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Abstract

Although several previous studies have demonstrated navigational deficits in early-stage 

symptomatic Alzheimer's disease (AD), navigational abilities in preclinical AD have not been 

examined. The present investigation examined the effects of preclinical AD and early-stage 

symptomatic AD on spatial navigation performance. Performance on tasks of wayfinding and 

route learning in a virtual reality environment were examined. Comparisons were made across the 

following three groups: Clinically normal without preclinical AD (n = 42), clinically normal with 

preclinical AD (n = 13), and early-stage symptomatic AD (n = 16) groups. Preclinical AD was 

defined based on cerebrospinal fluid Aβ42 levels below 500 pg/ml. Preclinical AD was associated 

with deficits in the use of a wayfinding strategy, but not a route learning strategy. Moreover, post-
hoc analyses indicated that wayfinding performance had moderate sensitivity and specificity. 

Results also confirmed early-stage symptomatic AD-related deficits in the use of both wayfinding 

and route learning strategies. The results of this study suggest that aspects of spatial navigation 

may be particularly sensitive at detecting the earliest cognitive deficits of AD.
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INTRODUCTION

Early in the course of symptomatic Alzheimer's disease (AD), individuals frequently lose 

their way in unfamiliar and familiar places [1–3]. These navigational deficits present a 

danger to individuals with AD as they may wander away from home and get lost [1]. In 
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addition, getting lost while driving can be associated with significant negative consequences, 

including injury and death [4, 5]. Given that these deficits appear to emerge early during the 

course of the disease, it is important to gain a better understanding of the specific time 

course and features of these navigational deficits.

A current conceptualization of the process of AD is that it occurs in stages from a preclinical 

phase to mild cognitive impairment (MCI) to symptomatic AD [6, 7]. Two 

neuropathological features of AD are the formation of neurofibrillary tangles and amyloid 

plaques, which occur early in the hippocampus and neocortex (e.g., parietal regions), 

respectively [8, 9]. These neuropathological processes are thought to begin at least a decade 

or more before AD can be diagnosed clinically [10, 11]. Several biomarkers associated with 

these neuropathological processes have been identified. In particular, previous research 

indicates that reduced cerebrospinal fluid (CSF) levels of Aβ42 reflect the aggregation of 

amyloid into plaques in the brain at autopsy [12] and in vivo [13]. Fibrillar amyloid-β 
deposition can be detected through positron emission tomography (PET) studies using 

radiotracers such as Pittsburgh compound-B (PIB) with plaque formation indicated by 

higher uptake of the radiotracer [13]. Cross-sectional research using these neuroimaging and 

CSF biomarkers indicate that clinically normal (CN) individuals with evidence of the 

presence of AD biomarkers show alterations in brain structure and function [14–17]. In 

addition, CN individuals with amyloid deposition demonstrate greater atrophy as well as an 

increased risk of cognitive decline and development of symptomatic AD [18–22].

MCI is conceptualized as occurring subsequent to the preclinical phase [6, 7], and is 

characterized by cognitive impairment that minimally interferes with activities of daily 

living [7, 23, 24]. Prior research indicates that MCI individuals frequently possess 

neuropathological signs of AD and progress to a diagnosis of symptomatic AD at faster rates 

than CN individuals [23]. Within this framework it is recognized that not all individuals 

designated as preclinical AD or MCI will progress to a diagnosis of symptomatic AD. 

However, it provides a useful framework for cross-sectional and longitudinal investigations 

of the earliest manifestations of the AD process, as well as potential predictors of 

progression.

In addition to the formation of amyloid plaques and neurofibrillary tangles, MCI and 

preclinical AD are also characterized by volumetric decline of the hippocampus [25–27]. 

Although there is also some limited evidence of caudate atrophy during the MCI stage [28], 

previous research demonstrates relatively preserved caudate volume in individuals with 

preclinical AD [26, 27]. The cognitive changes associated with this early phase are less 

clear. Considering that the hippocampus is affected early during the course of the disease, 

cognitive abilities associated with this structure may be expected to be impaired. Indeed, a 

recent meta-analysis indicated significant, but relatively small, associations between 

episodic memory and amyloid burden [29]. Spatial navigation is another cognitive function 

supported in part by the hippocampus that may be deficient in preclinical AD.

Spatial navigation is considered a complex skill involving vestibular, proprioceptive, and 

visual sensory input. In addition, spatial navigation involves multiple cognitive processes, 

including knowledge of environmental features, decision-making based on current goals, 
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path integration, and maintenance of one's location within the environment [30]. Despite this 

complexity, research from the non-human animal literature suggests that spatial navigation 

may involve the use of two distinct learning strategies. Response learning involves the 

development of a fixed, action-based representation coded from the navigator's perspective 

(i.e., egocentric representation). Conversely, place learning involves the development of a 

more flexible internal representation of the spatial relationships among landmarks in an 

environment (i.e., allocentric representation) (also known as a“cognitive map”) [31]. 

Previous research indicates that navigation performance is supported by a network of brain 

regions, including prefrontal, parietal, striatal, and medial temporal regions [32–34]. In 

terms of regions specifically contributing to each strategy, response learning is particularly 

associated with the caudate nucleus, and place learning tends to rely on hippocampal circuits 

[31, 35–37]. Thus, we may expect preclinical AD to be characterized by deficits on place 

learning tasks, but not response learning tasks.

