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ABSTRACT



Background: The mechanisms underlying navigation impairments in Alzheimer disease (AD) are unknown. We characterized navigation in AD and mild cognitive impairment (MCI) to test the hypothesis that navigation disability reflects selective impairments in spatial cognition and relates to atrophy of specific brain regions.



Methods: We compared 13 mild AD and 21 MCI patients with 24 controls on a route-learning task that engaged various spatial processes. Using structural MRI and optimized voxel-based morphometry, we also investigated the neural correlates of spatial abilities in a subset of subjects (10 AD, 12 MCI, 21 controls).



Results: AD and MCI patients recognized landmarks as effectively as controls, but could not find their locations on maps or recall the order in which they were encountered. Half of AD and onequarter of MCI patients got lost on the route, compared with less than 10% of controls. Regardless of diagnosis, patients who got lost had lower right posterior hippocampal and parietal volumes than patients and controls who did not get lost. The ability to identify locations on a map correlated with right posterior hippocampal and parietal volumes, whereas order memory scores correlated with bilateral inferior frontal volumes.



Conclusions: The navigation disability in Alzheimer disease and mild cognitive impairment (MCI) involves a selective impairment of spatial cognition and is associated with atrophy of the rightlateralized navigation network. Extensive spatial impairments in MCI suggest that navigation tests may provide early markers of cognitive and neural damage. Neurology® 2007;69:986–997



Roughly half of Alzheimer disease (AD) patients have navigation impairments,1,2 though the neurocognitive bases are unknown. Imaging and lesion studies have defined a human navigation network. The hippocampus and parahippocampal gyrus (PHG), particularly on the right, incorporate distal cues into allocentric (world-based) maps,3-8 whereas the left hippocampus and prefrontal areas support episodic memory.3,9-13 Posterior parietal regions are critical for egocentric (self-based) spatial processes. The inferior parietal lobule (IPL) participates prominently in egocentric perspective-taking and spatial cognition, whereas medial parietal regions play more general roles in memory.14-16 Lesions to the posterior parietal cortex, hippocampus, and PHG, especially on the right, cause profound spatial impairment.17 AD causes a characteristic regional pattern of neuropathology evident in the distribution of senile plaques, neurofibrillary tangles, and neuronal loss. Medial temporal and posterior cortical structures, including the hippocampus and entorhinal and parietal cortices, are affected before other regions, including frontal and other neocortical areas.18-22 Thus, regions affected earliest in AD are those thought to play Supplemental data at www.neurology.org From the Gladstone Institute of Neurological Disease (A.R.d.I., L.M.), Neuroscience Graduate Program (A.R.d.I., L.M.), and Memory and Aging Center (A.R.d.I., K.P.R., L.M., B.L.M., M.L.G.-T.), Department of Neurology, University of California, San Francisco, CA. Supported by the State of California (DHS 04-35516; 03-75271 DHS/ADP/ARCC), the National Institute on Aging (P50 AG03006, P01 AG019724), the National Institute of Neurological Disorders and Stroke (R01 NS050915), the John Douglas French Alzheimer’s Foundation, the McBean Foundation, the Sandler Foundation, the Larry Hillblom Foundation (grant 2002/2F), and the Koret Foundation (grant 99-0102). Disclosure: The authors report no conflicts of interest. 986
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critical roles in human navigation, potentially explaining why so many AD patients have navigation impairments. Few studies have addressed whether spatial disability in AD or mild cognitive impairment (MCI) represents independent spatial cognitive impairments related to regionally selective neural atrophy, or is a manifestation of generalized neural and cognitive decline.9,23,24 Using a route-learning task (RLT), we assessed navigation behavior in MCI and mild AD patients and studied neuroanatomical correlates with MRI, focusing on regions that play critical roles in human spatial navigation and are also among the earliest regions damaged by AD. METHODS Subjects and neuropsychological screening. We recruited 21 patients with MCI (12 men, nine women) and 13 patients with AD (9 men, 4 women) through the University of California, San Francisco (UCSF) Memory and Aging Center clinic and AD Research Center. Diagnosis of AD and MCI was made clinically by standard criteria.25,26 We included patients with Mini-Mental State Examination (MMSE) scores of 20 and greater. Twenty-four cognitively normal age-matched controls were recruited through the UCSF AD Research Center. We obtained written informed consent from all participants, and all experiments were approved by the UCSF Committee on Human Research. Twelve of 13 AD patients, all 21 MCI patients, and 21 of 24 controls were right-handed. The AD group included 11 patients diagnosed with probable AD and 2 patients diagnosed with possible AD. The mean ages of each group were 73.6 years for the mild AD group, 73.1 years for the MCI group, and 68.0 years for the normal controls (table 1). Ten mild AD patients, 12 MCI patients, and 21 normal controls also received an MRI within 1 year of behavioral testing and were included in the voxel-based morphometry (VBM) analyses. All subjects received a general medical and neurologic assessment in clinic and a standard detailed neuropsychological screening to assess other major cognitive domains, as described.27



