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Abstract
Hippocampal atrophy is a hallmark of Alzheimer’s disease and is linked to deficits 
in navigation. We investigated whether performance in a novel digital 
assessment, the Spatial Performance Assessment for Cognitive Evaluation 
(SPACE), is associated with hippocampal volume beyond traditional 
neuropsychological tests in older adults. Forty older adults (Mage = 67, SD = 6) 
underwent structural MRI and completed the spatial and navigation tasks in 
SPACE along with a battery of neuropsychological tests typically used to detect 
cognitive impairment. Regression analyses revealed that poorer performance in 
the path integration and mapping tasks was associated with smaller hippocampal 
volume after accounting for age, education, and neuropsychological test 
performance. Notably, individuals who accurately completed the path integration 
task and successfully learned the spatial configuration of landmarks required for 
subsequent reconstruction in the mapping task exhibited larger hippocampal 
volumes. Together, these findings suggest that SPACE may capture aspects of 
spatial cognition closely linked to hippocampal structural integrity and may 
complement existing cognitive assessments by providing increased sensitivity to 
hippocampal variation in non-clinical older adults.

Keywords: Cognitive Assessment; Cognitive Map; Hippocampus; MRI; Spatial 
Navigation; Volumetry

Abbreviations: Alzheimer’s Disease (AD); D-CAT (Digit Cancellation Test); 
Magnetic Resonance Imaging (MRI); Montreal Cognitive Assessment (MoCA); 
Path Integration (PI); Spatial Performance Assessment for Cognitive Evaluation 
(SPACE); Trail Making Test (TMT).
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Introduction
Aging is associated with structural changes in the medial temporal lobe1-5, with 
atrophy of structures in this region being a hallmark of pathological cognitive 
decline6. The medial temporal lobe also plays an instrumental role in supporting 
navigation7-10. Specifically, place cells in the hippocampus11,12 and grid cells in 
the entorhinal cortex13,14 are essential for coding locations and tracking changes 
in position and orientation during navigation, respectively. Researchers have also 
identified homologues of these cells supporting human navigation15,16, and 
neuroimaging evidence suggests that the hippocampus is essential for place 
learning and goal-directed navigation by encoding spatial information into 
flexible representations known as cognitive maps17,18. Here, studies have found 
that the hippocampus is active during recall of complex routes around the city19 
and is associated with navigation accuracy in complex Virtual Environments 
(VE)20. Similarly, studies have shown that hippocampal activity is correlated with 
acquired knowledge during navigational learning21 and modulated by the 
distance to goal locations22-24. The hippocampus is also implicated in Path 
Integration (PI)25-27, especially in situations where long-term memory 
requirements are high28 and paths are complex29. In these contexts, the 
hippocampus supports both the updating of self-motion and the integration of 
spatial representations, although these functions can draw on a broader, 
distributed network, including the entorhinal cortex30,31, the caudate32,33, the 
prefrontal cortex34,35, and the human motion complex27.

Results from structural brain imaging studies corroborate these findings. Here, 
studies have shown that the hippocampus of taxi drivers with extensive 
navigation experience is larger than that of controls36 and bus drivers37, the latter 
of whom typically follow a constrained set of routes as part of their job. 
Interestingly, hippocampal volume also correlates with the time spent learning to 
be a taxi driver36 and with successfully completing a taxi training program38. 
Other research suggests that structural changes in the hippocampus may not be 
specific to expert taxi drivers but to the ability to build flexible representations 
during navigation39,40. For example, hippocampal volume has been shown to 
correlate with pointing accuracy in large-scale real-world navigation tasks39 as 
well as with the ability to learn and flexibly navigate routes in VEs40.
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Research with healthy older adults has also shown that hippocampal volume 
correlates with spatial memory41 and navigation performance42,43 and may be 
specific to spatial44-47 but not response strategies47. For example, Driscoll and 
colleagues44 found that larger hippocampal volumes were associated with better 
performance in a virtual Morris Water Maze task. Similarly, Korthauer and 
colleagues45 reported positive associations between performance in the virtual 
Morris Water Maze and hippocampal volume after age correction. Using a radial 
maze, Konishi and Bohbot also found that, although performance did not differ, 
hippocampal volume correlated with the use of spatial strategies46. These results 
were further supported by Sodums and Bohbot47, who found that spatial 
strategies were positively associated with hippocampal volume, while response 
strategies were positively associated with the caudate. The relationship between 
hippocampal atrophy and navigation ability is more pronounced in individuals 
with Mild Cognitive Impairment (MCI) and Alzheimer’s Disease (AD)31,48-50. For 
example, healthy controls outperformed AD patients on spatial recall, but the 
relationship between task performance and hippocampal volume was significant 
only in AD patients48. Similarly, smaller hippocampal volume has been linked to 
poorer navigation performance in both real and virtual spaces among MCI and 
AD patients, but not in cognitively healthy individuals49.

Despite these findings, the relationship between hippocampal volume and 
navigation ability remains controversial51-53 and may depend on gender54. Two 
large-sample studies with non-expert navigators did not find a significant 
relationship between hippocampal volume and various navigation tasks after 
active53 or passive52 learning in a VE. However, a recent study55 that reanalysed 
data from Weisberg and colleagues53 found that the relationship between 
hippocampal volume and spatial learning is significantly stronger in individuals 
with high spatial ability and is moderated by self-reported sense of direction and 
cognitive map formation. The inconsistency in results across studies may also be 
due to disagreement among researchers about which tests to use and their 
relative sensitivities for capturing hippocampal atrophy54. 

To date, there is a lack of non-invasive, cost-effective screening measures that 
can accurately reflect structural changes in the brain. There is some evidence 
that neuropsychological tests of cognitive functioning may be used to relate 
cognitive impairment to morphological changes. The Montreal Cognitive 
Assessment (MoCA) is a widely used tool for discriminating between healthy 
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individuals and patients with MCI56. Despite the widespread use of the MoCA, 
comparatively few studies have examined its neuroanatomical correlates57-66, and 
an even smaller subset has focused specifically on hippocampal structure or on 
associations with individual MoCA subdomains60-66. Some studies have reported 
that lower total MoCA scores are associated with hippocampal atrophy, but these 
findings have primarily been observed in clinical or at-risk populations, including 
individuals with subjective cognitive impairment61 or patients with established 
cognitive impairment62-65. In non-clinical populations, evidence is more 
heterogeneous. Paul and colleagues reported an association between 
hippocampal volume and the MoCA naming subdomain, but not with the total 
MoCA score60. Similarly, Gupta and colleagues observed associations between 
hippocampal volume and both the MoCA total score and several subdomains, with 
the strongest relationship observed for visuospatial function, followed by 
attention, orientation, and verbal memory66. These latter findings suggest that, 
in healthy adults, both the total MoCA score and its subdomains may be 
informative when relating cognitive performance to hippocampal structure.

