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Abstract

Objective—To study the effect of apolipoprotein E ¢4 status on biomarkers of neurodegeneration
(atrophy on magnetic resonance imaging [MRI]), neuronal injury (cerebrospinal fluid [CSF] t-tau),
and brain Ag amyloid load (CSF Af1_42) in cognitively normal subjects (CN), amnestic subjects
with mild cognitive impairment (aMCI), and patients with Alzheimer disease (AD).

Methods—We included all 399 subjects (109 CN, 192 aMCI, 98 AD) from the Alzheimer's Disease
Neuroimaging Initiative study with baseline CSF and MRI scans. Structural Abnormality Index
(STAND) scores, which reflect the degree of AD-like anatomic features on MRI, were computed for
each subject.

Results—A clear &4 allele dose effect was seen on CSF AB1_4o levels within each clinical group.
In addition, the proportion of the variability in Af1_4» levels explained by APOE ¢4 dose was
significantly greater than the proportion of the variability explained by clinical diagnosis. On the
other hand, the proportion of the variability in CSF t-tau and MRI atrophy explained by clinical
diagnosis was greater than the proportion of the variability explained by APOE ¢4 dose; however,
this effect was only significant for STAND scores.
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Interpretation—Low CSF AfB1_42 (surrogate for Ag amyloid load) is more closely linked to the
presence of APOE &4 than to clinical status. In contrast, MRI atrophy (surrogate for
neurodegeneration) is closely linked with cognitive impairment, whereas its association with APOE
&4 is weaker. The data in this paper support a model of AD in which CSF AB1_4, is the earliest of
the 3 biomarkers examined to become abnormal in both APOE carriers and noncarriers.

Apolipoprotein E (APOE) &4 is the most important known genetic risk factor for typical late
onset Alzheimer disease (AD). The lifetime risk of developing AD is increased and the age of
onset of the disease is lowered with increasing number of APOE &4 alleles.1™* AB1_4» and tau
levels measured in cerebrospinal fluid (CSF) and atrophy seen on magnetic resonance imaging
(MRI) are indicators of important disease-related pathological processes in AD. Low CSF
APB1_4o reflects deposition of AB in plaques.® High CSF t-tau levels reflect active axonal and
neuronal damage.® Atrophy seen on MRI is the direct result of loss of neurons, synapses, and
dendritic arborization.” In this paper, we use Structural Abnormality Index (STAND) scores
as an indicator of severity of an AD-like pattern of atrophy on structural MRI. STAND scores
were developed in our lab to condense the severity and location of AD-related atrophy on the
3-dimensional MRI scan into a single number.8

The effect of APOE genotype on neuronal pathology and amyloid load has been studied in
autopsy specimens.®~13 Several in vivo CSF AB1_4, and t-tau studies, =17 MRI studies, 18~
22 and fluorodeoxyglucose-positron emission tomography (PET) imaging studies23—25 have
also studied the effect of APOE independently in each of these modalities. The first Alzheimer's
Disease Neuroimaging Initiative (ADNI) CSF biomarker study also investigated the effect of
APOE on CSF biomarkers, and found that AB;_4» concentration is lowest in subjects with 2
APOE &4 alleles and rises as the number of alleles decreases.28 However, there have not been
in vivo studies that have investigated the influence of €4 allele on the surrogates of A amyloid
deposition and neuronal pathology together as measured by CSF and MRI in a cohort of
subjects that spans the cognitive spectrum.

The main aim of our paper was to evaluate the effect of APOE genotype on biomarkers of
Ap amyloid load and neuronal pathology by answering these questions: (1) How does APOE
genotype effect CSF ABq_42 and t-tau levels and atrophy on MRI within each clinical group?
(2) How does APOE genotype affect biomarker discrimination between different clinical
groups (cognitively normal [CN], amnestic mild cognitive impairment [aMCI], AD)? (3) How
much of the variability in the biomarkers is explained by clinical diagnosis versus APOE
genotype? and (4) Does the relationship between continuous measures of cognitive
performance and the biomarkers differ by APOE genotype?

