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Abstract

Serum transthyretin (TTR) maybe an early biomarker for Alzheimer’s disease and related disorders
(ADRD). We investigated associations of TTR measured at baseline with cognitive decline and
incident ADRD, and whether TTR trajectories differ between ADRD cases and non-cases, over 22
years before diagnosis. A total of 6,024 adults aged 45-69 in 1997-1999 were followed up until 2019.
TTR was assessed three times and 297 cases of dementia were recorded. Higher TTR was associated
with higher cognitive function at baseline, however TTR was unrelated to subsequent change in
cognitive function. TTR at baseline did not predict ADRD risk (hazard ratio per SD TTR (4.8 mg/dL)
= 0.97; 95% confidence interval: 0.94-1.00). Among those later diagnosed with ADRD, there was a
marginally steeper downward TTR trajectory than those free of ADRD over follow-up (P=0.050). Our
findings suggest TTR is not neuroprotective. The relative decline in TTR level in the preclinical stage

of ADRD is likely to be a consequence of disease processes.
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Introduction

Alzheimer’s disease and related disorders (ADRD) are among the great health-care challenges of the
21% century [1]. ADRD is a multifactorial and complex neurodegenerative disorder, progressing
gradually but to date no effective pharmacotherapeutic options are available [2]. Thus, early diagnosis

and prevention of ADRD is crucial.

Transthyretin (TTR), or prealbumin, is a transport protein for thyroxine and retinol-binding protein in
blood and cerebrospinal fluid (CSF) which binds amyloid beta peptide (AB) [3]. ADRD is
characterized by extracellular deposition of AP [4]. TTR is decreased in CSF and plasma of AD
patients, strengthening the proposition that TTR may have neuroprotective effects as a result of
binding interactions with AP and retinoids [5,6]. TTR may be a potentially valuable diagnostic and
prognostic tool for dementia and cognitive decline. It has also been used as an indicator of acute
malnutrition as low TTR concentrations are associated with inadequate protein calorie consumption

and anorexia [7].

The role of TTR in healthy people remains unclear. One hypothesis is that TTR has a neuroprotective
effect, such that higher TTR levels during early life and midlife build cognitive reserve which is
maintained and delays or prevents the clinical expression of ADRD [8]. However, no study has
examined the longitudinal association between TTR levels and cognitive function. Two
epidemiological studies have investigated the association between TTR levels and dementia [9,10].
The first followed 135 individuals with mild cognitive impairment (MCI) over 5 years and showed
lower plasma TTR levels among MCI patients who converted to dementia compared to those with
more stable cognitive function [9]. The second study found that plasma TTR levels were lower in

severe MCI cases and ADRD patients with rapid cognitive decline during 6 months follow-up [10].

In this long-term longitudinal study, we use complementary analytic approaches with three objectives.
First, to estimate the association of TTR in midlife with trajectories of cognitive function. Second, to

estimate the effect of TTR level at baseline on risk of ADRD over the follow-up period. Third, to
4



model trajectories of TTR for more than two decades, using repeat data and a backward timescale
anchored to the year of ADRD diagnosis. This method allows differences in TTR trajectories to be

estimated between those who receive a diagnosis and those who remain free of disease.

Methods

Study design and participants

The Whitehall II study is a closed cohort of British civil servants (6,895 men and 3,413 women, aged
35-55) recruited in London between 1985 and 1988, with a response rate of 73% [11]. Follow-up
clinical examinations have taken place approximately every 5 years since recruitment. TTR level was
first measured at the 1997-1999 examination (Clinic 3), and this is the baseline of the present study.
Informed consent and research ethics are renewed at each contact; the most recent approval was from

the University College London Hospital Committee on the Ethics of Human Research, reference

85/0938.

Measurement of TTR

Serum TTR level was determined at Clinic 3 (1997-1999), Clinic 5 (2007-2009) and Clinic 6 (2012-
2013), see flow chart in Supplementary Fig 1. Blood was collected by venepuncture and centrifuged
at 2500g for 15 min at 10 °C. Serum samples were stored at —80°C until assay [12]. TTR
concentrations were determined using the Siemens Atellica® CH analyser (Siemens Healthineers,
Erlangen, Germany). This assay has a limit of detection of 1.8 mg/dL and an inter-assay coefficient of

variation of 2.6% at a mean concentration of 20.8 mg/dL.

