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Objectives: Mesial temporal lobe epilepsy (MTLE) is a common neurological disorder, with memory impairment being one of its typical symptoms. Most previous studies have focused on assessing declarative memory directly related to hippocampal functions, but emerging data suggest a decline in the efficiency of other types of memory as well. The aim of this study was to comprehensively assess various types of memory and analyze the relationship between memory performance and the volume of selected gray matter structures.

Methods: In total, 21 patients with left-MTLE and 28 age- and education-matched healthy individuals underwent neuropsychological assessment using the Wechsler Memory Scale IV (WMS-IV) to evaluate memory functioning. Magnetic resonance imaging was also conducted to assess gray matter volume and structure in all participants.

Results: Compared with healthy controls, patients with left-MTLE showed significantly reduced performance in short-term verbal and visual memory, long-term verbal and visual memory, and working memory. Volumetric analysis revealed differences in gray matter volume between groups, with some structures being smaller and others larger in the patient group. Numerous correlations were found between WMS-IV scores and the volume of specific brain regions. Significant associations were observed both ipsilateral and contralateral to the epileptic focus, involving regions such as the cerebellar cortex, cingulate gyrus, insula, thalamus, and pallidum.

Conclusion: This study expands our understanding of the memory profile in patients with MTLE. Neuropsychological testing showed that patients performed worse than controls across all assessed memory domains. Additionally, the study identified a distinct pattern of neuronal abnormalities and brain–behavior correlations. These findings suggest that the extent of structural brain anomalies may be linked to the severity of memory impairment in MTLE, underscoring the complex relationship between neuroanatomy and cognitive function in this population.
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1 Introduction

Mesial temporal lobe epilepsy (MTLE) is a common type of epilepsy, often caused by hippocampal sclerosis and frequently resistant to antiepileptic drugs (Ryvlin et al., 2014; Siemianowski and Królicki, 2005; Kwan and Sander, 2004). The mesial portion of the temporal lobe is strongly associated with memory, as evidenced by numerous studies documenting mnestic impairment in this patient population (Butler and Zeman, 2008; Rayner et al., 2016; Zhu et al., 2021). Although seizures originate in a specific focus, they may impact the structure and function of the entire brain because epilepsy is a network disease (Bonilha et al., 2012). This has been demonstrated by studies identifying neural damage extending beyond the hippocampus to regions such as the amygdala and parahippocampal gyrus (Dos Santos Silva et al., 2024; Zheng et al., 2018; Pail et al., 2010), as well as the corpus callosum, prefrontal cortex, thalamus, caudate nucleus, cingulate gyrus, and insula (Dos Santos Silva et al., 2024; Zheng et al., 2018; Bonilha et al., 2012). Therefore, structural changes in patients with MTLE are not limited to the mesial temporal lobe but can also be found throughout the brain, even in the hemisphere opposite the epileptic focus (Pail et al., 2010; Bonilha et al., 2012). As a result, patients experience a range of difficulties beyond memory impairment, including deficits in executive functions, attention, language, social cognition, and more (Olejnik et al., 2024; Zhou et al., 2019; Bell et al., 2003; Bala et al., 2024; Ives-Deliperi and Butler, 2021). Memory deficits, in particular, cannot be explained solely by changes in the hippocampus because memory is a highly complex construct. There is no single brain region responsible for all memory processes.

Memory is a complex and broad concept, encompassing many subtypes. However, in this study, we focused on specific types of memory: short-term verbal memory, short-term visual memory, long-term verbal memory, long-term visual memory, and working memory.

Epileptic seizures may be related to structural changes in the brain, with a potentially bidirectional relationship between the two variables. These structural alterations, in turn, may correlate with the clinical presentation and cognitive impairment profiles of patients. Several studies have shown that seizures can disrupt various types of memory (Butler and Zeman, 2008; Rayner et al., 2016; Zhu et al., 2021; Caciagli et al., 2023). Therefore, when assessing patient functioning, it is important to look beyond the most obvious and frequently studied domain—declarative long-term memory (Ono et al., 2021; Zheng et al., 2018; Butler and Zeman, 2008)—and expand the diagnostic protocol to include tasks that evaluate other types of memory. It is also essential to assess memory in at least two modalities: verbal and visual. Given the breadth and complexity of the memory construct and its various subtypes, this study was designed to allow for a comprehensive examination of memory. In light of potential structural abnormalities, we also conducted volumetric analyses of gray matter in patients’ brains, measuring the volume of individual regions. These measurements were then used for both comparative analyses (with a group of healthy individuals) and correlational analyses (with results from comprehensive memory assessments).

The aims of this study were to comprehensively evaluate various aspects of memory in patients with drug-resistant MTLE and compare them with healthy subjects, to correlate memory performance with the volume of specific brain structures, and to examine the relationship between memory performance and clinical factors such as age at epilepsy onset and duration of epilepsy.



2 Materials and methods


2.1 Participants

In total, 31 patients diagnosed with MTLE and 28 healthy controls participated in this study. Patients were recruited from the Department of Neurosurgery at the Medical University of Warsaw during hospitalization. The diagnosis of MTLE was confirmed by an experienced epileptologist based on seizure semiology, video-electroencephalography, and magnetic resonance imaging (MRI) findings that revealed hippocampal abnormalities suggestive of hippocampal sclerosis. The control group was recruited through a social media announcement. Healthy individuals were matched with the clinical group in terms of age and level of education. The exclusion criteria were the presence of metal elements in the body or claustrophobia preventing MRI examination; significant visual, auditory, or motor impairments that could interfere with neuropsychological testing; neurological diseases (other than epilepsy in the clinical group); use of medications affecting the central nervous system (excluding antiepileptic drugs in the clinical group); history of severe head injury; frequent alcohol consumption (several times per week); and use of other psychoactive substances. For the clinical group, additional exclusion criteria included having more than one epileptic focus and having undergone surgical treatment for epilepsy. Because of the small number of patients with right-hemisphere epileptic foci, which was insufficient for robust analysis, we chose to conduct analyses exclusively on patients with a left-sided focus (left-MTLE). Further details are provided in Table 1.