Route-learning task. To test navigation ability in a reallife context, we adapted the most robust RLT used in previous studies.24,28,29 Subjects were taken on a novel route through one floor of the Ambulatory Care Center, where the Memory and Aging Center clinic is located (figure E-1 on the Neurology Web site at www.neurology.org). Subjects were tested in a wheelchair so that all subjects could be tested similarly in spite of differences in mobility. Although all the patients had visited the clinic before, none had traversed the particular hallways of the test route. The route consisted of six turns. The outside perimeter of the Ambulatory Care Center includes large windows; thus, two of the hallways had windows with views to distal cues in San Francisco. Otherwise, the hallways wound through areas with no view outside. During the first trip along the route, the experimenter noted the number of other people encountered. Before testing, subjects were asked to pay attention to the



objects and places along the route because they would be asked to repeat the route themselves and to identify photographs of objects and places along the route. After traversing the route once, subjects were asked to give directions to repeat the route again in the forward direction (RLT-Forward). They were told that, if they made the incorrect choice, they would be led down the correct path. At each of the six turns, subjects were asked, “Left, right, or straight?” and could respond verbally or by pointing. The experimenter noted how many errors each subject made. If the subject made an error, the experimenter disregarded the subject’s direction and took the correct turn instead. After this second experience on the route, subjects were taken to a quiet place in the waiting room and were first asked to draw the route on a map (Map Drawing). If they did not draw the route correctly, they were shown four possible route drawings and asked to identify which was correct. Subjects scored three points if they drew the route correctly, two points if they did not draw the route correctly but recognized it correctly, and one point if they failed both subtests. Next, subjects viewed three sets of 10 photographs to test their memory for objects and places along the route. Each of these subtests was scored on a 10-point scale. All pictures of places along the route were of objects within the hallways, as opposed to distal cues visible through the windows, and were taken from the perspective of someone traversing the route in the forward direction. All stimuli consisted of one photograph of a single view of each place in question. The first set of photographs included five that were from places along the route and five that were from within other buildings on campus that were similar but clearly not along the route. Subjects were asked to identify whether or not they had seen these objects or places (Landmark Recognition). The second set of photographs were all of places along the route. Subjects were also shown a map of the floor with the route drawn in red and three locations identified with large numbers along the route. Subjects were asked to identify which of the three locations were shown in the photograph (Landmark Location). Eight subjects were excluded from the Landmark Location analysis because they were tested with an earlier version of the Landmark Location stimulus set that was too difficult for most subjects (two AD, four MCI with MRI; one AD, one MCI without MRI). The third set of stimuli contained 10 pairs of photographs from the route, side-by-side. Subjects were asked which place or object was encountered first within each pair (Order Memory). After completing the photograph tests, subjects were taken in the wheelchair to the end of the route and were asked to give directions to traverse the route in the reverse direction. At the same six turns tested in the forward direction, the experimenter asked, “Left, right, or straight?” and subjects answered either verbally or by pointing. The experimenter noted how many errors were made (RLT-Reverse) and brought the patient along the correct route. Upon reaching the beginning of the route, subjects were asked to keep in mind the location of the starting point and that they would be taken along the route again, but this time asked at four locations to point directly back to the starting point. This task was added to assess dead reckoning or the ability to keep one’s position relative to a starting place continuously updated (Dead Reckoning).



Statistical analyses of behavioral data. We performed statistical analyses with Statview 5.0 (SAS Institute, Cary, Neurology 69
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Table 1



Demographics and performance on standard neuropsychological tests of patient groups Mild AD



MCI



Normal



n



13



21



24



Age, y



73.6 (11.2)



73.1 (8.7)



68.0 (7.3)



Education, y



17.1 (3.2)



16.9 (2.8)



17.0 (2.4)



Geriatric Depression Scale Mini-Mental State Examination score (0–30)†



2.9 (2.3)



7.3 (4.5)



22.6 (2.0)‡§



27.3 (2.3)‡



29.5 (0.7)



3.1 (3.7)



0.5 (0.5)‡



0.1 (0.2)



2.4 (3.3)‡



0.2 (0.5)



27.5 (3.5)



Clinical Dementia Rating Total score (0–3)† Box score (0–18)†



0.8 (0.3)‡ 4.9 (1.5)‡



§



Verbal memory: CVLT-MS Trials 1–4 total (0–36)†



17.4 (4.8)‡



19.7 (6.2)‡



30-Second delay (0–9)



2.8 (2.1)



4.3 (2.0)



10-Minute delay (0–9)*



1.4 (1.8)‡



2.8 (2.7)



4.5 (2.1)



No. recognized (0–9)



7.4 (2.1)



7.3 (1.5)



8.5 (0.7)



