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Abstract

The aim of this literature review is to present a summary of the published literature relating the details of the different
modifications of specimen preparation for white matter dissection with the Klingler technique. For this review, 3 independ-
ent investigators performed an electronic literature search that was carried out in the Pubmed, Scopus and Web of Science
databses up to December 2019. Furthermore, we performed citation tracking for the articles missed in the initial search.
Studies were eligible for inclusion when they reported details of at least the first 2 main steps of Klingler’s technique: fixation
and freezing. A total of 37 full-text articles were included in the analysis. We included original anatomical studies in which
human white matter dissection was performed for study purposes. The main three steps of preparation are the same in each
laboratory, but the details of each vary between studies. Ten percent formalin is the most commonly used (34 studies) solu-
tion for fixation. The freezing time varied between 8 h and a month, and the temperature varied from — 5 to — 80 °C. After
thawing and during dissections, the specimens were most often kept in formalin solution (13), and the concentration varied
from 4 to 10%. Klingler’s preparation technique involves three main steps: fixation, freezing and thawing. Even though the
details of the technique are different in most of the studies, all provide subjectively good quality specimens for anatomical
dissections and studies.

Keywords Anatomy - White matter - Fiber microdissection - Klingler technique - Tractography

Introduction

The white matter of the brain is composed of myelinated
nerve axons. These axons, when sharing a common origin
and destination, form compact structures such as white mat-
ter fascicules or tracts. The orientation of axons within the
brain can be traced noninvasively through diffusion MRI
(dMRI). This technique provides the possibility to study the
anatomy of white matter and connections between differ-
ent cortical regions. Specific fascicules can be isolated from
the whole brain based on the anatomical knowledge that
comes from classical anatomical white matter dissections.
The identification of potentially new tracts based on dMRI
findings has also been proven with anatomical dissection.
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The most common anatomical white matter dissection tech-
niques, currently, are modifications of the initial technique
described by (Klingler 1935). According to the initial tech-
nical note, the preparation method consists of a systematic
approach including three main steps. In the first step, the
brain is removed from the body and fixed; in the second
step, one specimen is frozen; and in the third step, the speci-
men is thawed and, finally, white matter tracts are dissected.
Klingler performed his dissections mainly with homemade
wooden spatulas without any magnification. It is possible
to dissect the main white matter tracts within the cerebral
hemisphere with the naked eye, but for smaller tracts, such
as those within the brain stem, microscopes and microsurgi-
cal tools are of great importance.

When following the methods section of manuscripts
that include white matter dissection, most authors state that
their technique is following Klingler’s original technique
(Capilla-Guasch et al. 2019; De Benedictis et al. 2014; Di
Carlo et al. 2019; Dini et al. 2013; Fernandez-Miranda et al.
2008; Flores-Justa et al. 2019; Gungor et al. 2018; Martino
et al. 2010; Peltier et al. 2006; Peuskens et al. 2004; Serra
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et al. 2017; Shah et al. 2012; Vergani et al. 2014; Verhae-
ghe et al. 2018; Wang et al. 2013; Wu et al. 2016a), or that
their own modification (Burks et al. 2017; de Castro et al.
2005; Goryainov et al. 2017; Latini et al. 2015; Rigoard
et al. 2011, Silva and Andrade 2016; Sincoff et al. 2004)
of the Klingler’s technique is applied. This may be confus-
ing for those who want to start their own dissections. Most
commonly, the three main steps are the same in each labora-
tory, but the details of each vary between studies, sometimes
significantly. The aim of this manuscript is to present our
technique and review data about different techniques, which
we hope will give readers a chance to choose the technique
that best suits their needs.

Methods

We conducted a literature review regarding the published
literature relating the details of the different modifications
of specimen preparation for white matter dissection with the
Klingler technique. Ethics committee approval was obtained
for the part of the study that presents the technique used in
our laboratory. The approval number, AKBE/126/2019, was
obtained from the Bioethics Committee of our University.

