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III- Abstract in English 

 

Background: The entorhinal cortex (ERC) has become a center of growing 

interest since the description of ERC neurons especially encoding for spatial 

navigation and spatial memory. In rodents, those cells are particularly found in 

the medial side of the ERC. Studies in humans are limited, in particular there is 

no study clearly identifying the homolog of the rodent medial ERC in humans so 

far.    

Objective: Brodmann areas (BA) 34 and 28 are major components of the ERC 

in humans. The aim of this study was to evaluate whether BA 34 or BA 28 might 

be considered the homolog to the medial ERC in rodents with respect to spatial 

navigation abilities, and to evaluate the role of MRI and FDG-PET in the 

exploration of both regions in relation to spatial orientation in patients with mild 

cognitive impairment (MCI). 

Methods: Patients with MCI from the Alzheimer’s Disease Neuroimaging 

Initiative (ADNI) were included if they had the entire visuospatial (VISSPAT) 

ability scores of the Everyday Cognition (ECog) test as well as high-resolution 

T1-weighted MRI and brain FDG-PET performed within 30 days of the ECog 

test. Grey matter volume and FDG uptake in each of ERC Brodmann areas   

(BA 34 and BA 28) were calculated from MRI and FDG-PET using predefined 

standard masks of BA 34 and BA 28. Regression and multivariate analyses of 

covariance were employed for statistical analyses. 

Results: The eligibility criteria were fulfilled by 379 MCI patients. Amongst all 

studied subdomains assessed by the ECog test, only spatial navigation 

performance, as characterized by the self-reported VISSPAT sum score, was 
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correlated with the integrity of BA 34 (grey matter volume but not FDG uptake). 

None of the ECog subscores was correlated with BA 28 integrity (neither grey 

matter volume nor FDG uptake).  

Conclusion: Impairment of orientation skills and spatial memory in MCI is more 

strongly associated with atrophy of BA 34 compared to BA 28, suggesting that 

BA 34 rather than BA 28 is the human homolog of the rodent medial ERC with 

respect to spatial orientation abilities. Spatial orientation performance was not 

associated with glucose metabolism in BA 34, presumably due to higher 

between-subjects variability of (partial volume-corrected) FDG uptake in BA 34 

used to characterize its glucose metabolism. 

 

   



9 
 

IV- Abstract in German 

 

Hintergrund: Der entorhinale Kortex (ERC) ist seit der Beschreibung von ERC-

Neuronen, die insbesondere für die räumliche Navigation und das räumliche 

Gedächtnis kodieren, von zunehmenden Interesse. Bei Nagetieren befinden 

sich diese Zellen insbesondere im medialen Teil des ERC. Studien am 

Menschen sind begrenzt, insbesondere gibt es bisher keine Studie, die das 

Homolog des medialen ERC von Nagern beim Menschen eindeutig identifiziert. 

Ziel: Die Brodmann-Areale (BA) 34 und 28 sind wesentliche Bestandteile des 

ERC bei Menschen. Das Ziel dieser Studie war es zu testen, ob BA 34 oder   

BA 28 in Bezug auf die räumlichen Navigationsfähigkeiten als Homolog des 

medialen ERC bei Nagetieren angesehen werden können, und die Bedeutung 

der MRT und FDG-PET für die Exploration der beiden Hirnareale bei Patienten 

mit leichter kognitiver Beeinträchtigung zu evaluieren. 

Methoden: Patienten mit leichter kognitiver Beeinträchtigung aus der 

Alzheimer's Disease Neuroimaging Initiative (ADNI) wurden eingeschlossen, 

wenn sie einen vollständigen visuellen (VISSPAT) Fähigkeitsscore des 

Everyday Cognition (ECog)-Tests sowie hochauflösende T1-gewichtete MRT 

und FDG-PET Bilder des Gehirns aufwiesen, die innerhalb von 30 Tagen nach 

dem ECog-Test erstellt wurden. Das Volumen der grauen Substanz und die 

FDG-Aufnahme in BA 34 und BA 28 wurden aus MRT und FDG-PET Bildern 

unter Verwendung vordefinierter Standardmasken von BA 34 und BA 28 

berechnet. Für die statistische Analyse wurden Regressions- und multivariate 

Kovarianzanalysen eingesetzt. 
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Ergebnisse: Die Auswahlkriterien wurden von 379 MCI-Patienten erfüllt. Von 

allen durch den ECog-Test bewerteten Subdomänen korrelierte nur die 

räumliche Navigationsleistung aus dem selbst berichteten VISSPAT-

Summenscore mit der Integrität von BA 34 (Volumen der grauen Hirnsubstanz, 

aber nicht FDG-Aufnahme). Keiner der ECog-Subscores war mit der BA 28-

Integrität korreliert (weder das Volumen der grauen Substanz noch die FDG-

Aufnahme). 

Schlussfolgerung: Die Beeinträchtigung der Orientierungsfähigkeit und des 

räumlichen Gedächtnisses bei MCI ist stärker mit einer Atrophie von BA 34 im 

Vergleich zu BA 28 verbunden, was darauf hindeutet, dass BA 34 und nicht         

BA 28 das menschliche Homolog des medialen ERC von Nagetieren in Bezug 

auf räumliche Navigationsfähigkeiten ist. Die räumliche Navigationsleistung war 

nicht mit dem Glukosestoffwechsel in BA 34 korreliert, vermutlich aufgrund der 

höheren Variabilität der (teilweise volumenkorrigierten) FDG-Aufnahme in BA 

34, die zur Charakterisierung des Glukosestoffwechsels verwendet wurde. 
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V- Cover text 

 

The current doctoral research is a neuroscience project, performed in the 

Department of Nuclear Medicine, Charité – Universitätsmedizin Berlin, and 

based on a specific topic covering the spatial orientation in MCI patients, brain 

morphology, and molecular imaging.   

The region of interest of this work is the Entorhinal cortex (ERC), which has 

been so far less studied than other brain structures of the medial temporal lobe. 

Since the description of its various cells, mainly playing a role in defining and 

organizing the spatial orientation, the ERC has attracted rising scientific interest 

aiming to better understand its morphology and function. Spatial cells were first 

identified and described mainly in the medial ERC in rodents. Later, based on 

single neuron coding and functional MRI (fMRI), evidence of similar findings has 

been reported in humans. Thus there was, to date of designing this study, no 

morphological or metabolic studies exploring the ERC in relation to spatial 

orientation and defining the predictive value of MRI and FDG-PET in everyday 

practice.  
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1. Entorhinal cortex 

The ERC has been recognized as the main brain region defining the spatial 

orientation and navigation skills in rodents and humans. Various cells, firing 

based on computational models and correlated to a specific function in relation 

to spatial navigation, have been described in ERC.  

1.1. Anatomy  

The ERC is located in the medial temporal lobe and corresponds mainly to           

BA 28 (2) (known as “area entorhinalis” or “ventral” ERC (3)) and BA 34 (known 

as “area entorhinalis dorsalis”), and it is described by some authors as the 

“cortico-medial part of the amygdaloid complex”. (4) Brodmann described both 

areas separately since they have distinct properties and connectivities. (5) 

(Figures 1 and 2) 

It has been reported in animals and particularly in rodents, that the medial ERC 

mainly supports the spatial orientation, (6, 7) while the lateral ERC supports the 

temporal orientation, (8) and the olfactory and sensory information. (9, 10) 

ERC plays the role of junction between the hippocampus on the one side, and 

different cortex areas on the other side. Each part of the ERC have projections 

to various hippocampal structures (subiculum, CA3, CA2, CA1 fields, and 

dentate gyrus). (2) 

In rodents, the medial ERC processes spatial information through inputs from 

parahippocampal cortex (PHC), while the lateral ERC gets item-related 

information from perirhinal cortex (PRC). The hippocampus receives cortical 

input from those two major pathways. (11) 



13 
 

In order to bridge the gap in observations and studies between rodents and 

humans, researchers used 7 Tesla fMRI in humans and showed that the ERC is 

functionally divided from front-to-back. The lateral ERC (LEC) in rodents 

corresponds to the anterior-connected ERC in humans and the medial ERC 

(MEC) in rodents corresponds to posterior-connected ERC in humans. (12) In 

humans, similar functional roles of the parahippocampal cortex and perirhinal 

cortex have been described. (13, 14) 

 

 

Figure 1: Location of Brodmann Areas 34 (green) and 28 (yellow) in the medial 

temporal lobe. (From Brodmann’s cytotechtonic map (1909), published by 

Wikipedia, with modification) (15, 16)  
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Figure 2: Brain dissection showing the Entorhinal cortex (ERC) in the medial 

temporal lobe in relation to the hippocampus and adjascent structures. (Own 

picture taken during Neuroanatomy course in LMU – 2019, after the friendly 

authorization from the course supervisors).  