Since only some neuropsychological tests and a small section of the MoCA assess 
visuospatial abilities, administering a more comprehensive battery of spatial 
navigation tasks as a cognitive assessment may improve accuracy in detecting 
associated structural changes in the hippocampus. In this study, we deployed a 
novel digital tool, the Spatial Performance Assessment for Cognitive Evaluation 
(SPACE), which assesses various aspects of spatial navigation within a single 
VE67-70. SPACE begins with a PI task, in which participants encode the spatial 
layout of landmarks through self-motion, followed by a series of tasks (i.e., 
pointing, mapping, and perspective taking) that require recalling, transforming, 
and reconstructing this information. This structure allows us to dissociate the 
accuracy of spatial encoding in PI from the fidelity with which that information is 
later reconstructed into allocentric representations in the subsequent tasks. 
Using structural MRI, we examined whether performance in SPACE is more 
strongly associated with hippocampal volume than the MoCA and other standard 
neuropsychological tests. We hypothesised that hippocampal volume would be 
most strongly associated with the joint performance of PI and subsequent spatial 
reconstruction. Specifically, individuals who showed both low PI error and high 
accuracy in the downstream navigation tasks (i.e., pointing and mapping) were 
expected to exhibit larger hippocampal volumes, whereas poorer joint 
performance was expected to be associated with reduced hippocampal volume. 
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If successful, SPACE may be used as a complementary, non-invasive, cost-
effective screening tool to assess cognitive functioning and its neural correlates 
in healthy older adults.

Results
Forty older male participants completed the sociodemographic and health 
questionnaire, the neuropsychological test battery, and the SPACE tasks before 
undergoing an MRI scan. Table 1 presents the demographic information, 
neuroimaging characteristics, and scores for the neuropsychological assessments 
and the tasks in SPACE. Figure 1 presents the procedure, and additional details 
are provided in the Methods section. 

Table 1. Demographic data, neuroimaging characteristics, neuropsychological 
test and SPACE scores.
Variable Value (N=40)
 Mean (SD) / % Median (Min - Max)
Age (years) 67 (6) 67 (55 - 79)
Education (%)
   Secondary or below 40%
   Postsecondary 60%
Brain volume
   Total Gray matter (mm3) 461,599 (44,417) 462,694 (379,786 - 

542,369)
   Hippocampal left (mm3) 2,603 (306) 2,569 (2,097 - 3,191)
   Hippocampal right (mm3) 2,653 (337) 2,629 (1,879 - 3,246)
   Entorhinal cortex left 
(mm3)

1,367 (427) 1,327 (566 - 2,555)

   Entorhinal cortex right 
(mm3)

1,452 (356) 1,498 (455 - 2,079)

Neuropsychological assessments
   MoCA 27 (3) 28 (20 - 30)
   Maze Task (seconds) 29 (11) 26.5 (15 - 60)
   D-CAT (counts) 29 (7) 29 (11 - 40)
   TMT-A (seconds) 42 (24) 37.5 (18 - 144)
   TMT-B (seconds) 121 (95) 91.5 (39 - 540)
   Dual-Task (%) 99 (14) 99 (67.64 - 145.23)
SPACE
   Visuospatial training 
(seconds)

259.63 (40.10) 247.94 (207.70 - 419.05)

   PI distance error (meters) 213.38 (117.44) 189.91 (116.57 - 806.86)
   Pointing error (degrees) 78.80 (15.14) 77.27 (49.61 - 112.83)
   Mapping performance (r2) 0.51 (0.31) 0.52 (0.03 - 1.00)
   Perspective taking error 
(degrees)

38.80 (25.95) 38.15 (5.75 - 117.30)

Abbreviations: MoCA: Montreal Cognitive Assessment; D-CAT: Digit Cancellation Test; TMT: Trail 
Making Test; SPACE: Spatial Performance Assessment for Cognitive Evaluation; PI: Path 
Integration. The Secondary or below education level included participants with no formal education 
(n=1), primary (n=6) and secondary (n=9) education. The Postsecondary education level included 
participants with junior college (n=1), polytechnic (n=8), and university degrees (n=15). 
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Figure 1. Study design and analytical framework. A graphical representation of the study 
design and regression models examining the association between SPACE task performance and 
hippocampal volume. Forty older adults completed a sociodemographic and health questionnaire, 
a neuropsychological battery, and the Spatial Performance Assessment for Cognitive Evaluation 
(SPACE), followed by structural MRI. Feature-selection analyses were used to identify predictors 
of left and right hippocampal volume, controlling for age and education. Hierarchical regression 
models were then specified with age and education entered in the first block, followed by feature-
selected MoCA subdomains and a composite SPACE measure capturing joint path-integration and 
mapping performance (PI × Mapping) in subsequent blocks.

Feature selection for the MoCA, neuropsychological battery and 
SPACE

To assess which MoCA subdomains were most strongly associated with left and 
right hippocampal volumes (Table 2), we fitted multiple regression models that 
included the scores for each MoCA subdomain, along with age and education. 
The overall models were statistically significant for both the right hippocampus, 
F(9, 30) = 4.38, p = 0.001, R² = 0.57 (adjusted R² = 0.44), and the left 
hippocampus, F(9, 30) = 2.93, p = 0.013, R² = 0.47 (adjusted R² = 0.31), 
indicating moderate to substantial explained variance in hippocampal volume. 
Within these models, only age (β = −0.41, p = 0.007) and the MoCA orientation 
subdomain (β = 0.27, p = 0.039) explained unique variance in right hippocampal 
volume, whereas the MoCA naming (β = −0.40, p = 0.014) and orientation 
subdomains (β = 0.31, p = 0.034) explained unique variance in left hippocampal 
volume. All other MoCA subdomains did not show any significant associations (all 
p ≥ 0.099).
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Table 2. Feature-selection analysis of MoCA subdomains associated with 
hippocampal volume.

Left hippocampus Right hippocampus
Predictor Est. SE t p Est. SE t p

R2 = 0.47/ R2adj = 0.31* (f2= 0.89) R2 = 0.57/ R2adj = 0.44** (f2 = 1.33)
Intercept 2996.

48
353.23 2.21

4
0.035 1133.0

3
1347.6

3
0.841 0.40

7
Age -13.38 7.96 -

1.68
1

0.103 -23.08 7.92 -2.912 0.0
07

Education 108.3
8

124.67 0.86
9

0.392 163.73 124.16 1.319 0.19
7

Visuospatia
l

103.8
4

72.32 1.43
6

0.161 122.44 72.02 1.700 0.09
9

Naming -
772.1

3

295.25 -
2.61

5

0.014 136.22 294.03 0.463 0.64
7

Attention 47.94 53.65 0.89
4

0.379 -59.07 53.43 -1.106 0.27
8

Language -13.57 97.49 -
0.13

9

0.890 140.10 97.09 1.443 0.15
9

Abstraction -
105.1

7

83.65 -
1.25

7

0.218 -
133.68

83.31 -1.605 0.11
9

Delayed 
recall

33.66 37.12 0.90
7

0.372 37.68 36.97 1.019 0.31
6

Orientation 354.5
9

159.14 2.22
8

0.034 341.3
9

158.4
8

2.154 0.0
39

Abbreviations: Est.: Estimate; SE: Standard Error. The variables with a significant (p<0.05) 
contribution to the model are marked in bold, and effect sizes are provided as Cohen’s f2. For the 
model fit measures, the number of stars designates the significance level: *** < 0.001, ** < 0.01, * 
< 0.05. 

