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ABSTRACT 

Our aim was to investigate the functional underpinnings of autobiographical memory (AM) impairment in 

multiple sclerosis (MS) patients. To that end, 18 patients and 18 controls underwent the autobiographical 

interview (AI). Subsequently, the 36 participants underwent a functional magnetic resonance imaging (fMRI) 

session designed to assess the construction and elaboration of AMs. A categorical control task was also 

presented. Patients were trained in the fMRI procedure to optimise the procedural aspects accompanying the task 

itself. Although the patients obtained significantly poorer AI scores (p < .001), their performance on the easier 

AM fMRI task was efficiently carried out, allowing relevant comparisons with healthy controls. Relatively to 

healthy controls, the patients showed increased and bilateral cerebral activations (p < .005) during the 

construction and elaboration phases. The prefrontal, temporal and posterior cerebral region activations were 

located within the core network sustaining AM, with the bilateral prefrontal region being centrally involved. The 

parametric neural responses to the difficulty of access and amount of details of memories were also significantly 

different for the two groups, with the right hippocampal region showing a particularly increased recruitment (p < 

.005). The findings suggested the presence of functional cerebral changes during AM performance and supported 

the presence of AM retrieval deficit in MS patients. 

Keywords: Cerebral activation changes; Multiple sclerosis; Autobiographical memory; Autobiographical 

interview; Functional MRI. 
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The occurrence of functional cerebral activation changes in neurological patients is a well-established 

phenomenon, nowadays (Chen, Epstein, & Stern, 2010). Functional cerebral changes have been described in 

different conditions such as multiple sclerosis (MS; Filippi & Rocca, 2004), Alzheimer's disease (Bookheimer et 

al., 2000), stroke (Johansson, 2000) or traumatic brain injury (Levin, 2003), and in various cognitive domains. 

However, only a few investigations explored the functional underpinnings of autobiographical memory (AM). 

Briefly stated, AM is the ability to mentally re-experience personal past events, within a specific spatio-temporal 

context, as they are remembered (Tulving, 2002). Regarding the literature, AM impairment has been frequently 

reported and well described at the clinical level in various clinical conditions, for instance in Alzheimer's disease 

patients (Addis, Sacchetti, Ally, Budson, & Schacter, 2009), schizophrenic patients (D'Argembeau, Raffard, & 

Van Der Linden, 2008), depressed persons (Williams et al., 1996), patients with medial temporal lobe amnesia 

(Has-sabis, Kumaran, Vann, & Maguire, 2007) or patients with fronto-temporal dementia (Irish, Hodges, & 

Piguet, 2013). In contrast, according to Maguire, Vargha Khadem, and Mishkin (2001), the dearth of clinical 

AM neuroimaging studies is probably related to the difficulty to interpret the neuroimaging findings when 

patients cannot perform the AM task with sufficient accuracy and reaction times equivalent to those of healthy 

subjects. Nonetheless, by controlling these methodological constraints, some studies provide relevant insights 

into the influence of brain pathology on the AM neural bases. For instance, cerebral activation changes relatively 

to healthy controls have been shown in bilateral hippocam-pal atrophy (Maguire et al., 2001), amnestic mild 

cognitive impairment (Poettrich et al., 2009), Alzheimer's disease (Meulenbroek, Rijpkema, Kessels, Olde 

Rikkert, Fernandez, 2010) or in a semantic dementia case study (Maguire, Kumaran, Hassabis, & Kopelman, 

2010). 

Recently, using a stringent assessment test, AM has been shown to be impaired in MS patients (Ernst et al., 

2012, 2013, 2014). These studies show that AM impairment in MS patients is manifested by difficulties to both 

initially retrieve personal memories and recollect details associated with personal events. Specifically, Ernst and 

co-workers suggested a retrieval deficit hypothesis, related to a main prefrontal dysfunction, to explain AM 

impairment in MS patients. More generally, the multifocal nature of MS brain lesions (e.g., Trapp & Nave, 

2008), together with the widespread neural network sustaining AM, have been suggested to account for AM 

impairment in MS patients. More precisely, on the one hand, AM processes have been primarily associated with 

a brain network including the medial prefrontal cortex, the medial and lateral temporal cortices, the parieto-

occipital regions and the temporo-parietal junction (Svoboda, McKinnon, & Levine, 2006). On the other hand, 

several studies carried out in MS patients have demonstrated that structures such as the frontal cortex (Benedict 

et al., 2002; Bendfeldt et al., 2009) and the hippocampus (Sicotte et al., 2008; Hulst et al., 2012), which are 

essential in the AM core network, are frequently damaged. In parallel, previous neuroimaging studies conducted 

in MS patients have reported cerebral activation changes, entailing increased activation in brain areas also 

recruited by healthy controls and/or the recruitment of alternative brain areas (Hulst et al., 2012), during the 

completion of attention and working memory (Kollndorfer et al., 2013), ante-rograde memory (Hulst et al., 

2012; Mainero et al., 2004; Morgen et al., 2007) or executive functions (Lazeron, Rombouts, Scheltens, Polman, 

& Barkhof, 2004) tasks. In this context, the occurrence of functional activation changes could be expected in the 

context of AM impairment in MS patients. However, to our knowledge, only one preliminary study (Ernst et al., 

2012) addressed this question, showing cerebral activation changes, mainly located in the bilateral prefrontal 

regions, during the retrieval of personal memories in MS patients with impaired AM performance. 

Thus, based on these theoretical framework and preliminary findings, the aim of the present study was to 

investigate more extensively the neural bases of AM impairment in MS patients. Bearing in mind that AM plays 

a major role in daily life functioning and is ultimately linked to the self (Rasmussen & Habermas, 2011), its 

impairment can lead to debilitating consequences, which emphasises the clinical necessity of this kind of 

investigations. To that end, we studied (1) the functional cerebral substrates sustaining both the access and 

further recollection of details associated with personal memories and (2) the influence of recollective qualities of 

memories on cerebral activations in MS patients. Following Ernst et al., (2012), we hypothesised that functional 

activation changes would be predominantly observed in the prefrontal regions during retrieval and elaboration of 

memories. Moreover, considering the evidence of hippocampal damage in MS patients (Hulst et al., 2012; 

Sicotte et al., 2008), the role of the hippocampus in AM, and evidence suggesting that the hippocampal activity 

is modulated by the recollective qualities of memory (Addis, Moscovitch, Crawley, & McAndrews, 2004; Addis 

& Schacter, 2008), we also expected functional changes in the hippocampal region in MS patients, relatively to 

healthy controls. 

