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1. Abstract  45 

Magnetic resonance imaging (MRI) is central to the study and diagnosis of neurodegenerative diseases. 46 

Yet, no MRI biomarker is currently specific to a given neurodegenerative disease. This may result from 47 

the limited resolution of conventional MRI, which restricts detailed investigation of medial temporal 48 

lobe (MTL) subregions, a crucial hub for many neuropathologies. Moreover, in vivo MRI cannot be 49 

directly compared with neuropathological data, the gold standard for disease definition. Even when 50 

antemortem MRI and postmortem analyses are combined, the time gap between imaging and 51 

neuropathological examination allows pathogenic processes to progress, reducing the accuracy of these 52 

correlations. 53 

Over the past two decades, postmortem MRI has gained increasing interest because it enables long, 54 

motion-free acquisitions and the use of specialized coils and preclinical scanners, providing ultra-high 55 

spatial resolution. Additionally, it allows direct correspondence between imaging and neuropathological 56 
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measures. Consequently, volumetric postmortem MRI, particularly investigations of the MTL, has 57 

become an increasingly common approach in Alzheimer’s disease and related disorders (ADRD).  58 

This narrative review specifically focuses on volumetric postmortem MRI of the MTL and summarizes 59 

the main methodologies for anatomical postmortem MTL imaging in ADRD and recent advances in the 60 

characterization of neurodegenerative changes, from brain preparation to MRI acquisition. It also 61 

highlights the translational potential of volumetric postmortem MRI for developing in vivo biomarkers, 62 

optimizing imaging protocols and segmentation methods, and assessing the impact of proteinopathies. 63 

Finally, it outlines current limitations, technical challenges, and perspectives for future research.  64 

2. Introduction  65 

Magnetic resonance imaging (MRI) is commonly used to diagnose and study neurodegenerative 66 

diseases: in clinical practice, it is routinely used to diagnose and monitor the severity of these diseases, 67 

and, more recently, to monitor treatment safety. In clinical research, structural MRI is also used to study 68 

quantitative volumetric changes, regional patterns of atrophy, and their evolution over time, suggesting 69 

spread in neurodegenerative pathologies. Providing anatomical MRI has proven important for both 70 

clinicians and clinical scientists, as neurological symptoms are more closely related to the topography 71 

of the affected brain region than to the nature of the underlying pathology (Ossenkoppele et al., 2015). 72 

Due to its non-invasiveness and cost-effectiveness, significant efforts have been made to develop MRI 73 

biomarkers specific to particular neurodegenerative diseases (Jack et al., 2018). Although atrophy 74 

patterns have been observed in different neurodegenerative diseases (Harper et al., 2017), no MRI 75 

biomarkers have been clinically validated for an etiological diagnosis of neurodegenerative disorders, 76 

due to limited specificity. For instance, hippocampal atrophy is observed in Alzheimer’s disease (AD, 77 

Scheltens et al., 1992), but also in frontotemporal lobar degeneration (FTLD, Planche et al., 2023), 78 

Lewy-Body disease (LBD, Ye et al., 2024), and limbic predominant age-related TDP-43 encephalopathy 79 

(LATE, Wolk et al., 2025).   80 
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Specific molecular biomarkers for AD have been developed, including amyloid-beta (Aβ) and tau 81 

quantification by cerebrospinal fluid (CSF) analyses (Hansson et al., 2006, 2007; Mattsson, 2009; Bayart 82 

et al., 2019), positron emission tomography (PET) imaging (Klunk et al., 2004, 2015; Johnson et al., 83 

2016; Schöll et al., 2016; Hanseeuw et al., 2019; Ossenkoppele et al., 2022), and more recently, plasma-84 

based assays (Therriault et al., 2024; Yakoub et al., 2025; Ossenkoppele et al., 2025). Ongoing efforts 85 

also aim to extend this approach to α-synuclein (Fairfoul et al., 2016; Singer et al., 2021) and TDP-43 86 

pathologies. (Chatterjee et al., 2024; Irwin et al., 2024; Seddighi et al., 2024). Nevertheless, MRI 87 

provides unique spatial insights into neurodegenerative processes that molecular biomarkers alone 88 

cannot capture. MRI serves, therefore, as a supportive diagnostic tool in memory clinics, provides 89 

valuable prognostic information, and is widely used as an outcome measure in clinical trials (Sims et 90 

al., 2023). Additionally, when combined with molecular markers, MRI can enhance our understanding 91 

of disease mechanisms. However, to facilitate the development of MRI-based biomarkers for clinical 92 

applications, it is crucial to establish more precise associations between specific pathological processes 93 

and their corresponding patterns of atrophy.  94 

To date, most volumetric studies have relied on global volumetric measures, such as total hippocampal 95 

(Scheltens et al., 1992; Ten Kate et al., 2018; Hanseeuw et al., 2023; Wesseling et al., 2025) or whole 96 

brain volume, which lack disease specificity and often fail to capture subtle. Region-specific atrophy 97 

patterns may more accurately reflect the underlying neuropathology or detect earlier changes. Over the 98 

past fifteen years, interest in volumetric measures of hippocampal subfields as potential biomarkers for 99 

AD has grown. However, no consensus has been reached across studies (see De Flores et al., 2015 & 100 

Zhang et al., 2023 for review), likely due to the limited resolution of in vivo imaging, which hampers 101 

reliable visualization of subfields, as well as the lack of standardized subfield segmentation protocols 102 

(Yushkevich et al., 2015; Wisse et al., 2017; Giuliano et al., 2017). While other MRI approaches, such 103 

as microstructural imaging (Rodriguez-Vieitez et al., 2021; Vogt et al., 2022; Gagliardi et al., 2023; 104 

Spotorno et al., 2023; Weston et al., 2023; Brown et al., 2024; Parker et al., 2025), may provide 105 

complementary information on early pathological processes, the present work specifically focuses on 106 

anatomical volumetric MRI. 107 
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Many neuropathologies affect the medial temporal lobe (MTL) early in disease progression, as shown 108 

in several neuropathology studies: AD neuropathological changes (ADNC) accumulates early in the 109 

(trans)entorhinal cortex (Braak and Braak, 1995, 1991), LATE neuropathological changes (LATE-NC) 110 

in the amygdala (Nelson et al., 2023, 2019), some forms of FTLD impact the temporal cortex and the 111 

amygdala (Cairns et al., 2007; Brettschneider et al., 2014), and α-synuclein typically affects the 112 

amygdala and hippocampus early on when co-occuring with AD (Braak et al., 2002; Gawor et al., 2024) 113 

when co-occurring with ADNC (Hamilton, 2000; Jellinger, 2003). Therefore, efforts have been made to 114 

disentangle the contributions of these pathologies to MTL atrophy.  115 

To capture the ground truth of pathology-specific neurodegenerative changes, most research has relied 116 

on matching antemortem MRI with postmortem neuropathology (Jack et al., 2002; Jagust et al., 2008; 117 

Kantarci et al., 2012; Toledo et al., 2013; Josephs et al., 2017; Hanko et al., 2019; Dallaire‐Théroux et 118 

al., 2019; Bejanin et al., 2019; De Flores et al., 2020b; Wisse et al., 2021a; Heywood et al., 2022; 119 

Mohanty et al., 2022; Denning et al., 2024). However, using MRI scans acquired several years before 120 

death creates a time gap during which pathogenic processes can develop. As a result, postmortem 121 

neuropathology evaluation may not completely match the neurodegeneration observed on antemortem 122 

MRI. Moreover, heterogeneity in MRI protocols and image quality across antemortem studies limits the 123 

ability to study MTL subregions (Ver Hoef et al., 2021; Wisse et al., 2021).  124 

In contrast, there is no significant temporal gap between imaging and pathology when using postmortem 125 

imaging. In addition, it allows for long acquisition times, enabling the acquisition of high-resolution 126 

data. If the structure is isolated from the brain and scanned alone, it can even be scanned using preclinical 127 

scanner (i.e., 9.4 T or 11.7 T), yielding ultra-high-resolution images. In this framework, postmortem 128 

MRI constitutes a critical bridge between microscopic neuropathology and macroscopic in vivo imaging. 129 

By enabling direct correspondence between MRI data and histological analyses, it allows the validation 130 

of MRI-derived measures against underlying tissue alterations. It also facilitates the identification of 131 

disease- and proteinopathy-specific patterns of atrophy, thereby improving the interpretation of in vivo 132 

MRI biomarkers in terms of their underlying pathological substrates. 133 
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In this narrative review, we provide a comprehensive overview of postmortem MRI studies in the 134 

context of AD and related disorders (ADRD). In this context, postmortem MRI refers to imaging 135 

performed after death, either in situ (with the brain still in the skull) or ex vivo (after brain removal and 136 

fixation). We specifically focus on anatomical MRI approaches targeting volumetric and morphometric 137 

measures of MTL structures, reviewing methodological considerations from tissue preparation to MRI 138 

acquisition. Given the central role of MTL in neurodegenerative diseases, this review synthesizes 139 

postmortem MRI evidence on this region to provide a more granular characterization of disease- and 140 

proteinopathy-specific patterns of macroscopic neurodegeneration. While this review focuses on 141 

anatomical ex vivo MRI, we refer the interested reader to recent reviews on ex vivo diffusion MRI (Karat 142 

et al., 2024; Schilling et al., 2025). 143 

3. What are the main advantages and disadvantages of postmortem MRI? 144 

Compared to in vivo imaging, postmortem MRI allows for extended scanning times with no movement 145 

artifacts, such as cardiorespiratory or head movements, which are particularly problematic in patients 146 

with dementia. Additionally, it enables the use of specialized coils (Edlow et al., 2019; Scholz et al., 147 

2021) with reduced distance from the sample. Altogether, these advantages allow for increasing the 148 

signal-to-noise ratio and images resolution. Finally, studies with a specific focus on a single brain region, 149 

such as the MTL, can make use of preclinical animal MRI scanners with significantly higher magnetic 150 

fields, as smaller excised brain samples fit into the smaller bore of these scanners. Collectively, these 151 

advantages have led to improved resolution for examining structures with greater precision as compared 152 

to in vivo imaging, as illustrated in Figure 1.  153 

Compared to antemortem in vivo imaging, postmortem MRI enables a direct comparison between MRI 154 

and histology without significant time delay as observed in antemortem studies, during which pathology 155 

may further progress (Jack et al., 2002; Jagust et al., 2008; Kantarci et al., 2012; Josephs et al., 2017; 156 