  

Copyright : Asma Hallab – LMU 2019 
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ERC spatial cells in primates:  

For a better overview on the anatomical structures which play a role in the 

spatial orientation, different neurons with a particular spatial orientation 

functionality are described in the following part. Those are, among others: place 

cells, head direction cells, boundary (or border) cells, grid cells, object-encoding 

cells, and object-vector cells.  

1.1.1. Place cells 

Place cells were first described in 1971 by O’Keefe and Dostrovsky in the 

hippocampus of a freely behaving rat. (17) Those cells show a topography-

graded variation in their firing aspects; the signal recorded at the ventral sites of 

the hippocampus tend to have larger fields than at dorsal sites. (18) 

Consequently, they allow the animal recognizing its environment based on 

different scales. (18) Although place cells show correlations between their 

activity and spatial variables, their function is also sensitive to modifications in 

other environmental aspects (exp. odor or color). (19) Such nongeometric 

information help discriminating various subsets in spatial contexts.   

1.1.2. Head direction cells  

Head direction cells were first described in 1990 by Taube and his collaborators 

in the postsubiculum, (20) but were later also recorded in MEC. (7) Various 

following studies have shown that head direction cells are located in different 

cerebral regions, and that their function is based on vestibular, motor and 

proprioceptive information. (21) Each of those cells has a unique preferred 

direction; its firing potential is at his maximum level when the animal is facing in 
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the corresponding specific direction and decreases when the head direction 

changes to the different side. (20)   

 
1.1.3. Grid cells  

Grid Cells (GC) were first described in 2005 by Moser and collaborators (6) in 

the MEC of rodents, but later also in the pre- and parasubiculum. (22) The 

particularity of the GC is the ability of each of firing in multiple fields and the 

tessellation of the environment with a hexagonal grid formation. (23) Three 

properties characterize the GC: scale, orientation, and size (of the field). (6) 

Those three periodic components are of similar wavelength (scale) and oriented 

on 60° intervals; the 60° rotation symmetry of GC is one of their main 

characteristics. (6) Moreover, when the rodent is located in a new environment, 

grids show changes in their structures (which become less regular) and in their 

scales (which expand). As soon as the environment becomes familiar, the grids 

regain their habitual scale and regularity. (24) Further studies showed that GC 

have a definite scale independent from the body size of the rodent. (25)  

1.1.4. Boundary cells  

Boundary cells were described in subiculum, (26) presubiculum and 

parasubiculum (22) and in MEC (27) and might have different properties. 

Stewart and collaborators reported, for example, that “boundary-vector” cells in 

the subiculum respond similarly to different environmental boundaries 

independently of their different properties (drop edges versus walls). (28) Such 

information support the cognitive mapping of the spatial environment.  
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1.1.5. Object-encoding cells 

Object-encoding cells are mainly located in LEC, and they fire when the animal 

reaches a specific known object in a particular location. (29) They mainly 

provide information about a specific component of the spatial environment and 

ensure an object-place memory in interaction with the hippocampus. (11, 29) 

1.1.6. Object-vector cells  

Described in 2019 by Moser and collaborators, object-vector cells are located in 

the superficial layers of MEC and encode, independently from objects’ 

locations, seizes and identities, the distance and direction that separates them. 

Experiments showed a strong interconnection between object-vector cells and 

the network of GC and head direction cells. (30) These cells promote the 

allocentric (individual-independent) orientation in the environment.  

1.1.7. Goal-vector hippocampal cells  

Compared to their entorhinal counterparts, who respond to every single object, 

goal-vector cells in CA1 respond only to specific goals. They ensure a goal-

directed navigation, which promotes the egocentric orientation in the space, and 

are memory-based. (31) Moreover, the hippocampal cells respond to each 

object at a specific location, and they are considerably affected when goals are 

displaced. (30) A training effect of entorhinal cells toward hippocampal cells 

might explain the differences between both entities and the memory-based 

aspect of the latter. (32)  
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1.2. Role of Entorhinal cortex in human subjects  

In previous rodent works, hippocampal, medical temporal cells and medial 

prefrontal cells showed phase-coding related to theta oscillation during 

navigation. In human electrophysiological studies, phase-coding in medial 

temporal neurons appeared to be related to navigational planning and goal 

arrival, too. (33) Combining the results of single-unit electrophysiology and fMRI 

in human subjects, signals indicating the firing of GC were observed in different 

brain regions (exp. Subicular, entorhinal, posterior and medial parietal areas, as 

well as the lateral temporal and medial prefrontal areas). Thus, the strongest 

signal was registered in the right ERC. (34) 

The medial-projected part of ERC contains cells processing the spatial 

navigation such as GC and receives its inputs from PHC. The lateral-projected 

part of ERC contains cells processing objects and receives its inputs from PRC. 

Like already described in animal models, both of those ERC parts integrate 

multimodal spatial and sensory information from the cortex and give outputs to 

the hippocampus. Through its complex processing system, the ERC contributes 

to the generation of spatial memory or a cognitive map in the hippocampal cells. 

(12, 35) 

In addition to natural vestibular and proprioceptive signals, which influence 

navigation in real space, visual information play a central role in the active and 

virtual navigation and modulate GC in ERC in both situations. 

Nadasdy and collaborators reported in human subjects, and in contrary to 

rodents, a more rapid adaptation of GC to environmental entities and structures, 

which suggests an active and instantaneous GC-based spatial encoding in 

humans. The visual inputs might play a more central and efficient role in the 
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orientation and navigation process in humans compared to rodents, which 

proves the complexity of the spatial navigation in humans on one side, but also 

might help explaining the ability of a much more rapid mapping of spatial 

information, on the other side. (36)  

Moreover, recent studies in humans showed that there is a lateralization of 

brain functions in term of spatial orientation and that the right temporo-parietal 

cortex in right-handers is dominant in processing the spatial navigation and in 

the elaboration of the spatial memory. (37) 

Understanding the neural representation and functioning of spatial memory 

might help better understand further cognitive aspects in human subjects, which 

might be based on a grid-like pattern, as well. (38) 

1.3. Alzheimer’s disease and Entorhinal cortex: 

ERC is one of the initial cerebral regions affected by neurodegeneration during 

the Alzheimer’s disease (AD) process. (39) Some studies related its dysfunction 

to an accumulation of plaques, tangles and Tau protein, which leads to a 

reduced synaptic plasticity and progressive cell death and results in spatial 

desorientation and impaired cognition. The impairment of neurons and 

neurotransmitters in the MEC occurs months before memory alteration. (40) 

The hippocampus has attracted much interest during the last 20 years owing to 

its role in memory and as one of the anatomical structures early affected during 

AD. (41, 42) Nevertheless, due to its complexity, ERC has been less explored 

and some recent studies showed that this structure is even earlier affected than 

the hippocampus by the degenerative process related to AD. (43, 44) 
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The extended aging process related to the improvement of health care 

standards led to a rapid growth in dementia’s incidence during the last few 

decades. (45) According to the World Health Organization, AD is the most 

common cause of the dementia syndrome (60-70%) and affects a high 

proportion of the global population, turning it to the center of big scientific 

interest in view of its significant impact on health costs. (46) Subjects with mild 

cognitive impairment (MCI), a lower form of cognitive decline than dementia, are 

at risk of developing AD. (47) The definition and markers of MCI have been 

evolving constantly and are attracting widespread attention. In this context, 

Alzheimer’s Disease Neuroimaging Initiative (ADNI), a non-randomized 

longitudinal observational study, was launched in 2004 and aims to understand 

the process of brain aging and evolution from MCI to AD. Enrolled subjects are 

mainly from the USA and Canada, and they are either of normal cognition, MCI, 

or early AD individuals. (48) Due to the absence of a curative treatment for 

neurodegeneration leading to dementia, there is a growing interest to identify 

early clinical and radiological markers predicting prodromal stages of cognitive 

decline and in proposing early interventions to slow down the progression to 

dementia.  
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2. Aims 

The approach used in this work aimed to investigate ADNI-results based on 

volumetric brain analyses through structural magnetic resonance imaging 

(MRI), on one side, and evaluation of glucose metabolism based on positron 

emission tomography (PET), on the other side. The 18F-fluoro-deoxy-glucose 

(FDG), a glucose analog, was used as marker for neuronal activity. The purpose 

of this study was to analyze MCI patients with and without impairment of spatial 

orientation and to evaluate whether there are any structural and metabolic 

changes corresponding to ERC which could potentially highlight its role in 

spatial orientation and navigation during MCI. 

The current study aimed to test the following hypotheses: first, whether spatial 

navigation performance and spatial memory, as suggested by the visuospatial 

domain of everyday cognition test (VISSPAT), are specifically correlated with 

the grey matter volume (GMV) in BA 34 (rather than in BA 28). Second; whether 

partial volume corrected FDG uptake (FDGu), specifically in BA 34, could be a 

significant predictor for spatial navigation performance and spatial memory in 

MCI patients independently of GMV. (1) 
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3. Note 

In this publication-based dissertation the same database and consequently the 

same included MCI-patients, as reported in the manuscript, (1) were included. 

