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Abstract 

Perfusion fixation is a well-established technique in animal research to improve preservation quality in the study 
of many tissues, including the brain. There is a growing interest in using perfusion to fix postmortem human brain 
tissue to achieve the highest fidelity preservation for downstream high-resolution morphomolecular brain map-
ping studies. Numerous practical barriers arise when applying perfusion fixation in brain banking settings, includ-
ing the large mass of the organ, degradation of vascular integrity and patency prior to the start of the procedure, 
and differing investigator goals sometimes necessitating part of the brain to be frozen. As a result, there is a 
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critical need to establish a perfusion fixation procedure in brain banking that is flexible and scalable. This tech-
nical report describes our approach to developing an ex situ perfusion fixation protocol. We discuss the chal-
lenges encountered and lessons learned while implementing this procedure. Routine morphological staining and 
RNA in situ hybridization data show that the perfused brains have well-preserved tissue cytoarchitecture and 
intact biomolecular signal. However, it remains uncertain whether this procedure leads to improved histology 
quality compared to immersion fixation. Additionally, ex vivo magnetic resonance imaging (MRI) data suggest 
that the perfusion fixation protocol may introduce imaging artifacts in the form of air bubbles in the vasculature. 
We conclude with further research directions to investigate the use of perfusion fixation as a rigorous and repro-
ducible alternative to immersion fixation for the preparation of postmortem human brains. 
 

Keywords: Brain banking; Perfusion fixation; Perfusion pressure; Postmortem interval; Tissue morphology; RNAscope; Ex vivo neuroim-
aging 

 

Introduction 

A detailed examination of the brain in various 
settings, including educational, clinical, and research 
domains, is critically dependent upon the quality of 
brain preservation. Human tissue-based research, 
which plays a significant role in studying brain dis-
eases, relies on the brain banking process to suffi-
ciently preserve the postmortem brain. For exam-
ple, in the study of brain disorders such as Alz-
heimer’s disease, it is essential to have well-main-
tained histoarchitecture and biomolecular structure 
to reliably distinguish the features of brain donors 
with and without the disorder (Lucassen et al., 
1997). The goal of the initial preservation procedure 
is to interrupt postmortem degradative processes in 
a way that prepares the brain for long-term storage, 
while minimizing damage resulting from the preser-
vation process itself. With access to intact, well-pre-
served human brain tissue, investigators can con-
duct a diverse set of next-generation brain mapping 
studies, including high-resolution ex vivo neuroim-
aging (Pallebage-Gamarallage et al., 2018), connec-
tomics studies using high-throughput serial section 
electron microscopy (Shapson-Coe et al., 2021), and 
volumetric 3D histologic imaging of the brain’s cellu-
lar- and molecular-level organization (Patel et al., 
2022). 

All existing brain preservation procedures face 
trade-offs in the extent and type of tissue preserva-
tion achieved and the consequent degree of infor-
mation loss. In non-human animal studies, perfusion 
fixation is widely considered to be the state of the 
art for achieving the highest-quality morphologic 

preservation of the whole brain (Bodian, 1936; 
Karlsson and Schultz, 1965; McFadden et al., 2019). 
In human tissue brain banking, immersion fixation is 
the most common preservation method employed. 
A key conundrum in immersion procedures is that 
the outer regions of the brain are liable to be over-
fixed and the inner regions of the brain are liable to 
be under-fixed, both of which have the potential to 
limit optimal and consistent antigen preservation. 
While sectioning tissue prior to immersion may al-
low fixative to penetrate inner brain regions earlier, 
this technique can damage tissue morphology 
(Adickes et al., 1997). Perfusion fixation is a poten-
tial solution for this challenge and may more consist-
ently preserve tissue morphology and antigenicity 
than immersion fixation. The perfusion technique 
may allow for a shorter fixation period, without re-
quiring pre-sectioning, by penetrating inner brain 
regions more quickly. Perfusion fixation is also ex-
pected to limit tissue autolysis, a postmortem 
change that inevitably occurs in the inner brain re-
gions before the immersion fixative can reach those 
areas (Beach et al., 1987; McFadden et al., 2019). 

