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Abstract

The large volume of material to be learned in biomedical disciplines requires optimizing the 

efficiency of instruction. In prior work with computer-based instruction of neuroanatomy, it was 

relatively efficient for learners to master whole anatomy and then transfer to learning sectional 

anatomy. It may, however, be more efficient to continuously integrate learning of whole and 

sectional anatomy. A study of computer-based learning of neuroanatomy was conducted to 

compare a basic transfer paradigm for learning whole and sectional neuroanatomy with a method 

in which the two forms of representation were interleaved (alternated). For all experimental 

groups, interactive computer programs supported an approach to instruction called adaptive 

exploration. Each learning trial consisted of time-limited exploration of neuroanatomy, self-timed 

testing, and graphical feedback. The primary result of this study was that interleaved learning of 

whole and sectional neuroanatomy was more efficient than the basic transfer method, without cost 

to long-term retention or generalization of knowledge to recognizing new images (Visible Human 

and MRI).
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INTRODUCTION

Instruction of neuroanatomy encompasses multiple subdomains and forms of representation. 

The curriculum includes, for example, cortical gyri and sulci, subcortical nuclei, neural 

pathways, white matter tracts, blood vessels, and cranial nerves. These are presented in 3D 

anatomy, 2D sectional images, and systematic descriptions. Such a large volume of material 

requires efficient instruction and extensive self-study (consider Sugand et al., 2010).

We have begun to develop and test systems for interactive computer-based instruction of 

neuroanatomy (Chariker et al., 2011, 2012). Such systems should be efficient to deploy, and 

they should be beneficial for a domain in which graphical representation is central and 

extended self-study is required. Many groups have seen this potential, and several systems 
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are available or under construction (UW-SIG, 1999; Höhne et al., 2003; Crowley and 

Medvedeva, 2006; Luursema et al., 2006; Nicholson et al., 2006; Kockro et al., 2007; Primal 

Pictures, 2007; Nowinski et al., 2009; Trelease, 2008; Petersson et al., 2009; Adams and 

Wilson, 2011; Solomon et al., 2011; Yeung et al., 2011). However, this work is in early 

stages of development, and large improvements in capability can be expected (consider 

Issenberg et al., 2005). Related to this situation, recent reviews have suggested that 

additional research is needed to assess the value of computer-based instruction in 

biomedicine (Cook, 2005; Issenberg et al., 2005; Winkelman, 2007; Collins, 2008; Ruiz et 

al., 2009; Tam et al., 2009; Malone et al., 2010).

The basic method of instruction that our group has implemented so far is adaptive 

exploration (Pani et al., 2005a; Chariker et al., 2011). Software tools are provided for 

flexible and efficient graphical exploration of the content of a domain. These tools are used 

in the context of repeated trials of study, test, and feedback. Over trials, exploration is 

informed by an understanding of how knowledge must be used, where learning has 

progressed, and what is left to be learned (Mahmood and Darzi, 2004; Pashler et al., 2005; 

Kornell et al., 2009). When a high level of test performance is required before learning is 

stopped, there will be numerous learning trials, extensive testing, and spaced practice. These 

aspects of a learning environment are beneficial for long term retention (Cepeda et al., 2006; 

Karpicke and Roediger, 2008; Larsen et al., 2008; Rohrer and Pashler, 2010).

Our research program has been focused on the problem of learning sectional representation. 

This is a common form of representation in which 3D structures are viewed as planar slices 

that have been sampled from the interiors of the structures. Examples include microscope 

slides, tissue slices preserved in transparent media, the Visible Human dataset, and MRI and 

CT scans. Prior research has suggested that understanding anatomy through sectional 

imagery is particularly challenging and requires years to master (Lesgold et al., 1988; 

Crowley et al., 2003; Pani et al., 2005b; see also Ruisoto et al., 2012).