This led to similarities in some parts of the dissertation with the published 

manuscript. For example, the description of the selection strategy in the results 

part, which is, in this dissertation, better highlighted using a chart flow. The 

methods used to gain the neuroimaging data were also previously described in 

the manuscript. (1) 

In order to extend the methods used in the exploration of the study aims, I am 

reporting here supplementary data and statistic strategies, which makes the 

dissertation broader and complementary to the manuscript. For example, the 

description of the included population is more detailed in the following results 

part. Additionally, to further evaluate the findings based on self-reported 

VISSPAT tests, I compared them with findings based on study partner-reported 

(SP-VISSPAT) results in relation to the regions of interest (BA 34 and BA 28) 

and using both neuroimaging methods. Further, I compared other aspects from 

ECog test, such as language and memory, with the findings of the visuospatial 

orientation (VISSPAT), also in relation to the regions of interest (BA 34 and BA 

28) based on both neuroimaging methods.  

Differently from the manuscript, where “dichotomized” VISSPAT sum score was 

used for the multivariate analysis, (1) here I used the “continuous” value of 

VISSPAT sum score for the multivariate and univariate analyses in all its steps, 

independently from the cut-off value, that was used in the manuscript in order to 

define the navigation performance (“impaired” vs. “preserved”). Moreover, I 
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compared the multivariate and univariate analyses of “continuous” VISSPAT 

with those of “continuous” SP-VISSPAT sum score.   
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4. Methods  

Some parts of the subsequent methods and strategies have been published in 

the manuscript. (1) 

4.1. Population: ADNI Study 

ADNI is a non-randomized longitudinal natural history study. Participants have 

been mainly enrolled in 63 sites in the USA and Canada. The overall aim of the 

ADNI study was to validate specific biomarkers (biological parameters, MRI, 

PET, clinical and neuropsychiatric assessments) in order to evaluate the risk of 

progression from MCI to AD and for use in clinical trials related to AD’s 

treatment. ADNI, led by Michael W. Weiner, MD (principal investigator), has 

been running since 2004 and was initially funded until 2021. To date over 2000 

scientific publications have been shared based on ADNI data, which is available 

embargo-free to researchers worldwide. There are currently 4 phases in ADNI 

studies: ADNI 1, ADNI Go, ADNI 2, and ADNI 3. In each phase, more 

participants have been enrolled, and more developed investigations have been 

used. (48) 

Following details about the study population were reported from the main 

website of ADNI (http://adni.loni.usc.edu/): (48) 

ADNI enrolled participants between the ages of 55 and 90 years. After informed 

consent, participants are monitored regularly through neuropsychological tests 

over the next consecutive years. Inclusion criteria were: non-pathological 

scores in the geriatric depression scale test, available partner with a regular 

contact with the study participant, adequate visual and auditory aptitude, good 
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general health, motivation for taking the tests and for undergoing the 

neuroimaging investigations, fluency in English or Spanish, and the participant 

must have accomplished six grades of education or have a good work history 

(in order to exclude mental retardation). Exclusion criteria were mainly: 

evidence of infection or cerebro-vascular disease at MRI, contra-indications for 

undergoing MRI or FDG-PET scanning, a major-depression episode or a 

positive history of other psychiatric disorders or alcohol abuse, unstable medical 

conditions, or abnormalities in Vitamin B12 and Folate or their correlated 

markers’ levels, and psychoactive medication. (48) 

Inclusion criteria for MCI in ADNI study  

In order to be diagnosed with MCI, participants should present a subjective 

memory concern. This might be reported by the participant itself, his partner, or 

the clinician. Furthermore, the MMSE score should be between 24 and 30. The 

Clinical Demential Rating must be at least 0,5. Impaired memory function 

should be also documented by scoring within the education adjusted ranges on 

the Logical Memory II subscale (Delayed Paragraph Recall, Paragraph A only) 

from the Wechsler Memory Scale, revised. AD should be excluded by proving 

that the general cognition and functional performance are sufficient. Finally, the 

permitted medication should be stable for the last four weeks. (48) 
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MCI patients 

For the purpose of the actual study, the baseline data of 458 ADNI MCI subjects 

with the visuospatial domain of ECog, MRI (MPRAGE), and cerebral FDG-PET 

was downloaded from ADNI repository (http://adni.loni.usc.edu/). (48) The 

baseline population, as also reported in the manuscript, had a mean age of 

71.70±7.40 years and females represented 45.2% of the sample. The APOE4 

profile was positive in 47.8% of cases. (1) 

4.2. Cognitive assessment: Everyday cognition  

ECog is a measure of cognitively-relevant everyday abilities; it could either be 

reported by the patient itself (self-reported) or by a second person who has a 

close contact with the patient (study-partner). It is composed of 39 different 

items and covers six cognitively-relevant domains: “Everyday Memory, 

Everyday Language, Everyday Visuospatial Abilities, and Everyday Planning, 

Everyday Organization, and Everyday Divided Attention”. (49) 

The rating is based on a 4-point scale and scores aim for each item to evaluate 

the current level of daily functioning in contrast with the functioning ability 10 

years earlier:  

“1 = better or no change compared to 10 years earlier”,  

“2 = questionable/occasionally worse”,  

“3 = consistently a little worse”,  

“4 = consistently much worse”.  
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4.2.1. Everyday visuospatial abilities: Self-reported 

In the present study, spatial orientation performance was evaluated by a 

VISSPAT sum score obtained through summation of the seven subscores, then 

subtracting seven: “following a map to find a new location” (VISSPAT 1), 

“reading a map and helping with directions when someone else is driving” 

(VISSPAT 2), “finding my car in a parking lot” (VISSPAT 3), “finding my way 

back to a meeting spot in the mall or other location” (VISSPAT 4), “finding my 

way around a familiar neighborhood” (VISSPAT 6), “finding my way around a 

familiar store” (VISSPAT 7), and “finding my way around a house visited many 

times” (VISSPAT 8). In the current investigation, VISSPAT 5, a duplicate score, 

was omitted. The VISSPAT sum score was detailed in the manuscript and 

ranged between 0 and 21 (0: “intact”, 21: “severely impaired”). (1) 

4.2.2. Everyday visuospatial abilities: Reported by study partner  

In order to compare findings related to spatial navigation reported by patients 

themselves and those reported by their partners, I followed the same strategy 

with the same subscores collected from the study partners: “following a map to 

find a new location” (SP-VISSPAT 1), “reading a map and helping with 

directions when someone else is driving” (SP-VISSPAT 2), “finding my car in a 

parking lot” (SP-VISSPAT 3), “finding my way back to a meeting spot in the mall 

or other location” (SP-VISSPAT 4), “finding my way around a familiar 

neighborhood” (SP-VISSPAT 6), “finding my way around a familiar store” (SP-

VISSPAT 7), and “finding my way around a house visited many times” (SP-

VISSPAT 8). In the current investigation, SP-VISSPAT 5 was omitted for the 

same previous reason. For this strategy, I omitted, at a second stage, SP-
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VISSPAT 1 and SP-VISSPAT 2 because they are mainly based on language 

and communication, in order to avoid the bias presented by those subscores. 

The SP-VISSPAT (3-8) sum score ranged between 0 and 15 (0: “intact”, 15: 

“severely impaired”). At this stage, in order to compare data, I followed the 

same strategy to calculate VISSPAT (3-8) sum score.  

4.2.3. Everyday memory: Self-reported  

I followed the same strategy with the ECog domain related to memory and 

obtained a MEMORY sum score by adding the following eight subscores then 

subtracting eight: “remembering a few shopping items without a list” (MEMORY 

1), “remembering things that happened recently” (MEMORY 2), “recalling 

conversations a few days later” (MEMORY 3), “remembering where I have 

placed objects” (MEMORY 4), “repeating stories and/or questions” (MEMORY 

5), “remembering the current date or day of the week” (MEMORY 6), 

“remembering I have told someone something” (MEMORY 7), and 

“remembering appointments, meetings, or engagements” (MEMORY 8). 

Patients with at least a single score of 9 (who gave no answer to at least one 

question) were dropped out. The MEMORY sum score ranged between 0 and 

24 (0: “intact”, 24: “severely impaired”). 

4.2.4. Everyday language: Self-reported  

Further, I followed the same strategy with the ECog domain related to language 

and obtained a LANGUAGE sum score through adding the following nine 

subscores then subtracting nine: “forgetting the names of objects” (LANG 1), 

“verbally giving instructions to others” (LANG 2), “finding the right words to use 
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in conversations” (LANG 3), “communicating thoughts in a conversation” (LANG 

4), “following a story in a book or TV” (LANG 5), “understanding the point of 

what other people are trying to say” (LANG 6), “remembering the meaning of 

common words” (LANG 7), “describing a program I have watched on TV” 

(LANG 8), “understanding spoken directions or instructions” (LANG 9). Patients 

with at least a single score of 9 (who gave no answer to at least one question) 

were dropped out. The LANGUAGE sum score ranged between 0 and 27 (0: 

“intact”, 27: “severely impaired”). 