Perfusion can either be performed via an in-
trathoracic approach in the case of smaller animals 
or via an intracarotid approach in the case of larger 
animals such as pigs or elephants (Manger et al., 
2009; Musigazi et al., 2018). The two classes of 
methods to perform perfusion fixation are ex situ 
methods, where the brain is extracted from the skull 
prior to perfusion, and in situ methods, where the 
brain remains inside the skull during perfusion 
(McFadden et al., 2019) (Figure 1). In situ ap-
proaches often involve cannulation of one or both 
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Figure 1. Two major approaches for performing perfusion fixation 

Example approaches of human brain perfusion fixation using an in situ (brain inside of the skull); A) or ex situ (brain removed from the 
skull); B) approach. While only an ex situ perfusion protocol is described in this report, we include an illustration of the in situ method as 
well to demonstrate this alternative approach. Also, while the use of surgical sutures is an alternative approach that is illustrated here, in 
our protocol, hemostats are used to clamp cannulae in place. Arrows represent the direction of perfusate flow during perfusion. SCM = 
Sternocleidomastoid muscle. Illustrations by Jill K. Gregory, Certified Medical Illustrator, Fellow of the Association of Medical Illustrators. 

 

carotid arteries, with or without also cannulating the 
vertebral arteries. Ex situ approaches often involve 
cannulation of the internal carotid arteries and the 
vertebrobasilar artery system. 

The purpose of this technical report is to de-
scribe our use of perfusion fixation for human brain 
banking as a quality improvement project. We used 
an ex situ approach, which can be more easily inte-
grated into the autopsy suite workflow and which is 
compatible with the anatomical donation of the 
brain alone, as opposed to a full-body donation. Our 
aim is to describe our experience in implementing 
this procedure to provide pertinent information for 
the research community. 

There have been several previous descriptions 
of ex situ approaches to perfusion fixation in brain 
banking described in the literature (Adickes et al., 
1997; Beach et al., 1987; de Oliveira et al., 2012; 

Grinberg et al., 2008; Halliday et al., 1988; Insausti 
et al., 1995; Waldvogel et al., 2006; Welikovitch et 
al., 2018). We recognize that there are likely many 
other approaches. We also suspect that perfusion 
fixation methods in brain banking will likely evolve 
in the future as more researchers engage with the 
procedure. 

Materials and Methods 

Patient samples 

All specimens were obtained and de-identified 
at the Icahn School of Medicine at Mount Sinai in ac-
cordance with its policies, regulations, and institu-
tional review board recommendations. The use of 
the perfusion fixation protocol was developed as 
part of an ongoing quality improvement project in 
the Neuropathology Brain Bank & Research Core. 
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The goal of the project is to see whether it is possible 
to decrease fixation times and thereby mitigate an-
tigenicity loss of formalin-sensitive antigens in intact 
brains. The specimens were a convenience sample 
of brains processed at the Neuropathology Brain 
Bank & Research Core, with no specific exclusion cri-
teria. 

Perfusion fixation methods 

We used the same perfusion circuit setup 
throughout the development of the protocol, with 
or without an in-line pressure sensor. Details of the 
procedure, including the use of different reagents, 
were iterated upon over the course of the study. In 
our perfusion circuit, fluid in a beaker, which con-
sists of either washout or fixative solution, is 
pumped through silicone tubing via a peristaltic 
pump with a variable pump drive speed, which me-
diates the flow rate (see Table 1 for details of equip-
ment used). Downstream of the pump, there is a 
pulse dampener that acts to prevent significant pul-
sations in fluid flow. The next component in the cir-

cuit is the pressure sensor, which connects to a dig-
ital pressure monitor. Finally, there is a Y connector 
that splits the circuit into two circuits, each of which 
connects to a catheter that can be used to cannulate 
one blood vessel. Following cannulation, the cannu-
lae are clamped in place with hemostats in all cases. 
If it is preferred to perfuse through only one of the 
two catheters at a time, the perfusion tubing follow-
ing the Y connector for the other catheter can be 
clamped with a hemostat to stop the flow through 
that component of the circuit. All perfusion proce-
dures are performed at room temperature. 

We performed this procedure on two types of 
specimens, termed either ‘whole brain’ or ‘hemi-
brain’. The term hemibrain refers to one of the two 
cerebral hemispheres, which is obtained after a 
hemi-sectioning procedure designed to retain 
enough of the circle of Willis for adequate vascular 
access. Three hemi-brains (cases 1-3) and two whole 
brains (cases 4-5) were subjected to perfustion fixa-
tion. In case 1, the hindbrain was not removed prior 
 

Table 1. Supplies and reagents 

 