No. of false positives (0–18)*



6.2 (3.9)‡§



2.3 (2.3)



3.7 (4.0)



5.0 (2.8)



Executive function Backwards Digit Span (0–7)†



3.2 (1.5)‡



4.2 (1.2)‡



5.4 (1.3)



Design Fluency no. correct (0–30)†



3.2 (1.8)‡§



7.9 (3.9)‡



10.8 (2.8)



Modified Trail-Making (lines/min)†



7.0 (8.3)‡§



20.3 (15.1)



30.2 (14.1)



13.7 (11.4)‡§



33.9 (15.2)‡



54.7 (8.4)



Phonemic word generation (1 min)*



10.0 (3.6)‡



14.1 (5.8)



18.0 (5.1)



Semantic word generation (1 min)†



10.5 (3.8)‡



14.1 (6.4)‡



25.0 (6.1)



BNT total (0–15)*



11.8 (3.3)‡



12.2 (3.4)‡



14.4 (0.9)



13.0 (5.1)‡



13.9 (3.5)



16.1 (1)



Stroop correct (1 min) (0–100)† Language



Visuospatial function Modified Rey copy (0–17)*



§



Rey 10-minute recall (0–17)†



3.3 (5.1)‡



Modified Rey recognition (0–1)*



0.6 (0.5)‡



VOSP Number Location (0–10)†



7.1 (2.6)‡



§



7.5 (4.7)‡



13.4 (2.9)



0.8 (0.4)



1.0 (0.2)



8.9 (1.5)



9.6 (0.7)



Data are presented as mean (SD). We used one-way analysis of variance (ANOVA) followed by Tukey–Kramer post hoc tests to assess the relation of diagnosis and performance in different neuropsychological tests. * p ⬍ 0.05; † p ⬍ 0.005, indicating the effect of diagnosis by one-way ANOVA. ‡ p ⬍ 0.05 compared with normal controls by Tukey–Kramer post hoc test. § p ⬍ 0.05 compared with mild cognitive impairment (MCI) patients by Tukey–Kramer post hoc test. AD ⫽ Alzheimer disease; CVLT-MS ⫽ California Verbal Learning Tests–Mental Status Version; BNT ⫽ Boston Naming Test; VOSP ⫽ Visual Object and Space Perception Battery.



NC). We assessed differences between means by two-tailed Student t test or by one- or two-way analysis of variance (ANOVA), followed by Tukey–Kramer post hoc tests. Bar graphs represent mean ⫾ SEM; 2 tests were used to perform bivariate tabular analyses comparing expected and observed frequencies. We assessed correlations by simple regression analysis. Null hypotheses were rejected at the 0.05 level. We assessed whether diagnostic category had a main effect on the measures included in the neuropsychological screening with one-way ANOVA, followed by Tukey– Kramer post hoc tests, comparing each patient group with the normal controls and with each other. Testing revealed patterns of impairment typical of mild AD and MCI (table 1). In a second analysis, we tested whether impairments in the RTL-Forward task were associated with greater general cognitive impairment. For this purpose, we combined all AD and MCI patients and compared patients who made at least 988
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one error on the RLT-Forward task to patients who made no errors using two-tailed Student t tests. In addition, we performed a multiple regression analysis to determine whether a combination of neuropsychological variables (Clinical Dementia Rating [CDR] score, MMSE, Modified Rey–Osterrieth copy, Rey–Osterrieth 10-minute recall, Modified Rey–Osterrieth recognition, and Visual Object and Space Perception [VOSP] Number Location) were associated with performance on the RLT-Forward.



Structural MRI acquisition and voxel-based morphometry. T1-weighted structural images were obtained at the San Francisco VA Magnetic Resonance Unit with a 1.5-T Signa system (General Electric, Milwaukee, WI) and a volumetric three-dimensional spoiled fast gradient echo sequence (FSPGR, repetition time/echo time ⫽ 27/6 msec) with 0.9-mm in-plane resolution and 3.0-mm-thick axial sections.



