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All experimental models of traumatic brain injury (TBI) result in a progressive loss of brain
tissue. The extent of tissue loss reflects the injury severity and can be measured to evalu-
ate the potential neuroprotective effect of experimental treatments. Quantitation of tissue
volumes is commonly performed using evenly spaced brain sections stained using routine
histochemical methods and digitally captured. The brain tissue areas are then measured
and the corresponding volumes are calculated using the distance between the sections.
Measurements of areas are usually performed using a general purpose image analysis
software and the results are then transferred to another program for volume calculations.
To facilitate the measurement of brain tissue loss we developed novel algorithms which
automatically separate the areas of brain tissue from the surrounding image background
and identify the ventricles. We implemented these new algorithms by creating a new com-
puter program (SectionToVolume) which also has functions for image organization, image
adjustments and volume calculations. We analyzed brain sections from mice subjected to
severe focal TBI using both SectionToVolume and ImagedJ, a commonly used image analysis
program. The volume measurements made by the two programs were highly correlated
and analysis using SectionToVolume required considerably less time. The interrater relia-
bility was high. Given the extensive use of brain tissue loss measurements in TBI research,
SectionToVolume will likely be a useful tool for TBI research. We therefore provide both the
source code and the program as attachments to this article.
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INTRODUCTION

Traumatic brain injury (TBI) results in an immediate cell death
due to mechanical forces and this initial injury triggers a number
of cellular processes such as free radical formation, inflammation,
and energy metabolic disturbances. These secondary processes
lead to both apoptotic and necrotic cell death which cause addi-
tional tissue loss after the injury, progressing for years after the
initial injury (Shiozaki et al., 2001; Ng et al., 2008). Most of the
tissue loss is presumably caused by a loss of cells but can also be
caused by atrophy of surviving cells (Lifshitz et al., 2007) and/or
white matter degeneration (Gale et al., 1993, 1995). The lost brain
tissue is replaced with a fluid filled cavity, hydrocephalus ex vacuo,
but TBI may also lead to increased ventricular volume caused by
compensatory atrophy. Brain injury can also cause disturbances
in cerebrospinal fluid (CSF) dynamics leading to post-traumatic
hydrocephalus (Marmarou et al., 1996; Mazzini et al., 2003; De
Bonis et al., 2010). If measurement of tissue volumes in the ini-
tial days following TBI is performed, injury-induced edema and
focal hemorrhages needs to be taken into account (Baskaya et al.,
2000a,b).

At later post-injury time points, the amount of tissue loss is
an important endpoint in most experimental TBI studies. Since
the pathophysiology, injury type and severity of clinical TBI is
markedly heterogeneous, several experimental rodent models have
been designed to mimic these features (Marklund and Hillered,

2011). To date, there is no consensus to the definition of mild,
moderate, or severe experimental TBI. There can also be a sub-
stantial variability in the attained injury severity even when iden-
tical instrument settings are used by an experienced experimenter
(Kaufman et al., 2010). To enable comparisons among different
studies, the amount of tissue loss can be used as an objective
assessment of the actual injury severity.

The neuroprotective effects are often measured as an important
outcome measure in the evaluation of novel experimental treat-
ments for experimental TBI (Loane and Faden, 2010). Neuronal
and glial cell death combined with wide-spread white matter dam-
age are likely to be detrimental and the ability of a treatment to
preserve brain tissue following TBI is for obvious reasons consid-
ered to be positive. It is however important to keep in mind that
the spared brain tissue may not necessarily be functionally intact.
The evaluation of novel treatments therefore ultimately has to rely
on behavioral tests as well.

Nevertheless, evaluation of brain tissue loss remains an integral
part of experimental TBI research and is an important tool used,
e.g., for the evaluation of neuroprotective compounds. The vol-
ume of a brain region is often estimated by measuring its area in
several evenly spaced, serial coronal brain sections together with
the distance between the sections. To clearly distinguish brain tis-
sue from the background in the sections, routine histochemical
methods such as hematoxylin and eosin (H&E) or cresyl violet are
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frequently used. Several computer programs can be used to trace
the perimeter of the region and measure the area (see Table 1).
According to the Cavaliers principle (Michel and Cruz-Orive,
1988), the shape of an area is not important when calculating vol-
umes using the formula “area x height” and the volume between
two sections, slice volume, can be calculated as:

Volumegj;.. = distance * (Area; + Area;) /2

The total volume of the evaluated region is then calculated by
adding the slice volumes.

