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Students in undergraduate premedical anatomy courses may experience suboptimal and 
superficial learning experiences due to large class sizes, passive lecture styles, and difficult-
to-master concepts. This study introduces an innovative, hands-on activity for human mus-
culoskeletal system education with the aim of improving students’ level of engagement and 
knowledge retention. In this study, a collaborative learning intervention using the REFLECT 
(augmented reality for learning clinical anatomy) system is presented. The system uses the 
augmented reality magic mirror paradigm to superimpose anatomical visualizations over 
the user’s body in a large display, creating the impression that she sees the relevant  
anatomic illustrations inside her own body. The efficacy of this proposed system was 
evaluated in a large-scale controlled study, using a team-based muscle painting activity 
among undergraduate premedical students (n = 288) at the Johns Hopkins University. The 
baseline knowledge and post-intervention knowledge of the students were measured before 
and after the painting activity according to their assigned groups in the study. The results 
from knowledge tests and additional collected data demonstrate that the proposed 
interactive system enhanced learning of the musculoskeletal system with improved 
knowledge retention (F(10,133) = 3.14, P < 0.001), increased time on task (F(1,275) = 5.70, 
P < 0.01), and a high level of engagement (F(9,273) = 8.28, P < 0.0001). The proposed 
REFLECT system will be of benefit as a complementary anatomy learning tool for students. 
Anat Sci Educ 12: 599–609. © 2019 American Association of Anatomists. 

Key words: gross anatomy education; undergraduate education; body painting; augmented 
reality for anatomy; technology for teaching anatomy; interactive education

INTRODUCTION
Mastering the terminology and concepts of human anatomy—
especially the human musculoskeletal system—is a challeng-
ing task for many medical students in their preclinical years, 
and especially for premedical students in undergraduate pro-
grams (Abu-Hijleh, 2010; Ganguly, 2010). Undergraduate 
students dedicate significant amounts of time to attend 
lectures, study textbooks, review two-dimensional images, 
and undertake laboratory sessions to learn the essential ana-
tomical concepts throughout the semester (Silverberg et al., 
1995; Pandey and Zimitat, 2007; Patel and Moxham, 2008; 
Sugand et al., 2010; Samarakoon et al., 2013). Moreover, 
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due to the large volume of material presented in the anatomy 
curriculum, there has always been a concern that the relevant 
content is not sufficiently retained for future years of study. 
Additionally, despite the key role of surface anatomy in clini-
cal practice, most of the current educational resources do not 
provide a solid explanation and foundation for understand-
ing surface anatomy (Azer, 2013). Turney (2007) stated that 
the decline in knowledge of anatomy among undergraduate 
students is due to reductions in overall allocated time and 
especially in dissection laboratories.

With this in mind, students may not retain knowledge as 
well as expected (Rizzolo and Stewart, 2006; Hasan et al., 
2011). As a solution, some scholars (Bergman et al., 2008; 
Sugand et al., 2010; Kerby et al., 2011; Pelargos et al., 2017) 
have suggested that retention of knowledge is improved when 
students are actively involved in their learning experience. This 
is because active and problem-orientated learning adds interest 
and aids in problem solving, critical thinking, and long-term 
retention of knowledge to identify clinically relevant anatom-
ical structures (Boon et al., 2002; Miles, 2005; Turney, 2007; 
Sugand et al., 2010). In contrast to lectures, some active learn-
ing methods, such as team-based learning, can increase student 
engagement and behavioral interaction (O’Malley et al., 2003; 
Kelly et al., 2005). Some recently successful efforts to improve 
active and playful learning experiences in anatomical sciences 
education include body painting (Cody, 1995; Op Den Akker 
et al., 2002; McMenamin, 2008; Finn, 2015), clay modeling 
(Motoike et al., 2009; Waters et al., 2011), haptics simula-
tions and models (Kinnison et al., 2009; Preece et al., 2013), 
and three-dimensional digital models (Nicholson et al., 2006; 
Sierra and Enderle, 2006; Trelease and Rosset, 2008; Nguyen 
and Wilson, 2009; Petersson et al., 2009; Venail et al., 2010; 
Peterson and Mlynarczyk, 2016; Wang et al., 2016).