 

MATERIALS AND METHODS  

Subjects 

Eighteen patients with definite MS according to the McDonald criteria (McDonald et al., 2001) were recruited at 
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the Neurology Units of two French hospitals (Strasbourg and Colmar). Inclusion criteria were the diagnosis of a 

relapsing-remitting disease course, Expanded Disability Status Scale (EDSS; Kurtzke, 1983) score <5, absence 

of major signs of depression according to the Montgomery and Asberg Depression Rating Scale (Montgomery & 

Asberg, 1979; clinical threshold score > 15), no recent exacerbation of MS symptoms and AM impairment (see 

below). Eighteen healthy controls matched for gender, age, education level and verbal intellectual quotient (IQ) 

were recruited. Exclusion criteria for all the subjects were documented psychiatric illness, neurological disorder 

(other than MS for the patients) and poor knowledge of French. Demographic and clinical data are summarised 

in Table 1. The present study was approved by the "Committee for Protection of Persons" (CPP/ CNRS N° 

07023) and we complied with the Declaration of Helsinki. 

Behavioural assessment 

In the first step, all the patients underwent a neuropsychological baseline examination covering the following 

cognitive domains: the general verbal abilities were tested with the Wechsler Adult Intelligence Scale-Ill 

(Wechsler, 1997) verbal IQ, short form (Axelrod, Ryan, & Ward, 2001). Non-verbal reasoning was assessed 

using the Advanced Progressive Matrices Set 1 (Raven, 1958). Anterograde memory was examined with the Rey 

auditory verbal learning test (Rey, 1964), and the Rey-Osterrieth Complex Figure (Rey, 1941; Osterrieth, 1944). 

The executive functions were probed by means of the phonological and categorical fluency tests (National 

Hospital, London), the Brixton Spatial Anticipation test (Burgess & Shallice, 1997), the Tower of London 

(Shallice, 1982) and the Cognitive Estimation Task (Shallice & Evans, 1978). The attentional abilities and 

information processing were assessed using the Information Processing Speed test from the Adult Memory 

Information Processing Battery (Coughlan & Hollows, 1985), the Stroop test (Stroop, 1935) and the months 

backward test (National Hospital, London). Language was tested with the Déno 100 test (Kremin, 2002), and the 

visuoperceptual and visuospatial abilities with the Silhouettes and Cube Analysis sub-tests from the Visual 

Object and Space Perception Battery (VOSP; Warrington & James, 1991). Additionally, the effect of fatigue in 

everyday life was assessed using the "Echelle de Mesure de l’Impact de la Fatigue" (Debouverie, Pittion-

Vouyovitch, Louis, & Guillemin, 2007). 

The AM assessment was carried out using the autobiographical interview (AI), kindly communicated by B. 

Levine to LM (Levine, Svoboda, Hay, Winocur, & Moscovitch, 2002) for the patients and the healthy controls. 

The AI consists in retrieving personal unique events, temporally and contextually specific, occurring over 

minutes to hours (but no longer than 1 day), and to generate freely as many details as possible about the event. 

We used an adapted version of the Al, allowing the introduction of cue-words (Addis, Wong, & Schacter, 2008; 

Addis et al., 2009) and the possibility to probe a greater number of past recollections to assess more 

comprehensively the retrieval process (Barnabe, Whitehead, Pilon, Arsenault-Lapierre, & Chertkow, 2012; 

Leyhe, Muller, Milian, Eschweiler, & Saur, 2009). Three past events per life period were collected [i.e., four or 

five life periods, depending on the subject's age; 0-11 years, 12-20 years, 21 to (current age -1) or 21-35 years, 

36 to (current age -1) and the previous year]. Participants were informed that the cue-words were intended to be 

used flexibly and no time limit was set to avoid the potential influence of the patients' slowed down cognitive 

processing speed on AM performance. The present work focuses on the free recall phase deficit specifically. 

The AI session was audio-recorded for later transcription and scoring following the standardised procedure 

supplied by Levine et al. (2002).  

Since our aim was to explore the functional underpinnings of AM impairment in MS patients, we included 

patients, whose AM scores were below the mean of the normative data, which was provided for the French 

version of the AI by Ernst et al. (2012). In this context, the presence of AM impairment was determined by the 

free recall phase scores, and especially the mean number of internal details, which is an objective measure of the 

episodic quality of memories. Thus, MS patients' AM performance was deemed to be impaired if the mean score 

for internal details was < 22.12. 

 

TABLE 1: Demographical and clinical data 

 MS patients Healthy controls Statistical analysis:  

Test and p values 

N 18 18 _ 

Age in years 41.11 (10.22) 39.72 (8.61) t = 0.44; p = .66 

Education in years 13.22 (2.05) 13.44 (2.45) t = -0.29; p = .80 

Sex (ratio female/male) 15/3 15/3 X2 = 0.0; p = 1.0 

EDSS [range] 2.50 (1.37) [0-5] - - 

Duration of MS in years 12.53 (8.68) - - 

Number of DMD treatment 1.0 (0.0) - - 
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Verbal IQ 99.78 (11.94) 98.06 (12.10) t = 0.43; p = .67 

Mean (and standard deviation) for the MS patient and the healthy control groups. DMD, disease-modifying 

drugs. 

