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ABSTRACT.

Purpose: There is urgent need for non-invasive diagnostic biomarkers in the
preclinical phase of Alzheimer’s Disease (AD). Several studies suggest that
retinal thickness is reduced in AD. Here, we aim to test the diagnostic value of
retinal thickness in preclinical AD, as defined by cognitively normal individuals
with amyloid pathology on PET.

Methods: One hundred and sixty five cognitively healthy monozygotic twins
aged > 60 were included from the Netherlands Twin Register taking part in the
European Medical Information Framework for Alzheimer’s Disease PreclinAD
study. Participants underwent ['®F] flutemetamol PET that was visually rated for
presence or absence of cortical amyloid beta (A p). Binding potential (BPnp) was
calculated as continuous measure for Af. Spectral Domain OCT was used to
asses total and individual inner retinal layer thickness in the macular region
(ETDRS circles) as well as peripapillary retinal nerve fibre layer (pRNFL)
thickness. Differences between Af+ and Ap— individuals and associations
between BPnp and retinal thickness were analyzed.

Results: No differences were found in retinal layer thickness in the macula or
PRNFL between A+ and AB— individuals. A positive associations between BPyp
and macular total retinal thickness was observed in the inner ring (p = 0.018), but
this was not statistically significant after correction for multiple testing (p = 0.144).
Brain/eye parameters had moderate to high intra-twin correlations (p < 0.001)
except visual rating score of A, which did not correlate (+ = 0.21, p = 0.068).
Conclusion: Variation in retinal thickness likely reflects genetic differences
between individuals, but cannot discriminate between healthy and preclinical AD
cases, making its use as biomarker in these early stages limited.
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Introduction

Alzheimer’s disease (AD) comprises
about 65% of all cases of dementia
(Eratne et al. 2018; Montgomery et al.
2018). In 2010, about 35.6 million people
worldwide suffered from AD, and this
number is expected to be about 115.4
million in 2050 (Prince et al. 2013). As
yet, there is no effective treatment,
despite many efforts across many trials
(Kumaret al. 2015; Sunet al. 2018; Vina
& Sanz-Ros 2018). One of the most
important reasons for these unsuccessful
trials may have been the timing: most
trials were focused on people already
suffering from clinically evident demen-
tia, where brain damage is in more
advanced stages (Sun et al. 2018; Vina
& Sanz-Ros 2018). As reversing neuronal
damage may be impossible, it may be
more effective to start treatment before
the onset of dementia (Kumar et al.
2015; Sun et al. 2018). To enable this,
early diagnostic markers are needed.
AD is neuropathologically character-
ized by deposits of amyloid-beta (Af)
and hyperphosphorylated Tau in the
cortex (Af-plaques and neurofibrillary
tangles). Af build-up is believed to pre-
cede onset of symptoms by up to 20 years
(Jansen et al. 2015; Eratne et al. 2018).
The interval between amyloid positivity
and cognitive decline yields a broad
window of opportunity for AD treat-
ment or ultimately prevention of symp-
tom onset. With recent developments in
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PET imaging, Af3 deposits can be visual-
ized in vivo (Jack et al. 2013; Zhanget al.
2014). With this technique, it is now
possible to recognize those individuals at
risk for development of AD, by increased
Ap build up in the neocortex (Vlassenko
et al. 2012; Jack et al. 2013; Khan 2018).
As the risk for developing AD is
increased in people with positive Af
PET scans, this condition is often termed
‘preclinical AD’ (Vlassenko et al. 2012;
Khan 2018).

PET imagingis, however, not without
its disadvantages. It is an expensive
technique, and available only to large
hospitals with advanced diagnostic
means (Mitka 2013; Leuzy et al. 2014;
Hornberger et al. 2017). Furthermore,
the injection of a radioactive label and
the scanning itself is unpleasant and
subjects patients to radioactivity (Schei-
nin et al. 2007; Nishii et al. 2018).

