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Abstract. We aimed to characterize the nature and magnitude of cognitive decline in a group of healthy older adults with high
and low levels of amyloid-� (A�) and who were APOE �4 carriers and non-carriers. Healthy older adults underwent positron
emission tomography neuroimaging for A�, APOE genotyping, and cognitive and clinical assessment as part of their baseline
assessment in the Australian Imaging, Biomarker, and Lifestyle study. Cognitive function and clinical ratings were reassessed
18 months later. Linear mixed model analyses adjusted for baseline cognitive function indicated that relative to healthy older
adults with low A�, healthy older adults with high A� showed greater decline in episodic memory and language at 18 months.
No decline on any measure of executive function, attention, or clinical rating was observed for healthy older adults with high A�
levels. Compared to non-carriers, APOE �4 carriers showed a greater decline only on the task of visual memory at the 18 month
assessment. Importantly though, no interaction between APOE �4 and A� was observed on any measure of cognitive function.
The results of this study suggest that high A� load was associated with greater decline in episodic memory and language, that
the magnitude of this decline was moderate and equivalent across both domains, and that APOE �4 carriage did not moderate
the relationship between A� and decline in memory and language functions.
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INTRODUCTION34

Levels of amyloid-� (A�) detected using positron35

emission tomography (PET) neuroimaging agents36

show that the majority of patients with clinically diag-37

nosed Alzheimer’s disease (AD) have abnormally high38

levels of A� by some validated criterion (e.g., stan-39

dardized uptake value ratio [SUVR] of greater than40

1.5 on PET imaging using Pittsburgh Compound B41

[PiB]). However, while A� neuroimaging biomarkers42

are abnormal in approximately 95% of people with43

AD, the significance of abnormal A� as a biomarker44

of AD has been questioned as approximately 20–30%45

of healthy older adults also show abnormally high A�46

levels [1, 2]. Most cross-sectional studies in healthy47

older adults show only small differences, if any, in48

cognitive function or clinical ratings between groups49

with high and low A� [1, 3–5]. Furthermore, in healthy50

older adults, A� levels are associated only weakly (e.g.,51

r ranging from 0.18–0.30) with cognitive function,52

mainly in episodic memory, although these associ-53

ations become stronger when samples are restricted54

to those who carry the apolipoprotein E (APOE) �455

allele [6–9]. Thus, the importance of high A� levels in56

healthy older adults is still unclear.57

The weak and inconsistent associations between A�58

and cognitive function in healthy older adults may be59

due to the cross-sectional study designs. As AD is60

a progressive neurodegenerative disease, prospective61

longitudinal studies should facilitate understanding of62

the importance of high A� levels in cognitively normal63

older adults. Previous prospective studies of healthy64

older adults suggest that high A� levels are associated65

with some decline in cognitive and clinical status, at66

least over 18 months [10–13], with one reporting that67

episodic memory decline in healthy older adults with68

high A� levels can be detected over 6 months, albeit on69

the basis of very frequent re-assessments [14]. While70

the majority of these studies were conducted using71

small samples (e.g., n = 19–32) [12, 15], a recent study72

of a subset of the Australian Imaging, Biomarkers73

and Lifestyle (AIBL) healthy control cohort (n = 141)74

reported substantial decline in measures of episodic75

memory from the CogState brief battery in healthy76

older adults who had undergone PiB-PET neuroimag-77

ing at baseline and cognitive and clinical assessment78

at baseline and 18 months later [10, 16]. This decline79

occurred despite there being no change in the clinical80

status of the group. This study also found that while81

the presence of the APOE �4 allele was associated82

with decline in visual memory over 18 months, it did83

not moderate the rate of A�-related memory decline84

[10]. This A�-related cognitive decline in healthy older 85

adults was replicated, in part, by a prospective study 86

following healthy older adults for 18 months after neu- 87

roimaging with florbetapir F-18. In this study, a smaller 88

group of healthy older adults with high A� showed a 89

decline in performance on the ADAS-Cog [4] although 90

not on any of the other neuropsychological measures. 91

The failure to find any decline on neuropsycholog- 92

ical tests of memory [10] was unexpected, especially 93

as the ADAS-Cog has been reported to be insensitive 94

to true cognitive change in groups other than those 95

with moderate AD [17, 18]. One possible explanation 96

arises from a post-hoc analysis of the rate of change 97

over time detected in this study which indicates that, 98

despite being non-significant, the magnitude of decline 99

in performance detected on the test of verbal memory 100

(auditory verbal learning task) was equivalent to that 101

detected on the ADAS-Cog (i.e., both ds ∼0.90) [4]. 102