 

Neuroimaging data 

Functional magnetic resonance imaging tasks 

Two functional magnetic resonance imaging (fMRI) tasks were proposed during scanning. The experimental 

task (i.e., past events condition) consisted in the evocation of unique personal past events, contextually specific, 

occurring over minutes or hours, but no longer than 1 day. Examples were provided and the similarity to the 

instructions and event's characteristics of the AI was reminded. To guide memory recollection, two cue-words 

were provided during the past events task (instead of a single cue-word during the AI) and a total of 32 pairs of 

words were proposed to elicit memories (e.g., "store-crowd"), covering the same life periods that were proposed 

in the AI [i.e., four or five life periods, depending on the subject's age; 0-11 years, 12-20 years, 21 to (current age 

-1) or 21- 35 years, 36 to (current age -1) and the previous year]. Importantly, during the fMRI task, we used a 

list of arbitrary cue-words, similar for all the participants. Notwithstanding the fact that the cue-words were 

different from the cue-words used during the AI, participants were instructed to evoke memories different than 

those previously recollected during the AI to avoid a "re-encoding effect" of memories (Svoboda et al., 2006). 

Moreover, they were informed that the cue-words were meant to generate a past event in a flexible way. Based 

on Addis, Wong, and Schacter (2007), we distinguished two phases in the evocation of the event: 

(1)  the construction phase corresponding to the search and initial building up of the event and 

(2)  the elaboration phase corresponding to the retrieval of details associated with the event. Each trial had a 

fixed duration of 20 s. Once the memory was retrieved, the subject had to press button 1 on the response box to 

mark the end of the construction phase. The remaining time, during which a central fixation cross was presented, 

was devoted to the elaboration phase. 

The control task was a categorical task, adapted from the initial fMRI paradigm by Addis et al. (2007) for its use 

with patients. Thirty-two pairs of words were included, with which participants had to construct a sentence for 

the construction phase (e.g., with "cake-chocolate": "The pastry chef's speciality is the chocolate cake"). Once 

the sentence was constructed, they had to press button 1 to pursue with the elaboration phase during which the 

participants had to keep the same sentence structure, replacing the two given cue-words by words of the same 

semantic category (e.g., "The pastry chef's speciality is the apple pie"). The fixed duration for each trial was also 

20 s. 

Prior to scanning, the procedure was explained to the participants and we asked them to complete a computerised 

practice trial for each task in order to be familiar with the experimental design and timing presentation of stimuli. 

Given the fact that the fMRI examination imposes time constraints, a particular attention was paid to the patients' 

practice trial to optimise the further completion of the task during the scanning session. Additionally, a more 

specific practice trial for the control task was carried out to instruct the participants to avoid any self-implication 

in the sentence construction (no sentence with "I"), since this process was of interest in the experimental 

condition. 

The experimental design was organised in four sequences of eight stimuli per condition, beginning 

systematically with the control task and then alternating between past events and control task conditions. In both 

tasks, each trial was followed by a short period of fixation that was of jittered duration (mean duration = 1.5 s, 

range = 1-2 s). At the beginning of each sequence, the name of the condition was displayed on the screen for 6 s. 

The presentation order of stimuli within each condition was randomised. 

The programming and response collection were done with E-Prime 2 software (Psychology Software Tools, 

Inc.). Words were displayed on a screen in white text, with a black background and viewed using a mirror 

incorporated in the head-coil. 

Immediately following scanning, a post-scan questionnaire was completed for the past events condition, in order 

to verify the adequacy of the responses and to exclude incorrect trials before the data analysis. Thus, for each 

past event, participants had to indicate the type of memory (unique, repetitive, extensive, semantic or absent), the 

spatial and temporal context of the event, the emotional valence and rate, on two visual-analogue scales of 10 

cm, the difficulty of access and the amount of details. 

Magnetic resonance imaging acquisition 

Magnetic resonance imaging (MRI) examinations were performed on a 3T MRI scanner (MAGNETOM Verio, 

Siemens Healthcare, Erlangen, Germany). Regarding the structural images, they were obtained by means of a 3D 
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TI-weighted sampling perfection with application optimised contrasts using different flip angle evolution 

sequence (TR = 4000 ms, TI = 380 ms, TE = 383 ms, flip angle = 120°, FOV = 256 mm, matrix = 512 × 512, 

176 sagittal slices of 1 mm). 3D T2 Fast Spin Echo images were also acquired with the following parameters: 

TR = 3200 ms, TE = 409 ms, flip angle = 120°, FOV = 256 mm, matrix = 512 × 512, 176 sagittal slices of 1 mm. 

Functional images were acquired with a T2*-weighted echo planar imaging sequence (TR = 2500 ms, TE = 30 

ms, matrix = 64 × 64 voxels, FOV = 224 mm, FA = 90). The anterior commissure and posterior commissure 

were identified in the midsagittal slice, and 45 contiguous slices (each 4 mm thick) were prescribed parallel to 

the anterior commissure and posterior commissure plane to cover the whole brain. 

Statistical analyses 

Behavioural data 

Although AM impairment was an inclusion criteria for patients (based on normative data), between-group 

comparisons for the AI scores with the control group recruited for the present study were conducted (t-test). This 

analysis was performed in order to verify that our group of MS patients actually showed lower AM scores in 

comparison with the sample of matched healthy controls, obtained for the present study. Between-group 

comparisons for the post-scan variables were also tested by means of t-test or repeated measures analysis of 

variance. 

Neuroimaging data 

Functional MRI image analysis. Pre-processing and statistical analyses were conducted using SPM5 software 

(Wellcome Department of Cognitive Neurology, London, UK, Friston et al., 1995). Time series were realigned 

to the first volume to correct for motion artefacts, spatially normalised to a standard EPI template based on the 

Montreal Neurological Institute reference brain in Talairach space (Talairach & Tournoux, 1988), and then 

spatially smoothed using an 8 mm full-width at half-maximum isotropic Gaussian kernel. 

For the past events condition and the control task, evoked hemodynamic responses time locked to the onset of 

the cue presentation (construction phase) were modelled with a canonical hemodynamic response function. 

Hemodynamic activity related to the elaboration phase was modelled with a boxcar function of 10-s duration that 

started immediately after the end of the construction phase by button press. The 10-s duration interval for the 

elaboration phase was fixed to allow a sufficient time interval to detail search and the trials with a construction 

phase longer than 10 s were excluded. 