All scans were acquired within 1 year of behavioral testing and were reviewed by neurologists to assure that no patient had focal neurologic lesions or large confluent white matter lesions in any of the subcortical regions. Images were preprocessed and analyzed using SPM2 (http://www.fil.ion. ucl.ac.uk/spm/) and standard procedures.30-32 Segmented, normalized, and modulated gray matter images were smoothed with a 12-mm full-width at half-maximum isotropic Gaussian kernel. For all VBM analyses, we created and used a study-specific template and entered age, sex, and total intracranial volume into the design matrix as nuisance variables. We conducted whole-brain and region-of-interest (ROI) analyses, accepting a level of significance of p ⬍ 0.05, corrected for multiple comparisons when considering the whole brain, and p ⬍ 0.001, uncorrected in a priori ROIs. ROIs were defined using the AAL Brain Atlas33 and applied to the SPM data set WFU Pick Atlas34,35 (http://www.fmri. wfubmc.edu/). Two types of statistical analyses were performed: Group analysis. We first compared gray matter volumes of mild AD patients and MCI patients. Because this clinical differentiation did not show a significant difference in patterns of atrophy, we regrouped patients irrespective of diagnosis and compared gray matter volumes of all patients who made at least one error on the RLT-Forward task (6 AD, 5 MCI) with those of all patients who did not get lost (4 AD, 7 MCI) and normal controls (19, excluding the 2 subjects who made one error on RLT-Forward). The ROI for these analyses included hippocampus, PHG, and IPL bilaterally because of the critical roles of these regions in human navigation.14,36 Covariate analysis. In this analysis, no group effect was considered. Instead a covariate-only design was used to correlate voxel-wise gray matter volumes with accuracy in the Landmark Location and the Order Memory tasks in each subject. Sixteen patients (8 AD, 8 MCI) and 21 controls were included in the Landmark Location analysis, and 22 patients (10 AD, 12 MCI) and 21 controls were included in the Order Memory analysis. Six patients (2 AD, 4 MCI) were excluded from the Landmark Location analysis because they received different stimuli during that test. For the Landmark Location analysis, we used the same ROI used in the group analysis, including the hippocampus, PHG, and IPL bilaterally. For the Order Memory analysis, we used the hippocampus and frontal gray matter as our ROI because of the putative role of these regions in episodic, autobiographical, and order memory.3,11,12,37-39 RESULTS Mild AD and MCI patients have spatial impairments in spite of intact landmark recognition.



We used a real-life hallway navigation task to characterize navigation impairments in mild AD and MCI patients (figure E-1). We found that approximately 25% of MCI patients and approximately 50% of mild AD patients made at least one error retracing the route in the forward direction (RLT-Forward), consistent with previous reports indicating that roughly half of AD patients have navigation impairments.1,2 In contrast, only 2 of the 24 age-matched cognitively normal controls made an error (figure 1A). When tested in the reverse direction (RLT-Reverse), approximately 50% of MCI patients and approximately 75% of



Figure 1



Route-learning task performance of mild cognitive impairment (MCI) and mild Alzheimer disease (AD) patients



MCI and mild AD patients recognized landmarks they had seen, but failed at tests of spatial mapping and order memory. (A) Many patients could not navigate the route in the forward and reverse directions without errors. The proportion of patients making at least one error in each task is presented. The distributions were significant in the forward (2 ⫽ 9.29) and reverse (2 ⫽ 24.60) directions. (B) MCI and mild AD patients also performed poorly on the Map Drawing test (p ⬍ 0.0001, one-way analysis of variance [ANOVA]). Only a few patients were able to draw the route correctly, and MCI patients performed as poorly as AD patients. (C) Both patient groups performed at control levels on the Landmark Recognition test, indicating that they recalled having seen the photographed places along the route (p ⬎ 0.05, one-way ANOVA with diagnosis as the main effect). All three groups performed better than chance (p ⬍ 0.001, one-group t tests against the null hypothesis of a score of 5). (D) MCI and mild AD patients performed worse than controls on the Landmark Location test (p ⬍ 0.0001, one-way ANOVA). In contrast to MCI patients and controls, AD patients performed no better than chance (p ⬎ 0.05, one-group t test against the null hypothesis of a score of 3.33). (E) Patients were also mildly impaired in the Dead Reckoning test (p ⫽ 0.02, one-way ANOVA), although on average, both groups retained their heading on three of four trials, indicating a less severe impairment than in the other tests. (F) Both patient groups were severely impaired at the Order Memory test (p ⬍ 0.0001, one-way ANOVA): neither group performed better than chance (p ⬎ 0.05, one-group t tests against the null hypothesis of a score of 5). * p ⬍ 0.05 compared with controls by Tukey–Kramer post hoc tests. 〫 p ⬍ 0.05 compared with MCI patients by Tukey– Kramer post hoc test. Dotted lines indicate chance level.
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mild AD patients made at least one error. Control subjects made no errors. All but 2 (1 AD, 1 MCI) of the 34 patients who got lost in the RLTForward also got lost on the RLT-Reverse, whereas the 2 normal controls who got lost on the RLT-Forward made no mistakes on the RLTReverse. The number of clinic visits before testing and the number of people encountered in the hallways did not affect the likelihood of getting lost in the forward or reverse directions among AD or MCI patients (p ⬎ 0.05, unpaired t tests). Therefore, these variables were not included in further analyses. Analysis of the other RLT measures revealed that AD and MCI patients remembered having seen landmarks along the route but could not recall when or where they saw them (figure 1, B through F). MCI and mild AD patients performed no worse than age-matched controls and well above chance in the Landmark Recognition task. In contrast, when asked to identify which of three locations displayed on a map corresponded to a photographed location (Landmark Location), mild AD and MCI patients performed worse than controls. Furthermore, MCI patients performed as poorly as mild AD patients when asked to draw the route on a map (Map Drawing), and both patient groups performed worse than controls. There was a significant, albeit milder, impairment in the Dead Reckoning task among both AD and MCI patients; the patients still kept their bearing in a majority of the Dead Reckoning trials (figure 1D). Overall, mild AD and MCI patients had significant navigation and mapping impairments, even though they recalled having seen the places along the route. In addition, MCI and mild AD patients had severe impairments in the Order Memory task. Both patient groups performed significantly worse than controls and obtained scores not different than chance (figure 1F). Interestingly, Landmark Location and Order Memory scores did not correlate with one another (R2 ⫽ 0.12, p ⬎ 0.05), and performance on one task was not a good predictor of the other. Thus, these two tests likely assess separable cognitive processes (spatial mapping vs episode ordering) that could be independently affected by disease. Impairments in other cognitive domains do not determine which patients have difficulty navigating.



