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A B S T R A C T   

Rodents, particularly mice and rats, are extensively utilized in fundamental neuroscience 
research. Brain atlases have played a pivotal role in this field, evolving from traditional printed 
histology atlases to digital atlases incorporating diverse imaging datasets. Magnetic resonance 
imaging (MRI)-based brain atlases, also known as brain maps, have been employed in specific 
studies. However, the existence of numerous versions of MRI-based brain atlases has impeded 
their standardized application and widespread use, despite the consensus within the academic 
community regarding their significance in mice and rats. Furthermore, there is a dearth of 
comprehensive and systematic reviews on MRI-based brain atlases for rodents. This review aims 
to bridge this gap by providing a comprehensive overview of the advancements in MRI-based 
brain atlases for rodents, with a specific focus on mice and rats. It seeks to explore the advan-
tages and disadvantages of histologically printed brain atlases in comparison to MRI brain atlases, 
delineate the standardized methods for creating MRI brain atlases, and summarize their primary 
applications in neuroscience research. Additionally, this review aims to assist researchers in 
selecting appropriate versions of MRI brain atlases for their studies or refining existing MRI brain 
atlas resources, thereby facilitating the development and widespread adoption of standardized 
MRI-based brain atlases in rodents.   

1. Introduction 

Mice and rats are extensively utilized in neuroscience research. As the size and complexity of neuroscience datasets continue to 
expand, the availability of publicly accessible brain atlases becomes increasingly indispensable. Brain atlases facilitate the precise 
localization of diverse data types within a unified 3D space, enabling their comparison, correlation, and analysis. Furthermore, they 
serve as versatile tools in the field of neuroscience, fulfilling various purposes such as neuroanatomy teaching, providing standardized 
nomenclature for brain regions, aiding researchers in data localization, and consolidating existing knowledge on brain structure and 
function for the academic community as a whole [1,2]. 

Traditional brain maps are mainly printed books based on histological section information, which include detailed textual 

* Corresponding author. Shenzhen United Imaging Research Institute of Innovative Medical Equipment, Shenzhen, 518048, China. 
E-mail address: hh.yan@siat.ac.cn (H. Yan).   

1 These authors contributed equally to this work. 

Contents lists available at ScienceDirect 

Heliyon 

journal homepage: www.cell.com/heliyon 

https://doi.org/10.1016/j.heliyon.2024.e27421 
Received 25 January 2023; Received in revised form 15 February 2024; Accepted 28 February 2024   

mailto:hh.yan@siat.ac.cn
www.sciencedirect.com/science/journal/24058440
https://www.cell.com/heliyon
https://doi.org/10.1016/j.heliyon.2024.e27421
https://doi.org/10.1016/j.heliyon.2024.e27421
https://doi.org/10.1016/j.heliyon.2024.e27421
http://creativecommons.org/licenses/by-nc-nd/4.0/


Heliyon 10 (2024) e27421

2

explanations, representative histological pictures, and drawn line drawings in three directions (coronal, sagittal, transverse) [3–8], 
such as the famous Paxinos and Franklin’s mouse brain atlas (PF) [3], Paxinos and Watson’s rat brain atlas [8]. The initial iteration of 
the digital brain atlas in computer graphics was the inaugural edition of “Brain Maps: Structure of the Rat Brain,” which was first 
published in 1992 [9,10]. Since then, this atlas has undergone multiple revisions and is currently in its fourth edition [11]. In addition, 
the first whole-brain-scale mesoscale mouse brain atlas (Allen Mouse Brain Connectivity Atlas) was born based on serial two-photon 
tomography and automated vibrating microtome, which led to the birth of the famous Allen Mouse Brain Common Coordinate 
Framework [12,13]. These brain atlases find extensive utilization among neuroscientists worldwide and represent the most widely 
cited category of research within the neuroscience domain. 

Despite their historical significance as essential tools in neuroscience, traditional brain atlases have several limitations. First, early 
histological atlases were usually generated from one or a few samples [14–16], resulting in the information presented by such brain 
atlases being biased towards individual brain anatomy and not representative of the population. It is well known that different strains 
of rodents have differences in brain morphology, and there may also be differences between rodents of the same strain from different 
laboratories. Second, the size and shape of the brain may alter as a result of postmortem changes brought on by anatomical and 
histological preparations made during sample preparation. Tissue may be altered by shrinking, stretching, and ripping as a result of 
histological processing procedures such fixation, embedding, sectioning, and staining [17]. As young animal brain tissue is particularly 
delicate and readily distorted in comparison to adult mouse/rat brain, this shift may be more pronounced in embryonic or neonatal 
mouse/rat brain samples [18,19]. Third, owing to the tremendous amount of time and work required for data gathering, slices are 
often shown at intervals of hundreds of micrometers (or even millimeters in certain situations) [20–22]. Fourth, anatomical boundaries 
often vary by a few millimeters in unforeseen directions across sections as a result of discrepancies between planar sections, such as 
various retraction errors [23]. Fifth, the inability of two-dimensional atlases to visualize brain regions in three dimensions (3D) is one 
of their fundamental limitations. Converting annotated 2D structures under coronal view into 3D volumes in non-coronal planes causes 
image distortions [12]. Lastly, traditional brain maps lack the cellular-level resolution necessary for transcriptomic studies focused on 
brain neurons [12]. 

We need constantly update brain atlases to keep up with the times, but these traditional brain atlases can no longer accommodate 
these three-dimensional datasets with cellular-level resolution. Compared with two-dimensional maps, digital three-dimensional maps 
are more in line with current research needs. For example: in the past decade, with the establishment of the mouse whole brain 
mapping project, new data types have been added, and rich details of the cellular structure have been continuously revealed, resulting 
in the most detailed 3D mouse brain atlas to date: The third edition of the Allen Mouse Brain Common Coordinate Framework (CCFv3) 
[13]. After arranging/integrating various types of datasets into CCFv3 format, the researchers were able to label up to 800 brain 
structures, identifying several brain structures that were not previously presented in the standard mouse whole-brain atlas and newly 
discovered several nerve fiber bundles that had never been reported in other atlases [13]. Moreover, the Unified mouse atlas from the 
KIM lab unified inconsistencies in the anatomical division and nomenclature of the PF and CCFv3 atlases [24]. However, also as an 
essential model animal in neuroscience research, the development of the rat brain atlas based on histological sections has significantly 
lagged behind the development of the mouse brain atlas. The possible reason is that the rat brain tissue is significantly larger than the 
mouse brain tissue, which increases the difficulty of developing the former. 

