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Abstract
Background: Functional	neuroimaging	studies	have	identified	a	set	of	nodes	in	the	
occipital– temporal cortex that preferentially respond to faces in comparison with 
other visual objects. By contrast, the processing of places seems to rely on parahip-
pocampal cortex and structures heavily implicated in memory (e.g., the hippocam-
pus). It has been suggested that human aging leads to decreased neural specialization 
of core face and place processing areas and impairments in face and place perception.
Methods: Using	mediation	analysis,	we	tested	the	potential	contribution	of	micro-		
and	macrostructure	within	 the	hippocampal	and	occipitotemporal	 systems	to	age-	
associated	 effects	 in	 face	 and	 place	 category	 processing	 (as	measured	 by	 1-	back	
working	memory	tasks)	in	55	healthy	adults	(age	range	23–	79	years).	To	test	for	spe-
cific contributions of the studied structures to face/place processing, we also studied 
a distinct tract (i.e., the anterior thalamic radiation [ATR]) and cognitive performance 
for other visual object categories (objects, bodies, and verbal material). Constrained 
spherical	deconvolution-	based	tractography	was	used	to	reconstruct	the	fornix,	the	
inferior	longitudinal	fasciculus	(ILF),	and	the	ATR.	Hippocampal	volumetric	measures	
were	segmented	from	FSL-	FIRST	toolbox.
Results: It	was	found	that	age	associates	with	(a)	decreases	in	fractional	anisotropy	(FA)	
in	the	fornix,	in	right	ILF	(but	not	left	ILF),	and	in	the	ATR	(b)	reduced	volume	in	the	right	
and left hippocampus and (c) decline in visual object category processing. Importantly, 
mediation	analysis	showed	that	micro-		and	macrostructural	impairments	in	the	fornix	
and	right	hippocampus,	respectively,	associated	with	age-	dependent	decline	in	place	
processing.	Alternatively,	microstructural	impairments	in	right	hemispheric	ILF	associ-
ated	with	age-	dependent	decline	 in	 face	processing.	There	were	no	other	mediator	
effects	of	micro-		and	macrostructural	variables	on	age–	cognition	relationships.
Conclusion: Together, the findings support specific contributions of the fornix and 
right	hippocampus	in	visuospatial	scene	processing	and	of	the	long-	range	right	hemi-
spheric occipitotemporal network in face category processing.
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1  | INTRODUC TION

Understanding how aging affects visual perception of distinct ob-
ject/scene	categories	remains	a	subject	of	active	research.	Much	has	
been studied regarding the neural underpinnings supporting human 
visual object processing and recognition.

Functional	 neuroimaging	 studies	 are	 in	 support	 of	 a	 subset	 of	
cortical nodes located in the occipitotemporal cortex (particularly in 
the right hemisphere) which typically respond to faces in comparison 
with	other	visual	objects	and	 include	the	fusiform	face	area	 (FFA),	
perirhinal	 cortex	 (PrC),	 occipital	 face	 area	 (OFA),	 and	 the	 superior	
temporal sulcus (STS) (Barense et al., 2010; Behrmann & Plaut, 2013; 
Canário	et	al.,	2016;	Direito	et	al.,	2019;	Grill-	Spector,	2003;	Grill-	
Spector	et	al.,	2004,	2017;	Mundy	et	al.,	2013;	Pitcher	et	al.,	2011;	
Rebola	 &	 Castelo-	Branco,	 2014).	 Alternatively,	 the	 processing	 of	
places/scenes seems to rely on neural substrates largely implicated 
in memory such as the parahippocampal place area (PPA; located 
within the parahippocampal cortex) and the hippocampus (Barense 
et	 al.,	 2010;	 Canário	 et	 al.,	 2016;	 Epstein	 et	 al.,	 1999;	 Graham	
et	al.,	2010;	Lee,	2006;	Lee	et	al.,	2005,	2012;	Mundy	et	al.,	2013).

In aging, there is evidence for decreased neural integration and 
specialization	of	core	face	(e.g.,	in	the	FFA,	PrC,	ventral	visual	cortex)	
and place processing areas (e.g., in the hippocampus and parahip-
pocampal cortex) (Berron et al., 2018; Dennis et al., 2008; Grady 
et	al.,	1995;	Gutchess	et	al.,	2005;	Lee	et	al.,	2011;	Park	et	al.,	2003,	
2004,	2012;	Payer	et	al.,	2006;	Zebrowitz	et	al.,	2016)	albeit	com-
pensatory activations are often reported in other brain regions, 
namely	 in	 frontal	 regions	 (Dennis	 et	 al.,	 2008;	Grady	 et	 al.,	 1995;	
Gutchess	 et	 al.,	 2005;	 Lee	 et	 al.,	 2011;	 Park	 et	 al.,	 2003;	 Payer	
et	 al.,	 2006;	 Zebrowitz	 et	 al.,	 2016).	 Furthermore,	 impairments	 in	
processing of faces and places have been reported with age (Berron 
et	al.,	2018;	Grady	et	al.,	1995;	Habak	et	al.,	2008;	Konar	et	al.,	2013;	
Qian	et	al.,	2017;	Rousselet	et	al.,	2009)	and	could	reflect	decrease	
neural specialization of the core object processing network (Berron 
et	al.,	2018;	Dennis	et	al.,	2008;	Grady	et	al.,	1995).

In	 the	 present	 study,	 we	 assessed	 age-	related	 effects	 on	 the	
microstructure of the fornix and the inferior longitudinal fasciculus 
(ILF)	(Metzler-	Baddeley	et	al.,	2011;	Wakana	et	al.,	2007)	and	on	the	
macrostructure/volume of the hippocampus in relation to processing 
into working memory of visual object categories, that is, faces and 
places.	More	specifically,	we	sought	to	address	the	following	ques-
tions	 (a)	 if	 age	 associates	with	micro-		 and	macrostructural	 impair-
ments	in	the	fornix/	hippocampus	and	in	the	ILF	and	with	decline	in	
face	and	place	processing	and	(b)	test	whether	these	age-	associated	
micro-		 and	macrostructural	 impairments	 in	hippocampal	networks	
and	in	the	ILF	can	relate	to	some	decline	in	processing	of	places	and	
faces, respectively. To test for specific contributions of the studied 
structures to face/place processing, we also studied a distinct tract 

(i.e., the anterior thalamic radiation [ATR]) and cognitive performance 
for other visual object categories (i.e., objects, bodies, and verbal 
material). The ATR contains fiber tracts connecting the prefrontal 
cortex with the thalamus, and while its fiber projections include the 
anterior thalamus, its putative role in visuospatial/scene processing 
abilities has been alternatively explained as part of an extended net-
work connecting the anterior thalamus with the hippocampus and 
mammillary bodies (i.e., via the fornix) (Aggleton et al., 2010; Nelson 
et	al.,	2020;	O'Mara	and	Aggleton,	2019).