Cases with no longer than 30 days-delay separating the molecular imaging 

(FDG-PET) and the neuropsychological testing (ECog) were included in the 

current study. For longer delays between both investigations, patients were 

considered non-eligible and were excluded. (1)   

4.3. BA 34 and BA 28 FDG uptake  

Following steps of glucose metabolism measurement based on FDGu in both 

BA regions were also described in the manuscript. (1) 

Owing to the multicentricity of ADNI and the various protocols followed for the 

PET scan acquisition, some differences were reported in the methods used. In 

fact, the acquisition started thirty minutes after injection, but data was acquired 

either as a single static scan of thirty minutes span, or as thirty-three frames of 

one minute span, or as six frames of five minutes span. The reconstruction of 

the images was performed with a local software. Yet, in order to harmonize the 

data quality from different sources, settings were unified. (1) Different PET 

procedure manuals could be downloaded from the following ADNI address: 
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https://adni.loni.usc.edu/wp-content/uploads/2010/09/PET-

Tech_Procedures_Manual_v9.5.pdf. 

For the originality of the data, images were downloaded in following formats (“as 

archived”, “ECAT”, “Interfile”, or “DICOM”), and were converted to “Nifti file 

format”. Therefore, “SPM8” was applied for “ECAT” and “DICOM” files, while 

“ImageConverter” (v. 1.1.5) was used for “Interfile” files. (1) 

In case of a “dynamic” acquisition of the PET scan, SPM8-Realign-Tool was 

applied in order to detect the interframe motion. The initial frame was 

considered the “reference”. By trailing then inside the cerebral area five different 

references, the estimation of the degree of motion of the following frames in 

relation to the initial one was possible. (50) A motion degree over 4 mm led to 

the elimination of the corresponding frame. (51) After aggregating all remaining 

frames, a motion-free PET image was achieved. (50) The coregistration of MRI 

and PET images was performed by SPM8. (1)    

 “FDG uptake” values reported in this current study, referrer permanently to 

“mean PVE-corrected FDG uptake scaled to mean non-PVE-corrected FDG 

uptake in the pons”, with PVE referring to partial volume effect. (1) This MRI-

dependent PVE adjustment, was obtained referring to the Müller-Gärtner 

technic as integrated in the SPM toolbox (“PETPVE12”). (52) Average PVE-

corrected BA 34 and BA 28 FDGu were scaled to the average of non-PVE-

adjusted FDGu of pons-area. (53) That led to the exclusion of cases, where the 

PET scans did not include axially the pons in its totality. (1) 
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4.4. BA 34 and BA 28 Grey matter volumes  

Following steps of measurement of GMV in both BA regions were described in 

the manuscript. (1) 

For the identification of the region of interests needed for this study and based 

specifically on the Brodmann areas, the Pickatlas-tool from the Wake Forest 

University School of Medicine (53, 54) was used. Both regions, BA 34 and           

BA 28, presented binary masks bilaterally and were predetermined in the 

anatomical space of Montreal Neurological Institute (MNI). (1) 

In order to obtain personalized and definite maps of probability corresponding to 

cerebrospinal fluid, GMV, and white matter volume, a method based on a 

unified segmentation was followed to perform the segmentation of MRI data of 

included patients. (54) This technic is integrated in the statistical parametric 

mapping software package - SPM12 (Wellcome trust center for neuroimaging, 

London, UK). With the exception that the graphical material had to be converted 

to a 2mm-sample, all other settings were kept unchanged. (55) Then, the BA 34 

and BA 28 binary masks were converted into specific patient space, as 

suggested by the unified segmentation. (1) 

BA 34 and BA 28 GMV were calculated as following: first, a voxel-based 

multiplication of the transformed BA mask with the grey matter probability map, 

as suggested by the SPM segmentation, was performed. Then, all voxel values 

were summed. Finally, the sum was multiplied by the single-voxel volume. In 

this procedure, no threshold for a grey matter probability was implemented. (1) 
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4.5. Statistical analyses 

Mean values of BA 34 GMV, BA 34 FDGu, BA 28 GMV, and BA 28 FDGu were 

measured. Same as in the manuscript, cases were considered “outliers” if they 

presented a value exceeding three standard deviations from the corresponding 

mean. For a higher specificity of the data, those cases were then removed. 

Moreover, to suppress the risk of an over-corrected PVE, a difference superior 

to three standard deviations in the mean FDGu between both cases (PVE 

correction vs. no PVE correction), either in BA 34 or BA 28, was an exclusion 

criteria. (1) For a broader and detailed description of the neuroimaging findings 

based on each VISSPAT subscore and value, I performed a comparison of 

means using t-test and visualized those using Box-Plots. The method used to 

calculate the cut-off value of the spatial navigation performance based on 

VISSPAT sum score was detailed in the manuscript. (1)  

In order to compare the VISSPAT sum score-based data published in the 

manuscript (1) with non-published study partner-reported data of the same 

included population, I calculated and visualized using bar graphs the repartition 

of “continuous” SP-VISSPAT sum score, “continuous” SP-VISSAT (3-8) sum 

score, and “continuous” VISSPAT (3-8), as previously described. Moreover, I 

additionally reported and visualized here the repartition of self-reported 

MEMORY-, and LANGUAGE sum scores.  

At a first step, I evaluated each of the additional sum score as fixed variable 

using linear regression. The predictor variables were the same as in the 

manuscript and will be detailed at each stage of the analysis. (1) For the same 

reason as in the manuscript, (1) sex was not included as covariable in this work, 
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neither, even though it is considered a demographic skill which might interfere 

with the spatial orientation. (56) 

For the comparability of the data, regression analysis followed, here too, two 

strategies. First, all predictors were inserted in the evaluation, then a stepwise 

withdrawal (entry p=0.050, removal p=0.075) was evaluated. (1) 

At a further step, I performed a multivariate (MANOVA) and univariate (ANOVA) 

analyses of variance, based on the “continuous” VISSPAT sum score (in 

contrary to the manuscript, where “dichotomized” VISSPAT sum score based 

on the cutoff value was applied). (1) Details about variables will be presented at 

each stages. Additionally, I performed the same analyses based on the 

“continuous” SP-VISSPAT sum score in relation to BA 34 GMV and FDGu.    

Adjusted R2 was already defined in the manuscript, and is “the proportion of the 

variance of the dependent variable that was explained by the model to 

characterize effect size”. Changes in adjusted R2 characterized the “effect size 

of the contribution of individual predictor variables”. (1)  

Differently from the manuscript, where the statistical analyses were performed 

using SPSS, (1) here I used STATA 15 for all statistical analyses and 

generation of graphics.  
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5. Results  
 
5.1. Included cases 

The strategy used to include cases was already reported in the published 

manuscript, and is reported here, too, for a clearer overview. (1) Among the 458 

patients, 17.20% met one or more exclusion criteria. None of the patients 

presented with a FDG-PET imaging missing the complete coverage of the pons.   

VISSPAT subscores were incompletely collected in 7.00% of cases, while a 

considerable delay of more than 30 days between the date of PET scan and 

neuropsychological testing of ECog was found in 7.20% of cases. (1) 

Based on the definition of outliers previously detailed, 3.10% and 3.30% of 

cases were considered outliers based on their neuroimaging findings in BA 28 

and BA 34, respectively. (1)  

Following this strategy, 379 ADNI participants were eligible for our study.       

(Figure 3). 

 

Figure 3: Flow chart of the study 
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5.2. Age at PET 

The mean age of participants included in this study was 71.50±7.40 years, (1) 

and it ranged between 55 and 91 years (figure 4). Only one patient aged over 

90 (0.26%), 49 aged between 80 and 89 (12.93%), 169 aged between 70 and 

79 (44.59%), 138 aged between 60 and 69 (36.41%), and 22 were strictly under 

the age of 60 (5.80%). 

 

 

 
Figure 4: Age repartition in included MCI study patients. 
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5.3. Sex 

Females represented 43% of our population, while 57% were males (figure 5). 

(1)  

 
Figure 5: Sex repartition in MCI study patients.  

 

The mean age was 70.40±7.87 in the female group; and 72.38±6.84 in the male 

group (figure 6). There was a significant difference in between groups, with 

males being significantly older than females (p=0.009). 

 
Figure 6: Age repartition according to sex groups. 
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5.4. APOE4 profile 

In 48.30% of cases, the APOE4 profile was positive; while 51.06% had a 

negative APOE4 profile. (1) The repartition based on the number of APOE4 

alleles is shown in figure 7.  

 

 

 

 

 
Figure 7: Repartition of APOE4 alleles in MCI study patients.  
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5.5. Educational level  

Included patients had an average of 16.30±2.60 years of education. (1) The 

educational level ranged between 10 and 20 years (figure 8).  

 
Figure 8: Repartition of educational level (years) in MCI study patients. 