TABLE 1 Demographic and clinical characteristics of patients with left-MTLE and controls.


	
	Left-MTLE group
	Control group





	N
	21
	28



	Age (years)
	39.71 (10.2)
	35.71 (10.7)



	Years of education
	14.38 (2.7)
	14.21 (2.3)



	Epilepsy duration (years)
	21.42 (8.8)
	n/a



	Age at epilepsy onset
	17.62 (13.3)
	n/a



	Frequency of focal seizures (monthly)
	14.29 (24.2)
	n/a



	Frequency of generalized seizures (annually)
	4.14 (9.8)
	n/a






Data presented as mean (SD); n/a, not applicable.






2.2 Procedure

All participants were examined individually over two separate sessions. The first session involved providing general information about the study and obtaining written informed consent, followed by a brief interview to collect demographic information and a neuropsychological assessment focused on evaluating memory functions. Patients with MTLE were also asked to provide information about their seizures and medical history. This session lasted approximately 60–90 min, varying between participants depending on their condition. The examination took place in a quiet, isolated, and well-lit room at the hospital. The second session involved MRI scanning, which all participants underwent. This part lasted approximately 1 h. All procedures were conducted in accordance with the Declaration of Helsinki and were approved by the Ethics Committee of the Faculty of Psychology at the University of Warsaw. All participants provided informed consent and received financial compensation for their participation.



2.3 Neuropsychological examination

To thoroughly assess participants’ memory function, the Fourth Edition of the Wechsler Memory Scale (WMS-IV) was administered. The WMS-IV is a battery designed to evaluate various aspects of memory and working memory in adults. It assesses auditory memory, visual memory, visual working memory, immediate memory, and delayed memory. The WMS-IV includes seven subtests, four of which contain both immediate and delayed recall components (Wechsler, 2009).


2.3.1 Visual reproduction I

This subtest assesses non-verbal visual memory. The examiner presents a series of five designs, shown one at a time in a booklet for 10 s each. After viewing each design, the examinee is asked to draw it from memory as accurately as possible. There is no time limit for the drawing task.



2.3.2 Visual reproduction II

This subtest is administered 20–30 min after VR I and assesses long-term visuospatial memory. In the delayed condition, the examinee is asked to recall and draw from memory the designs they previously drew, in any order. After completing the free recall portion, the recognition task is administered. The examiner presents six different designs for each of the five original items, and the examinee must identify which design matches the one they were asked to remember in the VR I task.



2.3.3 Logical memory I

This subtest assesses narrative memory under free recall conditions. The examiner orally presents two short stories, one at a time. Immediately after each presentation, the examinee is asked to repeat the story, including as many details as they can recall.



2.3.4 Logical memory II

This subtest is administered 20–30 min after LM I and assesses long-term narrative memory through both free recall and recognition tasks. The examinee is asked to recall both stories presented in the first part (LM I). After completing the free recall, the recognition portion is administered, during which the examinee answers 15 yes/no questions about each story.



2.3.5 Spatial addition

This subtest assesses visuospatial working memory through a visual addition task. The examinee is shown two 4 × 4-cell grids from the Stimulus Booklet, each containing blue and red dots, presented one after the other for 5 s each. The examinee is instructed to remember the placement of the blue dots on each grid and to ignore the red dots. After viewing both grids, the examinee’s task is to place blue and white dots on a Memory Grid according to a specific set of rules: blue dots should be placed in the same positions as those shown across both grids; white dots should be placed only where blue dots appeared in the same location on both grids. The examinee is also provided with red dots, which should not be placed on the grid. The test is discontinued after three consecutive incorrect responses.



2.3.6 Verbal paired associates I

This subtest assesses verbal memory based on associative learning. The examiner reads 14 word pairs (e.g., sky–cloud), then reads the first word of each pair, and the examinee is asked to provide the corresponding word. Each response must be given within 5 s. There are four trials using the same list of word pairs, but presented in a different order each time. If the examinee gives an incorrect response, the correct answer is provided.



2.3.7 Verbal paired associates II

This subtest is administered 20–30 min after VPA I and assesses long-term recall of verbally paired information. The examinee is presented with the first word of each of the 14 word pairs learned in VPA I and asked to recall the corresponding second word. In this condition, the word pairs are not read aloud by the examiner, and no cues are provided. The examinee has 10 s to respond to each item. Following the free recall portion, the recognition task is administered. In this task, the examinee is shown 40 word pairs and must identify whether each pair was part of the original list from the immediate condition, responding with yes or no.



2.3.8 Designs I

This subtest assesses spatial memory for visual material. The examiner presents a 4 × 4-cell grid containing 4–8 designs (depending on the condition) for 10 s, then removes it from the examinee’s view. The examinee must then select the designs from a set of 8 to 16 cards (also depending on the condition) and place them on a Memory Grid in the same locations as originally shown. The task includes four conditions of increasing difficulty: the first with four designs to remember, the second and third with six designs, and the fourth with eight designs.



2.3.9 Designs II

This subtest is administered 20–30 min after DE I and assesses long-term spatial and visual memory through free recall and recognition tasks. The examinee is asked to select cards from the immediate condition and place them on the Memory Grid in the same positions as before. Following the free recall task, the examiner presents a series of grids containing various designs and asks the examinee to identify the two designs that match both the shape and placement from the immediate condition (DE I).



2.3.10 Symbol span

This subtest assesses visual working memory using novel visual stimuli. The examiner presents a series of abstract symbols on a page for 5 s. Then, a new page is shown with various symbols, and the examinee is asked to identify the symbols from the previous page and select them in the same order in which they were originally presented in the stimulus booklet. The number of symbols increases gradually throughout the task.