The problem of learning sectional neuroanatomy was approached from a long-standing 

tradition in the psychology of learning and memory that emphasizes the importance for 

memory of making material to be learned conceptually well organized (Bower et al., 1969; 

Bower, 1970; Bransford et al., 2000). An initial hypothesis was that learning whole (three-

dimensional) neuroanatomy first would lead to: (1) efficient learning of sectional 

neuroanatomy by allowing better organized encoding of sectional geometry, (2) better long 

term retention of sectional neuroanatomy by providing the benefits of close integration 

between related forms of representation, and (3) better generalization of knowledge to the 

interpretation of new representations of neuroanatomy by providing a mental model that aids 

in reasoning.

An initial study lent strong support to this hypothesis (Chariker et al., 2011, 2012). Whole 

neuroanatomy was learned quickly and transferred well to learning sectional neuroanatomy. 

Initial learning of sectional neuroanatomy was relatively rapid, and fewer trials of sectional 

neuroanatomy learning were required to reach criterion. As a result, the total errors 

committed while learning neuroanatomy were fewer for learning both forms of 

representation than for learning sectional neuroanatomy alone. In addition, when both forms 
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of representation had been learned, there was a small benefit for the generalization of 

knowledge to interpreting new sectional imagery and for long-term retention of sectional 

neuroanatomy.

The focus on integrating two forms of representation leads to a question of whether it may 

be possible to improve the instructional method. Whole and sectional anatomy are 

alternative spatial representations of the same structures. It is possible that learning would be 

most effective if there was close integration during the process of learning through 

alternating the two forms of representation. Questions and discoveries that arose with one 

type of representation could be related immediately to study of the other. In addition, there 

would not be an increasingly long delay between the initial learning of whole anatomy and 

its application to the learning of sectional anatomy. The final cognitive mapping between the 

two domains of representation should be articulated in more detail. Prior work on the 

benefits of interleaving different types of material during learning encouraged examining 

this approach in a domain that featured complex spatial representation (Rohrer and Taylor, 

2007; Kornell and Bjork, 2008; Taylor and Rohrer, 2010). On the other hand, if knowledge 

of whole anatomy functions as a precursor to building knowledge of sectional anatomy, as 

knowledge of arithmetic is a precursor to learning algebra, then the basic transfer (i.e., 

sequential) method should be best.

The present study investigated the possibility that an interleaved, trial by trial, transfer and 

integration between learning of whole and sectional anatomy (called the alternation 

condition), would lead to greater benefits for sectional anatomy learning than a basic 

transfer method (called the whole then sections condition). The efficiency of learning, 

generalization of knowledge to interpreting new sectional representations (Visible Human 

and MRI images), and long-term retention were measured.

This study had several differences from the earlier one. Chief among them were that a) the 

performance criterion for halting learning was relaxed from what had been a very 

demanding one, b) the retention interval for long-term retention was extended by an average 

of three weeks, and c) learning trials in the present study were blocked by anatomical view 

(e.g., coronal view; see later discussion). Due to these differences, it was decided to include 

a replication of the earlier study within this one. A third group was tested in which 

participants only learned sectional neuroanatomy. Comparison of the performance of that 

group (called sections only) with the whole then sections group provided an assessment of 

the degree of replication of the earlier study.

METHOD

Participants

Fifty nine undergraduate students at the University of Louisville were recruited for the study 

(22 male and 37 female). Participants were recruited through advertisements placed around 

the university campus and on a university website. Volunteers were surveyed about their 

knowledge of the neuroanatomical structures taught in the study. Only those with a 

rudimentary knowledge of neuroanatomy were enrolled. Participants were paid $100 for 

completing the study.
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Psychometric Test

Prior to the experiment, each participant was administered the Space Relations subtest of the 

Differential Aptitude Tests (Bennett et al., 1989. This is a standard test of spatial ability in 

which participants are required to indicate which of four solid figures (pictured in isometric 

views) would be formed by folding a flat design. Participants were assigned randomly to the 

three experimental conditions with the exception that the means and distributions of spatial 

ability scores were balanced across the learning groups.

