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Vision and Change calls for increasing the quantitative skills
of biology majors, which includes neuroscience majors.
Accordingly, we have devised a module to give students
practice at regression analyses, covariance, and ANOVA.
This module consists of a quantitative comparative
neuroanatomy lab in which students explore the size of the
hippocampus relative to the brain in 62 different mammalian
species—from an anteater to a zebu. We utilize a digital
image library (with appropriate metadata) allowing students
to quantify the size of the hippocampus as well as obtain an
index of the size of the brain in these various species.
Students then answer the following questions: (1) Do
brains scale with body size? (2) Does the hippocampus
scale with brain size? (3) If we control for body size, does
the hippocampus still scale with brain size? (4) How does
the hippocampus change as a proportion of brain size? (5)
Is the proportional scaling of the hippocampus different

The learning objectives of this module were to: (1) introduce
students to comparative neuroanatomy, (2) expand
students’ understanding of hippocampal structure and
function, (3) enhance students’ communication skills, and
most particularly (4) solidify and develop students’
understanding of data analyses, including linear modeling.
The latter objective was inspired by Vision and Change
(Ledbetter, 2012; Bauerle et al., 2013). Vision and Change
is a handbook that outlines curricular considerations for the
biological sciences in general. Vision and Change notes
that biology is becoming more quantitative and that models
of structure and function are enriched if they are based on
the quantitative analysis of data. Our instruction must reflect
these changes in our field by including more quantitative
analyses. In our experience, data analyses are relegated to
statistics classes, and students quickly forget these lessons,
perhaps because they are so divorced from real data.

In this module, students need to use logarithmic
transformations of data, covariance, ANOVAs, and linear
regression. Linear regression and linear modeling are
analytical tools that often get relatively neglected in
undergraduate statistics courses in the curricula of
neuroscience, biology, and psychology. Yet, linear
techniques are being increasingly utilized not only in
neuroscience, biology, and other fields for such diverse
things as modeling spike trains (Gerwinn et al., 2010), fMRI
analyses (Beckmann et al, 2003), and in education
research (Freeman et al., 2007; White et al., 2017). Here

among primates, carnivores, and other mammals? (6) Do
the data provide evidence for mosaic or concerted
evolution?

Measures of the pedagogical efficacy showed clear and
significant gains on a PreTest vs PostTest assessment of
material related to the module. An open ended qualitative
measure revealed students’ perception of the purposes of
the module, which were consistent with the learning goals.

This module utilizes open access digital resources and
can be performed at any institution. All the materials or links

to online resources can be found at
https://mdcune.psych.ucla.edu/modules/cna.
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we present an exercise that utilizes both linear regression
and covariance as a means of controlling for extraneous
variables. This latter point is noteworthy because ANCOVA
is commonly used in studies with humans in which many
variables cannot be experimentally controlled.

This module also provides an opportunity to teach
comparative and quantitative neuroanatomy by allowing
students to explore how aspects the brain have changed
across the mammalian radiation. Students may be able to
utilize the materials provided by this module to conceivably
break new ground and have the best (if not the only)
characterization of a given brain area in a given species.
Thus, students could engage in genuine research that adds
to the extant body of knowledge in the field, which is also
consistent with Vision and Change. Further, this module
considers the proportion of the brain devoted to a given
structure, which is not often done in the literature, thus
providing students a unique insight in contemplating
evolution.

So far, we only had students quantify the size of the
hippocampus, which is readily identifiable (except in the
dolphin brain in which the hippocampus is exceptionally
small and relatively obscure). Students initially predict how
they would expect the absolute size of the hippocampus to
change across mammalian brains from smaller to larger
species. We also ask students to predict how the
hippocampus will change proportionally to the rest of the
brain as mammalian brains get larger across species.
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Typically, students predict that the hippocampus will get
larger with larger brains and that the proportion will either
not change or get larger.

METHODS

Methods for Conducting Student Labs
We initially orient the students to the task by making them
aware of several different atlases, which can serve as
exemplars for the many varied species that they may be
encountering. Specifically, we direct them to the INCF
Rhesus Atlas (see URL List #2), the Allen Brain mouse atlas
(URL List #3), and atlases from Michigan State University of
the sheep (URL List #4), and dolphin (URL List #5).