Tissue volumes can be measured using histology following
experimental TBI and also by magnetic resonance imaging (MRI).
Since MRI is non-invasive and may be performed in living animals,
it allows sequential measurements of post-injury tissue loss and
can be used to follow the progressive loss of brain tissue within the
same animal (Colgan et al., 2010). If high resolution MRI is used,
the results may be more accurate than histological evaluation of
tissue sections. Unfortunately MRI requires expensive equipment,
is time consuming and might interfere with subsequent behavioral
testing.

Instead, the majority of experimental TBI research, today and
in the future, will likely continue to rely on histology to assess
cell death, brain atrophy, and loss of brain tissue. Since measure-
ment of tissue volumes from sections is highly time consuming,
we developed novel algorithms to facilitate this process and imple-
mented them into a computer program (SectionToVolume). We
validated the measurements made in our novel program and
demonstrate that it facilitates the process of determining brain
tissue loss following TBI.

MATERIALS AND METHODS

To facilitate the measurements of tissue loss and/or atrophy and
ventricular volume post-injury we developed novel algorithms
which automatically distinguish tissue from background as well
as identify the ventricles. We also aimed at finding a method to
detect tissue areas which would work regardless of staining inten-
sity and background color. Since research projects that measure
tissue loss usually include a large number of sections from numer-
ous animals, we wanted a system that could organize the digital
images and link the acquired data to each section. We also aimed at
developing a method within the program to assign bregma levels
to each section to enable calculations of volumes without a need
for a second computer program. Additionally, since brain sections
frequently have imperfections such as tears or folds produced by

Table 1 | Examples of computer programs used to analyze tissue loss.

Program Provider Reference

Image 1.62c  Scion Corp., Frederick, MD, USA  Thompson et al. (2006)
AccuStage AccuStage, Shoreview, ME, USA  Bolkvadze and Pitka-
MDPIlot nen (2011)

MCID Imaging Research, ON, Canada Xiong et al. (2010)
ImageJ NIH, Bethesda, MD, USA Huh et al. (2011)
Stereo MicroBrightField, Williston, VT, Myer et al. (2006)

Investigator ~ USA

brain fixation, sectioning and/or slide preparation, we aimed at
including a method that could reliably compensate for this prob-
lem. All coding was done in Java Standard Edition using NetBeans
IDE 6.8 (Oracle, Redwood Shores, CA, USA).

BRAIN INJURY MODEL

The algorithms were tested on H&E stained slides obtained from
a previous study (Clausen et al., 2011). Male C57BL mice weigh-
ing 24-27 g were subjected to a controlled cortical impact (CCI)
TBI according to previous reports from our lab and others (Smith
et al., 1995; Hénell et al., 2010). In brief, a 3-mm diameter pis-
ton was used to strike the exposed dura over the right parietal
cortex 1 mm caudal to bregma at a speed of 2.8 m/s and was
set to penetrate 0.7 mm into the cortex. Twenty days following
the brain injury, the mice were deeply anesthetized with pento-
barbital (200 mg/kg i.p.) and cardially perfused using heparinized
saline followed by phosphate buffered formaldehyde. The brains
were then removed, cryoprotected in sucrose solution and cut into
12 wm thick coronal sections using a cryostat (HM500, Microm
GmbH, Walldorf, Germany) and mounted on Superfrost+ object
glasses (Histolab, Gothenburg, Sweden). Following H&E staining
(Histolab, Gothenburg, Sweden), digital images of the sections
were acquired using a stereo microscope (Zeiss Stemi 2000-C;
Zeiss Gmbh, Goéttingen, Germany) equipped with a digital cam-
era (Mcmb5c; Zeiss Gmbh, Géttingen, Germany). All procedures
were approved by the Uppsala County Animal Ethics board and
followed the rules and regulations of the Swedish Animal Welfare
Agency.

