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Supplementary Fig. 1: Learning trajectories per digital readout across training sessions. Lowest (blue), median (purple), and highest (orange) multi-day-learning-curve (MDLC) score for each of the digital readouts in allocentric training sessions: (a) path deviation, (b) wayfinding duration, (c) movement speed, (d) number of map views, (e) number of orientation stops. Each curve is based on five data points: a baseline value (0, performance in egocentric sessions) and performance values from the four allocentric training sessions. Values are given in arbitrary units (a.u.) and represent session-wise averages of covariate-adjusted residuals. Residuals were inverted for all digital readouts except movement speed, such that higher values indicate better performance and shifted such that the minimum value equates zero. These trajectories constituted the inputs for the MDLC score computation. 
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Supplementary Fig. 2: Multi-day learning curve (MDLC) scores per digital readout across baseline navigation profiles in the training group. Panels show MDLC scores for (a) path deviation, (b) wayfinding duration, (c) movement speed, (d) number of map views, and (e) number of orientation stops. Boxplots denote the median (center line), interquartile range (box), and 1.5× interquartile range (whiskers) of the measure, dots individual data points. Asterisks denote significant between-profile differences (*p < 0.05, **p < 0.01, ***p < 0.001).
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Supplementary Fig. 3: Landmark recognition test implemented in the environmental familiarity questionnaire to assess the participants’ prior knowledge of the campus area. Participants had to indicate from a list of pictures showing 20 campus buildings together with their actual names (including the two start locations and the 12 POIs of the training), which of the buildings they recognize.
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Supplementary Fig. 4: Map drawing test. (a) Empty map with two buildings (the DZNE building and house 23) and main roads for reference. (b) Labeled target landmarks. Participants were asked to draw a square with the label of the landmark on the map to indicate its location.
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Supplementary Fig. 5: Movement trajectories of all participants in the six training sessions. POIs are marked with beige pins and the respective start location of the training area with a red pin. Base map data is copyrighted to OpenStreetMap contributors under the Open Database License (https://www.openstreetmap.org/copyright/en). Base map style is copyrighted to Carto (www.carto.com) under a CC-BY 4.0 license (https://github.com/CartoDB/basemap-styles/blob/master/LICENSE.md).

Supplementary Table 1: Results of the linear mixed effect models estimating the interaction between session and group in (a) the VR-based pointing task, (b) map drawing test, and (c) the VWLT.
	
	(a) VR-based pointing task
	(b) Map drawing
	(c) VWLT

	
	Est/β
	95% CI
	p 
	Est/β
	95% CI
	p 
	Est/β
	95% CI
	p 

	(Intercept)
	75.812
	59.304;  92.319
	< .001
	0.037
	-0.032; 0.105
	.296
	88.082
	78.964; 97.120
	< .001

	Session
	2.072
	-6.244;  10.389
	   .627
	0.019
	0.006; 0.032 
	.006
	2.600
	-4.743; 9.943
	.491

	Group: training
	34.808
	17.736; 51.880
	< .001
	0.048
	-0.001; 0.098
	.059
	-2.077
	-11.582; 7.428
	.670

	Session x group (training)
	-29.100
	-39.370; -18.830
	< .001
	0.096
	0.079; 0.112
	< .001
	4.637
	-4.435; 13.708
	.321

	Age (centered)
	0.986
	0.340; 1.633
	   .004
	0.000
	-0.004; 0.005
	.873
	-0.269
	-1.017;0.480
	.485

	Sex: female
	9.443
	1.570; 17.316
	   .023
	-0.013
	-0.064; 0.038
	.619
	5.523
	-3.3201; 14.248
	.220

	Years of education (centered)
	0.180
	-1.509; 1.868
	   .836
	0.003
	-0.008; 0.015
	.539
	1.751
	-0.205; 3.706
	.085

	Environmental familiarity
	-38.479
	-57.128; -19.830
	< .001
	0.972
	0.851; 1.093
	< .001
	—
	—
	—