Dallaire‐Théroux et al., 2019; Hanko et al., 2019; Bejanin et al., 2019; De Flores et al., 2020b; Heywood 157 

et al., 2022; Mohanty et al., 2022; Denning et al., 2024). 158 
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 159 

Figure 1. Comparison of medial temporal lobe (MTL) MRI acquired at comparable magnetic field strengths in 160 

vivo and ex vivo. (A) In vivo T1-weighted MRI at 3T (University of Pennsylvania, Philadelphia, USA; 1.0 × 1.0 × 161 

1.0 mm³; 5 min 13 s). (B) In vivo T2-weighted MRI at 3T (University of Pennsylvania, Philadelphia, USA; 0.4 × 162 

0.4 mm² in-plane, 2.6 mm slice thickness; 7 min 12 s). (C) In vivo T2-weighted MRI at 7T (GIGA-CRC, University 163 

of Liège, Belgium; 0.42 × 0.42 mm² in-plane, 1.0 mm slice thickness; 7 min 33 s). (D) Ex vivo T1-weighted MRI 164 

at 3T (KU Leuven, Leuven, Belgium; 0.2 × 0.2 × 0.2 mm³; 1 h 44 min). (E) Ex vivo T2-weighted MRI at 3T (KU 165 

Leuven, Leuven, Belgium; 0.25 × 0.25 × 0.25 mm³; 1 h 56 min). (F) Ex vivo T2-weighted MRI at 7T (University 166 

of Pennsylvania, Philadelphia, USA; 0.4 × 0.4 × 0.4 mm³; 19 min). (G) Ex vivo T1-weighted MRI at 9.4T 167 

(University of Pennsylvania, Philadelphia, USA; 0.2 × 0.2 × 0.2 mm³; 16 h). Panels (A), (B), (F), and (G) were 168 

acquired from the same specimen. 169 

Compared to histology, postmortem MRI is less affected by distortion or tearing and provides a 170 

continuous high-resolution three-dimensional (3D) representation of brain anatomy, which can serve as 171 

a valuable reference for histological reconstruction (Adler et al., 2018; Mancini et al., 2020; Yushkevich 172 

et al., 2021a; Stouffer et al., 2023; Oltmer et al., 2023; Ravikumar et al., 2024; Casamitjana et al., 2024; 173 

DeKraker et al., 2025; Saifullah et al., 2025). In ADRD, diagnostic histopathology typically examines 174 

three standard coronal MTL levels (the amygdala, anterior hippocampus, and middle hippocampus) on 175 
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which classical staging systems are based. Compared to histology, postmortem MRI thus allows detailed 176 

investigation of anterior–posterior MTL involvement beyond these conventional sections.  177 

Despite its many advantages, postmortem MRI, especially ex vivo MRI, also presents several limitations. 178 

Tissue alterations resulting from preparation procedures, such as brain extraction and fixation, can affect 179 

both image quality and tissue integrity. A few studies have compared ex vivo and in vivo MRI in the 180 

same subjects and are suggestive of tissue deformations ex vivo, but the exact differences are not well 181 

characterized yet (Kotrotsou et al., 2014; Wisse et al., 2016; Boon et al., 2019, also see section 6.1). 182 

Therefore, ex vivo MRI results should be interpreted with caution, as they may include volume changes 183 

or tissue deformations due to preparation methods. Moreover, ex vivo MRI generally requires access to 184 

specialized imaging facilities and dedicated image-processing pipelines, which can limit its widespread 185 

adoption. Another important challenge is the lack of standardized and widely applicable brain 186 

preparation protocols across studies.  187 

4. Methodological aspects 188 

This section focuses on how different research groups perform ex vivo anatomical MRI to visualize the 189 

MTL, either using whole-hemisphere preparations or excised MTL specimens. Ex vivo diffusion MRI 190 

is beyond the scope of this section; detailed recommendations and dedicated protocols have been 191 

reviewed elsewhere (Karat et al., 2024; Schilling et al., 2025). In addition, in situ postmortem MRI, 192 

which is conceptually closer to in vivo imaging, is not discussed in detail here. This approach has been 193 

mainly implemented within the Normal Aging Brain Collection Amsterdam (NABCA) cohort. 194 

Consequently, there is limited methodological variability in the literature, and comprehensive 195 

descriptions of the existing in situ protocols are already available (Jonkman et al., 2019).  196 

4.1. Brain preparation  197 

4.1.1. Postmortem delay  198 

The postmortem delay, defined as the time between death and brain fixation, varied from a few hours to 199 

seven days in the studies included in this review (Table 1). A longer postmortem delay has been shown 200 
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to affect image contrast (Grinberg et al., 2008; Augustinack et al., 2014). Moreover, prolonged delays 201 

may influence fixation-induced brain swelling and distortion (Grinberg et al., 2008; Boon et al., 2019), 202 

which can, in turn, alter brain anatomy and thus affect volumetric assessment on MRI scans. An optimal 203 

postmortem delay has been suggested to be less than 6-10 hours (Grinberg et al., 2008; Augustinack and 204 

Van Der Kouwe, 2016). However, most studies reporting this information indicate a postmortem delay 205 

of less than 24 hours, as shorter delays are often constrained by logistical challenges. Of note, more than 206 

half of the studies reviewed do not report their postmortem delay (Table 1).  207 

4.1.2. Fixation  208 

Most protocols immersed their tissue in 4 or 10% formalin for approximately three or four weeks, which 209 

corresponds to a standard protocol. However, alternative fixation approaches have also been reported, 210 

including tissue first fixed in situ by perfusing 4% paraformaldehyde through both carotid arteries before 211 

submerging the tissue in 4% paraformaldehyde (Insausti et al., 2023; Ravikumar et al., 2024).  212 

Ensuring complete fixation is essential for reliable MRI contrast, as uneven fixation can produce 213 

artifacts (Augustinack and Van Der Kouwe, 2016; Dadar et al., 2024a). While fixation time can affect 214 

MRI contrast, it does not significantly influence cortical thickness measurements (Khandelwal et al., 215 

2024) nor hippocampal length (Tucker et al., 2025). 216 

4.1.3. MTL Excision 217 

In preclinical scanner studies, the MTL was excised from the brain after fixation. However, detailed 218 

descriptions of the dissection procedure are only provided in a limited number of studies (Yushkevich 219 

et al., 2009; Adler et al., 2014; Shih et al., 2023; Stouffer et al., 2023). The size of the excised specimen 220 

varied according to the diameter of the coil or the bore of the preclinical MRI scanner used, but in all 221 

cases, it was reported that the whole hippocampus was excised intact (Yushkevich et al., 2009; Adler et 222 

al., 2014; Ravikumar et al., 2021; Shih et al., 2023; Stouffer et al., 2023). This delicate step requires 223 

meticulous handling to avoid tissue tearing, given the fragility of the fixed brain tissue (Figure 2). 224 
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4.2. Scanning protocol 225 

4.2.1. Scanning environment  226 

The majority of protocols included immersing their tissue in perfluoropolyether oils as Fomblin (Solvay; 227 

Simons, 1949) or Fluorintert (3M; Caporiccio et al., 1989), before scanning (Table 1). These oils are 228 

composed solely of carbon, fluorine, and oxygen atoms and do not contribute to the MRI signal due to 229 

the absence of 1H nuclei, thereby acting as a proton quencher. This approach reduces susceptibility 230 

artifacts arising from tissue-air interfaces. Of note, it has been demonstrated that prolonged immersion 231 

of tissue in these oils does not alter the tissue’s anatomical or histological features (Hyare et al., 2008; 232 

Iglesias et al., 2018a). There are, however, reported alternatives, in which the specimens were scanned 233 

under vacuum (Augustinack et al., 2013), in formaldehyde (Oltmer et al., 2022), or in agar gels (Liou et 234 

al., 2024; Table 1).  235 

4.2.2. Scanner and Field Strength 236 

The type of scanner used varies significantly among research groups (Table 1). Approximately half of 237 

the groups included in this review use whole-body MRI scanners with field strengths of 3 to 7T 238 

(Augustinack et al., 2005; Fischl et al., 2009; Dawe et al., 2011; Kotrotsou et al., 2014, 2015; 239 

Makkinejad et al., 2019; Kenkhuis et al., 2019; Dawe et al., 2020; Sadaghiani et al., 2023; Khandelwal 240 

et al., 2024; Saifullah et al., 2025) while the other half use preclinical scanners at 7T (Coras et al., 2014), 241 

9.4T (Fatterpekar et al., 2002; Yushkevich et al., 2009, 2021a; Adler et al., 2014, 2018; Wisse et al., 242 

2016; Wisse et al., 2021b; De Flores et al., 2020a; Ravikumar et al., 2021, 2024), 11T (Stouffer et al., 243 

2023), or 16.7T (Shih et al., 2023). Although higher field strengths generally improve resolution and 244 

signal-to-noise ratio, they may also accentuate magnetic susceptibility artifacts (Stanisz et al., 2005). 245 

University of Pennsylvania’s group therefore implemented bias and non-uniformity correction and 246 

intensity normalization (Adler et al., 2018; Yushkevich et al., 2021a) using the N4ITK algorithm 247 

(Tustison et al., 2010). In addition, when using preclinical scanners, geometric distortions caused by 248 

gradient field non-linearity may occur; to correct for this, some teams perform registration between 249 

preclinical and clinical MRI postmortem scans (Yushkevich et al., 2021a). 250 
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4.2.3. Specimen preparation and air bubble management  251 

The preparation of ex vivo brain specimens for MRI is a critical and challenging step, particularly due 252 

to the need to avoid air bubbles, which can compromise image quality (Figure 2). Air bubbles have been 253 

reported to be more difficult to remove when scanning whole hemispheres than smaller excised blocks 254 