MATERIALS

Participants learned individually using computer workstations with 24 inch high resolution 

color monitors. An accurate 3D computer graphical model of 19 structures in the human 

brain, and sections derived from the model, were developed for this project (Chariker et al., 

2011). Images from the Visible Human, version 2.0, (Ackerman, 1995; Ratiu et al., 2003) 

made available by the National Library of Medicine were used as source information. These 

are photographs of cryosections through a cadaver brain. The structures that were modeled, 

and that could be selected in the learning programs, included amygdala, brainstem, caudate 

nucleus, cerebellum, cortex, fornix, globus pallidus, hypothalamus, hippocampus, 

mammillary body, nucleus accumbens, optic tract, pituitary, putamen, red nucleus, 

substantia nigra, subthalamic nucleus, thalamus, and ventricles.

One computer program supported learning whole brain anatomy (Figure 1A). In this case, 

the whole brain could be freely rotated and zoomed. Clicking on an anatomical structure 

with the computer mouse highlighted it and displayed its name. It then could be removed to 

reveal what was behind it (and later replaced).

A second program permitted exploration of sectional anatomy in any of the three standard 

anatomical views (i.e., coronal, sagittal, or axial; Figure 2A). Clicking on a structure 

highlighted it and displayed its name. Further exploration occurred through moving a slider 

that successively replaced the anatomical section that was displayed on the screen. (For 

more detail on program operation, see Chariker et al., 2011).

Both programs followed a sequence of free study for four minutes, a self-timed test, a 

numerical feedback panel, and feedback for two minutes. Testing in whole anatomy 

involved moving through the brain, selecting structures, and naming them by using a button 

panel (similar to that in Figures 1 and 2). Testing in sectional anatomy involved moving 

through sections of the brain, selecting structures that were indicated by red arrows, and 

naming them by using the button panel. Longer structures were tested in two positions (e.g., 

the head and tail of the caudate nucleus). Thus, there were 29 sectional test items for the 19 

structures in the coronal and sagittal views, and 27 test items in the axial view. In both 

learning programs, items could be skipped, and items that had been named turned blue. 

There was no indication of which labels had been used, and labels could be used more than 

once.

The numerical feedback gave the number of items labeled correctly, the number mislabeled, 

the number omitted, and percentage correct. Graphical feedback permitted exploring the 
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brain exactly as in the study phase. However, correctly labeled structures were green, 

mislabeled structures were red, and omitted structures remained their standard colors 

(Figures 1B and 2B). Participants could click on any structure, including the mislabeled 

structures that were colored red, and immediately see the correct name.

Tests of long-term retention of sectional anatomy used a format identical to the learning 

trials, but without the study and feedback phases. Tests of generalization to the interpretation 

of biomedical images required labeling structures in MRI images and in Visible Human 

digital photographs. These tests also were conducted with interactive computer programs. 

For tests of long-term retention and generalization, every structure was tested in all three 

standard sectional views. As in sectional anatomy learning, there were 29 test items in the 

coronal and sagittal views, and 27 test items in the axial view.

For both sets of biomedical images (Visible Human and MRI), there were two different 

procedures for testing the generalization of knowledge to interpreting the images. In Uncued 

Recognition, participants clicked on any structure they recognized in the image displayed on 

the screen. A red dot was left on the screen where it was clicked. Then the appropriate name 

was selected in the button panel, and the pairing was submitted as an answer. The 

participants labeled as many structures as they could recognize in each image and then went 

to the next image. Sets of MRI and Visible Human images were selected so that all of the 

intended target test items would be available to the participant during the test. Responses 

were scored by comparing the locations of the red dots, and the labels, with images that had 

the target structures outlined and correctly labeled. Scorers were blind to the participants’ 

experimental condition.

In the Submit Name test of generalization, a single structure in an image (Visible Human or 

MRI) was indicated by a red arrow, and the participant used the button panel to label the 

structure. Participants labeled one structure in each image and then proceeded to the next 

image. Because the data were labels associated with single images, they could be scored by 

computer. No feedback was given in the tests of generalization. For each type of test, all 

images of a single type (Visible Human or MRI) were tested together in a series.