To determine whether navigation impairments were a result of impairments in specific spatial cognitive domains or of generalized cognitive decline, we used the MMSE and other standard neuropsychological tests to compare patients who 990
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did and did not get lost on the route, regardless of clinical diagnosis. We defined getting lost as making at least one error on the RLT-Forward and analyzed data for the subjects included in the VBM analysis. We compared the functional and neuropsychological performance of AD and MCI patients who got lost (6 AD, 4 MCI) with that of AD and MCI patients who did not get lost (4 AD, 7 MCI). These groups were not different in age and years of education. We found that MMSE and CDR scores did not differ between patients who did or did not get lost on the RLT-Forward (table 2, illustrating cognitive performance of “lost” vs “not lost” groups, irrespective of diagnosis; p ⬎ 0.05, unpaired t tests). Four (2 AD, 2 MCI) of the 34 patients failed the pentagoncopying subtest of the MMSE; all four patients could, however, write an intelligible sentence. Two of these patients got lost on the RLTForward and 2 did not, so performance on pentagon-copying did not predict navigation impairment. Similar to the MMSE and CDR scores, measures of verbal, nonverbal, and working memory, language, executive function, and visuospatial memory also did not distinguish patients with spatial impairment from patients without spatial impairment (p ⬎ 0.05, unpaired t tests). Similar results were obtained for all subjects, including those who did not receive an MRI: within each diagnostic category, patients who got lost performed similarly to patients who did not get lost on all neuropsychological measures (data not shown), in contrast to the RLT tests that distinguished lost and not lost patients (figure E-2). A multiple regression analysis, including all patients, with the number of correct turns in the forward direction (RLT-Forward) as the dependent variable, and general memory scores (CDR total score and MMSE) and visuospatial memory scores (Modified Rey–Osterrieth copy, Rey– Osterrieth 10-minute recall, Modified Rey– Osterrieth recognition, and VOSP Number Location) as independent variables, revealed that these neuropsychological variables also did not predict navigation impairment in combination with each other (R2 ⫽ 0.70, p ⫽ 0.24). Together, these data suggest that navigation impairments are not a product of generalized cognitive decay and instead reflect selective deficits in the spatial domain. Neither standard neuropsychological measures (table 2) nor Landmark Recognition scores (figure E-2A) differentiated patients who did get lost from those who did not (p ⬎ 0.05, unpaired t



Table 2



Standard neuropsychological measures of lost and not lost patients Not lost



Lost



n



11 (6 AD, 5 MCI)



11 (4 AD, 7 MCI)



Age, y



76.3 (4.9)



69.7 (12.2)



Education, y



16.6 (2.0)



17.6 (4.0)



Mini-Mental State Examination score (0–30)



26.5 (3.1)



24.3 (3.0)



Total score (0–3)



0.5 (0.4)



0.7 (0.4)



Box score (0–18)



2.2 (1.9)



4.0 (2.5)



Trials 1–4 total (0–36)



20.3 (4.9)



16.4 (4.8)



30-Second delay (0–9)



4.0 (1.9)



2.7 (2.4)



10-Minute delay (0–9)



2.8 (2.3)



0.8 (1.5)



3.8 (1.5)



3.3 (1.5)



Clinical Dementia Rating



Verbal memory: CVLT-MS



Executive function Backwards Digit Span (0–7) Design Fluency no. correct (0–30)



7.1 (5)



4.5 (2.0)



Modified Trail-Making (lines/min)



15.0 (19.3)



13.6 (11.8)



Stroop correct (1 min) (0–100)



26.6 (12.2)



18.6 (14.8)



Language Phonemic word generation (1 min)



12 (5.3)



13.6 (4.7)



Semantic word generation (1 min)



13.8 (5.5)



12.0 (5.9)



BNT total (0–15)



13.3 (2.2)



11.3 (3.8)



Visuospatial function Modified Rey copy (0–17)