	Random effects

	
	Variance
	SD
	
	Variance
	SD
	
	Variance
	SD
	

	Participant (intercept)
	517.7
	22.75
	
	0.002
	0.040
	
	162.9
	12.76
	

	Participant (slope)
	187.8
	13.71
	
	0.000
	0.021
	
	—
	—
	

	Landmark combination
	106.7
	10.33
	
	—
	—
	
	—
	—
	

	Model fit

	Delta AIC
	-47
	
	
	
	-135.890
	
	-1.36
	
	

	Marginal R2
	0.089
	
	
	
	0.770
	
	0.081
	
	



Supplementary Table 2: Results of the mixed effect models estimating the fixed effects of session, age, sex, and environmental familiarity on five digital readouts of the “ExploreTrain” app.

	
	 (a) Path deviation
	(b) Wayfinding duration
	(c) Movement speed	
	(d) Number of map views
	(e) Number of orientation stops

	Fixed effects

	
	Est/β
	95% CI
	p
	Est/β
	95% CI
	p
	Est/β
	95% CI
	p
	Est/β
	95% CI
	p
	Est/β
	95% CI
	p

	(Intercept)
	1.188
	1.058; 1.319
	< .001
	5.462
	5.312; 5.613
	< .001 
	1.371
	1.267; 1.474
	< .001 
	0.893
	0.109; 1.678
	   .026 
	0.689
	0.284; 1.093
	< .001

	Session
	-0.034
	-0.064; -0.003
	   .003
	-0.052
	-0.079; -0.025
	< .001
	0.021
	0.007; 0.035
	   .004
	-0.395
	-0.537; -0.253
	 < .001
	-0.139
	-0.221; -0.058
	< .001

	Age
	0.011
	0.004; 0.018
	   .004
	0.014
	0.006; 0.021
	   .001
	-0.007
	-0.015; 
-0.000
	   .056
	0.007
	-0.048; 0.063
	   .791
	0.045
	0.020; 0.070
	< .001

	Sex (female)
	0.031
	-0.056; 0.117
	   .491
	0.103
	0.008; 0.197
	   .041
	-0.093
	-0.181;
-0.004
	   .048
	-0.507
	-1.187; 0.174
	   .145
	0.244
	-0.075; 0.563
	   .133

	Environmental familiarity 
	-0.078
	-0.307; 0.151
	   .507
	-0.078
	-0.331; 0.174
	   .547
	-0.092
	-0.328; 0.145
	   .452
	-1.733
	-3.569; 0.102
	   .064
	-0.567
	-1.427; 0.292
	   .196

	Random effects

	
	Variance
	SD
	Variance
	SD
	Variance
	SD
	Variance
	SD
	Variance
	SD

	Participant (intercept)
	0.020
	0.142
	0.006
	0.077
	0.011
	0.704
	0.704
	0.839
	0.054
	0.231

	Participant (slope)
	0.001
	0.034
	0.001
	0.034
	0.001
	0.092
	0.092
	0.304
	0.014
	0.118

	Track
	0.026
	0.161
	0.192
	0.438
	0.010
	0.167
	0.167
	0.409
	0.308
	0.555

	Model fit

	Delta AIC
	-2.7
	-11.5
	-6.49
	-49.6
	-8.9

	(marginal / pseudo) R2
	0.017
	0.028
	0.044
	0.294
	0.187


For all models, random intercepts were estimated per participant and track, while a random slope was estimated for each participant to account for interindividual learning differences across sessions. Model equations: digital readout ~ session + age + sex + environmental familiarity + (1 + session|participant) + (1|track). Digital readouts were the (a) path deviation, (b) log-transformed wayfinding duration, (c) movement speed, (d) number of map views, and (e) number of orientation stops. Linear mixed effect models (a-c) report marginal R2, whereas generalized mixed effect models (d-e) report pseudo R². Significant effects (p < .050) are marked in bold, trends (.050 < p < .100) are highlighted in italics.
Supplementary Table 3: Multinomial logistic regression model investigating the predictive value of ADRD biomarkers on baseline navigation profiles.
	Predictor
	Profile (vs efficient navigators)
	Est/β
	SE
	z-value
	p-value