Although no study to date has examined spatial navigation in preclinical AD, it has been 

investigated in MCI and symptomatic AD. Prior research provides some evidence for 

deficits in the use of both place [38–40] and response learning [41–43] strategies in both 

MCI and symptomatic AD (for a review see [44]), which is consistent with observations of 

hippocampal and caudate atrophy in these conditions [28, 45]. In addition, associations of 

hippocampal integrity with place learning and striatal integrity with response learning have 

been observed in these populations [46, 47]. There is also evidence for MCI and 

symptomatic AD-related deficits in learning or retrieving critical features of studied routes 

and environments. More specifically, both MCI and symptomatic AD individuals appear to 

have difficulty with locating landmarks on maps of the environment, recalling the order of 

landmarks, and determining the relative location of depicted scenes from the environment 

[42, 43]. Furthermore, individuals with symptomatic AD may also have deficits in the recall 

and recognition of landmarks [41].

The primary purpose of the current study was to investigate both place and response learning 

strategies in preclinical and early-stage symptomatic AD. A supplementary goal was to 

examine the degree to which individuals retain detailed environmental knowledge that may 

facilitate successful navigation. Performance on tasks of wayfinding and route learning in a 

virtual reality environment were administered to estimate place and response learning, 

respectively. The tasks were adapted from previous research [36, 48]. The wayfinding task 

required individuals to learn the spatial layout of the environment in order to find the 

locations of landmarks from various start points, and the route learning task required 

individuals to learn a specified path in the environment through a series of stimulus-response 

associations. Previous research indicates that performance on such wayfinding and route 

learning tasks are associated with the hippocampus and caudate, respectively [36, 48], which 

is consistent with the contributions of these regions to place and response learning. Based on 

previous research demonstrating that preclinical AD may be characterized by hippocampal 

atrophy and relatively preserved caudate volume [26, 27], we hypothesized greater 

performance deficits in wayfinding compared to route learning in preclinical AD. For early-

stage symptomatic AD individuals, we expected to extend previous findings demonstrating 

deficits in both wayfinding and route learning.
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MATERIALS AND METHODS

Participants

Seventy-nine participants were recruited from the Knight Alzheimer's Disease Research 

Center (ADRC) at Washington University. The ADRC uses a variety of methods to aid in 

recruitment including community events, seminars, lectures, newsletters, registry flyers, 

brochures, word-of-mouth, local television and radio reports, and their website. All 

participants were screened for major medical conditions (e.g., Parkinson's, Huntington's, 

stroke, seizures, head injury). Two individuals failed the visuomotor expertise test (see 

below, Practice and Visuomotor Expertise) and 6 clinically normal participants did not have 

CSF data, leaving 71 participants for this study. Participants had normal vision or wore 

corrective lenses.

The Clinical Dementia Rating Scale (CDR) [49] was used to determine the presence or 

absence of dementia, and the severity of dementia when present. CDR scores of 0, 0.5, and 1 

correspond to clinical normality, very mild dementia, and mild dementia, respectively. In this 

research cohort, clinical diagnosis of symptomatic AD for the individuals with a CDR of 0.5 

or greater was made in accordance with criteria reported by the NINCDS-ADRDA [50]. The 

clinical diagnosis of AD by the ADRC has been confirmed with the presence of AD 

pathology determined postmortem in 93% of cases [51], and this includes individuals 

meeting criteria for MCI [52]. 55 participants were classified as CN, 11 were classified as 

very mildly demented, and 5 were classified as mildly demented. The distinction between 

clinical normality and early-stage symptomatic AD was supported by an independent 

psychometric assessment (see Supplementary Table 1).

The predictor variable of AD status was categorical and consisted of three separate groups: 

CN biomarker−, CN biomarker+ (i.e., preclinical AD), and early-stage symptomatic AD. 

Although preclinical AD is characterized by both the formation of neurofibrillary tangles 

and amyloid plaques [10, 11], previous research indicates that changes in CSF Aβ42 may 

precede changes in CSF p-tau and tau, suggesting that CSF Aβ42 may be an earlier 

biomarker of AD pathology [53–56]. As a result, preclinical AD (i.e., CN biomarker+) was 

defined as CN with CSF Aβ42 levels <500 pg/ml [13]. CN biomarker− was defined as CN 

with CSF Aβ42 levels ≥500 pg/ml. Finally, early-stage symptomatic AD status was defined 

as CDR = 0.5 or 1. Demographic data are presented in Tables 1A and 1B. Participants 

consented to participation in accordance with the guidelines of the Washington University 

Human Research Protection Office.

CSF collection and processing

CSF was collected as described previously [13]. Briefly, CSF free from blood contamination 

was collected by lumbar puncture in polypropylene tubes at 8:00 AM after overnight fasting. 

Samples were gently inverted to avoid gradient effects, briefly centrifuged at low speed to 

pellet any cellular elements, and aliquoted (500 μl) into polypropylene tubes before freezing 

at −84°C. Analyses for Aβ42 were completed using commercial enzyme-linked 

immunosorbant assay (INNOTEST; Fujirebio, formerly Innogenetics, Ghent, Belgium). 

Samples were kept continuously on ice with only a single thaw after initial freezing before 
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assaying. CSF collection was on average 2.13 years prior to the experimental session. Only 

CSF data from CN individuals were included in this study. All CN individuals had a CDR 

rating of 0 at both the time of the CSF collection and the experimental session.

Experimental procedures

General—Participants completed separate 1.5–2 h sessions for wayfinding and route 

learning conditions. Sessions occurred about 1 week apart with order of administration 

counterbalanced across participants. WorldViz Vizard and Autodesk 3ds Max software were 

used to create two non-immersive desktop virtual maze environments for the wayfinding and 

route learning conditions. These mazes were also counterbalanced across participants. 

Previous research indicates that navigation performance in virtual environments is equivalent 

to performance in real-world environments [38, 42, 57]. Mazes consisted of a series of 

interconnected hallways with 20 landmarks and 4 wallpaper patterns throughout. Tasks were 

adapted from past work [36, 48] and presented on an Alienware laptop with a 17-inch 

monitor. See Supplementary Figure 1 for aerial perspectives of the two environments used 

for this study, as well as an example landmark. A joystick was used to maneuver through the 

environment. The computer recorded time and distance in virtual units.