IMAGE ANALYSIS

The different steps of the image analysis are outlined in Figure 1.
The first step in the automated analysis was to identify the tissue in
the image. Most digital images use the RGB color model in which
each pixel has one value for red, one for green, and one for blue
ranging from 0 to 255. In H&E sections, the values for red and blue
will be higher than the values for green (Figure 1A; Table 2). To be
able to use the color to distinguish between tissue and background,
two values are calculated for each pixel:

Color = 100 * (Red + Blue) / (Red + Blue + Green)
Intensity = Red + Blue 4 Green

For pixels with the value (R =0; G=0; B=0), Color is unde-
fined since division with 0 is not allowed. These pixels are assigned
as background without calculating any values. Examples are pro-
vided in Table 2. White background will have an approximately
equal amount of red, green, and blue which results in a lower value
for Color than in stained tissue. A black background will also have
approximately equal amounts of red, green, and blue but the val-
ues will be very low, which in some cases will cause high values for
Color. For example, a pixel with the value (R=1;G=0; B=0) will
be perceived as black but have a value for Color of 100. This type
of pixel can be assigned as a background by using its low value for
Intensity (Figure 1B; Table 2).

To identify the ventricles it is crucial to distinguish between the
ventricles and the part of the image that surrounds the section.
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FIGURE 1 | Work process used in SectionToVolume for the automated
identification of tissue and ventricles. (A) Original image from a
brain-injured animal stained with H&E. (B) Pixels with tissue color identified.
(C) The largest continuous area of tissue pixels. The arrows in (C,D) point to
an area of tissue, which was not continuous with the main part of the section.

\I

If present, it would have prevented proper detection of the perimeter. (D) The
perimeter of the largest object. (E) All pixels enclosed by the perimeter of the
section. (F) The ventricles are identified as the pixels which are white in (B)
and black in (E). Note that some areas with low staining intensity are
assigned as part of the ventricles. This must be manually corrected.

Table 2 | Examples of pixels and the resulting values for Color and
Intensity which are used in SectionToVolume.

Number Sample Red Green Blue Color Intensity
1 | 255 0 0 100 255

2 0 255 0 0 255

3 | 0 0 255 100 255

4 | 0 0 0 - 0

5 255 255 255 66.7 765

6 | 0 0 1 100 1

7 | 127 44 90 83.1 261

8 | 19 54 94 80.0 267

(1) Red (2) Green (3) Blue (4) Black, note here that the value for Color cannot
be calculated since it would cause a division by zero (5) White (6) This pixel is
perceived as black and has a low Intensity value but has a very high Color value
(7 8) Examples of a pixels from a H&E stained section.

Since these two regions have the same color, the ventricles are
instead identified by the fact that they are enclosed by brain tissue.

To identify the perimeter of the section, it is first separated from
other areas of tissue that might be present in the image. Typically,
there should only be one continuous area of tissue (the section)
although tissue debris and parts of other sections can be present
if they lie in close proximity on the object glass. These types of
areas will interfere with the process of identifying the perimeter
and must be removed. To reliably identify the section, the size of
all continuous areas of tissue is measured and the largest area is
considered to be the section (Figure 1C).

When the largest continuous tissue area is identified, the pro-
gram starts the process of identifying the perimeter of the section.
For each pixel lying on the edge of the image, a line is then traced
perpendicular to the edge of the image. If this line makes con-
tact with the section, the background pixel adjacent to the first
section pixel is considered to be part of the perimeter. Since this
processis not guaranteed to find the entire perimeter of the section,
the image is checked for additional perimeter pixels. A pixel is
considered to be a new perimeter pixel if it is (1) not already part

of the perimeter, (2) has background color, (3) is adjacent to a
pixel with tissue color, and (4) is adjacent to another perimeter
pixel (Figure 1D).

To find the area inside the perimeter of the section a starting
point is required. To identify a pixel located inside the perime-
ter, the program then scans each row from top to bottom. If the
first perimeter pixel is immediately followed by a non-perimeter
pixel, this pixel is considered to be enclosed by the perimeter. The
continuous area of non-perimeter pixels starting from this pixel is
then identified (Figure 1E). All the background pixels in this area
are ventricle pixels (Figure 1F).