The eye is receiving more and more
attention as a potential biomarker for
dementia, and in particular AD. The
retina, being an extension of the brain,
may reflect pathological processes
occurring in the brain (London et al.
2013). Several groups have shown dif-
ferences in retinal layer thickness using
optical coherence tomography (OCT),
measuring a decrease in retinal layer
thickness, or retinal blood vessels char-
acteristics using fundus images, between
AD patients and healthy controls (Frost
et al. 2010; Lim et al. 2016; den Haan
et al. 2017; McGrory et al. 2017). Only
a few groups, however, assessed preclin-
ical AD cases (Snyder et al. 2016; San-
tos et al. 2018). The development of a
new non-invasive, patient friendly and
easily repeatable measurement of a
biomarker for pre-clinical AD patients
is especially interesting, because it would
allow for early interventions targeting
the causes at a stage that neuronal
damage could still be prevented (Sun
et al. 2018; Vina & Sanz-Ros 2018).

By performing such a study in
monozygotic twins, at the same time
more insight can be gained in the con-
tribution of genes or environment to (1)
biological measures such as retinal layer
thickness and amyloid pathology, and
(2) the aetiology of postulated relations
between the eye and brain. In this study,
we assessed retinal layer thickness mea-
sured with spectral domain OCT in
cognitively healthy monozygotic twin
pairs, stratified for amyloid status based
on amyloid-PET imaging. In addition,
we assessed the relationship between

retinal layer thickness and quantitative
amyloid load in the neocortex, using
Ap-PET binding potential.

Materials and Methods

Participants

This study is an extension of the
Amsterdam sub-study of the European
Medical Information Framework for
Alzheimer’s Disease (EMIF-AD) Pre-
clinAD cohort. For this cohort, 217
participants aged > 60 were recruited
from the Netherlands Twin Register
(Boomsma et al. 2006; Konijnenberg
et al. 2018; van de Kreeke et al. 2018;
Ten Kate et al. 2018). The study fol-
lowed the Tenets of the Declaration of
Helsinki and written informed consent
was obtained from all participants. The
study was approved by the Medical
Ethics Committee of the VU University
Medical Center in Amsterdam.

Inclusion criteria for the EMIF-AD
cohort study were: age > 60 years,
monozygosity, cognitively healthy as
defined by: Telephone Interview for
Cognitive Status modified (TICS-m)
score > 22 (de Jager et al. 2003), Geri-
atric Depression Scale (GDS) score < 11
(Yesavage et al. 1982), Consortium to
Establish a Registry for Alzheimer’s
Disease (CERAD) 10 word list immedi-
ate and delayed recall > -1.5 SD of age
adjusted normative data (Morris et al.
1989) and Clinical Dementia Rating
(CDR) scale of 0 with a score on the
memory sub domain of 0 (Morris 1993).

Exclusion criteria for the EMIF
cohort study were the following: stroke
resulting in physical impairment, neu-
rodegenerative disorders, cancer with
terminal life expectancy, uncontrolled
diabetes mellitus, alcohol consump-
tion > 35 units (1 unit = 10 ml or 8 g
of pure alcohol) per week.

In addition to these in- and exclu-
sion criteria already defined within the
EMIF-AD cohort study, several addi-
tional exclusion criteria for this partic-
ular study were defined (see below).

Ophthalmological examination

All participants underwent the follow-
ing ophthalmological examinations:
best corrected visual acuity, intra-ocu-
lar pressure, refraction data, slit lamp
examination, indirect fundoscopy,
fundus photography and OCT. Tropi-
camide 0.5% was used for pupil

dilation to enable these examinations.
All photographs/OCT images were
assessed by an experienced ophthalmol-
ogist (HTN) for unexpected pathology.
Participants suffering from ophthalmo-
logical conditions interfering with the
(neuro)retina or image quality were
excluded from analysis. These conditions
were: (severe) cataract, macular degen-
eration, glaucoma, diabetic retinopathy,
vascular occlusions, spherical equivalent
>+5D or < -8 diopters and/or a history
of ophthalmological surgery other than
cataract extraction.