To	 address	 the	 aforementioned	 questions,	 we	 first	 tested	 the	
potential	effects	of	age	on	the	micro-		and	macrostructure	of	the	hip-
pocampal, occipitotemporal connections and the ATR (as a control 
tract)	and	on	cognitive	performance	as	measured	by	1-	back	work-
ing memory tasks for visual object categories (faces, places, objects, 
bodies, and verbal material). We then tested in mediation models 
whether the inclusion of microstructural and macrostructural vari-
ables	(i.e.,	fractional	anisotropy	(FA)	in	the	fornix,	FA	in	the	left	and	
right	 ILF/ATR	and	 left/right	hippocampal	volume)	mediated	the	di-
rect effects of age on visual object category processing performance 
(see	Figure	1).	Thus,	we	sought	 to	 further	highlight	understanding	
of the aging of hippocampal and occipitotemporal connections and 
its implications in cognitive functioning, namely in face and place 
processing.

The fornix (i.e., the “extended hippocampal network”) rep-
resents the main hippocampal input/output projection and 
provides a route of communication between the hippocampus 

K E Y W O R D S

fornix, Healthy aging, hippocampus, inferior longitudinal fasciculus, place processing, white 
matter

F I G U R E  1   Schematic illustration of mediation model testing 
for	indirect	effects	of	microstructural	(i.e.,	FA	in	the	fornix	and	
in	the	right	and	left	ILF/ATR)	and	macrostructural	(i.e.,	volume	
in the left and right hippocampus) variables on the direct effect 
of age on cognitive task performance (path c'). Path a measures 
the	correlation	between	age	and	WM	microstructure	and	GM	
macrostructure, and path b measures the partial correlation 
between	WM	microstructure,	GM	macrostructure,	and	cognitive	
performance (controlling out for age). The indirect effect is the 
product of a*b. HC, hippocampus; Vol, volume
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and sites such as the anterior thalamus, the mammillary bod-
ies, and the middle prefrontal cortex (Aggleton, 2012; Aggleton 
et	al.,	2010).	Fornix	microstructural	degradation	constitutes	an	im-
portant biomarker in predicating conversion from healthy aging to 
early onset dementia and the associated impairments in episodic 
memory abilities that have been observed with age and in early 
Alzheimer	disease	(AD)	(Douet	&	Chang,	2015;	Metzler-	Baddeley	
et	 al.,	 2011;	Mielke	et	 al.,	 2012;	Zhuang	et	 al.,	 2013).	Our	 inter-
est in studying the fornix comes from studies showing that fornix 
transection	 in	 nonhuman	 primates	 impairs	 learning	 of	 object-	in-	
place associations and conjunctions of spatial features both of 
which represent important facets in place processing and repre-
sentation	(Buckley	et	al.,	2004;	Gaffan,	1994;	Wilson	et	al.,	2008)	
and also from studies in young human adults reporting significant 
associations between fornix microstructure and place processing 
(Hodgetts	et	 al.,	 2015;	Postans	et	 al.,	 2014).	 Furthermore,	 there	
is evidence for a right hippocampal involvement in visuospatial 
memory processing abilities (as opposed to the left hippocampus 
which is considered to be more involved in episodic and autobi-
ographical	memory)	 (Abrahams	et	al.,	1997;	Bohbot	et	 al.,	1998;	
Burgess	et	al.,	2002;	Ezzati	et	al.,	2016).

In	 addition,	 we	 elected	 to	 study	 the	 ILF	 because	 of	 the	 anat-
omy of its occipitotemporal projections (i.e., it primarily connects 
extrastriate visual areas with regions in ventral anterior temporal 
cortex) and because its harbors and supports connectivity between 
the	distinct	nodes	(e.g.,	FFA,	PrC,	OFA)	implicated	in	perception	of	
faces (Catani et al., 2003; Gschwind et al., 2012; Herbet et al., 2018; 
Pyles	 et	 al.,	 2013;	 Rivolta	 et	 al.,	 2013;	 Tusa	&	Ungerleider,	 1985;	
Ungerleider	 &	 Haxby,	 1994).	 For	 instance,	 Hodgetts	 et	 al.	 (2015)	
reported	associations	between	ILF	microstructure	and	(a)	BOLD	re-
sponses	 in	 face-	selective	 regions	 (i.e.,	 in	 the	FFA	and	PrC)	 and	 (b)	
performance in a face perception oddity task. Other important stud-
ies provided evidence for a link between impairments in right hemi-
spheric	 ILF	microstructure	and	prosopagnosia	 (i.e.,	 deficits	 in	 face	
processing abilities despite normal vision and intelligence) (Grossi 
et	al.,	2014;	Thomas	et	al.,	2009;	Tusa	&	Ungerleider,	1985).