Cognitive function

The cognitive test battery was administered at five clinical examinations: Clinic 3 (1997-1999), Clinic
4 (2002-2004), Clinic 5 (2007-2009), Clinic 6 (2012-2013), and Clinic 7 (2015-2016). Test-retest
reliability was assessed in 556 participants within 3 months and showed moderate to high reliability
(range 0.6-0.9). The cognitive tests covered the following domains: Memory (participants were

presented with a 20-word list of one or two syllable words at two second intervals, with 2 minutes to
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write down as many words as they can recall, regardless of word order); reasoning (participants had
10 min to complete the Alice Heim 4-1 (AH4-I) test including a series of 65 verbal and mathematical
reasoning items of increasing difficulty); and verbal fluency (phonemic fluency was assessed via the
“S” words, and semantic fluency via “animal” words tests; one minute was allowed for each test). To
ease comparison between tests with different score ranges, we standardized all raw test scores for
these four measures to z-scores (mean=0, standard deviation [SD]=1) using the means and SDs of the
Clinic 3 cognitive tests. To reduce measurement error, these z-scores were summed and re-

standardized to yield a global cognitive score, as in previous studies [13,14].

Dementia

We used the national hospital episode statistics (HES) database and death certificates for dementia
ascertainment. Diagnostic data are routinely extracted from hospital medical records and coded by
trained National Health Service (NHS) clinical coders using the 10" Revision of the International
Classification of Diseases (ICD-10). For this study, dementia in HES records and in death certificates

was defined as any of the following ICD-10 codes: F00, FO1, F02, FO3, G30 and G31.

Covariates

We included covariates measured at Clinic 3 in the analysis (ethnicity, education, employment grade,

smoking, alcohol consumption, moderate or vigorous physical activity and body mass index (BMI)).

Ethnicity was reported by the participant and regrouped into two levels: White, and non-white.

Education was reported by the participant as the highest level of education achieved and regrouped
into three standard hierarchic levels: no formal education/lower secondary education, higher
secondary education, university degree/higher university degree.

Employment grade was reported by the participant and regrouped into three standard hierarchic
levels: high, intermediate, and low representing income and status at work.

Smoking was reported by the participant and regrouped into three levels: never smokers, ex-smokers

and current smokers.



Alcohol consumption was reported by the participant based on the number of alcoholic drinks
consumed in the previous days, converted to units of alcohol consumed in a week and regrouped into
three levels: no alcohol consumption, moderate alcohol consumption (1-13 units/week), and heavy
alcohol consumption (>14 units/week).

Moderate or vigorous physical activity was reported by the participant, based on duration of
physical activities over the week regrouped into three levels: <1 hour per week, 1-6.9 hours per week
and > 7 hours per week.

BMI was calculated using weight and height: (weight in kilograms/height in metres squared). Weight
was measured in underwear to the nearest 0.1 kg on Sochnle electronic scales with digital readout
(Leifheit AS, Nassau, Germany). Height was measured in bare feet to the nearest 1 mm using a

stadiometer with the participant standing erect with head in the Frankfurt plane.

Statistical analysis

We undertook three sets of analyses; first, linear mixed models to estimate both the cross-sectional
and the longitudinal association of TTR with the global cognitive score. Second, Cox proportional
hazards regression to examine associations of TTR with subsequent dementia. Third, changes in TTR
(trajectories) in those individuals who were later diagnosed with dementia were compared with the

trajectories in other participants using mixed models with a backward timescale.