Optical coherence tomography

Dense macular scans (49 B-scans) and
axonal ring scans around the optic nerve
head (ONH) were acquired using spec-
tral domain OCT (Spectralis, Heidel-
berg). Total retinal thickness and
individual layer thickness was obtained
in the macular region using the build-in
HEIDELBERG SEGMENTATION software (Hei-
delberg, Germany, version 1.9.14.0). Total
retinal thickness as well as the following
individual retinal layers was analysed:
retinal nerve fibre layer (RNFL), gan-
glion cell layer (GCL) and inner plexi-
form layer (IPL). A distinction was
made between the inner and outer mac-
ular ring according to the standard
ETDRS macular grid (1-3 mm around
the fovea for inner ring and 3-6 mm
around the fovea for outer ring). The
values of the four quadrants within a
macular ring were averaged to obtain a
single value for that whole ring. Peri-
papillary RNFL (pRNFL) thickness
was obtained in six sectors (nasal supe-
rior, nasal, nasal inferior, temporal
inferior, temporal, temporal superior)
and as an average over all sectors. All
OCT scans were checked for gross errors
in segmentation, by looking at the en
face heat map in the macula (for both
total retinal thickness, and each of the
layers analyzed), and the pRNFL seg-
mentation on the B-scan. Additionally,
all data was plotted using scatters and
box plots, and big outliers were double
checked to ensure this was not due to a
missed segmentation error. Scans were
averaged over right and left eyes, if only
one suitable scan was available only the
values of that eye were used.

Amyloid PET scanning

All PET scans were performed using a
Ingenuity TF PET-MRI scanner (Philips
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Medical Systems, Best, the Netherlands).
All participants were scanned using a
dynamic scan protocol from 0 to 30 min
and then again from 90 to 110 min after
intravenous injection of 185 MBq (4
10%) ["*F]flutemetamol (Heeman et al.
2018). Prior to each part of the PET scan,
a T1-weighted gradient echo pulse MRI
scan was obtained and used for attenu-
ation correction. The first dynamic emis-
sion scan was reconstructed into 18
frames with progressive increase in frame
length (6 x 5,3 x 10,4 x 60,2 x 150,
2 x 300, 1 x 600 s). The second part of
the scan consists of 4 x 5-min frames.
VINCI VIEWING software 2.56 (Max Planck
Institute for neurological research,
Cologne, Germany) and in-house build
tools were used to co-register and com-
bine the two PET scans into a single
multi-frame image. Additionally, each
individual’s T1 was co-registered to the
dynamic PET image using the generic
multimodality setting of Vinci with a
linear rigid-body scheme and normalized
mutual information as the similarity
measure. Parametric non-displaceable
binding potential (BPnp) images were
generated from the entire image set using
the receptor parametric mapping (RPM)
(Gunn et al. 1997; Wu & Carson 2002)
implementation in PPET (Boellaard
et al. 2006). Standard uptake value ratio
(SUVr) images were constructed based
on the 90-110 min acquired data. Cere-
bellar grey matter as defined by the
Hammers atlas was used as the reference
region for both analyses (Hammers et al.
2003). Finally, global values were com-
puted based on the volume weighted
average of frontal (superior, middle, and
inferior frontal gyrus), parietal (posterior
cingulate, superior parietal gyrus, post-
central gyrus, and inferolateral remain-
der of parietal lobe), and temporal
(parahippocampal gyrus, hippocampus,
medial temporal lobe, superior, middle,
and inferior temporal gyrus) regions
(Tolboom et al. 2009).

All SUVr images were visually read
by an experienced nuclear physician
(BvB) and a positive or negative rating
was awarded according to criteria
defined by the manufacturer (GE
Healthcare) (Colljj et al. 2018).

Statistical analysis

To normalize the distribution for para-
metric binding potential (BPnp), a log
transformation was applied. Analyses
with these as dependent variables are

thus reported in ratios instead of regres-
sion coefficients. A ratio can take any
value from 0 onwards, where 1 means
there is no relationship, <1 means there
is a negative relationship (i.e. with an
increase in the independent variable, the
dependent variable will decrease)
and > 1 means there is a positive rela-
tionship (i.e. with an increase in the
independent variable, the dependent
variable will also increase). Relation-
ships between amyloid positivity/global
BPnp and retinal thickness were ana-
lyzed with Generalized Estimating
Equations (GEE) using SPSS (IBM,
version 22), to correct for clustering in
the data from twin pairs as well as
confounders such as age, gender and a
diagnosis of diabetes (as previous stud-
ies have shown that diabetes can have a
significant impact on retinal thinning,
even in the absence of diabetic retinopa-
thy) (De Clerck et al. 2015). Data from
monozygotic siblings can be correlated
and thus observations are not indepen-
dent. Generalized Estimating Equations
(GEE) takes such dependencies into
account. As multiple yet related vari-
ables (retinal layer thicknesses, seg-
ments of pRNFL) were tested, a
correction for multiple testing is war-
ranted. We applied the Holm-Bonfer-
roni method to obtain adjusted p-values
alongside the raw p-values (Holm 1979).
Intra-twin pair correlations were calcu-
lated using Pearson/Spearman correla-
tion coefficients in SPSS (IBM, version
22). These correlations signify the sim-
ilarity between the twins from a pair for
certain traits. This correlation is high
when a trait is mainly determined by
genetic factor, as monozygotic twins
share their genomic DNA (Ouwens
et al. 2018).