Practice and visuomotor expertise—Participants completed a practice session and a 

visuomotor expertise test in a separate virtual environment of a long hallway with several 

bends. The experimenter provided instructions on joystick use and maneuvering through the 

environment during practice. For the visuomotor expertise test, participants traversed to a 

blue area at the end of the hallway within 65 s. Participants were given a maximum number 

of three attempts to complete the visuomotor expertise test within 65 s. Two participants 

were unable to complete the visuomotor expertise test within 65 s on the third attempt and, 

as a result, were not included in the study. Following the visuomotor expertise test, 

participants did not receive any feedback.

Wayfinding—For the learning phase, participants completed three study-test trials. During 

study, participants freely explored the environment for 7 min. Participants were encouraged 

to fully explore the environment and the experimenter provided prompts if there were parts 

of the environment not being explored. During test, which occurred immediately after each 

study phase, participants placed an ”X” at all landmark locations on a blank 2-D map of the 

maze (total correct: 0–20). The study-test trials were designed to generate relatively similar 

acquisition of an allocentric representation of the environment across participants. A similar 

method has been used previously to examine development of a cognitive map [58]. The 

delay phase, which was designed to assess the use of a cognitive map, occurred following a 

10-min delay. Participants were presented with a picture of a landmark and required to find 

the landmark in the environment using the shortest path possible for a total of 12 landmarks, 

across 6 different start locations. A maximum of 3 min was allowed to reach each landmark. 

The dependent variable for the delay phase was the average distance traveled for the 12 

landmarks.

Next, participants completed a series of supplementary tasks assessing environmental 

knowledge. First, participants recalled as many landmarks as possible (Landmark Free 
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Recall; total correct: 0–20). The experimenter queried any responses not clearly associated 

with landmarks in the maze after participants completed their free recall. Participants were 

then asked to place an ”X” for all landmark locations on a blank 2-D map of the maze 

(Landmark Location Memory; total correct: 0–20). They were next presented with a 2-D 

map with ”Xs” in the locations of landmarks and asked to recall the identity of the 

landmarks (Landmark Identification Memory; total correct: 0–20). The experimenter 

clarified any responses that were unclear or ambiguous. Finally, participants completed a 

yes/no Scene Recognition task consisting of 20 images from the maze and 20 foils. The 

score was the total correct minus false alarms (score: 0–20). The supplementary tasks 

(Landmark Free Recall, Landmark Location Memory, Landmark Identification Memory, and 

Scene Recognition; see Supplementary Table 2 for descriptive statistics) were moderately to 

highly correlated (rs = 0.479–0.738, ps < 0.001; mean r = 0.615; Cronbach's alpha = 0.861), 

and an Environmental Knowledge Composite was created from the average of the z-scores 

for the supplementary tasks.

Route learning—For the learning phase, participants completed 4 study-test trials. For 

study, participants followed the same route repeatedly marked by arrows for 5 min. None of 

the participants deviated from the designated route. The route was approximately 4700 

virtual units long and took about 90 s to complete without errors. During test, which 

occurred immediately after each study phase, participants drew the path on a blank 2-D map 

of the environment (proportion correct: 0–1). The proportion correct was the number of 

correctly drawn turns at intersections relative to the total number of intersections for the 

route. These multiple study-test trials were designed to generate relatively similar learning 

of the route across participants. The delay phase, designed to assess route learning, occurred 

after a 10-min delay. Participants traversed the learned path without arrows across 3 trials. A 

maximum of 5 min was allowed for each trial. The dependent variable for the delay phase 

was the average distance traveled across the 3 trials.

Next, participants completed a series of supplementary tasks assessing environmental 

knowledge. First, participants were asked to draw the path on a 2-D map of the environment 

(Route Drawing; proportion correct: 0–1). Participants then completed Landmark Free 

Recall, Landmark Location Memory, and Landmark Identification Memory tasks (total 

correct for each: 0–14). Next, participants completed a computerized test of landmark 

temporal order (Temporal Order Memory). Fourteen landmarks were presented at the top of 

the computer monitor in a different random order for each participant and empty boxes were 

on the bottom half. Participants used the mouse to move the landmarks into the empty boxes 

in the order in which the landmarks were encountered along the path traversed during the 

learning phase. The index of performance was the Spearman rank-order correlation between 

the actual order and the participant's order (range: 0–1). Finally, participants completed the 

Landmark Direction Knowledge task in which they indicated whether each landmark was 

associated with a right, left, or no turn for 14 landmarks (proportion correct: 0–1). The 

supplementary tasks (Route Drawing, Landmark Free Recall, Landmark Location Memory, 

Landmark Identification Memory, Temporal Order Memory, and Landmark Direction 

Knowledge; see Supplementary Table 2 for descriptive statistics) were moderately to highly 

correlated (rs = 0.538–0.811, ps < 0.001; mean r = 0.674; Cronbach's alpha = 0.924), and an 
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Environmental Knowledge Composite was created from the average of the z-scores for the 

supplementary tasks.

Computer experience questionnaire—Participants indicated on a Likert scale (0 to 7) 

experience with computers, computer games, and virtual reality games. A computer 

experience composite was created from the sum of these experiences (score: 0–21).

Data analysis

Missing data—Due to computer error or participant withdrawal, data were unavailable for 

one individual with early-stage symptomatic AD and one CN biomarker+ individual for the 

wayfinding condition, as well as one CN biomarker+ and three CN biomarker− individuals 

for the route learning condition. As a result, the sample sizes for the route learning and 

wayfinding conditions were different (see Tables 1A and 1B). Data was also unavailable for 

one of the four tasks comprising the Wayfinding Environmental Knowledge Composite for 

one individual with early-stage symptomatic AD. The Wayfinding Environmental 

Knowledge Composite consisted of the average performance on the available three tasks for 

this individual.