Therefore, the absence of statistically significant dif- 103

ferences in memory decline between high and low A� 104

groups could have reflected that the study was under- 105

powered to address this issue in healthy older adults. 106

Further investigations with a larger sample size and 107

neuropsychological battery are required. In addition to 108

the CogState brief battery, the AIBL study uses a large 109

neuropsychological test battery to define cognitive per- 110

formance [19]. Examination of the extent to which 111

performance on different aspects of cognitive function 112

may provide a chance for replication of our previous 113

report with an independent set of tests, also provides an 114

opportunity to determine whether A�-related changes 115

in cognition extend beyond episodic memory.While 116

the AIBL study does not include the ADAS-Cog, clin- 117

ical ratings of disease severity are characterized using 118

the Clinical Dementia Rating (CDR) scale. Therefore, 119

the extent to which clinical ratings change over time 120

in healthy older adults with high A� can also be deter- 121

mined using the sum of boxes score from the CDR (i.e., 122

CDR-SB) [20]. 123

The aim of the current study was therefore to deter- 124

mine the effect of A� on cognitive change over 18 125

months in a large group of healthy older adults from the 126

AIBL study, who have been assessed with an extensive 127

neuropsychological battery. The overarching hypothe- 128

sis was that high A� at baseline would be associated 129

with greater decline in cognition, particularly in the 130

domain of episodic memory. We explored the extent 131

to which increased A� at baseline was associated with 132

decline in cognitive domains other than memory and 133

in clinical disease rating scales. We also explored the 134

extent to which decline in any cognitive domain was 135

moderated by the presence of the APOE �4 allele.

https://www.researchgate.net/publication/51753506_CSF_Biomarker_and_PIB-PET-Derived_Beta-Amyloid_Signature_Predicts_Metabolic_Gray_Matter_and_Cognitive_Changes_in_Nondemented_Subjects?el=1_x_8&enrichId=rgreq-08626f990ce4ac75f77c764123141555-XXX&enrichSource=Y292ZXJQYWdlOzIzNDA5ODM3NztBUzo5NzEzNzE5OTE1NzI1N0AxNDAwMTcwNzIxNTQz
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METHODS136

Participants137

All participants in the current study were recruited138

from the healthy control group enrolled in the AIBL139

Flagship Study of Ageing. The process of recruitment140

and diagnostic classification of healthy older adults141

enrolled in the AIBL cohort has been described in142

detail previously [19, 21]. Healthy adults (HA) who143

volunteered were excluded from the AIBL study if they144

had any of the following: schizophrenia; depression145

(Geriatric Depression Score (GDS) of 6 or greater);146

Parkinson’s disease; cancer (other than basal cell skin147

carcinoma) within the last two years; symptomatic148

stroke; uncontrolled diabetes; or current regular alco-149

hol use exceeding two standard drinks per day for150

women or four per day for men. A clinical review151

panel chaired by DA reviewed all available medi-152

cal, psychiatric, and neuropsychological information153

to confirm the cognitive health of individuals enrolled154

in the healthy controls group. In this study, only HA155

who had undergone PiB-PET neuroimaging and who156

had completed the AIBL neuropsychological battery157

at baseline and 18-month assessment (n = 178) were158

included. Demographic and clinical characteristics of159

the HA are shown in Table 1. The clinical status of all160

participants did not change at 18 months. The study161

was approved by and complied with the regulations of162

three institutional research and ethics committees [19],163

and all participants provided written informed consent 164

prior to participating in the study. 165

Measures 166

PiB-PET neuroimaging and APOE ε4 genotyping 167

PiB-PET imaging methodology has been outlined 168

in detail previously [13, 21]. Each subject received 169

∼370 MBq 11-C PiB intravenously over 1 minute. 170

A 30-minute acquisition of PET standardized uptake 171

value (SUV) data in 3-dimensional mode, consisting 172

of 6 frames each of 5 minutes, acquired 40–70 min- 173

utes post-PiB injection were summed and normalized 174

to the cerebellar cortex SUV, resulting in a region-to- 175

cerebellar ratio termed SUV ratio (SUVR). Neocortical 176

A� burden was expressed as the average SUVR of the 177

area-weighted mean of frontal, superior parietal, lateral 178

temporal, lateral occipital, and anterior and posterior 179

cingulate regions [13, 21]. An 80 ml blood sample was 180

also taken from each participant, 0.5 ml of which was 181

forwarded for APOE genotyping at a clinical pathology 182

laboratory. 183

Cognitive and clinical assessments 184

All participants were assessed with the clinical rat- 185

ing scales and neuropsychological battery from the 186

AIBL study. These have all been described in detail 187

elsewhere and were administered according to standard 188

protocols by trained research assistants [9, 19, 22]. The 189

clinical status of participants was determined by data 190

Table 1
Demographic means (SD) for MMSE, CDR-SB, premorbid IQ, and HADS scores, and median years of education, for overall and each SUVR