We hypothesized that age would be associated with (a) decreases 
in	FA	in	the	fornix,	while	using	the	ATR	as	a	negative	control,	and	also	
in	 the	 ILF	 following	previous	observations	 of	 reduced	neural	 spe-
cialization	of	face-	selective/occipitotemporal	nodes	with	increasing	
age, (b) reduced volume in the hippocampus, and (iii) decline in visual 
object category processing (i.e., faces, places, and other object cat-
egories)	 (Berron	et	al.,	2018;	Cox	et	al.,	2016;	Dennis	et	al.,	2008;	
Grady	 et	 al.,	 1995;	Gutchess	 et	 al.,	 2005;	 Konar	 et	 al.,	 2013;	 Lee	
et	al.,	2011;	Metzler-	Baddeley	et	al.,	2011;	Park	et	al.,	2004,	2012).	
We also hypothesized that the fornix and the hippocampus (partic-
ularly in the right hemisphere) should have a mediating effect on 
the relationship between age and processing of place categories 
(Abrahams	 et	 al.,	 1997;	 Barense	 et	 al.,	 2010;	 Berron	 et	 al.,	 2018;	
Burgess	et	al.,	2002;	Graham	et	al.,	2010;	Hodgetts	et	al.,	2015;	Lee	
et	 al.,	 2012;	 Postans	 et	 al.,	 2014),	whereas	 the	 ILF	 ought	 to	 have	
a mediating effect on the relationship between age and process-
ing	 of	 faces	 (Grill-	Spector,	 2003;	 Grill-	Spector	 et	 al.,	 2004,	 2017;	

Grossi	et	al.,	2014;	Herbet	et	al.,	2018;	Hodgetts	et	al.,	2015;	Rivolta	
et	al.,	2013;	Thomas	et	al.,	2009).

2  | METHODS

2.1 | Participants

A	total	of	57	healthy	volunteers	(29	males	and	28	females,	aged	23–	
79	years)	were	recruited	to	take	part	in	the	study.	Subjects	had	nor-
mal or corrected to normal vision and had no history of neurological 
and psychiatric disorders. All participants underwent assessment 
with	the	Montreal	Cognitive	Assessment	test	 (MoCA)	 (Nasreddine	
et	al.,	2005)	in	order	to	screen	for	and	exclude	for	cognitive	impair-
ment. Participants were excluded from the study when performance 
in	the	MoCA	test	was	below	more	than	2	standard	deviations	from	
the respective mean in accordance to individual's age and educa-
tion	(Freitas	et	al.,	2011).	Working	memory	was	assessed	with	1-	back	
tasks	(Owen	et	al.,	2005).	Two	of	the	participants	did	not	perform	the	
1-	back	tasks.	Thus,	55	cognitive	and	57	MRI	datasets	were	available	
for the final analyses. Table 1 provides a summary of background 
demographic	information	and	cognitive	test	results	for	a	total	of	55	
participants	with	complete	MRI	and	cognitive	datasets	(i.e.,	exclud-
ing	those	2	participants	who	did	not	perform	the	1-	back	tasks).	All	
participants gave their written informed consent for the study, in ac-
cordance to the Declaration of Helsinki, and approval was obtained 
by	the	Ethics	Committee	of	the	Faculty	of	Medicine	of	the	University	
of Coimbra.

2.2 | Experimental task: Stimulus and procedures

Visual processing was assessed for faces and places and other 
stimulus categories. The stimulus categories consisted of grayscale 

TA B L E  1   Participants’ demographics and cognitive profile

Demographics/cognition

N 55

Age M =	46.5,	SD =	16.6	
(range:	23–	79	years)

Sex 27 male, 28 female

Years	of	education M =	15,	SD = 3.8 (range: 
4–	20	years)

General cognitive profile

MoCAa  M = 27, SD = 2.2

1-	back	tasks	(stimulus)

Faces M =	80.9,	SD = 17

Places M = 83.3, SD = 17

Abbreviations: M, mean; SD, standard deviation.
aOne	participant	could	not	perform	the	MoCA	test.	Please	note	that	the	
scores	from	the	1-	back	tasks	represent	transformed	d prime (d') scores 
of response accuracy.
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images. Each category contained 3 different subtypes of stimuli (see 
Figure	 2a	 for	 examples).	 More	 specifically,	 faces	 categories	 were	
composed of young, middle, and old faces and were obtained from 
the	FACES	database	(Ebner	et	al.,	2010);	places	categories	comprised	
landscapes, buildings, and skylines and were obtained from both on-
line searches and a database of the computational visual cognition 
laboratory	(Figure	2a)	(Oliva	&	Torralba,	2001).	Images	were	equal-
ized in terms of luminance with the SHINE toolbox (Willenbockel 
et	 al.,	 2010).	 This	 procedure	 calculates	 a	 globally	 equalized	 lumi-
nance based on the average of the image input matrices. In order for 
the	Shine	procedure	 to	be	correct,	 a	verified	 luminance-	corrected	
matrix	needs	to	be	calculated	based	on	the	SpectroColorimeter	PR-	
650	(Canário	et	al.,	2016).

The experimental task was composed by two runs (versions A 
and	B)	with	stimulus	presented	randomly	in	a	block-	design	paradigm.	
Individual	runs	were	composed	by	18	blocks	with	a	duration	of	9	min	
and 17 s. Individual blocks had a duration of 20 s and were composed 
of 20 images that always belonged to the same subcategory of stim-
uli (e.g., regarding the face categories a single block would always be 
composed of either just young faces, middle aged faces, or old faces). 
Each block was separated by a 10 s interval filled with a uniform 
greyscale image with no stimulus.

As noted above, other stimulus categories beyond faces and 
places were tested in the current experiment (i.e., objects, bodies, 
verbal material, and also scrambled versions of visual objects). In 
this study, these stimulus categories (with the exception of scram-
bled stimuli which represent meaningless abstract material) served 
as control to test for specific associations between hippocampal/
ILF	micro-		and	macrostructure	and	 face	and	place	processing	 (see	
Figure	S1).

During	 the	1-	back	 tasks,	 individual	 images	were	presented	 for	
800 ms with a 200 ms gap and participants were asked to press a 
button with their dominant hand every time the image being pre-
sented	was	 the	 same	 that	had	been	presented	before	 (Figure	2b).	
The	 order	 of	 blocks	was	 presented	 in	 a	 pseudo-	randomized	 fash-
ion. There were four repetitions of images within each block. Before 
starting the actual experiment, subjects performed a brief training 
session in order to guarantee that they understood the task de-
mands and to be familiarized with the stimuli.