To obtain a sufficient number of valid trials for the past condition (particularly given the patients' AM 

impairment), we chose to keep both unique and repetitive events as regressors of interest, especially as a great 

overlap of the cerebral activations was previously observed for these two types of memories (Addis, McIntosh, 

Moscovitch, Crawley, & McAndrews, 2004; Addis, Moscovitch, et al., 2004). Valid control trials (i.e., with a 

construction phase no longer than 10 s) were also included as regressors of interest. 

Statistical parametric maps were generated for the comparison between the past and control conditions, during 

the construction and elaboration phases, for each subject, with a general linear model. Whole brain between-

group comparisons (patients > healthy controls and patients < healthy controls) were conducted by means of 

two-sample t-tests for each contrast images (past event construction vs control construction; past event 

elaboration vs control elaboration). 

Parametric modulation analyses were performed for the difficulty of access and amount of details, with the 

creation of a general linear model for the construction and elaboration phases, using the first-order parametric 

modulation option supplied by SMP5. To this end, to obtain a homogenous distribution of the responses, ratings 

from the two visual analogue-scales were rescheduled empirically as follows: 0-5 cm = 1 (low score); 5.1-7.5 cm 

= 2 (medium score) and 7.6-10 cm = 3 (high score). Two sample t-tests were then applied to explore the 

potential between-group differences. 

To provide a good balance between controlling the Type I and II error rates, the significance threshold was set at 

p = .005 (uncorrected for multiple comparisons), with a minimum extent threshold of 10 contiguously activated 

voxels for all the analyses (k = 10 voxels; Lieberman & Cunningham, 2009). Given that the medial temporal 

lobe structures (parahippocampal gyrus and hippocampus) were of a priori interest and that they are particularly 

small brain regions, explorative analyses were also conducted with a minimum extent threshold of five 

contiguously activated voxels (k = 5 voxels; p = .005 uncorrected), similarly to what has been done in previous 

AM studies (e.g., Holland, Addis, & Kensinger, 2011). 

Structural MRI image analysis. To investigate global brain tissue atrophy, segmentation of grey and white matter 

was performed in SPM12b (Statistical Parametric Mapping, http://www.fil. ion.ucl.ac.uk/spm/) using an 

extension of the unified segmentation procedure (Ashburner & Friston, 2005) that includes six classes of tissue. 

http://www.fil/
../AppData/Local/Temp/ion.ucl.ac.uk/spm/
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Then, between-group differences for the grey and white matter global volumes were calculated by means of 

unilateral t-test for independent samples. For all these statistical analyses, differences were considered significant 

at p < .05. Brain lesions were manually segmented on both T1-weighed and T2-weighted images using the ITK-

snap software (www.itksnap.org) for each MS patient. 

 

RESULTS 

Behavioural results 

The patients' neuropsychological baseline scores were in the normal range (i.e., threshold: either z-score -1.65 or 

the 5th percentile, depending on the normative data provided for each test) for all cognitive functions, with two 

exceptions, planning abilities and cognitive estimations (Table 2). 

With regard to the AI performance, the MS patients and the healthy control group provided respectively, on 

average, 14.71 internal details (SD = 3.56) vs 29.11 (SD = 7.56), with a mean total ratings of 4.12 (SD = 1.11) vs 

7.71 (SD = 1.63) during the free recall phase. These descriptive results revealed that our group of MS patients 

provided a mean number of internal details approximately two SDs below those provided by healthy controls in 

the normative database provided by Ernst et al. (2012). In this context, as expected, the patients' performance 

was significantly lower than that of the present group of healthy controls for the mean number of internal details 

(t = -7.31; p < .001) and the mean total ratings (t = -7.74; p < .001). 

Turning to the behavioural results of the neuroimaging session (Table 3), there was no group difference in the 

mean reaction time to retrieve a memory (t = 0.87; p = .39). Post-scan results highlighted a main effect of the 

event type (F = 123.30; p < .001), and Tukey HSD post-hoc test revealed a higher number of unique events in 

comparison with the four other event types (p < .001 in all the cases). Nevertheless, a comparable mean number 

of unique (p = .58), repetitive (p = 1.0), extended (p = .99), semantic (p = .99) and absent (p = 088) memories 

between the two groups was found. A main effect of the emotional valence was observed (F = 63.67; p < .001), 

and Tukey HSD post-hoc test revealed a higher number of positive past events in comparison with neutral and 

negative events (p < .001 in all the cases). However, a similar distribution between positive (p = .81), neutral (p 

= .48) and negative past events (p = .99) was observed in the two groups. The mean rating for the difficulty of 

access (t = .99; p = .33) and for the amount of details (t = -.57; p = .57) did not differ between the two groups. 

 

TABLE 2: Neuropsychological baseline examination scores: mean (and SD) for the MS patient group 

 MS group scores Mean (SD) 

Verbal IQ 99.78 (11.94) 

PM12 9.28 (1.78) 

RAVLT  

Total mean number of words 11.96 (1.35) 

Delayed recall 13.28 (2.11) 

ROCF  

Copy 35.69 (0.67) 

fmmediate recall 24.78 (5.34) 

Delayed recall 24.06 (5.71) 

Deno 100 97.39 (4.16) 

Stroop  

Colours (score T) 47.22 (9.16) 

Words (score T) 42.44 (12.61) 

Interference (score T) 46.50 (10.10) 

Interference score (score T) 48.61 (7.73) 

Months back (sec) 11.11 (2.78) 

Tower of London  

Score 8.33 (1.71)a 

Time indice 16.94 (2.94) 

Brixton (number of errors) 14.22 (4.47) 

Cognitive estimation task 4.06 (2.55)a 

Verbal fluency  

Categorical 19.53 (4.81) 

Phonological 13.00 (3.06) 

Information processing speed  

Cognitive 55.11 (8.31) 

http://www.itksnap.org/
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Motor 49.83 (10.05) 

Error percentage 2.61 (2.68) 

Corrected score 60.92 (9.45) 

VOSP  

Silhouettes 22.83 (2.73) 

Cubes analysis 9.72 (0.57) 

MADRS 5.00 (4.42) 

EMIF-SEP (total) 44.93 (15.53) 
aScores under the normal range (in comparison with the normative data of each test: 5th percentile or cut-off depending on the test). 