Literature study

Three independent investigators performed an electronic
literature search that was carried out in the Pubmed, Sco-
pus and Web of Science databases up to December 2019.
We used a [(Klingler) AND (Technique)] OR (White mat-
ter dissection) combination of keyword categories. Further-
more, we performed citation tracking for the articles missed
through the initial search. The validity of the studies was
assessed by the 3 investigators, and a consensus between
them was used to resolve any disagreement. The database
search identified 108 articles, and another 12 were found
via citation tracking. Therefore, 120 full-text manuscripts
were included in the final evaluation (Table 1). The methods
sections of these 120 manuscripts were reviewed, and 37
articles eligible for inclusion in the study were identified
(Table 2).

Study selection

We included original anatomical studies in which human
white matter dissection was performed for research pur-
poses. Studies were eligible for inclusion when they reported
details of at least the first 2 main steps of Klingler’s tech-
nique: fixation and freezing. We limited our review to stud-
ies published in English. When multiple publications from
the same laboratory were available and the same technique

@ Springer

was described, we used the initial manuscript as a reference
describing the technique in this review.

Data extraction

Using a standardized data extraction form, 3 investigators
independently extracted the following aspects from the
studies included in the review: the number of hemispheres
used for the study, type of fixing fluid, concentration of the
solution used for fixation, time of fixation, temperature and
duration of freezing, and the thawing technique. Additional
data about the technique used to avoid brain disfigurement,
the type of fluid and its concentration used between dissec-
tions, and the magnification technique and type of instru-
ments used for dissection were also extracted from the stud-
ies. From all papers dealing with this topic, other features
and exceptions from the main technique were also presented
in the discussion.

Our technique

The brain is removed from the body on the next working
day, except weekends where delay make take up to 72 h.
The brain is placed within a container filled with 4% for-
malin and gauze to protect it from deformation during the
fixation process (Fig. 1a). The brain is kept in this solu-
tion for at least 4 weeks. After washing out the formalin,
the arachnoid and vessels are removed (Fig. 1b, c¢). The dry
brain is placed on the support inside the freezer with the
temperature set at — 15 °C and kept there for two weeks
(Fig. 1d). For thawing, the specimen is placed in a container
with 4% formalin solution at room temperature. Dissection is
performed mainly with microsurgical instruments and under
microsurgical microscope magnification (Fig. le-h). Two-
and three-dimensional picture documentation is performed
with a digital camera.

Results

Details of the technique, including fixation, freezing and
thawing, are described in detail in Table 2, which summa-
rizes our results (Baran et al. 2019; Bozkurt et al. 2017;
Burks et al. 2017; Capilla-Guasch et al. 2019; Costa et al.
2018; De Benedictis et al. 2014; de Castro et al. 2005; Di
Carlo et al. 2019; Dini et al. 2013; Fernandez-Miranda et al.
2008; Flores-Justa et al. 2019; Goryainov et al. 2017; Gun-
gor et al. 2018; Ludwig and Klingler 1956; Kadri et al. 2017,
Koutsarnakis et al. 2015; Latini 2015; Latini et al. 2015;
Mandonnet et al. 2017; Martino et al. 2010; Panesar et al.
2019; Pescatori et al. 2017; Peuskens et al. 2004; Rigoard
et al. 2011; Sarubbo et al. 2016; Serra et al. 2017; Shah et al.
2012; Silva and Andrade 2016; Silva et al. 2017; Sincoff
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«Fig. 1 The preparation technique used in our laboratory. a The brain
is placed within a container filled with 4% formalin and gauze to pre-
vent deformation during the fixation process. b, ¢ After washing out
the formalin, the arachnoid and vessels are removed. d The dry brain
is placed on the support inside the freezer with the temperature set at
— 15 °C and kept there, usually, for 2 weeks. e-h Dissection is per-
formed mainly with microsurgical instruments and under microsurgi-
cal microscope magnification

et al. 2004; Ture et al. 2000; Vergani et al. 2014; Verhaeghe
et al. 2018; Wang et al. 2013; Wu et al. 2016a, b; Yakar
et al. 2018).