Analysis 1: Associations of TTR at baseline (1997-1999) with cognitive trajectories between

1997-1999 and 2015-2016

The mixed model takes into account the fact that repeated measures on the same individual are
correlated with each other. The intercept and the slope were fitted as random effects, allowing
individuals to have different cognitive scores at baseline and different rates of cognitive decline over
the follow-up. The TTR levels were categorized into three groups based on tertiles and the mixed
models were fitted using these categories of TTR with global cognitive score, and also for each
cognitive domain, as the dependent variable. The non-significant TTR X time X sex interaction terms

suggested no sex differences in the TTR cross-sectional associations with cognitive function, or with



cognitive decline and, therefore, all analyses were conducted using men and women combined.
Analyses were adjusted for sex, age, ethnicity by fitting these terms and their interactions with follow-

up time.

Analysis 2: Associations of TTR at baseline (1997-1999) with incident dementia

The age range of participants at Clinic 3 was 45 to 69 years. We used TTR levels measured at Clinic 3
as the exposure measure. With dementia as outcome, we used Cox regression with date of entry being
the date of clinical assessment at which TTR was measured. Those who died free of dementia were
censored at date of death, so that participants were followed until date of dementia diagnosis, death, or
March 31, 2019, whichever came first. Analyses were adjusted for age, sex, and ethnicity. In
Supplementary Tables, we show analyses with further adjustment. We used cubic-spline regression to

assess the shape of the association using xb/c command in STATA.

Analysis 3: Trajectories of TTR before dementia

Trajectories of TTR were modelled for 22 years using a backward timescale such that year 0 was year
of dementia diagnosis for dementia cases, year of death for those who died during the follow-up, and
March 31, 2019 (end of follow-up) for all others. TTR in each of the preceding 22 years (years 0 to -
22) was estimated from mixed effects models with the intercept and slope as random effects and a
backward timescale using TTR measurements made at three occasions (Clinics 3, 5 and 6) [15].
Dementia (coded as 1 for cases and 0 for others) and its interaction with time and time squared (to
allow for nonlinear changes) were added to the model to test for differences in TTR trajectories
between dementia cases and others. This modelling strategy implies that year 0 (the index date; the
year of dementia diagnosis for cases) was the intercept in the analysis and the coefficient associated
with the dementia term estimates the difference in TTR between cases and others at dementia
diagnosis. The slope terms (time and time squared) allow assessment of changes in TTR over the
period of observation. To test the difference in cases and others, we examined whether the terms
dementia x time and dementia x time squared improved the fit of the model using likelihood ratio

tests. Analyses were adjusted for age, sex, ethnicity, their interactions with time and time squared.



The software SAS 9.4 (SAS Institute, NC, USA) was used for data management and STATA 14
(StataCorp LP, College Station, TX, USA) for analysis. A two-sided P value <.05 was considered

statistically significant.

Results

The study baseline was 1997 to 1999 (Clinic 3) and the age range of participants was 45 to 69 years.
In total, 6,024 individuals had TTR measured at baseline. Follow up continued for almost 22 years.
Over follow-up 297 individuals (277 of whom had TTR measured at baseline) developed dementia
(Supplementary Fig 1). Table 1 presents the characteristics of the participants in the study sample
according to the thirds of TTR at baseline. The levels of TTR were significantly lower in women
compared to men (Supplementary Fig 2). The age of participants in the lowest third of TTR was
higher, compared to the middle and highest thirds of TTR. The highest third of TTR had lower
percentages of participants with low employment grade and those who developed dementia. There
were associations between smoking, alcohol consumption, physical activity and BMI with TTR

(Table 1).

Associations of TTR with cognitive function

Cross-sectional and longitudinal associations between TTR and global cognitive score and individual
cognitive domains are shown in Table 2. In the cross-sectional analysis, global cognitive score was
significantly higher in the highest third of TTR compared to the lowest third. There was no
association between TTR and change in cognitive function, adjusting for age, sex, and ethnicity.
Similar effects were seen for all the separate cognitive domains: scores were higher in the highest
third of TTR at baseline but subsequent cognitive declines in each domain were not associated with
baseline TTR. In Supplementary Table 1, analyses with further adjustment for socioeconomic and
health behaviour factors diminished the association between TTR and cognitive score at baseline and
the absence of longitudinal association between TTR and change in cognitive function. Declines in
global cognitive score over time, adjusted for sex, age and ethnicity are similar for the three TTR

categories (Fig 1).