Students employ a set of free online images of 62
different mammalian species from 20 different orders,
including 10 primates and 17 carnivores from the
Comparative Mammalian Brain Collections (URL List #6;
see also Fobbs and Johnson, 2011). We have made these
images available via our website (URL List #1) along with
the metadata (slice thickness, sampling interval, and scale
factors), which are necessary for calculating volumes. On
our website, we provide a tutorial guide that will enable other
instructors to easily adapt this module at their home
institutions. Further, our website includes a complete set of
sample data (URL List #1—see Comparative Neuroanatomy
Sample Data) against which instructors may check their
students’ data (generally, we do not raise questions unless
student values differ from the historical data by ten-fold, in
which case there was probably a mistake in the scaling
factors employed with ImageJ).

We use ImageJ (URL List #7) to quantify the sizes of the
hippocampus and the volume of the sections in which the
hippocampus can be found. ImageJ was selected because
it yields values that are very close to methods such as the
Cavalieri method (Acer et al., 2010), and students are
familiar with drawing programs that function like ImageJ.
The scale factors for each species are different, but we have
provided these as a part of the metadata spreadsheet on the
MDCUNE website (URL List
Neuroanatomy Demographics).
also provided for quantifying the hippocampus (URL List
#1—see Comparative Neuroanatomy Tutorial).
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are typically assigned two to four species. For each species,
they quantify the hippocampus in one hemisphere then
double this volume to approximate the whole structure
(Figure 1). We do not have students quantify the size of the
entire brain since this would be a tedious process. Rather,
they quantify the volume of the brain in which the
hippocampus occurred and use this measure as a proxy for
brain size (URL List #1—see Comparative Neuroanatomy
Tutorial). Using a proxy for brain size or even a part of the
brain such as telencephalon is an accepted practice in the
literature (Grisham et al., 2007). It usually takes students
about an hour to process a given brain, which includes time
for instruction and orientation. If instructors wish to have
their students quantify the size of the entire brain, all
sections are included in our image sets.

We have used the free data analysis package, JASP
(URL List #8), for students to analyze their data. The JASP

1em Univ. of Wisconson-Madison Brain Collection

Figure 1. Sample of coronal sections containing the hippocampus
(outlined in magenta) in a small set of the species for which
sections are available.

interface resembles SPSS—and is quite user friendly—but
is actually running R. One caveat of JASP is that it does not
calculate the standard error of the mean (SEM) properly.
(All of its other values—when compared with SPSS—are
correct). As a result, we ask students to use JASP’s
standard deviation (SD) and sample size values to calculate



the SEM using Excel. Figures 2-7 below are derived from a
student-generated dataset.

Methods for Measures of Pedagogical Efficacy

We obtained an IRB Exemption from UCLA (IRB#16-
001489) for conducting research on the efficacy of this
module. This module was taught across two summer
sessions at UCLA, and scores were combined across
sessions. We collected demographics on the students,
which were as follows: 33 were female, 20 were male; 22
students were Asian, 12 Latinx, 13 white, and 6
other/multiple races. Subjects participating in the module
consisted of 6 neuroscience majors, 6 psychology majors, 2
cognitive science majors, and the remaining 39 were
psychobiology majors. We also obtained data from a
comparison group during UCLA’s winter quarter that was not
exposed to the module (and given a different module
instead). The comparison group demographics were as
follows: 11 women, 8 men; 6 Asian, 1 Latinx, 9 white, and 3
other/multiple races. All were neuroscience majors.

We administered a 16-item test in a Pre-Post format that
measured the content of the module with particular
emphasis on statistics, evolution, and the hippocampus (we
ultimately scored responses on only 14 of the items because
upon reconsideration, 2 questions did not have a clear
correct answer). Along with the content items, we included
an additional 4-item scale of critical thinking questions that
did not relate to the content of the module. In the PostTest
version for students who had experienced the module, we
added a 13-item affective Likert scale questionnaire to
measure student satisfaction with different aspects of the
module. Finally, along with the PostTest, we included an
open-ended qualitative item, “Please describe the purpose
of the Comparative Neuroanatomy module from a learning
standpoint.” The Pre-Post test (with the answers highlighted
for both content and critical thinking items) is included as
supplemental materials (Supplementary Material #1—note
that this supplement also includes the affective and
gualitative items we used).