Design and Procedure

As noted earlier, there were three experimental conditions. In sections only, participants 

learned only sectional neuroanatomy. Learning began with the coronal view and continued 

with that view until a test score reached at least 90% correct (17 of 19 structures). Learning 

trials then continued with the sagittal view until the 90% criterion was reached, and this was 

followed by trials with the axial view. After this sequence was completed, participants 

repeated it in a second cycle. Thus, the minimum number of trials to reach criterion was 6.

In the whole then sections condition, participants first learned whole anatomy according to 

the scheme just described: There were learning trials with each of the three anatomical 

views until test scores reached at least 90% correct in that view. The procedure began with 

the coronal view, progressed to the sagittal view, and ended with the axial view. This cycle 

was then repeated. For whole anatomy learning, the view determined the initial orientation 

of the brain model, but the model could be rotated. During the test phase of a whole anatomy 

Pani et al. Page 5

Anat Sci Educ. Author manuscript; available in PMC 2015 April 16.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



trial, the brain could only be rotated 45 degrees in any direction from the initial orientation 

(i.e., front, side, or top view).

After whole anatomy was learned in the whole then sections condition, sectional anatomy 

was learned with the same procedure (two cycles of the three anatomical views). Thus, the 

minimum number of trials for the whole then sections condition was 12: at least 90% correct 

in three anatomical views repeated over two cycles; once for whole anatomy and once for 

sectional anatomy.

The alternation condition followed a procedure similar to that of the whole then sections 

condition. However, whole and sectional anatomy were interleaved within single anatomical 

views (coronal, sagittal, or axial). The first trial within an anatomical view (e.g., the coronal 

view) presented whole anatomy. This was followed by a trial with sectional anatomy. The 

two types of presentation alternated until at least 90% correct was reached for whole 

anatomy, at which point presentation of whole anatomy ceased for that view. Trials with 

sectional anatomy continued for that view until at least 90% correct was reached. When 

performance reached at least 90% correct for both whole and sectional anatomy, learning 

moved to the next anatomical view (e.g., sagittal). When all three views had been learned in 

this fashion, learning trials proceeded through a second cycle of the three views. The 

minimum number of trials for the alternation condition again was 12: two cycles of trials for 

the three anatomical views in which at least 90% correct was reached for both whole and 

sectional anatomy.

Participants were given a thorough demonstration of the operation of the relevant 

instructional programs with a fictitious brain model. The learning trials did not begin until 

the individual could demonstrate and explain all elements of moving through a trial. 

Experimental sessions were limited to one hour, and participants were asked to schedule 

visits three times a week, as though they were attending a class. The two tests of 

generalization took place immediately after learning was completed. To minimize 

contamination between the tests, Uncued Recognition was always tested before Submit 

Name. Tests of long-term retention were conducted four to eight weeks later, depending on 

the participant’s availability.

Statistical analyses were completed with the SPSS statistical package, version 20, (IBM 

Corp., Armonk, NY). All data sets were checked for extreme scores using the standard SPSS 

Explore program.

RESULTS

Mean test performance over learning trials is illustrated in Figure 3 for all three 

experimental conditions. Extreme scores from one participant were excluded from statistical 

analyses of the number of trials to complete learning.

Comparison of the Whole then Sections and Alternation Conditions

The primary concern in the present study was to compare learning in the WtS condition with 

learning in the alternation (Alt) condition. Two measures were of interest in assessing the 
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efficiency of learning for the two experimental conditions: the percent correct test 

performance in Trial 1 of each sectional view, and the number of trials required to complete 

each sectional view. As learning progressed from view to view, there should have been at 

least some transfer of learning for both experimental conditions. Thus, percent correct in 

Trial 1 of each view should have gone up, and the number of trials to complete learning in 

each view should have gone down. The mean percent correct in Trial 1 of each view, and the 

total number of trials to complete each view, are shown in Figure 4, broken down by 

experimental condition and anatomical view.

For the comparison of WtS and Alt, it was predicted that there would be an interaction of 

condition by view for these measures of learning. WtS would be superior to Alt at the first 

view, with higher percent correct in Trial 1 and fewer trials to complete learning. At the last 

anatomical view, Alternation would be superior on these measures, with higher percent 

correct in Trial 1 and fewer trials to complete learning.