With the application of in vivo brain imaging technology in rodent models, magnetic resonance imaging (MRI) has emerged as a 
crucial technique for creating rodent brain maps during the past two decades. MRI was originally (and is wide) used for non-invasive 
imaging of the human brain. With increased magnetic field strength and improved coil design, it now allows imaging of rodents with 
micron-level resolution [25]. Although the resolution and tissue specificity of MRI images are not comparable to those of histology, the 
development of MRI-based atlases of the animal brain still has multiple advantages. First, because MRI is non-invasive imaging, 
MRI-based brain atlases have higher anatomical fidelity [26]. Second, digital MRI brain atlases enable for flexible exploration of brain 
slices and may be constantly updated as new information becomes available [27–29]. Third, isotropic datasets may be resliced to any 
plane, whereas MRI brain maps are fundamentally 3D data. Without using laborious 3D reconstruction techniques, they may be 
processed and evaluated in any desired oblique orientation [30]. Fourth, we can often obtain MRI images from live animals, so the 
imaging process minimally disturbs the anatomical information presented in these images [26]. This characteristic enables population 
stereotaxic brain templates to be created and allows for the objective quantitative examination of anatomical diversity in the brain 
[31]. Fifth, compared to mice, MRI is especially suitable for brain atlas development in rats [32]. Sixth, it can make certain brain 
phenotypes more easily analyzeable by high-throughput computers [33,34]. 

Advances in technology have gradually narrowed the shortcomings of MRI brain atlases compared to histological brain atlases. In 
terms of resolution, resolutions of 21.5 μm and 50 μm can now be routinely achieved in MR images of ex vivo and in vivo mouse brains, 
respectively [18,25]. While this is still not comparable to the highest resolutions achievable by a light microscope, it has been at the 
level of a low-magnification microscope. The brain tissue image contrast achievable by MRI has also improved with the application of 
various MRI pulse sequences (such as T1, T2, T2*, diffusion, and magnetization transfer) and contrast agents (such as Gd3+, Mn2+, 
Cu2+, Fe3+, and Cr6+) [26]. These MR images’ contrast reflects the physical and chemical milieu of water molecules found in tissue, 
including the presence of myelin and water [35]. While histology provides more sensitivity and specificity than MRI contrast, MRI is a 
better imaging tool for many research due to its ability to track anatomical and physiological changes in the body. Furthermore, MRI 
brain atlases are essential for such studies. 

In light of the advantages offered by MRI technology and the progress made in ultra-high-field small animal MRI equipment, 
scientists have developed various iterations of mouse and rat MRI brain atlases. A comprehensive review of MRI brain atlases for mice 
and rats is presented in Tables 1 and 2, respectively. Furthermore, Fig. 1A and B illustrate a selection of commonly used mouse and rat 
brain atlas exemplars, respectively. These atlases typically involve delineation of specific anatomical components and encompass a 
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Table 1 
Overview of mouse MRI brain atlas research (in reverse order of publication time and version).  

Name Strains Number 
of mice 

Age In 
vivo/ 
Ex 
vivo 

Field Contrast Spatial 
Resolution 
(mm3) 

Scan 
duration 

Template Atlas Brain 
structures 

GM, 
WM, 
CSF 
priors 

Link Reference 
(s) 

Ren_2021 BALB/c 4 males 
and 9 
females 

14 m In 
vivo 

7T T2 0.075 ×
0.078 × 0.2 

No info Yes Yes No info Yes contacting the 
corresponding 
author at tangfr@ 
gmail.com 

[36] 

Turone Mouse Brain 
Template and 
Atlas (TMBTA) 

analog brain mapping T2 0.06 × 0.06 ×
0.06  

Yes Yes 1327 Yes https://www.nitrc. 
org/projects/tmbta_ 
2019 

[34] 

Duke Mouse Atlas 
(DMA) 

C57BL/ 
6J, DBA/ 
2J, 
CAST/ 
EiJ, BTBR 

4 male 
and 4 
female 

90 ± 1 
d 

Ex 
vivo 

9.4T DTI 0.045 ×
0.045 × 0.045 

23.2 h Yes Yes 166 No https:// 
civmvoxport.vm. 
duke.edu/voxbase/ 
studyhome.php? 
studyid=402 

[37] 

The Institute of 
High Energy 
Physics Mouse 
Template (IMT) 

C57BL/ 
6J 

38 male 10-11w In 
vivo 

7T T2 0.06 × 0.05 ×
0.2 

No info Yes Yes 707 Yes contacting the 
corresponding 
author at shanbc@ 
ihep.ac.cn 

[31] 

Australian Mouse 
Brain Mapping 
Consortium 
(AMBMC) 

C57BL/ 
6J 

18 male 12w Ex 
vivo 

16.4T T1/T2* 0.03 × 0.03 ×
0.03 

5 h 15 m Yes Yes (Partial: 
diencephalon) 

89 No http://www. 
imaging.org.au/ 
AMBMC 

[38–42] 

C57BL/ 
6J 

18 male 12w Ex 
vivo 

16.4T T1/T2* 0.03 × 0.03 ×
0.03 

5 h 15 m Yes Yes (Partial: 
basal ganglia) 

35 No 

C57BL/ 
6J 

18 male 12w Ex 
vivo 

16.4T T1/T2* 0.03 × 0.03 ×
0.03 

5 h 15 m Yes Yes (Partial: 
neocortex) 

74 No 

C57BL/ 
6J 

18 male 12w Ex 
vivo 

16.4T T1/T2* 0.03 × 0.03 ×
0.03 

5 h 15 m Yes Yes (Partial: 
cerebellum) 

38 No 

C57BL/ 
6J 

18 male 12w Ex 
vivo 

16.4T T1/T2* 0.03 × 0.03 ×
0.03 

3 h 40 m Yes Yes (Partial: 
hippocampus) 