PM12, progressive matrices 12; RAVLT, Rey auditory verbal learning test; ROCF, Rey-Osterrieth complex figure; VOSP, visual object and 

space perception; MADRS, Montgomery and Asberg Depression Rating Scale; EMIF-SEP, Echelle de Mesure de l'Impact de la Fatigue. 

 

 

TABLE 3: Mean (and standard deviation) for the behavioural measures from the fMRI session for the MS 

patient and the healthy control groups 

 MS patients Healthy controls 

Construction reaction time (in sec) 5.40 (0.93) 5.07 (1.28) 

Type of events   

Unique 17.39 (5.48) 19.83 (6.00) 

Repetitive 4.22 (4.05) 4.00 (3.54) 

Extended 0.61 (0.91) 1.27 (1.84) 

Semantic 1.22 (2.82) 0.50 (1.10) 

Absent 4.61 (4.38) 2.77 (1.83) 

Emotional valence   

Positive 12.83 (5.04) 14.28 (3.00) 

Neutral 3.22 (3.87) 5.27 (2.65) 

Negative 5.94 (2.75) 5.50 (2.77) 

Difficulty of access (parametric) 2.45 (0.38) 2.34 (0.30) 

Amount of details (parametric) 1.99 (0.41) 2.06 (0.36) 

 

 

Structural neuroimaging results 

Regarding global brain tissue atrophy analysis, within the group of MS patients, the mean grey matter volume 

was 570.166 cm3 (SD = 64.49 cm3) and the mean white matter volume was 378.12 cm3 (SD: 68.70 cm3). For the 

healthy controls, a mean grey matter volume of 613.06 cm (SD = 77.11 cm3) was observed, together with a mean 

white matter volume of 404.86 cm3 (SD = 50.69 cm3). These descriptive results revealed that, on average, the 

MS patients showed a decrease in their grey and white matter volumes of approximately 7%, relatively to the 

healthy subjects. Statistical analyses confirmed the presence of a significant decrease in the grey matter volume 

in MS patients, relatively to the healthy controls (t = -1.75, p = .04). However, for the white matter volume, this 

difference did not reach the statistical significance threshold (t = -1.30, p = .10). 

In parallel, regarding the total lesion load, within the patient group, the mean lesion volume was 4.50 cm3 (SD = 

5.10 cm3). 

Functional neuroimaging results 

Past events construction 

During the initial construction phase, between-group analysis revealed significantly greater activations in MS 

patients than in healthy controls in several brain areas (Table 4; Figure 1). These increased cerebral activations 

were predominantly located in the frontal regions, including the right inferior frontal gyrus (BA 46), the right 

middle frontal gyrus (BA 10), the right superior frontal gyrus (BA 6) and the left precentral gyrus (BA 6/ 43/44), 

and also in the left transverse temporal gyrus (BA 42), the left postcentral gyrus (BA 40), the right postcentral 

gyrus (BA 2) and the left insula (BA 13). 

The reverse contrast (healthy controls vs MS patients) showed significantly greater brain activations only in the 

right superior temporal gyrus (BA 13; x = 46, y = 0, z = -8, Z = 2.79). 

Past events elaboration 

Differential activations between MS patients and healthy controls were also observed during the elaboration on 

additional details from past events (Table 4; Figure 2). MS patients recruited more extensively the frontal 
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regions, with significant activations in the right middle frontal gyrus (BA 8/9/10), the left middle frontal gyrus 

(BA 8/ 46), the right inferior frontal gyrus (BA 47), the right superior frontal gyrus (BA 9), the left superior 

frontal gyrus (BA 9/10) and the bilateral medial frontal gyrus (BA 9). Increased activations were also observed 

in the left middle (BA 21) and superior (BA 42) temporal gyri, the right middle occipital gyrus (BA 18), the left 

cingulate gyrus (BA 25/32), the right cingulate gyrus (BA 23/24/ 32), the right cuneus (BA 17), the left 

precuneus (BA 7) and the right cerebellum and in basal nuclei (bilateral thalamus, bilateral caudate nuclei, left 

putamen). 

The healthy controls did not show significantly more brain activation than the patients in any brain regions. 

Parametric modulation of brain activity during past events construction 

Differential neural responses to the difficulty of access and to the amount of details were highlighted between 

MS patients and healthy controls during retrieval of past events (Tables 5 and 6; Figure 3A.1 and A.2). 

Indeed, for the patients, the response to the difficulty of access entailed a greater activity only in the right 

parahippocampal gyrus (BA 19) in comparison with the healthy controls. The reverse contrast showed increased 

activations for the healthy controls in the bilateral postcentral gyrus (BA 7), the right superior parietal lobule 

(BA 7), the left middle frontal gyrus (BA 6), the right middle temporal gyms (BA 21), the left lingual gyms (BA 

19) and the left cerebellum, in response to the difficulty of access. 

Concerning the amount of details, between-group analysis showed a significantly greater modulation effect for 

the patients in the left medial frontal gyrus and the right uncus (BA 28), whereas the healthy controls recruited 

more extensively the left superior temporal gyrus (BA 13) in response to the quantity of details. 