RESULTS

Results of Mammalian Brain Measurements

We have students address a series of questions in their data
analyses: (1) Do brains scale with body size? (2) Does the
hippocampus scale with brain size? (3) If we control for
body size, does the hippocampus still scale with brain size?
(4) How does the hippocampus change as a proportion of
brain size? (5) Is the proportional scaling of the
hippocampus different among primates, carnivores, and
other mammals? (6) Do the data provide evidence of
mosaic or concerted evolution?

(1) Do brains scale with body size? Since body
weights and sex were not known for the individual brains,
students looked up standard body weights for their given
species on Wikipedia then calculated an average if that
species is sexually dimorphic or has a range of adult sizes.
We also have students discover why it is necessary to
logarithmically transform the data—if they do not log
transform the data, most of the points crash onto the Y-axis
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because there are such tremendous differences in body and
brain sizes, for instance, between an elephant shrew and a
polar bear (Figure 2). Students then see if there is a
relationship between the logio brain size as function of logio
body size (not surprisingly, there is—see Figure 3). Most
published work in this field examines the direct measures,
such as the logio hippocampus volume as a function of the
logio brain volume (Finlay and Darlington, 1995; Reep et al.,
2007).
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Figure 2. Example of how student data look when logarithmic
scaling is not used; students can clearly see the necessity of a log
transform of their data.
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Figure 3. logio of the associated brain volume (the volume—in
cubic millimeters—of only the sections containing the
hippocampus) as a function of body weight (in kilograms). The
trend line is the least squares/ best fit/ regression line. Clearly body
weight predicts brain size well.

(2) Does the hippocampus scale with brain size? Not
surprisingly, bigger brains come with bigger parts, so
students find that the logio of the hippocampus size scales
with logio brain size, and students can usually predict this
outcome with confidence (Figure 4). What comes as a
surprise is the proportion of brain devoted to hippocampus
(see Question 4 below).

(3) If we control for body size, does the hippocampus
still scale with brain size? We then raise the question of
whether or not all the variance is actually due to body size,
or if there is something unique to brain growth (e.g., a
specialized set of genes) that makes brains a better
predictor of hippocampus size? To answer this question, we
have students use body weight as a covariate. Students find
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Figure 4. Relationship of the logio hippocampal volume as a
function of the logio associated brain volume.

that body size actually has very little impact on the
relationship between hippocampal size and brain size—that
is, there is still variance unique to brain size as a predictor
of hippocampal size when covarying for body size (Figure
5). Students are often unfamiliar with using covariates to
control for a given variable(s), so this is a good introduction
to these ideas.

Linear Regression
When controlling for body size, does the hippocampus still scale with brain size?
Covariates (predictors) are log10 Prop Brain Vol and log10 Avg Body Weight.

Model y
Model | R | R® | Adj

dR? | RMSE |
1 ] 0.905 | 0.818 | 0.812 | 0.249 |
ANOVA
Model Sum of Squares | df | Mean Square F p
1 Regression 16.475 2 8.238 132.9 | <.001
Residual 3.657 59 0.062
Total 20.132 61
Coefficients
Model Unstandardized St;:ia"rd Standardized | t [
1 intercept 0.114 0.275 0.412 0.682
log10 Prop Brain Vol 0.617 0.089 0.805 6.934 | <.001
10910 Avg Body Weight 0.06 0.062 0.111 0.96 | 0.341

Figure 5. Statistical analysis shows that when body weight is
covaried—and thus controlled for—there is still some unique
variance that is predicted by brain volume (see highlighted p
value). With more than one predictor, students should pay
attention to the Adjusted R2.

(4) How does the hippocampus change as a
proportion of brain size? When the proportion of brain that
is hippocampus is plotted as a function of logio brain size,
students find a significant inverse relationship (Figure 6).