Subjects and Methods

The data used in this study are from ADNI, a longitudinal multisite observational study of
elderly individuals with CN, aMCI, and AD collected from 56 participating institutes.2’
Written informed consent was obtained for participation in these studies, as approved by the
institutional review board at each of the participating centers. The details of ADNI can be found
at http://mwww.ADNI-info.org

Clinical and Cognitive Assessment

We used Mini Mental State Examination (MMSE)28 and the Clinical Dementia Rating Sum
of Boxes (CDR-SB)?% as overall indices of general cognitive performance and global functional
status. Baseline clinical diagnosis and cognitive assessments of all 3 clinical groups and
clinical/cognitive assessment scores (CDR-SB and MMSE) were considered in this paper. The
total sample in this paper consists of 399 subjects (109 CN, 192 aMCl, 98 AD) who had both
CSF biomarker data at baseline and usable 1.5T MRI scans (CSF was obtained at baseline in
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approximately 51% of the ADNI cohort). Two of the 98 AD subjects were subsequently
clinically reclassified as having non-AD dementia (formal thought disorder and Dementia with
Lewy bodies). Because reclassification occurred after looking forward in their clinical
presentation (beyond baseline), and all subjects do not have the same amount of longitudinal
follow-up at this time, we considered these 2 subjects as AD for this analysis to be consistent.

Statistical Analysis

Results

Pair-wise group differences in baseline characteristics and MRI and CSF biomarker measures
by APOE genotype and within diagnosis group were tested with a 2-sided Wilcoxon rank sum
test or, in the case of gender, a chi-square test. Pair-wise differences in biomarker measures by
diagnosis and within APOE genotype were assessed by reporting the area under the receiver
operator curves (AUROC) and the corresponding pair-wise Wilcoxon rank sum test p values.
The AUROC has the interpretation of the probability of correctly classifying any 2 persons
from different clinical groups when the person with the more abnormal biomarker value is
assigned to the more abnormal clinical diagnostic category. To test for differences in the
proportion of variability in biomarker measures explained by APOE genotype and clinical
diagnosis, we generated 95% confidence intervals using bootstrap methods for the difference
in R? between a model with APOE genotype as the only predictor of biomarker and a model
with clinical diagnosis as the only predictor of biomarker.

To assess differences in the relationship between cognition and biomarker by APOE genotype,
we fit a linear model for each MRI and CSF biomarker with MMSE, APOE genotype, and
their interaction as predictors. We allowed the relationship between MMSE and cognition to
be nonlinear using restricted cubic splines. We examined the interaction effect to determine if
the MMSE and biomarker relationship was different by APOE genotype. To graphically show
the differences, we created z scores for each biomarker with mean of 0 and standard deviation
of 1 to put all measures on the same scale. The sign of the CSF AB1_4» Z scores was reversed
so that increasing z scores for each biomarker represents the worsening of the biomarker value
with disease. We then fit a loss model with MMSE as the predictor of each z score within APOE
genotype and plotted the predicted values by MMSE. Because we model the biomarker mean
as asmooth function of MMSE using restricted cubic splines, the mean for the biomarker values
are estimated at MMSE of 30, MMSE of 29, et cetera. Therefore, these models are not affected
by the ceiling effects in MMSE, because there is a sufficient range of MMSE values in the
data, as CN, aMCl, and AD subjects are included.

All data manipulation and analysis was performed using SAS version 9.1.3and R version 2.7.1.

Patient Characteristics

The demographics and clinical summary of CN, aMClI, and AD subjects split by their APOE
¢4 status along with the p values are shown in the patient characteristics section of Table 1. As
expected, the proportion of €4 carriers was significantly higher among AD and aMCI than CN.
Among aMCl and AD subjects, APOE &4 carriers tended to be younger than noncarriers, which
is consistent with the fact that APOE &4 allele is associated with earlier onset of the disease.
The ages of 4 carriers and noncarriers were not different among CN subjects. There were no
significant differences in the MMSE and CDR-SB among €4 carriers and noncarriers within
each clinical group. MMSE and CDR-SB scaled appropriately by clinical group with CN (least
abnormal), and AD (most abnormal) at 2 extremes and aMCI in the middle of the spectrum.
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Effect of APOE €4 Status on Baseline Biomarkers within Each Clinical Group

MRI and CSF biomarker summary statistics along with p values for differences by APOE
genotype are presented in the biomarker measurement section of Table 1. Consistent with the
recent report by Shaw et al,3 within each clinical group, APOE ¢4 carriers had lower CSF
APB1_47 than noncarriers ( p < 0.001). Among AD subjects, STAND and t-tau levels did not
differ by APOE &4 status. Among aMCI, both STAND and t-tau were higher (more abnormal)
among APOE &4 carriers. Among CN, STAND and t-tau were not significantly different
between &4 carriers and noncarriers.