group at baseline assessment

Overall (n = 178) SUVR < 1.5 (n = 123) SUVR ≥ 1.5 (n = 55) �4 non-carrier (n = 102) �4 carrier (n = 76)

n (%) female 89 (50%) 61 (50%) 28 (51%) 50 (49.02%) 39 (51.32%)
n (%) APOE �4 76 (42.70%) 40 (32.52%) 36 (65.45%) – –
Age (years) 71.55 (7.45) 69.92 (6.99) 75.20 (7.19) 72.66 (7.52) 70.07 (7.13)
Education level (category) 13–15 years 13–15 years 13–15 years 13–15 years 13–15 years
SUVR Neocortex 1.41 (0.40) 1.16 (0.09) 1.95 (0.26) 1.30 (0.31) 1.55 (0.45)
MMSE 28.74 (1.23) 28.81 (1.23) 28.58 (1.23) 28.77 (1.26) 28.70 (1.20)
CDR-SB 0.00 (0.19) 0.00 (0.21) 0.00 (0.12) 0.28 (0.21) 0.04 (0.16)
Premorbid IQ 111.72 (6.67) 111.25 (7.10) 112.78 (5.52) 112.44 (6.57) 110.76 (6.73)
HADS-D 2.00 (2.31) 2.00 (2.17) 2.00 (2.60) 2.69 (2.20) 2.94 (2.45)
HADS-A 4.00 (2.84) 4.00 (2.64) 4.00 (3.26) 3.78 (2.52) 4.63 (3.17)

Cardiovascular risk factors
Body mass index 26.29 (3.93) 26.32 (4.46) 26.28 (3.68) 26.30 (3.91) 26.23 (3.97)
Abdominal circumference 92.53 (12.29) 92.70 (12.12) 92.17 (12.78) 92.66 (13.03) 92.37 (11.35)
n (%) past smokers 90 (51%) 59 (48%) 31 (56%) 52 (51%) 38 (50%)
n (%) current smokers 6 (3%) 6 (5%) 0 (0 %) 5 (5%) 1 (1%)
n (%) hypertension history 76 (43%) 51 (41%) 25 (45%) 47 (46%) 29 (38%)
n (%) angina history 14 (8%) 12 (10%) 2 (4%) 9 (9%) 5 (7%)
n (%) diabetes history 13 (7%) 8 (7%) 5 (9%) 9 (9%) 4 (5%)

Age was the only variable that differed by SUVR status, p < 0.001, and by APOE status, p < 0.05. SUVR, Standardized Uptake Value Ratio;
MMSE, Mini-Mental State Examination; CDR-SB, Clinical Dementia Rating Scale, Sum of Boxes Score, HADS-D, Hospital Anxiety and
Depression Scale, Depression Subscale; HADS-A, Hospital Anxiety and Depression Scale, Anxiety Subscale.
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Table 2
Summary of tasks, and mean (SD) scores at baseline and 18 month assessment for healthy older adults, and age-adjusted baseline mean (SD)

for SUVR < 1.5 and SUVR ≥ 1.5 groups

Baseline mean (SD) 18 months mean(SD)
Task Overall SUVR < 1.5 SUVR ≥ 1.5 �4 non-carrier �4 carrier Overall