Learning: Mean percent correct test performance, Trial 1 of each view—When 

averaged over both experimental conditions, test performance in Trial 1 of each anatomical 

view improved as learning progressed (Figure 4A), F (2, 72) = 14.542, p < 0.001, ηp
2 = 

0.288. In pairwise comparisons, the first, coronal, view had lower test performance than 

each of the succeeding views: coronal vs. sagittal, F (2, 38) = 77.502, p < 0.001, d = 1.65; 

coronal vs. axial, F (2, 38) = 73.905, p < 0.001, d = 1.70.

The predicted statistical interaction of condition and view did occur for performance in Trial 

1 of each view (Figure 4A), F (2, 72) = 22.667, p < 0.001, ηp
2 =.386. In the two planned 

comparisons, WtS had higher test performance than Alt in Trial 1 of the first (coronal) view, 

t (37) = 4.705, p < .001, d = 1.51; WtS M = 67.6%, Alt M = 45.7%. Thus, the prior learning 

of whole anatomy gave WtS a large advantage in the first trial of sectional anatomy 

learning. In the third and last (axial) view, the two groups were statistically equivalent.

Learning: Number of trials to complete each view—When averaged over both 

experimental conditions, the number of trials required to complete learning of each 

anatomical view decreased over the three views (Figure 4B), F (2, 70) = 6.924, p = 0.002, 

ηp
2 = 0.165. In pairwise comparisons, the first, coronal, view required significantly more 

trials than each of the succeeding views: coronal vs. sagittal, F (2, 37) = 74.178, p < 0.001, d 

= 0.79, coronal vs. axial, F (2, 37) = 70.487, p < 0.001, d = 1.0.

The predicted statistical interaction of condition and view occurred for the number of trials 

to complete each view (Figure 4B), F (2, 70) = 4.095, p = 0.021, ηp
2 = 0.105. In the two 

planned comparisons, WtS and Alt were statistically equivalent in the first view learned, p = 

0.345. At the third and last view, Alt completed learning in fewer trials than WtS, t (30.438) 

= 2.051, p = 0.049, d = 0.65; WtS M = 1.62 trials, Alt M = 2.34 trials. Indeed, a striking 

outcome of this study was that more than half the participants in the alternation condition 

(55.6%) completed learning of the axial view of sectional anatomy in a single trial. The 

proportion of participants completing a view of sectional anatomy in a single trial is shown 

in Figure 5 for all three experimental groups.
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Learning: number of total trials and errors to complete learning—The 

participants in the Alt condition completed all of neuroanatomy learning (whole and 

sectional anatomy) in 2 fewer trials than did WtS. Although the effect size for this 

comparison was moderate, this difference did not reach statistical significance, t (36) = 

1.447, P = 0.157, d = 0.47; WtS M = 20.1 trials, Alt M = 18.0 trials.

Participants in the Alt condition committed 33% fewer errors (omissions and mislabeling 

summed over all tests completed) over the total course of neuroanatomy learning that did 

those in WtS, t (28.72) = 2.051, P = 0.049, d = 0.65; WtS M = 88 errors, Alternate M = 59 

errors. Thus, although the test performance in Trial 1 of sectional anatomy learning was 

higher for WtS, Alt ultimately reached criterion across all three anatomical views with 

significantly fewer test errors.

Generalization to biomedical images—There were no statistically significant effects 

related to the difference between WtS and Alt for the tests of generalization to interpreting 

biomedical images. In regard to overall levels of performance, test scores for the Uncued 

Recognition test were relatively low, WtS M = 34.3%, Alt M = 33.8%. Performance was 

much better for the Submit Name test, WtS M = 63.9%, Alt M = 64.6%. The improvement 

can be explained by the fact that the biomedical images contained innumerable features that 

had not been present in learning (e.g., bone, muscle, blood vessels, and additional neural 

structures). When a structure was indicated to be part of the set that had been learned, 

performance in recognition improved substantially.

For recognition in the Submit Name test, participants were much better at recognizing 

structures in the higher resolution Visible Human cryosections (M = 72.5%) than in the MRI 

images (M = 56.0%); F (1, 37) = 22.779, p < 0.001, ηp
2 = 0.381. Thus, the resolution and 

contrast of the images also was a determinant of recognition performance in the tests of 

generalization.