14.6 (2.1)



11.4 (6.2)



Rey 10-minute recall (0–17)



5.6 (5.4)



5.1 (6.1)



Modified Rey recognition (0–1)



0.8 (0.5)



0.6 (0.5)



VOSP Number Location (0–10)



9.0 (1.7)



7.1 (2.6)



Data are presented as mean (SD). We combined all patients who received MRI scans within 1 year of testing and grouped them by their performance on the forward route-learning task. “Lost” patients were defined as those that made at least one error repeating the route in the forward direction. “Not lost” patients made no errors. AD ⫽ Alzheimer disease; MCI ⫽ mild cognitive impairment; CVLT-MS ⫽ California Verbal Learning Tests–Mental Status Version; BNT ⫽ Boston Naming Test; VOSP ⫽ Visual Object and Space Perception Battery.



test). In contrast, Landmark Location scores did differ between groups, with lost patients performing worse than patients who did not get lost (p ⬍ 0.05, unpaired t test) (figure E-2B). Patients who got lost tended to have lower Map Drawing scores (p ⫽ 0.059, unpaired t test) and lower Order Memory scores (p ⫽ 0.069, unpaired t test) (figure E-2, C through E). Furthermore, 2 analysis revealed no difference in the number of AD and MCI patients in the lost vs not lost groups (2 ⫽ 0.73, p ⬎ 0.05). Overall, these data suggest that navigation impairments are not a product of impairments to other cognitive domains and show that patients who get lost fail mapping tests in spite of normal landmark recognition. VBM reveals greater atrophy of navigation-related structures in patients with navigation impairments and shows correlations between volumes of these



regions and some spatial tasks. We performed a VBM group analysis and covariate analysis in the subset of subjects who received an MRI within 1 year of behavioral testing. In the VBM group analysis, we compared patients who made at least one error on the RLT-Forward test (six AD, five MCI) with patients who did not get lost on the route (four AD, seven MCI) and with normal controls (table 3). Though patients who did or did not get lost did not differ on any standard neuropsychological measure or on tests of landmark recognition, these groups clearly differed with respect to atrophy of particular brain regions. Specifically, AD and MCI patients who got lost had greater atrophy in the right posterior hippocampus (p ⬍ 0.001, uncorrected) (figure 2A and table 3) and in the IPL bilaterally, but predominantly on the right (p ⬍ 0.05, corrected for whole Neurology 69
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Table 3



Results of voxel-based morphometry analyses



Anatomic region



BA



x, y, z (mm)*



t Value



Z score



40



37, ⫺50, 39†



5.00



4.31



40



46, ⫺39, 52



4.42



3.91



40



43, ⫺39, 49



4.16



3.73



40



⫺57, ⫺46, 21



4.07



3.66



40



⫺35, ⫺56, 42



3.93



3.56



Lost patients vs not lost patients and controls Right inferior parietal lobule



Left inferior parietal lobule



Right hippocampus



20, ⫺29, ⫺4



3.96



3.57



18, ⫺33, 2



3.35



3.10



Landmark location correlation analysis Right inferior parietal lobule



40



50, ⫺56, 48



4.61



4.01



Left inferior parietal lobule



40



⫺50, ⫺48, 25



3.92



3.51



40



⫺47, ⫺54, 37



3.56



3.24



28



21, ⫺26, ⫺7



3.66



3.32



47



⫺56, 41, ⫺10



4.45



3.97



⫺63, 10, 25



3.48



3.22



⫺18, 56, 41



3.63



3.34



57, 41, ⫺7



3.35



3.12



Right hippocampus Order memory correlation analysis Left inferior frontal gyrus



9 Left superior frontal gyrus



9



Right inferior frontal gyrus



47



The most significant voxels of each cluster are presented. Lost and not lost patient groups were defined by performance on the forward route memory task, irrespective of clinical diagnosis. *Montreal Neurological Institute coordinates. †Also significant when corrected for multiple comparisons (p ⬍ 0.05). BA ⫽ Brodmann area.