CDR SB 0.04 (0.19) 0.05 (0.21) 0.03 (0.11) 0.05 (0.21) 0.04 (0.16) 0.06 (0.26)
Logical memory 1 12.85 (3.82) 13.13 (3.82) 12.22 (3.92) 12.78 (3.78) 12.94 (3.78) 12.11 (3.49)
Logical memory 2 11.24 (4.04) 11.43 (4.10) 10.80 (4.25) 11.19 (4.03) 11.30 (4.04) 11.05 (3.86)
CVLT-II total learning 51.11 (10.56) 51.02 (10.51) 51.33 (10.74) 51.17 (10.38) 51.04 (10.41) 49.31 (10.75)
CVLT-II short delay 11.05 (2.29) 11.10 (2.81) 10.94 (3.27) 10.93 (2.99) 11.21 (2.90) 10.68 (3.14)
CVLT-II long delay 11.63 (3.10) 11.59 (3.08) 11.72 (3.15) 11.51 (3.05) 11.79 (3.05) 11.58 (3.25)
RCFT 3 minute recall 17.15 (6.50) 17.65 (6.52) 16.06 (6.67) 18.03 (6.40) 16.01 (6.43) 17.87 (5.96)
RCFT 30 minute recall 16.63 (5.63) 16.80 (5.53) 16.23 (5.71) 17.21 (5.43) 15.83 (5.45) 17.52 (5.77)
Stroop colours 33.39 (10.53) 33.83 (10.47) 32.39 (10.69) 33.38 (10.41) 33.41 (10.43) 33.31 (10.17)
Stroop C/D 2.29 (0.73) 2.35 (0.76) 2.15 (0.66) 2.29 (0.75) 2.28 (0.71) 2.38 (0.61)
RCFT copy 31.42 (3.29) 31.44 (3.26) 31.39 (3.33) 31.50 (3.22) 31.32 (3.23) 29.33 (4.01)
Letter fluency 40.75 (11.87) 39.64 (10.95) 43.24 (10.97) 40.89 (12.01) 40.57 (12.04) 41.70 (12.23)
Category switching accuracy 12.46 (3.16) 12.74 (3.09) 11.81 (3.26) 12.51 (3.16) 12.39 (3.18) 11.81 (3.08)
Digit span 17.85 (3.73) 17.80 (3.57) 17.96 (4.11) 17.90 (3.56) 17.78 (3.98) 17.22 (3.32)
Digit symbol 57.79 (13.09) 57.72 (12.11) 57.94 (12.39) 58.61 (11.94) 56.68 (11.96) 57.54 (13.18)
Stroop dots 14.60 (3.90) 14.52 (3.88) 14.81 (3.97) 14.30 (3.84) 14.99 (3.85) 14.16 (3.00)
Category fluency 39.11 (8.06) 38.79 (8.07) 39.80 (8.25) 39.23 (8.00) 38.95 (8.02) 38.49 (8.26)
BNT 28.26 (1.82) 28.19 (1.84) 28.41 (1.88) 28.29 (1.82) 28.22 (1.83) 28.19 (2.02)

which included the Mini-Mental Status Examination191

[23] and CDR scale [20]. Premorbid intelligence was192

estimated using the Wechsler Test of Adult Reading193

[24] and levels of depressive and anxiety symptoms194

were assessed using the Hospital Anxiety and Depres-195

sion Scale [25]. Attention and processing speed was196

measured using the Digit Span and Digit Symbol-197

Coding tasks (Wechsler Adult Intelligence Scale-Third198

edition) [26] and visuoconstruction was measured199

using the Rey-Osterrieth Complex Figure Test (RCFT)200

copy trial [27]. Language was assessed using a 30-201

item version of the Boston naming Test (BNT) [28].202

Verbal learning and episodic memory was measured203

using the California Verbal Learning Test-Second edi-204

tion (CVLT-II) [29] and Logical Memory Recall 1 and205

2 (Wechsler Memory Scale, Story A only) [30]. Visual206

episodic memory was measured using the RCFT 3-207

minute and 30-minute delayed recall trials. Executive208

function was measured using D-KEFS fluency [31] and209

Stroop colour naming (Victoria version) [32].210

Procedure211

All of the HA in this study underwent an extensive212

medical, psychiatric, and neuropsychological assess-213

ment upon enrolment into the AIBL study. The same214

assessments were repeated 18 months later. In this215

study, we report PiB neuroimaging and APOE �4216

genotyping data obtained at baseline, and neuropsy-217

chological data obtained at baseline and 18 months in218

order to examine the rate of cognitive change in relation 219

to A� load and APOE �4 status. 220

Data analysis 221

The distribution of PiB SUVR data was skewed 222

negatively and could not be normalized with data trans- 223

formations. Thus, SUVR was classified dichotomously 224

as either low (SUVR < 1.50) or high (SUVR ≥ 1.50) in 225

accordance with established criteria [5, 21]. 226

A one-way analysis of variance (ANOVA) showed 227

a significant difference in age between the high and 228

low SUVR groups, F(1,176) = 21.30, p < 0.001 (see 229

Table 1). An analysis of covariance (ANCOVA) with 230

age as a covariate was conducted to compare per- 231

formance of low and high SUVR groups at baseline 232

(see Table 2). Finally, a series of linear mixed model 233

(LMM) ANCOVA were conducted to examine the 234

relationship between SUVR status (SUVR < 1.5 ver- 235

sus SUVR ≥ 1.5), APOE �4 status (�4 carrier versus 236

�4 non-carrier), and cognitive and clinical change 237

between baseline and 18-month assessment. For each 238

task, an LMM ANCOVA with SUVR status, APOE 239

�4 status, and the SUVR × APOE �4 interaction were 240

entered as fixed factors; baseline cognitive or clinical 241

test score, and age as covariates; participant as a ran- 242

dom factor, and cognitive test score at the 18-month 243

assessment as a dependent variable. For each perfor- 244

mance measure, the magnitude of the difference in 245

adjusted means between low and high SUVR groups 246
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Table 3
Linear Mixed Model with SUVR and APOE �4 status as fixed factors, baseline cognitive score and age as covariate, and participants as random

factor in healthy controls

Linear mixed model results
Baseline (df) F SUVR (df) F APOE (df) F SUVR × APOE (df) F

