailty in elderly people. CMAJ
Can Med Assoc J. (2005) 173:489-95. doi: 10.1503/cmaj.050051

5. Bishop NA, Lu T, Yankner BA. Neural mechanisms of ageing and cognitive
decline. Nature. (2010) 464:529-35. doi: 10.1038/nature08983

6. Panza F, D’Introno A, Colacicco AM, Capurso C, Parigi AD, Capurso SA, et al.
Cognitive frailty: predementia syndrome and vascular risk factors. Neurobiol
Aging. (2006) 27:933-40. doi: 10.1016/j.neurobiolaging.2005.05.008

7. Woods AJ, Cohen RA, Pahor M. Cognitive frailty: frontiers and challenges. ]
Nutr Health Aging. (2013) 17:741-3. doi: 10.1007/s12603-013-0398-8

8. Kelaiditi E, Cesari M, Canevelli M, van Kan GA, Ousset PJ, Gillette-Guyonnet
S, et al. Cognitive frailty: rational and definition from an (LLA.N.A./.A.G.G.)

Frontiers in Neurology | www.frontiersin.org

May 2019 | Volume 10 | Article 497


https://www.frontiersin.org/articles/10.3389/fneur.2019.00497/full#supplementary-material
https://doi.org/10.1016/S0140-6736(12)62167-9
https://doi.org/10.1093/gerona/56.3.M146
https://doi.org/10.1016/j.jamda.2013.03.022
https://doi.org/10.1503/cmaj.050051
https://doi.org/10.1038/nature08983
https://doi.org/10.1016/j.neurobiolaging.2005.05.008
https://doi.org/10.1007/s12603-013-0398-8
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles

Rietman et al.

(Bio)marker Trajectories of Cognitive Frailty

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

international consensus group. J Nutr Health Aging. (2013) 17:726-34.
doi: 10.1007/512603-013-0367-2

. Panza E Solfrizzi V, Barulli MR, Santamato A, Seripa D, Pilotto A, et al.

Cognitive frailty: a systematic review of epidemiological and neurobiological
evidence of an age-related clinical condition. Rejuv Res. (2015) 18:389-412.
doi: 10.1089/rej.2014.1637

Rietman ML, Spijkerman AMW, Wong A, van Steeg H, Burkle A,
Moreno-Villanueva M, et al. Antioxidants linked with physical, cognitive
and psychological frailty: analysis of candidate biomarkers and markers
derived from the MARK-AGE study. Mech Ageing Dev. (2018) 177:135-43.
doi: 10.1016/j.mad.2018.04.007

Rietman ML, van der AD, van Oostrom SH, Picavet HSJ, Dolle MET,
van Steeg H, et al. The association between BMI and different frailty
domains: a U-shaped curve? ] Nutr Health Aging. (2018) 22:8-15.
doi: 10.1007/512603-016-0854-3

Picavet HSJ, Blokstra A, Spijkerman AMW, Verschuren WMM. Cohort
profile update: the Doetinchem Cohort Study 1987-2017: lifestyle, health and
chronic diseases in a life course and ageing perspective. Int ] Epidemiol. (2017)
46:1751-g. doi: 10.1093/ije/dyx103

Yaffe K, Kanaya A, Lindquist K, Simonsick EM, Harris T, Shorr RI, et al.
The metabolic syndrome, inflammation, and risk of cognitive decline. JAMA.
(2004) 292:2237-42. doi: 10.1001/jama.292.18.2237

Verschuren WM, Blokstra A, Picavet HS, Smit HA. Cohort profile:
the Doetinchem Cohort Study. Int ] Epidemiol. (2008) 37:1236-41.
doi: 10.1093/ije/dym292

Van der Elst W, van Boxtel MP, van Breukelen GJ, Jolles J. Rey’s verbal learning
test: normative data for 1855 healthy participants aged 24-81 years and the
influence of age, sex, education, and mode of presentation. J Int Neuropsychol
Soc JINS. (2005) 11:290-302. doi: 10.1017/S1355617705050344

Van der Elst W, Van Boxtel MP, Van Breukelen GJ, Jolles J. The Stroop
color-word test: influence of age, sex, and education; and normative data
for a large sample across the adult age range. Assessment. (2006) 13:62-79.
doi: 10.1177/1073191105283427