We applied the same feature selection approach to the battery of 
neuropsychological tests by simultaneously entering all test measures into 
multiple regression models, along with age and education (Table 3). The overall 
model was statistically significant for the right hippocampus, F(7, 32) = 3.13, p 
= 0.012, explaining a moderate proportion of variance (R² = 0.41, adjusted R² = 
0.28). In contrast, the corresponding model for the left hippocampus was not 
statistically significant, F(7, 32) = 1.63, p = 0.162. None of the individual 
neuropsychological measures explained unique variance in hippocampal volume 
after accounting for age and education (all p ≥ 0.091 for the right hippocampus; 
all p ≥ 0.140 for the left hippocampus). This pattern suggests substantial shared 
variance across the neuropsychological measures, rather than distinct domain-
specific associations with hippocampal volume when all tasks are considered 
simultaneously.
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Table 3. Feature-selection analysis of standard neuropsychological test 
measures associated with hippocampal volume.

Left hippocampus Right hippocampus
Predictor Est. SE t p Est. SE t p

R2 = 0.26 / R2adj = 0.10 R2 = 0.41 / R2adj = 0.28* (f2=0.68)

Intercept 3421.83 693.85 4.932 <0.001 3526.13 687.77 5.127 <0.001
Age -12.74 9.32 -1.367 0.181 -17.45 9.24 -1.889 0.068
Education 134.85 128.69 1.048 0.303 222.54 127.56 1.745 0.091
Maze Task -7.01 5.57 -1.257 0.218 -4.29 5.53 -0.760 0.453
TMT-A 5.04 3.33 1.513 0.140 1.52 3.31 0.459 0.649
TMT-B -0.55 0.74 -0.733 0.469 0.08 0.74 0.115 0.910
D-CAT 2.34 8.81 0.265 0.793 9.5 8.73 1.093 0.283
Dual-Task -0.65 3.82 -0.170 0.866 -0.71 3.78 -0.188 0.852
Abbreviations: Est.: Estimate; SE: Standard Error; TMT: Trail Making Test; D-CAT: Digit 
Cancellation Test. The variables with a significant (p<0.05) contribution to the model are marked 
in bold, and effect sizes are provided as Cohen’s f2. For the model fit measures, the number of stars 
designates the significance level: *** < 0.001, ** < 0.01, * < 0.05.

We next applied the same feature selection approach to the tasks in SPACE by 
simultaneously entering visuospatial training time, PI distance error, pointing 
error, mapping performance, and perspective taking error into multiple 
regression models, along with age and education (Table 4). The overall models 
were statistically significant for both hemispheres. For the right hippocampus, 
the model explained a substantial proportion of variance, F(7, 32) = 5.39, p < 
0.001, R² = 0.54 (adjusted R² = 0.44). Similarly, the model for the left 
hippocampus explained a substantial proportion of variance, F(7, 32) = 5.10, p < 
0.001, R² = 0.53 (adjusted R² = 0.42). Within these models, education was 
positively associated with hippocampal volume for both the right (β = 0.78, p = 
0.018) and left hippocampus (β = 0.86, p = 0.011). In addition, poorer PI 
performance was associated with smaller hippocampal volumes on both the right 
(β = −0.32, p = 0.021) and left (β = −0.33, p = 0.020) hemispheres, while poorer 
mapping performance was associated with larger hippocampal volume for both 
the right (β = −0.35, p = 0.008) and left hemispheres (β = −0.54, p < 0.001). 
Visuospatial training time, pointing error, and perspective taking error did not 
explain unique variance in hippocampal volume after accounting for age and 
education (all p ≥ 0.13).

Table 4. Feature-selection analysis of SPACE associated with hippocampal 
volume.

Left hippocampus Right hippocampus
Predictor Est. SE t p Est. SE t p
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Main effects 
model

R2 = 0.53/ R2adj =0.42*** (f2 = 
1.11)

R2 = 0.54/ R2adj =0.44*** (f2 = 
1.18)

Intercept 3286.33 558.31 5.886 <0.001 4071.84 607.62 6.701 <0.001
Age -12.02 7.76 -1.550 0.131 -15.21 8.44 -1.802 0.081
Education 263.07 97.40 2.700 0.011 263.12 106.00 2.482 0.018
VS Training 1.65 1.06 1.556 0.130 -0.01 1.15 -0.009 0.993
PI distance -0.86 0.35 -2.444 0.020 -0.93 0.38 -2.436 0.021
Pointing -0.89 2.88 -0.309 0.759 -2.12 3.14 -0.676 0.504
Mapping -532.58 125.2

0
-4.253 <0.001 -

384.78
136.29 -2.823 0.008

Perspective 1.38 1.61 0.859 0.397 -0.02 1.75 -0.013 0.990
Composite 
model 1 R2 = 0.21/ R2adj =0.14 R2 = 0.40/ R2adj =0.35*** (f2 = 

0.66) 
Intercept 3408 603.5 5.648 <0.001 3,762 580.0 6.490 <0.001
Age -12.48 8.742 -1.428 0.162 -16.89 8.402 -2.010 0.052
Education 152.9 103.3 1.480 0.148 247.1 99.27 2.490 0.018
PI × Pointing -0.004 0.006 -0.630 0.532 -0.008 0.006 -1.320 0.196
Composite 
model 2

R2 = 0.47/ R2adj =0.42*** (f2 = 
0.87)

R2 = 0.51/ R2adj =0.47*** (f2 = 
1.04)

Intercept 3523 495.5 7.110 <0.001 3862 524.4 7.360 <0.001
Age -11.70 7.034 -1.660 0.105 -17.62 7.445 -2.370 0.023
Education 175.8 84.76 2.070 0.045 268.8 89.71 3.000 0.005
PI × Mapping -2.426 0.570 -4.260 <0.001 -1.930 0.603 -3.200 0.003
Abbreviations: Est.: Estimate; SE: Standard Error; VS: Visuospatial; PI: Path Integration. The 
variables with a significant (p<0.05) contribution to the model are marked in bold, and effect sizes 
are provided as Cohen’s f2. For the model fit measures, the number of stars designates the 
significance level: *** < 0.001, ** < 0.01, * < 0.05. 