(Augustinack et al., 2014). Unfortunately, relatively few studies provide detailed descriptions of their 255 

complete preparation protocols. Accordingly, this section primarily draws on the protocols developed 256 

by four research groups: Massachusetts General Hospital (Augustinack et al., 2014; Fischl et al., 2021), 257 

the University of Pennsylvania (Yushkevich et al., 2021b), Amsterdam UMC (Jonkman et al., 2019) 258 

and Zhejiang University (Zhu et al., 2025).  259 

 260 

Figure 2. Examples of ex vivo MRI artifacts. Air bubbles (red arrows, panels A, B, D, E) produce susceptibility-261 

related signal loss and are more conspicuous on the T1-FLASH (Fast Low Angle Shot) image (panel D) than on 262 

the T2-RARE (Rapid Acquisition with Refocused Echoes) image (panel E) because gradient-echo sequences are 263 

more sensitive to magnetic-field inhomogeneities. Tissue tears (green arrows, panels B, C) result from specimen 264 

handling, specifically when extracting the MTL. Panels A–C were acquired on a Varian 9.4 T animal scanner 265 
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(University of Pennsylvania, Philadelphia, USA) using a multi-slice spin-echo sequence (200 × 200 × 200 µm³; 266 

typical TR ≈ 9330 ms; TE ≈ 23 ms). Panels D–E were acquired on an 11.7 T Bruker MRI scanner (UCLouvain, 267 

Brussels, Belgium) using (D) a T1-weighted FLASH 3D sequence (TE = 4.425 ms, TR = 70 ms, flip angle = 20°, 268 

resolution 50 × 150 × 100 µm³) and (E) a T2-weighted RARE 3D sequence (TE = 18.5 ms, TR = 4 000 ms, RARE 269 

factor 5, resolution 100 × 100 × 200 µm³). 270 

Across the four protocols reviewed, hemispheres are first fixed whole. Dissection of specific regions is 271 

subsequently performed on fixed tissue. In studies using preclinical MRI scanners, specimen selection 272 

is constrained by size considerations related to the diameter of the MRI scanner (Yushkevich et al., 273 

2021b). After fixation, some teams rinse specimens in water for 24 hours to partially restore relaxation 274 

parameters altered by formalin fixation (Jonkman et al., 2019; Zhu et al., 2025). Additionally, multiple 275 

preparation protocols recommend removal of the pia mater, as this membrane can trap air and promote 276 

bubble formation (Augustinack et al., 2014; Fischl et al., 2021; Yushkevich et al., 2021b).   277 

Before immersion in the scanning solution, the University of Pennsylvania’s group places the specimen 278 

in a desiccator to remove residual moisture (Figure 3A-B-C; Yushkevich et al., 2021b), although 279 

absorbent paper has also been reported as an alternative method for drying the brain (Zhu et al., 2025). 280 

The brain is then immersed in Fomblin (rather than having the liquid poured over it) to reduce further 281 

bubble formation (Figure 3D-E-F; Yushkevich et al., 2021b). After immersion, vacuum can then be 282 

applied overnight to remove any remaining air (Fischl et al., 2021; Jonkman et al., 2019; Zhu et al., 283 

2025). Gentle agitation of the holder overnight has also been reported to help extract air trapped in the 284 

sulci (Yushkevich et al., 2021b). Additional technical solutions reported include the use of degassing 285 

ports to remove bubbles from the container (Edlow et al., 2019).  286 

 287 
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Figure 3. Example of specimen-preparation protocol for ex vivo MRI, as developed and performed at the 288 

University of Pennsylvania (Philadelphia, USA). The medial temporal lobe (MTL) is first isolated (A). The tissue 289 

is then placed in a desiccator to dry (B). The tissue is subsequently immersed in Fomblin (rather than simply 290 

covered) and agitated to minimize bubble formation and allow any bubbles to escape (C). Some transient bubbles 291 

appear but quickly dissipate. The specimen is finally positioned in its container within the Fomblin bath (D-E).  292 

In general, it is recommended to place the specimen in its scanning container at least the day before 293 

imaging to minimize residual bubbles (Augustinack et al., 2014; Fischl et al., 2021). Throughout all 294 

steps, careful handling of both the brain and the surrounding liquid is essential to avoid generating new 295 

bubbles. In our group at UCLouvain, a 3D-printed bubble trap was designed to capture any remaining 296 

air without it adhering to the tissue. Note that even with all these precautions, air bubbles can still occur, 297 

particularly in deep sulci, where post-mortem decay gases can occur, as fixation primarily affects the 298 

upper cortical layers.  299 

4.2.4. Coils 300 

The coils used vary across research groups (Table 1). Approximately half of the studies reviewed use 301 

conventional coils that fit the shape of their tissue, while the other half have designed custom coils that 302 

conform more closely to the brain’s surface. Custom-designed coils improve the signal-to-noise ratio 303 

and spatial resolution (Edlow et al., 2019). Most of the coils used, whether classical or custom-built, 304 

were solenoid coils that fully enclose the specimen. Solenoid coils have been shown to improve the 305 

signal-to-noise ratio (Augustinack et al., 2014).  306 
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nia  

Not 

specified  

N = 5   MTL Not 

specified  

≥ 21 days   9.4 T 

preclinical 

MRI 

scanner 

multi-slice 

spin echo 

Classical 

coil 

Not 

specified 

13h13 to 

62h30 

200µm 

isotropic 

Fischl et 

al. (2009) 

Athinoula 

A. 

Martinos 

Center for 

Biomedic

al 

Imaging, 

Massachu

setts 

General 

Hospital 

< 25h  N = 17  MTL Formalin  Not 

specified  

7T whole-

body MRI 

scanner 

multi-

echo 

FLASH 

Custom-

built 

solenoid 

coil 

Not 

specified 

Not 

specified 

100µm 

isotropic 
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Dawe et 

al. (2011) 

 

Rush 

University 

Medical 

Center 

7.2±4.5 h N = 100 Whole 

hemispher

e 

Formalde

hyde (4%) 

22–200 

days  

3T whole-

body MRI 

scanner 

Multi-

slice spin 

echo 

Classical 

coil 

Formalde

hyde (4%) 

~ 00h30 600 x 600 

x 1500 

µm  

Kotrotsou 

et al., 

(2014) 

Not 

specified  

N = 37  Varying 

(variable 

of 

interest)   

Kotrotsou 

et al. 

(2015) 

8 ± 5h N = 165  49 ± 21 

days 

Dawe et 

al. (2020) 

 

8.8 ± 5.8h N = 531 ≥ 30 days 

Makkineja

d et al. 

(2019) 

8.6 ± 6.5h N = 198 49.6 ± 

24.0 days 

Saifullah 

et al. 

(2025) 

9.9 ± 8h  N = 842 37.5 ± 

18.1 days  

Adler et 

al. (2014) 

University 

of 

Pennsylva

nia  

Not 

specified  

N = 1 MTL  Formalin  ≥ 21 days   9.4 T 

preclinical 

MRI 

scanner 

multi-slice 

spin echo 

Classical 

coil 

Perfluorop

olyether 

13h33 160µm 

isotropic 

Coras et 

al. (2014) 

University 

Hospital 

Erlangen  

Not 

specified  

N = 15 MTL Formalin 

(4%)  

Not 

specified  

7T 

preclinical 

MRI 

scanner 

T2 Classical 

coil 

Not 

specified 

14h to 38h Not 

specified 

Wisse et 

al. (2016) 

University 

of 

Pennsylva

nia  

Not 

specified  

N = 15 MTL Formalin 

(10%) 

38.0 ± 

17.7 days 

9.4 T 

preclinical 

MRI 

scanner 

multi-slice 

spin echo 

custom-

built coil 

Fomblin Not 

specified 

200µm 

isotropic 
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Adler et 

al. (2018)  

University 

of 

Pennsylva

nia  

Not 

specified  

N = 31 MTL Formalin  ≥ 21 days   9.4 T 

preclinical 

MRI 

scanner 

multi-slice 

spin echo 

Classical 

coil (N = 

9) & 

custom 

built coil 

(N = 23)1 

MRI-

neutral 

fluid  

7h30 to 

16h00 

200µm 

isotropic 

De Flores 

et al. 

(2020a) 

 

N = 92 Classical 

coil 

Kenkhuis 

et al. 

(2019) 

Leiden 

University 

Medical 

Center 

Not 

specified  

N = 35 Whole 

hesmisphe

re  

Formalin 

(4%) 

28 days  

 

7T whole-

body MRI 

scanner 

T2*-

weighted3 

Classical 

coil  

Fomblin Not 

specified  

3000µm 

isotropic  

Yushkevic

h et al. 

(2021)  

University 

of 

Pennsylva

nia  

Not 

specified  

N = 18 MTL Formalin  

Or 

Paraforma

ldehyde 

(4%) 

≥ 21 days   9.4 T 

preclinical 

MRI 

scanner 

multi-slice 

spin echo 

custom-

built coil 

Fomblin Not 

specified 

200µm 

isotropic 

Ravikuma

r et al. 

(2021) 

N = 29 

Ravikuma

r et al. 

(2024) 

N = 55 

 
 

1 One specimen was further excluded 
2 Same specimens as Adler et al. (2018)  
3 The sequence is referred as a T2-weighted sequence in the article, but acquisition parameters correspond to a T1 FLASH sequence. 
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Llamas-

Rodríguez 

et al. 

(2022) 

Oltmer et 

al. (2022) 

Oltmer et 

al. (2023) 

Athinoula 

A. 

Martinos 

Center for 

Biomedic

al 

Imaging, 

Massachu

setts 

General 

Hospital 

< 24h  N = 10 MTL Formalin 

(10%) Or  

Paraforma

ldehyde (2

%) 

Not 

specified  

7T whole-

body MRI 

scanner 

T1-

FLASH 

custom-

built 

solenoid 

coil 

2% 

paraforma

ldehyde or 

Fomblin 

18 to 22h 100µm 

isotropic 

Shih et al. 

(2023) 

University 

of 

Southern 

California

, Los 

Angeles 

5.3h - 7 

days  

N = 10  MTL Formalin 

(10%) 

15-48 

hours 4  

16.4T 

preclinical 

MRI 

scanner 

T1 

FLASH & 

T2 RARE 

Classical 

coil 

Fomblin 3h50 50µm and 

75µm 

isotropic 

Stouffer et 

al. (2023) 

John 

Hopkins 

University  

Not 

specified 

N = 2 MTL Formalin 

(10%) 

Not 

specified 

11T 

preclinical 

MRI 

scanner 

Not 

Specified 

Not 

Specified 

Not 

Specified 

Not 

specified 

125 µm 

isotropic 

Sadaghian

i et al. 