Visual stimuli were presented using Presentation 17.1 software 
(Neurobehavioral systems) on a uniformly black background. Stimuli 
were	 presented	 using	 a	 Fujitsu	 PC	 (1,920	 × 1,080) onto an LCD 
screen.	The	images	size	used	to	build	the	stimuli	was	544	×	544	pix-
els and subtended approximately 11° × 11° of visual field.

2.3 | MRI data acquisition

MRI	 data	 were	 acquired	 in	 a	 3	 Tesla	 Siemens	Magnetom	 TrioTim	
scanner at the Institute of Nuclear Sciences Applied to Health 
(ICNAS)	using	a	12-	channel	birdcage	head	coil.	The	session	started	
with	 one	 3D	 anatomical	MPRAGE	 (rapid	 gradient-	echo)	 sequence	
T1-	weighted	with	a	1.0	× 1.0 × 1.0 mm voxel resolution, repetition 
time	(TR)	2,530	ms,	echo	time	(TE)	3.42	ms,	and	field	of	view	(FOV)	
256	×	256	mm.	The	MPRAGE	sequence	comprised	176	slices,	a	flip	
angle of 7°, and an inversion time of 1,100 ms. The protocol also 
included	a	diffusion	tensor	imaging	(DTI)	sequence	with	the	follow-
ing parameters: TR/TE =	7,800/90	ms,	number	of	excitations	= 1, 
matrix =	96	×	96	×	63	contiguous	axial	slices,	isotropic	voxel	reso-
lution = 2 × 2 × 2 mm3, bandwidth =	 1,628	Hz/pixel,	 echo	 spac-
ing =	0.72	ms,	63	noncollinear	directions,	one	scan	without	diffusion	
weighting (b = 0 s/mm2, b0), and b-	value	= 1,000 s/mm2).

2.4 | Diffusion MRI processing and tractography

The	diffusion-	weighted	MRI	images	were	corrected	for	subject	mo-
tion,	 eddy-	current-	induced	 distortions,	 and	 EPI	 deformations	 by	
registering	each	 image	volume	 to	 the	high-	resolution	T1-	weighted	
anatomical images (Irfanoglu et al., 2012; Soares et al., 2013) with 
appropriate reorientation of the encoding vectors (Leemans & 
Jones,	2009)	in	ExploreDTI	(version	4.8.6;	Leemans	et	al.,	2009).

The	fornix,	 ILF,	and	ATR	were	 isolated	using	CSD-	based	deter-
ministic tractography (Jeurissen et al., 2011) with the following pa-
rameters:	uniform	whole-	brain	seeding	with	2	mm	resolution,	step	
size 1 mm, fiber orientation distribution threshold of 0.1, and max-
imum	 angle	 deviation	 of	 30°.	 Three-	dimensional	 fiber	 reconstruc-
tions	of	the	WM	tracts	of	interest	were	made	by	applying	waypoint	

F I G U R E  2   (a)	Examples	of	faces	and	places	subcategories	of	stimuli	(b)	Illustration	of	the	1-	back	task	as	follow:	cue	(800	ms)	+ delay 
(200 ms) + probe (800 ms) + blank screen (200 ms). Participants were asked to press a button everytime cue and probe matched and to 
abstain from pressing any button whenever cue and probe did not match. Note that each individual stimulus could either serve as cue and/
or probe
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ROI gates (“AND”, “SEED” and “NOT” gates following Boolean logic) 
to	 isolate	specific	tracts	from	the	whole-	brain	CSD-	based	tractog-
raphy data. Displays of the fiber tracts and placement of SEED and 
AND	ROIs	are	shown	in	Figure	3a.

The reconstruction of the fornix followed the protocol by 
Metzler-	Baddeley	et	al.	(2011).	A	SEED	ROI	was	placed	on	the	cor-
onal slice around the area where the anterior pillars enter into the 
main body of the fornix. An AND ROI was placed on the axial plane 
encompassing the crus of the fornix in both hemispheres around the 
inferior part of the splenium of the corpus callosum. NOT gates were 
placed around the protruding areas that are not part of the fornix 
shape.

The	reconstruction	of	the	ILF	and	the	ATR	was	based	on	the	an-
atomical	atlas	by	Wakana	et	al.2007.	To	segment	 the	 ILF,	 first	 the	
posterior end of the cingulum was identified and from that position 
after reverting into the coronal plane a SEED gate was placed around 
the entire hemisphere. The AND ROI was drawn on a coronal plane 
around its most posterior section where the temporal lobe is no lon-
ger connected to the frontal lobe. Here, the AND ROI was drawn 
around the entire temporal lobe. Like in the fornix, NOT gates were 
drawn	on	projections	that	are	not	part	of	the	ILF.

For	segmentation	of	the	ATR,	first	the	middle	section	of	the	cor-
pus callosum was identified, and from that position after reverting to 
the coronal plane, a SEED gate was placed around the anterior limb 
of the internal capsule. In the same coronal plane, an AND gate was 
drawn around the entire thalamus at the level of the anterior edge 
of the pons. NOT gates were drawn to eliminate projections outside 
the	ATR.	In	both	cases	(ILF	and	ATR),	the	protocol	of	segmentation	
was applied to both hemispheres.

Following	the	reconstruction	of	the	tracts	of	interest	(Figure	3a),	
average	indices	of	FA	were	extracted	(for	the	fornix	and	for	the	left	
and	right	ILF/ATR).

2.5 | Extraction of hippocampal volumes from T1- 
weighted anatomical images

GM	subcortical	volumes	of	the	left	and	right	hippocampus	were	ex-
tracted	from	individual	T1-	weighted	images	using	the	FMRIB	Software	
Library	 (FSL)	 FIRST	 registration	 and	 segmentation	 tool	 (Patenaude	
et	al.,	2011;	www.fsl.fmrib.ox.ac.uk/fsl/fslwi	ki/FIRST;	Figure	3b).	The	
FIRST	procedure	involves	as	a	first	step	the	registration	of	each	in-
dividual's	T1-	weighted	image	to	the	Montreal	Neurological	Institute	
(MNI)	 standard	 template	with	 affine	 registration.	 During	 this	 step,	
voxels	outside	subcortical	regions	are	excluded	using	an	MNI	subcor-
tical	mask.	FIRST	then	applies	a	Bayesian	model	of	shape	recognition	
to perform segmentation of subcortical structures. The segmented 
images	 were	 uploaded	 onto	 the	 original	 T1-	weighted	 images	 and	
were visually inspected for correct registration for all participants. 
Quantitative volume measures from the hippocampal segmentations 
were	extracted	using	the	FSL	statistics	tool.