2.3.11 Additional memory indicators

To assess memory retention, an additional indicator was calculated: the sum of points scored in each subtest examining long-term memory (LM II, VPA II, VR II, DE II) was divided by the sum of points obtained in the corresponding immediate recall subtests (LM I, VPA I, VR I, DE I) and multiplied by 100. This yielded a percentage representing the proportion of stored information.




2.4 Neuroimaging data acquisition

MRI scans were performed using a 3.0 Tesla Skyra (Siemens) MRI scanner with a 16-channel head coil at the Department of Radiology, Medical University of Warsaw. All participants were scanned after completing the neuropsychological assessment. A three-dimensional brain volume imaging (3D-BRAVO) sequence was used to acquire structural images with the following parameters: repetition time (TR) = 2,200 ms, echo time (TE) = 4.94 ms, inversion time (TI) = 1,100 ms, flip angle (FA) = 7°, matrix size = 256 × 256, voxel size = 1 × 1 × 1 mm3, and 176 slices. A three-dimensional fluid-attenuated inversion recovery sequence was also performed with the following parameters: TR = 5,000 ms, TE = 371 ms, FA = 120°, matrix size = 256 × 256, voxel size = 1 × 1 × 1 mm3, and 176 slices.



2.5 Anatomical data processing

Raw T1-weighted DICOM images were reviewed and converted to NIfTI format using MRIcron’s dcm2niix (Li et al., 2016). Standard volumetric and surface processing pipelines were then implemented in FreeSurfer (version 7.2.0), as described in detail in the authors’ original papers (see: Dale and Sereno, 1993; Dale et al., 1999; Fischl et al., 1999; Fischl and Dale, 2000). Briefly, the procedures included skull stripping, B1-bias field correction, and gray–white matter segmentation, followed by non-linear registration of individual images to stereotaxic atlases, which provided labels for brain regions. The standard FreeSurfer atlas was used for volumetric estimation of subcortical structures (Fischl et al., 2002), and the Desikan–Killiany anatomical atlas was used for cortical surface measurements (Desikan et al., 2006). Each patient’s data underwent additional visual inspection to confirm the accuracy of the anatomical labeling. All volumetric measures were adjusted for individual estimated intracranial volume to account for inter-subject differences in brain size.



2.6 Statistical analysis

Statistical analyses were conducted using IBM SPSS Statistics for Windows, version 29.0.2 (IBM Corp., Armonk, NY, United States). The Shapiro–Wilk test confirmed that the data followed a normal distribution, and other assumptions for parametric testing were also met. The independent-samples Student’s t-test was used to compare mean scores between patients and healthy controls. Pearson’s r coefficient was used to analyze correlations between continuous variables. To reduce the risk of false positives, a Bayesian local false discovery rate (FDR) correction was applied (threshold < 0.2), and significant results were obtained for each type of memory.




3 Results


3.1 Participant characteristics

Descriptive statistics for both groups are presented in Table 1. There were no significant differences in age (t = −1.320, p = 0.097) or years of education (t = −0.232, p = 0.409), allowing us to assume that any differences observed in neuropsychological test performance or gray matter volumetric properties were attributable to group effects rather than demographic differences.



3.2 Comparison of memory indicators in patients with MTLE and healthy controls

Intergroup comparisons revealed significant differences across most WMS indicators, with large or very large effect sizes in the majority of cases (Table 2).


TABLE 2 Between-group comparisons of WMS-IV indicators.


	WMS-IV subtest
	left-MTLE
 N = 21
 M (SD)
	HC
 N = 28
 M (SD)
	t
	p
	Cohen’s d





	LM I
	23.10 (7.80)
	31.50 (7.32)
	−3.87
	< 0.001
	−1.12



	LM II
	17.19 (7.96)
	29.18 (7.28)
	−5.48
	< 0.001
	−1.58



	LM II recognition
	23.48 (3.49)
	26.21 (3.20)
	−2.85
	0.003
	−0.82



	% LM
	71.91 (22.07)
	93.83 (10.63)
	−4.05
	< 0.001
	−1.28



	VPA I
	21.33 (8.45)
	35.54 (10.86)
	−4.97
	< 0.001
	−1.43



	VPA II
	6.14 (3.20)
	10.38 (2.77)
	−4.94
	< 0.001
	−1.43



	VPA II recognition
	35.52 (2.52)
	38.86 (1.21)
	−6.13
	< 0.001
	−1.77



	% VPA
	83.83 (20.91)
	92.55 (13.32)
	−1.78
	0.041
	−0.51



	VR I
	32.24 (6.24)
	37.79 (3.77)
	−3.61
	< 0.001
	−1.12



	VR II
	22.00 (7.94)
	30.29 (8.47)
	−3.48
	< 0.001
	−1.00



	VR II recognition
	5.33 (1.28)
	6.14 (1.11)
	−2.37
	0.011
	−0.68



	% VR
	67.68 (19.99)
	79.53 (18.41)
	−2.15
	0.018
	−0.62



	DE I
	60.19 (13.08)
	76.96 (16.48)
	−3.84
	< 0.001
	−1.11



	DE II
	50.29 (11.79)
	63.96 (18.12)
	−3.01
	0.002
	−0.87



	DE II recognition
	14.35 (2.11)
	16.46 (3.23)
	−2.74
	0.004
	−0.75



	% DE
	84.62 (17.29)
	82.95 (12.67)
	0.39
	0.349
	1.11



	SA
	11.24 (3.94)
	15.75 (3.60)
	−4.17
	< 0.001
	−1.21



	SSP
	15.76 (4.72)
	25.00 (7.35)
	−5.34
	< 0.001
	−1.45






Data presented as mean (SD). Statistically significant results are shown in bold. DE, designs; LM, logical memory; SD, standard deviation; SA, spatial addition; SSP, symbol span; VPA, verbal paired associates; VR, visual reproduction.