Long term retention—The overall test performance for the long-term retention of 

sectional anatomy was 76.1%. There were no statistically significant effects related to the 

difference between WtS and Alt for the tests of long-term retention (WtS M = 74.9%, Alt M 

= 77.4%).

Replication: Comparison of Whole then Sections to Sections Only

The sections only condition was included in this study to assess the degree of replication of 

the earlier study, in which sections only (SO) and whole then sections (WtS) were compared 

(Chariker et al., 2011, 2012). We do not present the complete set of summaries and analyses 

in this report that would essentially repeat the earlier paper. Rather, we focus on important 

differences between the results of the two studies.

The comparison of WtS and SO did not replicate the earlier study in two places. The first 

instance is that the SO group in the present study required many fewer trials to complete 

learning than did the SO group in the earlier study (12.75 trials in the present study vs. 21.4 

trials earlier). Moreover, the analogous reduction in trials was less for the present WtS 

group, because it had to meet the learning criterion for both whole and sectional anatomy 
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(Figure 3). Thus, when considering the number of total trials to complete all of 

neuroanatomy learning (whole and/or sectional anatomy), the present SO group required 

substantially fewer trials than did the WtS group: SO M = 12.75 trials, WtS M = 20.05 trials; 

t (38) = 5.166, P < 0.001, d = 1.63. In this study, WtS required 55% more trials than SO to 

complete all of learning. In the earlier study, WtS required 25% more trials than SO.

The second difference between the two studies was in the long term retention of sectional 

anatomy. Following the method of Chariker et al. (2012), the test items for retention of 

sectional anatomy were first divided statistically into those of typical difficulty and those 

that were especially difficult. The 85 total test items divided into 67 typical test items 

(78.8% of the items) and 18 difficult test items (21.2%). Each participant then received a 

score for retention of typical items and a score for retention of difficult items. There was a 

statistical interaction of experimental condition with item difficulty for long term retention 

of sectional anatomy, F (1, 37) = 11.661, p = 0.002, ηp
2 = 0.240. The WtS group had much 

higher retention of difficult structures than did the SO group, F (1, 60.199) = 14.707, p < 

0.001, d = .95; WtS typical structures M = 85.4%, SO typical structures M = 83.9%, WtS 

difficult structures M = 49.2%, SO difficult structures M = 32.2%. This is a much larger 

advantage for WtS on long term retention of sectional anatomy than was seen earlier 

(Chariker et al., 2012).

DISCUSSION

This study was part of an effort to develop and test more efficient methods for instruction of 

neuroanatomy. Computer-based methods were developed on the belief that they present 

graphical material effectively and support the extensive self-study required in this discipline. 

Sectional neuroanatomy has been the primary target for instruction in this project due to its 

high level of difficulty. The computer programs have been tested in the context of a method 

called adaptive exploration, which takes advantage of the benefits for long-term retention of 

spaced practice, feedback, and repeated testing (Mahmood and Darzi, 2004; Larsen et al., 

2008). The fundamental hypothesis behind the recent work has been that combining 

instruction of whole neuroanatomy with sectional neuroanatomy will be an effective way to 

provide organization and integration of the complex material that is presented in sectional 

neuroanatomy (see also Ruisoto et al., 2012).

The present study demonstrated that an integrative process of learning, in which whole and 

sectional neuroanatomy are presented in alternating trials, is a more efficient method of 

learning than the basic transfer paradigm. The typical participant in the alternation condition 

required only six cumulative trials (each with six minutes of study and feedback) to reach 

levels of test performance that remained above 80% correct for the three standard 

anatomical views of whole and sectional neuroanatomy. Participants in the alternation 

condition committed 33% fewer errors during neuroanatomy learning than did participants 

in the whole then sections condition. By the time participants in the alternation condition 

moved to the third (axial) view of sectional anatomy, more than half the participants were at 

or above 90% correct test performance in a single learning trial.
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The improvement in the efficiency of learning for the interleaving of whole and sectional 

anatomy came at no cost to long-term retention or generalization to interpreting new 

biomedical images. We expect that as the amount of material to be learned is scaled up, and 

learning is extended over longer periods, the alternation method will increase in its relative 

effectiveness. There may then be benefits of alternation for long-term retention and 

generalization.