In	 addition,	 all	 FIRST	 subcortical	 volumes	 were	 corrected	 for	
head size with the volumetric scaling factor derived from SIENAX 
version	 2.6	 (part	 of	 FSL	 5.0,	 http://www.fmrib.ox.ac.uk/fsl;	 Smith	
et al., 2001). This involved skull extraction with BET and an affine 
registration	 to	 the	Montreal	Neurological	 Institute	 (MNI)	 standard	
template. The volumetric scaling factor/value was extracted and 
used as the normalization factor to obtain head size corrected vol-
umes (i.e., by multiplying the volumetric scaling value with the sub-
cortical	volumes	obtained	from	FIRST).

2.6 | Statistical analyses

All	statistical	analyses	were	carried	out	in	IBM	SPSS	statistical	pack-
age	(version	24)	and	the	PROCESS	computational	tool	for	mediation	

F I G U R E  3   (a)	Displays	sagittal	views	of	the	reconstructed	WM	pathways	of	interest	on	a	T1-	weighted	image	of	one	participant.	The	
fornix,	inferior	longitudinal	fasciculus	(ILF),	and	the	anterior	thalamic	radiation	(ATR)	were	reconstructed	with	constrained	spherical	
deconvolution (CSD) based deterministic tractography on color coded principal direction maps (RGBλ). Placement of SEED gates is shown 
in	blue,	and	AND	gates	are	shown	in	green.	(b)	Gray	matter	(GM)	left	and	right	hippocampal	volumes	were	segmented	from	T1-	weighted	
images	(T1-	w)	with	FSL-	FIRST	toolbox

http://www.fsl.fmrib.ox.ac.uk/fsl/fslwiki/FIRST
http://www.fmrib.ox.ac.uk/fsl
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analysis (Hayes, 2012). All data were inspected for outliers defined 
as values larger or smaller than three times the standard deviation 
from the mean of the microstructural, volumetric, and cognitive 
data. The data were also checked for normality with Shapiro– Wilk 
tests.

First,	to	acquire	more	sensitive	measures	of	response	accuracy	
from	the	1-	back	tasks,	the	original	raw	scores	of	response	accuracy	
were transformed in order to obtain d prime (d') scores of accuracy 
(Wickens,	2010).	For	each	individual	subject,	the	hit	rate	(H) and the 
false	alarms	rates	(FAR)	were	calculated	and	then	transformed	to	z-	
scores.	 Subsequently,	d prime (d') scores were obtained using the 
following formula: d' = z (H) –  z	 (FAR).	 The	d prime (d´) scores of 
response accuracy were used as outcome measures of performance 
for	the	1-	back	control	tasks	in	all	of	the	analyses.

Omnibus multivariate regression analysis was conducted to test 
effects of age, sex, and years of education simultaneously on (a) all 
MRI	measures	(computed	as	follow:	FA	fornix	+	FA	right	ILF	+	FA	left	
ILF	+	FA	right	ATR	+	FA	left	ATR	+ volume right hippocampus + vol-
ume left hippocampus/7) and (b) all cognitive measures (computed 
as: d prime scores faces + d prime scores places + d prime scores 
objects + d prime scores bodies + d	prime	scores	verbal/5).

Effects	of	age	on	(a)	WM	microstructure	and	(b)	GM	macrostruc-
ture were tested with separate Pearson's correlations. Relationships 
between age and cognition were tested with Spearman's rho cor-
relations. In addition, separate Pearson's correlations analysis was 
conducted to test (a) relationships between right hippocampal vol-
ume	and	WM	microstructure	and	(b)	relationships	between	left	hip-
pocampal	volume	and	WM	microstructure.	The	correlation	analysis	
was corrected for multiple comparisons with the Bonferroni correc-
tion	with	 a	 family-	wise	 alpha	 level	 of	 5%	 (two-	tailed)	 leading	 to	 a	
corrected p-	value	of	≤.01	for	five	correlations	between	age	and	WM	

microstructure, p	≤.025	for	two	correlations	between	age	and	GM	
macrostructure, p	≤	.01	for	five	correlations	between	age	and	cog-
nitive performance, and p	≤	.01	for	five	correlations	between	right	
and/or	left	hippocampal	volume	and	WM	microstructure.

Subsequently,	 linear	mediation	 analysis	was	 conducted	 to	 test	
for	the	indirect	effects	a*b	of	WM	microstructural	and	GM	subcor-
tical	mediator	variables	(i.e.,	FA	in	the	fornix,	FA	in	the	left	and	right	
ILF/ATR	and	volume	in	the	left	and	right	hippocampus)	on	the	direct	
effects	c’	of	age	on	cognitive	performance	(see	Figure	1	for	illustra-
tion of the model). The significance of indirect and direct effects was 
assessed	 with	 a	 95%	 confidence	 interval	 based	 on	 bootstrapping	
with	5,000	replacements.

3  | RESULTS

Overall, participants exhibited a score of 27 (out of a total of 30) 
in	 the	MoCA	 test,	 and	 cognitive	 performance	 for	 faces	 and	 place	
categories	was	of	80.9	and	83.3,	respectively	(out	of	a	total	of	100;	
see Table 1, for other details). The microstructural and volumetric 
data conformed to normality for which Pearson's correlations were 
conducted, while the cognitive data did not conform to normality for 
which nonparametric Spearman´s rho correlations were conducted. 
One	participant	(aged	68)	left	hippocampal	volume	was	identified	as	
an outlier. Results will be reported after and before outlier exclusion.

