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a b s t r a c t
Comparing brain sizes is a key method in comparative cognition and evolution. Brain sizes are commonly validated by interspeciﬁc comparisons involving animals of varying size, which does not provide
a realistic index of their accuracy for intraspeciﬁc comparisons. Intraspeciﬁc validation of methods for
measuring brain size should include animals of the same age and sex to ensure that individual differences can be detected in animals of similar size. In this study we compare three methods of measuring
the endocranial volume of 33 red deer skulls to investigate the accuracy of each method. Methods for
estimating endocranial volume included scanning each skull using computerised tomography (CT) and
quantifying the volume with OsiriX software, ﬁlling the cranium with glass beads and measuring the
bead volume, and linear measurements (length, width, and height) of the cranium using callipers. CT
scan volumes were highly correlated with results from the bead method, but only moderately correlated
with the linear method. This study illustrates the importance of validating intraspecies measurement
methods, which allows for the accurate interpretation of results.
© 2012 Elsevier B.V. All rights reserved.

1. Introduction
Brain size differences within and across species have been a
matter of great interest to researchers studying comparative cognition for over a century (Harvey and Krebs, 1990; Gould, 1996).
Although brain size is highly heritable (Cheverud et al., 1990;
Bartley et al., 1997; Rogers et al., 2007), some variation is due to life
history, social, and ecological factors. Differences in mating strategy
and sex (Iwaniuk, 2001; Kolm et al., 2009; Kotrschal et al., 2012),
environmental enrichment (Rosenzweig and Bennett, 1969), social
status (Smith et al., 2010), and navigation (Maguire et al., 2000)
can enlarge the whole brain or particular regions due to the different environmental and cognitive demands placed on particular
categories of individuals. One issue in this ﬁeld is that brain size
measurement methods are not standardised and are not usually
validated for their accuracy, which poses a problem particularly for
intraspecies comparisons because individual differences are more
difﬁcult to detect among animals of the same age and sex (Healy
and Rowe, 2007). The method by which brain size is measured or
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approximated is crucial for reaching conclusions about its evolution
and development. The growing interest in determining the causes
of brain size variation warrants an investigation into the relationship among measurements and a validation of their accuracy. Here,
we validate methods for measuring endocranial volume, a common
approximation for brain size (Iwaniuk and Nelson, 2002), in red
deer (Cervus elaphus).
The purpose of this study was to compare endocranial volumes
in red deer as measured by CT scans, beads, and linear dimensions
to determine which methods are accurate enough for use in the
ﬁeld. The most widely used method of estimating endocranial volume involves ﬁlling the cranium with beads (or other materials
such as mustard seeds or lead shot), the volume of which is then
measured with a graduated cylinder or by weighing the beads and
converting the weight to volume (e.g., Isler et al., 2008; Iwaniuk
and Nelson, 2002). Linear measurements of the external skull (e.g.,
length, width, and height) can also be used to estimate endocranial
volume (e.g., Waitzman et al., 1992). Measuring endocranial volume from computerised tomography (CT) scans using software is
becoming a more prominent method as the technology becomes
more accessible and affordable (e.g., Waitzman et al., 1992; Sakai
et al., 2011). Endocranial volume via CT scans correlates well with
external cranial measures in children (Coqueugniot and Hublin,
2012), and with the seed-ﬁlling method in human and non-human
primates (Conroy and Vannier, 1986) and carnivores (Swanson
et al., 2012).
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2. Materials and methods
We measured the endocranial volumes of 33 adult red deer
skulls (18 males, 15 females) from Norma Chapman’s private collection in the UK and from the Grahame Clark Laboratory for
Zooarchaeology at the University of Cambridge using CT scans, the
bead method, and linear measurements data deposited in the Dryad
Repository: http://dx.doi.org/10.5061/dryad.4t7h2. Deer were considered adults if they were two years of age or older at the time
of death (age range: 2.25–27.5 years, mean = 5.1, standard deviation = 5.0). The age at death was known for most skulls (n = 24).
The remaining nine skulls were included in the analysis because
the total skull length (a proxy for body size) was greater than
that of the youngest skull of known age. All data were normally distributed according to the Anderson–Darling normality test
(p > 0.05). All within-method measurements were highly repeatable (see Appendix A). Methods were compared against each other
using Welch’s t-tests for independent samples (assuming unequal
variances) to determine whether the means signiﬁcantly differed.
Samples were considered independent because each method for
estimating endocranial volume was unique.

2.1. Computerised tomography (CT) method
We scanned skulls at Cambridge Radiology Referrals using a
Toshiba Aquilon 16-slice CT scanner (1 mm slices, 140 mm fov,
100 kV tube voltage, 80 mA current, with a bone algorithm to
sharpen the contrast between bone and cavity), and calculated
endocranial volumes from the scans in DICOM format using OsiriX
32-bit version 4.1.2 (Rosset et al., 2004). We deﬁned the endocranial space from the rostral end of the endocranium (including the
olfactory bulbs) to the occipital bone at the caudal end and across
the superior surface of the opening of the foramen magnum, and
used volume calculation protocols from van der Vorst et al. (2010;
we used a computer mouse rather than a digital pen to trace the
intracranial line). When bones on one side of the skull were missing, we copied the intracranial polygon from the intact side to
the opposite side. Slices were set to a thickness of 2.6 mm and
every third slice was analysed (Sahin et al., 2008). We considered
the CT scanning method to represent the actual endocranial volume, to which the other two methods were compared for accuracy,
because the intracranial surface was traced precisely and at sufﬁcient intervals to obtain an accurate calculation. We thus compared
the CT scanning data to those obtained with the other two methods using Pearson’s Product Moment Correlation tests in R 2.15.0
(R Development Core Team, 2011).