Results

Of the 217 approached subjects, 23
were excluded due to: failed PET scan-
ning (N =8), epileptic seizures
(N = 1), heart problems (N = 1), not
meeting neuropsychological inclusion
criteria (N = 3), neurodegenerative dis-
ease (N =2), no hospital study visit
(N =7) or transient ischemic attack
(N =1), leaving 194 participants. Of
these 194 participants, 29 participants
were excluded due to ophthalmological
pathology (mostly age-related macular
degeneration, glaucoma or bilateral
epiretinal membrane) or low quality
scans, leaving a total of 165 participants

for analyses (75 monozygotic twin pairs
and 15 twins from incomplete pairs).
Table 1 shows the demographic infor-
mation of this group.

Retinal layer thickness was not signif-
icantly different between amyloid posi-
tive (Afi+) participants versus amyloid
negative (Af—) participants. Figure 1
shows box plots and differences in means
of the retinal layer thickness in the
macular region of both groups, Fig. 2
shows box plots and differences in means
of the pRNFL sectors of both groups.

The parametric BPnp of [°F]
Flutemetamol was used as a continu-
ous measure for brain amyloid load.
Global BPnp was positively associated
with total retinal thickness in the inner
ring. When correcting for multiple
testing using the Holm-Bonferroni
method, this associations lost its statis-
tical significance. Table 2 shows all
associations between global BPnp and
retinal layer thickness.

Table 1. Demographics of the study popula-
tion, data are means unless otherwise specified.

Number of participants (N) 165

Age (years) 69.5 (£6.9)
Sex, female N (%) 95 (57.6%)
BCVA (LogMAR) 0.02 (£0.10)
IOP (mmHg) 14.3 (£2.7)
Spherical Equivalent 0.45 (£1.82)

MMSE (median, IQR)
Brain amyloid status,
positive N (%)
Global BPyp of Ap 0.120
(median, IQR) (0.087-0.177)
Macular retinal layer thickness:
Total RT inner ring (um) 342.0 (£15.6)
Total RT outer ring (um) 295.9 (+12.8)

29.0 (28.5-30.0)
18 (10.9%)

RNFL inner ring (um) 21.9 (£1.9)
RNFL outer ring (um) 36.5 (£4.5)
GCL inner ring (um) 50.3 (£4.7)
GCL outer ring (um) 344 (+3.2)
IPL inner ring (um) 41.2 (£3.2)
IPL outer ring (um) 28.7 (£2.4)
pRNFL
Average (um) 97.9 (£8.6)
Nasal superior (um) 104.2 (£16.7)
Nasal (um) 73.8 (£12.8)

Nasal inferior (um)
Temporal inferior (um)
Temporal (um)
Temporal superior (um)

109.3 (£21.4)
140.6 (£19.4)
724 (£11.2)
133.2 (18.0)

BCVA = best corrected visual acuity (both eyes
averaged); BPnp = non-displaceable binding
potential; GCL = ganglion cell layer; IOP = in-
tra-ocular pressure (both eyes averaged);
IPL = inner plexiform layer; IQR = inter-
quartile range; MMSE = mini mental stat
exam; pRNFL = peripapillary retinal nerve
fiber layer; RNFL = retinal nerve fiber layer;
RT = retinal thickness.
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All retinal layer thicknesses and
brain PET parameters correlated mod-
erately to highly within twin pairs,
except for the visual rating of amyloid
positivity, which did not correlate
(Table 3). Because there were no rela-
tions between retinal layer thicknesses
and global BPynp, it was not possible to

perform twin specific analyses on rela-
tions between these variables.