 

5.6. ADAS13 score at baseline  

The average ADAS13 score of included cases was 14.80±6.70, and ranged 

between two and thirty-eight (figure 9). (1) 

 
Figure 9: Repartition of ADAS13 scores at baseline in MCI study patients. 
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5.7. Visuospatial domain of ECog (VISSPAT): Self-reported 

5.7.1. VISSPAT 1: “Following a map to find a new location”  

VISSPAT1 score was equal to one in 63.59%, two in 23.75%, three in 9.50% 

and four in 3.17% of cases (figure 10). There was no significant difference 

neither in BA 34 GMV (p=0.06) or BA 28 GMV (p=0.08), nor in BA 34 FDGu 

(p=0.57) or BA 28 FDGu (p=0.65) between patients with preserved spatial 

orientation (VISSPAT 1 = 1) on one side, and impaired spatial orientation 

(VISSPAT 1 > 1) on the other side based on VISSPAT 1 score (figure 11).   

 

 
Figure 10: Repartition of VISSPAT 1 scores between MCI study patients. 
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Figure 11: Box plots of repartition of BA 34  FDG uptake and grey matter volume (blue) and BA 28 FDG uptake and grey matter 

volume (red) based on different VISSPAT 1 subscores (1, 2, 3, and 4) and VISSPAT 1 subgroups (impaired vs. preserved). 

40 
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5.7.2. VISSPAT 2: “Reading a map and helping with directions 

when someone else is driving” 

VISSPAT 2 score was equal to one in 69.66%, two in 17.15%, three in 8.44% 

and four in 4.75% of cases (figure 12). There was no significant difference 

neither in BA 34 GMV (p=0.13) or BA 28 GMV (p=0.37) nor in BA 34 FDGu 

(p=0.23) or BA 28 FDGu (p=0.20) between patients with preserved spatial 

orientation (VISSPAT 2 = 1) on one side and impaired spatial orientation 

(VISSPAT 2 > 1) on the other side based on VISSPAT 2 score (figure13).   

 

 
Figure 12: Repartition of VISSPAT 2 scores between MCI study patients. 
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Figure 13: Box plots of repartition of BA 34 FDG uptake and grey matter volume (blue) and BA 28 FDG uptake and grey matter 

volume (red) based on different VISSPAT 2 subscores (1, 2, 3, and 4) and VISSPAT 2 subgroups (impaired vs. preserved). 
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5.7.3. VISSPAT 3: “Finding my car in a parking lot”  

VISSPAT 3 score was equal to one in 48.28%, two in 35.36%, three in 13.46% 

and four in 2.90% of cases (figure 14). There was no significant difference 

neither in BA 34 GMV (p=0.90) or BA 28 GMV (p=0.81) nor in BA 34 FDGu 

(p=0.53) or BA 28 FDGu (p=0.29) between patients with preserved spatial 

orientation (VISSPAT 3 = 1) on one side and impaired spatial orientation 

(VISSPAT 3 > 1) on the other side based on VISSPAT 3 score (figure 15).   

 

 
Figure 14: Repartition of VISSPAT 3 scores between MCI study patients. 
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Figure 15: Box plots of repartition of BA 34 FDG uptake and grey matter volume (blue) and BA 28 FDG uptake and grey matter 

volume (red) based on different VISSPAT 3 subscores (1, 2, 3, and 4) and VISSPAT 3 subgroups (impaired vs. preserved). 
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5.7.4. VISSPAT 4: “Finding my way back to a meeting spot in 

the mall or other location”  

VISSPAT4 score was equal to one in 58.05%, two in 27.44%, three in 11.87% 

and four in 2.64% of cases (figure 16). There was no significant difference 

neither in BA 34 GMV (p= 0.15) or BA 28 GMV (p= 0.10) nor in BA 34 FDGu 

(p=0.11) or BA 28 FDGu (p= 0.33) between patients with preserved spatial 

orientation (VISSPAT 4 = 1) on one side and patients with impaired spatial 

orientation (VISSPAT 4 > 1) on the other side based on VISSPAT 4 score 

(figure 17).   

 

 
Figure 16: Repartition of VISSPAT 4 scores between MCI study patients. 
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Figure 17: Box plots of repartition of BA 34 FDG uptake and grey matter volume (blue) and BA 28 FDG uptake and grey matter 

volume (red) based on different VISSPAT 4 subscores (1, 2, 3, and 4) and VISSPAT 4 subgroups (impaired vs. preserved).
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5.7.5. VISSPAT 6: “Finding my way around a familiar 

neighborhood” 

VISSPAT 6 score was equal to one in 79.16%, two in 15.30%, three in 5.01% 

and four in 0.53% of cases (figure 18). The BA 34 GMV was significantly higher 

in patients with preserved spatial orientation than in those with impaired spatial 

orientation (p=0.03, mean=0.89±0.17 vs. 0.85±0.14, respectively) in this sub-

domain. There was no significant difference neither in BA 28 GMV (p= 0.20) nor 

in BA 34 FDGu (p= 0.55) or BA 28 FDGu (p=0.40) between patients with 

preserved spatial orientation (VISSPAT 6 = 1) on one side and impaired spatial 

orientation (VISSPAT 6 > 1) on the other side based on VISSPAT 6 score     

(figure 19).   

 

 
Figure 18: Repartition of VISSPAT 6 scores between MCI study patients. 
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Figure 19: Box plots of repartition of BA 34 FDG uptake and grey matter volume (blue) and BA 28 FDG uptake and grey matter 

volume (red) based on different VISSPAT 6 subscores (1, 2, 3, and 4) and VISSPAT 6 subgroups (impaired vs. preserved). 
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5.7.6. VISSPAT 7: “Finding my way around a familiar store”  

VISSPAT 7 score was equal to one in 76.78%, two in 16.89%, three in 5.80% 

and four in 0.53% of cases (figure 20). The BA 34 GMV was significantly higher 

in patients with preserved spatial orientation than those with impaired spatial 

orientation (p=0.05, mean=0.89±0.17 vs. 0.86±0.14, respectively) in this sub-

domain. There was no significant difference neither in BA 28 GMV (p=0.30) nor 

in BA 34 FDGu (p=0.87) or BA 28 FDGu (p=0.77) between patients with 

preserved spatial orientation (VISSPAT 7 = 1) on one side and impaired spatial 

orientation (VISSPAT 7 > 1) on the other side based on VISSPAT 7 score     

(figure 21).   

 
Figure 20: Repartition of VISSPAT 7 scores between MCI study patients. 
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Figure 21: Box plots of repartition of BA 34 FDG uptake or grey matter volume (blue) and BA 28 FDG uptake and grey matter 
volume (red) based on different VISSPAT 7 subscores (1, 2, 3, and 4) and VISSPAT 7 subgroups (impaired vs. preserved).
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5.7.7. VISSPAT 8: “Finding my way around a house visited 

many times” 

VISSPAT 8 score was equal to one in 86.02%, two in 10.55%, three in 3.17% 

and four in 0.26% of cases (figure 22). The BA 34 GMV was significantly higher 

in patients with preserved spatial orientation than those with impaired spatial 

orientation (p=0.01, mean=0.89±0.16 vs. 0.84±0.16, respectively) in this sub-

domain. The same observation was retained regarding BA 28 (p=0.04, 

mean=1.09±0.18 vs. 1.03±0.2). There was no significant difference in BA 34 

FDGu (p=0.74) or BA 28 FDGu (p=0.34) between patients with preserved 

spatial orientation (VISSPAT 8 = 1) on one side and impaired spatial orientation 

(VISSPAT 8 > 1) on the other side based on VISSPAT 8 score (figure 23).   

 

 
Figure 22: Repartition of VISSPAT 8 scores between MCI study patients. 
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Figure 23: Box plots of repartition of BA 34 FDG uptake and grey matter volume (blue) and BA 28 FDG uptake and grey matter 
volume (red) based on different VISSPAT 8 subscores (1, 2, 3, and 4) and VISSPAT 8 subgroups (impaired vs. preserved). 
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5.8. BA 34 Grey matter volume 

The mean BA 34 GMV in patients with preserved spatial orientation based on 

the VISSPAT sum score’s cut-off value was 0.90±0.17 and ranged from 0.46 to 

1.38, while in patients with altered spatial orientation, based on the same 

reference value, it was lower with a mean of 0.87±0.15 and ranged from 0.49 to 

1.26    (figure 24). The difference between the two groups was statistically not 

significant (p=0.07).  

 

 
Figure 24: Repartition of BA 34 Grey matter volume based on age (years) in 

MCI study patients with preserved and impaired spatial orientation.  
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5.9. BA 34 FDG uptake 

The mean BA 34 FDGu in patients with preserved spatial orientation based on 

the VISSPAT sum score’s cut-off value was 1.10±0.13 and ranged from 0.70 to 

1.45, while in patients with altered spatial orientation, based on the same 

reference value, it was almost identical with a mean of 1.11±0.13 and ranged 

from 0.80 to 1.53 (figure 25). The difference between the two groups was 

statistically not significant (p=0.67).  