Control variables—Age, gender, visuomotor maze time, computer experience, and the 

health composite were included as control variables in all analyses. The health composite 

was the sum of the presence or history of: Brief head trauma, heart attack, atrial fibrillation, 

angioplasty, bypass surgery, pacemaker, congestive heart failure, history of depression, 

hypertension, and diabetes (total: 0–10). Comparisons between the groups were conducted 

using independent samples t-tests for the continuous variables and chi-squares for the 

categorical variables (see Tables 1A and 1B).

Outliers—Univariate outliers were defined as values >3 STD from the group mean. 

Multivariate outliers were defined based on Mahalanobis and Cook's distance [59]. All 

analyses were conducted with and without outliers. Unless otherwise specified in the results 

section, results were unchanged when outliers were removed.

Statistical analyses—For the learning phases, repeated measures ANCOVAs were 

conducted in SPSS 21 with the test trial performance as the dependent variables and 

polynomial contrasts were used to examine main effects of trial. Total correct on the 3 test 

trials was the dependent variable for the wayfinding condition. Proportion correct on the 4 

test trials was the dependent variable for the route learning condition. For the delay phase 

and the Environmental Knowledge Composite, ANCOVAs were conducted in SPSS 21. 

Average distance traveled to locate the 12 landmarks was the dependent variable for the 

wayfinding condition. Average distance traveled across the 3 trials was the dependent 

variable for the route learning condition. For all ANCOVA analyses, the Greenhouse-Geisser 

correction was used in instances where the homogeneity of variance assumption was 

violated. Planned pairwise comparisons were conducted to follow-up significant main 

effects of AD status, and were corrected for multiple comparisons using the Holm-

Bonferroni approach [60, 61]. Contrast estimates and their standard errors were used to 

calculate the reported t-values.
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A post-hoc ANCOVA with CSF tau and the CSF tau × Group interaction in the model was 

conducted in order to examine the potential contributions of neuronal injury to any observed 

differences between CN biomarker− and CN biomarker+ groups.

Receiver operating characteristic (ROC) analyses were conducted post-hoc to assess the 

diagnostic utility of the wayfinding task, and to compare that to both an episodic memory 

task and the route learning task. The free recall from the Selective Reminding Task [62] was 

used as the measure of episodic memory. An ROC analysis is used to determine the accuracy 

of a test in discriminating healthy individuals from diseased individuals [63]. An ROC curve 

plots the sensitivity (the proportion of diseased cases correctly classified) against the 

specificity (the proportion of healthy cases correctly classified) at different cutoff values of 

the test. The area under the ROC curve (AUC) indicates numerically how well a specific test 

distinguishes between healthy individuals and those suffering from a disease, with higher 

values indicating greater accuracy. In the current study, the method of DeLong, DeLong, and 

Clarke-Pearson [64] was used to compare areas under the curve using the Sigmaplot 

program. The difference of each area pair and its standard error and 95% confidence interval 

are computed. This is then followed by the chi-square statistic for the area comparison and 

its associated p-value.

RESULTS

Wayfinding

Learning phase—There was a significant main effect of trial for the learning phase (F(2, 

118) = 76.335, p < 0.001; partial η2 = 0.564, 95% CI: 0.441–0.645; Fig. 1A) with a 

significant linear increase in performance across trials (F(1, 59) = 116.469, p < 0.001; partial 

η2 = 0.664, 95% CI: 0.513–0.750). There was also a significant main effect of AD status 

across the three learning trials (F(2, 59) = 7.805, p = 0.001; partial η2 = 0.209, 95% CI: 

0.042–0.361; Fig. 1A). There was better performance for the CN biomarker− group 

compared to both the CN biomarker+ group (t = 2.319, p = 0.048; d = 0.759, 95% CI: 

0.102–1.416) and the early-stage symptomatic AD group (t = 3.673, p = 0.003; d = 1.105, 

95% CI: 0.481–1.728). There was not a significant difference between the CN biomarker+ 

and the early-stage symptomatic AD groups (t = 1.019, p = 0.313; d = 0.395, 95% CI: –

0.372–1.161). The effect of AD status was not likely due to differences in the exploration of 

the maze as there were not significant group differences in distance traveled during the 

exploration phase (F(2, 66) = 0.179, p = 0.836; partial η2 = 0.005, 95% CI: 0.000–0.056), 

and the main effect of AD status remained significant when additionally controlling for 

distance traveled during the exploration phase (F(2, 58) = 8.094, p = 0.001; partial η2 = 

0.218, 95% CI: 0.046–0.371). There was not a significant Trial × AD status interaction for 

the learning phase (F(4, 118) = 2.043, p = 0.093; partial η2 = 0.065, 95% CI: 0.000–0.137; 

Fig. 1A).

Delay phase—There was a significant main effect of AD status for the delay phase (F(2, 

59) = 9.723, p < 0.001; partial η2 = 0.248, 95% CI: 0.067–0.399; Fig. 1B). There was a not a 

significant difference between the CN biomarker− and CN biomarker+ groups in terms of 

distance traveled to reach landmarks (t = 0.687, p = 0.494; d = 0.225, 95% CI: −0.418–
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0.868). Both the CN biomarker− group (t = 4.456, p < 0.001; d = 1.340, 95% CI: 0.702–

1.979) and the CN biomarker+ group (t = 3.043, p = 0.006; d = 1.179, 95% CI: 0.357–2.000) 

traveled shorter distances to reach landmarks compared to the early-stage symptomatic AD 

group.

