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Summary
Many brain disorders emerge in old age, highlight-
ing the importance of  using aged laboratory animals 
to obtain reliable and translatable research findings. 
While this approach is feasible in rodent models, such 
as mice and rats, due to their short lifespan, accessing 
aged animals poses a significant challenge in larger ex-
perimental animal models such as pigs. In this study, 
we compared volumes of  whole brains and selected 
brain structures from young adult Göttingen minipigs 
(7 months-1 year; N=4) with brains from middle-aged 
minipigs (4-11 years; N=4), in addition to a single Os-
sabaw pig (8 years; N=1). All nine pigs were females, 
and the middle-aged pigs were the oldest ones to which 
we had access. The brains were removed and stored 
in formalin until they were structurally scanned in a 
preclinical magnetic resonance imaging (MRI) scanner. 
The total volumes of  each brain were determined, in 
addition to the volumes of  three structures, namely 
the hippocampus, striatum, and amygdala. The mean 
volume of  the middle-aged Göttingen minipig brains 
(78,770 mm3 +/- 3,331 mm3) were 19% larger than 

for the young minipig brains (65,990 mm3 +/- 1,346 
mm3) (p=0.002). In contrast, the Ossabaw pig's brain 
was significantly larger (121,767 mm3) than both the 
young (85%) and aging Göttingen minipig brains 
(55%), reflecting the bigger body size of  the Ossabaw 
pig. The average volume fractions of  the structures 
analyzed were slightly lower for the middle-aged min-
ipigs compared to the young, although this difference 
was not significant for either the hippocampus (p = 
0.299), striatum (p = 0.149), or amygdala (p = 0.406). 
Qualitative MRI assessment did not reveal brain atro-
phy or ventricle enlargement in the middle-aged pig 
brains. The average volume fractions in the Ossabaw 
pig were comparable to those observed in the Göttin-
gen minipigs. Even the oldest pig brains in this study 
showed no clear MRI-based indicators of  aging-related 
neurodegeneration. These findings, therefore, highlight 
the challenges of  obtaining aged pig brains and address 
a real, practical challenge for future aging research us-
ing large animal models.
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Introduction

Materials and Methods

The risk of  degenerative brain diseases increases with 
age. These disorders rarely appear before the age of  
50 years, after which the incidence increases (Ascher-
io and Schwarzshild 2016; Boehme et al. 2017). Brain 
aging is associated with structural, biochemical, met-
abolic, and electrophysiological changes (Lee and 
Kim 2022); moreover, those processes do not follow 
a linear trajectory and their dynamics vary across the 
lifespan  (Dohm-Hansen et al. 2024). Alzheimer's dis-
ease, Parkinson's disease, and stroke are degenerative 
brain disorders that occur almost exclusively in older 
individuals (Ascherio and Schwarzshild 2016; Boehme 
et al. 2017; Masters et al. 2015). Consequently, there 
is growing acknowledgement that laboratory animals 
used to study age-related neurodegenerative disorders 
should themselves be aged (Cohen 2018; Holtze et al. 
2021; Padmanabhan and Gotz 2023; Bartolomucci et 
al. 2024). For example, the gut-first hypothesis of  Par-
kinson's disease, which claims that the disease can orig-
inate in the intestines, could not be meaningfully eval-
uated until aging rodents were used (Kim et al. 2019; 
van den Berge et al. 2019; Wood 2019). Subsequently, 
a rat study demonstrated that gut-first does not occur 
in younger laboratory animals, but emerges in older 
ones (van den Berge et al., 2021). A systematic review 
further concluded that Parkinson's models using aged 
laboratory animals produce more valid and translation-
ally relevant results (Klæstrup et al. 2022). Despite this 
evidence, young laboratory animals continue to be used 
widely for research on age-related disorders.

While aged mice and rats are relatively accessible 
due to their short lifespan of  approximately 1.5–2 years 
(Suter et al. 1979), maintaining colonies to old age re-
mains costly. Obtaining aged large animal models is 
far more problematic, as species such as pigs, sheep, 
and goats have life expectancies of  15–27 years (Klein 
2019), and the associated long-term housing costs are 
substantial, resulting in significant challenges when at-
tempting to obtain such animals for research. Conse-
quently, most large animal studies employ juvenile or 
young adult subjects. Furthermore, for some animals, 
like the Landrace pigs, the weight and size of  the old-
er animals may also be a problem in research, as they 
will no longer fit into the scanners, which limits their 
use to only younger ones. This raises a critical question: 
Are these younger animals physiologically and neuro-
anatomically old enough to model late-onset neurode-
generation? Specifically, do they exhibit signs of  neuro-
anatomical aging, such as cortical or subcortical brain 
atrophy, ventricular enlargement, or region-specific 
shrinkage? 