Van der Elst W, Van Boxtel MP, Van Breukelen GJ, Jolles J. The concept
shifting test: adult normative data. Psychol Assess. (2006) 18:424-32.
doi: 10.1037/1040-3590.18.4.424

van der Elst W, van Boxtel MP, van Breukelen GJ, Jolles J. The letter
digit substitution test: normative data for 1,858 healthy participants
aged 24-81 from the Maastricht Aging Study (MAAS): influence of
age, education, and sex. J Clin Exp Neuropsychol. (2006) 28:998-1009.
doi: 10.1080/13803390591004428

Nooyens AC, Bueno-de-Mesquita HB, van Boxtel MP, van Gelder BM,
Verhagen H, Verschuren WM. Fruit and vegetable intake and cognitive
decline in middle-aged men and women: the Doetinchem Cohort Study. Br
J Nutr. (2011) 106:752-61. doi: 10.1017/S0007114511001024

Van der Zee KL, Sanderman R. Het Meten Van de Algemeng
Gezondheidsutestand Met de RAND-36. Een Handleiding [Measuring General
Health Status With the RAND-36. Users Manual]. Groningen: Northern
Center of Health Care Research (1994).

Ware JE Jr., Sherbourne CD. The MOS 36-item short-form health survey (SF-
36). I. Conceptual framework and item selection. Med Care. (1992) 30:473-83.
doi: 10.1097/00005650-199206000-00002

Wareham NJ, Jakes RW, Rennie KL, Schuit ], Mitchell J, Hennings S, et al.
Validity and repeatability of a simple index derived from the short physical
activity questionnaire used in the European Prospective Investigation into
Cancer and Nutrition (EPIC) study. Publ Health Nutr. (2003) 6:407-13.
doi: 10.1079/PHN2002439

Hulsegge G, Spijkerman AMW, van der Schouw YT, Bakker SJL,
Gansevoort RT, Smit HA, et al. Trajectories of metabolic risk factors
and biochemical markers prior to the onset of type 2 diabetes: the
population-based longitudinal Doetinchem study. Nutr Diabetes. (2017)
7:¢270. doi: 10.1038/nutd.2017.23

Walker KA, Walston J, Gottesman RF, Kucharska-Newton A, Palta
P, Windham BG. Midlife systemic inflammation is associated with

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

frailty in later life: the ARIC study. ] Gerontol Ser A. (2019) 74:343-9.
doi: 10.1093/gerona/gly045

Yaffe K, Lindquist K, Penninx BW, Simonsick EM, Pahor M, Kritchevsky
S, et al. Inflammatory markers and cognition in well-functioning
African-American and white elders. Neurology. (2003) 61:76-80.
doi: 10.1212/01.WNL.0000073620.42047.D7

Engelhart MJ, Geerlings MI, Meijer J, Kiliaan A, Ruitenberg A, van Swieten JC,
et al. Inflammatory proteins in plasma and the risk of dementia: the rotterdam
study. Arch Neurol. (2004) 61:668-72. doi: 10.1001/archneur.61.5.668
Schmidt R, Schmidt H, Curb JD, Masaki K, White LR, Launer L]. Early
inflammation and dementia: a 25-year follow-up of the Honolulu-Asia Aging
Study. Ann Neurol. (2002) 52:168-74. doi: 10.1002/ana.10265

Bettcher BM, Kramer JH. Longitudinal inflammation, cognitive decline, and
Alzheimer’s disease: a mini-review. Clin Pharmacol Therap. (2014) 96:464-9.
doi: 10.1038/clpt.2014.147

Wichmann MA, Cruickshanks KJ, Carlsson CM, Chappell R, Fischer ME,
Klein BE, et al. Long-term systemic inflammation and cognitive impairment
in a population-based cohort. ] Am Geriatr Soc. (2014) 62:1683-91.
doi: 10.1111/jgs.12994

Soysal P, Stubbs B, Lucato P, Luchini C, Solmi M, Peluso R, et al. Inflammation
and frailty in the elderly: a systematic review and meta-analysis. Ageing Res
Rev. (2016) 31:1-8. doi: 10.1016/j.arr.2016.08.006

Solomon A, Kareholt I, Ngandu T, Wolozin B, Macdonald SW, Winblad B,
et al. Serum total cholesterol, statins and cognition in non-demented elderly.
Neurobiol Aging. (2009) 30:1006-9. doi: 10.1016/j.neurobiolaging.2007.
09.012

Gotsman I, Zwas D, Planer D, Admon D, Lotan C, Keren A. The significance of
serum urea and renal function in patients with heart failure. Medicine. (2010)
89:197-203. doi: 10.1097/MD.0b013e3181e893ee

Jiang S, Jiang D, Tao Y. Role of gamma-glutamyltransferase in cardiovascular
diseases. Exp Clin Cardiol. (2013) 18:53-6.