 

 
Figure 25: Repartition of BA 34 FDG uptake based on age (years) in MCI study 

patients with preserved and impaired spatial orientation.  
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5.10. BA 28 Grey matter volume 

The mean BA 28 GMV in patients with preserved spatial orientation based on 

the VISSPAT sum score’s cut-off value was 1.09±0.20 and ranged from 0.57 to 

1.57, while in patients with altered spatial orientation, based on the same 

reference value, it was lower with a mean of 1.06±0.17 and ranged from 0.51 to 

1.41 (figure 26). The difference between the two groups was statistically not 

significant (p=0.15).  

 

 
Figure 26: Repartition of BA 28 Grey matter volume based on age (years) in 

MCI study patients with preserved and impaired spatial orientation.  
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5.11. BA 28 FDG uptake 

The mean BA 28 FDGu in patients with preserved spatial orientation based on 

the VISSPAT sum score’s cut-off value was 1.10±0.14 and ranged from 0.60 to 

1.38, while in patients with altered spatial orientation, based on the same 

reference value, it was identical with a mean of 1.10±0.13 and ranged from 0.71 

to 1.47 (figure 27). The difference between the two groups was statistically not 

significant (p=0.588).  

 

 
Figure 27: Repartition of BA 28 FDG uptake based on age (years) in MCI study 

patients with preserved and impaired spatial orientation.  
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5.12. SP-VISSPAT sum score 

Adding all SP-VISSPAT subscores per patient then subtracting seven allowed 

obtaining a SP-VISSPAT sum score per patient. Figure 28 represents the 

distribution of the SP-VISSPAT sum score among included patients. The score 

ranged from zero to twenty and the median value of the SP-VISSPAT sum 

score was one.  

 
Figure 28: SP-VISSPAT sum score distribution in MCI study patients. 

 

In a further step, and to avoid interference with language and communication 

abilities of patients toward their partners, SP-VISSPAT (3-8) sum score was 

calculated by adding SP-VISSPAT subscores three to eight for each patient, 

then subtracting five. Figure 29 represents the distribution of the SP-VISSPAT   

(3-8) sum score among included patients. The SP-VISSPAT (3-8) sum score 

ranged from zero to fourteen and the median value was zero.  
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Figure 29: SP-VISSPAT (3-8) sum score distribution in MCI study patients. 

 
 

In order to compare the study partner-reported with the self-reported results, the 

same procedure was followed for VISSPAT (3-8) sum score (figure 30).  

 
Figure 30: VISSPAT (3-8) sum score distribution in MCI study patients. 
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5.13. Regression analysis with SP-VISSPAT sum score 

The linear regression of the “continuous” SP-VISSPAT sum score in the total 

sample of MCI patients showed no significant contribution of the predictor 

variables. The stepwise regression left ADAS13 score (p=0.000). The same 

observation was obtained with SP-VISSPAT (3-8) sum score. While, similarly to 

the results published in the manuscript based on the full VISSPAT sum score, 

(1) VISSPAT (3-8) sum score revealed, here also, a significant model (F=2.51, 

p=0.011, Adjusted R2=0.031). The stepwise regression based on VISSPAT (3-

8) sum score left BA 34 GMV (p=0.014, β=-0.149), age at PET (p=0.025, β=-

0.129) and ADAS13 score (p=0.011, β=0.142) (table1).  
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Table 1: Regression analysis based on the “continuous” SP-VISSPAT sum score, SP-VISSPAT (3-8) sum score, and VISSPAT          
(3-8) sum score of included MCI patients. All predictor variables were entered in the model. (p: significance, β standardized 
regression coefficient). 

 

SP-VISSPAT sum score SP-VISSPAT (3-8) sum score VISSPAT (3-8) sum score 

Linear regression 
analysis 

Stepwise 
regression analysis 

Linear regression 
analysis 

Stepwise 
regression analysis 

Linear regression 
analysis 

Stepwise 
regression analysis 

F=4.21 
p=0.0001 

Adjusted R2= 0.078 

F=30.33 
p=0.0000 

Adjusted R2=0.088 

F=3.63 
p=0.0005 

Adjusted R2=0.059 

F=24.59 
p=0.000 

Adjusted R2=0.066 

F=2.51 
p=0.011 

Adjusted R2=0.031 

F=5.93 
p=0.000 

Adjusted R2=0.038 
p β p β p β p β p β p β 

BA 28 FDG 
uptake 0.633 -0.045 n  n  0.700 -0.035 n  n  0.245 0.099 n  n  

BA 28 Grey 
matter volume 0.382 -0.095 n  n  0.238 -0.125 n  n  0.631 0.049 n  n  

BA 34 FDG 
uptake 0.877 0.013 n  n  0.988 -0.001 n  n  0.615 -0.038 n  n  

BA 34 Grey 
matter volume 0.458 0.079 n  n  0.381 0.091 n  n  0.033 -0.213 0.014 -0.149 

Age at PET 0.232 0.076 n  n  0.280 0.067 n  n  0.034 -0.126 0.025 -0.129 

Educational 
level (years) 0.860 0.010 n  n  0.830 -0.012 n  n  0.814 0.012 n  n  

ADAS13 score 0.000 0.251 0.000 n  0.001 0.209 0.000 n  0.005 0.164 0.011 0.142 

APOE4 profile 
(binary) 0.474 0.041 n  n  0.471 0.039 n  n  0.790 -0.014 n  n  

602  
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5.14. MEMORY sum score 

Patients who have not answered on all questions of MEMORY domain of ECog 

were 17 (n=3 for MEMORY 1; n=2 for MEMORY 3; n=9 for MEMORY 5; n=2 for 

MEMORY 7; and n=1 for MEMORY 8). Only 362 patients had complete 

MEMORY scores in all subdomains (figure 31). Adding all MEMORY subscores 

pro patient then subtracting eight allowed obtaining the MEMORY sum score for 

each patient. The scores ranged from zero to twenty-four, and the median was 

ten (figure 32).  

 

 
Figure 32: MEMORY sum score distribution in MCI study patients. 
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Figure 31: Patients’ scores based on each MEMORY subdomain. 
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5.15. Regression analysis with MEMORY sum score 

The linear regression of the “continuous” MEMORY sum score in the relevant 

sample of MCI patients showed a significant contribution of age at PET 

(p=0.012, β=-0.152) and ADAS13 score (p=0.005, β=0.168), but not the 

remaining predictor variables. The stepwise regression left also age at PET 

(p=0.022) and ADAS13 score (p=0.000) (table 2).  

 

Table 2: Regression analysis based on the “continuous” MEMORY sum score 
of included MCI patients. All predictor variables were entered in the model.                
(p: significance, β standardized regression coefficient). 

MEMORY sum score 

Linear regression 
analysis 

Stepwise 
regression 

analysis 
F=  2.26 
p= 0.023 

Adjusted R2=0.027 

F= 7.46 
p= 0.0007 

Adjusted R2= 0.035 
p β p 

BA 28 FDG uptake 0.921 .009 n  

BA 28 Grey matter volume 0.485 .073 n  

BA 34 FDG uptake 0.654 -.035 n  

BA 34 Grey matter volume 0.150 -.148 n  

Age at PET 0.012 -.152 0.022 

Educational level (years) 0.947 .004 n  

ADAS13 score 0.005 .168 0.000 

APOE4 profile (binary) 0.654 .024 n  
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5.16. LANGUAGE sum score 

Patients who have not answered on all questions of LANGUAGE domain of 

ECog were 12 (n=3 for LANGUAGE 2; n=2 for LANGUAGE 3; n=1 for 

LANGUAGE 4; n=3 for LANGUAGE 5; n=1 for LANGUAGE 6; n=1 for 

LANGUAGE 7; and n=1 for LANGUAGE 8). 

Only 367 patients had complete LANGUAGE scores in all subdomains           

(figure 33). Adding all LANGUAGE subscores pro patient then subtracting nine 

allowed obtaining the LANGUAGE sum score for each patient. The scores 

ranged from zero to twenty-six (figure 34).  

 
Figure 34: LANGUAGE sum score distribution in MCI study patients. 
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Figure 33: Patients’ scores based on each LANGUAGE subdomain.
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5.17. Regression analysis with LANGUAGE sum score 

The regression analysis based on the “continuous” LANGUAGE sum score of 

relevant MCI patients showed no significant contribution of the predictor 

variables (table 3).  

 

Table 3: Regression analysis based on the “continuous” LANGUAGE sum 
score of MCI patients. All predictor variables were entered in the model.                              
(p: significance, β standardized regression coefficient). 