40 No 

Templates for In 
vivo Mouse 
Brain 

C57BL/ 
6J, 
BALB/ 
cBy, 
C3H/He, 
DBA/2 

30 male 
10 male 
10 male 
10 male 

17w In 
vivo 

7T T1 0.08 × 0.08 ×
0.08 

2 h Yes No No info Yes http://www.nitrc. 
org/projects/tpm_ 
mouse 

[43] 

In vivo MEMRI- 
based Mouse 
Brain Atlas 

NSG 19 male 1y In 
vivo 

7T T1, 
T2 

0.1 × 0.1 ×
0.1, 
0.1 × 0.1 ×
0.1 

27 m, 
1 h 55 m 

No Yes 41 No contacting the 
corresponding 
author at 
yutongliu@unmc. 
edu 

[44] 

Sawiak_2013 C57BL/ 
6J 

82 18w Ex 
vivo 

4.7T T2 0.07 × 0.07 ×
0.07 

3.5 h Yes Yes No info Yes contacting the 
corresponding 
author at sjs80@ 
cam.ac.uk 

[45,46] 

Johns Hopkins 
Medical 
Institute 
Laboratory of 
Brain 

C57BL/ 
6J 

13 female 2 m, 
P7–P14 

In 
vivo 

11.7T DTI 0.125 ×
0.125 × 0.125 

2–2.5 h Yes Yes 60 No https://cmrm.med. 
jhmi.edu/ 

[18,19, 
47] 

C57BL/ 
6J 

94 E12 - 
P80 

Ex 
vivo 

11.7T DTI 0.08 × 0.08 ×
0.08–0.125 ×
0.125 × 0.125 

24 h Yes Yes No info No 

(continued on next page) 
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Table 1 (continued ) 

Name Strains Number 
of mice 

Age In 
vivo/ 
Ex 
vivo 

Field Contrast Spatial 
Resolution 
(mm3) 

Scan 
duration 

Template Atlas Brain 
structures 

GM, 
WM, 
CSF 
priors 

Link Reference 
(s) 

Anatomical 
MRI 

C57BL/ 
6J 

9 male 140- 
160d, 7- 
63d 

In 
vivo, 
Ex 
vivo 

9.4T, 
11.7T 

T2, 
DTI 

0.05 × 0.05 ×
0.125, 
0.0625 ×
0.0625 ×
0.0625 

1 h, 
24 h 

Yes Yes No info No 

Waxholm Space 
(WHS) 

C57BL/ 
6J 

No info 9-12w Ex 
vivo 

9.4T DTI, 
T1/T2* 

0.043 ×
0.043 × 0.043 

28 h, 
1 h 

Yes Yes No info Yes NITRC: Waxholm 
Space Atlas of the 
C57BL/6J Mouse 
Brain: Tool/ 
Resource Info 

[25,48, 
49] 

C57BL/ 
6J 

14 male 66-78d Ex 
vivo 

9.4T T1, 
T2, 
T2* 

0.0215 ×
0.0215 ×
0.0215, 
0.043 ×
0.043 ×
0.043, 
0.0215 ×
0.0215 ×
0.0215 

No info Yes Yes 37 No 

Pre-Waxholm Space C57BL/ 
6J, BXD 

12 male 9w Ex 
vivo 

9.4T T1, 
T2 

0.0215 ×
0.0215 ×
0.0215, 
0.043 ×
0.043 × 0.043 

2 h, 
4 h 

Yes Yes 20 No contacting the 
corresponding 
author at gaj@ 
orion.duhs.duke. 
edu 

[50–53] 

C57BL/ 
6J 

6 9w Ex 
vivo 

9.4T T1, 
T2 

0.0215 ×
0.0215 ×
0.0215, 
0.043 ×
0.043 × 0.043 

2 h 7 m, 
4 h 15 m 

Yes Yes 33 No 

C57BL/ 
6J 

6 male 9w Ex 
vivo 

9.4T T2, PD/ 
DW 

0.09 × 0.09 ×
0.09 

No info Yes Yes 21 No 

C57BL/ 
6J 

9 male No info Ex 
vivo 

9.4T T2* 
DTI 

0.039 ×
0.039 ×
0.156, 
0.043 ×
0.043 × 0.043 

No info No No No info No 

BNL_NHMFL C57BL/ 
6J 

12 male 12-14w In 
vivo 

9.4T T2 0.1 × 0.1 ×
0.1 

2.8 h Yes Yes 20 No https://www.nitrc. 
org/projects/c57bl_ 
mr_atlas/ 

[54,55] 

C57BL/ 
6J 

10 male 12-14w Ex 
vivo 

17.6T T2* 0.047 ×
0.047 × 0.047 

5.5 h Yes Yes 20 No 

Dorr_2008 C57BL/ 
6J 

20 male 
and 20 
female 

12w Ex 
vivo 

7T T2 0.032 ×
0.032 × 0.032 

11.3 h Yes Yes 62 No http://www. 
mouseimaging.ca/ 
technologies/ 
mouse_atlas/index. 
html 

[56,57] 

Dorr_2007 CBA 4 male 6–16 m Ex 
vivo 

7T T2 0.032 ×
0.032 × 0.032 

14 h No Yes 26 No 

Chen_2006 129S1/ 
SvImJ, 
C57BL/ 
6J, CD1 

27 male 126d Ex 
vivo 

7T T2 0.06 × 0.06 ×
0.06 

18.5 h Yes Yes 42 No contacting the 
corresponding 
author at josette@ 
sickkids.ca 

[58,59] 

(continued on next page) 
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Table 1 (continued ) 

Name Strains Number 
of mice 

Age In 
vivo/ 
Ex 
vivo 

Field Contrast Spatial 
Resolution 
(mm3) 

Scan 
duration 

Template Atlas Brain 
structures 

GM, 
WM, 
CSF 
priors 

Link Reference 
(s) 

Kovacevic_2005 129S1/ 
SvImJ 

9 male 8w Ex 
vivo 

7T T2 0.06 × 0.06 ×
0.06 

No info Yes Yes 9 No 

MAP 2003 Atlas C57BL/ 
6J 

165 male 100d In 
vivo 

11.7T T2 0.06 × 0.06 ×
0.06 

No info Yes Yes No info No contacting the 
corresponding 
author at toga@ 
loni.ucla.edu 

[60] 

Bock_2006 C3H/ 
HeSnJ 

15 11w In 
vivo 

7T T1 0.156 ×
0.156 × 0.156 

2 h 45 m Yes Yes 6 No contacting the 
corresponding 
author at bockn@ 
mail.nih.gov 

[61] 

LONI C57BL/ 
6J 

8 P0 Ex 
vivo 

11.7T T2 0.04 × 0.04 ×
0.04 

No info Yes Yes 12 Yes contacting the 
corresponding 
author at toga@ 
loni.ucla.edu 

[1,62] 

C57BL/ 
6J 

6 male 100d In 
vivo 

11.7T T2 0.06 × 0.06 ×
0.06 

No info Yes Yes No info No  
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Table 2 
Overview of rat MRI brain atlas research (in reverse order of publication time and version).  