(2023) 

University 

of 

Pennsylva

nia 

Not 

specified  

N = 33 Whole 

hesmisphe

re  

Formalin 

(10%) 

≥ 30 days  7T whole-

body MRI 

scanner  

3D T2 Custom 

build-coil  

Fomblin  2h 300µm 

isotropic  

Khandelw

al et al. 

(2024) 

N = 135 

 
 

4 The fixation timing reported in this article (in hours) is unusual compared to the standard typically expressed in days. This might be an error, but the information is included 

as reported for transparency. 
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Liou et al. 

(2024) 

University 

of 

Pittsburgh 

Mean = 

8.7h  

N = 66 Whole 

hemispher

e  

Formalin 

(10%) 

≥ three 

weeks 

7T whole-

body MRI 

scanner  

T1w, T2w, 

T2* GRE 

Classical 

coil  

1.5%  agar 

& 30% 

sucrose  

0h32 to 

0h46  

370 to 410 

µm 

isotropic 

 

Table 1. Overview of ex vivo MRI protocols, including postmortem delay and fixation procedures for ex vivo MRI and scanner type, sequence, coil, and scanning 

environment, scanning duration, and resolution for studies investigating the human MTL. Abbreviations: FLASH: Fast Low Angle Shot; GRE : Gradient Recall Echo; MRI 

: Magnetic Resonance Imaging; RARE : Rapid Acquisition with Refocused Echoes; T : tesla.  
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4.2.5. Sequences 307 

As this review focuses on anatomical MRI, this section is dedicated to T1- and T2-weighted sequences 308 

commonly used in ex vivo imaging. Other MRI modalities, such as diffusion, provide complementary 309 

microstructural information and have been summarized in recent reviews (Karat et al., 2024; Schilling 310 

et al., 2025).  311 

The choice of sequences in ex vivo MRI is influenced by the effects of formalin fixation on brain tissue. 312 

Formalin fixation, commonly used in ex vivo MRI, induces significant biophysical changes that alter 313 

image contrast. One of the most consistently reported effects in the literature is the reduction of both T1 314 

and T2 relaxation times, particularly in gray matter (Tovi and Ericsson, 1992; Blamire et al., 1999; 315 

Pfefferbaum et al., 2004). The shortening of T1 reduces the differentiation between gray and white 316 

matter on T1-weighted images, making them visually resemble proton density–weighted images. 317 

Similarly, T2 contrast is diminished, and T2* effects become dominant (Tovi and Ericsson, 1992).  318 

Among the most used sequences in ex vivo MRI, T1-weighted Fast Low Angle Shot (FLASH) and T2-319 

weighted Rapid Acquisition with Refocused Echoes (RARE) offer complementary contrast mechanisms 320 

(Table 2). T1-weighted FLASH sequences are frequently used for their ability to produce images that 321 

combine favorable T2* and proton density contrast (Augustinack et al., 2014). These sequences typically 322 

use a relatively short echo time ((TE) ranging from 7.8 to 32 ms) and a low flip angle (5° to 30°; Table 323 

2). Although originally designed to rely on T1 contrast through differences in longitudinal relaxation 324 

properties, in the context of ex vivo MRI, the contrast is largely influenced by T2* effects and proton 325 

density. Additionally, since FLASH is a gradient-echo sequence without refocusing pulses, it is 326 

particularly sensitive to magnetic field inhomogeneities and susceptibility artifacts, which may result in 327 

signal loss or geometric distortions (Manson et al., 2022).  328 

In contrast, T2-weighted RARE sequences (based on spin-echo principles) use 180° refocusing pulses 329 

to compensate for local magnetic field inhomogeneities, thereby reducing susceptibility artifacts. These 330 

sequences generate T2-weighted contrast based on transverse relaxation and are more robust in fixed 331 
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tissue. Typical ex vivo RARE protocols use short TEs (13-383 ms) and long repetition times ((TR) 332 

30000–5000 ms; Table 2). 333 

Despite differences in sequence type and acquisition parameters, the visual appearance of ex vivo MRI 334 

scans often remains similar across protocols (Figure 4; Augustinack and Van Der Kouwe, 2016; Shih et 335 

al., 2023; Dadar et al., 2024a). This is likely due to the convergence of contrast sources after fixation, 336 

involving multiple mechanisms, including protein cross-linking (Blamire et al., 1999; Dawe et al., 2009) 337 

and immobilization of water molecules, which may lead to a reduction of the T2 relaxation time 338 

(Pfefferbaum et al., 2004). Another possible explanation for this is that the decomposition of the myelin 339 

phospholipid structure by formalin somewhat counteracts the general reductive effect of the fixation 340 

procedure on relaxation times (Tovi and Ericsson, 1992).  341 

 342 

 343 

 344 

 345 

 346 

 347 

 348 

 349 

 350 

 351 

 352 
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 353 

 354 

T1 SEQUENCES 
Study University Sequence TR TE Flip angle 

Augustinack et 

al. (2005) 
Athinoula A. 

Martinos Center for 

Biomedical 

Imaging, 

Massachusetts 

General Hospital 

T1 FLASH 20 ms 7.8 ms 5 - 25° 

Fischl et al. 

(2009) 

Augustinack et 

al. (2013) 

Athinoula A. 

Martinos Center for 

Biomedical 

Imaging, 

Massachusetts 

General Hospital 

T1 FLASH 40ms 8 – 32 ms 15 - 25° 

(Kenkhuis et al., 

2019)  

Leiden University 

Medical Center, 

Leiden, the 

Netherlands 

T1 FLASH5 36 ms 20 ms 10° 

(Llamas-

Rodríguez et al., 

2022; Oltmer et 

al., 2023, 2022)  

Athinoula A. 

Martinos Center for 

Biomedical 

Imaging, 

Massachusetts 

General Hospital 

T1 FLASH 45-60 ms 10.75 – 30 

ms 

20-25° 

Shih et al. 

(2023) 

University of 

Southern 

California, Los 

Angeles 

T1 FLASH 40 ms 12ms 30° 

T2 SEQUENCES 

Study University Sequence TR TE 

(Yushkevich et 

al., 2009; Adler 

et al., 2014; 

Wisse et al., 

2016; Adler et 

al., 2018; De 

Flores et al., 

2020a; 

Ravikumar et 

al., 2021, 2024)  

University of 

Pennsylvania 

Multi-slice 

spin echo 

4000 -5000 ms 21-26 ms 

(Dawe et al., 

2011, 2020; 

Makkinejad et 

al., 2019; 

Saifullah et al., 

2025) 2011 

Rush University 

Medical Center 

Multi-slice 

spin echo 

3600 ms 13-52 ms 

(Sadaghiani et 

al., 2023; 

University of 

Pennsylvania 

Multi-spin 

echo  

3000 ms 383 ms 

 
 

5 The sequence is referred as a T2-weighted sequence in the article, but acquisition parameters correspond to a 

T1 FLASH sequence.  
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Khandelwal et 

al., 2024)  

Table 2. Overview of ex vivo MRI detailed sequences for studies investigating human MTL. Abbreviations: 355 
FLASH: Fast Low Angle Shot; GRE: Gradient Recall Echo; MRI: Magnetic Resonance Imaging; RARE: Rapid 356 
Acquisition with Refocused Echoes; T: tesla; TE=echo time; TR=repetition time.   357 

 358 

Figure 4. Comparison of ex vivo T1- and T2-weighted sequences for whole-hemisphere (A–B) and medial 359 
temporal lobe (MTL; C–D) scans, illustrating hyperintense gray matter and hypointense white matter in two 360 
different datasets. Whole-hemisphere scans were acquired at KU Leuven (Leuven, Belgium) using a T2-weighted 361 
sequence (250 x 250 x 250 µm³; TR = 3 000s ms; TE = 200 ms) and a T1-weighted sequence (200 x 200 x 200 362 
µm³; TR = 17.68 ms ; TE = 8.36 ms. MTL scans were acquired at UCLouvain (Brussels, Belgium) on an 11.7 T 363 
Bruker MRI using a T2-weighted RARE sequence (100 × 100 × 200 µm³; TR = 4 000 ms; TE = 18.5 ms; RARE 364 
factor = 5) and a T1-weighted FLASH sequence (50 × 150 × 100 µm³; TR = 70 ms; TE = 4.425 ms; flip angle = 365 
20°). 366 

4.3. Matching MRI and histology  367 

Efforts have been made to help with co-registration between MRI scans and histological slices. For 368 

instance, some teams report using a mold designed to tightly fit the MTL specimen during scanning, to 369 

stabilize the specimen and guide tissue sectioning for neuropathology. This ensures that MRI and 370 

histological slides are aligned along the same axis, thereby reducing the complexity of subsequent MRI–371 

histology registration (Yushkevich et al., 2021a; Dadar et al., 2024a). In our centers 372 

(UCLouvain/KULeuven), a custom-made cutting apparatus with an integrated mirror was used to 373 
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produce 0.5cm slices for histological analysis. This allows orientation of the specimen using a 3D 374 

reconstruction model generated during the scan as a guideline for positioning the specimen for cutting, 375 

enabling a similar anatomical orientation between the scan and the histological sections. 376 

5. Applications of postmortem MRI   377 

5.1. Improving segmentation protocols  378 

Because postmortem MRI allows for ultra-high-resolution imaging, it contributes to a more precise 379 

understanding of the detailed anatomy of the brain. This enables the identification of subtle anatomical 380 

structures but also supports the development of more accurate segmentation protocols for in vivo 381 

applications. These postmortem datasets are particularly valuable when made publicly available either 382 

for MTL scans (Adler et al., 2018; Ravikumar et al., 2024; DeKraker et al., 2025) or whole-hemisphere 383 

scans (Amunts et al., 2013, 2020; Tendler et al., 2022; Zhu et al., 2025), since they provide the broader 384 

scientific community with unique access to high-resolution images, thereby fostering a deeper 385 

understanding of e.g. MTL anatomy. 386 

Since hippocampal subfield definitions are grounded in cytoarchitecture, direct comparison between 387 

histology and postmortem MRI scans of the same tissue section allows for the identification of MRI-388 

visible features that reflect cytoarchitectonic boundaries or landmarks to approximate cytoarchitectonic 389 

boundaries. For instance, comparative analyses of ex vivo MRI and histological slices clarified the nature 390 

of the so-called “dark band”, a hypointense line in high-resolution T2-weighted images (Figure 5; De 391 