The results obtained from the WMS-IV performance by the left-MTLE group and the control group are shown in Figure 1.
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FIGURE 1
Differences in WMS-IV memory indicators between patients with left-MTLE (LMTLE) and healthy controls (HC).




3.3 Comparison of structural gray matter measures in patients with left-MTLE and healthy controls

Statistically significant differences were found in intergroup comparisons between healthy controls and patients with left-MTLE in the following gray matter regions:


	•Left hemisphere: cuneus (t = 2.397, p = 0.010), lateral occipital cortex (t = 3.233, p = 0.001), superior temporal gyrus (t = −1.810, p = 0.040), temporal pole (t = −2.397, p = 0.010), and hippocampus (t = −1.926, p = 0.032).

	•Right hemisphere: caudal anterior cingulate gyrus (t = 1.890, p = 0.032), pars orbitalis (t = −2.038, p = 0.024), posterior cingulate gyrus (t = 2.071, p = 0.022), caudate nucleus (t = 1.726, p = 0.045), pallidum (t = −1.893, p = 0.032), and amygdala (t = 1.701, p = 0.048).




Bilateral differences were also observed in the cerebellar cortex: left cerebellum cortex (t = −1.763, p = 0.042) and right cerebellum cortex (t = −2.158, p = 0.018).

Regions that were significantly smaller in patients with left-MTLE compared with healthy subjects included the left superior temporal gyrus, left temporal pole, left hippocampus, right pars orbitalis, right pallidum, and bilateral cerebellum cortex. By contrast, regions that were significantly larger in patients with left-MTLE included the left cuneus, left lateral occipital cortex, right caudal anterior cingulate gyrus, right posterior cingulate gyrus, right caudate nucleus, and right amygdala.



3.4 Gray matter areas associated with memory performance in left-MTLE population

Correlation analyses were conducted within the left-MTLE group to explore the relationships between memory test performance and gray matter abnormalities. To enhance interpretability, WMS-IV subtests were grouped according to the specific type of memory they assessed:


	•Short-term verbal memory: LM I and VPA I

	•Short-term visual memory: VR I and DE I

	•Long-term verbal memory: LM II, LM II recognition,% LM, VPA II, VPA II recognition, and% VPA

	•Long-term visual memory: VR II, VR II recognition,% VR, DE II, DE II recognition, and% DE

	•Working memory: SA and SSP




Using Bayesian local FDR correction (threshold < 0.2), significant correlations were identified between short-term verbal memory performance and cortical thickness (see Table 3; Figure 2). Specifically, in patients with left-MTLE, short-term verbal memory scores were associated with cortical thickness in the following regions: the fusiform gyrus, insula, middle temporal gyrus, pars orbitalis, and superior frontal gyrus in the left hemisphere, and the frontal pole, parahippocampal gyrus, and transverse temporal gyrus in the right hemisphere.


TABLE 3 Gray matter areas associated with short-term verbal memory.


	Subtest
	Brain region
	r
	p
	Local FDR





	WMS LM I
	LH middle temporal gyrus
	−0.468
	0.032509
	0.033591



	LH pars orbitalis
	−0.457
	0.037217
	0.040917



	LH superior frontal gyrus
	−0.472
	0.030723
	0.031697



	LH insula
	0.448
	0.04164
	0.051126



	RH frontal pole
	−0.552
	0.009531
	0.058838



	WMS VPA I
	LH pars orbitalis
	0.0524
	0.82159
	0.139467



	LH fusiform gyrus
	0.583
	0.00554
	0.004859



	LH insula
	0.521
	0.015473
	0.042904



	RH parahippocampal gyrus
	−0.454
	0.038505
	0.043539



	RH frontal pole cortex
	−0.484
	0.026212
	0.029118



	RH transverse temporal gyrus
	0.49
	0.024089
	0.029132






RH, right hemisphere; LH, left hemisphere; LM, logical memory; VPA, verbal paired associates.





[image: Diagram showing connections between brain regions and memory functions. Regions like the Left Superior Frontal Gyrus and Right Frontal Pole are linked to WMS Logical Memory I, and WMS Verbal Paired Associates I, with lines indicating connections.]
FIGURE 2
Brain regions correlated with WMS-IV short-term verbal memory indicators in the left-MTLE patient group. The blue lines represent positive correlations and the red lines represent negative correlations, the thickness of the lines reflects the strength of the correlation.


Bayesian local FDR analysis (threshold < 0.2) revealed significant correlations between short-term visual memory scores and brain structural measures (Table 4; Figure 3). Short-term visual memory was associated with the following regions: fusiform gyrus, precuneus, superior parietal cortex, and posterior cingulate gyrus in the left hemisphere; precuneus and rostral anterior cingulate gyrus in the right hemisphere; and the cerebellar cortex bilaterally.


TABLE 4 Gray matter areas associated with short-term visual memory.


	Subtest
	Brain region
	r
	p
	Local FDR





	WMS DE I
	LH posterior cingulate gyrus
	0.443
	0.044285
	0.06088



	RH rostral anterior cingulate gyrus
	0.455
	0.038292
	0.04592



	Left cerebellum cortex
	−0.539
	0.011617
	0.078387



	Right cerebellum cortex
	−0.56
	0.008286
	0.007663



	WMS VR I
	LH fusiform gyrus
	0.486
	0.025432
	0.039662



	LH precuneus cortex
	0.454
	0.03881
	0.04692



	LH superior parietal cortex
	0.474
	0.029764
	0.037265



	RH precuneus cortex
	0.439
	0.046413
	0.068079



	Left cerebellum cortex
	−0.5
	0.021014
	0.050482



	Right cerebellum cortex
	−0.567
	0.007292
	0.001009






RH, right hemisphere; LH, left hemisphere; DE, designs; VR, visual reproduction.
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FIGURE 3
Brain regions correlated with WMS-IV short-term visual memory indicators in the left-MTLE patient group. The blue lines represent positive correlations and the red lines represent negative correlations, the thickness of the lines reflects the strength of the correlation.