† Catheter bevels are filed to have blunt ends prior to use in perfusion. 
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to the perfusion procedure; however, in all other 
cases, the hindbrain was detached following tran-
section through the upper midbrain to vascular ac-
cess. Thus, whole brain specimens have both cere-
bral hemispheres, but some brainstem structures 
removed. There were a couple of differences in how 
perfusion fixation was performed for hemibrain and 
whole brain specimens. First, for hemibrains, a plas-
tic container with muslin cloth was used to suspend 
the specimen without immersing it in fixative, allow-
ing the perfusate to drain into the bottom of the 
container during the procedure. For whole brains, 
there was a focus on volumetric analysis with ex vivo 
neuroimaging. As a result, for the whole brain cases, 
the specimen was suspended in a formalin bath, be-
cause suspending the brain in fluid was expected to 
less shape deformation during the procedure. Sec-
ond, for whole brain perfusions, fixation was accel-
erated after the initial procedure by injecting fixa-
tive into ventricular spaces in the brain using a 50 mL 
syringe. We employed this additional fixation step to 
mimic how fixative more readily diffuses into the 
ventricular system for hemibrains, assuming that 
the septum pellucidum does not act as a barrier to 
diffusion, which is expected to be the case following 
brain hemisection. 

Following perfusion, the brains were fixed via 
additional immersion in 10% (w/v) neutral buffered 
(sodium phosphate) formalin for approximately two 
weeks. In the perfusion fixation literature, this sub-
sequent immersion step is referred to as postfixa-
tion (McFadden et al., 2019). The two whole brain 
specimens were imaged with MRI as described be-
low. Then the brains were dissected coronally into 
slabs 3-5 mm thick in the anterior to posterior direc-
tion. Brains were systematically sampled for neuro-
pathologic postmortem diagnosis and placed into 
cassettes for processing. The samples were embed-
ded in paraffin and 5-7 μm thick sections were cut 
serially on a microtome, mounted on glass slides, 
deparaffinized, and stained with hematoxylin and 
eosin (H&E) or Luxol fast blue counterstained with 
H&E for microscopic examination. The slides for 
cases 1, 2, and 3 were viewed and photographed us-
ing a Nikon ECLIPSE Ci microscope. The slides for 
cases 4 and 5 were imaged using a Philips Ultra Fast 
Scanner. 

RNA in situ hybridization 

RNA in situ hybridization was performed using 
the fully automated RNAScope 2.5 LSx Reagent kit-
RED (Advanced Cell Diagnostics, catalog #322750) 
according to the manufacturer’s instructions for for-
malin-fixed paraffin-embedded (FFPE) brain tissue. 
5 µm FFPE tissue sections prepared from perfusion 
fixation brain tissue were baked for 1 hour at 70° C, 
and the RNAScope assay was run on the Leica BOND 
Rx automated slide stainer platform (Leica Biosys-
tems). Target retrieval was performed for 20 
minutes at 95° C followed by 15 minutes Protease III 
treatment at 40° C and amplification and detection 
steps according to the manufactures protocol. A 
probe for the housekeeping gene ubiquitin C (Hs-
UBC, catalog # 312028) was used to assess mRNA 
detection. Slides were visualized using a Nikon 
Eclipse brightfield microscope with a Nikon DS-Fi3 
camera and NIS Elements software. 

Ex vivo whole brain MRI imaging 

Following perfusion, both of the two ex vivo 
whole brain specimens were placed in a custom-
built imaging container (Boonstra et al., 2021), im-
mersed in Fluorinert (3M, Saint Paul, MN), and ex-
posed to vacuum for 15 minutes to dislodge air bub-
bles (Stram et al., 2022). The container was sealed, 
and the specimen was imaged using a 7 Tesla whole-
body MRI scanner (Magnetom 7T AS, Siemens, Er-
langen, Germany) equipped with a 32-channel ra-
diofrequency head coil (Nova Medical, Wilmington, 
MA). After acquisition of localizer images and main 
magnetic field shimming by 3D field mapping, the 
specimens were imaged with a 3D multi-echo gradi-
ent-echo pulse sequence with the following param-
eters: repetition time = 38 ms, echo times = 5, 10, 
15, 20, 25, 30 ms, flip angle = 18°, resolution = 0.38 
mm isotropic, in-plane acceleration by GRAPPA 
(Griswold et al., 2002) with acceleration factor R=2, 
readout bandwidth = 260 Hz/px, bipolar readouts, 
non-selective excitation. Individual echo images 
were co-registered by FSL FLIRT (Jenkinson et al., 
2002; Jenkinson and Smith, 2001), and combined 
into a single image by root-sum-of-squares of indi-
vidual echoes. 
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Results 

Implementation of the perfusion fixation 
protocol 

We report our deployment of the ex situ perfu-
sion fixation procedure on five brains in the form of 
individual case summaries. In all instances, we used 
a perfusion circuit with the same core design and 
evaluated different variations of the procedure. For 
each case, we describe operational parameters, 
case-specific factors of the procedure, and metrics 
recorded regarding the quality of the perfusion fixa-
tion for that case (Table 2). 