LANGUAGE sum score 

Linear regression 
analysis 

Stepwise 
regression 

analysis 

F=1.44 
p=0.180 

Adjusted R2=0.009 
n  

p β p 

BA 28 FDG uptake 0.128 0.132 n  

BA 28 Grey matter volume 0.163 0.144 n  

BA 34 FDG uptake 0.419 -0.063 n  

BA 34 Grey matter volume 0.082 -0.178 n  

Age at PET 0.585 0.034 n  

Educational level (years) 0.092 -0.090 n  

ADAS13 score 0.204 0.076 n  

APOE4 profile (binary) 0.452 -0.040 n  
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5.18. Multivariate and univariate analyses with “continuous” 

VISSPAT sum score  

• BA 34 

A MANOVA analysis of BA 34 FDGu and GMV, both combined as dependent 

variables, was performed. The covariates were APOE4 carrier profile, 

“continuous” VISSPAT sum score, age at PET, educational level (years), and 

ADAS13 score. A two-way interaction between APOE4 carrier profile and 

“continuous” VISSPAT sum score was added to the model.  

There was a statistical significance in the multivariate analysis regarding the 

effect of “continuous” VISSPAT sum score on BA 34 FDGu and GMV combined 

(p=0.043). The effect of APOE4 carrier profile on one side, and APOE4 carrier 

profile in two-way interaction with VISSPAT sum score on the other side, 

showed both no significant effect on BA 34 (p=0.851 and p=0.241, 

respectively). 

Nevertheless, age at PET, educational level, and ADAS13 score showed 

statistical significance in the multivariate analysis on BA 34 FDGu and GMV 

(p=0.000, p=0.029, and p=0.000, respectively). 

The univariate analysis ANOVA showed a significant effect of “continuous” 

VISSPAT sum score on BA 34 GMV (p=0.015), but not on BA 34 FDGu 

(p=0.750). Age at PET and ADAS 13 score showed a statistical significance on 

BA 34 GMV (both p=0.000), while only ADAS13 score and educational level 

had a significant effect on BA 34 FDGu (p=0.027 and p=0.003, respectively) 

based on ANOVA analysis. The results are summarized in table 4. 
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Table 4: Multivariate analysis (MANOVA) of BA 34 Grey matter volume and FDG uptake combined as dependent variables and 

univariate analysis (ANOVA) of BA 34 Grey matter volume, on one side, and BA 34 FDG uptake, on the other side, with APOE4 

carrier profile, “continuous” VISSPAT sum score, age at PET, educational level, and ADAS13 score, as covariate. A two-way 

interaction between APOE4 carrier profile and “continuous” VISSPAT sum score was added to the model. 

 

MANOVA ANOVA 

BA 34 Grey matter volume * 

BA 34 FDG uptake 
BA 34 Grey matter volume BA 34 FDG uptake 

F p F p F p 

“continuous” VISSPAT sum 

score 
3.18 0.043 6.01 0.015 0.10 0.750 

APOE4 profile (binary) 0.16 0.851 0.29 0.590 0.06 0.811 

VISSPAT sum score * APOE4 

profile (binary) 
1.43 0.241 0.17 0.68 2.82 0.094 

Age at PET 41.46 0.000 83.13 0.000 0.97 0.326 

Educational level (years) 3.58 0.029 3.03 0.083 4.94 0.027 

ADAS13 score 15.53 0.000 25.06 0.000 9.16 0.003 
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• BA 28 

I performed a multivariate analysis (MANOVA) of BA 28 GMV and FDGu 

combined as dependent variables and univariate analysis (ANOVA) of BA 28 

GMV, on one side, and BA28 FDGu, on the other side, with APOE4 carrier 

profile, “continuous” VISSPAT sum score, age at PET, educational level (years), 

and ADAS13 score, as covariate. A two-way interaction between APOE4 carrier 

profile and “continuous” VISSPAT sum score was added to the model. 

There was no statistical significance regarding the effect of “continuous” 

VISSPAT sum score on BA 28 GMV and FDGu. Age at PET and ADAS13 score 

showed highly significant results in all tests (p<0.001). The educational level 

showed borderline significant impact on BA 28 in the multivariate and univariate 

analysis. 

The results are summarized in Table 5.
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Table 5: Multivariate analysis (MANOVA) of BA 28 Grey matter volume and FDG uptake combined as dependent variables and 
univariate analysis (ANOVA) of BA 28 Grey matter volume, on one side, and BA 28 FDG uptake, on the other side, with APOE4 
carrier profile, “continuous” VISSPAT sum score, age at PET, educational level (years), and ADAS13 score, as covariate. A two-
way interaction between APOE4 carrier profile and “continuous” VISSPAT sum score was added to the model. 

 

MANOVA ANOVA 

BA 28 Grey matter volume * 
BA 28 FDG uptake BA 28 Grey matter volume BA 28 FDG uptake 

F p F p F p 

“continuous” VISSPAT sum 
score 1.99 0.138 1.91 0.167 0.88   0.350 

APOE4 profile (binary) 1.93 0.147 3.60 0.059 0.01   0.913 

VISSPAT sum score * APOE4 
profile (binary) 2.55 0.079 3.42 0.065 3.30   0.070 

Age at PET 30.97 0.000 60.85 0.000 12.35   0.001 

Educational level (years) 2.94 0.054 4.08 0.044 3.67   0.0561 

ADAS13 score 24.90 0.000 34.36 0.000 31.21   0.0000 
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5.19. Multivariate and univariate analyses with continuous SP-

VISSPAT sum score  

I also performed a multivariate analysis (MANOVA) of BA 34 GMV and FDGu 

combined as dependent variables and univariate analysis (ANOVA) of BA 34 

GMV, on one side, and BA 34 FDGu, on the other side, with APOE4 carrier 

profile, “continuous” SP-VISSPAT sum score, age at PET, years of education, 

and ADAS13 score, as covariate. A two-way interaction between APOE4 carrier 

profile and “continuous” SP-VISSPAT sum score was added to the model. 

There was no statistical significance neither in the multivariate analysis 

regarding the effect of SP-VISSPAT sum score on BA 34 FDGu uptake and 

GMV combined, nor in the univariate analysis.  

Nevertheless, age, and ADAS13 score showed strong statistical significance in 

the multivariate analysis on BA 34 FDGu and GMV and in the univariate 

analysis regarding BA 34 GMV (p=0.000, both). Only ADAS13 score showed 

significant results in the univeriate analysis based on BA 34 FDGu (p=0.005).  

The results are summarized in table 6. 
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Table 6: Multivariate analysis (MANOVA) of BA 34 Grey matter volume and FDG uptake combined as dependent variables and 

univariate analysis (ANOVA) of BA 34 Grey matter volume, on one side, and BA 34 FDG uptake, on the other side, with APOE4 

carrier profile, “continuous” SP-VISSPAT sum score, age at PET, educational level (years), and ADAS13 score, as covariate. A two-

way interaction between APOE4 carrier profile and “continuous” SP-VISSPAT sum score was added to the model. 

 
 
 

MANOVA ANOVA 

BA 34 Grey matter volume * 

BA 34 FDG uptake 
BA 34 Grey matter volume BA 34 FDG uptake 

F p F p F p 

“continuous” SP-VISSPAT 

sum score 
0.02 0.983 0.03   0.867 0.01   0.917 

APOE4 profile (binary) 0.19 0.830 0.36   0.549 0.04   0.846 

“continuous” SP-VISSPAT 

sum score * APOE4 profile 

(binary) 

1.83 0.162 0.11   0.744 3.37   0.067 

Age at PET 24.36 0.000 48.75   0.000 1.48   0.225 

Educational level (years) 2.12 0.122 1.28   0.259 3.42   0.065 

ADAS13 score 15.86 0.000 26.72   0.000 8.21   0.005 
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6. Discussion of results  

The main outcome of this study was the significant correlation between the 

neurodegeneration in the medial part of the ERC (BA 34) and an impaired 

performance in the spatial navigation over a span of 10 years. (1) 

These findings were retained owing to a significant reduced GMV in BA 34 in MCI 

patients who, based on a higher “continuous” VISSPAT sum score, presented an 

alteration in their spatial navigation and spatial memory, in contrast with patients 

without alteration in their navigation performance. Moreover, GMV in BA 34 had a 

significant negative contribution in the regression of the VISSPAT sum score. (1) 

These findings were not observed with scores related to memory or language. 