Association of TTR with dementia

The 6,024 participants were followed up from the baseline to 31%* March 2019 and 277 individuals
developed dementia over 22 years. Compared to the lowest third of TTR, individuals in the middle
and highest thirds of TTR had similar risks of dementia (Table 3). As continuous measure, TTR was
also not associated with incident dementia across the distribution (HR per standard deviation increase
in TTR = 0.97; 95% CI: 0.94 to 1.00)). The finding was unchanged by further adjustment for
socioeconomic and health behaviour factors (Supplementary Table 2). We confirmed the absence of

association between TTR and incident dementia using cubic spline analysis (Supplementary Fig 3).

Trajectories of TTR before dementia

The trajectory of TTR, modelled backwards in time from dementia diagnosis was marginally steeper
downwards in those diagnosed with dementia compared with dementia-free participants (Fig 2). The
mean difference in TTR between the two groups according to number of years before dementia
diagnosis was significant (P<0.05) at -5 to 0 years (Supplementary Table 3). These results, using a
backward timescale, showed that compared to the dementia-free group, those who develop dementia

had similar TTR in midlife, tending to accelerate decline in the decade before dementia diagnosis.

Discussion

Prior studies of individuals with mild cognitive impairment or ADRD indicated that a low TTR level
in CSF and blood was a predictor of disease severity [9,10]. We replicate this finding in a population-
scale sample, showing that serum TTR is lower in those who receive a dementia diagnosis within five
years compared to those remaining dementia-free. Our long-term longitudinal study, with
measurements of TTR on three occasions and cognitive function on five occasions, extends
observation back to age 45. This study design enabled trajectories of serum TTR and cognition to be
visualised between mid-life and old age, hypothesising that low TTR predicts accelerated cognitive

decline and ADRD in those without mild cognitive impairment.
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We show first that serum TTR in mid-life is not a predictor of the rate of decline of cognitive
function. Second, survival analysis finds that TTR level in mid-life does not predict incident
dementia. Third, divergence of the trajectories of TTR over the decades prior to dementia diagnosis,
compared to participants who remain dementia-free, provides clear evidence that the relative decline
in TTR in dementia cases is a prodromal sign of disease development. Taken together, the study
findings suggest TTR is a biomarker of disease severity, but they do not support the hypothesis that

TTR is neuroprotective.

In parallel with increasing size of the ageing population, it is not surprising that the number of people
with dementia is increasing [16]. Up to now, there has been no effective therapy or diagnostic marker
for dementia [2,17] Finding one or more blood-based diagnostic markers would be valuable for early
detection, and TTR may serve as one marker in this respect. Our evidence suggests, however, that
circulating TTR may not represent an effective target for preventive drug treatment. Together with the
important roles as a carrier for thyroxine and retinol, recent studies [9,10] have linked TTR to ADRD
through its binding affinity for f-amyloid (Af), thought to be a causal factor in ADRD [3]. In vitro
studies [18-20], suggest that TTR has a neuroprotective role against Af toxicity by binding to Af and
inhibiting its aggregation [21]. Our study finds, contrary to the neuroprotective hypothesis, that
circulating TTR levels are uncorrelated with cognitive decline between mid-life and old age. It may
be implied that TTR levels are dependant from the Af pathological activity and maybe associated
with Af dysmetabolism [22]. This consideration is important because it might boost the use of
pharmaceutical agents that in the early phases of the disease, could potentially revert the ApS

dysmetabolism [23].