3.1 | Omnibus multivariate regression

Multivariate	 regression	 analysis	 testing	 simultaneously	 for	 om-
nibus effects of age, sex, and years of education as independent 

F I G U R E  4   Scatterplots displaying the 
negative Pearson correlations between 
age	and	(a)	WM	microstructure	and	(b)	
GM	macrostructure	(controlling	out	
for sex)(n =	57).	Plotted	age	and	WM	
microstructure	and	GM	macrostructure	
measures represent unstandardized 
residuals scores (i.e., regressed against 
sex). Please note the correlation plots 
between age and left hippocampal volume 
are based on n =	56	subjects	(i.e.,	after	
outlier	exclusion).	Abbreviations:	R	ILF,	
right	inferior	longitudinal	fasciculus;	L	ILF,	
left inferior longitudinal fasciculus; R ATR, 
right anterior thalamic radiation; L ATR, 
left anterior thalamic radiation; R HC, right 
hippocampus; L HC, left hippocampus; ns, 
nonsignificant. *p≤.05;	**p≤.01,	***p	≤.001
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variables	 on	 all	 MRI	 outcome	 measures	 as	 dependent	 variables	
showed that age, sex, and years of education together explained 
a	significant	amount	of	variance	 in	overall	micro-		 and	macrostruc-
ture (F	(3,53)	=	6.4,	p = .001, R2 =	0.265).	At	the	individual	predictor	
level, there were effects of age (t	 (56)	=	−3.4,	p = .001) and sex (t 
(56)	=	−2.9,	p =	 .006)	showing	that	micro-		and	macrostructural	 in-
tegrity was higher for females in comparison with males. There were 
no effects of years of education (t	(56)	=	−1.8,	p =	 .074)	on	overall	
MRI	measures.

In addition, age, sex, and years of education simultaneously 
also explained a significant amount of variance in overall cognitive 
performance (F	(3,	51)	=	3.6,	p = .02, R2 = 0.18). At the individual 
predictor level, only an effect of age was observed (t	(54)	=	−2.8,	
p = .007). There were no effects of sex (t	 (54)	=	−0.56,	p =	 .58)	
and years of education (t	(54)	=	0.34,	p = .73) on overall cognitive 
performance.

3.2 | Effects of age on WM microstructure, GM 
macrostructure, and cognition

There were statistically significant negative correlations between 
age	and	FA	in	the	fornix	(r =	−0.7,	p <	.001,	Bonferroni-	corrected	
p	 ≤	 .01),	 right	 ATR	 (r =	 −0.42,	 p =	 .001,	 Bonferroni-	corrected	
p	 ≤	 .01),	 and	 in	 the	 left	 ATR	 (r =	 −0.4,	 p =.003,	 Bonferroni-	
corrected p	≤	.01).	There	was	also	a	trend	(i.e.,	significant	at	uncor-
rected	level)	toward	a	negative	association	between	age	and	FA	in	
the	right	ILF	(r =	−0.32,	p = .018). No significant associations were 
observed	between	age	 and	FA	 in	 the	 left	 ILF	 (r =	 −0.18,	p = .2) 
(Figure	4a).

There was a statistically significant negative relationship be-
tween age and volume in the right (r =	−0.32,	p =	.018,	Bonferroni-	
corrected p	 ≤	 .025)	 and	 left	 hippocampus	 (r =	 −0.32,	 p = .017, 
Bonferroni-	corrected	p	≤	.025,	n =	56)	(Figure	4b).	The	relationship	
between age and left hippocampal volume held significant when the 
outlier was included in the analysis (r =	−0.35,	p =	.008,	Bonferroni-	
corrected p	≤	.025).

In addition, there was a statistically significant negative rela-
tionship between age and cognitive performance for face catego-
ries and a trend toward a negative association between age and 
cognitive	performance	for	places	categories	 (Table	2;	Figure	S2).	
Lastly, there was also a statistically significant negative asso-
ciation between age and cognitive performance for object cat-
egories (r =	 −0.45,	 p =	 .001,	 Bonferroni-	corrected	 p	 ≤	 .01)	 and	

trends toward negative associations between age and cognitive 
performance for bodies (r =	−0.31,	p = .02) and verbal categories 
(r =	−0.32,	p =	.016).

3.3 | Relationships between microstructural and 
macrostructural measures

Subsequently,	Pearson's	correlation	analysis	tested	the	relationships	
between macrostructural (i.e., volume in left and right hippocampus) 
and	microstructural	(i.e.,	FA	in	the	fornix	and	in	the	left	and	right	ILF/
ATR)	MRI	measures.

There was a statistically significant positive association be-
tween	right	hippocampal	volume	and	 fornix	FA	 (r =	0.4,	p = .002, 
Bonferroni-	corrected	p	≤	.01).	There	were	no	significant	associations	
between	right	hippocampal	volume	and	FA	in	the	right	ILF	(r =	0.05,	
p =	.7),	left	ILF	(r = 0.008, p =	.95),	right	ATR	(r =	−0.03,	p = .81), and 
in the left ATR (r =	0.004,	p =	.98)	(Figure	5a).

In addition, there were no significant associations between left 
hippocampal	volume	and	FA	in	the	fornix	(r =	0.24,	p =	.07),	right	ILF	
(r =	−0.06,	p =	 .7),	 left	ILF	(r =	−0.07,	p =	 .63),	right	ATR	(r = 0.18, 
p =	.19),	and	in	the	left	ATR	(r =	0.06,	p =	.67)	(Figure	5b).

Please note that the relationship between left hippocampal vol-
ume	and	fornix	FA	turned	significant	(i.e.,	at	uncorrected	level)	after	
inclusion of the outlier in the analysis (r = 0.31, p = .02). No other 
significant associations were observed.

3.4 | Mediation analysis testing the contribution of 
hippocampal, occipitotemporal, and fronto- thalamic 
micro-  and macrostructure on age– cognitive 
relationships

Mediation	analysis	testing	for	indirect	effects	of	hippocampal,	oc-
cipitotemporal,	 and	 fronto-	thalamic	 micro-		 and	 macrostructural	
mediator variables on the direct effects of age on cognitive per-
formance showed that the fornix and right hippocampal mediator 
variables fully mediated the relationship between age and pro-
cessing	of	place	categories	(see	Figure	6a,	highlighted	in	bold).	In	
addition,	 right	 ILF	microstructure	fully	mediated	the	relationship	
between	age	and	processing	of	 face	categories	 (Figure	6b,	high-
lighted in bold).