Case 1. The perfusion fixation procedure was 
performed with a hemibrain specimen from a 90+-
year-old man with a clinical diagnosis of sepsis who 
had died of pneumonia. The postmortem interval 
(PMI) was 52 hours prior to the procedure. Grossly, 
the blood vessels were assessed as having moderate 
atherosclerosis. The internal carotid and posterior 
cerebral arteries were cannulated with a 21G cathe-
ter. The vessels were first perfused with 0.5 L of 
phosphate buffered saline (PBS) with sodium azide 
(0.01% wt/vol) as a washout solution for 15 minutes. 
During this washout process, the blood was not 
found to substantially clear on visual inspection of 
the surface of the brain. The vessels were next per-
fused with 1.5 L of fixative solution, consisting of 
10% (w/v) formalin and 1% (w/v) glutaraldehyde. 
Qualitatively, at the end of the fixation procedure, 
palpation revealed that areas near the perfusate en-
try were found to be stiffer than other areas of the 
brain, suggestive of rapid fixation in those areas. 

Case 2. This procedure was performed with a 
hemibrain specimen from a 66-year-old woman with 
a clinical diagnosis of sepsis who had died of cardiac 
arrest. The PMI was 44 hours. For most of the PMI, 
the brain was stored at refrigerator temperature (4° 
C). The anterior carotid artery and middle cerebral 
artery were cannulated with 19G catheters. With 
this specimen, it was more difficult to cannulate the 
vessels as only partial remnants of the original ves-
sels remained after brain removal. The vessels were 
first perfused with 0.5 L of washout solution at a 
pump speed of 50 RPM, consisting of PBS with man-
nitol (4.5% wt/vol) and sodium nitrite (1% wt/vol). 
Mannitol was employed to assist with opening of 

the blood brain barrier, while sodium nitrite was 
used to assist with vasodilation (Ikeda et al., 2003; 
Palay et al., 1962). During this washout process, the 
apparent clearance of blood from some blood ves-
sels was visualized. The vessels were then perfused 
with about 1 L of fixative, consisting of 10% formalin 
and 1% glutaraldehyde, at a pump speed of 60 RPM. 
Physical stiffening of the hemibrain post perfusion 
was not appreciated, possibly suggesting inade-
quate perfusion in this case, although we did not use 
precise measurements of stiffness. 

Case 3. The perfusion fixation procedure was 
performed with a hemibrain specimen from a 77-
year-old man with a diagnosis of diffuse Lewy body 
disease who had died of pneumonia. The PMI was 
12 hours. Grossly, the blood vessels were assessed 
as having mild atherosclerosis. The middle cerebral 
artery and posterior cerebral artery were cannu-
lated with 19G catheters. To streamline the proce-
dure, washout solution and glutaraldehyde were 
omitted. The vessels were perfused with 2 L of 10% 
(w/v) formalin at a pump speed of 60 RPM for 30-40 
minutes. At the end of the procedure, the anterol-
ateral aspect of the perfused hemibrain had signifi-
cant swelling. The reason for the swelling was un-
clear, but the shorter PMI of the specimen in case 3 
may have led to a lower resistance to perfusate flow 
than in cases 1 and 2, leading to a higher effective 
perfusion pressure, potentially resulting in blood 
brain barrier disruption (Schwarzmaier et al., 2022). 

Case 4. This perfusion fixation procedure was 
performed on a whole brain specimen from a 90+-
year-old woman who was positive for COVID-19 at 
the time of death. The PMI was 24 hours. The blood 
vessels were cannulated with 23G catheters in three 
different ways. No washout solution was perfused. 
We first cannulated the bilateral internal carotid ar-
teries and perfused approximately 250 mL of 10% 
formalin at an initial pump speed of 50 RPM that was 
subsequently raised to 60 RPM. During this process, 
it was possible to visualize blood being removed 
from an artery in the right frontal cortex. The infe-
rior frontal gyrus and inferior temporal gyrus ap-
peared to stiffen. However, there was a concern that 
the bilateral anterior frontal poles were becoming 
slightly edematous, although the gross effects of this 
could not be clearly seen post-perfusion. Addition-
ally, at the beginning of the perfusion, the pressure 
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Table 2. Operational parameters and outcome metrics of brain perfusion fixation 

 

 
* Semicolons denote vessels cannulated separately and sequentially. 
† Volume perfused approximate. 
‡ Flow rate is mediated by pump drive speed. With our circuit, 50 rotations per minute (RPM) corresponds to approximately 38 mL/min 
and 60 RPM to 50 mL/min. 
§ Not available. 
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monitor was at 1.5 PSI (77.6 mmHg), and it increased 
to approximately 2.1 PSI (108.6 mmHg), suggestive 
of a possible blockage or buildup of fluid. As a result, 
the perfusion through the bilateral internal carotid 
arteries was stopped. 