Fixation

In 6 out of 37 manuscripts, the authors mentioned the time
between death, brain removal from the skull and initiation
of the fixation process. The authors advised performing
this process within the first 12 h in 4 manuscripts, within
8 hin 1 manuscript and in less than 18 h in 1 manuscript.
For fixation, specimens were placed in formalin solution
in all reviewed manuscripts, but the concentration of solu-
tion varied between the studies. Ten percent formalin solu-
tion was the most commonly used (34 studies). In 1 study,
the concentration was higher and varied between 10 and
15% without mentioning a specific value. In 2 described
techniques, the concentration of the solution was lower than
10% with values of 4-5%. The time of fixation varied from
24 h to 3 months. In 2 manuscripts, formalin solution was
exchanged during the fixation process after the first 24 h and
after 2 weeks. Most of the studies agreed that longer fixation
is beneficial rather than harmful. To avoid brain deform-
ity during the fixation process, the brain can be placed on
gauze within the formalin solution and float freely (2 manu-
scripts), or the same effect can be achieved by placing a
ligature on the basilar artery and using it to suspend the
brain on wooden sticks placed at the top of the container (6
manuscripts). For anatomical studies, the authors used 2—60
hemispheres, with an average of 15 hemispheres per study.

Freezing

In 17 manuscripts, an additional process of washing out
formalin was mentioned between the fixation and freezing
steps. It was performed with still or running water. This pro-
cess takes from “several hours” up to 2 days. Twenty of 28
manuscripts reported that the arachnoid and vessels were
removed before the freezing process had begun. In 7 of the
remaining 8 manuscripts, it was done after freezing and in 1
manuscript, this process was performed between freezing-
defreezing episodes. Multiple episodes (from 2 up to 5) of
freezing-defreezing were performed as a standard procedure
in 3 laboratories. The freezing time varied between 8 h and

1 month. The temperature at which the brain was preserved
varied from — 5 to — 80 °C.

Thawing and dissection

Thawing can be completed at room temperature on a tray or
the specimen can be placed under running or in still water.
After thawing and during dissections, the specimen was kept
in formalin (13 manuscripts) or alcohol solution (4 manu-
scripts). The formalin solution concentration varied from
4 to 10%. In 1 manuscript, the authors stated that the con-
centration was lower than that used for fixation, which was
10%. In 9 manuscripts, it was lower than 10%. The alcohol
solution concentration varied between 70% (2 manuscripts)
and 96% (1 manuscript); in 1 manuscript, the author did not
mention the concentration of the solution. In 1 manuscript,
researchers used both alcohol and formalin but did not men-
tion if there was any subjective difference between these
two solutions. In 26 papers, it was mentioned that opera-
tive microscopy was beneficial for dissections. In another 2
manuscripts, the authors found the use of loops to be helpful.
Thirty-one authors reported the tools that they used for dis-
section. Eleven used purely homemade wooden spatulas of
different sizes, 11 used microsurgical instruments in addition
to wooden spatulas, and the rest (9) used purely microsurgi-
cal dissectors.

Discussion

White matter dissection was found to be useful not only for
anatomical studies but also for simulating neurosurgical
approaches to deep-seated intraaxial lesions (Mandonnet
et al. 2017). The most commonly adopted brain preparation
technique is one described by Klingler in his two manu-
scripts (Ludwig and Klingler 1956; Klingler and Gloor
1960).