(5) Is the proportional scaling of the hippocampus
different among primates, carnivores, and other
mammals? Mammals with larger brains devote a smaller
proportion of their brain to hippocampus than do mammals
with smaller brains (Figure 6). Since our sample of brains
has a lot of primates and carnivores, we also have students
examine these groups by running an ANOVA using
taxonomic group as the independent variable. Typically,
students find that primates have a significantly smaller
proportional hippocampus (Figure 7). Students should also
perform an ANCOVA and include brain size as a covariate

A239

to make sure that the result is not merely driven by brain size
(it is not).
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Figure 6. Student data scatter plot and regression lines of the
proportion of the brain that is the hippocampus as a function of the
logio associated brain volume.
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Figure 7. Student data (means and SEMSs) displaying the
proportion of the brain that is devoted to hippocampus as a function
of taxonomic group. A significantly smaller proportion of the
carnivore and primate brain is devoted to hippocampus relative to
the other orders in the sample, which were combined into one
group due to the small sample size available for any individual
order.

(6) Do the data provide evidence of mosaic or
concerted evolution? Concerted evolution holds that
various brain components evolve together whereas mosaic
evolution holds that various brain components evolve
independently from each other. The University of Virginia
hosts some websites that deal well with these topics (URL
List #9-10; Finlay and Darlington, 1995; Striedter, 2005).
Since the logio data show a strong linear relationship, the
data favor concerted evolution.

Results of Pedagogical Measures

We used a mixed design ANOVA that had one between-
subjects factor with two levels (Exposed to module vs
Unexposed) and one within-subjects factor with two levels
(Pre vs Post) to examine the results of our content items
relating to the module. We did not obtain a main effect of
exposure to the module (F(1,70) =1.39, p = 0.23), nor did



we get a main effect of PreTest vs PostTest (F(1,70) = 2.54,
p = 0.115), but we did find a highly significant interaction of
exposure to module with PreTest vs PostTest (F(1,70) =
24.327, p < 0.001, n? = 0.25; refer to Figure 8). Students
exposed to the module showed clear gains on the PostTest
relative to the PreTest on items relating to the module, t(29)
=-7.692, p <0.001 (Cohen’s d =-1.057, 95% CI =-20.56 to
-12.05). The comparison group of students that was not
exposed to the module actually decreased performance on
the PostTest relative to the PreTest t(17) = 2.185, p < 0.05
(Cohen’s d = 0.515, 95% CI = 0.205 to 11.7).
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Figure 8. Percent correct (means and SEMs) on the content-item
subscale of a quiz that was administered before and after exposure
either to the module (Exposed) or to a different module
(Unexposed).
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Figure 9. Percent correct (means and SEMSs) on critical thinking-
item subscale of a quiz that was administered before and after
exposure either to the module (Exposed) or to a different module
(Unexposed).

We also analyzed the scores on the critical thinking items
in a similar mixed design ANOVA that had one between-
subjects factor with two levels (Exposed to module vs
Unexposed) and one within-subjects factor with two levels
(Pre vs Post). There was a marginally significant trend
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showing improvement on the critical thinking items (Pre vs
Post F(1,70) = 3.839, p = 0.05, n? = 0.052; refer to Figure 9),
but there was no differential change between the groups in
Pre vs Post, so no interaction nor main effect of exposure to
the module was found (both p > 0.25; refer to Figure 9).

Affective/opinion data showed that students agreed that
they had learned something about comparative
neuroanatomy and statistics, that the module had been
interesting, and that the instructional materials were clear
(Figure 10; full data are available in Supplementary Material
#2).
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Figure 10. Results of an affective Likert questionnaire. The graphs
represent the following questions: (Evaluation Question 2) The
Comparative Neuroanatomy lab tutorial was thorough and precise
with its instructions. (Evaluation Question 7) | learned something
about comparative neuroanatomy from the Comparative
Neuroanatomy module. (Evaluation Question 11) | learned
something about statistics from the Comparative Neuroanatomy
module. (Evaluation Question 12) | found it interesting to
compare the brain structures of different mammals in the
Comparative Neuroanatomy module.