Additionally, the findings related to spatial orientation as reported by study-partner 

were not significant, which shows that the self-awareness of spatial orientation and 

navigation skills in MCI patients is more accurate with the anatomical changes in 

ERC in general and BA 34 specifically.  Further, there was no significant association 

between GMV in the lateral part of ERC (BA 28) and VISSPAT sum score in MCI 

patients. Despite studying different co-factors related to aging and cognition, the 

neurodegeneration traduced by a volume loss in BA 34 was significantly correlated 

with an alteration in the spatial navigation. This suggests that spatial navigation and 

spatial memory are particularly sensitive to neurodegeneration in BA 34, rather than 

BA 28. (1) 

On the other hand, the study hypothesis suggesting that reduced FDGu in BA 34 

could be an independent predictor of impairment in spatial navigation or spatial 

memory performance could not be validated. In regression analysis, FDGu in BA 34 

showed no significant correlation with the VISSPAT sum score. (1) The latter 

hypothesis was based on the fact that synaptic dysfunction generally precedes cell 
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death. (57) It is therefore possible, that some patients with MCI might present 

reduction in FDG uptake simultaneously with preserved GMV in BA 34. Error 

amplification related to partial volume correction used in PET investigations might 

have lead to an increased inter-subject disparity, and also might be an additional 

explanation of discordance between VISSPAT sum score and FDGu in BA 34. (1, 58) 

A further finding of this study was the age-related spatial navigation performance and 

spatial memory in MCI patients. The spatial navigation might be more strongly 

impaired in younger MCI patients. (1) This interpretation is retained from the negative 

sign of the age coefficient in the VISSPAT sum score regression model. (1) 

Moreover, with the same level of overall cognitive impairment and the similar amount 

of BA 34 atrophy, the spatial orientation in younger MCI patients is more highly 

impaired than in older MCI patients, based on the results of the regression analysis. 

(1) In absolute terms, spatial navigation performance showed no discrepancy 

between older and younger MCI patients. (1) This could be explained to some extent 

by the fact that the cognitive profiles and the processing of spatial navigation 

between younger and older MCI patients are different.  

Several previous studies reported the impact of aging on alteration of spatial 

navigation, and thus as independent factor of performance decline. The study of 

Lithfous and co-workers distinguished between allocentric and egocentric orientation 

performance in relation with aging. (59) The egocentric coding of spatial orientation is 

self-centred, whereas the allocentric orientation is object-centred and requires 

preserved attention and perception and depends on the executive function of the 

person. While the egocentric orientation was less affected in elderly patients, the 

allocentric coding showed an age-related decline in the same population. (59) The 
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VISSPAT items, on which our study was based, are related to spatial orientation in 

everyday’s life and therefore, in contrary to experimental studies, no differentiation 

had been made between the two aspects of spatial orientation. (1) 

Moffat and collaborators showed during virtual environment navigation lower 

activation in the hippocampus, medial parietal lobe, parahippocampal gyrus, and 

retrosplenial cortex in elderly patients when compared to younger controls. Moreover, 

the older participants presented higher activation in medial frontal lobe and anterior 

cingulate gyrus. (60) Similarly, Irving and collaborators showed through FDG-PET 

findings in their patients a decreased navigation-induced regional cerebral glucose 

metabolism in precuneus and hippocampus in relation to advanced age, while in the 

same patients, regional cerebral glucose metabolism in the cerebellum, frontal 

cortex, and basal ganglia increased compared to younger controls. (61) This 

suggests age-dependent differences in spatial memory and navigation skills, in 

addition to differences in the coding process and in relevant anatomical structures.  

Similarly to aging, in some psychiatric pathology as the anorexia nervosa, where 

there is a decrease in somatosensory inputs in relation to body mass loss, 

impairment of spatial orientation was observed. This impairment affects essentially 

visual, tactile, and gravitational information in the parietal cortex, which also seems to 

have a role in the allocentric spatial orientation. (62) 

Sherrill and collaborators (63) showed in healthy young adults that participants, who 

were more successful in updating orientation and position during first person-

perspective goal-directed navigation in the absence of landmarks, had greater GMV 

in following navigation-related cerebral regions: right ERC, in addition to 

hippocampus and thalamus, both bilaterally. Moreover, the results of Sherrill and 

collaborators showed that the GMV difference in the ERC was located in the 
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posterior region of the ERC, which confirms what has already been described by 

other authors who reported that the medial ERC with its posterior connections (BA 

34) is the human homolog to the medial ERC in rodents. (12, 35) 

In this study, each participant was used at its own control over a span of 10 years. 

Sex was, therefore, not included as covariant. (1) Thus, different studies have shown 

differences in the orientation profile and spatial navigation performance between 

male and female participants. Anatomically, FDG-PET in women showed an increase 

of regional cerebral glucose metabolism in the right middle temporal gyrus and the 

left hippocampus, while men in the superior vermis. (61) 

Although previous studies showed that grid cells are presented with lower density in  

ERC of APOE4 carriers, and that affected subjects are at higher risk of presenting 

with an alteration in their spatial navigation performance years before any cognitive 

impairment could be detected, (64) the current study revealed no significant 

correlation between BA 34 GMV and navigation performance or spatial memory on 

one hand and APOE4-positivity on the other hand. (1) 

Since being a carrier of APOE4 allele is a risk factor for evolution from MCI to 

Alzheimer’s disease, the findings of this study would suggest that the correlation 

between ERC degeneration and impaired spatial navigation is not a characteristic 

aspect of Alzheimer’s disease. (1) In fact, various other neurodegenerative 

pathologies, such as argyrophilic grain disease, limbic-predominant age-related TDP-

43 encephalopathy, primary age-related tauopathy, might alter the functional and 

structural integrity in ERC and lead to MCI, (65, 66) especially MCI phenotypes with 

pronounced deficits in navigation performance and spatial orientation. (67, 68) 

  



 

79 

7. Clinical implications 

This study showed that VISSPAT subdomain of ECog includes items, which could be 

used as a screening method to detect anatomical changes in the BA 34 at MCI stage. 

(1) However, as reported in the manuscript, other factors such as age, overall 

cognition (ADAS13 score) and total intracranial volume were better predictors and 

should be taken into account. (1) In the published data, VISSPAT sum score 

explained only 0.4% of the changes of BA 34 GMV and therefore, could only weakly 

predict BA 34 degeneration in MCI patients. (1)  

Nevertheless, training spatial orientation could be used as a rehabilitation tool in 

order to optimize the spatial memory and the functional connections of the ERC. 

Peng and collaborators showed the positive impact of long-term navigation 

experience in taxi drivers on their spatial orientation and on the connectivity patterns 

of the ERC. (69) Verbally-guided passive navigation in virtual reality training 

programs has been tested in patients with impaired spatial orientation due to focal 

brain lesions in relation to stroke. Over five training sessions, participants recalled 

different routes in a virtual place. In term of this experiment, both orientation-impaired 

patients and healthy controls showed a significant improvement in spatial navigation 

performance. (70) Improving the spatial memory could also have a positive impact on 

other types of declarative memory. Caglio and collaborators reported an experiment 

where virtual navigation through 3D video games was performed in a 24-year-old 

man with a traumatic brain injury and showed an improvement of memory function 

correlated with an increase of the activation of the hippocampal and para-

hippocampal brain regions on fMRI. (71) 

The integrity of the cells functioning in ERC does not only play a role in spatial 

navigation but also on the behavior of the person in relation to its environment. 
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Experiments in rats showed that the consistent and proper functioning in GC and 

head direction cells predicts in 70% of cases the movement option in the rodent and 

adequate behavioral choices in relation to this finding. This was not the case when 

the cells did not show a stable consistent readout. (72) 

Therefore, navigation trainings might be proposed to optimize the functional 

organization of ERC as a part of the non-pharmacological management of patients 

with high-risk of MCI, if screened at early stages. 
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8. Limitations 

The first limitation of this study is related to including a specific population with MCI 

without comparing with healthy subjects. Moreover, the retrospective aspect of data 

collection to assess visuospatial performance during daily life activity is a further 

limitation.  

Even though we observed significant correlations between BA 34 and spatial 

navigation, allowing us replication of findings obtained from animal experiments, we 

should not omit to mention that spatial navigation in humans is a very complex 

function. As an example, the horizontal navigation in humans relays more on visual 

inputs, while the vestibular multisensory cortex seems more relevant for the vertical 

navigation. (73) This demonstrates, among others, the importance of visual inputs in 

spatial cells in humans compared to rodents, which is more based on tactile and 

olfactory functions. 

The allocentric spatial orientation was early shown to be related to the right temporal 

lobe. In patients with unilateral temporal lobectomy, the long-term allocentric spatial 

memories were despaired only when the right side was affected. (74) Thus, our study 

was based on the BA 34 GMV in both sides, which presents another limitation.  

Moreover, we have not explored changes in other brain regions, which might play a 

role in the spatial navigation and memory, e.g. PRC and PHC (which are critical for 

landmark recognition), (75) retrosplenial cortex (which is involved in localization 

and orientation through the translation of egocentriccally experienced visual flow into 

an allocentric model of position and movement (76)), retrosplenial and medial parietal 

lobe regions (which support long-term spatial knowledge) (77) and the anterior and 

lateral thalamic regions, which also are reported to play a role in the spatial mapping 

and memory. (78) 
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9. Conclusions 

This study provides lesion-based evidence that BA 34 integrity is specifically 

associated with spatial navigation. Nevertheless, due to the multifactorial aspect of 

the spatial navigation on one hand, and the brain morphology in ERC on the other 

hand, the results cannot be used in everyday practice, and the predictive value of 

MRI in exploring the integrity of ERC in relation to spatial orientation is only weak. (1)  
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