CDR SB (1,163) 94.59** (1,163) 0.67 (1,163) 2.41 (1,163) 3.25
Logical memory 1 (1,168) 62.77** (1,168) 0.79 (1,168) 3.68 (1,168) 0.02
Logical memory 2 (1,164) 117.77** (1,164) 3.48* (1,164) 2.54 (1,164) 0.76
CVLT-II total recall (1,170) 109.95** (1,170) 0.72 (1,170) 1.51 (1,170) 0.84
CVLT-II short delay (1,167) 85.39** (1,167) 3.78* (1,167) 0.73 (1,167) 0.003
CVLT-II long delay (1,169) 98.47** (1,169) 7.04** (1,169) 0.02 (1,169) 3.28
RCFT 3 min recall (1,167) 68.14** (1,167) 0.19 (1,167) 6.03* (1,167) 0.65
RCFT 30 min recall (1,166) 42.13** (1,166) 0.13 (1,166) 8.87** (1,166) 0.62
Stroop colours (1,161) 144.46** (1,161) 0.66 (1,161) 2.32 (1,161) 0.002
Stroop C/D (1,161) 34.66** (1,161) 0.72 (1,161) 1.80 (1,161) 0.18
RCFT copy (1,168) 38.51** (1,168) 1.98 (1,168) 6.11* (1,168) 2.55
Letter fluency (1,170) 282.16** (1,170) 0.58 (1,170) 1.56 (1,170) 1.02
Category switching (1,166) 16.87** (1,166) 5.50* (1,166) 1.57 (1,166) 0.06
Accuracy
Digit span (1,164) 158.03** (1,164) 2.53 (1,164) 0.15 (1,164) 0.03
Digit symbol (1,169) 160.73** (1,169) 0.23 (1,169) 0.04 (1,169) 2.33
Stroop dots (1,162) 36.03** (1,162) 0.17 (1,162) 0.003 (1,162) 0.17
Category fluency (1,168) 165.16** (1,168) 3.62* (1,168) 2.58 (1,168) 0.02
BNT (1,146) 105.51** (1,146) 4.31* (1,146) 4.12* (1,146) 0.25

*p < 0.05, **p < 0.001. SUVR, Standardized Uptake Value Ratio; CDR-SB, Clinical Dementia Rating Scale, Sum of Boxes Score; CVLT-II,
California Verbal Learning Task-Second edition; RCFT, Rey-Osterrieth Complex Figure Test; Stroop C/D = Stroop (Colours/Dots); BNT, Boston
Naming Test.