Using Bayesian local FDR correction (threshold < 0.2), we identified significant correlations between long-term verbal memory performance and cortical or subcortical brain structures. Detailed results are presented in Table 5 and Figure 4. Long-term verbal memory indicators were associated with the following regions: fusiform gyrus, isthmus cingulate gyrus, lateral occipital cortex, transverse temporal gyrus, insula, paracentral cortex, precentral gyrus, superior frontal gyrus, middle temporal gyrus, thalamus, pallidum, and hippocampus in the left hemisphere, and the transverse temporal gyrus, pericalcarine cortex, superior frontal gyrus, frontal pole, thalamus, and hippocampus in the right hemisphere.


TABLE 5 Gray matter areas associated with long-term verbal memory.


	Subtest
	Brain region
	R
	p
	Local FDR





	WMS LM II
	LH paracentral cortex
	−0.449
	0.041342
	0.177075



	LH superior frontal gyrus
	−0.481
	0.02729
	0.117357



	RH superior frontal gyrus
	−0.444
	0.043907
	0.188958



	RH frontal pole cortex
	−0.545
	0.010537
	0.087175



	WMS LM II recognition
	LH paracentral cortex
	−0.559
	0.008389
	0.08935



	LH precentral gyrus
	−0.448
	0.041608
	0.178303



	RH frontal pole
	−0.51
	0.018081
	0.091004



	% LM
	LH paracentral cortex
	−0.49
	0.024158
	0.106654



	RH pericalcarine cortex
	0.545
	0.010703
	0.087016



	WMS VPA II
	LH fusiform gyrus
	0.599
	0.004124
	0.048965



	LH lateral occipital cortex
	0.5
	0.021033
	0.097607



	RH frontal pole
	−0.487
	0.025024
	0.109467



	RH transverse temporal gyrus
	0.476
	0.029093
	0.124114



	WMS VPA II recognition
	LH isthmus cingulate gyrus
	0.487
	0.025269
	0.110284



	LH transverse temporal gyrus
	0.523
	0.014996
	0.086778



	LH insula
	0.524
	0.014812
	0.086631



	RH transverse temporal gyrus
	0.499
	0.021349
	0.098435



	Right hippocampus
	0.466
	0.033208
	0.140799



	% VPA
	LH middle temporal gyrus
	−0.455
	0.038139
	0.16244



	Left thalamus
	−0.503
	0.020128
	0.095358



	Left Pallidum
	−0.608
	0.003446
	0.027508



	Left hippocampus
	−0.474
	0.029838
	0.127014



	Right thalamus
	−0.573
	0.006567
	0.087041






RH, right hemisphere; LH, left hemisphere; LM, logical memory; VPA, verbal paired associates.
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FIGURE 4
Brain regions correlated with WMS-IV long-term verbal memory indicators in the left-MTLE patient group. The blue lines represent positive correlations and the red lines represent negative correlations, the thickness of the lines reflects the strength of the correlation.


As shown in Table 6 and Figure 5, the application of Bayesian local FDR correction (threshold < 0.2) revealed several significant associations between long-term visual memory performance and structural brain measures. The following regions were correlated with long-term visual memory indicators: caudal middle frontal gyrus, lateral orbitofrontal cortex, middle temporal gyrus, precuneus, rostral anterior cingulate gyrus, rostral middle frontal gyrus, inferior parietal cortex, superior parietal cortex, parahippocampal gyrus, paracentral cortex, pars triangularis, pericalcarine cortex, superior frontal gyrus, insula, cuneus, pallidum, and amygdala in the left hemisphere, and caudal middle frontal gyrus, rostral middle frontal gyrus, posterior cingulate gyrus, frontal pole, superior frontal gyrus, paracentral cortex, thalamus, and pallidum in the right hemisphere, along with the cerebellar cortex bilaterally.


TABLE 6 Gray matter areas associated with long-term visual memory.


	Subtest
	Brain region
	r
	p
	Local FDR





	WMS DE II
	LH parahippocampal gyrus
	0.456
	0.037749
	0.113731



	LH pericalcarine cortex
	−0.507
	0.019022
	0.121909



	WMS DE II recognition
	LH caudal middle frontal gyrus
	−0.475
	0.034313
	0.105051



	LH inferior parietal cortex
	−0.491
	0.02788
	0.096946



	LH paracentral cortex
	−0.528
	0.016818
	0.145071



	LH superior parietal cortex
	−0.478
	0.032931
	0.10231



	RH paracentral cortex
	−0.524
	0.017816
	0.133018



	Left Amygdala
	0.459
	0.041583
	0.126123



	Right Thalamus
	0.445
	0.049561
	0.159349



	% DE
	LH cuneus
	−0.447
	0.04243
	0.129203



	LH pars triangularis
	−0.444
	0.043726
	0.134135



	Left pallidum
	0.508
	0.018715
	0.124431



	Right pallidum
	0.453
	0.039092
	0.11777



	WMS VR II
	LH lateral orbitofrontal cortex
	0.471
	0.031157
	0.09952



	LH middle temporal gyrus
	−0.444
	0.043747
	0.134217



	LH insula
	0.475
	0.029506
	0.097759



	Right cerebellum cortex
	−0.467
	0.032872
	0.102204



	WMS VR II recognition
	RH banks STS
	−0.467
	0.032604
	0.101732



	RH posterior cingulate gyrus
	−0.452
	0.039741
	0.119842



	RH frontal pole
	−0.456
	0.037782
	0.113826



	Left cerebellum cortex
	−0.461
	0.035358
	0.107422



	Right cerebellum cortex
	−0.48
	0.027771
	0.096928



	% VR
	LH paracentral cortex
	−0.462
	0.034783
	0.106087



	LH precuneus
	−0.452
	0.039663
	0.119589



	LH rostral anterior cingulate gyrus
	−0.48
	0.027756
	0.096926



	LH rostral middle frontal gyrus
	−0.602
	0.003886
	0.031644



	LH insula
	0.466
	0.033169
	0.102749



	RH caudal middle frontal gyrus
	−0.464
	0.033966
	0.104319



	RH rostral middle frontal gyrus
	−0.468
	0.032559
	0.101654



	RH superior frontal gyrus
	−0.48
	0.027495
	0.096906






RH, right hemisphere; LH, left hemisphere; DE, designs; VR, visual reproduction.