	Intercept
	Exploratory navigators
	-0.652 
	0.657 
	-0.993                                                                          
	.321      

	MTL tau
	Exploratory navigators
	-0.608 
	10.128 
	-0.060                    
	.952                    

	EC thickness
	Exploratory navigators
	4.578
	6.256
	0.732
	.464   

	Hippocampal VD
	Exploratory navigators
	-1.143 
	0.895
	-1.277
	.202                       

	Centrum semiovale PVS 
	Exploratory navigators
	0.050 
	0.577
	0.087
	.931                    

	Basal ganglia PVS
	Exploratory navigators
	0.288 
	0.812
	0.355
	.723                        

	WMH 
	Exploratory navigators
	0.360
	1.016
	0.354
	.723

	Intercept
	Insecure navigators
	-0.010 
	0.518 
	-0.019                                                                                  
	.984      

	MTL tau 
	Insecure navigators
	-3.752 
	8.051 
	-0.466      
	.641                    

	EC thickness
	Insecure navigators
	0.529
	5.560
	0.095  
	.924   

	Hippocampal VD
	Insecure navigators
	-0.354
	0.700
	-0.505
	.613                       

	Centrum semiovale PVS
	Insecure navigators
	-0.022
	0.521
	-0.042
	.967                    

	Basal ganglia PVS
	Insecure navigators
	-0.338
	0.714
	-0.473
	.636                        

	WMH
	Insecure navigators
	1.093
	0.861
	1.269
	.205



Supplementary Table 4: Results of the linear regression model investigating the main effects of MTL tau, EC thickness, hippocampal VD, and the interaction between MTL tau and hippocampal VD, as well as the interaction between MTL tau and EC thickness on path deviation MDLC scores.
	
	
	Path deviation MDLC score
	

	Predictors
	Est/β
	95% CI
	p-value 

	(Intercept)
	0.738
	 0.715;  0.760
	< .001

	MTL tau
	-0.131
	-0.605;  0.342
	   .570

	EC thickness
	0.045
	-0.191;  0.280
	   .697

	Hippocampal VD
	-0.040
	-0.081;  0.002
	   .058

	MTL tau x EC thickness
	3.536
	-0.359;  7.431
	   .073

	MTL tau x hippocampal VD
	-0.767
	-1.532; -0.001
	   .050

	Observations
	
	27
	

	R2 / R2 adjusted
	
	0.515 / 0.399 
	

	AIC
	
	-74.605
	



Supplementary Table 5: Results of the linear regression models investigating the effects of PVS in the centrum semiovale on MDLC scores for (a) number of map views and (b) number of orientation stops.
	
	(a) Map views MDLC score
	(b) Orientation stops MDLC score

	Predictors
	Estimate
	95% CI
	p-value 
	Estimate
	95% CI
	p-value 

	(Intercept)
	0.839
	 0.800 ;  0.878
	< .001
	0.622
	0.587 ; 0.657
	< .001

	Centrum semiovale PVS 
	-0.039
	-0.071 ;  -0.006
	   .020
	-0.009
	-0.038 ; 0.020
	.527

	Observations
	
	38
	
	
	38
	

	R2 / R2 adjusted
	
	0.141 / 0.118
	
	
	0.011 / -0.016
	

	AIC
	
	-50.525
	
	
	-58.318
	



Supplementary Table 6: Results of the linear regression models investigating the effects of PVS in the basal ganglia on MDLC scores for (a) number of map views and (b) number of orientation stops.
	