Name Strains Number 
of mice 

Age In 
vivo/ 
Ex 
vivo 

Strength Contrasts Spatial 
Resolution 
(mm3) 

Scan 
duration 

Template Atlas Brain 
structures 

GM, 
WM, 
CSF 
priors 

Link Reference 
(s) 

Hebei Medical 
University 
rat brain 
template set 
(HRT) 

Spontaneously 
hypertensive 
rats 

8 male 10- 
52w 

In 
vivo 

7T T2 
DTI 
BOLD 

0.137 ×
0.137 × 0.3 
0.273 ×
0.273 × 0.8 
0.313 ×
0.313 × 0.8 

23 m 
22 m 
7 m 

Yes Yes 163 Yes https://www.nitrc. 
org/projects/ 
template_shr 

[63] 

Duke Rat Atlas Wistar 6 male No 
info 

Ex 
vivo 

7T T2*, 
DTI 

0.025 ×
0.025 ×
0.025, 
0.05 × 0.05 
× 0.05 

No info Yes Yes 360 No https:// 
civmvoxport.vm. 
duke.edu/voxbase/ 
studyhome.php? 
studyid=754 

[64] 

Wistar 99 male 0- 
80d 

Ex 
vivo 

7T T2*, 
DTI 

0.025 ×
0.025 ×
0.025, 
0.05 × 0.05 
× 0.05 

No info Yes Yes 26 No http://www.civm. 
duhs.duke.edu/ 
ratbraindevatlas/ 

[65] 

Wistar 5 male 80d Ex 
vivo 

7T T2* 0.025 ×
0.025 ×
0.05 

13 h Yes Yes 21 No contacting the 
corresponding 
author at 
gjohnson@duke.edu 

[66,67] 

Fischer 344 1 No 
info 

Ex 
vivo 

1.5T T1 0.115 ×
0.115 × 1.2 

No info Yes Yes <2 0 Yes 

Ratlas-LH Lister hooded 7 male 2–3 
m 

In 
vivo 

7T T2 0.15 × 0.15 
× 0.15 

92 m Yes Yes No info No https://www.nitrc. 
org/projects/ratlas- 
lham 

[68] 

Goerzen_2020 Fischer 344 24 male 
and 17 
female 

130 
± 7d 

In 
vivo 

7T T2 0.114 ×
0.114 ×
0.114 

19 m 35 
s 

Yes Yes 71 Yes www.zenodo.org/ 
record/3700210 

[69] 

SIGMA Wistar 6 male 
47 male 

8w Ex 
vivo, 
In 
vivo 

11.7T T2*, 
T2 

0.09 × 0.09 
× 0.18, 
0.15 × 0.15 
× 0.30 

8 h 32 
m, 
14 m 24 
s 

Yes Yes 61 Yes https://nitrc.org/ 
projects/sigma_ 
template 

[70] 

Waxholm Space 
(WHS) 

Sprague- 
Dawley 

1 male 80d Ex 
vivo 

7T T2*, 
DTI 

0.039 ×
0.039 ×
0.039, 
0.078 ×
0.078 ×
0.078 

No info Yes Yes (add: 
auditory 
system) 

118 No http://www.nitrc. 
org/projects/whs- 
sd-atlas 

[27–29] 

Sprague- 
Dawley 

1 male 80d Ex 
vivo 

7T T2*, 
DTI 

0.039 ×
0.039 ×
0.039, 
0.078 ×
0.078 ×
0.078 

No info Yes Yes (add: 
hippocampal 
region) 

79 No 

Sprague- 
Dawley 

1 male 80d Ex 
vivo 

7T T2*, 
DTI 

0.039 ×
0.039 ×
0.039, 

No info Yes Yes 76 No 

(continued on next page) 
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https://nitrc.org/projects/sigma_template
https://nitrc.org/projects/sigma_template
https://nitrc.org/projects/sigma_template
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Table 2 (continued ) 

Name Strains Number 
of mice 

Age In 
vivo/ 
Ex 
vivo 

Strength Contrasts Spatial 
Resolution 
(mm3) 

Scan 
duration 

Template Atlas Brain 
structures 

GM, 
WM, 
CSF 
priors 

Link Reference 
(s) 

0.078 ×
0.078 ×
0.078 

RatAtlas2.0 Long-Evans 2 male 135d Ex 
vivo 

14.1T T2 0.05 × 0.05 
× 0.2 

10 h Yes Yes No info No https://figshare. 
com/articles/ 
RatAtlas_2_0_ 
Locked_pdf/ 
3144955 

[71] 

Figini Sprague- 
Dawley 

10 
female 

No 
info 

In 
vivo 

7T T2, 
DTI 

0.133 ×
0.133 ×
0.58, 
0.176 ×
0.176 ×
0.58 

16 m 24 
s 

No Yes 28 No contacting the 
corresponding 
author at ileana. 
zucca@istituto- 
besta.it 

[72] 

Lancelot_2014 Sprague- 
Dawley 

7 No 
info 

In 
vivo 

7T T2 0.1 × 0.1 ×
0.4 

53 m No Yes 27 No contacting the 
corresponding 
author at costes@ 
cermep.fr 

[73] 

Rumple_2013 Sprague- 
Dawley 

6 female 
10 male 
and 10 
female 

72d 
5- 
14d 

Ex 
vivo 

9.4T DTI 0.16 ×
0.125 ×
0.16 
0.12 × 0.07 
× 0.12 

No info Yes Yes 29 Yes https://www.nitrc. 
org/projects/dti_rat_ 
atlas/ 

[74] 