In the first step of the preparation, the brain has to be
removed from the skull, but some authors found it useful for
anatomical studies to preserve the whole head (Baran et al.
2019; Bozkurt et al. 2017). This allows us to perfuse the
cadaver vasculature with a silicon solution to better visualize
brain arteries and veins. This also provides an opportunity
to study the relationship between craniometric points and
cortical and subcortical anatomical points. According to
Klingler’s initial description, the brain should be removed
from the body within 12 h of death. In 5 manuscripts that
were chosen for review, the authors mentioned this step,
and the time varied from less than 8—18 h (Di Carlo et al.
2019; Goryainov et al. 2017; Peltier et al. 2006; Rigoard
et al. 2011; Ture et al. 2000). The rest of the authors did
not mention this part of the preparation, which, as in our
case, can be limited due to logistics issues. This part may
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not be very important as, according to Klingler, the blood
content inside the brain is of greater importance than the
time between death and removing the brain from the body.
Greater amounts of blood inside the skull provide better
differentiation between gray and white matter. This can be
achieved by placing the head as the lowest point of the body.
In none of the reviewed manuscript did the authors mention
the importance of proper head positioning before removal
of the brain from the skull. With standard techniques that
are used during pathomorphological sections, it is easy
to damage the lateral surface of the brain (Fig. 1b—d) (de
Castro et al. 2005). Silva et al. mentioned the importance
of careful removal of the calvaria and described in detail
their technique to avoid damage to the underlying dura and
the brain (Silva and Andrade 2016). Some authors prefer to
start fixation before the brain is removed from the skull, and
this is performed with formalin solution, which is injected
intraarterially (Latini et al. 2015) (Silva and Andrade 2016;
Silva et al. 2017), (Flores-Justa et al. 2019).

Klingler suggested that the brain should be suspended in
fixing fluid, which is 5% formalin solution. All authors use
formalin for fixation, but various solution concentrations are
reported and vary from 4 to 15% (Sincoff et al. 2004; Wu
et al. 2016b). Klingler used a concentration of 5% because
he believed that a higher concentration of 10%, which is
currently the most commonly used concentration, carries the
risk of fixing the superficial parts of the hemisphere, yet the
penetration of formalin at the 5% concentration to the deeper
parts would not be sufficient. This may make the dissection
more difficult, often unsatisfactory, and in some cases, even
impossible to perform.

When the brain is removed from the body, it has a jelly-
like consistency and is vulnerable to deformation. To pre-
serve its shape during fixation, a wooden stick is placed at
the top of the container, and the brain is suspended on a
ligature placed on the basilar artery, which allows the brain
to float freely in formalin solution (Costa et al. 2018; de
Castro et al. 2005; Ludwig and Klingler 1956; Kadri et al.
2017, Silva and Andrade 2016; Ture et al. 2000). Other
groups achieve the same effect by placing gauze inside the
container, enabling free floating, so that the brain does not
touch the sides of the container (Goryainov et al. 2017;
Peuskens et al. 2004) (Fig. 1a). In the original description
and in 2 other studies, the authors recommend exchang-
ing the formalin solution after 24 h and 2 weeks (de Castro
et al. 2005; Silva and Andrade 2016). The aim of this part
of the preparation was not clarified in the reviewed studies.
In total, the fixation process takes 4 weeks, but a longer
period is beneficial according to Klingler and most authors
(Ludwig and Klingler 1956). In the second manuscript about
this technique, Klingler changed his technique and advo-
cated that the brain should be kept in formalin solution for
at least 2-3 months (Klingler and Gloor 1960). The reason