FUNCTIONS IN SECTIONTOVOLUME

In unilateral experimental injury models, the injury is located in
one hemisphere (the ipsilateral side) and the other hemisphere (the
contralateral side) can be used as a control (Zhang et al., 1998).
To get separate measurements for the ipsilateral and contralateral
side, the user of SectionToVolume only needs to draw a line which
separates the hemispheres. To identify the pixels present in the left
side and the right side, the program scans every horizontal line in
the image. The left-most pixel in a horizontal line is considered
to be part of the left side. The program then checks the pixel to
the right of the previous pixel, and if that is not part of the user
defined line, it is also considered to be part of the left side. This
step is repeated until a pixel which is part of the division line is
detected. All pixels to the right of this pixel are considered to be
part of the right side.

In many studies, it is of interest to measure specific regions
in the brain such as the cavity caused by focal injury models or
the volume of the hippocampus (Mannix et al., 2011). SectionTo-
Volume accomplishes this task by supporting user defined areas,
where the user draws a line around the structure of interest. The
area enclosed by the line is then automatically measured and can
be set to include only pixels with tissue color, only pixels with
background color or all pixels regardless of color.

Importing and organizing the image files and linking mea-
surement data to the original image is an important feature of
SectionToVolume. Before a project is created in SectionToVolume,
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the original image files must be organized by placing images from
each subject in a separate folder. In the program, the section will
then be identified by the filename and the subject by the folder
name. To calculate volumes, a bregma level will also have to be
assigned to each section. Since most projects use sections from the
same levels in every brain, the same set of bregma levels is assigned
to all brains when a project is created. The assigned bregma level
can be changed for individual sections, if needed, once the project
is created.

When accurate and robust algorithms had been identified,
these were validated by comparing measurements obtained using
SectionToVolume with measurements made in ImageJ (NIH,
Bethesda, MD, USA). Ten sections per animal from sham-injured
(n=3) and brain-injured (n=3) animals were used, randomly
selected from a cohort of sham- and brain-injured mice (Clausen
et al., 2011). The perimeter of the two hemispheres, the ventricles
in each hemisphere and the cortical cavity were traced in Image]
and the enclosed areas measured. The data was then copied to
Microsoft Excel, where volumes corresponding to these areas were
calculated. The same volumes were also calculated using Section-
ToVolume. The time required to make the measurements in both
programs was recorded. To determine the inter-rater reliability,
these sections were also evaluated by three different investigators
using SectionToVolume.

STATISTICS

The comparison between Image] and SectionToVolume was made
using correlations calculated in GraphPad Prism (GraphPad Soft-
ware Inc, La Jolla, CA, USA). Inter-rater reliability was evalu-
ated using Cronbach’s alpha and the interclass correlation, both
calculated in SPSS 20 (IBM, New York, NY, USA).

RESULTS

In all brain-injured animals, CCI resulted in a large cortical contu-
sion cavity, a loss of hemispheric tissue and an increased size of the
ipsilateral ventricle (Clausen et al., 2011). To validate the accuracy
of SectionToVolume, tissue from three sham-injured and three
brain-injured animals were used to measure the area of hemi-
spheric tissue, ventricle area in each hemisphere and the area of

the cortical cavity. We then calculated the corresponding volumes
and compared these results to those obtained using the Image]
software.

The mean = SD hemispheric tissue volume in SectionToVol-
ume was 106.81 &+ 12.6 and in Image] 106.07 &= 10.8, respectively.
The mean & SD ventricular volume was 2.46 £0.9 in Section-
ToVolume and 2.51 1.0 in ImageJ. Finally, the lesion volume
measured in the two programs was 4.06 4.5 and 4.17 £ 4.6,
respectively.

The results obtained from the two programs showed a very
high correlation, R? =0.90 for hemispheric tissue and R?> =0.98
for the ventricles and cortical cavity (p < 0.05; Figures 2A,B). Total
time for performing all measurements using Image] was approxi-
mately 4 h while the same measurements using SectionToVolume
required approximately 30 min.