 

TABLE 4: Brain regions exhibiting significant activations for MS patients (vs healthy controls; two sample 

Mest) during the past event construction (vs control construction) and the past event elaboration (vs control 

elaboration) 

Brain region Coordinates 

(x, y, z) 

z-score 

Past event construction > control construction  

L Precentral gyrus (BA 43) (-54, -8, 12) 2.85 

L Precentral gyrus (BA 44) (-60, 10, 8) 2.95 

L Precentral gyrus (BA 6) (-58, 0, 6) 2.74 

R Inferior frontal gyrus (BA 46) (52, 42, 2) 3.15 

R Middle frontal gyrus (BA 10) (34, 56, 6) 2.98 

R Superior frontal gyrus (BA 6) (24, 6, 70) 2.96 

L Transverse temporal gyrus (BA 42) (-60, -18, 14) 3.58 

L Postcentral gyrus (BA 40) (-56, -26, 20) 3.48 

R Postcentral gyrus (BA 2) (48, -36, 64) 2.95 

L Insula (BA 13) (-42, 14, 24) 2.78 

Past event elaboration > control elaboration  

R Middle frontal gyrus (BA 10) (30, 40, 22) 3.30 

L Superior frontal gyrus (BA 10) (-2, 66, 24) 3.30 

R Inferior frontal gyrus (BA 47) (16, 10, -14) 2.92 

R Middle frontal gyrus (BA 8) (22, 24, 38) 2.85 

L Middle frontal gyrus (BA 8) (-32, 34, 48) 3.0 

R Middle frontal gyrus (BA 9) (40, 46, 26) 3.58 

R Superior frontal gyrus (BA 9) (8, 54, 28) 3.56 

L Medial frontal gyrus (BA 9) (-6, 44, 26) 3.07 

L Middle frontal gyrus (BA 46) (-42, 40, 14) 3.24 

L Superior frontal gyrus (BA 9) (-24, 38, 30) 3.05 

R Medial frontal gyrus (BA 9) (12, 26, 30) 2.82 

R Middle occipital gyrus (BA 18) (22, -92, 4) 3.62 

L Middle temporal gyrus (BA 21) (-34, 4, -30) 3.67 

L Superior temporal gyrus (BA 42) (-60, -20, 12) 2.70 

L Thalamus (-18, -12, 16) 3.21 
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R Thalamus (2, -4, 2) 3.08 

L Anterior cingulate (BA 25) (-6, 14, -8) 2.72 

R Anterior cingulate (BA 32) (10, 20, -8) 3.47 

R Cingulate gyrus (BA 24) (10, -8, 32) 2.79 

L Cingulate gyrus (BA 32) (0, 24, 34) 2.75 

R Posterior cingulate (BA 23) (6, -38, 26) 3.21 

R Cuneus (BA 17) (16, -84, 6) 2.67 

L Precuneus (BA 7) (-8, -50, 60) 3.00 

R Cerebellum anterior lobe (24, -52, -24) 3.51 

R Cerebellum posterior lobe (24, -60, -46) 3.45 

R Caudate nucleus (18, 12, 8) 2.89 

L Caudate nucleus (-20, 2, 22) 3.67 

L Putamen (-20, 10, 14) 3.23 

Talairach coordinates reported. Uncorrected p < .005; k = 10 voxels. 

 

Figure 1. Brain regions showing an increased activity for MS patients (vs healthy controls) during the past 

events construction (vs control task construction); uncorrected p < .005, k = 10 voxels. 

 

 

Parametric modulation of brain activity during past events elaboration 

During the elaboration phase, the parametric response for the difficulty of access and amount of details involved 

different brain regions in the two groups (Tables 5 and 6; Figure 3B.1 and B.2). 

MS patients showed a greater response to the difficulty of access in the left parahippocampal gyrus (BA 30), the 

right parahippocampal gyrus (BA 27) and in the left middle temporal gyrus (BA 22) in comparison with the 

healthy controls. Analysis with k = 5 highlighted also a significant activation in the right hippocampus. 
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Conversely, relatively to the patients, controls' neural responses to the difficulty of access led to greater left-

lateralised activations in the lingual gyrus (BA 19), the middle temporal gyrus (BA 19) and the cuneus (BA 17). 

Regarding the neural responses to the amount of details, the patients recruited more intensively than the controls 

right-sided brain regions, with significant activations in the parahippocampal gyrus (BA 37), the fusiform gyrus 

(BA 37) and the cingulate gyrus (BA 31). Again, analysis with k = 5 revealed a significant activation in the right 

hippocampus. The reverse contrast showed a significantly greater activation in the right middle temporal gyrus 

(BA 39) within the group of healthy controls, in response to the amount of details. 

 

Figure 2. Brain regions showing an increased activity for MS patients (vs healthy controls) during the past 

events elaboration (vs control task elaboration); uncorrected p < .005, k = 10 voxels. 

 

 

 

DISCUSSION 

In the present study, we have shown that AM impairment observed at the clinical level in MS patients was 

accompanied by cerebral activation changes during the AM fMRI task, in the context of a significant grey matter 

loss. 

Importantly, notwithstanding the above-mentioned AM clinical impairment, our MS patients were still able to 

perform the AM fMRI task at a comparable level to that of the healthy control group (Maguire et al., 2001). 

Therefore, the observed cerebral activation changes in the patient group are not to be interpreted as reflecting, for 

instance, a too poor completion of the task in comparison with the healthy controls (Cader, Cifelli, Abu-Omar, 

Palace, & Matthews, 2006; Liu et al., 2011; Maguire et al., 2001). While this result could seem counterintuitive, 

especially for the type of events, difficulty of access and amount of details, there are a number of factors at work. 

Indeed, since one criterion for patients' inclusion was impaired score on the AI, we paid particular attention to 

the practice trial preceding the fMRI session to optimise the procedural aspects accompanying the task itself. 

Moreover, considering the issue of the AM test sensitivity, it is possible that the simple categorisation of the type 
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of events and the two visual-analogue scales were not sensitive enough to detect deficits similar to that observed 

in the patients' AI In relation, again, to the issue of the level of difficulty, qualitatively, nearly all the patients 

reported that the AM fMRI task was easier than the AI Furthermore, it should be noted that the post-scan 

measures relied on self-assessment, which could imply the influence of different decision criteria within the 

participants, whereas the AI is an objective measure of the number of episodic details provided by the subjects. 

Importantly, in coherence with Ernst et al.'s data (2012, 2013, 2014), showing that MS patients expressed AM 

difficulties congruent with objective AM assessment, self-assessment reliability in the present study was based 

on the fact that the patients demonstrated AM impairment in the context of preserved general cognitive 

functioning, and normal awareness of their AM difficulties (qualitatively observed during both the AI and the 

post-scan questionnaire). 