To address this question, we examined the brains 
of  minipigs representing the oldest individuals cur-
rently accessible for research in Denmark. Notably, we 
obtained middle-aged pigs (8 and 11 years old), and 
younger adult minipigs. We were not able to find pigs 
older than these, and if  such were to be found, they 

would be extremely rare in the Danish research sphere. 
This allowed us to assess whether aging-related neuro-
anatomical changes are present in naturally aged mini-
pigs of  these ages. 

Animals
This study did not require any laboratory animal per-
mit, as experiments were only conducted on brains ex-
tracted from already euthanized pigs. The young adult 
Göttingen minipig scans were performed on brains 
stored in formalin in our laboratory. These brains came 
from the pigs that were used in various experiments as 
control animals and later euthanized, and their brains 
were explanted to be used as a testing/teaching tissue. 
These four young adult Göttingen minipigs came from 
the large animal barns at Aarhus University (Påskehø-
jgaard, Aarhus, Denmark). The four middle-aged old-
er Göttingen, and the single middle-aged Ossabaw pig 
had never been used for experiments, and they came 
from Aarhus University (Foulum, Viborg, Denmark) 
and Technical University of  Denmark (DTU Ossabaw 
Facility, Lyngby, Denmark), respectively. The housing 
conditions varied between the three barns, but for all 
three places the legal requirements were met: e.g., room 
temperature of  21-24 OC, 45-65% humidity, and a 
minimum of  8 air changes per hour. The minipigs were 
fed restrictively with minipig food (unknown brand). 
They were all acclimatized before euthanasia. Their 
health status was Specific Pathogen Free.

Brain sampling
Brains were sampled from four young adult female 
Göttingen minipigs (7 months - 1 year; 16-19 kg), four 
middle-aged female Göttingen minipigs (4-11 years; 
41-47 kg) and one female Ossabaw minipig (8 years; 
115 kg). The pigs were sedated (pig Zoletil mixture, 
IM) and subsequently euthanized with an overdose of  
pentobarbital (100 mg/kg), intravenously. The brains 
were immediately removed by sawing through and 
breaking the skull apart and stored refrigerated (5o) in 
a 10% buffered formalin solution (VWR, Denmark) 
until the MRI scan. The oldest (11-year-old Göttingen 
minipig) was perfusion-fixed using 5L of  10% buffered 
formalin (VWR, Denmark). This procedure could not 
be practically performed on the other pigs. Instead, the 
brains were immersion fixed in 10% buffered forma-
lin after removal. The brains were collected over three 
years but scanned sequentially within one week.

High field magnetic resonance imaging
Before imaging, the meninges were removed with 
scissors and forceps, the samples were briefly rinsed 
in phosphate-buffered saline (PBS) before being im-
mersed in fresh PBS for at least 1 h, to increase signal 
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by removal of  excess fixative (Shepherd et al. 2009). 
Due to the short scan duration (~2 hours), it was suffi-
cient to place the sample in a nitrile glove, maintaining 
tissue moisture for the duration of  the scan. An MRI 
scan was performed using a 9.4 T preclinical system 
(BioSpec 94/20, Bruker Biospin, Ettlingen, Germa-
ny) equipped with a bore-mounted 86 mm quadra-
ture transmit-receive coil, similar to a previous study 
(Kuang et al. 2025). To increase consistent positioning, 
the samples were placed on an in-house 3D-printed 
(Prusa Mini+; Prusa Research, Prague, Czech Repub-
lic), base plate for pig brains (Thermoplastic polyure-
thane; 85A SoftFlex, KungFuFlex), inside an in-house 
3D-printed pig brain container (PolyLactic Acid; 3DE 
Max, 3D-eksperten, Nørresundby, Denmark). A fish 
oil capsule fiducial marker was used to ensure correct 
left-right identification in the images afterwards. To re-
duce sample vibrations, the prepared sample was fitted 
into the coil using a custom polyethylene foam cylinder. 
A high-resolution B0 map was obtained (matrix: 180 
x 180 x 180, Field of  View (FOV): 90mm x 90mm x 
90mm; 10min 48s) for shimming using Bruker’s MAP-
SHIM. One structural dataset was acquired per sample: 
A 3D rapid acquisition with relaxation enhancement 
(RARE) sequence with a 300 × 300 μm in-plane res-
olution, 600 μm slice thickness. The scan parameters 
used were effective echo time = 23 ms, repetition time 
= 1200 ms, 3 averages, and a RARE factor = 12. For 
the minipigs: 128 slices were sufficient to image the 
whole brain, resulting in an FOV of  60 mm x 54 mm 
x 76.8 mm (matrix: 200x180x128) and a scan time of  
1h 55min 12s. For the Ossabaw pig: 144 slices were 
obtained (due to the larger size), resulting in an FOV 
of  60 mm x 54 mm x 86.4 mm (matrix: 200x180x144) 
and a scan time of  2h 9min 36s.