Box plots of biomarker distributions by number of APOE &4 alleles within each clinical group
are shown in Figure 1. There was a correlation between number of ¢4 alleles and AB;_42 among
aMCl subjects (p = —0.42; p < 0.001) and among AD patients (p = —0.50; p < 0.001). In pair-
wise comparisons, those with 2 €4 alleles had significantly lower AB1_4» than those with just
1 among aMCI subjects (p = 0.003) and among AD patients (p < 0.001). In contrast, we found
no evidence of an APOE &4 dose effect on either t-tau or STAND among AD patients. On
direct pair-wise comparisons, aMCI €4 homozygotes did not have higher STAND or t-tau
values than g4 heterozygotes (p > 0.70 for both). Because the numbers of CN €4 homozygotes
(n = 2) was small, g4 heterozygotes and homozygotes were combined together as €4 carriers
for increased power in analyses examining clinical discrimination by biomarkers within APOE
genotype groups and also for plotting the biomarker z score curves versus MMSE by APOE
genotype groups.

Biomarker-Based Clinical Group Discrimination within €4 Carriers and Noncarriers

The AUROC and p values for the pair-wise clinical group discrimination within each of the
APOE genotype groups are presented in Table 2. STAND score was significant in separating
all the clinical group pairs both within carriers and within noncarriers. Within both &4 carriers
and noncarriers, t-tau was significant in separating all clinical group pairs except aMCI versus
AD among &4 carriers. Within &4 carriers, CSF AB1_42 was not significant in separating
different clinical group pairs except CN versus AD (p = 0.03); however, among noncarriers,
CSF AB1_4» was significant in differentiating CN versus aMCI and CN versus AD, but not
aMCI versus AD.

Variability in the Biomarkers Explained by Clinical Diagnosis versus APOE Genotype

R2 values examining the proportion of the variability in each biomarker value that is explained
by clinical diagnosis versus APOE genotype are shown in Table 3. The proportion of the
variability in CSF AB4_42 levels explained by the APOE genotype (R? = 0.28) was greater than
the proportion of the variability in CSF Ap1_s, that was explained by clinical diagnosis (R? =
0.17). The point estimate of the difference in the proportion of the variability in CSF AB1_42
explained by the APOE versus clinical diagnosis is 0.11, that is, 11%, and is significant because
the 95% confidence interval (CI) does not include zero. There was some evidence that the
proportion of the variability in CSF t-tau explained by clinical diagnosis (R2 = 0.15) was slightly
higher than the proportion of the variability explained by APOE genotype (RZ = 0.08), but the
difference in R? was not significant, because the 95% CI included zero. On the other hand, the
proportion of the variability in STAND scores explained by the clinical diagnosis (R? = 0.27)
was significantly higher than the proportion of the variability explained by APOE genotype
(R? = 0.06), with the point estimate and 95% ClI for the difference in R2 being 0.21 (0.14 —
0.29).
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Effect of APOE €4 Status on the Relationship between Cognitive Performance and

Biomarkers

Biomarker z scores are plotted as a function of MMSE in €4 carriers as well as noncarriers
across the normal to AD cognitive continuum in Figure 2. The plots with the underlying data
are shown as a Supplementary Figure 2. The curves relating biomarker values as a function of
MMSE differed between APOE ¢4 carriers and noncarriers for CSF AB1_42 (p = 0.007) and
CSF t-tau (p = 0.008) levels, but did not differ for MRI atrophy (p = 0.151). Further testing
found no relationships between MMSE and CSF AB1_42 (p = 0.16) nor MMSE and CSF t-tau
(p = 0.24) among ¢4 carriers, that is, the slope of the fit is not different from zero.

Discussion

We investigated the effect of APOE &4 status on brain amyloid load (measured by CSF
AP1_47 levels), neuronal injury (measured by CSF t-tau), and neurodegeneration (measured by
atrophy on MRI) across the cognitive continuum. The major findings regarding the effect of
APOE genotype on biomarkers were: (1) CSF AB1_42 is closely linked to APOE genotype, but
is less strongly associated with cognitive impairment; (2) in contrast, MRI atrophy is closely
linked with cognitive impairment, whereas its association with APOE &4 is weaker; and (3) of
all the biomarkers, MRI retains the strongest relationship with cognitive impairment in the later
stages. The other main conclusion from this paper was support for a model where the biomarker
for Ap amyloid deposition (CSF AB1_42) isthe earliest of the 3 biomarkers examined to become
abnormal.