We next cannulated and perfused two other 
blood vessels to assess whether the same swelling 
phenomenon would occur. After dissection to re-
move the cerebellum, it was possible to visualize the 
circle of Willis, which was intact. We cannulated and 
perfused through the anterior cerebral arteries bi-
laterally at a pump speed of 50 RPM. Arteries in the 
right hemisphere temporal cortex were visualized 
being drained of blood. However, there was a con-
cern that the vessels may have become clogged be-
cause an unintentional pressure increase was de-
tected in the pressure sensor. We then switched to 
perfusing through the basilar artery at a pump speed 
of 50 RPM. After a few minutes of perfusion through 
the basilar artery, the fixative appeared to be accu-
mulating near the circle of Willis rather than pene-
trating through the blood vessels into the deeper 
parts of the brain, so this perfusion was stopped. 
Leakage from the superior cerebellar arteries, which 

are severed upon removal of the cerebellum, may 
have contributed to the observed accumulation of 
fixative around the circle of Willis. 

For injection of fixative, we suspended the 
whole brain by tying a string around the circle of Wil-
lis and placing the specimen into a container filled 
with formalin. To access the third ventricle, we di-
rectly inserted a syringe through the floor of the 
third ventricle at the posterior aspect of the tuber 
cinereum and injected 25 mL of 10% formalin. We 
then inserted a syringe into the cerebral aqueduct 
and injected 25 mL of 10% formalin there. The brain 
was then placed on a rocker at refrigerator temper-
ature for postfixation. The gross anatomic condition 
of this brain shows that the brain grossly appears 
more pale, suggestive of less remaining blood in ves-
sels, over the course of the preservation process 
(Figure 2). 

Case 5. The perfusion fixation procedure was 
performed on a whole brain specimen from a 64-
year-old woman with a clinical diagnosis of meta-
static adenocarcinoma. The PMI was 7 hours. The 
blood vessels were cannulated with 19G catheters in 

 

 

Figure 2. Serial gross images of a donated human brain during ex-situ perfusion 

The gross anatomic condition of the brain (case 4) is shown via a high-resolution photograph after extraction from the skull but prior to 
perfusion (A), following perfusion fixation and further dissection of the circle of Willis but prior to immersion fixation (B), and following 
both perfusion fixation and post-perfusion immersion fixation (C). Note that the cerebellum has been removed from the brain specimen 
between steps (A) and (B). Additionally, the frontal pole has been removed at step (C).

https://doi.org/10.17879/freeneuropathology-2022-4368


Free Neuropathology 3:22 (2022) McKenzie et al 
doi: https://doi.org/10.17879/freeneuropathology-2022-4368 page 9 of 15 
 
 

 

three different ways. We first cannulated the bilat-
eral middle cerebral arteries, then we cannulated 
one of the anterior cerebral arteries, and then we 
cannulated one of the vertebral arteries leading into 
the basilar artery. After each of these vessel cannu-
lations, we perfused 10% formalin for 5-10 minutes, 
with no washout solution. The posterior communi-
cating arteries were small and there was no evi-
dence of intact collateral circulation through the cir-
cle of Willis. 

When perfusing through each of the blood ves-
sels systems in this case, there was clearing of blood 

appreciated in the proximal areas of the tissue next 
to the cannulated blood vessel. Manual palpation 
revealed stiffening of areas of brain tissue distal to 
the cannulated vessels. The pressure monitoring 
showed a range of 1.5 PSI (77.6 mmHg) to 2 PSI 
(103.4 mmHg) when perfusing through two blood 
vessels. Higher pressures were found, even up to 3 
PSI (155.1 mmHg), when perfusing through just one 
blood vessel. At one point, we also noticed an air 
bubble to be present in the perfusion tubing, alt-
hough it is unclear what impact this had on the per-
fusion quality. 