	(a) Map views MDLC score
	(b) Orientation stops MDLC score

	Predictors
	Estimate
	95% CI
	p-value 
	Estimate
	95% CI
	p-value 

	(Intercept)
	0.842
	 0.800 ;  0.884
	< .001
	0.624
	0.590 ; 0.659
	< .001

	Basal ganglia PVS
	-0.003
	-0.044 ;  0.038
	   .886
	-0.024
	-0.057 ; 0.010
	.161   

	Observations
	
	38
	
	
	38
	

	R2 / R2 adjusted
	
	0.001/ -0.027 
	
	
	0.054 / 0.028
	

	AIC
	
	-44.757
	
	
	-59.993
	



Supplementary Table 7: Results of the linear regression models investigating the effects of WMHs on MDLC scores for (a) number of map views and (b) number of orientation stops.
	
	(a) No of map views MDLC score
	(b) No of orientation stops MDLC score

	Predictors
	Estimate
	95% CI
	p-value 
	Estimate
	95% CI
	p-value 

	(Intercept)
	0.839
	0.794 ;  0.884
	< .001
	0.605
	0.571 ; 0.639
	< .001

	WMH
	-0.008
	-0.065 ;  -0.049
	   .779
	-0.063
	-0.106 ; -0.020
	   .005

	Observations
	
	38
	
	
	38
	

	R2 / R2 adjusted
	
	0.002 / -0.026
	
	
	0.198 / 0.176
	

	AIC
	
	-44.819
	
	
	-66.271
	



Supplementary Table 8: Results of the linear models estimating the effects of age, sex, and environmental familiarity on the five digital readouts used as inputs for MDLC and LPA calculation.
	
	 (a) Path deviation
	(b) Wayfinding duration
	(c) Movement speed
	(d) Number of map views
	(e) Number of orientation stops

	
	Est/β
	95% CI
	p
	Est/β
	95% CI
	p
	Est/β
	95% CI
	p
	Est/β
	95% CI
	p
	Est/β
	95% CI
	p

	(Intercept)
	1.219
	1.123; 1.315
	< .001
	228.037
	146.037; 310.037
	< .001 
	1.442
	1.324; 1.559
	< .001 
	3.368
	2.116; 4.620
	< .001 
	3.436
	1.902; 4.969
	< .001

	Age
	0.015
	0.008; 0.022
	< .001
	3.811
	2.508; 5.115
	< .001
	-0.008
	-0.010; 
-0.006
	< .001
	0.005
	-0.015; 0.025
	   .619
	0.067
	0.042; 0.091
	< .001

	Sex (female)
	0.043
	-0.044; 0.130
	   .335
	15.553
	-0.435; 31.540
	   .057
	-0.093
	-0.103;
-0.057
	< .001
	-0.586
	-0.830; -0.342
	< .001
	-0.058
	-0.357; 0.241
	   .702

	Environmental familiarity
	-0.102
	-0.334; 0.123
	   .387
	-5.707
	-48.196; 36.781
	   .792
	-0.092
	-0.159;    -0.037
	   .002
	-2.448
	-3.097; -1.800
	< .001
	-0.810
	-1.605; -0.016
	   .046

	Track*
	
	
	
	113.989
	  -
	< .001
	0.111
	  - 
	< .001	
	0.697
	  - 
	< .001
	1.712
	
	< .001

	Model fit

	R2
	0.008
	0.223
	0.179
	0.052
	0.101


Model equation: digital readout ~ age + sex + environmental familiarity + track. Digital readouts included: (a) path deviation, (b) log-transformed wayfinding duration, (c) movement speed, (d) number of map views, and (e) number of orientation stops. Adjusted R² values are reported for each model (a-e). Significant effects (p < .050) are marked in bold, trends (.050 < p < .100) are highlighted in italics.*Track: Owing to the high number of factor levels (n = 96), individual coefficient estimates, confidence intervals, and p-values for each level are not reported. Instead, the standard deviation of the track coefficients is shown. The associated p-value reflects the main effect of track from an ANOVA, without post hoc comparisons. For the path deviation model, track was excluded as a fixed effect, as this variable is already normalized by path length based on OpenStreetMap optimal wayfinding distance. 
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