brain) (figure 2B). Thus, the RLT may isolate specific neural components of the human navigation network. No other regions differed between subject groups in the whole brain analysis (p ⬎ 0.05, corrected). Although there were roughly equal numbers of AD and MCI patients in the lost and not lost groups, we performed an additional VBM group analysis to compare gray matter volumes in mild AD patients with those in MCI patients in the hippocampus, IPL, and PHG. We found that the two diagnostic groups did not have any significantly different voxels in these regions (data not shown), suggesting that the differences between lost and not lost patient groups were not accounted for by subtle differences in the numbers of AD and MCI subjects in each group. We then performed a VBM covariate analysis using data from all subjects regardless of diagnosis or performance in the RTL task, to investigate whether volumes in regions within the navigation network correlated significantly with performance on the Landmark Location test. We also investigated whether volumes in the navigation network or frontal areas correlated with accuracy in the Order Memory tests. We found volumes that significantly correlated with Landmark Location scores in the right posterior hippocampus 992
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(figure 3A and table 3) and IPL, predominantly on the right (figure 3B and table 3). Order Memory scores correlated significantly with the volume of voxels in the inferior frontal gyrus, particularly on the left, and in the left superior frontal gyrus, but not in any part of the hippocampal or parahippocampal regions (figure 3C and table 3). Using SPM2, we computed the volumes of the voxels in the right IPL, right hippocampus, and left inferior frontal gyrus that were most strongly correlated with spatial and order memory. We found that among all patients, right IPL volumes correlated with right hippocampal volumes (R2 ⫽ 0.48, p ⬍ 0.001), but left inferior frontal gyrus volumes did not correlate with right IPL volumes (R2 ⫽ 0.03, p ⫽ 0.47) or right hippocampal volumes (R2 ⫽ 0.001, p ⫽ 0.86). These data highlight that distinct patterns of atrophy are associated with distinct patterns of cognitive impairments. Specifically, damage to right-sided medial temporal and posterior parietal regions were associated with spatial cognitive impairments, whereas damage to frontal regions, including the inferior frontal gyrus, was associated with order memory impairments. Our findings demonstrate that navigation impairments in mild AD and MCI are



DISCUSSION



Figure 2



Voxel-based morphometry group analysis



Voxel-based morphometry group analysis reveals right-sided hippocampal and posterior parietal atrophy in patients who got lost on the route. We performed a region-of-interest analysis at the uncorrected 0.001 level that included the hippocampus, parahippocampal gyrus, and inferior parietal lobule (IPL) bilaterally. We found voxels in the right posterior hippocampus (A) and bilateral IPL (B) that were significantly reduced in patients who got lost compared with patients who did not get lost and age-matched controls. Parietal losses were predominantly right sided. Whole-brain unbiased analysis with a family-wise error– corrected p value of 0.05 did not reveal any additional neural regions. Significant regions are displayed on the study-specific template.



not simply a manifestation of generalized cognitive decline. Rather, they represent a more selective impairment in a specific cognitive domain. VBM analyses revealed that navigation disability reflects specific patterns of neural atrophy involving the right-lateralized human navigation network. We conclude that many MCI and early AD patients have selective impairments in spatial cognition that relate to that vulnerability of the navigation network to the disease. We tested a group of mild AD and MCI patients using the RLT, an objective test of spatial function that can be administered in the clinic, to characterize spatial disability in these patient groups. Half of AD patients and a third of MCI patients got lost on a novel route, consistent with previous studies reporting that roughly half of AD patients have navigation impairments.1,2 Pa-



tients who got lost did not perform significantly worse in other cognitive domains or on standard tests of overall cognitive function, including the MMSE. We used an RLT because actual navigation engages different neural regions than tabletop array or pencil-and-paper tasks, and patients with neurologic lesions have revealed a double dissociation between navigation and these twodimensional tests.36 Performance on a visuoconstructive task, the modified Rey–Osterrieth figure test, did not predict which patients got lost on the route. Therefore, actual navigation tasks may be more sensitive to AD-related spatial impairment than other two-dimensional spatial and visuoperceptual measures. Consistent with this idea, MCI patients performed poorly on multiple tests of spatial navigation. One-quarter of them failed to navigate the route in the forward direction without error, and one-half failed to navigate the route in the reverse direction without error. They performed as badly as AD patients on the Map Drawing and Order Memory tests and nearly as badly on the Landmark Location test. The severity of their impairments is striking when one takes into account that these patients do not report serious problems in activities of daily living. In this study, navigation tests were highly sensitive to early stages of cognitive decline. Future studies could address whether the RLT measures accurately predict which of the MCI patients will convert to AD. In spite of the marked impairment in the Landmark Mapping and Order Memory tasks, MCI and mild AD patients accurately recognized landmarks that they encountered along the route (Landmark Recognition), with performances comparable with those of controls. This is in contrast to previous reports that used an RLT, in which AD patients did not recall having seen places along the route.24,28 The fact that we studied mild AD and MCI patients likely accounts for the difference between these reports and our study. Landmark recognition may engage different neural regions than landmark mapping, including more posterior medial temporo-occipital regions,40-42 and may only be lost in more advanced stages of AD as atrophy spreads into these regions. The poor performance of both of our patient groups on spatial mapping tests (Landmark Mapping and Map Drawing), in combination with their normal performance on the Landmark Recognition test, suggests that navigation disability in AD and MCI is due to impairments of specific spatial cognitive processes. We used group and covariate VBM analyses to Neurology 69
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Figure 3