Finally, we examined whether combining interdependent SPACE tasks captured 
additional variance in hippocampal volume beyond their individual associations 
by testing synergy (interaction) models between PI distance error and either 
pointing error or mapping performance. Models including the interaction 
between PI distance error and pointing error were statistically significant for 
both hemispheres. For the right hippocampus, education emerged as the only 
significant contributor (β = 0.60, p = 0.018), with the overall model explaining 
40% of the variance, F(3, 36) = 7.96, p < 0.001 (adjusted R² = 0.35). For the left 
hippocampus, the overall model was statistically significant, F(3, 36) = 3.11, p = 
0.038, explaining a small proportion of variance (R² = 0.21, adjusted R² = 0.14), 
but no individual predictors reached statistical significance (all p > 0.148). 

Models including the interaction between PI distance error and mapping 
performance were statistically significant for both hemispheres. For the right 
hippocampus, age (β = −0.34, p = 0.023), education (β = 0.74, p = 0.005), and 
the interaction term (β = 0.21, p = 0.003) explained 51% of the variance, F(3, 36) 
= 12.47, p < 0.001 (adjusted R² = 0.47). For the left hippocampus, education (β 
= 0.50, p = 0.045) and the interaction term (β = 0.19, p < 0.001) jointly explained 
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47% of the variance in hippocampal volume, F(3, 36) = 10.47, p < 0.001 (adjusted 
R² = 0.42). Figure 2 illustrates that reduced hippocampal volumes were observed 
when imprecision in PI co-occurred with poorer mapping performance (see 
Supplementary Information 5).

Figure 2. Interaction effects. Scatter plots show the relationship between hippocampal volume 
and the interaction between PI distance error and mapping performance for the left (a) and right 
(b) hippocampus in a sample of 40 participants.

Hierarchical regression analyses

To evaluate whether joint performance on PI and mapping explains additional 
variance in hippocampal volume beyond demographics and standard cognitive 
measures, we conducted separate hierarchical regression models for the left and 
right hippocampus (Table 5). Here, predictors were entered in steps informed by 
the preceding feature selection analyses. 

For the right hippocampus, age and education were entered in the first step and 
explained 37% of the variance in hippocampal volume, F(2, 37) = 10.85, p < 0.001 
(adjusted R² = 0.34). In the second step, the addition of the MoCA orientation 
subdomain accounted for an additional 8% of explained variance (p = 0.025), 
resulting in a model explaining 45% of the variance, F(3, 36) = 9.91, p < 0.001 
(adjusted R² = 0.41). In the final step, the inclusion of the PI × mapping 
interaction term explained a further 7% of the variance (p = 0.028), yielding a 
final model that explained 52% of the variance, F(4, 35) = 9.63, p < 0.001 
(adjusted R² = 0.47). Within this model, age (β = −0.34, p = 0.021), education (β 
= 0.76, p = 0.005), and the PI × mapping interaction term (β = 0.23, p = 0.028) 
were all independently associated with hippocampal volume.
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Table 5. Hierarchical regression models of hippocampal volume with feature-
selected MoCA variables and the SPACE interaction.

Left hippocampus Right hippocampus
Predictor Est. SE t p Est. SE t p
Step 1 R2 =0.20 /R2adj =0.15* (f2 = 0.25) R2 = 0.37/R2adj = 0.34*** (f2 = 0.59)
Intercept 3415.46 598.44 5.71 <.001 3776.494 585.628 6.449 <0.001
Age -13.60 8.49 -1.60 0.118 -19.132 8.308 -2.303 0.027

Education 155.62 102.35 1.52 0.137 252.665 100.15
6 2.523 0.016

Step 2 R2 =0.40 /R2adj =0.33** (f2 = 0.67) R2 =0.45 /R2adj =0.41*** (f2 = 0.82)

Intercept 2860.01
4

1305.1
51

2.19
1 0.035 1634.101 1072.59

1 1.524 0.136

Age -13.885 7.574
-

1.83
3

0.075 -19.409 7.852 -2.472 0.018

Education 197.31
8 92.737 2.12

8 0.040 258.704 94.677 2.732 0.010

Naming
-

567.02
1

259.11
5

-
2.18

8
0.035 - - - -

Orientation 377.45
9

150.73
8

2.50
4 0.017 364.088 156.14

7 2.332 0.025

Step 3 R2 =0.55 /R2adj =0.48*** (f2 = 1.22) R2 =0.52 /R2adj =0.47 *** (f2 = 1.08)

Intercept 4329.98
7

1223.7
20

3.53
8 0.001 2822.502 1139.12

0 2.478 0.018

Age -12.054 6.664
-

1.80
9

0.079 -18.027 7.450 -2.420 0.021

Education 208.49
6 81.388 2.56

2 0.015 268.743 89.641 2.998 0.005

Naming
-

532.75
6

227.44
3

-
2.34

2
0.025 - - - -

Orientation 126.362 151.48
3

0.83
4 0.410 174.063 169.340 1.028 0.311

PI × 
Mapping -2.100 0.619

-
3.39

4
0.002 -1.584 0.691 -2.292 0.028

Model comparison
 Left hippocampus Right hippocampus

Models ∆R2 F df1/df
2 p ∆R2 F df1/df2 p

1-2 0.199 5.751 2/35 0.007 0.083 5.437 1/36 0.025

2-3 0.153 11.51
6 1/34 0.002 0.071 5.255 1/36 0.028

Abbreviations: Est.: Estimate; SE: Standard Error; PI: Path Integration. The variables with a 
significant (p<0.05) contribution to the model are marked in bold, and effect sizes are provided as 
Cohen’s f2. For the model fit measures, the number of stars designates the significance level: *** < 
0.001, ** < 0.01, * < 0.05. 

For the left hippocampus, age and education were entered in the first step and 
explained 20% of the variance in hippocampal volume, F(2, 37) = 4.54, p = 0.017 

ACCEPTED MANUSCRIPTARTICLE IN PRESS

ARTIC
LE

 IN
 PR

ES
S

ARTICLE IN PRESS



(adjusted R² = 0.15). In the second step, the MoCA subdomains identified in the 
feature selection analysis (i.e., naming and orientation) accounted for an 
additional 20% of explained variance (p = 0.007), improving overall model fit, 
F(4, 35) = 5.73, p = 0.001 (adjusted R² = 0.33). In the final step, inclusion of the 
PI × mapping interaction term explained a further 15% of the variance (p = 
0.002), yielding a final model that explained 55% of the variance, F(5, 34) = 8.26, 
p < 0.001 (adjusted R² = 0.49). Within this model, education (β = 0.64, p = 0.015), 
MoCA naming (β = −0.29, p = 0.025), and the PI × mapping interaction term (β 
= 0.20, p = 0.002) were independently associated with hippocampal volume.

As a robustness check, we additionally conducted hierarchical regression models 
for the left and right hippocampus in which the total MoCA score was entered in 
place of the feature-selected MoCA subdomains. The pattern of results remained 
unchanged, with the PI × mapping interaction explaining significant additional 
variance in hippocampal volume (see Supplementary Table 5).