While cerebral activation changes have already been reported in different cognitive domains in MS patients (e.g., 

Hulst et al., 2012; Kollndorfer et al., 2013; Morgen et al., 2007), the present study is the first, to our knowledge, 

to provide evidence of functional activation changes during recollection of AMs. Specifically, these brain 

activation changes in MS patients were mainly located in key brain regions of the AM core network, which is in 

agreement with the previous findings obtained in different clinical conditions presenting with AM deficit 

(Maguire et al., 2001, 2010; Meulenbroek et al., 2010). 

Interestingly, these brain activation changes in our patients were expressed by both increased cerebral activations 

in key brain regions of the AM core brain network and the recruitment of alternative, mostly contralateral, brain 

areas. Overall, in our MS patients, predominant brain activation changes were demonstrated in the bilateral 

prefrontal regions, in accord with previous preliminary findings (Ernst et al., 2012). This result could be 

accounted for the significant role of the frontal network in AM retrieval (Svoboda et al., 2006) and it is coherent 

with the retrieval deficit hypothesis posited by Ernst et al. (2012, 2013, 2014) to explain AM impairment in MS 

patients. 

More precisely, regarding the construction phase of AM, the patients exhibited predominantly functional 

changes in the bilateral frontal regions. The right-lateralised activations are particularly significant since the AM 

core network is predominantly left-lateralised (Addis et al., 2007; Botzung, Denkova, Ciuciu, Scheiber, & 

Manning, 2008). These frontal region activations were also accompanied by increased bilateral parietal 

activations. The greater activity of this bilateral frontoparietal network is of interest considering that, besides the 

well-known role of frontal regions in AM retrieval (Cabeza & St Jacques, 2007; Svoboda et al., 2006), an 

involvement of parietal regions in the early phase of AM has also been described (Addis et al., 2007; Berryhill, 

Phuong, Picasso, Cabeza, & Olso, 2007). Along these lines, St Jacques, Kragel, and Rubin, 2011 introduced the 

notion of the left "frontoparietal network" in AM. Given that this last network is related to both executive control 

processes (Niendam et al., 2012; Vincent, Kahn, Snyder, Raichle, & Buckner, 2008;) and the Attention to 

Memory model (Cabeza, 2008), it has been suggested that its role is linked to the important demand of top-down 

attentional control processes during the construction of memories. This frontoparietal network could be 

especially involved in memory retrieval "when judgements are uncertain and that further analysis of the stimulus 

in relation to mnemonic representations is required" (Vincent et al., 2008; p. 3338). On these bases, we suggest 

with caution that, taking into account the relationships between AM deficit and executive functioning in MS 

patients (Ernst et al., 2013), the enhanced recruitment of the bilateral frontoparietal regions could reflect the 

higher cognitive demand during the construction phase in MS patients. 

Regarding the posterior brain regions, Addis et al. (2007) reported early cerebral activations in these brain areas 

during the construction phase, which is consistent with the role of visual imagery in the retrieval and vividness of 

episodic memories (Greenberg & Rubin, 2003). The increased recruitment of these regions, only observed 

during the further elaboration phase in our patients, together with the aforementioned primary focus on executive 

demand during the construction phase, could suggest that the visual imagery processes might have been 

"delayed" in our patients. In fact, during the elaboration phase, our group of patients showed a remarkably 

enhanced activity in the right middle occipital gyrus, the right cuneus and the left precuneus. 

Similar to the construction phase, our patients exhibited important cerebral activations in the bilateral prefrontal 

regions during the elaboration phase, located in the middle and superior frontal gyri and the medial frontal 

regions. In relation to the elaboration phase, Addis et al. (2007) underlined the recruitment of predominantly left 

prefrontal regions, which are involved in the further retrieval, verification and selection of information required 

during the elaboration of memories (Svoboda et al., 2006). In parallel, the left medial prefrontal region is 

particularly engaged in self-referential process (Cabeza & St Jacques, 2007; Gilboa, 2004; Maguire, 2001). 

Turning to the cortical midline brain structures, Summerfield, Hassabis, and Maguire (2009) have proposed that 

the right posterior cingulate cortex activity is modulated by the realness and self-implication during memory 

recollection. In addition, Northoff et al. (2006) have suggested that the anterior cingulate cortex is associated 

with the recall of self-events and may mediate the interaction between the emotional significance and the self-
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relevance of stimuli (Moran, Macrae, Heatherton, Wyland, & Kelley, 2006; Sharot, Riccardi, Raio, & Phelps, 

2007). Not surprisingly, these brain regions are particularly active during the elaboration phase of memories 

(Addis et al., 2007). In the present study, we observed a greater recruitment of the bilateral anterior cingulate 

cortex and the right posterior cingulate cortex, relatively to the healthy controls. 

Regarding the temporal regions, we observed an enhanced activity in the left middle temporal gyrus (BA 21) 

associated with AM semantic knowledge (Svoboda et al., 2006) but no contral-ateral recruitment. Based on the 

relative preservation of personal semantics in MS (Ernst et al., 2013), we suggest with caution that personal 

semantic representations could play a role in compensating AM recollection difficulties, manifested by the 

enhanced activity in this region. Based on previous reports showing hippocampal damage in MS patients (Hulst 

et al., 2012; Sicotte et al., 2008) and the central role of the hippocampus in AM (Addis, Moscovitch et al., 2004; 

Addis, Mclntosh et al., 2004; Addis & Schacter, 2008), functional changes in the hippocampal region were 

hypothesised in the present study. Surprisingly, no significant between-group differences were found regarding 

the hippocampal activations. 