 

 

 

Figure 3. Routinely histology stainings of tissue sections from perfused brains 

Representative histology sections were luxol fast blue, hematoxylin and eosin (LH&E)-stained in case 1 (A-C) or hematoxylin and eosin 
(H&E)-stained from case 2 (D), case 3 (E), case 4 (F-G), and case 5 (H-I). Sections were derived from the striatum (A-B), corpus callosum 
(C), temporal cortex (D), white matter of the temporal pole (E), substantia nigra (F), hippocampus – dentate gyrus (G), mid-frontal cortex 
(H), and striatum (I). Tissue morphology shows expected findings, suggesting that the perfusion process did not adversely affect tissue 
morphology. Red blood cells were observed in some vessels, indicating absence of complete perfusion. All scale bars 100 μm except for 
sub-figures D (1000 μm), G (50 μm), and H (200 μm). 
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After perfusion, we used a syringe to perform 
injection fixation of the brain. Fixative was intro-
duced into the third ventricle, the fourth ventricle 
via a superior approach through the anterior corpus 
callosum, and each of the lateral ventricles after sec-
tioning through the midbrain and cerebellum. For 
each injection, we used 25-50 mL of 10% formalin. 
We infer that the injection was made into the ven-
tricles rather than into the brain parenchyma be-
cause a partial flow of fluid could be seen coming out 
of the perforation in the third ventricle during injec-
tion of fixative into the lateral ventricles. Addition-
ally, there was no evidence upon sectioning that the 
striatum was disrupted, as might have been ex-
pected from parenchymal injection. However, be-
cause we could not directly visualize the injection 
into the ventricles, we cannot completely exclude 
that some of the fixative may have directly entered 
the brain parenchyma. 

Histology and neuroimaging data 

Histology data from the perfused brains 
showed that the expected tissue morphology and 
cell shape were present, which was similar to typical 
findings from immersion-fixed brains (Figure 3). 
There were no clear alterations due to the edema 
observed in the perfused brains. 

To assess the distribution of single RNA mole-
cules we performed RNA in situ hybridization analy-

sis in one of the perfused brains (Figure 4). Specifi-
cally, we utilized the RNAScope in situ hybridization 
(ISH) assay, which is a commercial RNA ISH technol-
ogy that detects individual mRNA molecules on a 
single-cell level, in the superior frontal region of case 
5 (Wang et al., 2012). We observed a strong and ro-
bust ubiquitin C signal in all cell types including neu-
rons, glia and blood vessels, suggesting that mRNA 
species can be detected in perfused brains (Figure 
4), as expected from previous results using the 
RNAscope in immersion-fixed human brain tissue 
(Baleriola et al., 2014). 

We also performed ex vivo MRI scans following 
perfusion of the two whole brains. While pure im-
mersion-based diffusion of formalin has the poten-
tial to create an artifact on ex vivo MRI scans corre-
sponding to the fixation front, in the MRI scans of 
perfusion-fixed brains there were no prominent rim 
artifacts (i.e. variations in signal intensity in superfi-
cial versus deep regions) related to inhomogeneous 
fixation (Nazemorroaya et al., 2022). However, the 
perfused brains contained numerous small hy-
pointensities seen on multi-echo gradient-echo with 
root-sum-of-squares echo recombination images, 
which are not present in comparative immersion-
fixed brains scanned with the same protocol (Figure 
5). These hypointensities are consistent with suscep-
tibility-induced signal loss due to small air bubbles 
distributed in the vasculature. Therefore, one of the 

 

 

Figure 4. Robust detection of Ubiquitin C RNA by in situ hybridization in a perfusion-fixed brain 

Representative low (A) and high (B) magnification images of the RNAScope assay in the superior frontal region of case five. Strong and 
robust signal of ubiquitin C mRNA is detected in all cell types including neurons (black arrow), glia (black arrowhead), and blood vessels 
(red arrow). Scale bars 1 mm (A) and 50 µm (B). 
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Figure 5. Perfusion-fixed brains contain numerous small hypointensities on MRI scans 

Multi-echo gradient-echo with root-sum-of-squares echo recombination images of a comparison immersion-fixed brain (A) as well as two 
perfusion-fixed whole brains: case 4 (B) and case 5 (C). Numerous small hypointensities are visualized in the two perfusion-fixed brains 
but not in the immersion-fixed brain imaged with the same protocol. 

 

 

potential downsides of the current perfusion proto-
col may be the inadvertent introduction of air bub-
bles into the tissue. These hypointensities are less 
likely to be related to perivascular spaces, which typ-
ically appear as hyperintensities on these MRI con-
trasts. However, the effect of these small hypointen-
sities on histological features is uncertain and we 
have not detected any parenchymal air bubble arti-
facts in the preliminary histology data reviewed so 
far. 