Discussion

In this study, no differences were found
between participants with amyloid beta
(Af) on PET and those without Apf

with regards to total retinal thickness
or any of the inner retinal layers in the
macular region, nor in the peripapillary
retinal nerve fibre layer (pRNFL)
thickness. There was an unexpected
positive association between total reti-
nal thickness in the inner circle with
BPnp of ['F] Flutemetamol. This
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Table 2. Associations between global cortical non-displaceable binding potential of amyloid-beta
and retinal (layer) thickness given in ratios due to a log transformation applied to the dependent

variable.
Global cortical non-displaceable binding potential of Af
Raw Adjusted
Ratio p-value 95% CI p-value
Macula
Total RT inner ring* 2.00 0.018 1.12-3.55 0.144
Total RT outer ring* 2.19 0.055 0.98-4.90 0.385
RNFL inner ring’ 0.78 0.321 0.47-1.28 0.999
RNFL outer ring’ 1.01 0.965 0.80-1.26 0.965
GCL inner ring’ 1.08 0.450 0.89-1.32 0.999
GCL outer ring’ 1.04 0.816 0.74-1.46 0.999
IPL inner ring’ 1.28 0.143 0.92-1.77 0.858
IPL outer ring’ 1.26 0.353 0.77-2.05 0.999
pRNFL
Average* 0.74 0.657 0.20-2.75 0.999
Nasal superior* 0.92 0.800 0.49-1.75 0.999
Nasal* 0.90 0.810 0.39-2.08 0.999
Nasal inferior* 1.15 0.590 0.69-1.93 0.999
Temporal inferior* 0.99 0.960 0.62-1.57 0.960
Temporal* 0.71 0.450 0.29-1.74 0.999
Temporal superior® 1.26 0.481 0.66-2.41 0.999

Af = amyloid beta; CI = confidence interval; GCL = ganglion cell layer; IPL = inner plexiform
layer; pRNFL = peripapillary retinal nerve fiber layer; RNFL = retinal nerve fiber layer;

RT = retinal thickness.

Bold p-values are significant at p < 0.05. GEE, corrected for age, gender and diagnosis of diabetes.

* Reported in steps of 100.

T Reported in steps of 10. Adjusted p-values were calculated using the Holm-Bonferroni method.

Table 3. Intra-twin pair correlation coefficients.

Correlation
coefficient  p-value
Macula
Total RT 0.92 <0.001
inner ring
Total RT outer ring 0.88 <0.001
RNFL inner ring 0.77 <0.001
RNFL outer ring 0.88 <0.001
GCL inner ring 0.83 <0.001
GCL outer ring 0.91 <0.001
IPL inner ring 0.80 <0.001
IPL outer ring 0.90 <0.001
pRNFL
Average 0.80 <0.001
Nasal superior 0.67 <0.001
Nasal 0.76 <0.001
Nasal inferior 0.83 <0.001
Temporal inferior 0.59 <0.001
Temporal 0.75 <0.001
Temporal superior  0.57 <0.001
Brain PET measures
Amyloid 0.21 0.068
positivity
(visual rating)
Global BPnp 0.60 <0.001
of Ap

Ap = amyloid beta; BPnp = non-displaceable
binding potential; GCL = ganglion cell layer;
IPL = inner plexiform layer; RNFL = retinal
nerve fiber layer; RT = retinal thickness.

association did not retain statistical
significance when the p-value was cor-
rected for multiple testing.

The finding that there were no dif-
ferences in retinal layer thickness in
both the macular and the peripapillary
region between amyloid positive and
amyloid negative individuals were in
contrast to studies performed in indi-
viduals with AD dementia, which
reported a reduction in retinal layer
thickness in both the macular and the
peripapillary region, especially in the
inner retinal layers (RNFL, GCL, IPL)
(den Haan et al. 2017; Chan et al.
2018). A possible explanation could
be that retinal thinning due to neu-
rodegeneration is only noticeable rela-
tively late in AD, for example resulting
from retrograde trans-synaptic neu-
rodegeneration, and cannot yet be
found in the preclinical phase of AD
(Davis et al. 2016). Moreover, previous
studies had several limitations that
might have overestimated disease
effects on retinal thinning. The major-
ity of studies did not define their study
population clearly, neither neurologi-
cally (i.e. how was the diagnosis of AD
made, in what stages are the

participants at the time of the study)
nor ophthalmologically (i.e. controlling
for confounding ophthalmological dis-
eases, such as glaucoma and diabetes).
Furthermore, many of the changes
found were modest in effect size. Most
importantly, almost none of the studies
corrected for multiple testing, despite
looking at several equivalent parame-
ters.In support of the absence of dif-
ferences in retinal layer thickness in
AD patients, there are several other
studies which do not report such
changes (Gharbiya et al. 2014; Pillai
et al. 2016; den Haan et al. 2018).