[image: Circular diagram displaying connections between various brain regions. Labels for areas like the left caudal middle frontal gyrus and right cerebellum cortex run outward. Lines in red and blue illustrate interconnections, possibly indicating relationships or interactions between these brain regions.]
FIGURE 5
Brain regions correlated with WMS-IV long-term visual memory indicators in the left-MTLE patient group. The blue lines represent positive correlations and the red lines represent negative correlations, the thickness of the lines reflects the strength of the correlation.


Bayesian local FDR correction (threshold < 0.2) identified significant correlations between working memory performance and structural brain features (Table 7). The following regions were associated with working memory indicators: the superior parietal cortex in the left hemisphere, the cuneus and posterior cingulate gyrus in the right hemisphere, and the cerebellar cortex bilaterally (Figure 6).


TABLE 7 Gray matter areas associated with working memory.


	Subtest
	Brain region
	r
	p
	Local FDR





	WMS SA
	LH superior parietal cortex
	0.493
	0.023092
	0.035573



	LH cuneus
	0.442
	0.04492
	0.112121



	RH posterior cingulate cortex
	−0.583
	0.005516
	0.001799



	Left cerebellum cortex
	−0.0668
	0.773722
	0.006785



	WMS SSP
	LH superior parietal cortex
	0.0778
	0.737522
	0.140889



	RH cuneus
	0.0775
	0.738595
	0.131409



	Left cerebellum cortex
	−0.455
	0.038251
	0.056754



	Right cerebellum cortex
	−0.509
	0.018502
	0.052504






RH, right hemisphere; LH, left hemisphere; SA, spatial addition; SSP, symbol span.





[image: Network diagram showing connections between brain regions and WMS tasks. Red and blue lines link brain areas like Left Cuneus, Right Cerebellum Cortex, and more to WMS Symbol Span and Spatial Addition tasks, indicating relationships.]
FIGURE 6
Brain regions correlated with WMS-IV working memory indicators in the left-MTLE patient group. The blue lines represent positive correlations and the red lines represent negative correlations, the thickness of the lines reflects the strength of the correlation.




3.5 Association between gray matter volume, memory performance, and clinical variables in left-MTLE population

No significant correlations were found between age at epilepsy onset and any memory indicators. However, epilepsy duration was significantly correlated with two long-term visual memory measures: VR II (r = −0.539, p = 0.012) and% VR (r = −0.491, p = 0.024).

By contrast, age at epilepsy onset showed significant negative correlations with gray matter volume in several regions: left inferior temporal cortex (r = −0.514, p = 0.017), left isthmus cingulate gyrus (r = −0.446, p = 0.043), left middle temporal gyrus (r = −0.464, p = 0.034), left thalamus (r = −0.434, p = 0.049), left pallidum (r = −0.497, p = 0.022), left hippocampus (r = −0.518, p = 0.016), right superior frontal gyrus (r = −0.449, p = 0.041), and right pallidum (r = −0.469, p = 0.032).

These findings suggest that a longer duration of epilepsy is associated with more severe long-term visual memory deficits, while an older age at epilepsy onset is linked to greater gray matter volume reduction in the specified regions.




4 Discussion

This study combined morphometric MRI techniques with neuropsychological testing to assess changes in the functional and structural organization associated with MTLE. The findings clearly show that patients with MTLE exhibit significantly reduced memory functioning, consistent with previous studies on this population (Rayner et al., 2016; Zhu et al., 2021; Novak et al., 2022).

In analyzing gray matter abnormalities, we found that patients with left-MTLE showed significant alterations in the volumes of specific brain regions. These changes were observed not only near the epileptic focus but also in more distant brain areas. Notably, volume reductions were found in the temporal lobe (superior temporal gyrus and temporal pole) and in more remote regions, such as the right frontal lobe (pars orbitalis) and the right globus pallidus. A decrease in gray matter volume was also observed bilaterally in the cerebellar cortex—findings consistent with previous research (Colnaghi et al., 2017; Zhang et al., 2017). Although other studies have reported bilateral thalamic volume reductions in patients with MTLE (Wei et al., 2016; Zheng et al., 2018), this was not observed in the present study.

In addition, compared with healthy participants, patients with left-MTLE showed increased volume in the cuneus and the lateral part of the occipital lobe in the left hemisphere (the side of the epileptic focus), as well as in the caudal anterior cingulate cortex, posterior cingulate cortex, caudate nucleus, and amygdala in the right hemisphere (contralateral to the epileptic focus). As demonstrated in the study by Zubal et al. (2025), this hypertrophy—particularly in the contralateral amygdala—may result from the negative impact of seizures and the brain’s compensatory response to cognitive deficits. Other studies have also reported amygdala enlargement in temporal lobe epilepsy. While some of these focused on the amygdala ipsilateral to the epileptic focus (Kim et al., 2012; Mitsueda-Ono et al., 2011; Bower et al., 2003), three studies have documented enlargement in the contralateral amygdala (Coan et al., 2013; Whelan et al., 2018; Zubal et al., 2025). However, only one of these (Zubal et al., 2025) linked this finding to memory impairment.

Although we did not find a correlation between contralateral amygdala volume and memory performance, as reported by Zubal et al. (2025), it is possible that the hypertrophy observed in other regions—both ipsilateral and contralateral to the epileptic focus—may have arisen through a similar compensatory mechanism. In light of this, the detection of negative correlations between memory function and the volume of certain brain regions is particularly noteworthy.