Flores et al., 2020a). Contrary to some prior assumptions, this band was shown to correspond solely to 392 

the Cornu Ammonis (CA) stratum lacunosum-moleculare (SLM), and not the stratum radiatum of CA 393 

nor the molecular layer of the dentate gyrus (Figure 5; De Flores et al., 2020a). Thus, integrating 394 

postmortem MRI with histology allows linking image features to their underlying anatomy, providing a 395 

more precise framework for interpreting in vivo MRI measurements. 396 
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 397 

Figure 5. Characterization of the hippocampal dark band. This figure illustrates how direct comparison 398 
between ex vivo MRI and histology enables precise anatomical interpretation of MRI-visible features. Dark 399 
band thickness was measured along a dashed line from the medial anchor point (red circle) to the most lateral 400 
hippocampal point (green circle). Corresponding histology (c) and segmentation (d) were registered to MRI for 401 
the same measurement. Regions labeled: CA1 (red), CA2 (green), CA3 (yellow), DG-SM (light blue), DG-G/H 402 
(dark blue), SRLM (cyan), SUB (pink). Figure and caption reproduced with permission from De Flores et al. 403 
(2020a) 404 

Abbreviations: CA=cornu ammonis; DG-SM=dentate gyrus stratum moleculare; DG-SM=dentate gyrus granular 405 
cell layer/Hilus; SRLM=stratum radiatum lacunosum moleculare; SUB=subiculum; SP= stratum pyramidale; 406 
SM=stratum moleculare; G= granule cell layer 407 

 408 

In addition, comparing ex vivo MRI and histology also revealed a consistent pattern in the appearance 409 

and disappearance of subfields along the anterior-posterior MTL axis; for instance, CA1 has been shown 410 

to appear posterior to the subiculum (De Flores et al., 2020a). Additional analyses were performed in 411 

Tucker et al. (2025), providing further characterization of hippocampal anatomy in individuals with and 412 

without neurodegenerative diseases, including a clear delineation of the subicular complex boundaries, 413 

as well as CA3 boundaries and the transition between CA1 and the subiculum. These results offer new 414 

insights into the internal hippocampal architecture and provide clear guidelines to improve in vivo 415 

segmentation in these populations (De Flores et al., 2020a; Tucker et al., 2025) 416 
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Beyond the hippocampus, postmortem MRI has also been useful in refining our understanding of extra-417 

hippocampal MTL structures. This technique allowed the prediction of location and the boundaries of 418 

BA35 and the perirhinal cortex as a whole (Augustinack et al., 2013) on in vivo MRI. It also allowed for 419 

segmenting entorhinal cortex (ERC) subfields, initially defined in histology, on postmortem MRI 420 

(Figure 6; Llamas-Rodríguez et al., 2022; Oltmer et al., 2023; Ravikumar et al., 2024). These advances 421 

were only possible through direct comparison between histological sections and postmortem MRI data 422 

acquired in the same subjects. While detailed segmentation of ERC subfields is not yet implemented in 423 

in vivo settings, this body of work lays a solid foundation for the development of future in vivo 424 

segmentation protocols using lower-resolution in vivo MRI. A similar approach was previously applied 425 

tohippocampal subfields (Iglesias et al., 2015) and amygdala nuclei (Saygin et al., 2017), which were 426 

first defined on ex vivo scans before being implemented in automatic segmentation tools for in vivo MRI 427 

as FreeSurfer (Fischl, 2012). 428 

 429 

Figure 6. Direct comparison of histological sections and ex vivo MRI used to develop new postmortem atlases. 430 
A–C: anterior MTL and entorhinal cortex atlas (Oltmer et al., 2023). D–F: posterior MTL and whole-MTL atlas 431 
(Ravikumar et al., 2024, 2021). Histology panels (B,E) show subfield boundaries guiding segmentation of ex vivo 432 
scans (C,F). Panels A–C reproduced with permission from Oltmer et al. (2023); panels D–F courtesy of the 433 
University of Pennsylvania (Philadelphia, USA) .  434 

Abbreviations (Panels A–C): AM = amygdala; CS = collateral sulcus; EC = entorhinal caudal; EI = entorhinal 435 
intermediate; ELr = entorhinal lateral rostral; EMI = entorhinal medial intermediate; GA = gyrus ambiens; SSA 436 
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= sulcus semi-annularis; 35a/b = Brodmann area 35; CA1–3 = Cornu Ammonis 1–3; DG = Dentate Gyrus; SUB 437 
= Subiculum; PrS = Presubiculum; PaS = Parasubiculum; TH = area TH; TFm = area TF medial; TFl = area 438 
TF lateral; TE = inferior temporal cortex 439 

5.2. Studying the impact of proteinopathies on brain structure 440 

Because postmortem MRI can be directly compared with neuropathological assessments from the same 441 

brain without a time interval, it provides a unique framework to investigate the impact of specific 442 

proteinopathies on MTL morphometry.  443 

The most common approach to achieve this consists of combining imaging-derived morphometric 444 

measures, such as regional volumes or cortical thickness, with quantitative or semi-quantitative 445 

neuropathological measures (e.g., pathology scores or burden) in the same region, typically through 446 

spatially grounded association analyses. This was first performed with global hippocampal volume 447 

(Dawe et al., 2011, 2020; Kotrotsou et al., 2015; Yu et al., 2020). Subsequently, this approach was 448 

extended to MTL regions that are difficult or impossible to reliably assess in vivo, leveraging the higher 449 

spatial resolution and anatomical specificity of postmortem MRI. Importantly, these approaches do not 450 

aim to infer causality, but rather to establish robust spatial correspondences between imaging and 451 

histopathology, thereby providing critical validation and biological interpretation of in vivo MRI 452 

markers 453 

Beyond regional morphometry, postmortem MRI also enables the study of MTL structures in 3D, in 454 

contrast to histology, which is inherently limited to two-dimensional tissue sections. Several research 455 

teams have developed 3D computational atlases of the MTL and its subregions (Adler et al., 2018; 456 

Yushkevich et al., 2021a; Stouffer et al., 2023; Ravikumar et al., 2024; Dawe et al., 2011; Yushkevich 457 

et al., 2009; Llamas-Rodríguez et al., 2022; Oltmer et al., 2023). These atlases allow for a comprehensive 458 

and detailed visualization of MTL structures along all axes, including the anterior–posterior axis. Using 459 

this framework combined with serial immunohistochemistry, several studies have identified spatial 460 

gradients of tau pathology within the MTL, such as an anterior–posterior tau gradient within the MTL 461 

(Yushkevich et al., 2021a; Stouffer et al., 2023; Ravikumar et al., 2024). Moreover, such 3D pathology 462 

maps may serve as valuable spatial references for in vivo MRI analyses by helping to identify 463 
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pathological hotspots that should be prioritized in the search for in vivo biomarkers (Yushkevich et al., 464 

2021a), as recently done by Brown et al. (2024).  465 

Together, morphometry–pathology correlations and 3D neuropathology heat maps have enabled detailed 466 

analysis of pathology–structure relationships within fine-grained MTL regions, including hippocampal 467 

and ERC subfields, as well as cortical layers of the ERC and perirhinal cortices, as detailed in the 468 

following sections.  469 

5.2.1. The hippocampus  470 

Within the hippocampus, tau pathology has been shown to predominantly affect CA1 and the subiculum, 471 

based on both volumetric and thickness measurements (Table 3; Ravikumar et al., 2021, 2024; 472 

Bouwman et al., 2025) and tau heat maps (Table 3; Yushkevich et al., 2021a; Ravikumar et al., 2024). 473 

Interestingly, TDP-43 pathology appears to affect the same regions (Wisse et al., 2021b; Ravikumar et 474 

al., 2024; Wesseling et al., 2025). In contrast, age-related effects have been more pronounced in the DG, 475 

though CA1 was also affected (Adler et al., 2018). Aβ and α-synuclein, however, have not shown 476 

significant associations with hippocampal subfield volumes or thickness (Ravikumar et al., 2021; Wisse 477 

et al., 2021b).  478 

Beyond subfield-level analyses, high-resolution ex vivo MRI has enabled the visualization of 479 

hippocampal cortical layers, including the “dark band”, corresponding to the SRLM. This layer is 480 

difficult to detect with conventional in vivo MRI, yet it is among the earliest affected regions by tau 481 

pathology in AD (Thal et al., 2000). Postmortem studies have demonstrated early thinning of the SRLM, 482 

with this atrophy correlating with tau burden (Wisse et al., 2021b; Ravikumar et al., 2021, 2024). In 483 

contrast, TDP-43 appears to primarily affect the pyramidal layer of CA in AD, which is more accessible 484 

in in vivo imaging  (Ravikumar et al., 2024).  485 

In summary, although tau and TDP-43 affect largely overlapping hippocampal subfields, they 486 

preferentially involve different cortical layers within these subfields. This suggests that in vivo studies 487 

aiming to distinguish ADNC from LATE-NC or mixed ADNC+LATE-NC should move beyond 488 
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hippocampal subfield volumetry and instead target hippocampal cortical layers. However, as detailed in 489 

Section 5.3, reliably visualizing these layers likely requires an in-plane resolution of 0.7 to 0.5 mm, 490 

which is achievable at 3T in optimized protocols (Su et al., 2017; Wang et al., 2026) but is more 491 

realistically attainable with ultra-high-field 7T MRI (Kerchner et al., 2012; Wisse et al., 2012; Boutet et 492 

al., 2014; Parekh et al., 2015; Yushkevich et al., 2015; Berron et al., 2017).  493 

5.2.2. MTL cortices 494 

Outside the hippocampus proper, MTL cortical areas, including the ERC and the transentorhinal cortex 495 

(Brodmann area 35 (BA35)), are also of particular interest due to their early involvement in AD. While 496 

the ERC is often treated as a homogeneous structure in in vivo MRI, it contains several subfields that 497 

are currently not distinguishable using standard imaging techniques. Postmortem high-resolution MRI 498 

has been used to characterized these ERC subfields (Figure 6) and their vulnerability to tau pathology 499 

(Llamas-Rodríguez et al., 2022; Oltmer et al., 2023, 2022). It was shown that tau pathology 500 

predominantly affects the lateral ERC (Llamas-Rodríguez et al., 2022; Oltmer et al., 2023, 2022; 501 