Data processing and analysis
The datasets were denoised (Veraart et al. 2016) and 
N4 bias field corrected (Tustison et al. 2010) as per 
the previous procedure (Knopper et al. 2024). Imaging 
data were analyzed to determine the total brain vol-
umes (mm3), as well as the left and right hippocampus, 
striatum, and amygdala (mm3), and their average vol-
ume fractions (%). The volumes were estimated using 
ITK-SNAP software (Yushkevich et al. 2006) (v. 4.0.1, 
March 20, 2023), with semi-automated segmentation 
(active contour segmentation mode) for the whole brain 
volumes and manual segmentations of  the hippocam-
pus, striatum, and amygdala.  The same researcher per-
formed all segmentations without prior knowledge of  
the animal’s age. The images were segmented using an 
orthogonal viewer (Initial manual segmentation in the 
coronal plane, followed by corrections, when necessary, 
in the sagittal and horizontal planes). The segmenta-
tions were guided by available pig brain atlases (Felix 
et al. 1999; Orlowski et al. 2019; Saikali et al. 2010) and 
the online minipig brain atlas (available at cense.au.dk). 
The volume data were obtained from the volumes and 
statistics module in the ITK-SNAP software. The vol-
umes were estimated for long-fixated brains, and there-

fore, the volumes did not fully represent the in vivo 
volumes due to shrinkage caused by fixation (de Guz-
man et al. 2016).

Statistical analysis of data
The total brain volume was compared between the 
young and the middle-aged Göttingen minipigs by use 
of  the Student t-test in Microsoft Excel. In addition, 
the relative brain volume (average volume fractions) of  
the three brain structures, hippocampus, striatum, and 
amygdala (right and left summed), was calculated and 
compared across groups with the same Student t-test. 
A p-value of  0.05 was considered significant. The re-
sults from the Göttingen minipigs were also compared 
with the same variables from the single Ossabaw pig 
brain.

Results
Qualitative assessment of  the obtained MRI scans did 
not reveal any obvious signs of  brain aging, such as 
atrophy, white matter changes, or enlargement of  sul-
ci and ventricles. As shown in Table 1, the volumes 
of  the middle-aged Göttingen minipig brains (78,770 
mm3 ± 3,331 mm3; mean ± S.D.) were 19 percent larg-
er than for the young minipig brains (65,990 mm3 ± 
1,346 mm3; mean ± S.D.) (p=0.002). In comparison, 
the Ossabaw pig's brain volume (121,767 mm3) was 
85% and 55% larger than the young adult and the mid-
dle-aged Göttingen minipig brains, respectively. Table 1 
shows volumes of  the left and right hippocampus, stri-
atum, and amygdala. Statistically significant differences 
were not found between the right and left hippocam-
pi (p=0.83), striata (p=0.94), nor amygdalae (p=0.74), 
and therefore left-right-data was pooled in the follow-
ing. The hippocampus averaged 647 mm3± 25 mm3 in 
the young adult minipigs, while it was 13 % larger in 
the older minipigs, which averaged 730 mm3 ± 36 mm3 
(p=0.0095). No statistically significant differences were 
observed in striatum volume between the young adult 
(1080 mm3 ± 25 mm3) and the middle-aged minipigs 
(1175 mm3 ± 92 mm3; p=0.10), while the amygdala was 
only borderline smaller in young adults (270 mm3 ± 
14 mm3) than in middle-aged minipigs (312 mm3 ± 31 
mm3; p=0.05). In comparison, the three brain struc-
tures were equivalently larger in the Ossabaw miniature 
pig..