Voxel-based morphometry correlation analysis



Voxel-based morphometry covariate analyses reveal that Landmark Location scores correlate significantly with volumes of regions in the right posterior hippocampus and parietal cortex, whereas Order Memory scores correlate with volumes of regions in the dorsolateral frontal cortex. For the Landmark Location correlation analysis, we used a region-of-interest (ROI) analysis at the uncorrected p ⫽ 0.001 level, including the hippocampus, parahippocampal gyrus (PHG), and inferior parietal lobule (IPL) bilaterally. Significant voxels, presented on the study-specific template, were found in the right posterior hippocampus (A) and right IPL (B). For the Order Memory correlation analysis (C), we used an ROI analysis at the uncorrected p ⫽ 0.001 level, including hippocampal, parahippocampal, and frontal gray matter bilaterally. Significant regions are presented in red on a three-dimensional image from a single normal subject. Order Memory scores correlated with the volume of a portion of the inferior frontal gyrus (indicated by green arrows), but not with any part of the hippocampus or PHG. Wholebrain unbiased analyses corrected for multiple comparisons at the p ⫽ 0.05 level did not reveal any additional neural regions in either analysis.



assess whether damage to neural regions critical for human navigation accounted for spatial impairments in AD and MCI. Patients who got lost on the RLT-Forward task had significant volumetric reductions in the right posterior hippocampus and right posterior parietal cortex, 994
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alterations that were also identified in the covariate analysis as correlates of Landmark Location scores. In contrast, Order Memory scores correlated with gray matter volumes in the bilateral dorsolateral prefrontal cortex. Previously, the same frontal regions have been shown to be involved in order memory and both spatial and nonspatial episodic memory.11,37-39 Thus, patterns of neural atrophy were specific to particular cognitive impairments in the RLT, with the right posterior hippocampus and parietal cortex selectively involved in spatial impairment and the bilateral inferior frontal gyrus selectively involved in episodic order memory. Furthermore, Spatial Mapping scores and Order Memory scores did not correlate with each other, further demonstrating the selectivity of these specific cognitive tests. Previous studies of human navigation have implicated hippocampal, parahippocampal, and parietal areas. Patients with hippocampal and medial temporal lesions, including the PHG, fail spatial navigation tests, particularly when the lesion is on the right.3,17,43,44 These impairments seem to be specific for allocentric spatial processing. Our study revealed that atrophy in the right posterior hippocampus was related to navigation disability in AD and MCI. A previous study showed that this region is enlarged in London taxi cab drivers and that the enlargement correlates with the number of years on the job.10 Our data complement this study and suggest that the right posterior hippocampus is critical for navigation; when damaged in dementia, spatial memory impairments emerge. Parietal lesions are associated with the egocentric processing of local landmarks and optic flow, perspective-taking, and translating between allocentric and egocentric reference frames.45-48 Our finding that RLT impairment was strongly related to parietal atrophy is consistent with a previous report that AD-related navigation difficulties correlate with other tests of parietal function,23 and with the concept that much of the spatial disability characteristic of AD may be related to visual perceptual losses such as deficits in the processing of optic flow.49,50 Interestingly, a previous functional MRI study on spatial attention in normal subjects suggested a particularly important role for the right posterior parietal cortex and reported activation in regions nearly identical to those we found to be most significantly affected in the right IPL and intraparietal sulcus.51 Another dementing syndrome with parietal damage that is associated with navigation impairment is posterior cortical atrophy. Such patients,



most of whom show AD changes at autopsy, have simultagnosia and visual field deficits in the absence of memory difficulties; many report environmental disorientation. These patients exhibit selective atrophy of the parietal and occipital lobes with sparing of the hippocampus.52 The fact that occipitoparietal damage in the absence of hippocampal atrophy is sufficient to cause visual and environmental orientation deficits suggests that these two regions are components of partly overlapping but independent systems subserving spatial cognition. However, the correlation between hippocampal and parietal atrophy suggests that navigation impairment in AD may be related to neuronal degeneration in a circuit involving medial temporal and posterior parietal regions. These regions seem to serve overlapping but complementary roles in navigation. Because some neural regions can compensate for others that are damaged,53-56 concurrent atrophy of the hippocampus and posterior parietal cortex may make both allocentric and egocentric strategies unavailable, leading to clinically significant impairment in navigation. Our AD and MCI patients with navigation impairment had both hippocampal and parietal atrophy, prohibiting the differentiation of parietal and hippocampal contributions. Future studies may address this issue by examining MCI patients who have selective hippocampal atrophy and parietal sparing, or patients with posterior cortical atrophy, in whom the hippocampus is typically spared. Additionally, one might apply behavioral tests that are more specific for particular spatial processes, such as virtual tasks that can distinguish between subjects using distal vs local cues57 thought to engage the hippocampus and parietal cortex differentially. To our knowledge, our study is the first to correlate selective navigation impairments in AD and MCI to specific patterns of neural atrophy involving the hippocampus and parietal cortex. Future studies may further elucidate the distinct roles of these regions in spatial strategy alterations and navigation impairments.
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