The measurements from three investigators using SectionTo-
Volume for all sections showed a high inter-rater reliability (Cron-
bach’s alpha was 0.998 and the intraclass correlation was 0.995;
deviation from the mean of each researcher is shown in Figure 3).
The ipsilateral ventricle showed the largest variability between
investigators.

DISCUSSION

In the present report, we used an in-house developed novel com-
puter program, named SectionToVolume, and evaluated its use
for the assessment of focal and diffuse brain tissue loss following
TBIL. Our main finding was that SectionToVolume, provided as
an attachment to this article, swiftly rapidly and reliably measure
areas and volumes of interest following TBI in mice. Our results
indicate that the novel approach to area and volume measurements
used in this program may be a useful tool for this commonly used
histological evaluation in TBI research.

By measuring the total amount of brain tissue in each hemi-
sphere, the amount of tissue loss from unilateral injury mod-
els can be assessed. The amount of lost brain tissue in diffuse
models can be estimated by comparing the volume of brain
tissue in sham-injured control and brain injury groups. After
a number of days post-injury, focal TBI results in a gradually
enlarging cortical cavity which can be separately measured and
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FIGURE 2 | Comparisons between measurements made in ImageJ and
SectionToVolume. (A) The hemispheric tissue volume between bregma 0
and bregma —4.5 after focal TBI in the mouse. (B) The volume of the
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ventricles of both sham- and brain-injured animals in addition to values of the
cortical cavity of brain-injured animals. For all measurements, values obtained
with the SectionToVolume were highly correlated with ImageJ data.
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FIGURE 3 | Assessment of the inter-rater reliability using three different
investigators. Each circle represents an individual measurement of a brain
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region volume from one animal. The deviation of each measurement from the
average value from the three investigators is plotted on the y-axis.

used as an estimate for the amount of tissue loss and injury
severity.

Measurements of brain tissue loss following experimental TBI
differs both in the choice of evaluated brain regions and how the
results are presented. The measurements can be presented as either
the volume of a region in cubic millimeter or as a ratio between
two regions. The use of a ratio avoids the problem of differences
in head size encountered in clinical studies and the effect of brain
swelling and shrinkage during tissue processing in histological
studies (Golanov and Reis, 1995; Wahl et al., 1997). The amount
of lost tissue can also be expressed as the relative size of the two
hemispheres expressed as:

100 * (contra — ipsi) / contra

where contra refers to the volume of the contralateral hemisphere
and ipsi the hemisphere ipsilateral to the injury (Zhang et al,
1998). When using a focal TBI model, the inclusion of uninjured
parts of the brain rostral and caudal to the cavity will decrease
the relative difference between the hemispheres. Differences in
included region can therefore make comparisons between studies
difficult. Alternatively, the result can instead be expressed as the
absolute volume difference between the hemispheres expressed in
cubic millimeter (Hénell et al., 2010). Choosing to present the
results in cubic millimeter will not be influenced by inclusion of
uninjured parts of the brain but can on the other hand be altered
by any shrinkage or swelling of the brain caused by the tissue pro-
cessing. Since experimental models of diffuse TBI cause symmetric
bilateral injury to the brain the difference between hemispheres
cannot be used to evaluate the tissue loss. Instead, it may be possi-
ble to use the ventricle-to-brain ratio which is sometimes used in
clinical studies (Anderson et al., 1996; Ghosh et al., 2009). Other
measures used to assess cerebral abnormalities in models of brain
injury include the Evans index, defined as the maximum distance

between the frontal horns divided by the maximum inner diameter
of the skull (Evans, 1942; Poca et al., 2005), and cortical thickness
(Merkley et al., 2008).