Ravikumar et al., 2024), highlighting ERC’s heterogeneity and potential as a biomarker for early disease 502 

detection. Interestingly, TDP-43 has also been associated with lateral ERC pathology in AD (Llamas 503 

Rodríguez et al., 2024). From an in vivo biomarker perspective, these findings suggest that future high-504 

resolution MRI studies should explicitly target the lateral ERC. In the absence of in vivo segmentation 505 

guidelines for ERC subfield segmentation, a pragmatic intermediate step for in vivo studies would be to 506 

subdivide the ERC into lateral and medial portions (Maass et al., 2015; Tran et al., 2022), which may 507 

improve sensitivity to both tau- and TDP-43-related neurodegeneration. 508 

In parallel, BA35 is one of the earliest cortical regions to accumulate neurofibrillary tangles (NFTs) in 509 

AD (Braak and Braak, 1991). However, BA35 is difficult to evaluate in vivo due to inter-individual 510 

anatomical variability (Ding and Van Hoesen, 2010). Postmortem MRI studies have confirmed that 511 

BA35 undergoes early atrophy and that this atrophy is closely associated with tau pathology (Wisse et 512 

al., 2021b; Sadaghiani et al., 2023; Ravikumar et al., 2024). 513 
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5.2.3. The amygdala  514 

Finally, the amygdala has been far less studied in the context of neurodegenerative diseases but has 515 

garnered increasing interest in recent years (Stouffer et al., 2024). However, the amygdala is affected 516 

early in AD (Braak and Braak, 1991; Yushkevich et al., 2021a; Salman et al., 2024) and other 517 

neurodegenerative conditions, including LATE-NC (Nelson et al., 2019, 2023), FTLD with TDP-43 518 

inclusions (Brettschneider et al., 2014; Young et al., 2022) and α-synuclein, especially in the context of 519 

AD (Braak et al., 2002; Gawor et al., 2024). Yet, only a few studies have investigated the impact of 520 

proteinopathies on amygdala atrophy using postmortem imaging. Findings regarding the effect of 521 

proteinopathies on amygdala volume are mixed (Table 3). Some studies report an association between 522 

tau pathology and medial amygdala volume (Stouffer et al., 2023), while others suggest an impact on 523 

the central and basal nuclei (Makkinejad et al., 2019). To our knowledge, only a few studies have 524 

specifically examined the effect of TDP-43 pathology on postmortem amygdala volume (Liou et al., 525 

2024), suggesting that TDP-43 has a more widespread effect than tau, involving basolateral and 526 

superficial nuclei of the amygdala (Makkinejad et al., 2019; Wesseling et al., 2025). These patterns 527 

indicate that differential involvement of amygdala nuclei may represent a promising in vivo biomarker 528 

to distinguish AD from LATE-NC, in which the amygdala appears to be more globally affected. 529 

Overall, postmortem MRI allows the study of the contribution of different neuropathologies in more 530 

detail on MTL subregions that are difficult to measure in vivo. This suggests that improving in vivo 531 

imaging resolution in the future may guide the development of early and specific MRI biomarkers for 532 

the different proteinopathies. More broadly, these approaches provide a spatially grounded framework 533 

linking imaging and histopathology, which remains essential for biomarker validation and interpretation.  534 

Study University Methodology Postmortem MRI 

type 

Regions 

most 

associated 

with the 

NFT 

burden 

Anterior-

posterior 

gradient 

Wisse et al. 

(2021b) 

University of 

Pennsylvania  

Thickness analyses Ex vivo MTL BA35, 

SRLM 

Not assessed 
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Ravikumar 

et al. 

(2021) 

University of 

Pennsylvania  

Volume analysis Ex vivo MTL ERC, 

CA1, 

SLRM 

Not assessed 

Llamas-

Rodríguez 

et al. 

(2022) 

Athinoula A. 

Martinos 

Center for 

Biomedical 

Imaging, 

Massachusetts 

General 

Hospital 

Thickness analysis Ex vivo MTL lateral 

ERC 

subfields 

NFT-

structure 

association 

with 

Posterior-

lateral ERC 

Sadaghiani 

et al. 

(2023) 

University of 

Pennsylvania  

Thickness analysis Ex vivo whole 

hemisphere 

BA35, 

ERC, 

SUB, 

PHG 

Not assessed 

Ravikumar 

et al. 

(2024) 

University of 

Pennsylvania  

Thickness analysis Ex vivo MTL BA35, 

ERC, 

CA1, 

SUB, 

SRLM. 

NFT-

structure 

association 

with the 

anterior 

MTL cortex 

and the 

global 

hippocampus 

Khandelwal 

et al. 

(2024) 

University of 

Pennsylvania  

Thickness analysis Ex vivo whole 

hemisphere  

BA35, 

ERC 

Not assessed 

Bouwman 

et al. 

(2025) 

Amsterdam 

UMC 

Thickness analysis  In situ  CA1, 

SUB, 

ERC 

Not assessed 

Table 3. Overview of postmortem MRI studies investigating the impact of tau pathology in the MTL. 535 
Abbreviations: CA1, Cornu Ammonis 1; SUB, Subiculum; SLRM, Stratum Radiatum Lacunosum Moleculare; 536 
BA35, Brodmann Area 35; ERC, Entorhinal Cortex; PHG, Parahippocampal Gyrus.  537 

5.3. Improving in vivo MRI sequences  538 

Beyond its contributions to the development of segmentation protocols and to a deeper understanding 539 

of how proteinopathies drive regional atrophy, postmortem MRI also offers valuable insights for 540 

optimizing in vivo MRI sequences. 541 

As illustrated in Figure 7, De Flores et al. (2020a) demonstrated that although two distinct appearances 542 

of the hippocampal tail can be observed in the coronal plane, re-slicing the tail orthogonally to its 543 

curvature, whether it bends medially or superiorly, consistently results in a uniform appearance (De 544 

Flores et al., 2020a). This finding suggests that anatomical variability in hippocampal shape and 545 
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subfields composition may, at least in part, be attributable to tail angulation (Adler et al., 2018; De Flores 546 

et al., 2020a). Since such re-slicing is only feasible with isotropic data, these results highlight the 547 

importance of using isotropic rather than anisotropic sequences in in vivo imaging. 548 

 549 

Figure 7: Hippocampal Tail Morphology. Examples of tail sections of two specimens are shown, resliced 550 
perpendicular to the hippocampal long axis at three locations (white lines in the axial plane) as well as sliced in 551 
the typical coronal cut at approximately the same location for comparison (red dashed lines in the axial plane). It 552 
can be observed that in the two specimens with differing angulations of the tail, the resliced sections have a body-553 
like appearance, in some sections with a slight clockwise rotation (e.g., 1f). The comparison of these angulated 554 
cuts with the typical coronal cut shows only small differences in example 1, in which the tail only shows a slight 555 
angulation. The differences are more striking, for example, 2, where the angulation of the tail approximates 90 556 
degrees. It was observed that in some specimens, in the most posterior resliced section, there is almost no DG 557 
present; an example is presented in 2f. The appearance of the hippocampus in such sections slightly deviates from 558 
the body-like appearance. Figure and caption reproduced from Adler et al. (2018) with permission. 559 

 560 

Furthermore, based on group‐average analyses, postmortem MRI has shown that a resolution of at least 561 

0.77 mm in cognitively healthy older adults, and at least 0.52 mm in older adults with AD, is required 562 

to reliably identify the full SRLM layer (Figure 8A; Adler et al., 2018). Similarly, it was shown that a 563 

resolution of at least 100 µm is required to distinguish the microstructural layers of the MTL (Figure 564 

8B; Fischl et al., 2009), including layer II, with the characteristic cell islands, of the ERC (Figure 8C; 565 

Augustinack et al., 2005) and the distinct laminae of the dentate gyrus (Figure 8D; Shih et al., 2023). 566 

These findings underline the need to refine in vivo sequences toward higher resolution and isotropy to 567 

better capture the cytoarchitectonic complexity of the MTL. 568 
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 569 

Figure 8. Minimum MRI resolution to visualize key medial temporal lobe (MTL) structures. (A) Dark band 570 

corresponding to the stratum radiatum/lacunosum/moleculare (SRLM; red arrows, courtesy of the University of 571 

Pennsylvania, Philadelphia, USA). The example shown was acquired at 200 µm isotropic resolution - well above 572 

the minimum needed - but prior work indicates that a resolution of at least 0.77 mm in cognitively healthy older 573 

adults and 0.52 mm in older adults with Alzheimer’s disease is sufficient to reliably identify the full SRLM (Adler 574 

et al., 2018). (B) Cortical microstructural layers of the MTL (Roman numerals), reproduced with permission from 575 

Augustinack et al. (2014). (C) Layer II “islands” of the entorhinal cortex (red arrows), reproduced with permission 576 

from Augustinack et al. (2005). (D) Granule cell layer of the dentate gyrus (red arrows), reproduced with 577 

permission from Shih et al. (2023). At least 100 µm resolution is required to distinguish cortical layers, layer II 578 

entorhinal “islands”, or the granular cells of the dentate gyrus.   579 

5.4. Understanding microstructural properties of the MTL 580 

While this review specifically focuses on anatomical postmortem MRI, it is worth noting that other 581 

postmortem MRI approaches have been developed to probe microstructural and quantitative properties 582 

of brain tissue, providing a potential bridge between microscopic pathology and macroscopic structural 583 

changes. 584 

For example, diffusion postmortem MRI has provided the opportunity to examine the hippocampus in 585 

detail, including its internal connectivity and mesoscopic organization, such as the visualization of the 586 

perforant pathway (Augustinack, 2010). Postmortem diffusion MRI can offer more specific insights into 587 

hippocampal microstructure, including laminar-specific characteristics (Scholz et al., 2021; Shih et al., 588 

2023; Zhao et al., 2025), suggesting specific alterations in the strata lacunosum and radiatium (Zhao et 589 

al., 2025). A recent review has summarized the methodologies and main findings in this area (Karat et 590 
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al., 2024). However, these methods face significant technical challenges in fixed tissue. Formalin 591 

fixation reduces the diffusion of water molecules, which diminishes contrast and can limit the 592 

interpretability of diffusion metrics compared to in vivo acquisitions (Dadar et al., 2024b).  593 