Clinical studies have shown decreased TTR levels in the CSF of ADRD patients [24-27]. CSF and
blood plasma are both in close contact with the central nervous system and are the most promising
sources of biomarkers in ADRD, compared to brain tissues. However, CSF sampling is invasive and
our large-scale study is limited to serum measurements of TTR. It may be that mid-life TTR levels in
CSF would be related to future cognitive decline and incident ADRD, unlike the serum levels we have

studied.
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At study baseline, when participants were at mean age 55, higher serum TTR was linked with higher
global and domain-specific cognitive scores. This finding is subsidiary to our hypothesis that TTR
level in midlife is associated with subsequent trajectories of cognitive function. The explanation of the
cross-sectional association may be behavioural. In our study, TTR level at baseline was associated
with physical activity, smoking, alcohol consumption and adiposity. Further, TTR levels were linked
to education level and socioeconomic position. All of these factors influence cognitive function in
mid-life, however it is beyond the scope of the present study to analyse the confounding structure in
the data. The central finding in respect of the TTR-cognitive function hypothesis is that there was no
association between baseline TTR and change in any of the four cognitive measures analysed in our

powerful longitudinal study.

Circulating TTR concentrations differ by ethnic group. A study by Tien and colleagues [9] based on
184 Taiwanese individuals showed mild cognitive impairment was associated, paradoxically, with
higher plasma TTR levels compared with cognitively healthy controls, although dementia was linked
with low TTR levels. Compared to African-Americans, Caucasians have higher serum TTR levels
[28], while Japanese have yet higher TTR levels [29]. Whitehall II study participants are
predominantly Caucasian; we adjusted for ethnicity in our analyses. Further, serum TTR levels were
lower in women than in men, consistent with other studies [28]. Our models were adjusted for sex,

having confirmed that the effects of interest were similar in men and women.

Our study benefitted from a large sample size, multiple repeat measures of cognitive function and
three longitudinal measures of TTR over a period of 22 years. This design allowed us to assess three
critical dimensions related to dementia in association with TTR, as we were able to analyse TTR as a
risk factor for dementia, to compare the trajectories of TTR in those who later received a diagnosis of
dementia with those free of dementia for more than 22 years, and to examine trajectories of cognitive
function over 22 years according to the baseline level of TTR. Our Clinic 3 serum samples had been
stored at -80°C for 20 years. Although no formal stability studies have been conducted, absolute levels
of TTR, and their relation with multiple covariates suggest the protein was stable under the storage

conditions we employed. Using death certificate for dementia case ascertainment have the potential
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advantage of providing complete follow-up, but with limitations. The information on clinical subtype
is not available in death certificates, therefore our study sample may include non-related Alzheimer's

disease dementias such as dementia with Lewy bodies and Parkinson's dementia.

In conclusion, our longitudinal study based or serum TTR levels among more than 6000 men and
women increases understanding of the role of TTR in ADRD. Our findings do not support the TTR
neuroprotective hypothesis. The biomarker role of TTR was confirmed, as levels were lower among
individuals given a dementia diagnosis in the subsequent five years. The relative decline in TTR level

in the preclinical stage of ADRD is likely to be a consequence of disease processes.
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Table 1. Baseline characteristics of 6,024 participants and dementia proportion at end of follow-up in the study sample according to the thirds of transthyretin

[Mean (SD) or %]
P value for
Thirds of baseline transthyretin (mg/dL)
heterogeneity
Lowest third (<26.4) Middle third (26.4-<29.6) Highest third (229.6)
Number 2,049 2,000 1,975
Age (y) 56.3 (6.1) 55.8(6.1) 54.9 (5.6) <0.001
Female (%) 49.5 25.7 11.5 <0.001
Non-White (%) 133 7.3 4.4 <0.001
Education (%) <0.001
< Lower secondary 22.6 20.6 15.3
Higher secondary 20.1 18.0 19.0
>Degree 57.2 61.2 65.6
Employment grade (%) <0.001
High 32.8 44.0 53.8
Intermediate 45.7 44.1 39.7
Low 214 11.8 6.4

Smoking (%)
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Never
Ex-smoker
Current
Alcohol consumption (%)
No alcohol
Moderate alcohol
Heavy alcohol
Moderate or vigorous physical activity
<1 h/wk
1-6.9 h/wk
> 7 h/wk
BMI (kg/m?)