and between APOE �4 carriers and non-carriers at the247

18-month assessment was expressed using Cohen’s d248

[33].249

The criterion for statistical significance for all com-250

parisons or correlations was set to p < 0.01. This was251

done to balance the risk of false positive findings252

against identification of important relationships when253

a) performance on the neuropsychological outcome254

measures was likely to be highly correlated, especially255

for tests that assess the same cognitive domain, b) this is256

an exploratory investigation in a relatively new area of257

neuropsychology in which an important clinical issue258

has been identified, and c) measures of effect size were259

used to guide interpretation about the meaningfulness260

of results. Specifically, Type I errors were suspected261

where comparisons were statistically significant at the262

corrected level but where effect sizes were very small263

(e.g., d < 0.20).264

RESULTS265

LMM analyses indicated that compared to HA with266

SUVR < 1.5 at baseline, HA with baseline SUVR ≥ 1.5267

showed significantly greater decline at the 18-month268

assessment for Logical Memory Recall 2, CVLT-II269

short and long delayed recall, Clock drawing, Cat-270

egory Fluency, and BNT (Table 3). No decline at271

the 18-month assessment was observed for measures272

of psychomotor function, or short-term memory in 273

either SUVR group. Magnitudes of the differences in 274

baseline-adjusted performance between the low and 275

high SUVR groups at the 18-month assessment are 276

shown in Fig. 1. 277

When APOE �4 status was added to the LMM anal- 278

yses, no statistically significant interaction between 279

SUVR status and APOE �4 status was observed for 280

any neuropsychological measure or the clinical rating 281

scale. When considered by itself, the presence of the 282

APOE �4 allele was associated with a greater decline 283

in visual episodic memory and visuoconstruction after 284

18 months (Table 3). Magnitudes of differences in 285

baseline-adjusted performance between APOE �4 car- 286

riers and non-carriers at the 18-month assessment are 287

shown in Fig. 2. 288

DISCUSSION 289

The results of this study support the hypothesis that 290

in healthy older adults, high A� is associated with 291

greater decline over 18 months in episodic memory 292

and this decline also extended to language function. 293

With neuropsychological performance at baseline con- 294

trolled statistically, a larger decline over 18 months was 295

observed for paragraph recall and verbal recall, over 296

short and long delays, in healthy older adults with high 297

A� than in healthy older adults with low A� (Fig. 1). 298
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Table 4
Linear Mixed Model 18 month estimated marginal means, and Cohen’s d of difference in magnitude of decline between SUVR < 1.5 and SUVR

≥ 1.5 groups, and between APOE �4 carriers, and non-carriers

18 month EM mean (SD) 18 month EM mean (SD)
SUVR < 1.5 (n = 123) SUVR ≥ 1.5 (n = 55) �4 non-carrier (n = 102) �4 carrier (n = 76)

CDR-SB 0.05 (0.23) 0.08 (0.24) 0.04 (0.28) 0.10 (0.22)
Logical memory 1 12.24 (3.26) 11.74 (3.32) 12.49 (3.93) 11.48 (3.03)
Logical memory 2 11.42 (3.22) 10.39 (3.29) 11.32 (3.87) 10.49 (3.00)
CVLT-II total learning 49.62 (9.03) 48.32 (9.16) 48.07 (10.91) 49.87 (8.34)
CVLT-II short delay 11.02 (2.84) 10.07 (2.89) 10.35 (3.45) 10.74 (2.61)
CVLT-II long delay 11.82 (2.81) 10.60 (2.84) 11.22 (3.38) 11.16 (2.59)
RCFT 3 min recall 17.93 (5.16) 17.54 (5.34) 18.79 (6.37) 16.69 (4.85)
RCFT 30 min recall 17.57 (5.28) 17.25 (5.49) 18.71 (6.52) 16.11 (4.98)
Stroop colours 33.06 (7.83) 34.17 (8.42) 32.60 (10.17) 34.63 (7.35)
Stroop C/D 2.37 (0.60) 2.46 (0.64) 2.35 (0.77) 2.48 (0.56)
RCFT copy 29.09 (3.94) 30.04 (4.07) 30.37 (4.88) 28.76 (3.68)
Letter fluency 42.40 (8.43) 41.30 (8.59) 41.00 (10.13) 42.69 (7.72)
Category switching accuracy 11.36 (3.23) 12.68 (3.38) 12.35 (4.07) 11.68 (2.98)
Digit span 17.01 (2.68) 17.73 (2.72) 17.45 (3.23) 17.29 (2.48)
Digit symbol 58.19 (9.49) 57.42 (9.63) 57.64 (11.52) 57.96 (8.78)
Stroop dots 14.18 (3.04) 13.96 (3.27) 14.08 (3.97) 14.06 (2.87)
Category fluency 39.13 (6.49) 37.04 (6.55) 37.25 (7.81) 38.93 (5.96)
BNT 28.40 (1.86) 27.75 (1.88) 27.77 (2.25) 28.38 (1.69)

SUVR, Standardized Uptake Value Ratio; CDR-SB, Clinical Dementia Rating Scale, Sum of Boxes Score; CVLT-II, California Verbal Learning
Task-Second edition; RCFT, Rey-Osterrieth Complex Fig Test; Stroop C/D = Stroop (Colours/Dots); BNT, Boston Naming Test.

Fig. 1. Magnitude of decline between healthy older adults with SUVR < 1.5 and SUVR = 1.5 (“0” line represents SUVR < 1.5 group, negative
values indicate decline) for each neuropsychological measure from baseline to 18-month assessment (*p < 0.05; **p < 0.001); error bars represent
95% confidence intervals.
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Fig. 2. Magnitude of decline between healthy older adults who are APOE �4 carriers and non-carriers (“0” line represents APOE �4 non-carriers,
negative values indicate decline), for each neuropsychological measure, from baseline to 18 month assessment (*p < 0.05; **p < 0.001); error
bars represent 95% confidence intervals.