The Institute of 
High Energy 
Physics Rat 
Template 
(IRT) 

Sprague- 
Dawley 

12 male 
and 9 
female 

10- 
11w 

In 
vivo 

7T T2 0.14 × 0.14 
× 0.3 

No info Yes Yes 624 No contacting the 
corresponding 
author at shanbc@ 
ihep.ac.cn 

[75] 

Tohoku Wistar 30 male 10w In 
vivo 

7T T2 0.125 ×
0.125 × 0.3 

3 h Yes Yes 96 Yes contacting the 
corresponding 
author at riera@ 
idac.tohoku.ac.jp 

[76] 

Veraart_2011 Sprague- 
Dawley 

9 male 12 m In 
vivo 

9.4T DTI 0.088 ×
0.088 ×
0.088 

4 h Yes Yes 14 No contacting the 
corresponding 
author at Jelle. 
Veraart@ua.ac.be 

[77] 

Schwarz 
(DPABI) 

Sprague- 
Dawley 

97 male No 
info 

In 
vivo 

4.7T T2 0.15 × 0.15 
× 1 

No info Yes Yes 39 Yes contacting the 
corresponding 
author at adam.j. 
schwarz@gsk.com 

[30] 

Karolinska Sprague- 
Dawley 

5 female No 
info 

In 
vivo 

4.7T T2 0.117 ×
0.117 × 0.5 

No info Yes Yes 28 No contacting the 
corresponding 
author at christian. 
spenger@neuro.ki. 
se 

[2]  
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high-resolution population brain template with detailed structural segmentation and annotation. However, the existence of numerous 
versions of MRI brain atlases compared to histological atlases poses challenges, as there is a lack of standardized anatomical 
boundaries. This limitation hampers direct comparisons between analysis results based on different versions of MRI brain atlases. To 
assist researchers in selecting an appropriate MRI brain atlas for their studies and to facilitate future advancements in creating high- 
quality MRI brain atlases, this paper systematically examines the development and progress achieved in mouse and rat MRI brain 
atlases. 

Fig. 1. Transverse views of common mouse and rat brain atlases. 
(A) Mouse brain atlases (upper row) and corresponding level of detail of segmented brain regions. (B) Rat brain atlases (upper row) and corre-
sponding level of detail of segmented brain regions. 
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2. The development of mouse and rat MRI brain atlases 

In the field of neuroscience research, rats have historically served as the predominant animal model for over a century. Nonetheless, 
a shift has occurred in recent years, whereby mice have rapidly emerged as the primary choice for such studies, surpassing rats (Fig. 2). 
This transition can be attributed primarily to the extensive availability of genetic toolboxes for mouse models, particularly with the 
advancements in gene targeting techniques utilizing embryonic stem cells [78]. Conversely, the manipulation of genes in rats poses 
greater challenges compared to mice, thus limiting the utility of rats as a rodent model in neuroscience research [79]. 

Fortunately, with the advent of gene editing techniques suitable for rats and the elucidation of rat genome functions in recent years 
[80–83], the development of transgenic rat models is progressing rapidly. Although mice and rats are similar in many ways, there are 
fundamental differences between these rodents, such as the differential expression of more than 40% of genes in the dendrites of 
hippocampal neurons [84], Opposed responses have been shown in some basic neuroscience research on cognition, addiction, 
impulsivity, and social behavior [32]. Moreover, with the development and widespread application of brain imaging techniques such 
as MRI and PET to assess the extent and course of neurodegeneration, rats are more suitable for applying these techniques due to their 
relatively large size [32]. In addition, compared to mice, the physiological characteristics of rats are closer to those of humans [85]. 
Therefore, although mouse models have many advantages in neuroscience research, such as low cost of breeding and feeding, low drug 
consumption in pharmaceutical research, and a complete set of gene editing libraries, rats are still indispensable model animals in 
neuroscience research. 

The indispensability of brain atlases in neuroscience research is derived from their provision of a standardized map and ontology 
that facilitates the comparison of findings, enabling researchers to gain insights into brain structure, function, and related pathologies. 
Moreover, these atlases serve as crucial navigation tools, establishing a vital link for in vivo investigations in the field of neuroscience. 
With the advent of MRI, it is now possible to see the brain within the skull in its natural state without distortion or the introduction of 
physical artifacts like fixation, dissection, or sectioning. As early as 1995, the first work about mouse brain structure based on MRI was 
published [86], and then the first MRI-based mouse brain atlas with certain practicality was published in 2004 [1]. Nearly 30 versions 
of the mouse MRI brain atlas have been published (Table 1). We can see that these previous researches were mainly developed based on 
adult male C57BL/6J mice. Among them, the highest spatial resolution based on ex vivo and in vivo mouse brain tissue is 0.0215 ×
0.0215 × 0.0215 (mm3) [25,50,51], and 0.05 × 0.05 × 0.125 (mm3) [18], respectively. The most widely used of these mouse MRI 
brain atlases are the 129S1/SvImJ mouse brain atlas published by Kovacevic, N. in 2005 [59], and the CBA mouse brain atlas published 
by Dorr, A. in 2006 [57], and the C57BL/6J mouse brain atlases published by Ma, Y., Dorr, A. E., and Johnson, G. A. in 2005, 2008, and 
2010 [25,55,56], respectively. The five versions of the brain atlas were all generated from ex vivo mouse brain tissue, and their number 
of brain structures ranged from 9 to 62. 