 

 

TABLE 5: Significant brain activations for the parametric modulation of the difficulty of access and amount 

of details for MS patients (vs healthy controls; two sample t-est) during the past event construction and 

elaboration 

Brain region Coordinates 

(x, y, z) 

z-score 

Past event construction—difficulty of access 

R Parahippocampal gyms (BA 19) (34, -48, -2) 2.93 

Past event construction—amount of details  

L Medial frontal gyms (-16, 58, 2) 3.22 

R Uncus (BA 28) (28, -10, -26) 2.87 

Past event elaboration—difficulty of access 

L Middle temporal gyms (BA 22) (-36, -54, 18) 3.07 

L Parahippocampal gyms (BA 30) (-30, -48, 8) 2.97 

R Parahippocampal gyms (BA 27) (22, -34, 0) 2.86 

Past event elaboration—amount of details 

R Parahippocampal gyms (BA 37) (32, -38, -10) 3.29 

R Fusiform gyms (BA 37) (44, -42, -12) 2.89 

R Cingulate gyms (BA 31) (24, -28, 40) 3.00 

Talairach coordinates reported. Uncorrected p < .005; k = 10 voxels. 

 

TABLE 6: Significant brain activations for the parametric modulation of the difficulty of access and amount 

of details for healthy controls (vs MS patients; two sample Mest) during the past event construction and 

elaboration 

Brain region Coordinates 

(x, y, z) 

z-score 

Past event construction—difficulty of access 

L Postcentral gyms (BA 7) (-22, -48, 72) 3.55 

R Superior parietal lobule (BA 7) (36, -72, 52) 3.19 

R Postcentral gyrus (BA 7) (6, -52, 72) 3.12 

L Middle frontal gyrus (BA 6) (-36, 2, 64) 3.29 

R Middle temporal gyrus (BA 21) (56, 0, -18) 3.09 

L Lingual gyrus (BA 19) (-18, -66, 0) 3.09 

L Cerebellum posterior lobe (-20, -74, -16) 3.00 

Past event construction—amount of details 

L Superior temporal gyrus (BA 13) (-52, -44, 16) 3.49 

Past event elaboration—difficulty of access 

L Lingual gyrus (BA 19) (-20, -66, -2) 3.34 

L Middle temporal gyrus (BA 19) (-38, -82, 20) 3.09 

L Cuneus (BA 17) (-12, -80, 6) 2.83 

Past event elaboration—amount of  details 

R Middle temporal gyrus (BA 39) (46, -72, 26) 2.97 

Talairach coordinates reported.  Uncorrected p <  .005; k = 10 voxels. 
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Figure 3. Brain regions showing an increased response to parametric modulation for MS (vs healthy controls) 

during the construction (A) and the elaboration (B) phases for the difficulty of access (A.1 and B.1) and the 

quantity of details (A.2 and B.2); uncorrected p < .005, k = 10 voxels. 

 

 

However, the introduction of parametric modulation analyses revealed a differential neural response to the 

recollective qualities of memories in the patient group compared with the control group, which involved some 

key AM regions, and especially the hippocampal region. Indeed, the difficulty of access was associated with 

enhanced cerebral activations in the right parahippocampal gyrus during memory construction and in the right 

hippocampus and the bilateral parahippocampal gyrus during elaboration. In other words, the neural activity in 

these brain regions increased as the difficulty of access augmented. In addition, brain activations in the right 

hippocam-pus/parahippocampal gyrus and in the right uncus were associated with the amount of details during 

the construction and elaboration phases, respectively, in our MS patients. The latter result is consistent with 

previous reports showing that the increase in the number of details modulates the engagement of the left 

hippocampus in healthy subjects (Addis, Mclntosh et al. 2004; Addis & Schacter, 2008). 

The neural activity in the middle temporal gyrus (BA 22) was also significantly modulated by the difficulty of 

access during the elaboration phase in the patient group. As mentioned above, this brain region is implicated in 

AM semantic knowledge (Svoboda et al., 2006). This finding, together with the aforementioned increased neural 

activity observed in this brain region during the elaboration phase, suggests that the middle temporal gyrus and 

personal semantics could play a particular role during the evocation of personal memories in MS patients 

presenting with AM impairment. 

A further finding related to the number of details was the implication of the left medial frontal region and of the 

right posterior cingulate gyrus. As mentioned above, these brain structures support self-implication and realness 

of memories (Buckner, Andrews-Hanna, Schacter, 2008; Summerfield et al., 2009). Given the centrality of these 

phenomenological properties for episodic re-experiencing, the enhanced brain activations observed in MS 

patients as the amount of details increased could be of particular interest. Further investigations could address 

more specifically the influence of these components on AM re-experiencing in MS patients. 
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With regard to the control subjects, the neural response to the difficulty of access and to the amount of details 

seemed to involve mostly the core regions of the AM network during the event construction, including anterior, 

temporal and posterior cerebral regions. These increased brain activations (in comparison with the patient group) 

were predominantly observed in the left hemisphere. The same applies to the elaboration phase, during which 

predominantly left posterior brain regions from the AM core network seemed particularly responsive. 

 

CONCLUSIONS 

In conclusion, the present study documents for the first time, to our knowledge, the presence of functional 

activation changes during the evocation of personal memories in patients suffering from a diffuse neurological 

pathology and presenting with impaired AM performance. Interestingly, these cerebral activation changes were 

mostly observed in key brain regions involved in AM. 

Clinically, it is important to note that patients' AM complains are frequent and consistent with AM impaired 

performance, as previously underlined by Ernst et al. (2013, 2014). In this context, the present findings 

encourage the use of neuro-imaging studies to better understand AM impairment, with the ultimate goal to 

support the development of cognitive rehabilitation programmes. Related to the issue of rehabilitation, 

preliminary results with four MS patients were obtained by Ernst et al. (2012), showing significant cerebral 

activation changes in the context of AM improvement following a cognitive intervention. While these findings 

remain very preliminary, they support the use of this kind of approach to improve our understanding of cognitive 

impairment in patients and also the development of specific cognitive interventions in MS patients. Moreover, 

they encourage its application in other clinical conditions, bearing in mind that in the case of AM, the interest of 

these issues is of particular importance considering the deleterious impact of AM deficit in patients' everyday 

life. Among the reasons of such an impact is the fact that AM is ubiquitous and plays major roles in daily life 

functioning (Rasmussen & Habermas, 2011). 
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