Finally, students were asked the open-ended question,
“Please describe the purpose of the Comparative
Neuroanatomy module from a learning standpoint.” The
following seven categories were considered in analyzing this
question: (1) Comparative measurement/ Relationship of
Hippocampal/ Structure Size, (2) Brain Function/ Evolution,
(3) Quantification Methods, (4) Statistics/ Data Analysis, (5)
Research Methods, (6) Problem Solving, (7) Critical
Thinking. Each response could (and often did) qualify in
multiple categories, so a given response could be classed in
more than one category. A “category tally” was kept for
every response, and a constant “response tally” was
calculated from the sum of all category tallies. Each
category tally was converted to a percent of the response
tally, and these results are summarized in the pie graph in
Figure 11. Responses were fairly consistent with the
learning objectives of the module.

The students were assessed via an APA-style laboratory
report. We used scaffolded instruction in teaching this
module, which included having students write a draft of their
introduction, which was then read and critiqued one-on-one
with the student and either the instructor or a teaching
assistant. This was an extremely low-stakes assignment,
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and the students overwhelmingly appreciated the feedback.
Further, their introductions were better focused and the
writing greatly improved by the final product.

Quantification
Methods
7%

Research
Methods
6%

Problem Solving/
Critical Thinking
9%

Figure 11. Percentages of responses that students gave to the
following open-ended qualitative question: “Please describe the
purpose of the Comparative Neuroanatomy module from a learning
standpoint.” Note that each response could be quantified in
multiple categories.

DISCUSSION

The data produced by the students in this exercise were very
robust: both summer session cohorts that were exposed to
the Comparative Neuroanatomy module obtained significant
and consistent results.  Students appreciated getting
significant results, and they seemed to enjoy the fact that
they were among the first to quantify a brain region in a
particular species.

We chose to quantify the hippocampus because students
could readily recognize this neural structure (except for in
dolphins, in which case referring to Jacobs et al., 1979, is
recommended). Conceivably, any neural structure could be
utilized as long as it is well delineated by Nissl or fiber stains.
Indeed, students could be breaking new ground since a
guantitative comparative description of many neural
structures across mammalian species has never been
undertaken.

Clear pedagogical gains produced by the Comparative
Neuroanatomy module are shown by the significant
increase in content items scores with large effect sizes for
the Summer Session cohorts that experienced the module
relative to the Winter Quarter cohort, which did not. Content
assessment items are available in Supplementary Material
#1, which includes questions about statistical analyses,
brain evolution, and functions of the hippocampus. Thus,
we are confident that the module provided students with a
pedagogical experience of value.
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Although the data showed significant gains on the
content items, the overall performance on the PostTest was
still rather low. Examination of the questions showed that
the gains as well as their lack were fairly evenly distributed
among items that touched on statistics, evolution, and the
hippocampus. We were teaching seniors, so we assumed
that they would have a certain level of retention from
previous courses. This assumption may have been flawed,
however. Better would have been to assume that the
students had little background.

The Pre vs Post comparison on the critical thinking
subscale suggests that critical thinking was enhanced
whether or not participants were exposed to the module.
This result was somewhat surprising since it is only a four-
item subscale, and critical thinking scales with few items
suffer from low reliability (Liu et al., 2014). Given that
students’ critical thinking scores in both groups increased,
there is a possibility that this handful of items is especially
sensitive to score changes due to a pretest sensitization
effect (Willson and Putnam, 1982). Regardless, gains in
critical thinking cannot be attributable to exposure to the
Comparative Neuroanatomy module.

Affective/opinion items invariably resulted in high ratings
for the module overall (Figure 10; Supplementary Material
#2). Thus, students seem to like the exercise. The open-
ended question produced insightful statements on the
purpose of the module that were mostly consistent with the
learning goals.

Obstacles and challenges. Students seemed quite
uninformed about phylogeny, despite having taken several
biology courses. Students seemed particularly confused
because phylogenic lineages do not necessarily follow the
you-are-what-you-eat rule. For example, pandas almost
never eat meat, but are molecularly classified as true bears,
and therefore they are carnivores. Also, humans often eat
meat but are primates rather than carnivores. We provided
students with the mammalian order to which each of our
species belong. In future presentations of this module, it
would probably be more edifying for the students to obtain
this information from their own Internet research. This would
give them a better sense of what the animals actually looked
like and what constitutes a carnivore versus a primate,
versus none of the above.