Entorhinal cortex volume and spatial navigation performance

Given the complementary roles that the hippocampus and the entorhinal cortex 
play in navigation, we applied the same feature selection strategy to examine 
whether MoCA measures, standard neuropsychological tests, or SPACE 
performance were associated with entorhinal cortex volume, controlling for age 
and education (see Supplementary Information 1). Models including individual 
MoCA subdomains were not statistically significant for either the right, F(9, 30) 
= 1.79, p = 0.111, or the left, F(9, 30) = 2.11, p = 0.061, entorhinal cortex. When 
examining the total MoCA score, regression models were statistically significant 
for the right F(3, 36) = 3.37, p = 0.029, R² = 0.22 (adjusted R² = 0.15) and left 
F(3, 36) = 3.05, p = .041, R² = 0.20 (adjusted R² = 0.14) entorhinal cortex. 
However, within these models, neither age, education, nor total MoCA score 
explained unique variance (all p ≥ 0.053). Feature-selection analyses of the 
standard neuropsychological battery did not yield significant models for the left 
entorhinal cortex, F(7, 32) = 1.35, p = 0.261. For the right entorhinal cortex, the 
overall model reached statistical significance, F(7, 32) = 3.31, p = .009, R² = 0.42 
(adjusted R² = 0.29). However, only TMT-A performance showed a significant 
association (β = 0.56, p = 0.020), and none of the other neuropsychological 
measures explained unique variance after accounting for age and education.
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Feature-selection analyses of SPACE task performance revealed no statistically 
significant associations between individual navigation measures and entorhinal 
cortex volume for either the right F(7, 32) = 1.94, p = 0.095, or the left F(7, 32) 
= 1.83, p = 0.116, entorhinal cortex. We also examined whether joint efficiency 
models, captured by interactions between path-integration distance error and 
either pointing error or mapping performance, were associated with entorhinal 
cortex volume. Models including the PI × pointing interaction were statistically 
significant at the model level for both the right, F(3, 36) = 3.20, p = 0.035, R² = 
0.21 (adjusted R² = 0.15), and the left, F(3, 36) = 3.31, p = 0.031, R² = 0.22 
(adjusted R² = 0.15), entorhinal cortex. However, in neither model did 
demographics or the interaction term explain unique variance (all p ≥ 0.07). 
Similarly, models including the PI × mapping interaction were statistically 
significant at the model level for both the right, F(3, 36) = 3.17, p = 0.036, R² = 
0.21 (adjusted R² = 0.14), and the left, F(3, 36) = 3.59, p = 0.02, R² = 0.23 
(adjusted R² = 0.17), entorhinal cortex. However, only age showed a significant 
association with right entorhinal cortex volume (β = -0.35, p = 0.049). Because 
none of the SPACE measures survived feature selection for the entorhinal cortex, 
hierarchical regression analyses analogous to those conducted for the 
hippocampus were not warranted.

Discussion
We investigated whether performance on a novel digital assessment of navigation 
ability (SPACE) was associated with hippocampus volume in healthy older adults. 
We found that only a limited subset of MoCA subdomains showed independent 
associations with hippocampal volume after feature selection, and the broader 
neuropsychological test battery did not provide comparable explanatory power. 
In contrast, performance on the PI and mapping tasks in SPACE was associated 
with hippocampal volume after controlling for age and education. Specifically, 
participants who accurately completed the PI task and successfully learned the 
spatial configuration of landmarks required for subsequent reconstruction in the 
mapping task exhibited larger hippocampal volumes. Hierarchical regression 
analyses further showed that the joint efficiency of path integration and mapping 
performance explained additional variance in hippocampal volume beyond age, 
education, and feature-selected MoCA subdomains, with the full models 
accounting for 52% and 55% of the variance in right and left hippocampal volume, 
respectively. 
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As expected, older age was associated with reduced hippocampal and entorhinal 
cortex volumes. These findings are consistent with well-established research 
documenting age-related atrophy in medial temporal lobe structures71-76. Brain 
volume reductions have been observed in individuals as young as 30, with the 
rate of atrophy accelerating with age72-74. In healthy ageing, the average annual 
volume reduction has been estimated at approximately 0.9% for the hippocampus 
and 1.3% for the entorhinal cortex72. Critically, this rate is reported to be almost 
6% in the hippocampus and above 7% in the entorhinal cortex in AD patients72. 
Accordingly, medial temporal lobe atrophy is a defining feature of AD and is often 
used to distinguish patients with MCI and AD from healthy ageing77. Here, 
research by Henneman and colleagues showed that the hippocampal atrophy rate 
is more suitable than whole-brain volume for distinguishing between MCI and 
controls, and that estimating hippocampal volume may be useful for measuring 
the progression of cognitive impairment76. We also found that higher educational 
attainment was associated with larger hippocampal and entorhinal cortex 
volumes. Hippocampal volume is known to vary with educational attainment 
across the lifespan78, and this relationship may be particularly strong in 
individuals with AD79,80. In contrast, the relationship between education and the 
entorhinal cortex is unclear. Although most studies account for educational level 
in regression models, some studies have not found a link between entorhinal 
cortex volume and education81,82. 

Among the SPACE tasks, the PI and mapping tasks were the only significant 
predictors of left and right hippocampal volume. More importantly, hippocampal 
volume was most strongly associated with the joint performance of these two 
tasks, operationalised as their multiplicative combination. This is 
understandable, as successful map construction depended on the accurate 
acquisition of spatial information during the PI task. Participants who showed 
both low PI distance error and high mapping accuracy exhibited the largest 
hippocampal volumes, whereas poorer combined performance was associated 
with reduced hippocampal volume. Namely, mapping performance contributed 
positively to hippocampal volume only when preceded by accurate PI, indicating 
that faithful landmark encoding was necessary for later reconstruction to reflect 
hippocampal integrity. By capturing the co-occurrence of efficient encoding and 
reconstruction, this joint metric may help clarify previously inconsistent findings 
on the relationship between navigation task performance and hippocampal 
volume39,52,53,55, and suggest that hippocampal navigation relationships are 
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strongest when multiple, complementary aspects of spatial ability are considered 
together rather than in isolation.

In the model without the joint term, PI error and mapping performance were both 
associated with hippocampal volume, although in opposite directions. Previous 
research has shown that the hippocampus plays an important role in successful 
PI25,83. For example, hippocampal lesions have been linked to impairments in PI 
in animals83,84 and humans (e.g., temporal lobectomy85). In humans, reduced 
hippocampal volume has also been associated with deficits in tracking movement 
in a loop and estimating the rotation angle relative to a home location25. In 
addition, Wolbers and colleagues27 found a positive correlation between accuracy 
in pointing to a starting location after walking two legs of a triangle and activation 
in the right hippocampus. This is consistent with research showing that activity 
in the left and right hippocampus26 and the posterior hippocampus86 increased 
with PI performance. 