The relative volumes of  hippocampus, striatum, 
and amygdala (left and right sides summed) in relation 
to the total brain volume are shown in Figure 1. The 
average volume fraction was slightly lower for the mid-
dle-aged minipigs compared to the young, but the dif-
ferences were not significant for either the hippocam-
pus (p=0.30), striatum (p=0.15), or amygdala (p=0.41). 
The average volume fractions in the Ossabaw pig were 
roughly on par with what was found in the Göttingen 
minipigs (Figure 1). MR images from the oldest (11 
years) Göttingen minipig are shown in Figure 2.



SJLAS2026, Volume 52, Number 3

18

Volumes [mm3]

 Pig bred Age, weight 
and wet brain 
weight

Brain, total Hippocampus Striatum Amygdala

Göttingen
minipigs, mid-
dle-aged

4 years; 41.2 
kg; 78 grams

80,580 L: 676; R: 689; 
mean: 683 

L: 1,113; R: 1123; 
mean: 1118

L: 282; R: 281; 
mean: 282

6 years; 47.0 
kg; 78 grams

81,310 L: 711; R: 727; 
mean: 719

L: 1,250; R: 1288; 
mean: 1269

L: 341; R: 342; 
mean: 342

4 years; 41.2 
kg; 76.5 grams

79,250 L: 726; R: 787; 
mean: 757

L: 1,086; R: 1066; 
mean: 1,076

L: 286; R: 291; 
mean: 289

11 years; 41.9 
kg; 76 grams

73,940 L: 743; R: 776; 
mean: 760

L: 1,230; R: 1,240; 
mean: 1,235

L: 341; R: 327 
mean: 334

Göttingen 
minipigs, young 
adults

7 months; 19 
kg; unknown

66,460 L: 635; R: 679; 
mean: 657

L: 993; R: 1099;
mean: 1046

L: 287; R: 272; 
mean: 280

7 months; 17 
kg;  unknown

66,695 L: 615; R: 611; 
mean: 613

L: 1,076; R: 1,098; 
mean: 1,087

L: 286; R: 283; 
mean: 285

7 months; 16 
kg; unknown

63,983 L: 647; R: 643; 
mean: 646

L: 1,099; R: 1,111; 
mean: 1,105

L: 295; R: 229 
mean: 262

1 year; 18 kg; 
unknown

66,820 L: 660; R: 684; 
mean: 672

L: 1,133; R: 1,032; 
mean: 1,083

L: 243; R: 267; 
mean: 255

Ossabaw, mid-
dle-aged

8 years; 115 kg; 
124 grams

121,767 L: 1,256;
R: 1,254;
mean: 1,255

L: 1,813; R: 1,821; 
mean: 1,817

L: 381; R: 387; 
mean: 384

Table 1. Total brain volume, as well as hippocampus, striatum, and amygdala volumes in the nine pigs.

L: left. R: Right.

Discussion
The human brain starts to show signs of  aging (white 
matter lesions and atrophy) between the ages of  40 and 
50. Aging signs accelerate with age, high blood pres-
sure and unhealthy lifestyle factors (Yang et al. 2024). 
In this study, we compared total brain volumes and 
selected substructures in young adult and middle-aged 
Göttingen minipigs, with the additional inclusion of  a 
single Ossabaw pig. If  it were possible to make a direct 
comparison, the age of  the examined pig brains would 
correspond in human years to 40-50 years or younger, 
but it is unknown how the pig brain deteriorates over 
time, and this adds to the uncertainty in  using the pig 

brain, when an aged brain is required for scientific re-
search. Contrary to expectations, even the oldest min-
ipigs examined (up to eleven years of  age) showed no 
clear neuroanatomical signs of  aging, such as cortical 
or subcortical brain atrophy, ventricular enlargement, 
or region-specific shrinkage, features that are well doc-
umented in aging humans and observed in other spe-
cies with shorter lifespans (Blinkouskaya et al. 2021). 
Instead, total brain volumes were larger in middle-aged 
Göttingen minipigs compared with young adults, and 
subcortical structures such as the hippocampus, stria-
tum, and amygdala were either stable or showed pro-
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Figure 2. A structural MRI dataset (T2 TurboRARE) for the 11-year-old Göttingen minipig. The center slices are shown for 
the sagittal (left), axial (center) and coronal (right) views.