When additionally controlling for learning performance, there was not a significant 

difference between the CN biomarker− and CN biomarker+ groups (t = 0.584, p = 0.560; d = 

0.191, 95% CI: −0.451–0.834). The CN biomarker− group (t = 3.885, p < 0.001; d = 1.169, 

95% CI: 0.541–1.796) and CN biomarker+ group (t = 2.961, p = 0.008; d = 1.147, 95% CI: 

0.328–1.965) traveled shorter distances compared to the early-stage symptomatic AD group 

after additionally controlling for learning performance.

Environmental knowledge composite—There was a significant main effect of AD 

status (F(2, 59) = 19.301, p < 0.001; partial η2 = 0.395, 95% CI: 0.191–0.531; Fig. 1C). The 

CN biomarker− group acquired more knowledge about the environment compared to the CN 

biomarker+ group (t = 2.099, p = 0.040; d = 0.687, 95% CI: 0.033–1.342). Both the CN 

biomarker− group (t = 6.180, p < 0.001; d = 1.859, 95% CI: 1.178–2.540) and the CN 

biomarker+ group (t = 3.256, p = 0.002; d = 1.261, 95% CI: 0.431–2.091) acquired more 

knowledge about the environment compared to the early-stage symptomatic AD group.

When additionally controlling for learning performance, there was not a significant 

difference between the CN biomarker+ and the CN biomarker− groups (t = 1.111, p = 0.273; 

d = 0.364, 95% CI: −0.282–1.009). Both the CN biomarker− group (t = 4.523, p < 0.001; d 
= 1.361, 95% CI: 0.720–2.001) and the CN biomarker+ group (t = 3.088, p = 0.006; d = 

1.196, 95% CI: 0.373–2.019) acquired more knowledge about the environment compared to 

early-stage symptomatic AD group after additionally controlling for learning performance.

Route learning

Learning phase—There was a significant main effect of trial for the learning phase (F(3, 

171) = 8.177, p < 0.001; partial η2 = 0.125, 95% CI: 0.038–0.209; Fig. 2A) with significant 

linear improvement across the trials (F(1, 57) = 12.858, p = 0.001; partial η2 = 0.184, 95% 

CI: 0.037–0.350). There was a significant main effect of AD status across the four learning 

trials (F(2, 57) = 5.062, p = 0.009; partial η2 = 0.151, 95% CI: 0.011–0.302; Fig. 2A). There 

was not a significant difference between the CN biomarker− and the CN biomarker+ groups 

(t = 0.438, p = 0.658; d = 0.145, 95% CI: −0.503–0.792). Performance was significantly 

greater for both the CN biomarker− group (t = 3.115, p = 0.009; d = 0.925, 95% CI: 0.318–

1.532) and CN biomarker+ group (t = 2.139, p = 0.072; d = 0.817, 95% CI: 0.038–1.595) 

compared to the early-stage symptomatic AD group. There was a non-significant trend for a 

Trial × AD status interaction for the learning phase (F(4.732, 134.862) = 2.145, p = 0.067; 

partial η2 = 0.070, 95% CI: 0.000–0.136; Fig. 2A).

Delay phase—There was a significant main effect of AD status for the delay phase (F(2, 

57) = 14.775, p < 0.001; partial η2 = 0.341, 95% CI: 0.137–0.487; Fig. 2B). There was not a 

significant difference between the CN biomarker+ and CN biomarker− groups in terms of 

distance traveled during the delay phase (t = 0.247, p = 0.806; d = 0.082, 95% CI: −0.566–

0.729). Both the CN biomarker− group (t = 5.523, p < 0.001; d = 1.640, 95% CI: 0.982–
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2.297) and CN biomarker+ group (t = 4.674, p < 0.001; d = 1.785, 95% CI: 0.902–2.667) 

traveled shorter distances compared to the early-stage symptomatic AD group.

When additionally controlling for learning performance, there was not a significant 

difference between the CN biomarker+ and CN biomarker− groups (t = 0.413, p = 0.681; d = 

0.136, 95% CI: −0.511–0.784). Both the CN biomarker− group (t = 4.371, p < 0.001; d = 

1.298, 95% CI: 0.667–1.928) and CN biomarker+ group (t = 4.007, p < 0.001; d = 1.530, 

95% CI: 0.681–2.379) traveled shorter distances when compared to the early-stage 

symptomatic AD group after additionally controlling for learning performance.

Environmental knowledge composite—There was a significant main effect of AD 

status for the Environmental Knowledge Composite (F(2, 57) = 26.237, p < 0.001; partial η2 

= 0.479, 95% CI: 0.275–0.602; Fig. 2C). There was not a significant difference between the 

CN biomarker+ and CN biomarker− groups (t = 1.184, p = 0.241; d = 0.391, 95% CI: 

−0.261–1.042). Both the CN biomarker− group (t = 7.305, p < 0.001; d = 2.169, 95% CI: 

1.460–2.878) and the CN biomarker+ group (t = 4.956,p < 0.001; d = 1.893, 95%CI:0.995–

2.790) acquired more knowledge about the environment compared to the early-stage 

symptomatic AD group.

When additionally controlling for learning performance, there was not a significant 

difference between the CN biomarker+ and the CN biomarker− groups for the 

Environmental Knowledge Composite (t = 1.123, p = 0.266;d = 0.371,95%CI:–0.280–

1.022).Boththe CN biomarker− group (t = 6.204, p < 0.001; d = 1.788, 95% CI: 1.117–

2.460) and the CN biomarker+ group (t = 4.335, p < 0.001; d = 1.656,95%CI:0.791–2.520) 

acquired more knowledge about the environment compared to the early-stage symptomatic 

AD group.