Lim JS, Yang JH, Chun BY, Kam S, Jacobs DR Jr, Lee DH.

Is serum gamma-glutamyltransferase  inversely — associated — with
serum antioxidants as a marker of oxidative stress? Free Rad
Biol Med. (2004) 37:1018-23. doi: 10.1016/j.freeradbiomed.2004.
06.032

Soysal P, Isik AT, Carvalho AF, Fernandes BS, Solmi M, Schofield P,
et al. Oxidative stress and frailty: a systematic review and synthesis of
the best evidence. Maturitas. (2017) 99:66-72. doi: 10.1016/j.maturitas.2017.
01.006

Praetorius Bjork M, Johansson B. Gamma-Glutamyltransferase (GGT)
as a biomarker of cognitive decline at the end of life: contrasting
age and time to death trajectories. Int Psychogeriatr. (2018) 30:981-90.
doi: 10.1017/51041610217002393

Petersen RC, Smith GE, Waring SC, Ivnik RJ, Tangalos EG,
Kokmen E. Mild cognitive impairment: clinical characterization and
outcome. Arch Neurol. (1999) 56:303-8. doi: 10.1001/archneur.56.
3.303

Panza F, Lozupone M, Solfrizzi V, Sardone R, Dibello V, Di Lena L, et al.
Different cognitive frailty models and health- and cognitive-related outcomes
in older age: from epidemiology to prevention. ] Alzheimer’s Dis JAD. (2018)
62:993-1012. doi: 10.3233/JAD-170963

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Copyright © 2019 Rietman, Hulsegge, Nooyens, Dollé, Picavet, Bakker, Gansevoort,
Spijkerman and Verschuren. This is an open-access article distributed under the
terms of the Creative Commons Attribution License (CC BY). The use, distribution
or reproduction in other forums is permitted, provided the original author(s) and
the copyright owner(s) are credited and that the original publication in this journal
is cited, in accordance with accepted academic practice. No use, distribution or
reproduction is permitted which does not comply with these terms.

Frontiers in Neurology | www.frontiersin.org

May 2019 | Volume 10 | Article 497


https://doi.org/10.1007/s12603-013-0367-2
https://doi.org/10.1089/rej.2014.1637
https://doi.org/10.1016/j.mad.2018.04.007
https://doi.org/10.1007/s12603-016-0854-3
https://doi.org/10.1093/ije/dyx103
https://doi.org/10.1001/jama.292.18.2237
https://doi.org/10.1093/ije/dym292
https://doi.org/10.1017/S1355617705050344
https://doi.org/10.1177/1073191105283427
https://doi.org/10.1037/1040-3590.18.4.424
https://doi.org/10.1080/13803390591004428
https://doi.org/10.1017/S0007114511001024
https://doi.org/10.1097/00005650-199206000-00002
https://doi.org/10.1079/PHN2002439
https://doi.org/10.1038/nutd.2017.23
https://doi.org/10.1093/gerona/gly045
https://doi.org/10.1212/01.WNL.0000073620.42047.D7
https://doi.org/10.1001/archneur.61.5.668
https://doi.org/10.1002/ana.10265
https://doi.org/10.1038/clpt.2014.147
https://doi.org/10.1111/jgs.12994
https://doi.org/10.1016/j.arr.2016.08.006
https://doi.org/10.1016/j.neurobiolaging.2007.09.012
https://doi.org/10.1097/MD.0b013e3181e893ee
https://doi.org/10.1016/j.freeradbiomed.2004.06.032
https://doi.org/10.1016/j.maturitas.2017.01.006
https://doi.org/10.1017/S1041610217002393
https://doi.org/10.1001/archneur.56.3.303
https://doi.org/10.3233/JAD-170963~
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles

	Trajectories of (Bio)markers During the Development of Cognitive Frailty in the Doetinchem Cohort Study
	Introduction
	Methods
	Cohort
	Incident Cognitive Frailty
	Measurements
	Markers
	Biomarkers

	Statistical Analyses
	Matching
	(Bio)marker Trajectories


	Results
	Population Characteristics
	(Bio)marker Trajectories

	Discussion
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References