The negative relationship between mapping performance and hippocampal 
volume may initially seem counterintuitive, given that superior spatial abilities 
are typically associated with larger hippocampal volumes. However, this pattern 
likely reflects the fact that mapping performance in SPACE can be supported by 
both hippocampal-dependent and hippocampal-independent processes87,88. Prior 
work32,46,89 has shown that participants can solve spatial tasks using either place-
based strategies that recruit the hippocampus or response-based strategies that 
rely more heavily on the caudate (although we found no direct association 
between caudate volume and SPACE performance; Supplementary Table 4). As 
such, mapping accuracy alone may conflate hippocampal-dependent 
reconstruction with alternative, compensatory strategies, particularly in older 
adults, leading to a statistically robust but theoretically misleading association 
with hippocampal volume. By contrast, the multiplicative PI × mapping term 
isolates the component of performance in which accurate encoding during PI and 
accurate reconstruction during mapping co-occur. This composite, therefore, 
captures a synergistic index of joint spatial efficiency rather than a conditional 
(moderation) effect. As demonstrated in Supplementary Information 5, this joint 
metric shows a monotonic relationship with hippocampal volume that is not 
apparent when either task is considered in isolation. Although modelling a 
product term without accompanying main effects is less common, regression 
theory recognises that such terms may be meaningfully interpreted as standalone 
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predictors when they represent the theoretically relevant quantity of interest 
rather than a moderation effect90. 

In our study, neither the pointing error nor the interaction between PI distance 
error and pointing error significantly predicted hippocampal volume. Previous 
studies reported mixed findings on the relationship between pointing 
performance and hippocampal volume39,53. A possible explanation for these 
contradictory findings may lie in differences in the environment and the pointing 
task employed. Indeed, Schinazi and colleagues39 found that performance on an 
off-site pointing task that relied on allocentric knowledge was associated with 
hippocampal volume after participants learned the locations of landmarks in a 
real-world setting. In the off-site pointing task, participants were blindfolded, 
disoriented, and taken to a testing room, where they performed judgments of 
relative direction while still blindfolded. Specifically, participants were required 
to mentally visualise their position and facing direction before pointing (e.g., 
“Imagine you are standing in front of building X, facing building Y, now point to 
building Z”). In contrast, the on-site pointing task used in the VEs by Weisberg 
and colleagues53 and SPACE did not correlate with hippocampal volume. Here, 
successfully completing the on-site pointing test does not necessarily require 
allocentric knowledge, since participants are automatically positioned in front of 
each landmark. As such, on-site pointing can be performed using a mixture of 
transient egocentric (online) and enduring allocentric (offline) spatial 
representations39 supported by distinct neural systems91,92. 

Performance in the perspective taking task in SPACE was also not associated with 
hippocampal volume. Here, the map provided during the perspective taking task 
in SPACE meant that participants did not need to rely on their memory of the 
landmarks' positions in the VE acquired during the PI task. Although the offsite 
pointing task in Schinazi and colleagues’ study39 and the perspective taking task 
in SPACE rely on allocentric knowledge, only the offsite pointing task required 
participants to learn and build a cognitive map of their environment. Because the 
perspective taking task in SPACE is solved using the externally provided map 
rather than relying on internally encoded landmark representations acquired 
during PI, we did not examine a combined PI × perspective taking interaction. 
Such a combination would not capture the same synergy as other downstream 
navigation tasks (i.e., pointing and mapping), which depend on the accurate 
encoding and subsequent reuse of landmark representations.
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Our regression models also evaluated whether paper-and-pencil 
neuropsychological tests typically administered to screen for cognitive 
impairment were associated with hippocampal volume. At the feature selection 
stage, none of the tests in the neuropsychological battery (i.e., Maze Task, D-CAT, 
TMT-A, TMT-B, Dual-Task) showed a significant association. There is limited 
research on the relationship between neuropsychological test scores and 
hippocampal volume in healthy and cognitively impaired patients. To our 
knowledge, only a few studies have found that performance on the TMT-B is 
moderately correlated with hippocampal volume in healthy93 and non-demented 
patients94. However, this relationship could also be largely explained by 
differences in age, sex and education94. Previous studies have found a link 
between lower total MoCA scores61-66 or MoCA subdomains60,64-66 and 
hippocampal atrophy in healthy and cognitively impaired patients. Notably, 
neither the MoCA total score nor its visuospatial component was related to 
hippocampal volume in our study. Instead, only the naming and orientation 
subdomains showed small to modest associations with hippocampal volume, 
although the overall model fit for the MoCA subdomain model was significant and 
modest. These findings diverge from the stronger visuospatial associations 
reported by Gupta and colleagues66, while showing partial convergence with the 
naming-related association observed by Paul and colleagues60. More importantly, 
these results support the view that the navigation tasks in SPACE may 
complement standard neuropsychological screening by capturing hippocampal-
dependent processes that are not adequately indexed by the MoCA or brief paper-
and-pencil tests.

Despite extensive evidence demonstrating that the entorhinal cortex is implicated 
in navigation13,14,23,95-97, our feature selection analyses revealed no association 
between the tasks in SPACE and entorhinal cortex volume. Among candidate 
predictor tests across the models, only age and TMT-A performance showed a 
small association with entorhinal cortex volume. Although atrophy of the 
entorhinal cortex has been previously associated with memory decline in healthy 
adults98, it has not been clearly shown to predict spatial navigation 
performance99. In contrast to our results, previous studies reported that a smaller 
entorhinal cortex volume was associated with poorer navigation abilities, as 
measured using the Santa Barbara Sense of Direction Scale (SBSOD)100, and with 
greater errors in an immersive virtual reality PI test31. However, both studies 
included patients diagnosed with cognitive impairment.
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While this study offers valuable insights into the role SPACE can play in assessing 
hippocampal structural integrity, a few limitations are worth noting. Firstly, due 
to known gender differences in spatial performance and strategy use, we 
deliberately recruited male participants. Research in spatial cognition has 
consistently shown that gender influences navigation performance across both 
self-report and behavioural measures101-104. These differences also extend to 
navigation strategy use105,106, confidence107, spatial anxiety108, and sensitivity to 
task constraints such as time pressure109,110. Importantly, these effects vary with 
task demands and environmental cues111-113, as well as cultural context105, 
making gender a non-trivial confound in navigation research. More recently, a 
large-scale study found that gender differences in navigation are also influenced 
by societal gender equity, with larger performance gaps observed in countries 
with lower gender equality114. Although Singapore, where this cohort was 
recruited, ranks relatively high in the Global Gender Gap Index115 within 
Southeast Asia (gender equality score = 75%), it is only mid-ranked globally (47th 
of 148 countries), suggesting that gender-related performance differences may 
still be present in this sample. Accordingly, to minimise behavioural 
heterogeneity and maximise statistical power in this initial proof-of-concept 
study, we adopted a homogeneous male sample. This choice was methodological 
and does not imply that SPACE is intended to be gender specific. Our broader 
research programme using SPACE includes ongoing and planned studies with 
mixed-gender samples67,69,70 that will establish gender-specific performance 
norms and examine whether the association between navigation behaviour and 
hippocampal integrity differs across genders.