Post-Hoc analyses: CSF Tau

A post-hoc ANCOVA was conducted with average performance across the wayfinding 

learning trials as the dependent variable, Group (CN biomarker+ and CN biomarker−) as a 

predictor and with CSF tau and the Group × CSF tau interaction included in the model. CSF 

tau was not significantly associated with performance (F(1, 45) = 0.197, p = .659; partial η2 

= 0.005, 95% CI: 0.000–0.1061). The main effect of group was significant (F(1, 45) = 5.702, 

p = 0.021; partial η2 = 0.112, 95% CI: 0.001–0.291). The Group × CSF tau interaction was 

not significant (F(1, 45) = 1.321, p = 0.256; partial η2 = 0.029, 95% CI: 0.000 –0.171)

Post-Hoc analyses: ROC

CN biomarker− versus CN biomarker+—ROC analyses were conducted to assess the 

diagnostic utility of the wayfinding task, and to compare that to the route learning task and 

an episodic memory task for distinguishing CN biomarker+ from CN biomarker− 

individuals. Episodic memory data were available for 41 CN biomarker− and 12 CN 

biomarker+ participants. For the standardized composite for the wayfinding task (learning 

and delay phases combined), there was a significant area under the curve (AUC; see Table 

2). There was a non-significant trend for the wayfinding AUC to be greater than the AUC for 

the episodic memory task(χ2 = 3.12, p = 0.077), and the difference was significant with an 
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outlier removed (χ2 = 4.00, p = 0.045; outlier removed: Wayfinding AUC = 0.80 (SE = 

0.08), sensitivity = 0.83, specificity = 0.63). The way finding AUC was significantly better 

than the AUC for the route learning task (learning and delay phases combined; χ2 = 4.40, p 
= 0.036). The AUCs for the episodic memory task and route learning composite were not 

significantly different (χ2 = 0.003, p = 0.957).

CN biomarker− versus early-stage symptomatic AD—Episodic memory data were 

available for 41 CN biomarker− and 12 early-stage symptomatic AD participants. For the 

wayfinding composite, there was a significant AUC (see Table 2), and this was not 

significantly different than the AUC for the episodic memory task (χ2 = 0.03, p = 0.858). 

The wayfinding AUC was not significantly different than the AUC for route learning (χ2 = 

1.29, p = 0.274). The AUC for the episodic memory task was significantly better than the 

AUC for route learning (χ2 = 5.39, p = 0.020).

CN biomarker+ versus early-stage symptomatic AD—Episodic memory data were 

available for 12 CN biomarker+ and 12 early-stage symptomatic AD participants. For the 

wayfinding composite, there was a significant AUC (see Table 2), and this was not 

significantly different than the AUC for the episodic memory task (χ2 = 0.06, p = 0.813). 

The wayfinding AUC was not significantly different than the AUC for route learning (χ2 < 

0.01, p = 0.986). The AUC for the episodic memory task was not significantly better than the 

AUC for route learning (χ2 = 0.20, p = 0.656).

DISCUSSION

Preclinical AD-related deficits were observed on a wayfinding task indexing the use of a 

place learning strategy (i.e., allocentric frame of reference). The preclinical AD (CN 

biomarker+) group evidenced lower performance than the CN biomarker− group during the 

learning phase, and their performance did not differ significantly from that of the early-stage 

symptomatic AD group. While this effect of preclinical AD on learning was present when 

controlling for group differences in basic visuomotor processing in the virtual environment, 

it is still possible that the latter difference may have contributed to some degree to impaired 

learning. As the learning phase required the ability to learn the locations of objects in the 

environment in relation to each other, these results suggest preclinical AD-related deficits in 

forming a cognitive map.

In contrast, preclinical AD individuals were not significantly different from CN biomarker− 

individuals in terms of distance traveled to locate landmarks during the delay phase. The 

ability to reach landmarks efficiently after a delay depends upon the ability to form, retain, 

and utilize a mental representation of the environment. Although the rate of improvement 

did not significantly differ between groups, examination of Figure 1 suggests that by the 3rd 

trial preclinical AD individuals were approaching the performance of the CN biomarker− 

group. In fact, a post-hoc analysis revealed only a non-significant trend for group differences 

on the 3rd trial (p = 0.16). Thus, preclinical AD individuals may require additional training 

to learn a new environment to the same level as CN biomarker− individuals, but then retain 

sufficient information to use a cognitive map in a generally effective manner.
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The preclinical AD individuals did evidence lower performance on the Environmental 

Knowledge Composite during the delay phase. However, the difference was no longer 

significant after controlling for learning phase performance. This suggests that the 

difficulties observed after a delay were in part related to trouble acquiring the environmental 

information. In addition, although the preclinical AD group's environmental knowledge may 

have been less detailed than that of the CN biomarker− group to some degree during the 

delay phase, it was generally sufficient for them to navigate the environment to locate 

landmarks.

Collectively, the current findings indicate that pre-clinical AD is associated with declines in 

acquiring the spatial information relevant for wayfinding performance. Moreover, post-hoc 
analyses indicated that wayfinding performance had high sensitivity and moderate 

specificity. Notably, there was evidence that wayfinding performance was more powerful in 

discriminating between preclinical AD and CN biomarker− groups than an episodic memory 

task. Given the mixed findings and generally small effect sizes for the influence of 

preclinical AD on standard psychometric tasks in the existing literature (e.g., [27, 29, 65]), 

further research on the robustness of the sensitivity of wayfinding tasks for preclinical AD is 

warranted.

In contrast to wayfinding, there were no significant effects of preclinical AD status on any 

aspect of the route learning task indexing use of a response learning strategy (i.e., an 

egocentric frame of reference). Additionally, route learning performance was significantly 

less powerful than the wayfinding task in discriminating between preclinical AD and CN 

biomarker− groups. We have previously demonstrated associations of similar versions of the 

wayfinding and route learning tasks with hippocampal and caudate volumes, respectively 

[48], which is consistent with place learning being a hippocampus-dependent task and 

response learning being a caudate-dependent task [31–37]. Thus, the behavioral pattern 

observed here aligns with previous research indicating preclinical AD is characterized by 

hippocampal atrophy, but relatively preserved caudate volume [26, 27]. Additional research 

is needed to determine whether preclinical AD-related deficits in wayfinding performance 

are mediated by structural brain differences.