One purpose of creating SectionToVolume was to reduce the
time and effort required for making measurements of brain tissue
loss, which was accomplished in several ways. If the original image
files from each subject are located in separate folders, they are auto-
matically assigned to their respective subjects when imported into
the program. The file names are also imported and automatically
linked to the image and the resulting data to allow the results to
be traced back to the original image file. Since bregma levels can
be assigned to each image, volumes can be calculated automati-
cally, completely removing the time required for this part of the
work process. When validating the results from SectionToVolume,
we achieved a marked reduction in the time required to com-
plete the measurement. The time saved will likely vary between
different projects depending on the quality of the sections and
the measured areas. Performing the automated measurements in
SectionToVolume required less than 5 min, although some mea-
surements had to be performed manually, such as the separation
of the hemispheres and the location of the cortical cavity. In a
project solely relying on the automated measurements, the reduc-
tion in work effort would thus be considerably greater. Correcting
the measurements for sectioning artifacts such as folds and tears
also requires some effort, which naturally will be reduced when
using high quality sections. The evaluation of SectionToVolume
was made using H&E stained sections since all stained tissue in
the section will have a uniform color. Different forms of Nissl
stain such as Cresyl violet will on the other hand only stain the cell
bodies leaving white matter tracts with a pale appearance. Using
Nissl stained sections it will likely be difficult for SectionToVolume
to distinguish between white matter and the image background.
It is possible that future applications of, e.g., machine learning
(Kononenko, 2001; Lemm et al., 2011) could be used to detect the
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midline and the cortical cavity which would further reduce the
time required to do these measurements.

Another purpose of creating SectionToVolume was to create a
work process that minimizes the risk of introducing errors into
the measurements. Even a normal size project with 50 subjects
and 10 sections per subject which measures five different brain
regions will generate 2500 measured areas. Keeping track of all this
data can be a daunting task and SectionToVolume facilitates this
process in two ways. The first way is by organizing the brain section
images. Since all images are stored as part of the project data and
presented as a tree structure within the program, the obtained
measurements will always be linked to the source image. Should
any extreme measurements be detected at a later time point, it will
always be possible to re-open the project and re-review the mea-
surements and adjust if needed. The second way is by calculating
volumes based on the measured areas within the program. When
using a general purpose image analysis program such as Image]J
(see also Table 1), these calculations must be performed in another
program which leads to the risk of introducing errors when trans-
ferring data. By performing both area measurements and volume
calculations within a single program, this risk is avoided and in
SectionToVolume this part of the work process is fully automated.

Several computer programs used to assess tissue volumes were
listed in Table 1. These programs were designed for general image
analysis and not specifically for analyzing tissue loss. The Stereo
Investigator program does however have a Cavalieri function
which may be useful for the purpose of determining brain tis-
sue loss (Myer et al., 2006; Nandoe Tewarie et al., 2009). Although
other programs may be used, to the best of our knowledge, Sec-
tionToVolume is the only program made specifically to assess loss
of brain tissue following TBI.

Focal brain injuries ultimately results in fluid filled cavity and
the size of this cavity is commonly used as a measure of the tis-
sue loss caused by the injury (Zhang et al., 1998). A severe focal
injury can after a few weeks expand sufficiently to reach, and fuse
with, the ventricular system, which has been repeatedly observed
in previous experiments from our group (unpublished data). In
such instances, it can be a difficult task to objectively distinguish
between the injury cavity and the ventricle. Furthermore, even a
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rather small cavity can be connected to the subarachnoidal space
causing difficulties in defining the boundary between the cavity
and the outside of the brain in the sections. In both these situa-
tions the perimeter of the cavity is not obvious and risks making
the method highly subjective. The ipsilateral ventricle was also
the region where the results differed most between investigators
evaluating the same sections. This problem can be avoided by
comparing the volume of the two hemispheres or by measuring
the total tissue volume. Brain sections will also occasionally con-
tain folds and tears, resulting from either the sectioning or the
histology process. If solely relying on automated measures, these
artifacts would cause incorrect measurements and SectionToVol-
ume therefore include the possibility to adjust images by manually
assigning areas as background or tissue. Because of these types of
problems we believe that our program should be used to facili-
tate brain tissue loss evaluation, rather than being considered a
replacement of the investigator.

CONCLUSION

Progressive loss of brain tissue, including white matter, and the
resulting brain atrophy, are important markers for the brain dam-
age that occurs following TBI. In experimental models of TBI, the
evaluation of tissue loss is widely used both to assess the injury
severity and to establish possible neuroprotective effects of treat-
ments. With the new algorithms and computer program presented
here, measurements of tissue loss can be made faster and easier.
The automated detection of both the total tissue volume and the
ventricular volume is especially useful for the evaluation of the
diffuse injury component, an extremely important factor in the
pathophysiology of TBL
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