Discussion 

In its simplest form, perfusion fixation can be 
thought of as an extension of immersion fixation, ex-
cept that fixative solution extravasates from the 
blood vessels rather than penetrates from outside 
brain surfaces. This thereby increases the surface 
area by which fixatives can penetrate the tissue by 
orders of magnitude and homogenizes its distribu-
tion. However, introducing additional variables 
causes other potential alterations to the perfused 
brains that might contribute to artifacts or batch ef-
fects in comparison to immersion-fixed brains. Glu-
taraldehyde, for instance, is not typically used in 
brain banking and there was a theoretical concern 
that it might affect the results of downstream immu-
nolabelling assays, introducing the risk of batch ef-
fect (Mrini et al., 1995). For this reason, we removed 
glutaraldehyde from the fixative solution. In further 
cases, we also removed the washout solution from 
the protocol. Because formaldehyde takes a signifi-
cant time to fix tissue, it is unclear if a washout pro-
cess is necessary to prevent fixation of debris within 

blood vessels when perfusing with formaldehyde, 
while using a washout solution adds to procedural 
complexity and creates a possible batch effect. In 
our view, the value of perfusing washout solution 
prior to perfusing fixative remains an open question, 
with both potential upsides and downsides (McFad-
den et al., 2019; Tao-Cheng et al., 2007). 

A limitation of this technical report is that the 
recorded outcome metrics were largely qualitative. 
Because edema was often seen and red blood cells 
were observed in some vessels, we expect that per-
fusion fixation was incomplete. However, no quanti-
tative analysis has been performed to determine 
whether there is a change in autolytic artifacts, 
blood vessel shape, or other histologic features in 
the perfused brains compared to brains preserved 
with the standard immersion protocol (Frigon et al., 
2022). As a result, we were unable to quantify the 
extent of partial perfusion fixation. In future studies, 
both operational and histologic perfusion fixation 
quality outcome metrics should be measured more 
quantitatively. For example, the use of an indenta-
tion device that measures both force and displace-
ment could precisely measure tissue stiffness (Elkin 
et al., 2011). Additionally, the use of video monitor-
ing during the perfusion fixation procedure could 
help to precisely record and quantify any changes in 
brain pigmentation or volume. More rigorous out-
come metrics would also help to monitor and make 
any adjustments necessary during the procedure 
and to optimize the procedure for future cases. 

One major challenge in ex situ brain perfusion 
is the presence of air bubbles. Consistent with this, 
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MRI images from our perfusion-fixed brains showed 
hypointensities that may correspond to small air 
bubbles generated or distributed in the vasculature 
during the perfusion procedure. Because air bubbles 
will accumulate in sulci, ventricles, and blood vessels 
as soon as the brain is extracted from the skull, it is 
an immense challenge to completely avoid air bub-
bles during ex situ perfusion fixation (Bolliger et al., 
2018). Air bubbles can also form in the perfusion cir-
cuit, which may introduce an unnecessary impedi-
ment to perfusion flow. When air bubbles are pre-
sent in blood vessels, they can theoretically obstruct 
the flow of fixative. For future iterations of the pro-
cedure, we are currently working on a strategy using 
drip chambers in the perfusion circuit to decrease 
the potential for air bubbles to be perfused into the 
blood vessels. Keeping the tubing of the perfusion 
circle at a vertical angle may also help bubbles to rise 
to the top rather than continuing through the perfu-
sion circuit. 

When a catheter is placed into a blood vessel 
for cannulation, there is a need to secure it in place, 
or it will move due to the perfusate flow. Here, we 
employed hemostats to secure the catheters. With 
this approach, the length of vessel required for can-
nulation is limited by the diameter of the hemostat. 
With the use of our mosquito hemostats, approxi-
mately 1 cm of blood vessel is required to ade-
quately secure the cannula. The presence of athero-
sclerosis did not appear to affect the ability to seal 
the cannulated vessels. However, hemostats are un-
wieldy and can obstruct the field of vision. An alter-
native approach is to use surgical sutures; however, 
this requires significant skill and takes more time. 
We are currently evaluating alternative approaches 
to address the problem of securing catheters in the 
blood vessels. It is also important to note the neces-
sity of clamping arteries that are downstream of the 
cannulated artery and that are not wished to be per-
fused. The failure to clamp severed superior cerebel-
lar arteries may have contributed to the fixative ac-
cumulation that occurred during perfusion through 
the basilar artery in case 4. 