@ Springer

he changed his practice was not mentioned. According to our
review, satisfactory fixation can be achieved even after 24 h,
but this may have a negative impact on the quality of the
specimen and the ease of dissection (Rigoard et al. 2011).
Before the second step begins, Klingler recommended
washing out the formalin from the brain under running
water, which should take “several hours” (Kadri et al. 2017,
Koutsarnakis et al. 2015; Silva and Andrade 2016; Ture et al.
2000; Wu et al. 2016a). The aim of this step is to remove the
formalin solution, which is irritating to the observer during
the next step, which includes removing the arachnoid and
vessels (Baran et al. 2019; Capilla-Guasch et al. 2019; Costa
et al. 2018; Di Carlo et al. 2019; Goryainov et al. 2017,
Kadri et al. 2017; Koutsarnakis et al. 2015; Latini 2015;
Latini et al. 2015; Martino et al. 2010; Panesar et al. 2019;
Pescatori et al. 2017; Serra et al. 2017; Silva and Andrade
2016; Silva et al. 2017; Vergani et al. 2014; Wu et al. 2016a,
b). Most authors removed the arachnoid before freezing
except for a few who did it after this process is done or
between episodes (Burks et al. 2017; De Benedictis et al.
2014; Gungor et al. 2018; Peuskens et al. 2004; Rigoard
et al. 2011; Sarubbo et al. 2016; Shah et al. 2012; Sincoff
et al. 2004). Adequately washing out formalin can be satis-
factorily achieved with the brain placed in a container of still
water (de Castro et al. 2005). In the next step, the brain is
placed on a flat tray in a freezer for 8 days at a temperature
of — 8 to — 10 °C. According to Klingler’s second manu-
script, the temperature should be set between — 10° and
— 15°, although the author did not define a specific tempera-
ture value. Lowering the temperature was combined with
extending the freezing time for 2 days, which extended the
overall freezing time from 8 to 10 days (Klingler and Gloor
1960). Some authors suggest that the freezing process can
be performed when the brain is still in formalin, water or the
alcohol solution (de Castro et al. 2005), (Goryainov et al.
2017). In the reviewed manuscripts, the temperature for the
freezing step varied from — 5° to — 80° (Costa et al. 2018;
Sarubbo et al. 2016). The time of freezing varied from 8 h to
8 weeks and did not correlate with the temperature. The aim
of freezing is to spread myelinated nerve fibers apart, as the
water solution increases 10% in volume with the formation
of ice crystals. The crystals are placed between myelinated
fibers as formalin solution does not penetrate the myelin
sheath. This concept was proven recently with observations
based on electron microscopy (Zemmoura et al. 2016). In 3
laboratories, the freezing—thawing technique is used, which
is believed to provide better penetration of formalin solution
between myelinated fibers (de Castro et al. 2005; Rigoard
et al. 2011; Sincoff et al. 2004). After that time, the brain is
thawed under running water (Bozkurt et al. 2017; de Cas-
tro et al. 2005; Gungor et al. 2018; Ludwig and Klingler
1956; Martino et al. 2010; Peuskens et al. 2004; Silva and
Andrade 2016; Silva et al. 2017) or still water (Dini et al.
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2013; Klingler and Gloor 1960; Serra et al. 2017; Shah et al.
2012; Ture et al. 2000) or is placed within formalin solu-
tion. This ends the preparation and makes the brain ready
for dissection.

According to the initial description, the brain can be
kept in 5% formalin solution, but for overnight or longer
periods, the specimen should be kept in 2% solution. To
minimize the unpleasant formalin odor, the brain in most
of the manuscripts is kept in solution with lower formalin
concentrations than those used for fixation (Capilla-Guasch
et al. 2019; Costa et al. 2018) or in alcohol (Baran et al.
2019; Goryainov et al. 2017; Gungor et al. 2018; Peuskens
et al. 2004). Some authors recommend re-freezing for a short
period, such as 12 h, when there has to be a longer period
without dissection (Goryainov et al. 2017; Ture et al. 2000).
Refreezing is also useful for obtaining better definition when
a dissection reaches deeper layers of white matter (Sarubbo
et al. 2016).

Instruments initially used for dissection were Swiss
watchmaker forceps and wooden spatulas, which are
2-4 mm wide, while metal spatulas were not recommended
(Ludwig and Klingler 1956; Klingler and Gloor 1960). Most
laboratories currently use wooden spatulas (Capilla-Guasch
et al. 2019; Costa et al. 2018; De Benedictis et al. 2014; de
Castro et al. 2005; Di Carlo et al. 2019; Dini et al. 2013;
Flores-Justa et al. 2019; Latini et al. 2015; Panesar et al.
2019; Pescatori et al. 2017; Sarubbo et al. 2016; Serra et al.
2017; Shah et al. 2012; Silva and Andrade 2016; Sincoff
et al. 2004; Ture et al. 2000; Vergani et al. 2014), but micro-
surgical metallic instruments (Capilla-Guasch et al. 2019;
Costa et al. 2018; de Castro et al. 2005; Flores-Justa et al.
2019; Gungor et al. 2018; Koutsarnakis et al. 2015; Latini
2015; Latini et al. 2015; Martino et al. 2010; Peltier et al.
2006; Peuskens et al. 2004; Serra et al. 2017; Silva and
Andrade 2016; Vergani et al. 2014; Wang et al. 2013; Wu
et al. 2016b) have also been found to be useful for precise
dissections. For a delicate dissection of low volume tracts,
Klingler used snipe feathers, wet hair pencils or wet pieces
of cotton wool (Klingler and Gloor 1960).