Figure 1. Segmentation in percent of  whole brain volumes of  three brain regions (hippocampus, striatum, and amygdala) in the 
middle-aged Göttingen minipigs (N=4), young adult Göttingen minipigs (N=4), and Ossabaw pig (N=1). Data means + S.D.

portional increases. The Ossabaw pig, despite its larger 
body and brain weight, displayed a similar volumetric 
pattern. While total brain volume was lower in the 
11-year-old than in the 4-year-old Göttingen minipigs; 
no volume loss was observed in the examined subcor-
tical structures.

These findings highlight a fundamental limitation 
in using pigs as translational models for aging research. 
Even the “oldest” laboratory pigs accessible are not 
physiologically aged in a neurobiological sense. Pigs 
have a lifespan of  15–20 years (Klein 2021), and our 
middle-aged Göttingen minipigs, aged 4–11 years, may 

represent middle age rather than true senescence. This 
creates a translational gap, as many neurodegenerative 
disorders in humans manifest only after midlife (Mas-
ters et al. 2015; Boehme et al. 2017). Thus, convention-
al laboratory pigs may not yet exhibit the neurobiologi-
cal hallmarks relevant to late-life neurodegeneration.

Our observations are consistent with reports not-
ing that obtaining aged large animals, including pigs, 
sheep, and goats, is difficult (Holtze et al. 2021). This 
challenge is partly due to the high costs associated with 
long-term housing, husbandry demands, as well as the 
limited duration of  research projects and grants, which 
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typically do not extend over the decades required for 
animals to reach their natural old age. Consequently, 
most large animal studies rely on juvenile or young 
adult subjects, which may limit translational validity 
and potentially introduce bias findings when studying 
age-related neurological disorders.

From a translational perspective, pigs/minipigs 
remain highly valuable: their gyrencephalic brains, hu-
man-like gray/white matter ratio, and relatively large 
brain size (contrary to small, lissencephalic rodent 
brains) makes them particularly suitable to be used for 
neurosurgical and neuromodulation studies. Likewise, 
the size of  the minipig body allows the use of  standard 
clinical imaging modalities like CT or MRI (Tohyama 
and Kobayashi 2018; Lunney et al. 2021; Sørensen et 
al. 2011). The size of  the pig brain makes it useful, for 
instance, for stroke research (Kuang et al. 2025), deep 
brain stimulation studies using human-intended elec-
trodes (Orlowski et al. 2017), or PET studies in e.g., 
Parkinson's disease models (Lillethorup et al. 2018). 
For aging studies, the pig may also be useful. Age is 
a leading predictor of  disease (An et al. 2022), con-
sequently, understanding which biological parameters 
change with age and how these factors evolve is cru-
cial. Animal model validity is, therefore, a main concern 
in the study of  the aging brain. The human brain is 
estimated to lose roughly 5% of  its volume per dec-
ade after the age of  40 (Markov et al. 2022). Based on 
observations, veterinarians have established correlation 
tables to convert pig age to human age equivalents by 
multiplying the pig’s age in years by five to estimate 
its human age equivalent (https://www.minipiginfo.
com/estimating-the-age-of-a-mini-pig.html). Based on 
this, the oldest pig included in this study (11 years of  
age) would correspond approximately to a human aged 
50-60 years. This is, of  course, a rough estimate as pig 
age equivalence may be more reliable for young pigs, 
as pigs grow rapidly and mature early (Tohyama and 
Kobayashi 2018). If, however, one assumes similar ag-
ing patterns in the human and pig brain it is therefore 
surprising that more atrophy is not seen in the rather 
middle-aged pigs investigated here. Recent studies in-
dicate that the aging process in the brain is accelerated 
by chronic, high levels of  proinflammatory immune 
factors (Markov et al. 2022; Tamatta et al. 2025). It 
may therefore be that the controlled environments that 
laboratory pigs live in shield them from some of  the 
factors that drive aging-related atrophy in the human 
brain. Usually, the well-controlled conditions of  animal 
studies are considered an advantage in the effort to 
isolate disease effects, but here it would seem that the 
lack of  environmental factors should be considered in 
animal-based studies aiming to mimic normal human 
brain aging. If  so, this is likely the case for most labo-
ratory animal species, underscoring the need to study 
brain aging in humans alongside studies in animal mod-
els. 
From a methodological perspective, the design of  our 
study was suboptimal and demonstrated addition-