Early-stage symptomatic AD-related deficits were observed for all of the wayfinding and 

route learning tasks relative to CN biomarker− individuals, and for all but the wayfinding 

learning task relative to CN biomarker+ individuals. These findings are consistent with 

previous work comparing symptomatic AD to CN individuals [41–44, 66–68]. However, the 

current study extends past work by demonstrating that early-stage symptomatic AD 

individuals generally perform worse than CN individuals with and without evidence of 

preclinical AD. Thus, early-stage symptomatic AD appears to be associated with deficits in 

acquiring, utilizing, and retaining the environmental information necessary for successful 

navigation performance across both strategies.

This pattern of more generalized spatial navigation deficits is consistent with evidence of 

both hippocampal and caudate atrophy in early-stage symptomatic AD, though hippocampal 

atrophy may be greater [28, 45]. This generalized pattern extends to the observation that 

neither wayfinding nor route learning performance was significantly better at discriminating 
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groups than an episodic memory task (but see [67] and [68] for evidence of the superiority 

of navigation-related tasks to standard psychometric tasks). In addition, individuals with 

early-stage symptomatic AD generally demonstrated deficits on some aspects of both the 

wayfinding and route learning tasks in comparison to preclinical AD individuals. There is 

also evidence that MCI is associated with hippocampal and caudate atrophy, as well as 

decrements in both egocentric and allocentric frames of reference [28, 39, 40, 66, 69]. 

Overall, these observations suggest a progression such that preclinical AD is characterized 

by hippocampal atrophy and associated wayfinding difficulties, particularly during the 

learning phase. As the disease progresses, wayfinding deficits worsen, the caudate becomes 

involved, and route learning deficits emerge. Further research should be conducted to 

substantiate this conceptualization.

Importantly, although we have emphasized the potential contributions of the hippocampus to 

the observed wayfinding deficits, these impairments may also be related to changes in other 

brain regions impacted early during the course of AD. For example, there is evidence of very 

early changes in medial parietal regions, including the posterior cingulate and retrosplenial 

cortex [27, 70, 71]. These regions also play an important role in successful wayfinding 

performance (e.g., [32, 37, 72]). Subsequent neuroimaging research is needed in order to 

better determine the structural and functional brain changes that may account for preclinical 

AD-related deficits on wayfinding tasks.

Several limitations of the current work must be considered. Our operationalization of 

preclinical AD status as CN with low CSF Aβ42 levels is generally consistent with current 

recommendations, which are based in part on longitudinal demonstrations of increased risk 

for cognitive decline and progression to dementia [7]. However, the recently proposed NIA-

AA criteria outline three stages of preclinical AD [7]: Cognitive normality with abnormal 

amyloid (stage 1), cognitive normality with abnormal amyloid and neuronal injury (stage 2), 

and subtle cognitive deficits in conjunction with abnormal amyloid and neuronal injury 

(stage 3). While our sample size did not permit examination of the separate stages, post-hoc 
analyses indicated that there was not a significant association between CSF tau (a marker of 

neuronal injury) and the learning phase of the wayfinding task and the effect of preclinical 

AD remained significant when controlling for CSF tau. These findings suggest that CSF 

Aβ42 may be contributing more to the impaired learning performance in this sample. 

Nonetheless, future research should systematically examine the effects of each preclinical 

stage on spatial navigation performance.

In addition, our operationalization of preclinical AD did not incorporate psychometric data. 

The use of a psychometric evaluation for distinguishing cognitive normality from very mild 

cognitive impairment could lead to differing results. It is conceivable that some individuals 

in the CN groups could have met a psychometric definition of MCI despite the lack of mean 

differences in psychometric task performance (see Supplementary Table 1). Thus, our 

current results must be interpreted within the context of the specific operationalization of 

preclinical AD, and may not generalize to classifications based on psychometric data. 

Importantly, the degree to which individuals conceptualized as in the preclinical phase in the 

current study will eventually develop symptomatic AD prior to death is currently unknown. 

As these individuals are participating in longitudinal research at the Knight ADRC, future 
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research can examine the degree to which the “preclinical” AD individuals develop 

symptomatic AD. Current results are still consistent with the interpretation that cerebral 

amyloid deposition in CN individuals is associated with impaired performance on a 

hippocampally-supported navigation task, regardless of whether these individuals go on to 

develop symptomatic AD.

There was also a relatively long delay between CSF Aβ42 collection and the subsequent 

experimental tasks. Thus, there is the potential that some CN individuals may have 

possessed lower CSF Aβ42 levels at the time of the experimental session. However, this 

would work against finding significant differences between those designated as preclinical 

AD and CN biomarker− individuals. Nonetheless, future studies should incorporate 

concurrent measurement of amyloid deposition and navigation performance. Furthermore, 

participants did not undergo MRI scanning prior to enrollment to exclude brain pathology 

and/or severe vascular lesions and therefore it is unknown whether cerebrovascular changes 

may have contributed to observed findings. Although hippocampal atrophy but relatively 

preserved caudate volume has been observed in a prior study by our group [27], the lack of 

sufficient structural MRI data within a reasonable timeframe for the current study precluded 

examination of associations between regional brain volumes and navigation. Lastly, the 

sample sizes for the preclinical and early-stage symptomatic AD groups were relatively 

small, which may limit power as well as the generalizability of the findings.