Dementia (%)

513
35.7

12.8

22.5
50.0

27.4

22.0
65.0
12.9

29.9 (4.9)

6.0

50.6
41.0

8.2

13.7
46.5

39.8

19.8
66.6
13.4

26.5 (4.0)

39

48.1
44.1

7.6

8.0
38.7

53.2

17.9
68.5
13.4

26.2 (3.4)

3.7

<0.001

<0.001

0.060

<0.001

<0.001
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Table 2. Cross-sectional and longitudinal association between the thirds of transthyretin (mg/dL) and standardized scores of global cognitive score and individual cognitive domains

(N=6,024)"
Cognitive domain outcome Transthyretin (mg/dL) Standardized cognitive score at baseline Change in standardised cognitive score
Difference (95% CI)* P value Difference (95% CI)* P value
Global cognitive score
Lowest third Ref / Ref /
Middle third 0.06 (0.01 to 0.12) 0.020 -0.01 (-0.07 to 0.04) 0.698
Highest third 0.13 (0.07 to 0.19) <0.001 -0.04 (-0.10 to 0.02) 0.214
Memory
Lowest third Ref / Ref /
Middle third 0.07 (0.01 to0 0.13) 0.009 -0.01 (-0.09 to 0.07) 0.797
Highest third 0.09 (0.03 to 0.16) 0.002 -0.05 (-0.14 t0 0.03) 0.261
AH4-1
Lowest third Ref / Ref /
Middle third 0.06 (0.01 to 0.12) 0.015 -0.00 (-0.05 to 0.04) 0.804
Highest third 0.11 (0.05 t0 0.17) <0.001 0.00 (-0.05 to 0.05) 0.958

Phonemic fluency
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Lowest third

Middle third

Highest third
Semantic fluency

Lowest third

Middle third

Highest third

Ref
0.04 (-0.01 to 0.10)

0.09 (0.03 to 0.15)

Ref
0.03 (-0.02 to 0.09)

0.10 (0.04 to 0.16)

0.177

0.003

0.274

0.001

Ref
0.00 (-0.07 to 0.07)

-0.04 (-0.12 t0 0.03)

Ref
-0.00 (-0.07 to 0.06)

-0.01 (-0.09 to 0.05)

0.960

0.307

0.840

0.598

#Adjusted for age, sex and ethnicity

* 6,024 participants had a TTR measure at baseline (Clinic 3), and of these 5,418 had >1 measure of global cognitive score over the follow-up period
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Table 3. Association of transthyretin and dementia over 22 years of follow-up (N=6,024)

N Risk of dementia
Hazard ratio® (95% CI)

TTR as a categorical variable (in tertiles)

Lowest third 2,049 Ref

Middle third 2,000 0.94 (0.71 to 1.25)

Highest third 1,975 0.79 (0.57 to 1.11)
TTR as a continuous variable 6,024 0.97 (0.94 to 1.00)

P value

0.702

0.188

0.114

*Adjusted for sex, age and ethnicity, hazard ratio per 1 unit standard deviation increase in TTR (4.8 mg/dL) for continuous TTR
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Fig 1. Trajectories (predicted values from mixed model of global cognitive score over follow-up time in prospective analysis from baseline examination

according to thirds of serum transthyretin
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Mumber of observations in the analysis

Years -20to-22|-18to -20(-16to -18 |-14 to -16 |-12to -14-10to-12 [-Bto-10 |-6to-B |-4to-6 |-2to -4 [Dto-2
Dementia cases 4889 128 2 87 630 431 238 5015 287 74 B2
Dementia free 44 EF 54 33 25 47 93 7B 17 263 238
R
o

P-value for difference in trajectory: 0,030

28 29 30
1 1 1

Transthyretin value (mg/dL)

27
1

26
1

T T T T T T T T
22 20 -18 -16 -14 -12 -10 -8 -6 -4 -2 0
Years prior to dementia diagnosis

——@& —- Dementia free = ——®— Dementia cases

Fig 2. Trajectories of TTR with 95% confidence interval in retrospective analyses over the 22 years before dementia, adjusted for sex, age, and ethnicity

(difference in trajectory (time x caseness interaction) P=0.050)
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