Although the development of the rat MRI brain atlas predates the mouse [67], the subsequent continued development of the rat 
MRI brain atlas has significantly lagged behind that of the mouse (Table 2). As can be seen from the table, the rat MRI brain atlas was 
developed primarily based on adult male Sprague-Dawley and Wistar rats. Among them, the highest spatial resolution of MR images 
based on ex vivo and in vivo rat brain tissue is 0.025 × 0.025 × 0.025 (mm3) [64–66], and 0.088 × 0.088 × 0.088 (mm3) [77], 

Fig. 2. Mouse and Rat Publications in Neuroscience. 
We searched the total number of mouse and rat neuroscience papers published over the past 50 years through Pubmed (https://pubmed.ncbi.nlm. 
nih.gov). To avoid the possible impact of novel coronavirus pneumonia (COVID-19) on the publication of papers, we advanced the retrieval period 
from 1970 to 2019. The literature search terms for mouse and rat were ((brain) OR (neuroscience) OR (central nervous system)) AND (mouse) AND 
(1960:2019[pdat]), and ((brain) OR (neuroscience) OR (central nervous system)) AND (rat) AND (1960:2019[pdat]). 
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respectively. The most widely used of these rat brain atlases are the Schwarz (DPABI) and Waxholm 1.0 atlases, published by Schwarz, 
A. J. and Papp, E. A. in 2006 and 2014, respectively [29,30]. Moreover, the Waxholm map was subsequently updated by Kjonigsen, L. 
J. and Osen, K. K. in 2015 and 2019, respectively [27,28]. The number of brain structures in these rat MRI brain atlases ranged from 39 
to 118, significantly more than that in the mouse MRI brain atlases. 

Furthermore, through bibliometric analysis, we found that the United States was the global center for MRI brain atlas research in 
mice and rats over the past 20+ years (Figs. 3A and 2B). Topic trend analysis shows that before 2013, researches mainly focused on 
mouse brain structure, especially mouse models. From 2014 to 2020, the study of brain function based on rat disease models has 
become a hotspot; and from 2021 to 2022, the deep learning of MRI brain images based on rat models has become the latest research 
hotspot (Fig. 3C). 

Fig. 3. A bibliometric analysis of rodent MRI-based brain atlases. 
(A) Publications screening flowchart. We conducted a literature search on the Web of Science Core Collection (WoSCC) database on December 4, 
2022. The search formula is (((TS=(Magnetic Resonance Imaging)) AND TS=((brain atlas) or (brain template))) AND TS=(mouse or rat or rodent) 
AND LA = (English), and the type of documents is set to “articles” and “review”. A total of 359 literature sources were retrieved, including 322 
research papers and 12 review articles. After excluding one non-English paper, there were a final count of 333 English-language articles remaining. 
To conduct bibliometric analysis on these articles, VOSviewer and the R package “bibliometrix” were utilized. (B) The visualization of countries in 
this research field by VOSviewer. (C) Trend topic analysis in this field by R package “bibliometrix”. 
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3. The production process of mouse and rat MRI brain atlases 

Spatial resolution and contrast of MR images are two key features commonly used to compare the quality of MRI brain atlases [64]. 
The use of MRI brain atlases is ultimately determined by these two significant, linked aspects. For resolving tiny structures in the brain, 
high-quality MR picture contrast and spatial resolution are essential. Although various image contrasts may be used to create MRI 
brain maps, doing so significantly lengthens the time needed to collect all of the necessary high-resolution MR image data and raises 
the possibility of specimen deterioration and instrument instability, rendering the proposal unfeasible. Consequently, the choice of 
image contrast for making an atlas may be related to the intended use of the brain atlas. For instance, if you are evaluating PET or MRI 
brain imaging data in rodent, the T2 template is often included in the atlas [87,88]. The majority of existing mouse and rat MRI brain 
atlases are based on T2 or T2* sequences shown in Tables 1 and 2, as they provide better tissue contrast for delineating brain structures 
in adult mice and rats [25,70]. A high-resolution MRI would take longer to scan but would not be practicable. Clinically, the resolution 
of MRI maps of the adult human brain is usually smaller than 1 mm isotropic. The average volume of the adult human brain is about 
3000 times that of the adult mouse [89] and about 700 times that of the rat [90,91]; thus, the comparable resolution of mouse and rat 
MRI brain images is approximately smaller than 0.07 and 0.11 mm isotropic, respectively. 

An important area of study is the creation of new technologies that may enhance the contrast and resolution of MR images. For 
instance, compared to standard T2 imaging, multispectral MR capture with enhanced T2 contrast in stained pictures may show greater 
information in mouse brain morphology [57,62]. With the use of partial k-space acquisition and contrast agents (such as for short 
tissue T1) [50], it can be achieved that MR images of the mouse brain with isotropic resolution up to 21.5 μm [92]. Furthermore, 
diffusion tensor imaging (DTI) can reveal tissue microstructure through endogenous contrast [93], where axonal protrusions and 
myelination levels have an impact on how anisotropy is expressed [94], and data on directional and diffusional anisotropy may be 
utilized to rebuild 3D white matter tract trajectories [95,96]. DTI also has the key benefit of being able to better contrast the structure 
of young mouse brain tissue than T1 and T2 MRI [97,98]. Moreover, a similar phenomenon also exists in rats [65]. Therefore, DTI is a 
critical MRI technique for developing brain atlases in young mice and rats. 

A comprehensive MRI brain mapping protocol typically encompasses the inclusion of brain templates, digital brain atlases, and 
probability maps representing gray matter, white matter, and cerebrospinal fluid. The procedure entails several steps: firstly, a sample 
set comprising 10–30 rodent brain tissues of the same sex and age is prepared, with the possibility of employing ex vivo tissues treated 
with contrast agents like Gd3+ or Mn2+. Subsequently, the samples are scanned using high-field MRI equipment such as 7.0T, 9.4T, or 
11.4T to acquire T2, T2*, and DTI MR images. Following this, a brain template is constructed by generating a population-averaged 

Fig. 4. Flow chart of mouse and rat MRI brain map. 
This figure presents two flowcharts depicting the creation of brain maps. The first flowchart, highlighted in green, illustrates the automated gen-
eration of a brain map using histology atlases. The second flowchart, highlighted in red, outlines the process of drawing a brain atlas based on a 
brain template. Additionally, the yellow section (in the dotted box) represents the shared components between these two methods. TMP, tissue 
probability maps. 
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template from multiple sample images. Probability maps for different brain compartments, including cerebrospinal fluid, white matter, 
and gray matter, are then developed. Furthermore, a digital brain atlas is created by manually or semi-automatically mapping brain 
structures and aligning them with standard coordinate spaces, such as Paxinos-Watson atlas. Finally, the automatic analysis of brain 
images can be achieved. Fig. 4 illustrates the two main pipelines utilized for the development of MRI brain atlases in mice and rats. 