There	were	no	other	mediator	effects	of	micro-		and	macrostruc-
tural variables on age– cognition relationships (see Table S1).

4  | DISCUSSION

In	the	present	study,	we	studied	age-	related	effects	on	the	micro-
structure	of	the	fornix	and	the	 inferior	 longitudinal	fasciculus	 (ILF)	
and on the macrostructure/volume of the hippocampus in relation 
to cognitive processing of visual object categories, that is, faces 
and places. In particular, we sought to determine (a) whether age 

TA B L E  2   Spearman's correlation coefficients between age and 
cognitive performance for faces and places categories (n =	55)

1- back tasks (stimulus) Age

Faces r =	−0.36,	
p =.006

Places r =	−0.32,	
p =.016
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associates	with	micro-		and	macrostructural	impairments	in	the	for-
nix/hippocampus	and	in	the	ILF	and	with	decline	in	face	and	place	
processing	 and	 (b)	 test	 whether	 these	 age-	associated	 micro-		 and	
macrostructural impairments in hippocampal networks and in the 
ILF	can	relate	to	some	decline	in	processing	of	places	and	faces,	re-
spectively. To test for specific of contributions of the studied struc-
tures to face/place processing, we also studied a distinct tract (the 
ATR) and cognitive performance for other visual object categories 
(i.e., objects, bodies, and verbal material).

To	address	the	proposed	questions,	we	first	tested	the	potential	
effects	of	age	on	the	micro-		and	macrostructure	of	the	hippocampal,	
occipitotemporal,	and	fronto-	thalamic	connections	and	on	cognitive	
performance	as	measured	by	1-	back	tasks	for	visual	object	catego-
ries (faces, places, objects, bodies, and verbal material). We then 
tested in mediation models whether the inclusion of microstructural 
and	macrostructural	variables	(i.e.,	fractional	anisotropy	(FA)	in	the	
fornix,	FA	 in	 the	 left	and	right	 ILF/ATR	and	 left/right	hippocampal	
volume) mediated the direct effects of age on visual object category 
processing performance.

We	found	that	age	associates	with	(a)	decreases	in	FA	in	the	for-
nix,	in	the	right	ILF	(but	not	in	the	left	ILF),	and	in	the	right	and	left	
ATR (b) reduced volume in the right and left hippocampus and (c) 
decline	 in	visual	object	category	processing.	Most	notably,	media-
tion	 analysis	 suggests	 that	 age-	associated	micro-		 and	macrostruc-
tural impairments in the fornix/right hippocampus and in the right 
ILF,	respectively,	relate	to	some	decline	in	place	and	face	category	
processing. There were no adding contributions of hippocampal 
and	 ILF	 structures	 to	 processing	 of	 other	 visual	 object	 categories	
nor the ATR (the control tract) exhibited any associations with face/
place processing or any other visual object categories. Together, 

these findings support specific contributions of the fornix and the 
right hippocampus in visuospatial scene processing abilities and of 
the	 long-	range	right	hemispheric	occipitotemporal	network	 in	face	
category processing.

Importantly, structural parameters of the fornix and the right 
hippocampus were strongly correlated with each other. It is likely 
that	in	older	age,	micro-		and	macrostructural	impairments	within	
hippocampal structures can lead to some deficit in visuospa-
tial processing abilities which are necessary attributes for place 
processing and have been shown to depend on the integrity of 
the	fornix	(i.e.,	in	the	animal	and	in	humans)	(Buckley	et	al.,	2004;	
Dumont	 et	 al.,	 2015;	 Gaffan,	 1994;	 Hofstetter	 et	 al.,	 2013;	
Wilson et al., 2008) and on the integrity of the right hippocampus 
(Abrahams	et	al.,	1997;	Bohbot	et	al.,	1998;	Burgess	et	al.,	2002;	
Ezzati	 et	 al.,	 2016;	 O’Keefe	 et	 al.,	 1998).	 The	 findings	 reported	
here further support a role of the right hippocampus in percep-
tion and visuospatial processing abilities that is contrary to that of 
the	left	hippocampus	(Abrahams	et	al.,	1997;	Bohbot	et	al.,	1998;	
Burgess	et	al.,	2002;	Ezzati	et	al.,	2016).	Thus,	some	level	of	deficit	
in the recognition of place categories in the older may also reflect 
the decreases in neural activation/specialization within the hippo-
campus	to	place	stimuli	(Dennis	et	al.,	2008;	Gutchess	et	al.,	2005;	
Park et al., 2003). In addition to evidence provided by functional 
activation patterns, functional connectivity data also provide 
further	 support	 for	 aging	effects.	 For	 instance,	 previous	 studies	
suggested decreases in neural recruitment and connectivity be-
tween hippocampal– prefrontal regions (a network supported by 
the fornix) to relate to deficits in the recognition of visual objects 
(e.g., places and faces) in older age (Dennis et al., 2008; Grady 
et	 al.,	 1995).	More	 recently,	 Jiang	et	 al.	 (2017)	 reported	a	direct	

F I G U R E  5  Scatterplots	depicting	the	Pearson	correlations	between	(a)	right	hippocampal	volume	and	WM	microstructure	(n =	57)	and	(b)	
left	hippocampal	volume	and	WM	microstructure	(n =	56)
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positive association between neural selectivity within the hippo-
campal formation and performance in an episodic memory task 
in a group of healthy older adults. As a result, the authors argued 
that	 age-	associated	 decreases	 in	 neural	 selectivity	 might	 better	
reflect decline in cognitive function rather than compensation 
(Jiang et al., 2017, see also Park et al., 2010). Other important re-
cent studies support the hypothesis that aging leads to decreased 
neural selectivity within place selective regions (e.g., in the PPA 
a region analogous to the hippocampus) and that such decreases 
in neural selectivity impact on cognitive performance (e.g., on re-
duced memory recognition for scenes), though these latter effects 
were	found	to	be	 independent	of	age	(Koen	et	al.,	2019;	Koen	&	
Rugg,	2019;	Srokova	et	al.,	2020).