The two main methods for driving fluid in per-
fusion fixation are gravity-based systems and peri-
staltic pumps. With gravity, a constant pressure is 
provided with variable flow rate, whereas with a 
peristaltic pump, a consistent oscillating flow rate is 

provided irrespective of resistance (Scouten et al., 
2006). By monitoring the in-line pressure in our per-
istaltic pump-based perfusion circuit, we can detect 
whether there is a build-up of resistance to flow, as 
indicated by an increase in pressure. For a given can-
nula size, it is possible to control the pressure by var-
ying the pump speed. Therefore, if a pressure build-
up is detected, we can either decrease the pump 
speed and/or cannulate other arteries (Schwarz-
maier et al., 2022; Scouten et al., 2006). Because the 
perfusion circuit will have a higher resistance when 
perfusing through one blood vessel as opposed to 
multiple, lower flow rates may need to be used 
when perfusing through only one vessel, to avoid 
raising the perfusion pressure to excessive values, as 
was seen in case 5. 

The ideal pressure value for perfusion fixation, 
or even the one that best simulates brain-specific 
physiologic perfusion pressure, is unclear. At lower 
perfusion pressures, the perfusion may be incom-
plete and hence fail to sufficiently extravasate into 
the tissue; while at higher perfusion pressures, the 
blood brain barrier could be disrupted or blood ves-
sels could rupture (Saliani et al., 2017; Schwarzmaier 
et al., 2022). Currently, we target an in-line perfu-
sion pressure in the range of 70-100 mm Hg based 
on theoretical expectations. Further investigation is 
necessary to query the optimal perfusion pressure 
for the ex situ human brain. We speculate that the 
tissue swelling that we sometimes detected may 
have resulted from an overly high perfusion pres-
sure (Schwarzmaier et al., 2022). If tissue swelling is 
detected, suggesting increased resistance to flow, 
then an alternative approach may be to decrease 
the perfusion pressure and to perfuse for a longer 
period of time. 

Related to perfusion pressure is the issue of 
postmortem interval. The postmortem intervals in 
our sample varied considerably, from 7 hours to 52 
hours, which likely contributed to differences in tis-
sue or blood vessel integrity between cases. We hy-
pothesize that factors contributing to resistance to 
flow are likely to accumulate in brains that have un-
dergone a more severe agonal state or longer post-
mortem interval prior to the procedure. In those 
cases, a higher perfusion pressure may be necessary 
to achieve sufficient perfusate flow throughout the 
brain. Determining the optimal perfusion pressure 
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range in brain banking and identifying ways to mod-
ify the perfusion pressure during the procedure are 
important areas for further research. 

In addition to uncertainties regarding perfusion 
pressure, the duration of perfusion fixation to pro-
vide adequate tissue fixation is also unclear. In ro-
dent studies, as few as 5 minutes of perfusion fixa-
tion at optimal pressure has been found to be suffi-
cient for proper tissue preservation (Schwarzmaier 
et al., 2022). In brain banking studies, however, re-
ported times of perfusion fixation have varied 
widely, from 5 minutes to 2 hours, with 15-30 
minutes being a commonly reported time range 
(McFadden et al., 2019). Because of the potential for 
inadequate perfusate flow in human brains, meth-
ods that allow for precise monitoring during the per-
fusion procedure, such as ultrasound or MRI, may 
help investigators to tailor the perfusion time for 
each brain, albeit at higher cost (Vrselja et al., 2019). 
Taken together, the amount of time required for ad-
equate perfusion fixation and postfixation in brain 
banking that preserves tissue morphology while 
minimizing alterations of antigenicity is an im-
portant open research question. 

Conclusion 

In our standard immersion fixation protocol, 
the whole brain or hemibrain is immersed in forma-
lin for two to four weeks prior to further sectioning 
and storage procedures. Based on previous data and 
biophysical principles, there are theoretical reasons 
to expect that preservation using the perfusion fixa-
tion protocol may yield improved histology quality 
(McFadden et al., 2019). However, we do not have 
any systematic outcome data comparing our perfu-
sion procedure to an immersion procedure. We also 
encountered several challenges in implementing the 
perfusion fixation procedure, including the intermit-
tent occurrence of tissue swelling and the potential 
for introducing air bubbles into the vasculature. The 
added value to preservation quality using a perfu-
sion fixation approach may depend in part on the ag-
onal phase and the postmortem interval, during 
which thrombi may accumulate and blood vessels 
undergo autolysis, thereby restricting perfusate 
flow (Hansma et al., 2015). Further research and de-
velopment are needed to improve the rigor and re-
producibility of perfusion fixation methods and to 

assess the value of the procedure in improving 
preservation quality. 
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