This study repeated a comparison from an earlier study (Chariker et al., 2011, 2012), in 

which a group that learned whole anatomy and then learned sectional anatomy (WtS) was 

compared with a group that learned only sectional anatomy (SO). The differences between 

the two studies are consistent with what is known about the relations between repeated 

testing and long term retention (Karpicke and Roediger, 2008; Larsen et al., 2008; Rohrer 

and Pashler, 2010). Participants in the SO group in the present study required relatively few 

trials to complete learning of sectional neuroanatomy. As part of this reduction, they took 

fewer tests. In conjunction with this outcome, this group had a greater disadvantage in long 

term retention of sectional neuroanatomy than was seen earlier. Thus, there appears to be a 

tradeoff. Framed in terms of the advantages of WtS over SO, WtS either will be: (1) 

relatively efficient in the number of trials required to learn both representations of 

neuroanatomy, with small benefits for long term retention of sectional anatomy, or (2) 

mastering two representations of neuroanatomy may require substantially more total 

learning trials than learning one, but long term retention of sectional anatomy will be 

superior (for further discussion of testing and retention in relation to this work, see Chariker 

et al., 2011).

There are several limitations of the present study. With only 20 participants in each group, 

statistical power was relatively low. A second limitation is that the instructional methods 

were not compared to alternative educational technologies, such as the use of textbooks and 

atlases. Our approach to this problem has been that new technologies need to advance in 

their development before it is useful to compare them to alternatives (consider also 

Friedman, 1994; Cook, 2005). Meanwhile, tests of external validity, such as the recognition 

of structures in biomedical images, can be used as benchmarks to monitor the progress of 

development. Finally, only 19 neuroanatomical structures were taught. Actual instruction of 

neuroanatomy includes many more structures, several more subdomains of anatomy, and 

neural function. Thus, this study serves as an initial trial for developing methods of 

instruction in computer-based systems. Scaling the methods up is an important challenge for 

future work.
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Figure 1. 
Screen images from the program for learning whole anatomy. A: Image from the study 

phase of a trial. The learner has rotated the brain, removed the right cortical hemisphere, and 

highlighted the right putamen. B: Image showing post-test graphical feedback. The learner 

has removed the cortical hemispheres and highlighted the left hypothalamus. Structures 

colored green were labeled correctly on the test, structures colored red were mislabeled, and 

achromatic structures were skipped.
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Figure 2. 
Screen images from the program for learning sectional anatomy. A: Image from the study 

phase of a trial. The learner has moved to a coronal section that cuts through the middle of 

the brain and has highlighted the right putamen. B: Image showing post-test graphical 

feedback. Tested items are indicated by small red arrows. Structures colored green were 

labeled correctly on the test, structures colored red were mislabeled, and achromatic 

structures indicated by the red arrows were skipped. The learner has highlighted the right 

substantia nigra.
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Figure 3. 
Mean percentage correct test performance across learning trials, broken down by type of 

anatomical presentation and experimental condition. C = Coronal section. S = Sagittal 

section. A = axial section. Error bars illustrate sample standard deviations. Note that not all 

participants completed the same number of trials. Where means represent a trial in which 

some participants had met the performance criterion earlier, those participants’ performance 

was extrapolated forward to contribute to the group mean.
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Figure 4. 
A: Mean percentage correct test performance in the first trial of each anatomical view for the 

Alternation and Whole then Sections groups. B: The number of trials required to reach the 

performance criterion for each anatomical view for the Alternation and Whole then Sections 

groups. Vertical black bars with an asterisk indicate a statistically significant pairwise 

comparison (P < 0.05). Error bars show 95% confidence intervals.
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Figure 5. 
The percentage of participants in each of the three experimental groups who completed 

sectional anatomy learning for an anatomical view in one trial.
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