In addition, some degree of impairment in face recognition 
in the older may reflect the decreased levels of neural selectivity 
and	 specialization	 of	 face-	selective	 nodes	 (e.g.,	 in	 the	 FFA,	 PrC,	
OFA)	(Berron	et	al.,	2018;	Koen	&	Rugg,	2019;	Lee	et	al.,	2011;	Park	
et	al.,	2004,	2012;	Zebrowitz	et	al.,	2016)	and/or	reduced	connec-
tivity	among	these	nodes	that	are	supported	by	the	ILF	(Gschwind	

et	al.,	2012;	Pyles	et	al.,	2013).	For	instance,	a	highly	relevant	study	
by Rieck et al. (2020) linking structural with functional connectivity 
found	age-	related	reductions	in	ILF	anisotropy	to	predict	decreases	
in neural selectivity to face stimuli in a fusiform region and across 
the	 extended	 ventral	 visual	 cortex.	 Furthermore,	 as	 noted	 earlier,	
Hodgetts	et	al.	(2015)	found	that	ILF	microstructure	associated	not	
only with performance in a face perception oddity task but also with 
BOLD	responses	in	face-	selective	regions	(i.e.,	in	the	FFA	and	PrC)	
suggesting	that	the	anatomical	links	supported	by	the	ILF	can	be	of	
critical	importance	to	face	processing	(Hodgetts	et	al.,	2015;	Scherf	
et	al.,	2014).

Secondly, the findings reported here suggest that aging of a right 
hemispheric	 ILF	microstructure	contributes	to	some	deficit	 in	face	
processing following previous reports of significant associations 
between	 impairments	 in	 right	 hemispheric	 ILF	 and	 prosopagnosia	
(Grossi	et	al.,	2014;	Thomas	et	al.,	2009).	Thus,	our	findings	are	also	
consistent with reports of structural and functional coupling be-
tween	face-	responsive	regions	(e.g.,	PrC	–		FFA,	FFA	–		OFA)	in	the	
right	hemisphere	(Gschwind	et	al.,	2012;	O’Neil	et	al.,	2013,	2014)	
and	in	response	to	face	stimuli	(O’Neil	et	al.,	2013,	2014)	and	with	
large functional neuroimaging evidence supporting preferential re-
sponses of a subset of right hemispheric occipitotemporal nodes 
(e.g.,	FFA,	OFA)	to	face	categories	 in	comparison	with	other	visual	
objects	(e.g.,	Canário	et	al.,	2016;	Grill-	Spector	et	al.,	2017;	Pitcher	
et al., 2011).

Previous studies have debated about the limitations of draw-
ing	strong	conclusions	from	a	mediation	analysis	based	on	a	cross-	
sectional study design as opposed to a longitudinal one (Lindenberger 
et al., 2011). Nonetheless, despite these limitations, note that in con-
text of the present study we report specific contributions/mediator 
effects	of	the	hippocampal	and	ILF	structures	 (but	not	of	the	ATR	
the control tract) to processing of places and faces categories as op-
posed to other visual object categories.

The specificity of contributions of occipitotemporal and hip-
pocampal networks to face and place processing, respectively, 
supports	category-	specific	mechanisms	of	processing	beyond	non-
specific attentional effects, because category related performance 
was task matched. Thus, faces are likely to rely mainly on some sort 
of	holistic/automated	mechanism	of	processing	driven	by	low-	level	
occipitotemporal networks while places likely rely on visuospatial 
mechanisms	driven	by	hippocampal	 systems	 (Canário	 et	 al.,	 2016;	
Hodgetts	et	al.,	2015;	Postans	et	al.,	2014;	Schiltz	&	Rossion,	2006).

Because	FA	 is	affected	by	multiple	proprieties	of	 tissue	micro-
structure, including axonal density/diameter and myelination, it is 
not	 possible	 in	 the	 context	 of	 the	 present	 study	 to	 attribute	 age-	
associated decline in cognition to a particular propriety of tissue 
microstructure (Alexander et al., 2007; Jones et al., 2013). Thus, an 
interesting avenue for future studies would be to expand the use 
of imaging modalities beyond DTI (e.g., the composite hindered and 
restricted	model	 of	 diffusion	 [CHARMED],	magnetization	 transfer	
[MT],	 and	myelin	water	 imaging	 [MWI])	 to	better	 characterize	 the	
nature of microstructural impairments associated with cognitive de-
cline	in	aging	(Assaf	&	Basser,	2005;	Heath	et	al.,	2018).

F I G U R E  6   Schematic illustration and outcome of the mediation 
analysis (n =	55).	(a)	Fornix	and	right	hippocampal	mediators	fully	
mediated the direct effects of age on place category performance 
(highlighted	in	bold).	(b)	Right	ILF	mediator	variable	fully	mediated	
the direct effects of age on face category performance (highlighted 
in	bold).	95%	confidence	interval	in	brackets	was	based	on	
bootstrapping	with	5,000	replacements.	b, unstandardized 
coefficients, Vol, volume
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5  | CONCLUSION

The	findings	from	the	present	study	suggest	that	age-	related	micro-		
and macrostructural impairments in the fornix and right hippocam-
pus, respectively, associate with some decline in place processing in 
keeping with important roles of the extended hippocampal system 
and the right hippocampus in visuospatial processing abilities and 
scene	perception	(Buckley	et	al.,	2004;	Burgess	et	al.,	2002;	Dumont	
et	al.,	2015;	Ezzati	et	al.,	2016;	Gaffan,	1994;	Hodgetts	et	al.,	2015;	
Hofstetter	et	al.,	2013;	Wilson	et	al.,	2008).	Conversely,	age-	related	
microstructural	 impairments	 in	right	hemispheric	 ILF	seem	to	con-
tribute to some deficit in face category processing expanding on pre-
vious	studies	on	prosopagnosia	patients	(Grossi	et	al.,	2014;	Thomas	
et	 al.,	 2009)	 and	 on	 substantial	 functional	 neuroimaging	 reports	
of enhanced activity and coupling of right hemispherical occipito-
temporal	nodes	to	face	categories	(Grill-	Spector	et	al.,	2017;	O’Neil	
et	al.,	2013,	2014;	Pitcher	et	al.,	2011).
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