Beyond diffusion, other quantitative MRI approaches have been applied to postmortem brains, although 594 

not specifically focused on the MTL. Whole-hemisphere postmortem MRI studies have revealed 595 

alterations in the transverse relaxation time T2 (inversely related to R2) in the presence of 596 

neuropathological burden. Specifically, decreases in R2, reflecting neuronal or myelin loss and increased 597 

free water content, have been reported in AD (Dawe et al., 2014; Yu et al., 2017) and LATE patients 598 

(Tazwar et al., 2022). Conversely, R2 increase, reflecting iron deposition, has been associated with AD, 599 

microinfarcts, and hippocampal sclerosis (Dawe et al., 2014). Interpretation of these quantitative 600 

measures is limited in fixed tissue, as fixation alters relaxation properties and contrast (Augustinack et 601 

al., 2014).  602 

Similarly, magnetic susceptibility on T2*-weighted and quantitative susceptibility mapping (QSM) 603 

sequences, indicative of iron accumulation (Tisdall et al., 2022), has shown associations with Aβ plaque 604 

deposition (Van Rooden et al., 2009; Nabuurs et al., 2013; Zeineh et al., 2015; Yao et al., 2024) and 605 

FTLD (Tisdall et al., 2022). Within the MTL, specific alterations were observed in the strata moleculare 606 

and lacunosum (Zhao et al., 2021). However, susceptibility contrast can also be affected by air bubbles 607 

introduced during tissue preparation, adding another layer of technical complexity. 608 

Although these microstructural and quantitative approaches face technical limitations in fixed tissue, 609 

they illustrate the promising potential of postmortem MRI to connect micro- and macroscale measures 610 

of neurodegeneration, complementing anatomical imaging and guiding the interpretation of in vivo 611 

biomarkers in these imaging modalities. 612 

6. Perspectives and limitations  613 

6.1. Characterization of the differences between in vivo and postmortem MRI  614 
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To our knowledge, few studies have investigated the differences between in vivo and postmortem MRI 615 

(Kotrotsou et al., 2014; Wisse et al., 2016; Boon et al., 2019). It remains, therefore, unclear to what 616 

extent end-of-life physiological changes, brain extraction, and fixation protocols affect MTL anatomy. 617 

By comparing ex vivo MRI scans of the MTL with in vivo scans from the same individuals, Wisse et al. 618 

(2016) demonstrated that the overall hippocampal shape (i.e., outer borders, digitations, and dark band) 619 

is similar across modalities. Additionally, several microstructural features, such as the layered 620 

organization of the (pre/para)subiculum and perirhinal cortex, were also observed to be comparable. 621 

This comparison confirms that certain macrostructural and microstructural features of the hippocampus 622 

can indeed be visualized in vivo. 623 

However, the study also highlighted notable differences between the two modalities. In particular, the 624 

thickness of MTL substructures (especially the CA regions) was found to be greater in the ex vivo scans 625 

than in the in vivo scans. While it may seem counterintuitive that brain volume increases after death and 626 

fixation (Dam, 1979), this discrepancy likely reflects physiological changes that occur during or after 627 

death. Indeed, a study comparing in vivo and in situ MRI also reported a postmortem increase in brain 628 

volume, with a more pronounced enlargement of white matter than gray matter (Boon et al., 2019). 629 

Other possible contributing factors may be brain extraction itself, which may relieve intracranial 630 

pressure and thus alter brain volume or the contrast difference between in and ex vivo MRI that could 631 

affect the apparent size of certain structures (Wisse et al., 2016). 632 

Further research is needed to clarify the precise causes of postmortem volumetric changes and to 633 

determine whether other differences exist between in vivo and postmortem MRI. Studies explicitly 634 

comparing in vivo, in situ, and ex vivo imaging together would be especially informative in assessing 635 

the role of brain extraction in volume increase. Moreover, it would be valuable to investigate whether 636 

the postmortem interval (i.e., the time between death and brain fixation) or brain fixation affects this 637 

volumetric gain. Such studies would require access to a large number of individuals who underwent in 638 

vivo MRI shortly before death and donated their brains for research, a challenging requirement. 639 

6.2. Need for pathology-specific postmortem imaging studies 640 
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Another significant limitation lies in the type of pathology included in existing studies. When exploring 641 

impact of ADRD neuropathologic changes on the MTL atrophy, most research tends to group a 642 

heterogeneous set of tauopathies, including AD, FTLD, corticobasal degeneration (CBD), and 643 

progressive supranuclear palsy (PSP), to study the impact of tau on MTL (Wisse et al., 2021b; 644 

Ravikumar et al., 2021). While these are all tauopathies, they represent distinct clinical and pathological 645 

entities, each characterized by different types of tau lesions (e.g., NFTs vs. astrocytic tau). Grouping 646 

them into a single category introduces considerable heterogeneity, which not only limits the ability to 647 

detect pathology-specific atrophy patterns but also risks overlooking rarer and less-characterized 648 

disorders such as CBD or PSP, which become diluted within an AD-dominant spectrum. Furthermore, 649 

although TDP-43 has gained growing attention in the field, the few imaging studies that investigated it 650 

typically group TDP-43 proteinopathies without accounting for the diversity of associated clinical 651 

phenotypes and inclusion types (Wisse et al., 2021b; Ravikumar et al., 2021). This is especially 652 

important in the context of FTLD-TDP subtypes and LATE-NC (with or without comorbid ADNC) 653 

(Tomé et al., 2025). 654 

In addition, there is a strong need for disease specific studies to identify distinct atrophy patterns and 655 

improve the characterization of underexplored pathologies. However, we acknowledge that these studies 656 

are inherently challenging, as the inclusion of specific cases depends on the prevalence of the pathology 657 

and availability of suitable samples. 658 

Finally, numerous studies have demonstrated interactions between different proteinopathies, such as tau 659 

and TDP-43 (Latimer and Liachko, 2021; Tomé et al., 2021), or with α-synuclein (Moussaud et al., 660 

2014; Dhakal et al., 2021). Therefore, enriching postmortem cohorts with non-AD or mixed pathologies 661 

as done in more recent cohorts (Li et al., 2023), could be highly informative for evaluating whether the 662 

interactions observed at the neuronal level are reflected in specific atrophy patterns observed on 663 

structural MRI, and whether they may influence current interpretations of in vivo imaging data. 664 

6.3. Extending analyses beyond the medial temporal lobe 665 



36 
 

Our review focused on the MTL due to its early involvement in neurodegenerative diseases. However, 666 

extending postmortem MRI to other brain regions could provide valuable insights. Whole-brain or 667 

hemisphere postmortem MRI can help identify areas that warrant more detailed investigation. For 668 

example, whole-hemisphere ex vivo MRI studies have highlighted the value of examining the nucleus 669 

basalis of Meynert (Lin et al., 2022), primary visual cortices, temporal pole, insular and posterior 670 

cingulate gyri  (Sadaghiani et al., 2023), as well as medial-orbitofrontal, inferior temporal, and parietal 671 

lobes (Kotrotsou et al., 2015; Khandelwal et al., 2024, 2025). It would also be valuable to further 672 

investigate areas that remain relatively understudied with MRI and may play a role in neurodegenerative 673 

processes, such as the locus coeruleus (Hary et al., 2025) or the thalamus (Iglesias et al., 2018b) in AD,  674 

the spinal cord and motor cortex (Pallebage-Gamarallage et al., 2018; Neuhaus et al., 2025) in 675 

amyotrophic lateral sclerosis (ALS), the brainstem in CBD and PSP (Olchanyi et al., 2024), or the 676 

hypothalamus (Rodrigues et al., 2024) in both AD and ALS-FTD spectrum.  677 

6.4. Integrating other neuropathological measurements   678 

We observed that several groups used the hemisphere contralateral to the one scanned with MRI for 679 

neuropathological assessments. This represents a significant limitation, as the pathological measures 680 

being related to the MRI data do not originate from the same hemisphere, which may impact the 681 

reliability of the results. Indeed, some pathologies are known to be lateralized, such as hippocampal 682 

sclerosis of aging (Sordo et al., 2023), tau and TDP-43 pathologies (e.g., in the logopenic variant of 683 

primary progressive aphasia, semantic and frontotemporal dementia variants, and LATE (Cappa, 2025)), 684 

making interhemispheric comparisons not completely reliable. We therefore recommend, whenever 685 

possible, using the same hemisphere for all measurements. However, it should be noted that one previous 686 

study compared the association of ipsilateral and contralateral tau measures with structural postmortem 687 

MRI measures in AD, known to show modest asymmetry, and found roughly similar results (Ravikumar 688 

et al., 2021). 689 

Additionally, as most MTL studies currently focus on common pathological markers as tau, TDP-43, 690 

Aβ, and α-synuclein, including a wider range of neuropathological measures such as neuronal loss (Lin 691 
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et al., 2022), neurodegeneration markers (Frigerio et al., 2023), white matter lesions (Makkinejad et al., 692 

2024), vascular alterations (e.g., small vessel disease, microinfarcts, cerebral amyloid angiopathy, 693 

calcifications (Scherlek et al., 2022; Perosa et al., 2022, 2023)), and neuroinflammation (Frigerio et al., 694 

2021) would be highly valuable. Indeed, these neuropathologies are known to contribute to 695 

neurodegeneration, specifically in AD and LATE, as well as to cognitive symptoms (Arvanitakis et al., 696 

2011; Corrada et al., 2016; Agrawal et al., 2021; Jäkel et al., 2022; Nelson and Katsumata, 2024).  697 

Finally, it has been shown that quantitative measures of tau (but not TDP-43) lesions allowed a more 698 

granular measure of the pathology and showed better association with antemortem in vivo MRI volumes 699 

and thickness compared to semi-quantitative ratings (Denning et al., 2024). Future work should therefore 700 

use quantitative measures of tau instead of semi-quantitative ratings, at least for AD-related tau 701 

pathology. Although quantitative ratings can be more fastidious and time-consuming, automated tools 702 

to quantify Aβ plaques and NFTs have been developed to overcome these limitations (Yushkevich et al., 703 