We regard imaging and CSF biomarkers as in vivo indicators of specific pathologies in AD.
Low CSF APq_4o is a marker of Ap amyloid plaque load, and CSF AB1_45 levels correlate
inversely with total Ap load in the brain.>:31 In this study, we found that AB amyloid deposition
was significantly greater among €4 carriers within each clinical group, which is consistent with
earlier CSF1415:32 and PET amyloid imaging33 studies. Increased CSF t-tau is a marker of
neuronal injury, which correlates well with neurofibrillary tangle (NFT) stage and NFT load.
5:34 Our results indicate that t-tau does not significantly differ by APOE genotype among CN
or AD, which is in agreement with a majority of CSF t-tau studies.1#:32 Atrophy on structural
MRI is a biomarker of neurodegeneration, and it too correlates with Braak NFT stage and
quantitative NFT burden.35—40 However, the most proximate histological correlate of MRI
volume loss is loss of synapses and neurons.’*41 Our finding of no association of
neurodegeneration (as measured by MRI) and APOE genotype among CN or AD subjects is
also consistent with some earlier MRI studies.18:19,42—44

Observed Relationships between APOE, Biomarkers, and Baseline Clinical Status

CSF AB1_42 is low in APOE &4 carriers in all clinical groups, and therefore our data support
the hypothesis that the primary pathological effect of APOE g4 is to increase Ap amyloid plaque
formation by any of several potential mechanisms, including reducing the efficiency of Ap
clearance.*® A plausible model of the development of AD posits that amyloid deposition occurs
early in the process but by itself does not directly cause clinical symptoms.46—48 Impaired
cognitive performance is largely driven by neurodegeneration, which may be mediated by tau
pathology. Based on this evidence, it has been hypothesized that AD pathological cascade is
a 2-stage process where amyloidosis and neuronal pathology (tauopathy, neuronal injury, and
neurodegeneration) are largely sequential rather than simultaneous processes.*”:4°

Our data show that MRI correlates more closely with cognitive status than with APOE
genotype. Also, there is some evidence that t-tau correlates better with cognitive status than
with APOE genotype. Thus, whereas we see significant differences between the CSF ABy_42
levels of &4 carriers and noncarriers in all clinical groups, t-tau and MRI values do not differ
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significantly between &4 carriers and noncarriers among CN or AD subjects. In patients with
clinically diagnosed AD, the influence of APOE genotype on cognitive decline appears most
consistently present in milder patients, and less evident or absent when patients with more
advanced cognitive decline are examined.>? This is not to say that APOE &4 is unrelated to
indicators of neuronal pathology. When all subjects are combined, APOE &4 clearly increases
the odds that any individual will be more impaired clinically, and have higher t-tau and a higher
STAND score. APOE &4 is not deterministic, in the sense that there are many &4 carriers who
are not demented and many €4 noncarriers who are demented. In contrast, subjects with highly
abnormal STAND values are almost invariably demented, and those with normal STAND are
almost invariably cognitively normal regardless of APOE genotype.

There was evidence of lower median age in aMCI €4 carriers when compared with €4
noncarriers, which suggests that €4 carriers might have slightly more cognitive reserve (brain
reserve, ie, less age-related atrophy and brain resiliency) when compared with noncarriers.
This possibly explains why STAND was worse in aMCI &4 carriers when compared with g4
noncarriers, that is, more atrophy in younger subjects brought them to the same cognitive level
of less atrophy in older subjects. This along with evidence that MRI atrophy does not differ by
APOE ¢4 status in CN and AD subjects strengthens the argument that MRI as a marker of the
actual stage of neurodegeneration is more closely related to the present clinical status.

Effect of APOE on the Biomarkers across the Alzheimer's Disease Continuum

EFFECT OF APOE ON CSF AB1_4>—Age of clinical AD onset is lowered by 5 to 10 years
in £4 carriers relative to noncarriers.1:°1:52 This is supported in our data by the fact that among
both AD and aMCI subjects €4 carriers are younger than noncarriers; that is, carriers reach the
same clinical disease stage at a younger age. Our data show that CSF AB1_4, is lower in €4
carrier CN subjects relative to noncarriers, and does not differ noticeably between AD/aMCI
¢4 carriers and CN &4 carriers. This can be interpreted to indicate that CSF AB1_45 has reached
a nadir while APOE 4 carrier subjects are still cognitively normal, whereas AB,_4, falls
progressively in g4 noncarriers from CN to aMCI to AD.