Most dissections are performed with the unaided eye,
which is sufficient when the main cerebral tracts are dis-
sected. For a better visualization of loops(Latini 2015; Mar-
tino et al. 2010), a microsurgical microscope can provide
higher magnification and illumination (Baran et al. 2019;
Bozkurt et al. 2017; de Castro et al. 2005; Fernandez-
Miranda et al. 2008; Flores-Justa et al. 2019; Gungor et al.
2018; Koutsarnakis et al. 2015; Latini et al. 2015; Peltier
et al. 2006; Peuskens et al. 2004; Rigoard et al. 2011; Serra
et al. 2017; Shah et al. 2012; Ture et al. 2000; Verhaeghe
et al. 2018; Wang et al. 2013; Wu et al. 20164, b). In the
third step, dissection starts with the removal of the whole
hemisphere cortex to expose “U” fibers (Peuskens et al.
2004). This technique can later be confusing due to the loss

of cortical anatomical landmarks. Therefore, Martino et al.
recently presented a new technique in which the superficial
cerebral cortex is preserved and dissection starts at the depth
of the sulcus (Martino et al. 2011).

To document the results of dissection, Klingler used an
analog camera with four-lamp illumination. Recently, this
process has been performed with digital cameras that can
potentially improve the quality of images with software
dedicated for postprocessing (Bozkurt et al. 2017; Capilla-
Guasch et al. 2019; Flores-Justa et al. 2019; Gungor et al.
2018; Kadri et al. 2017; Latini 2015; Martino et al. 2010;
Pescatori et al. 2017; Sarubbo et al. 2016; Shah et al. 2012;
Vergani et al. 2014; Wu et al. 2016b). Some authors believe
that only photographs without any postprocessing are able to
present realistic dissection results (Koutsarnakis et al. 2015).
The same authors also suggest that taking pictures without
the flash may be superficial in terms of fiber tract delinea-
tion (Koutsarnakis et al. 2015). Two- or three-dimensional
pictures can be taken (Baran et al. 2019; Bozkurt et al. 2017;
Capilla-Guasch et al. 2019).

According to our review, some authors changed their
preparation technique, but there is lack of information
regarding what made them do so and if there was any benefit
from a dissection quality point of view (Silva and Andrade
2016; Silva et al. 2017).

For the main white matter tracts high replicability of Klin-
gler methods is observed between the studies. Despite dif-
ferent techniques, the main tracts are easily identifiable, but
the ease of dissection is objectively difficult to be assessed.
Despite the same anatomical localization of the tracts dif-
ferent definitions across publications lead to the differences
in the terminology. Anatomical background about white
matter anatomy before performing dissection is mandatory.
For better anatomical orientation, it is possible to perform
dissections with the aid of MRI-based neuronavigation and
custom-made fiducial markers (Skadorwa et al. 2009).

The limitation of this technique, except for being time-
consuming and requiring great anatomical knowledge and
manual skills, is that it requires good quality specimens and
proper technique preparation. This was not the focus of our
study, but in the majority of the manuscripts, our subjec-
tive assessment of the quality of the dissection based on the
available figures was very high.

None of the studies compared different preservation tech-
niques in terms of the quality of dissections or tract visuali-
zation in a subjective or objective way.

Conclusion
There is an agreement between studies that the Klingler

technique has three main steps: fixing, freezing and thaw-
ing with dissection. Even though the details of the technique
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are different in most of the studies, all provide good quality
specimens for anatomical dissections and anatomical stud-
ies. This shows that those who wish to start this kind of dis-
section should choose the technique that fits them the best
and follow it. Possible goals for other studies should include
a comparison between different techniques in terms of the
visualization of tracts and the ease of dissection.
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