2021a; Ingrassia et al., 2024; Scalco et al., 2024; Gonzalez et al., 2025; Gawor et al., 2025), but still 704 

need to be tested on different datasets.  705 

6.5. Expanding beyond volumetric ex vivo MRI 706 

This work focused specifically on volumetric ex vivo MRI of the MTL; however, this represents only 707 

one component of the broader methodological potential of ex vivo imaging. While volumetric 708 

approaches provide robust and anatomically interpretable measures of regional atrophy, they remain 709 

limited in their ability to capture underlying microstructural, compositional, and connectivity-related 710 

tissue changes, and do not allow direct probing of tissue organization at submillimetric scale. Beyond 711 

volumetric measures, ex vivo MRI enables the investigation of microstructural organization and tissue 712 

properties at submillimetric resolution through ultra-high-resolution diffusion MRI, including diffusion 713 

tensor imaging and tractography approaches, which allow the characterization of white matter 714 

architecture and connectivity patterns, as well as ex vivo white matter changes and alterations in relation 715 

to underlying pathology (Back et al., 2011; Arfanakis et al., 2020; Beaujoin et al., 2018; Shih et al., 716 

2023; Zhao et al., 2023; Fracasso et al., 2016a, 2016b). In addition, a wide range of MRI contrasts and 717 
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quantitative mapping approaches can be applied, including relaxation-based metrics such as T2 and 718 

susceptibility-based techniques such as QSM, which are sensitive to tissue composition changes such as 719 

iron deposition and other microstructural alterations (Dawe et al., 2014; Evia et al., 2017; Bulk et al., 720 

2018b, 2018a; De Barros et al., 2019; Gong et al., 2019; Giannini et al., 2023). These approaches further 721 

enable the study of MRI-visible changes across white and grey matter in relation to histopathological 722 

substrates, including neurodegenerative and vascular-related processes, and allow direct spatial 723 

correlation between imaging-derived measures and cellular or molecular markers of disease (Baltes et 724 

al., 2011; Van Veluw et al., 2016; Zhao et al., 2021; Perosa et al., 2023; Makkinejad et al., 2024; Barsoum 725 

et al., 2025). Taken together, these complementary methods considerably extend the interpretative and 726 

mechanistic value of ex vivo MRI beyond volumetric assessment alone. In this context, a multimodal 727 

approach integrating volumetric, diffusion-based, and quantitative MRI techniques may provide a more 728 

comprehensive characterization of ex vivo tissue alterations, combining macroscopic structural changes 729 

with microstructural and biophysical information within a unified framework. 730 

6.6. Developing automated segmentation tools for ex vivo MRI 731 

A long-standing limitation in postmortem MRI data analysis has long been the lack of automated 732 

segmentation tools, comparable to those widely used in in vivo imaging, such as FreeSurfer (Fischl, 733 

2012) or ASHS (Yushkevich et al., 2010). Classical in vivo pipelines have been shown to fail on 734 

postmortem MRI data (Kotrotsou et al., 2014), as excised brain specimens or whole hemispheres in 735 

postmortem scan preparations are not compatible with their assumptions about intact anatomy and 736 

typical intensity distributions. As a result, volumetric ex vivo MRI studies have historically relied on 737 

manual delineation of regions of interest, a time-consuming process requiring substantial anatomical 738 

expertise. 739 

Over the past decade, methodological developments have progressively addressed this limitation 740 

through a series of complementary advances. Early efforts focused on structure-specific segmentation, 741 

particularly within the MTL, where semi-automated pipelines enabled segmentation of hippocampal and 742 

adjacent structures, reducing reliance on fully manual approaches (Ravikumar et al., 2019). In parallel, 743 
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substantial progress in spatial normalization and nonlinear registration helped address tissue 744 

deformation, shrinkage, and contrast changes induced by fixation, enabling in vivo–ex vivo alignment 745 

and normalization to common spaces (Avants et al., 2008, 2011). More recent approaches have further 746 

improved registration robustness by using image synthesis models to reduce contrast differences 747 

between in vivo and ex vivo MRI prior to alignment (Khandelwal et al., 2026).  748 

Subsequently, the field expanded toward histology-informed and probabilistic atlases derived from 749 

cytoarchitectonic data. These rely on 3D reconstructions of histological sections, using ex vivo MRI and 750 

intermediate modalities such as blockface imaging to preserve anatomical consistency (Mancini et al., 751 

2020). Examples include probabilistic whole-brain atlases such as NextBrain (Casamitjana et al., 2024), 752 

which act as anatomical priors to improve parcellation and multimodal registration. Building on these 753 

resources, automated whole-hemisphere segmentation pipelines have been developed using Bayesian 754 

frameworks (Casamitjana et al., 2024; Puonti et al., 2025) as well as hybrid deep learning and surface-755 

based approaches (Khandelwal et al., 2025, 2024, see Figure 9), enabling more anatomically coherent 756 

parcellation of high-resolution postmortem MRI. In parallel, domain-robust deep learning methods have 757 

been introduced to improve generalization across imaging contrasts and acquisition protocols (Billot et 758 

al., 2023a, 2023b). 759 

Despite these advances, generalization across acquisition settings (e.g., 3T vs 7T), fixation protocols, 760 

and tissue properties remains a challenge. This is particularly relevant for smaller and more variable 761 

structures such as the MTL. Unlike whole-hemisphere datasets, MTL samples are often acquired as 762 

isolated tissue blocks with variability in orientation, extent, and preservation. Differences in resolution 763 

and partial coverage further limit the reproducibility of anatomical landmarks. Consequently, while full 764 

automation has progressed substantially at the whole-brain level, MTL segmentation still relies mainly 765 

on semi-automated approaches combining manual delineation and computational tools, which remain 766 

the most robust solution for high-resolution ex vivo studies (Ravikumar et al., 2019; Wisse et al., 2021b).  767 
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 768 

 769 

Figure 9. Segmentation of whole-hemisphere ex vivo MRI. Purple-mri provides tissue segmentation and 770 

anatomical parcellation of whole-hemisphere 7 tesla postmortem MRI. The top panel shows sagittal slices and the 771 

corresponding segmentations for the surface-based using a DKT atlas of 6 specimens. The method handles a 772 

variety of heterogeneous images involving a spectrum of imaging and brain tissue features: anterior/posterior 773 

signal dropout, imaging inhomogeneity, large ventricles, severely atrophied brain, damaged tissue, and missing 774 

tissue chunk due to subsequent histopathological sampling. The bottom panel shows the lateral and medial view 775 

of the surface-based pial anatomical parcellation of specimen 1 using six commonly used atlases: Desikan-776 

Killiany-Tourville (DKT) [Desikan et al., 2006], Destrieux [Destrieux et al., 2010], Brainnetome [Fan et al., 777 

2016], Schaeffer [Schaefer et al., 2018], Economo-Koskinas [Scholtens et al., 2018], Glasser [Glasser et al., 778 

2016]. Figure adapted Khandelwal (2025) 779 

6.7. Translating postmortem MRI findings to in vivo MRI  780 

Translating observations from postmortem MRI back to in vivo imaging is critical as these findings are 781 

to ultimately benefit living patients and contribute to the development of clinically relevant biomarkers. 782 

However, this translation remains challenging due to the substantial resolution gap between in vivo MRI 783 
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and high-resolution ex vivo MTL imaging. In this context, leveraging whole-hemisphere ex vivo MRI as 784 

well as in situ MRI could be particularly valuable, as they provide intermediate imaging scales that help 785 

bridge this gap. Whole-hemisphere imaging facilitates direct comparisons between postmortem and 786 

antemortem scans (Khandelwal et al., 2026), while in situ MRI provides an imaging appearance closely 787 

resembling in vivo acquisitions (Jonkman et al., 2019; Boon et al., 2019), thereby facilitating the 788 

integration of findings across scales. 789 

Ex vivo MRI can support in vivo applications in several complementary ways (see Section 5). It can 790 

highlight regions strongly associated with pathology that warrant further investigation in vivo (see 791 

Section 5.2), provide detailed anatomical knowledge to guide the refinement of segmentation protocols 792 

(see Section 5.1), and inform the optimization of MRI sequences to better visualize targeted structures 793 

(see Section 5.3). By providing this anatomical and pathological framework, ex vivo imaging facilitates 794 

the development of new in vivo segmentation approaches. Such protocols must, however, be designed 795 

and validated on in vivo data, focusing on landmarks that remain detectable at clinical resolution. Similar 796 

to the approach of the Hippocampal Subfields Group, which integrates histological knowledge to 797 

identify features observable on high-resolution in vivo T2-weighted images (0.4 mm in-plane) (Wisse et 798 

al., 2017; Olsen et al., 2019; Daugherty et al., 2025; De Flores et al., 2025), ex vivo MRI could be used 799 

in a similar way to guide the development of harmonized segmentation protocols based on landmarks 800 

that are actually visible in vivo. 801 

Another approach for transferring ex vivo findings to in vivo imaging relies on computational modeling. 802 

Bayesian and atlas-based methods trained on ultra–high-resolution ex vivo segmentations have been 803 

adapted to perform automated parcellation at lower in vivo resolutions. This strategy underlies widely 804 

used tools such as FreeSurfer, enabling the measurement of hippocampal subfields (Iglesias et al., 2015), 805 

amygdalar nuclei (Saygin et al., 2017), and thalamic nuclei  (Iglesias et al., 2018b) in vivo. 806 

7. Conclusion 807 

Postmortem MRI of the MTL has emerged as a powerful tool to bridge the gap between in vivo 808 

neuroimaging and neuropathology in neurodegenerative diseases. By enabling high-resolution, three-809 
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dimensional imaging without the constraints of patient motion or limited scan duration, this technique 810 

offers unique advantages over both in vivo imaging and traditional histology. It has significantly 811 

advanced both fundamental and clinical understanding of neurodegenerative diseases. On a fundamental 812 

level, postmortem MRI has deepened our knowledge of MTL anatomy and clarified how proteinopathies 813 

(particularly tau) affect its subregions. Clinically, these insights are useful for guiding future in vivo 814 

research, including the development of MRI-based biomarkers, the refinement of segmentation 815 

protocols, and the design of in vivo imaging sequences optimized for early and region-specific detection 816 

of pathology, especially when combined with robust neuropathological data. Future research should aim 817 

to investigate the differences between in vivo and postmortem MRI, include more diverse data from 818 

multiple cohorts, and quantify neuropathological measures. The question is whether we have yet reached 819 

the limit of postmortem imaging, or if additional anatomical features can be uncovered for the study of 820 

neurodegenerative diseases in the next generation of postmortem MRI scans. 821 
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