4. Application of mouse and rat MRI brain atlases 

4.1. Studies on brain histomorphology and multimodal approaches 

In the field of neuroscience, studying brain histomorphology is essential for understanding the structure and function of the brain. 
Histomorphology refers to the measurement and analysis of changes in the size and form of various anatomical regions within the 
brain. Traditionally, this process has been performed through manual delineation of structures in consecutive MR images. However, 
this approach is time-consuming and prone to variations in the determination of anatomical boundaries and inter-rater variability 
[99]. The issue of operator-dependent results poses a significant challenge in neuroscience research. Different operators may have 
different interpretations or methodologies when it comes to defining anatomical structures, leading to inconsistencies across studies 
and limiting comparability between different laboratories [100]. This lack of compatibility hampers scientific progress and makes it 
difficult to draw meaningful conclusions from collective findings. 

To address these challenges, advances in image registration and mapping techniques, as well as the development of brain atlases, 
offer promising solutions [101]. Image registration methods allow for aligning multiple brain images, enabling direct comparisons 
between subjects or datasets. By aligning different brain images to a common coordinate system, researchers can accurately measure 
and compare morphological changes in specific brain regions. Furthermore, the availability of brain atlases provides standardized 
reference frameworks that facilitate the identification and localization of anatomical structures. These atlases serve as templates or 
maps that can be overlaid onto individual brain images, aiding in the accurate identification and delineation of specific regions of 
interest. By leveraging image registration techniques and using brain atlases, researchers can overcome the limitations associated with 
manual delineation and achieve more consistent and reliable measurements of brain morphology. This standardization improves the 
reproducibility of results, enhances cross-study comparisons, and fosters collaboration among different research groups. Moreover, 
with the development of multimodal image registration technology, the integration of data from other brain imaging modalities (such 
as 3D histology, sliced brain connection maps, and brain tissue transparent imaging) into MRI brain atlases may facilitate in-
vestigations of network alterations underlying neurological disorders [102]. 

4.2. Multimodal brain imaging data analysis 

With the development of imaging techniques, such as MRI and PET, these techniques are being increasingly applied in basic 
neuroscience research. Compared with traditional brain tissue detection tools, imaging technology has unparalleled advantages in 
non-invasive detection. In addition to the above-mentioned structural imaging of brain tissue, the detection of brain function at the 
molecular level can also be achieved by combining molecular probes. Table 3 lists common application scenarios that need combining 
with a brain atlas for data analysis. Such as, imaging techniques have been employed to longitudinally monitor brain development in 
mouse models [103,104]. Additionally, the combination of chemical genetics and brain functional imaging techniques has facilitated 
the investigation of brain chemical connectomics in mice [105,106]. Moreover, the utilization of superparamagnetic iron oxide 
nanoparticles (SPION) has enabled quantitative imaging of cerebral blood vessels in mice, thereby facilitating further exploration of 
brain function [107]. Furthermore, the analysis of glucose energy metabolism in brain tissue has provided insights into the metabolic 
status of different brain regions [108,109]. Lastly, the deposition of pathological proteins in mouse brain tissue has been detected using 
Aβ protein or tau protein probes [110,111]. These examples represent only a fraction of the wide range of applications that could 
benefit from the fusion of a brain atlas with brain imaging. 

Table 3 
Common application scenarios for brain image data analysis based on brain atlas.  

Image modality Imaging sequence or molecular probe The role of imaging Reference 

MRI T2, DTI Assess brain development [103,104] 
MRI T2, BOLD Brain chemical connectomics research [105,106] 
MRI T1 (SPION) Cerebral vascular quantitative imaging [107] 
MRI T1 (MnCl2) MEMRI maps [112] 
MRI CBV, BOLD Brain functional network under conditioned stimulation [113] 
MRI T2 (Gd) Blood-brain barrier permeability test [114] 
PET 18F-FDG Detection of energy metabolism in brain tissue [108,109] 
PET 18F-florbetaben, 11C-PBB3 Detection of pathological proteins, such as Aβ protein and tau protein [110,111] 
PET 11C-raclopride Detection of neurotransmitter receptors, such as dopamine D2 receptors [115] 
PET 18F-FDG Neural circuit research [116]  
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4.3. CT-MRI combined brain atlas for guiding stereotaxic manipulation 

The precision of the brain atlas utilized in stereotaxic surgery for targeting structures in the mouse and rat brain directly impacts the 
accuracy of interventions. While 2D histology-based atlases are commonly used to localize brain regions based on stereoscopic co-
ordinates relative to calvarial landmarks, MRI-based mouse and rat brain atlases provide anatomical information but lack the bone 
tissue contrast necessary for recognizing cranial landmarks critical for stereotaxic procedures. To address this limitation, the com-
bination of MR and micro-CT images has been employed to develop 3D stereotaxic mouse brain atlases (CT-MRI brain atlas) [18,117]. 
However, the development of corresponding rat brain atlases using this approach has not been reported. It is worth noting that atlases 
generated using ex vivo specimens may not accurately represent the true architecture of the live animal brain, further emphasizing the 
need for accurate targeting during stereotaxic surgeries. 

CT-MRI atlases, despite their limited anatomical detail compared to histology-based atlases, are valuable for stereotaxic-related 
applications due to their ability to visualize brain anatomy in 3D. This enables precise determination of target coordinates, injec-
tion angles, and simulation of needle paths, thereby avoiding damage to adjacent brain structures. Additionally, these atlases offer the 
flexibility to rotate and slice in various orientations beyond the conventional bregma-lambda coordinate system, allowing redefinition 
of stereo coordinates relative to user-specified landmarks. Consequently, experimental animal surgeries benefit from enhanced sur-
gical operation flexibility and avoidance of inadvertent harm to critical neighboring structures. 