These differences were, by convention, small to mod-299

erate in magnitude (i.e., d = 0.35 to 0.40). Although300

healthy older adults with high A� also showed a301

greater decline in performance on other measures of302

verbal memory (e.g., Logical Memory 1 and CVLT-II303

total learning), the magnitudes of these were not large304

enough to reach statistical significance (d < 0.20).305

Healthy older adults with high A� also showed306

greater decline in language function (Category Flu-307

ency and BNT). As for verbal memory, decline on308

these tasks was moderate in magnitude (d∼0.30). Sub-309

tle decline in language in healthy older adults who have310

high levels of A� determined by PiB-PET imaging has311

not previously been observed, however, impairment312

in language is known to occur early in AD and MCI313

[34, 35]. In the AIBL study, language was assessed314

using tests of confrontation naming, letter and cate-315

gory fluency. The absence of any A�-related cognitive316

decline on letter fluency is consistent with the absence317

of any effects observed for fluency measures with a318

greater executive function load (i.e., Category Switch-319

ing Accuracy) or on measures of executive function320

(i.e., RCFT Copy).321

No differences between the high and low A� groups 322

were detected for the rate of decline for visual memory, 323

executive function, and attention or for the clinical 324

rating of disease severity (CDR-SB, Fig. 1). For these 325

aspects of cognitive and clinical function, the small 326

magnitudes for the differences in change between the 327

groups (Fig. 1), as well as the large study sample, 328

suggests strongly that in each case, the absence of 329

statistically significant differences was not due to 330

insufficient power. Interestingly, the high A� group 331

showed some improvement from baseline on one 332

aspect of executive function (Category Switching). The 333

meaning of this A�-related improvement is unclear but 334

the statistical significance is likely to be Type I error 335

as we performed many comparisons and performance 336

on no other measure of executive function or language 337

improved significantly over the 18 months. No 338

differences in change over time were found between 339

high and low A� groups on any measure of attention. 340

When considered together, the results of this study 341

suggest that the cognitive decline in healthy older 342

adults with high A� is moderate in magnitude, extends 343

beyond episodic memory to language and is equivalent 344
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across these two cognitive domains. In contrast, A�345