For the WMS LM I task, significant negative correlations were observed with the left middle temporal gyrus, superior frontal gyrus, pars orbitalis, and right frontal pole, suggesting that reduced cortical thickness in these regions may be associated with better immediate verbal memory recall. Interestingly, a positive correlation was also found with the left insula, indicating potential region-specific contributions to encoding or attentional control. The WMS VPA I task showed positive correlations with the left fusiform gyrus, left insula, and right transverse temporal gyrus—regions well known for their involvement in auditory-verbal processing (Liegeois-Chauvel et al., 1991; Skipper and Small, 2006; Price, 2010). By contrast, negative correlations were observed with the right frontal pole and parahippocampal cortex. These findings are not entirely consistent with other studies, which report that the ability to temporarily maintain speech-related information is associated with the left insula as well as other regions in the dominant hemisphere, such as the inferior frontal premotor regions, parietal cortex, and Broca’s area (Vallar, 2006; Cascella and Al Khalili, 2024)—components of the language system that are clearly linked to the verbal modality of the task (Liegeois-Chauvel et al., 1991; Skipper and Small, 2006; Price, 2010). Additionally, research by Ćurčić-Blake et al. (2017) highlights that inhibitory deficits could contribute to failures in controlling the contents of memory and that the putamen is involved in translating memories into language experience—findings consistent with our results, which suggest a complex interplay between fronto-limbic and temporal regions during associative verbal learning. For short-term visual memory, positive correlations were observed with the posterior cingulate gyrus, rostral anterior cingulate gyrus, fusiform gyrus, precuneus, and superior parietal cortex, underscoring the role of visuospatial integration, object recognition, and attention control in short-term visual reproduction. Additionally, negative correlations were found between WMS DE I and WMS VR I scores and the volume of the left and right cerebellar cortex, which may reflect reduced reliance on subcortical motor planning during efficient visual encoding. Our findings are consistent with studies on the neuronal correlates of visual short-term memory, which highlight the involvement of the occipital extrastriate cortex, posterior parietal cortex, prefrontal cortex, dorsal frontal area, parietal lobule, frontal premotor regions, and insula (Zimmer, 2008; Cascella and Al Khalili, 2024). Interestingly, our study found correlations between short-term memory and the insula only in the verbal modality. The association with the cerebellar cortex may be explained by the simultaneous involvement of working memory, which could be due to the complexity of the neuropsychological tasks.

The structure most commonly emphasized in long-term declarative memory is the hippocampus, where the consolidation of information from short-term to long-term memory takes place (Almaraz-Espinoza and Grider, 2023). The amygdala, by contrast, is associated with the emotional aspects of remembered information, which are further stored throughout the cortex (Almaraz-Espinoza and Grider, 2023). Some studies also highlight the role of prefrontal regions in memory recall (Braver et al., 2001). The results obtained in the present research are consistent with these findings, particularly in the domain of visual long-term memory: significant correlations were observed with prefrontal executive regions, temporo-parietal regions, the insula, pallidum, and amygdala in the left hemisphere, as well as the thalamus and pallidum in the right hemisphere.

It should be noted that we found positive correlations primarily in the hemisphere ipsilateral to the epileptic focus. In terms of long-term verbal memory, the results included both positive and negative correlations across a range of cortical and subcortical regions. Notably, lower scores on the% VPA task were associated with reduced volumes in the left and right thalamus, left pallidum, and left hippocampus, suggesting a potential role for subcortical memory circuits in verbal learning (O’Mara and Aggleton, 2019). Positive associations were observed between WMS VPA II recognition and cortical thickness in regions such as the insula, transverse temporal gyrus, and cingulate isthmus, while WMS VPA II showed both positive and negative correlations with occipital, temporal, and notably frontal areas—structures more commonly linked to short-term memory (Nee et al., 2013; Eriksson et al., 2015). Performance on WMS LM II and WMS LM II recognition was negatively correlated with thickness in the frontal pole, superior frontal gyrus, paracentral, and precentral regions, suggesting inefficiency of frontal-executive structures in narrative memory retrieval (Meléndez et al., 2019). Additionally, % LM scores were associated with cortical thickness in both the occipital and paracentral cortices, emphasizing the role of fronto-temporo-limbic networks in long-term verbal memory. A particularly intriguing finding was the negative correlation between long-term verbal memory and the left hippocampus, alongside a positive correlation with the right hippocampus in patients with left-MTLE. This may indicate that as the left hippocampus becomes smaller and less functional, the right hippocampus, through neuronal reorganization and plasticity, increasingly assumes its functions. As a result, enlargement of the right hippocampus in left-MTLE may reflect compensatory adaptation, and greater right hippocampal volume may correspond with better memory performance because it takes on the role of supporting verbal memory. A study by Chen et al. (2017), which used resting-state functional connectivity (RSFC), supports this interpretation. Their findings showed that in individuals with left-MTLE, enhanced interhemispheric RSFC between the left hippocampus/amygdala and the right hippocampus was associated with better verbal memory, while increased RSFC between the left hippocampus and the left postcentral gyrus was linked to poorer verbal memory performance.

It should also be noted that some studies suggest a thinner cerebral cortex may indicate more effective and efficient neuronal systems (Menary et al., 2013; Wagstyl and Lerch, 2018). Thus, the results obtained in our study—showing a thinner cortex in patients with left-MTLE—can be interpreted in two distinct ways. A longitudinal study in patients with MTLE, collecting data on changes in various aspects of memory at different stages of the disease and taking into account neuroanatomical alterations, could help clarify which interpretation is more accurate.