Going forward, we also plan to have students further
analyze the regression data by comparing the slopes of the
regression lines for the various taxa to each other (Figure 6;
templates for doing this are provided on the MDCUNE
website, URL List #1—see Comparative Neuroanatomy
Analysis of Slope Differences by Order). Comparing slopes
would help expand their use and practice with linear
modeling.

The first time we taught this module, we emphasized
concerted versus mosaic evolution. Concerted evolution
describes a circumstance in which changes in one body part
correlate highly with changes in related body parts, say the
size of the hippocampus and the size of the whole brain.
Mosaic evolution, in contrast, describes a situation in which
changes in one given body part is not predicted by the size
of related parts. For instance, the size of the inferior
colliculus in echo locating bats is substantially larger than



would be predicted by the size of the rest of the brain
(Covey, 2005). Students were asked which idea fit their data
better, concerted or mosaic evolution. They seemed to
struggle with making the case for either idea and interpreting
their data in the light of theory. (The data are more
consistent with concerted evolution as per Figure 4 above,
despite the fact that the proportion of brain devoted to
hippocampus declines as brains get larger.) Accordingly,
during our second summer offering of this module, we
downplayed interpreting the data in light of the two
competing hypotheses. In retrospect, it is probably a
stronger module if students have to use their data to support
a theoretical conclusion.

CONCLUSIONS

Vision and Change suggests instructing students in skills of
posing problems, generating hypotheses, designing
experiments, observing nature, testing hypotheses, and
interpreting and evaluating data to fathom their implications.
Learning more and varied statistical analyses will prove to
be valuable tools. These tools and skill sets would be
valuable not only in biology and neuroscience but also in
many other endeavors. As instructors, we need to focus on
skill sets such as the statistical analyses presented by this
module. Teaching skill sets will prove ultimately to be the
more efficacious pedagogical approach, and one that will
benefit our students regardless of their careers.

SUPPLEMENTARY MATERIALS

(1) Comparative Neuroanatomy: PreTest and PostTest (Key)

(2) Comparative Neuroanatomy: Affective/Opinion  Data
(Summer 2016 and Summer 2017)

APPENDIX URL LIST

(1) UCLA MDCUNE: Comparative Neuroanatomy (CNA)
https://mdcune.psych.ucla.edu/modules/cna/

(2) Scalable Brain Atlas: Macaque — NeuroMaps Atlas
https://scalablebrainatlas.incf.org/macaque/DB09

(3) Allen Mouse Brain Atlas
http://mouse.brain-map.org/

(4) Michigan State University Brain Biodiversity Bank: The
Sheep Brain Atlas
https://msu.edu/~brains/brains/sheep/

(5) Michigan State University Brain Biodiversity Bank: The
Dolphin Brain Atlas
https://msu.edu/~brains/brains/dolphin/

(6) Comparative Mammalian Brain Collections
http://neurosciencelibrary.org/

(7) Imaged
https://imagej.nih.gov/ij/
(8) JASP

https://jasp-stats.org/
(9) UVA Psychology 5559: Evolutionary Neuroscience (The
Evolution of Brain Size: Mosaic & Concerted Evolution)
https://pages.shanti.virginia.edu/PSYC 5559 Evol Neurosc
i/the-evolution-of-brain-size-debates-and-metabolic-
constraints/
UVA Psychology 5559: Evolutionary Neuroscience (Mosaic
Evolution)
https://pages.shanti.virginia.edu/PSYC 5559 Evol_Neurosc
i/the-evolution-of-brain-size-debates-and-metabolic-
constraints/sub-page-1/

(10)
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This article is dedicated to John (Jack) Johnson, Walley Welker, and
Adrianne Noe, who built the Comparative Mammalian Brain Collections
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upon which this teaching module is based. Thanks also to Hope Schaaf-
Grisham, who helped download the image dataset.
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