2.2. Bead method
We estimated endocranial volume by pouring 2 mm diameter
soda lime glass beads into the cranium until full, shaking it until
the beads settled, adding more beads, and repeating the process
until the shaken bead level reached just below the four holes in the
foramen magnum. We then poured the beads from the skull into
a graduated cylinder and read the volume in ml. We ﬁlled holes in
the cranium with cotton wool to prevent the beads from leaking
and applied masking tape to severely broken skulls to maintain the
original cranial shape.

2.3. Linear measurement method
We estimated endocranial volume using callipers to measure
external cranial length (L), width (W), and height (H) as delineated
by Finarelli (2006), taking three measurements of each variable and

using the average in the analysis. Endocranial volume (cm3 ) was
calculated as
L×W ×H

(1)

Finarelli (2011) established an equation that accurately estimates brain volume across non-bovid ruminant Artiodactylid
species, a category to which red deer belong, using the external
cranial width for each individual:
Ln[brain volume] = 2.6616(Ln[W ]) − 6.2722

(2)

We applied this equation to the skull widths in this sample to
determine whether it also accurately estimates endocranial volumes within a species.
3. Results
Endocranial volume measured using the bead method was
highly correlated with results obtained from the CT scan method
(r = 0.9552, t = 17.97, df = 31, p < 0.001; Fig. 1). The linear measurement results were less strongly correlated with CT scan results
(r = 0.8361, t = 8.49, df = 31, p < 0.001), and the correlation was the
weakest for Finarelli’s equation vs. the CT scan method (r = 0.8085,
t = 7.60, df = 31, p < 0.001; Fig. 1).
Results were similar for the bead vs. CT methods when analysing
according to sex, but correlations greatly declined for the linear and
Finarelli equation methods for both sexes (females: bead vs. CT
r = 0.8976, t = 7.34, df = 13, p < 0.001; linear vs. CT r = 0.5105, t = 2.14,
df = 13, p = 0.05; Finarelli vs. CT r = 0.4179, t = 1.65, df = 13, p = 0.12.
Males: bead vs. CT r = 0.9695, t = 15.83, df = 16, p < 0.001; linear vs.
CT r = 0.6803, t = 3.71, df = 16, p = 0.002; Finarelli vs. CT r = 0.6168,
t = 3.13, df = 16, p = 0.006).
Comparing methods against each other, only the endocranial
volume means from the CT scans and the bead methods were similar (t = −1.78, df = 64, p = 0.08). All other means were signiﬁcantly
different in pairwise tests (CT × Linear t = 28.00, df = 33, p < 0.001;
CT × Finarelli t = −4.29, df = 56, p < 0.001; Bead × Linear t = −28.34,
df = 33, p < 0.001; Bead × Finarelli t = 2.96, df = 54, p = 0.005; Linear × Finarelli t = −28.71, df = 35, p < 0.001).
4. Discussion
Although all of these methods may function for interspecies
comparisons, only the bead and CT scanning methods for estimating the endocranial volume of red deer are accurate enough
to compare individuals of the same age and sex. Linear measures were not accurate enough to ensure reliable results. While
Finarelli’s (2011) equation for non-bovid ruminant Artiodactyls
accurately compares interspecies brain volumes, it is less accurate when applied to analyses at the intraspecies level. Intraspecies
comparisons require a much ﬁner resolution to detect individual
differences. The brain size estimates from the Finarelli equation
deviate on average 20 ml from the equivalent CT scan results for
red deer, however, this difference should not affect the interspecies
comparisons where there are generally more than 20 ml differences
between species (Finarelli, 2011: Appendix 1). Comparing methods
to each other, only the endocranial volume measurements from the
CT scans and bead methods produced similar results.
Validating measurements for estimating brain size is a crucial
component in the investigation of intraspeciﬁc and interspeciﬁc
variation in brain size. The method validation conducted in this
paper will ensure that the proper method is used in future investigations of the factors inﬂuencing absolute brain size variation in
red deer.
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Fig. 1. Comparison of endocranial volume results obtained with the CT scan method (volume CT) with results from the bead method (A), the linear measurement method
(B), and Finarelli’s equation based on skull width (C).
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Appendix A. Intra-observer reliability
All data were collected by Corina Logan. Intra-observer reliability analyses were conducted to determine the repeatability of each
type of measurement.
A.1. Methods
Intra-observer reliability was carried out on nine skulls: the ﬁrst
ﬁve male and ﬁrst four female skulls listed on the data sheet. A
second set of measurements on these skulls were collected on a
different day from the day of the original measurements. CT scans
were analysed in OsiriX with an additional region of interest (ROI)
in a different colour that began on a different slice from the original analysis to ensure the original ROI was not visible when making
the intra-observer reliability ROI. Data were analysed using Pearson’s Product-Moment Correlations to determine how well the two
sets of measurements on the same skulls correlated within each
method.

Table A.1
Comparing two sets of volume measurements on each skull for each method to
determine the intra-observer reliability of that particular method using Pearson’s
Product-Moment Correlations.
Method

Correlation

CT volume
Bead volume
Linear volume

r = 1.00, t = 28.98, df = 7, p < 0.001
r = 0.99, t = 19.82, df = 7, p < 0.001
r = 1.00, t = 38.33, df = 7, p < 0.001

Mean ± standard deviation
Set 1

Set 2

370 ± 39
362 ± 37
1491 ± 316

373 ± 39
361 ± 37
1489 ± 309

A.2. Results and discussion
The two sets of measurements for each method were highly correlated and had similar means and standard deviations (Table A.1).
Thus, there was a high degree of intra-observer reliability for all
methods used in this study.
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