Secondly, it is possible that performance on some of the SPACE tasks was 
influenced by age-related factors beyond spatial ability, including usability 
challenges related to visual status and familiarity with digital interfaces116-123. 
SPACE already incorporates enlarged icons and a user-friendly interface 
designed to support accessibility across age groups. Prior to the present study, 
SPACE underwent extensive usability testing with young, middle-aged, and older 
adults67, and no participants reported difficulties with landmark visibility or 
discriminability. Additionally, all participants in the current study completed a 
comprehensive training phase before performing the tasks in SPACE and 
received step-by-step instructions for each task. Although no objective measures 
of visual acuity were collected, the health and demographics questionnaire 
included a question about the presence of visual defects, and participants were 
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instructed to complete the assessment with their glasses or contact lenses. 
Regression analyses indicated that self-reported visual defects were not 
associated with performance in SPACE tasks (Supplementary Table 8). We also 
explicitly assessed participants’ prior experience with tablet devices and 
examined their influence on performance across all SPACE tasks while 
controlling for age and education. Similar to visual defects, tablet experience did 
not emerge as a significant predictor in any of the models (Supplementary Table 
9). 

Finally, the cross-sectional design of the present study and the modest sample 
size warrant careful interpretation of the findings. The cohort comprised healthy 
older adults aged 55–79 years, which limits the generalisability of the results to 
other age groups and precludes inferences about longitudinal changes in 
hippocampal atrophy. Although the sample size (N = 40) is comparable to prior 
neuroimaging studies of spatial navigation25,36,37,39,46,47,54,89,124, the use of 
regression models with multiple predictors in a limited sample increases the risk 
of overfitting and model instability. To mitigate this concern, we conducted 
comprehensive regression diagnostics, which indicated that the model 
assumptions were met (Supplementary Information 6). We also repeated the 
analyses using models with fewer predictors (Supplementary Tables 5–7), which 
yielded a consistent pattern of results. Finally, post hoc power estimates 
indicated that the feature selection and hierarchical regression models involving 
SPACE measures were characterised by large effect sizes (Cohen’s f² ≥ 0.87). 
Future longitudinal work in larger, more diverse samples will be necessary to 
determine how navigation performance relates to changes in the hippocampus 
across the ageing continuum and in pathological ageing.

Conclusion
In conclusion, our findings revealed that performance in SPACE is associated 
with hippocampal volume, beyond age, education, and commonly used 
neuropsychological tests, in a sample of older male adults. Critically, participants 
who successfully completed both the PI and the mapping tasks had larger 
hippocampal volumes. These findings highlight some limitations of traditional 
neuropsychological assessments, which primarily target memory and attention 
and may insufficiently capture spatial navigation processes that are closely linked 
to hippocampal integrity. Incorporating spatial navigation tests into 
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neuropsychological batteries may therefore enhance sensitivity to hippocampal 
structural differences, particularly in non-clinical older adult populations. 
Altogether, SPACE has potential as a non-invasive, scalable, and cost-effective 
tool to complement existing cognitive assessments, though further validation in 
larger, clinically diverse samples is warranted.

Methods

Participants

We recruited 40 male participants from the community and the Lions Befrienders 
Service Association, aged 55-79 (mean = 67, SD = 6). Given the large gender 
differences in navigation performance and strategy use54,102-104, we deliberately 
recruited only male participants to reduce possible confounds in our analysis. An 
a priori power analysis conducted using GPower (linear multiple regression, R² 
increase in a hierarchical model) indicated that 40 participants would be required 
to achieve 80% power at α = 0.05 to detect a large incremental effect (f² = 0.35) 
for the second step of the model (four SPACE predictors entered after age and 
education). For each step of the hierarchical model, we also calculated the 
achieved power, which is presented together with the model fit for significant 
models. To be eligible for the study, participants were screened for a decline in 
cognitively relevant functional abilities using the Everyday Cognition Scale, with 
a cut-off score below one125. Participants with any physical disability, significant 
neurological disease, or contraindications to MRI were deemed ineligible. 
Written informed consent was obtained in the participants' preferred language 
before any research procedure started. The ethics approval was obtained from 
the National University of Singapore Institutional Review Board (NUS-IRB 
Reference Code: NUS-IRB-2022-466). All procedures adhered to the Declaration 
of Helsinki.

Materials

Sociodemographic, Navigation, and Health Measurements

As part of a larger set of studies, the sociodemographic, navigation and health 
questionnaire collected information on age, ethnicity, education, profession, 
handedness, tablet experience, previous navigation training, and sense of 
direction (Santa Barbara Sense of Direction126). The questionnaire also included 
questions on their health status, such as visual defects, chronic conditions, 
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history of traumatic brain injury, depression, anxiety, and stress (DASS-21127). 
Additionally, the questionnaire addressed health habits, such as diet, smoking, 
alcohol consumption, falls in the past year, daily hours of sleep, and weekly hours 
of walking and vigorous physical activity. Since the paper's primary focus is 
predicting hippocampal volume from SPACE performance, data collected from 
the navigation and health questionnaires were excluded from the analysis and 
reserved for subsequent publications.

Neuropsychological Tests

The participants’ cognitive abilities were assessed using the MoCA, Maze Task, 
D-CAT, TMT, and Dual-Task. 

MoCA. The MoCA is a widely used screening tool for detecting cognitive 
impairment with a sensitivity and specificity of 90% and 87%, respectively56. The 
MoCA evaluates six cognitive domains: memory, executive function, visuospatial, 
language, attention, and orientation. Administering the MoCA takes 
approximately 15 minutes. A score of 25 or lower indicates MCI. 

Maze Task. The Maze Task was used to assess cognitive abilities related to spatial 
and visual perception128. In the test, participants are presented with a maze on a 
sheet of paper and asked to find the way out by drawing a line from the entrance 
to the exit as quickly as possible. The outcome variable is the time required to 
complete the task, with shorter times indicating better performance.

Digit Cancellation Test (D-CAT). The D-CAT was developed to measure 
attention128. In this task, participants are required to cross out the target digits 
printed on a page interspersed with other numbers within 45 seconds. The final 
score is calculated as the subtraction of the number of incorrectly cancelled digits 
from the total number of correctly cancelled digits. The higher the final score, 
the better the performance.