5. Aeras for improvement of mouse and rat MRI brain atlases 

In recent years, significant advancements have been made in the development of MRI brain atlases for mice and rats, paralleling the 
rapid progress of MRI technology. Notably, the spatial resolution of voxels has reached an impressive level of less than 100 μm 
isotropic. However, despite these remarkable achievements, there still exist several areas that warrant further improvement, as out-
lined in Table 4. One key concern is the absence of a universally accepted and standardized version of these atlases, hindering effective 
collaboration and comparison among researchers. Moreover, the lack of high-quality in vivo brain atlases, particularly for mice, poses 
a significant challenge in accurately characterizing the dynamic nature of the brain. Additionally, the current atlases predominantly 
focus on male animals, neglecting the need for brain atlas versions specifically tailored to female subjects. Furthermore, the dearth of 
brain atlases for different age groups restricts our understanding of developmental changes and potential age-related differences in 
brain structures. Addressing these limitations would greatly enhance the utility and applicability of mouse and rat MRI brain atlases, 
ultimately promoting the widespread application of brain imaging technology in the field of neuroscience research. 

6. Summary and perspective 

Significant advancements have been made in the development of both histological brain atlases and MRI brain atlases since the 
inception of early histological atlases. A recent milestone includes the practical development of a 3D mouse brain atlas based on 
histological data [13]. Furthermore, digital atlases derived from multi-sequence data have emerged in the field of MRI brain atlases, 
enabling the mapping of a larger number of brain regions with higher precision [64]. The efficacy of brain atlases relies on the in-
clusion of high-resolution anatomical images that exhibit rich anatomical contrast and precise structural delineation. In 
histology-based mouse and rat brain atlases, manual outlining of brain structures on stained tissue section photographs is commonly 
performed, leveraging knowledge of specific cellular and molecular markers as well as spatial correlations. Conversely, MRI-based 
mouse and rat brain atlases often employ structure segmentation in 3D images, where voxels belonging to a particular structure 
are identified and classified as distinct 3D entities due to the inherent 3D format of these images. Additionally, the segmentation of 
brain MR images is frequently accomplished through manual [18,56] or semi-automatic techniques [52,58]. 

The conventional approach to producing brain atlases typically involves utilizing one or a limited number of specimens. However, 
with the rapid advancements in computer technology, it has become feasible to spatially normalize and average MRI 3D images 
obtained from multiple specimens. These techniques can also be employed to generate “minimum deformation maps” that resemble 
the geometric mean of a normal brain, capturing the representative morphological characteristics of the sample population [40]. The 

Table 4 
Aeras for improvement of mouse and rat MRI brain atlases.  

Atlas category Aeras for improvement 

Mouse  • Lack of unified version  
• Lack of versions based on in vivo tissue  
• Lack of versions based on female tissue  
• Lack of mouse brain atlas at different ages  
• Limitations in the precise delineation of brain structures 

Rat  • Lack of unified version  
• Too few samples to make some versions  
• Lack of versions based on female tissue  
• Lack of rat brain atlas at different ages  
• No CT-MRI combined brain atlas  
• Limitations in the precise delineation of brain structures  

X. Ma et al.                                                                                                                                                                                                             



Heliyon 10 (2024) e27421

14

utilization of averaged images enhances the signal-to-noise ratio compared to individual images, facilitating easier structural seg-
mentation and visualization of brain atlases through group averaging [40]. 

The majority of existing MRI brain atlas images are derived from ex vivo samples as they offer a simpler means to generate high- 
resolution images compared to in vivo samples. Ex vivo specimens, typically fixed with formaldehyde, can be trimmed to match the 
optimal shape for sensitive MR coils, allowing the creation of excellent MR images through the combination of these specimens with 
high-performance gradient systems [25]. However, this optimized imaging hardware combination is generally unsuitable for in vivo 
MRI due to increased requirements for animal monitoring and support systems. Moreover, ex vivo MRI scanning sessions can extend up 
to 12 h or more, enabling further improvement in MR image quality through increased signal averaging [66]. Conversely, in vivo 
imaging may suffer from motion artifacts or instability, with scanning times typically limited to 2–3 h [19,76]. Given these charac-
teristics, ex vivo imaging represents the superior method for acquiring high-quality MR images of the mouse and rat brain. 

The limitations of in vivo MRI are primarily attributed to the sensitivity of the imaging device and the duration for which an 
anesthetized animal can remain stable within the magnet. However, if the intended use of the atlas is to evaluate brain images of live 
animals, the development of an in vivo MRI-based atlas becomes essential, despite the aforementioned disadvantages associated with 
in vivo MRI. It has been observed that MR image contrast and appearance differ between in vivo and ex vivo tissues, likely due to 
changes in the physical and chemical environment surrounding water molecules caused by fixation [118]. Additionally, significant 
morphological differences exist between live animal brains and perfusion-fixed brain specimens. For instance, the absence of cere-
brospinal fluid (CSF) pressure often leads to a notable reduction or complete collapse of the lateral ventricles in postmortem specimens 
[54,101]. Additionally, when studying ex vivo brains, the removal of blood results in collapsed vasculature and consequent brain 
shrinkage [54,101]. Moreover, the brain tissue may furthermore slightly expand or contract depending on the osmolarity of the 
fixative solution [119,120]. Therefore, it is necessary to vigorously develop MRI brain atlases based on in vivo samples in the future, 
especially MRI brain atlases of living mice. Moreover, in the foreseeable future, 7.0T, 9.4T, and 11.7T will still be the mainstream 
scanning devices for small animal in vivo. 

With the development of molecular imaging technology, in vivo animal brain imaging technology will be more and more used in 
neuroscience research. However, compared to histological brain atlases, there is still a lack of uniform standard mouse and rat MRI 
brain atlases. It is crucial to understand the variations that can arise between different atlases and their versions. We would like to 
highlight the work of Kleven et al. and their proposed Atlas Ontology Model (AtOM), which may offer a solution to the lack of 
standardization in metadata, enabling improved analysis, data sharing, and registration across different atlases [121]. In addition, the 
easier acquisition of MR images makes it possible to develop rodent MRI brain atlases of different strains, genders, and ages, which will 
further promote the application of MRI-based brain atlases. Finally, creating a CT-MRI combined brain atlas is also of great value to 
ensure the reliability of the manipulation of rodent brain surgery. 

In summary, the MRI brain atlas is an ongoing endeavor that continuously strives for improvement and increased precision. Future 
enhancements to brain atlases may involve the incorporation of machine learning or other automated methods, alleviating the labor- 
intensive human involvement required in current iterations. Furthermore, the evolution of brain atlases is expected to progress from 
the existing structure map towards a more comprehensive structure-function integration map. 
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