The observed effect of APOE €4 is to cause a plateau in the CSF AB1_4» levels early in the
clinical disease progression, such that worsening MMSE is not accompanied by worsening
CSF AB1_42. In contrast, in €4 noncarriers the relationship between CSF AB1_4» and MMSE
remains roughly linear into lower levels of MMSE performance. Both these relationships can
be observed in Figure 2. We do acknowledge that the assumption here that APOE &4 carriers
who are currently cognitively normal had normal CSF AB1_4 at an earlier time in life cannot
be proven by our data. However, a recent nonselected all-age autopsy series®® convincingly
demonstrates that APOE &4 does shift the onset of AB accumulation to an earlier age relative
to noncarriers, with the greatest difference in the plaque load as a function of APOE genotype
occurring in the 50-to 59-year age group.

EFFECT OF APOE ON CSF T-TAU—There was no cross-sectional difference in t-tau
between aMCI and AD in €4 carriers presumably with more advanced disease, but t-tau does
differ between aMCI and AD in €4 noncarriers (see Table 2). These data can be interpreted to
mean that t-tau increases may have plateaued by the aMClI stage in the more advanced 4 aMClI
carriers, but not in the less advanced €4 noncarriers. This argument is strengthened by Figure
2B.

EFFECT OF APOE ON MRI ATROPHY—There were cross-sectional differences on MRI
between aMCI and AD in both ¢4 carriers and noncarriers (see Table 2), and the variability in
STAND scores is largely driven by cognitive status and less by APOE genotype (see Table 3).
These data can be interpreted to indicate that, unlike t-tau, brain atrophy does not plateau by
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the aMCI stage even in the more advanced &4 carriers, and hence MRI retains its close
relationship with clinical status later into the clinical disease progression than t-tau. The
evidence for this can also be seen in Figure 2, where the relationship between MMSE and
STAND scores remains linear across the cognitive spectrum in both €4 carriers and noncarriers.

TEMPORAL ORDERING OF BIOMARKERS—AIthough biomarker assessments were
obtained only at baseline in this study, we found evidence for a temporally ordered sequencing
of CSF AB1_42, CSF t-tau, and MRI. The specific findings in this study support the
comprehensive model of AD proposed earlier.#”:>* The main observed effect of APOE
genotype was to shift the entire AD biomarker cascade toward younger age, which results in
an earlier onset of AD in &4 carriers.

An important point is that the aMCI group is heterogeneous. Based on prior studies, some of
these individuals simply have poor memory performance and will never progress to dementia,
whereas others will go on to develop clinical AD. Some (particularly €4 noncarriers) likely

have substrates for cognitive impairment other than AD, for example, vascular disease or Lewy

body disease. Many likely have a mixture of pathologies including but not confined to AD.
55,56

There are some limitations to the study. First, the ADNI cohort is not a population-based cohort.
The recruitment mechanisms were those used for clinical trials in AD, and included memory
clinics, patient registries, public media campaigns, and other forms of public advertisements.
Consequently inferences about the diagnostic sensitivity and specificity of biomarkers in the
general population cannot be drawn from ADNI data. However, biologically based conclusions
concerning the effect of APOE genotype on AD biomarkers are valid.
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FIGURE 1.

Box plots of AB1_49, log (t-tau) and Structural Abnormality Index (STAND) score distributions
by apolipoprotein E ¢4 dose effect within each clinical group. Larger STAND and cerebrospinal
fluid tau values are more abnormal, whereas lower AB1_4, values are more abnormal. CN =
normal cognition; aMCI = amnestic mild cognitive impairment; AD = Alzheimer disease.
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E ¢4 carriers and noncarriers. STAND = Structural Abnormality Index.
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Summary of R? Values Examining the Proportion of the Variability in Each Biomarker Value That Is Explained

by Dx versus APOE Genotype

Biomarkers  Clinical Diagnosis R2 APOE &4 Dose R2  Dx vs APOE &4 Dose Difference in R?

A2 0.17 0.28 -0.11 (-0.19,-0.02)
log (t-tau) 0.15 0.08 0.07 (-0.01,0.13)
STAND score 0.27 0.06 0.21(0.14,0.29)

Differences between the proportion of the variability explained by Dx versus APOE genotype with 95% bootstrap confidence interval around the

point estimate of R2 is also shown.

Dx = clinical diagnosis; APOE =apolipoprotein E; STAND = Structural Abnormality Index.

aFor example, 17% of the variability in the cerebrospinal fluid (CSF) AB1-42 is explained by clinical diagnosis versus 28% by the APOE &4 dose.
The point estimate of the difference in the proportion of the variability in CSF AB1-42 that is explained by the APOE versus clinical diagnosis is 11%,

and is significant because the 95% confidence interval does not include zero.
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