load was not associated with decline in any aspect346

of executive or attentional function, or with changes347

in clinical ratings of disease severity. The decline in348

episodic memory observed in this study is consistent349

with the results of a recent prospective study of a350

subgroup of the current sample using a brief comput-351

erized battery, which also found that in healthy older352

adults, high A� was associated with moderate to large353

decline in verbal and visual episodic memory [10].354

However, in another recent study of A�-related cog-355

nitive change in healthy older adults enrolled in the356

AV45-A11 study, no evidence of cognitive decline in357

healthy adults with high A� was observed for episodic358

memory when these older adults were assessed using359

the same Logical Memory test as was used in the cur-360

rent study [4]. Given the consistency and magnitude361

of memory decline in healthy older adults with high362

A� observed in this and our previous study [10], and363

that post-hoc estimation of effect sizes indicated that364

the magnitude of decline in episodic memory was rel-365

atively large (d∼0.9), we believe that the absence of366

any A�-related memory decline observed in the AV45-367

A11 study was a consequence of the small sample368

size (healthy older adults with high A�, n = 10; total369

healthy older adults, n = 69). Interestingly though, in370

the AV45-A11 healthy older adults cohort, significant371

A�-related decline was observed for the ADAS-Cog372

and the CDR-SB. The ADAS-Cog was not included in373

the AIBL study because of its known insensitivity to374

cognitive change, particularly in the very early stages375

of AD [17, 18]. However, no A�-related change was376

observed in this study for the CDR-SB. As such, the377

meaning of the decline in clinical ratings observed in378

the AV45-A11 cohort is unclear, especially when no379

statistically significant decline was found for the more380

sensitive neuropsychological measures of memory.381

It is possible that risk factors related to cardiovas-382

cular disease may contribute to decline in cognitive383

function [36, 37]. However, we believe that any384

changes in cognition are unlikely to reflect any gross385

cardiovascular changes as individuals with a history386

of untreated cardiovascular disease were excluded387

from entry to the AIBL study. Further, there were388

no differences between the low and high A� groups,389

and APOE �4 carriers and non-carriers on the fre-390

quency of well-established cardiovascular risk factors.391

Importantly, while some individuals in AIBL have392

cardiovascular risk factors, a condition of entry into393

AIBL was that all systemic illness (e.g., hypertension394

or hyperlipidemia) were controlled medically. Finally,395

a recent study of cardiovascular changes in the AIBL396

neuroimaging cohort reported that the frequency of 397

white matter changes and lacunar infarcts were very 398

low in the healthy older adults group [38]. 399

As in our previous study [10], we found that the pres- 400

ence of the APOE �4 allele did not increase the rate of 401

decline in memory and language associated with high 402

levels of A� in healthy older adults.However, when the 403

effect of APOE �4 carriage itself was determined, it 404

was associated with cognitive decline over 18 months, 405

although the decline was greatest and statistically sig- 406

nificant for measures of visual episodic memory and 407

visuoconstruction. No APOE �4-related decline was 408

observed for measures of verbal memory or language. 409

In this context, it is interesting that by itself, high A� 410

was not associated with any decline on the measure 411

of visual memory used in the current study. Thus, the 412

current results raise an intriguing possible dissociation 413

between decline in visual and verbal memory arising 414

either from high A� or APOE �4 carriage. Impor- 415

tantly, in our previous study [10], we observed that 416

cognitive decline, as measured by computerized mea- 417

sures of visual memory (i.e., visual pattern separation, 418

and visual paired associate learning), in healthy older 419

adults with high A� was as large as that observed for 420

verbal memory. Hence, the specificity of the effect of 421

APOE �4 carriage on visual memory observed in the 422

current study may be a reflection of the task used to 423

measure visual episodic memory (i.e., RCFT). Recent 424

carefully designed prospective studies have shown that 425

healthy older adults who carry the APOE �4 allele, but 426

whose A� status was unknown, showed decline over 5 427

years in both memory and executive function [39–41]. 428

Our studies have shown that the effects of high A� 429

seem to be restricted to episodic memory and language. 430

Thus, the dichotomized effect of high A� and the 431

APOE �4 allele on the RCFT copy and recall tasks may 432

reflect that successful performance on the RCFT may 433

require cognitive processes beyond memory, and may 434

most likely be largely influenced by executive function, 435

which by itself is modulated by the APOE �4 allele 436

but not by A� [39, 41]. However, this hypothesis is 437

speculative and requires replication. More importantly, 438

the results of the current study indicate that APOE �4 439

carriage did not moderate A�-related cognitive impair- 440

ment, and that cognitive decline associated with APOE 441

�4 carriage was less robust than that observed for 442

A�. 443

The results of the current study show that the impor- 444

tance of high levels of A� is better understood from 445

prospective studies than from cross-sectional studies. 446

Several previous studies have observed that increased 447

A� is not associated with impaired cognitive function 448
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in otherwise healthy older adults [1, 3, 42], although449

when the correlation between A� levels and neuropsy-450

chological performance in healthy older adults were451

studied, these studies have found moderate negative452

relationships between A� and performance on mea-453

sures of cognition, and particularly tests of episodic454

memory [9, 42–45]. When APOE genotype was added455

to the analyses, studies have observed that the rela-456

tionship between A� and cognitive impairment at a457

particular assessment time point was moderated by the458

APOE �4 allele, with individuals who were carriers of459

the �4 allele performing worse than non-carriers [6,460

7]. These studies converge to suggest that in healthy461

older adults, elevated A� load is associated with sub-462

tle AD-related cognitive impairment, particularly in463

individuals who are genetically at-risk for the disease.464

Thus, as AD is a progressive disease and the hallmark465

of AD is objectively-defined decline in cognitive func-466

tion, the relationship between A� and cognitive decline467

in healthy older adults may be best understood from468

prospective studies. Although still few in number, the469

data from these prospective studies do converge to sug-470

gest that in healthy older adults, high A� does increase471

the risk of progression to MCI [12], and that the subtle472

decline in cognition, particularly in episodic mem-473

ory, that characterizes this progression can be detected474

in relatively short time intervals (i.e., 18 months)475

[10], even in the absence of any change in clinical476

status.477

Along with the current study, the findings of these478

studies are also consistent with previous research that479

has sought to determine the extent to which decline in480

cognitive function predicts an increase in A� load. In481

healthy older adults followed prospectively with brief482

batteries of computerized cognitive tests, we identified483

that statistically significant decline in verbal and visual484

episodic memory was associated with increased risk of485

high A� load, when tested over 6 years [13], 2 years486

[46], and even one year [47]. Similarly, other stud-487

ies have also observed declines in cognition in healthy488

older adults with high A� load [44, 48, 49]. The results489

of these previous studies and the current study further490

reinforce the importance of the detection of objec-491

tive decline in cognitive function, particularly memory492

function, rather than cross-sectional detection of cog-493

nitive impairment, in the earliest stages of AD. This494

A�-related decline in memory observed here accords495

with recent recommendations for the definition of the496

preclinical stage of AD, where the identification of497

objectively defined cognitive decline may assist in the498

more accurate detection of preclinical AD. The find-499

ings of the current study, along with previous studies,500

reinforce the possibility that the preclinical stage of AD 501

is characterized by high levels of A�, and objective 502

evidence of decline in memory function, thus mak- 503

ing this stage of the AD process an important time for 504

anti-amyloid intervention [50, 51]. 505
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