Within the context of these limitations, the current investigation demonstrated significant 

preclinical AD-related deficits in aspects of wayfinding with relative preservation in route 

learning. In contrast, early-stage symptomatic AD was associated with deficits in both tasks 

when compared to CN biomarker− individuals. This pattern is consistent with decrements in 

hippocampal integrity prior to changes in the caudate. Importantly, these findings suggest 

that navigational tasks designed to assess a wayfinding strategy could represent a powerful 

tool for detecting the very earliest AD-related changes in cognition. Future research should 

examine whether wayfinding deficits in individuals with preclinical AD are associated with 

an increased risk of developing symptomatic AD.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. 
Wayfinding performance. A) learning phase performance; B) delay phase performance; C) 

Environmental Knowledge Composite. White circles = clinically normal individuals who are 

biomarker negative (CN biomarker−), light gray triangles = clinically normal individuals 

who are biomarker positive (CN biomarker+), dark gray squares = early-stage symptomatic 

AD individuals. Data represent estimated marginal means (controlling for covariates; see 

text for details), and error bars are standard error of the mean.
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Fig. 2. 
Route learning performance. A) learning phase performance; B) delay phase performance; 

C) Environmental Knowledge Composite. White circles = clinically normal individuals who 

are biomarker negative (CN biomarker−), light gray triangles = clinically normal individuals 

who are biomarker positive (CN biomarker+), dark gray squares = early-stage symptomatic 

AD individuals. Data represent estimated marginal means (controlling for covariates; see 

text for details), and error bars are standard error of the mean.
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Table 1A

Sample description: Wayfinding

CN Biomarker− CN Biomarker+ Symptomatic AD

N 42 12 15

Age, years (mean/std)
+ 69/9 73/9 77/10

Age Range (years) 50–84 54–84 55–90

Gender (M/F) 19/23 5/7 9/6

Education, years (mean/std) 16/2 17/2 16/3

Education Range (years) 12–20 12–20 12–20

Health Composite (mean/std) 0.86/1.05 0.92/0.67 1.53/1.30

Computer Experience Composite (mean/std) 7.38/3.16 6.95/3.51 6.47/3.85

Visuomotor Time: Wayfinding (mean/std)
* 53.00/3.40 55.50/3.23 55.13/5.60

Selective Reminding Task (mean/std)
+^ 34.90/4.59 32.25/8.08 20.08/8.49

CN, clinically normal; AD, Alzheimer's disease.

*
Indicates significant difference between CN biomarker− and CN biomarker+ individuals at p < 0.05.

+
Indicates significant difference between CN biomarker− and early-stage symptomatic AD individuals at p < 0.05.

^
Indicates significant differences between CN biomarker+ and symptomatic AD individuals at p < 0.05.
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Table 1B

Sample description: Route learning

CN Biomarker− CN Biomarker+ Symptomatic AD

N 39 12 16

Age, years (mean/std)
+ 70/9 72/8 77/10

Age Range (years) 50–84 54–84 55–90

Gender (M/F) 18/21 5/7 10/6

Education, years (mean/std) 16/2 17/2 16/3

Education Range (years) 12–20 12–20 12–20

Health Composite (mean/std) 0.87/1.08 0.92/0.67 1.50/1.26

Computer Experience Composite (mean/std) 7.54/3.11 7.08/3.55 6.44/3.72

Visuomotor Time: Route Learning (mean/std) 54.13/4.09 55.58/4.83 53.38/4.69

Selective Reminding Test (mean/std)
+^ 35.00/4.45 34.00/4.57 20.08/8.49

*Indicates significant difference between CN biomarker− and CN biomarker+ individuals at p < 0.05.

CN, clinically normal; AD, Alzheimer's disease.

+
Indicates significant difference between CN biomarker− and early-stage symptomatic AD individuals at p < 0.05.

^
Indicates significant differences between CN biomarker+ and symptomatic AD individuals at p < 0.05.
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Table 2

ROC analyses

Wayfinding Route Learning Selective Reminding

CN biomarker– versus CN biomarker+

AUC (SE) 0.77 (0.08) 0.55 (0.08) 0.56 (0.10)

p-value 0.004 0.57 0.52

Youden Index 0.49 0.32 0.20

Sensitivity 0.92 0.92 0.83

Specificity 0.57 0.39 0.37

CN biomarker– versus Early-stage Symptomatic AD

AUC (SE) 0.89 (0.06) 0.77 (0.08) 0.91 (0.07)

p-value <0.001 0.005 <0.001

Youden Index 0.62 0.53 0.83

Sensitivity 0.92 0.67 0.83

Specificity 0.71 0.87 1.0

CN biomarker+ versus Early-Stage Symptomatic AD

AUC (SE) 0.79 (0.09) 0.79 (0.09) 0.82 (0.10)

p-value 0.01 0.01 0.007

Youden Index 0.58 0.50 0.68

Sensitivity 0.67 0.75 0.83

Specificity 0.92 0.75 0.85

SE, standard error; CN, clinically normal; AD, Alzheimer's disease.

J Alzheimers Dis. Author manuscript; available in PMC 2016 November 02.


	Abstract
	INTRODUCTION
	MATERIALS AND METHODS
	Participants
	CSF collection and processing
	Experimental procedures
	General
	Practice and visuomotor expertise
	Wayfinding
	Route learning
	Computer experience questionnaire

	Data analysis
	Missing data
	Control variables
	Outliers
	Statistical analyses


	RESULTS
	Wayfinding
	Learning phase
	Delay phase
	Environmental knowledge composite

	Route learning
	Learning phase
	Delay phase
	Environmental knowledge composite

	Post-Hoc analyses: CSF Tau
	Post-Hoc analyses: ROC
	CN biomarker− versus CN biomarker+
	CN biomarker− versus early-stage symptomatic AD
	CN biomarker+ versus early-stage symptomatic AD


	DISCUSSION
	References
	Fig. 1
	Fig. 2
	Table 1A
	Table 1B
	Table 2