al complications. Brains were obtained post-mortem 
from different sources, with variable fixation methods, 
and scanned after prolonged immersion fixation. Such 
inconsistencies may contribute to volume distortions, 
as formalin fixation is known to cause tissue shrink-
age (de Guzman et al. 2016). Furthermore, our small 
sample size, particularly the single Ossabaw pig, lim-
its statistical generalization. However, we conducted 
the study based on a 3R approach to reduce the use 
of  animals, as no animals were euthanized specifical-
ly for this study. Even though we collected the oldest 
research pig brains available, they still showed no signs 
of  aging. Nevertheless, the consistency of  the findings 
across Göttingen minipigs suggests that the lack of  at-
rophy is not an artifact caused by these limitations but 
rather reflects the biology of  pigs at the ages we were 
able to obtain

Another critical issue is the species-specific tra-
jectory of  aging. Aging is a complex, multifactorial 
process (Cohen 2018). Rodents show pronounced and 
relatively early onset of  brain aging (Radulescu et al. 
2021), allowing convenient modeling of  human neuro-
degeneration, even if  their brain is non-gyrated. 
Gyrated brains from larger mammals such as pigs may 
age more slowly, with structural and metabolic changes 
manifesting later in life (Cohen 2018). Thus, pigs may 
still serve as valuable models of  other aspects of  hu-
man neurobiology, such as the study of  brain structure, 
connectivity, physiology, or response to various factors, 
as well as symptomatic modeling of  the various diseas-
es (Bjarkam et al. 2017; Orlowski et al. 2017; Bech et al. 
2018; Lillethorup et al. 2018; Orstrup et al. 2019; Win-
terdahl et al. 2019; Bech et al. 2020; Zaer et al. 2020; 
Zaer et al. 2022; Kuang et al. 2025), but their utility in 
aging research is limited unless access to old animals 
becomes easier. Moreover, studies of  aging should be 
carefully planned and adjusted for every research ques-
tion, including the choice of  experimental animal mod-
els. 

The future solution of  the problems associated 
with studying aging using large animal models may 
include developing collaborative repositories of  aged 
large animal tissues, integrating naturally aged farm or 
companion animals into research, or applying acceler-
ated-aging interventions (e.g., genetic or metabolic ma-
nipulations) (Azman and Zakaria 2019; Liu et al. 2020; 
Cai et al. 2022) in pigs to approximate human late-life 
neurobiology. Alternatively, studies may need to rely on 
cross-species comparative approaches, integrating ro-
dent models for aging with pig or non-human primate 
models for anatomy and network-level analyses. An-
other approach could involve large-scale epidemiolog-
ical studies in human populations, such as NHANES 
(Crimmins et al. 2008), and well-established longitu-
dinal cohorts like ELSA (The English Longitudinal 
Study of  Ageing), DanACo (The Danish Aging and 
Cognition) and SHARE (The Survey of  Health, Age-
ing and Retirement in Europe) (Wigmore et al. 2017; 
Ruiz-Adame et al. 2023; Gronkjaer et al. 2024; Rosenau 
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et al. 2024), combining biomarker identification (Moqri 
et al. 2024) across multiple physiological domains with 
population-level and correlational studies of  age-relat-
ed diseases.

To conclude, although pigs hold promise as trans-
lational models for neuroscience, our findings indicate 
that currently accessible middle-aged animals do not 
exhibit the anatomical hallmarks of  brain aging. Even 
at 11 years of  age, Göttingen minipigs lack the struc-
tural signatures of  neurodegeneration. Thus, critical 
aspects of  late-life neurodegeneration cannot be cap-
tured in available pig models unless studies can access 
substantially older animals or novel aging-acceleration 
approaches are adopted.
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