Trail Making Test (TMT). The TMT was used to measure attention, visual 
screening ability, and processing speed129. The test consists of two parts. In the 
first part (TMT–A), participants are asked to connect circles with numbers in 
ascending order. In the second part (TMT–B), participants have to connect the 
circles by switching between numbers and letters in consecutive order (e.g., 1, 
A, 2, B). The time to completion in seconds was reported separately for each part 
of the TMT test. A shorter time indicates better performance.
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Dual-Task. The Dual-Task test assessed the ability to perform two tasks 
concurrently. This task consisted of performing digit recall and tracking tasks 
separately, then simultaneously130,131. First, each participant underwent a digit 
span assessment to determine their maximum digit span capacity. This was 
followed by two trials involving digit recall and tracking tasks to familiarise the 
participants with the Dual-Task test. For the digit recall task, participants are 
presented with a list of numbers and are required to verbally repeat them in the 
exact order they are read. For the tracking task, participants trace the paper with 
a pencil, joining all the circles along a predefined route as quickly as possible. 
Each task was restricted to 1.5 minutes. After familiarisation, the Dual-Task test 
was administered with the same time limit, and subsequently, participants were 
required to complete both tasks simultaneously. The final performance score is 
computed as the combined proportional performance across both tasks130.

Spatial Performance Assessment for Cognitive Evaluation (SPACE)

SPACE is a novel iPad-based digital assessment designed to assess spatial 
navigation deficits indicative of cognitive impairment67,70. Table 6 provides a 
description of each task in SPACE. 

Table 6. The tasks in SPACE.

Visuospatial 
training

Participants learn to rotate, translate, and combine these 
movements by navigating around the VE. Performance is 
quantified by measuring the time (in seconds) required for each 
player to complete all phases of the training. 

Path Integration 
(PI)

Participants follow the robot from the rocket to two landmarks, 
walking along two sides of a triangle. At each landmark, the robot 
scans a different element that will be recalled in a later task. 
Participants are asked to return unguided to the rocket’s original 
position, completing the third side of the triangle. At the beginning 
of each trial, the rocket takes off and stays invisible until 
participants signal its landing after completing the trial. 
Performance is quantified by measuring the PI distance error, 
defined as the average distance between the player's final position 
and the rocket's original position for all PI trials. 

Pointing Participants perform a series of pointing judgments from one 
landmark to other landmarks encountered during the PI task. 
Performance is quantified by measuring the egocentric pointing 
error, defined as the average angular deviation (in degrees) from 
a starting location to the target location. 

Mapping Participants are asked to recreate the configuration of landmarks 
they learned in the PI task by dragging and dropping icons 
representing the landmarks. Performance is quantified by 
measuring mapping accuracy, computed using bidimensional 
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regression132,133. Bidimensional regression assesses the degree of 
association (r2) between the correct map and the map built by the 
participant. 

Associative 
memory

Participants are presented with a corrected top-down map of the 
landmarks and are asked to drag and drop icons representing the 
corresponding elements scanned by the robot during the PI task. 
Performance is quantified by measuring the associative memory 
score, computed as the percentage of correct pairings between 
scanned elements and landmarks. The associative memory task 
was excluded from all our analyses because of ceiling effects, with 
90% of participants achieving a perfect score.

Perspective 
taking

Participants are provided with the correct top-down map of the 
environment and are asked to imagine standing at a landmark 
while facing another landmark. Performance is quantified by 
measuring the perspective taking error, defined as the average 
angular deviation (in degrees) between the estimate made by the 
player and the target landmark for all trials in the task. 

Before each task, participants are presented with video instructions and receive 
real-time guidance as they progress through the assessment. SPACE includes 
visuospatial training, PI, and pointing tasks from a first-person perspective. The 
mapping, associative memory and perspective taking tasks are completed from a 
top-down perspective (Figure 3). 

Figure 3. Tasks in SPACE. Screenshots of the PI (a-d) and mapping (e-f) tasks in SPACE. a) The 
rocket takes off at the start of a PI trial. b) The player follows a robot to the first landmark (e.g., 
Tree). c) The player follows a robot to the second landmark (e.g., Waterfall). d) The player estimates 
the orientation and distance from the second landmark back to the rocket. e) The player drags and 
drops the icons of the landmarks to create a map of the environment. f) An animation showing the 
correct positions of the landmarks is displayed.
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Image Acquisition and Processing

MR imaging was performed at the Singapore Centre for Translational MR 
Research using a 3T Prisma-Fit scanner (Siemens Healthineers, Erlangen, 
Germany). The standardised neuroimaging protocol used in this study included 
3D T1-weighted images (TR = 2300 ms, TE = 1.96 ms, TI = 900 ms, flip angle = 
9॰, voxel size = 1x1x1 mm3). Structural T1-weighted image segmentation was 
conducted using Freesurfer version 7.4.1 (https://surfer.nmr.mgh.harvard.edu/). 
Hippocampus volumes were segmented using Freesurfer Hippocampus Subfield 
pipeline (https://surfer.nmr.mgh.harvard.edu/fswiki/ 
HippocampalSubfieldsAndNucleiOfAmygdala). Brain volumetric data were 
further corrected with the total intracranial volume ratio obtained from the 
segmentation. Quality check was conducted on the brain mask output from 
Freesurfer, and those with segmentation errors were manually corrected for the 
remaining segmentation steps used in Freesurfer’s “recon-all” command.  

Design and Analysis

Before conducting inferential statistics, we verified that our data met the 
assumptions of linear regression. Across all models, diagnostic checks of residual 
normality, homoscedasticity, independence, and multicollinearity were satisfied, 
with no observations exerting disproportionate influence on the fitted models (see 
Supplementary Information 6). To identify which components of the MoCA, the 
neuropsychological battery and SPACE were associated with hippocampal and 
entorhinal cortex volume, we first conducted a series of feature selection 
analyses. Separate linear regression models were fitted for the left and right 
hemispheres of each region, with age and education included as covariates to 
control for demographic variance. Within these models, candidate predictors 
were entered simultaneously to determine which variables were independently 
associated with regional volume. Because performance in the pointing and 
mapping task depends on accurate spatial encoding during the PI task, we 
additionally tested a composite spatial efficiency measure defined as the product 
(interaction) of PI distance error × pointing error and PI distance error × 
mapping performance. This multiplicative term was treated as a single predictor 
capturing joint encoding–reconstruction efficiency rather than as a moderation90 
effect and was evaluated in separate regression models alongside age and 
education. No composite term was tested for the perspective taking task, given 
that this task could be solved using an externally provided map and did not 
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depend on internally encoded landmark representations acquired during PI. 
Variables identified as significant in the feature selection analyses were 
subsequently entered into hierarchical regression models. In these hierarchical 
models, age and education were entered in the first block, followed by the 
selected predictors from the cognitive tests and SPACE in subsequent blocks. 

For each regression model, we report the F-statistic and overall model fit (R², 
adjusted R²) along with unstandardised regression coefficients (Est.), standard 
errors, and p-values in the tables. In the text, we additionally report standardised 
regression coefficients (β) for predictors that made a statistically significant 
unique contribution. Model comparisons in the hierarchical regressions were 
conducted using F-tests and changes in explained variance (ΔR²). All statistical 
analyses were performed using JAMOVI version 2.3.28, SPSS version 29, and 
RStudio version 4.2.2. Statistical significance was set at p < .05.
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