For WMS SA, higher scores were positively associated with the left superior parietal and right cuneus cortical thickness and negatively with the right posterior cingulate cortex. These regions are classically involved in visuospatial integration and attentional regulation (Leech and Sharp, 2014), suggesting that efficient activation of parietal and cingulate regions supports spatial memory processing. The WMS SSP task showed similar involvement of parietal and occipital regions, with significant positive correlations in the left superior parietal and right cuneus and negative correlations with the left and right cerebellar cortex, suggesting a potential modulatory role of cerebellar–cortical networks in spatial working memory tasks. The left hemisphere superior parietal area and right hemisphere cuneus correlated positively with working memory, which is consistent with the study by Eriksson et al. (2015), who indicate that the superior parietal cortex is involved in the executive aspects of working memory and with working memory capacity. However, they indicated a strong connection not of the left, but of the right parietal cortex with the spatial working memory task, which is the one used in this study (Eriksson et al., 2015). Furthermore, we did not find a correlation with the prefrontal cortex, which is highlighted as critical in working memory, especially the dorsal PFC, as the one more strongly involved in spatial working memory task (Ptak, 2012; Nee et al., 2013; Eriksson et al., 2015). Although we did not find a correlation with the prefrontal cortex, our findings—along with those of other studies—support the idea that a network of frontal and parietal cortical areas, along with the cerebellum (Brissenden and Somers, 2019), collectively referred to as the dorsal attention network, supports visual attentional function (Ptak, 2012).

An interesting study was conducted by Zhang et al. (2017), who described the hippocampus-associated causal network of structural damage in temporal lobe epilepsy. In this study, the researchers examined gray matter changes in patients with MTLE, depending on the duration of epilepsy and the estimated number of lifetime seizures. They introduced the term Granger Causality (GC), which measures the strength of effective connectivity—representing causal interactions by assessing how activity in one neural region influences another. It quantifies the extent to which the signal from a seed region can predict the signal in a target region (Vanneste et al., 2021; Granger, 1969). The authors observed that the lateral temporal lobe ipsilateral to the epileptogenic focus, bilateral lateral prefrontal cortex, medial prefrontal cortex, insula, and thalamus showed consistently positive GC values, while the contralateral temporal cortex, posterior cingulate cortex, and amygdala showed consistently negative GC values. The bilateral basal ganglia, including the caudate head and putamen, were characterized by divergent GC values across different analyses.

A positive GC value indicates that the reduction in gray matter volume within a region is causally linked to, and follows, hippocampal atrophy—suggesting a potential seizure-related damaging effect originating from the hippocampus. By contrast, a negative GC value indicates that a region shows an opposing (increased) gray matter volume alteration in response to hippocampal atrophy, which is interpreted as a compensatory structural effect (Zhang et al., 2017). In our study, we observed a decrease in gray matter volume in the lateral temporal lobe ipsilateral to the epileptogenic focus, the contralateral prefrontal cortex, and the ipsilateral hippocampus—findings that likely reflect damage driven by hippocampal atrophy. Presumably, this degeneration contributes to increased cognitive deficits. Conversely, an observed increase in the contralateral posterior cingulate cortex and amygdala may represent a protective or compensatory response. This supports the idea of a complex repair mechanism in which less affected brain regions are recruited to support cognitive functioning. Further evidence of this process comes from the positive correlations we observed between memory indicators and the right hemisphere transverse temporal gyrus and pallidum, which may suggest that functional reorganization in these areas has already occurred. On the other hand, the negative correlation between memory indicators and the contralateral posterior cingulate cortex—despite its increased volume in patients with epilepsy—may indicate that while structural reorganization has taken place, functional reorganization in this region has yet to follow.

These findings emphasize the involvement of fronto-temporo-limbic networks in memory and support the utility of local FDR methods in uncovering subtle yet meaningful brain–behavior relationships that may be overlooked using more conservative correction procedures. Although none of these results survived classical FDR correction, the application of local FDR revealed potentially meaningful effects that would otherwise remain undetected. The findings underscore the role of frontal, temporal, and limbic structures in supporting different types of memory performance. Additionally, several subcortical regions—such as the thalamus, pallidum, and hippocampus—also emerged, suggesting the involvement of broader memory-related networks.

Although some studies have evaluated memory (Butler and Zeman, 2008; Baulac, 2015; Rayner et al., 2016; Zhu et al., 2021) and brain abnormalities in patients with MTLE (Bonilha et al., 2012; Xie et al., 2024; Ishizaki et al., 2025), only a few have combined the two approaches (Cabalo et al., 2024; Park et al., 2017). Furthermore, there is a scarcity of studies that collect such detailed data on the various facets of memory in patients with epilepsy, which allow for a comprehensive examination of patients’ memory profiles and their relationship to anatomical correlates. Our study attempts to address this gap.



5 Conclusion

This work enriches our understanding of the specificity of the memory system in patients with temporal lobe epilepsy. Patients performed worse than the control group, exhibiting a broad range of deficits across all assessed types and modalities of memory. Particularly noteworthy is the study’s identification of a distinct pattern of neuronal aberrations and correlations between specific brain structures and memory performance. The use of Bayesian local FDR correction enabled the detection of meaningful structure–function relationships that may have gone unnoticed with more conservative correction methods. These findings suggest that the degree of structural brain anomalies may be linked to the extent of memory impairment in temporal lobe epilepsy, highlighting the complex interplay between neuroanatomy and cognitive function. Some results from this study support a tentative model: an initial structural reduction leads to cognitive difficulty, followed by structural reorganization, and eventually functional reorganization that may enable cognitive improvement. Therefore, even when increases in certain brain structures are observed—previously reported in other studies as potentially protective—this does not necessarily translate into improved cognitive outcomes. Further research is needed to clarify the mechanisms underlying these memory deficits. Given the limited sample size in the present study, replication and extension through longitudinal research would be valuable for observing structural and mnestic changes over time. Such studies could help determine whether hypertrophy in specific structures results from bioelectrical abnormalities associated with seizures or reflects a plasticity-driven reorganization of brain networks aimed at mitigating memory or broader cognitive deficits.
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