One other study group also looked
at structural retinal changes in preclin-
ical AD, in both a cross-sectional study
and a longitudinal study (Snyder et al.
2016; Santos et al. 2018). The present
findings are in contrast with the cross-
sectional study, which reported a larger
volume of the inner plexiform layer in
individuals positive for Af on PET
(Snyder et al. 2016). A possible expla-
nation for this discrepancy with our
results may be that we looked at retinal
layer thickness, rather than volume.
Nevertheless, as these parameters are
closely related, an increase in volume
should have reflected as an increase in
thickness as well. Furthermore, the
increase in IPL volume reported was
modest, and after correction for multi-
ple testing it lost its statistical signifi-
cance.

In line with our study, no differences
in retinal layer thickness or volume was
found in the baseline data of the longi-
tudinal study (Santos et al. 2018). How-
ever, Af positivity was associated with
an increased reduction in the macular
RNFL, ONL and IPL volume and
higher standardized uptake value ratio
(SUVr) of Ap was associated with
increased reduction of macular RNFL
during a follow-up of 27 months. This
could suggest increased retinal neu-
rodegeneration in individuals with pre-
clinical AD. Therefore, longitudinal
measurements of retinal layer thickness
might be more sensitive in separating
preclinical AD cases from controls.

When retinal layer thickness was
correlated with cortical Af load as a
continuous measure (BPnp), an unex-
pected weak positive association of
total retinal thickness in the macula in
the inner ring with increased Af bind-
ing was found (Table 2). This associa-
tion was modest, as it did not survive a
correction for multiple testing. We




therefore doubt whether this associa-
tion is of a truly biological origin,
further research is needed to establish
this.

Intra-twin pair correlations were
moderate to high for all retinal layer
thicknesses, suggesting a high contri-
bution of either genes or shared envi-
ronment to these traits (Table 3). As
no dizygotic twin pairs were included,
the relative contribution of genetics
and shared environmental factors on
these traits could not be determined.
Previous twin studies, however,
indicated that these traits are mainly
driven by genetic factors (Hougaard
et al. 2003; Chamberlain et al. 2006;
Hinrichs et al. 2010; Kwun et al.
2011).

No twin analyses on the contribu-
tion of genetic and environmental fac-
tors on the relation between amyloid
aggregation and retinal parameters
were performed, as there was no asso-
ciation in the total population (De
Moor et al. 2008; Vitaro et al. 2009).

One of the strengths of this study is
the detailed characterization of partic-
ipants, both from a neurological as well
as an ophthalmological perspective.
Participants were extensively screened
for cognitive health, ensuring only
cases of preclinical AD (i.e. cognitively
completely healthy) were included. All
confounders affecting retinal thickness
were either controlled for (diabetes), or
excluded from the study (glaucoma,
vascular occlusions, AMD).

This study also has some limitations.
The group of amyloid positive individ-
uals consists of only 18 participants,
limiting statistical power. As only
around 20% of individuals around ages
70 are positive for Af, this is a common
problem in studies assessing pre-clinical
AD (Jansen et al. 2015). However, if the
lack of any associations found within
this study were only due to a shortage in
statistical power, one would still expect
reasonable effect sizes in a consistent
direction (i.e. thinning) and stronger
associations when using a continuous
outcome measure. This was not the case
in our study. Additionally, post-hoc
power calculation revealed that our
sample of 147 amyloid negative and 18
amyloid positive participants had suffi-
cient power to detect a difference in total
macular thickness of 10% with an
o = 0.05 (two-sided), - = 0.8 and a
sampling ratio of 0.1, although this was
too small to find a 10% difference in

mean pRNFL thickness (data not
shown).

In conclusion, retinal layer thickness
was not able to discriminate between
preclinical AD and controls, suggesting
that it cannot serve as a biomarker in
preclinical stages of AD. Whether amy-
loid pathology is associated with a
decline in retinal thickness over time,
in parallel with brain degeneration, will
be tested in future studies in this cohort.
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