Body painting involves illustrating anatomical features on 
a model’s skin with water-soluble paint to delineate internal 
structures (Cody, 1995). Many studies with undergraduate 
premedical and medical students (Op Den Akker et al., 2002; 
McMenamin, 2008; Finn, 2015), and physical therapy and 
dental students (Nanjundaiah and Chowdapurkar, 2012) sup-
port that body painting is a successful adjunct to surface anat-
omy and clinical skills classes (Azer, 2013).

Furthermore, among advanced learning technologies, aug-
mented reality (AR) applications support training by blending 
digital elements with the physical learning environment in med-
ical training scenarios (Barsom et al., 2016; Küçük et al., 2016; 
Moro et al., 2017). Virtual reality (VR) on the other hand, is a 
technology that provides a 3D computer-generated virtual envi-
ronment that users can interact with and explore. In anatomy 
education, some VR systems have been developed which either 
use screen-based displays (Lu et al., 2005; de Faria et al., 2016) 
or head-mounted displays (Seo et al., 2018) for virtual anat-
omy model visualization. Despite the benefits that virtual reality 
offers, augmented reality technology gives the learner a sense of 
body-ownership and proprioception with anatomical self-aug-
mentation. In other words, only in AR platforms does the learner 
have the privilege to feel the connection between anatomic con-
cepts, her own body, and even position-movement sensation in 
AR systems (Blum et al., 2012; Lindgren and Johnson-Glenberg, 
2013; Bauer et al., 2016; Bork et al., 2017a, b).

This study proposes a hands-on, novel anatomy learn-
ing activity that improves student engagement and learning. 
An innovative augmented reality system, named REFLECT 
(augmented REality For LEarning Clinical anaTomy) is pro-
posed in this article, and is used in conjunction with another 

solution for anatomy education: human body painting (Op 
Den Akker et al., 2002; McMenamin, 2008; Finn, 2015; 
Nanjundaiah and Chowdapurkar, 2012). The REFLECT system 
is a screen-based interactive system that precisely superimposes 
anatomical structures, such as the musculoskeletal system, on 
top of the user’s body. The system setup is called Magic Mirror 
because it creates a sense of looking inside the user’s own body 
in a mirrored view as she interacts with the system (Blum et 
al., 2012; Meng et al., 2013; Bork et al., 2017a). Figure 1 illus-
trates the specifications of the REFLECT system.

Both body painting and the augmented reality Magic Mirror 
system have been recognized as effective learning tools for med-
ical education (McMenamin, 2008; Finn, 2015; Meng et al., 
2016a, b; Kugelmann et al., 2018). To evaluate the proposed 
educational plan, an activity for undergraduate students at the 
Johns Hopkins University (JHU) was designed. The university’s 
heavy emphasis on premedical education, along with a large 
and diverse population of undergraduate students at JHU, pro-
vided a unique opportunity to examine this new intervention.

The aim of this project was to investigate students’ knowl-
edge of medical terms relevant to the human musculoskeletal 
system. In a team-based activity, students were asked to paint a 
set of major muscles on their peers’ upper and lower limbs using 
painting supplies, either with (i) the REFLECT system or (ii) 
conventional textbook anatomy images. Student performance 
was measured with several tools, such as knowledge tests. 
Knowledge retention—measured as the difference between 
student’s pretest and posttest scores—indicated how much stu-
dents learned from the activity. Moreover, time on task, which 
is the amount of time spent by each team on the painting activ-
ity, was recorded as well. Previous work has demonstrated that 
student engagement and knowledge retention improves with 
increased amounts of time on task (Peters, 2004).

The working hypothesis of this study was that using the 
REFLECT system would improve students’ knowledge reten-
tion, time on task, and level of engagement in the painting 
activity. More specifically, research questions of the study 

Figure 1. 

Overview of the REFLECT system. The musculoskeletal model is precisely 
superimposed on the user’s image with labeling and color-coding visualization 
features. The left part of the television screen shows the augmented reality view 
of the user, and the right part of the screen shows the three-dimensional model 
of anatomy as a virtual view. The Microsoft Kinect sensor is used for real-time 
motion tracking of the user.
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were as follows: (1a) Does REFLECT enhance students’ 
retention of knowledge in the context of the human muscu-
loskeletal system?; (1b) Is there any difference between the 
experimental and control groups in the recall (follow-up) 
knowledge test?; (2) Is there any meaningful difference 
between the experimental and control groups in terms of 
time on task? Which group dedicated more time to complete 
the painting activity?; (3) Is there any difference between 
the experimental and control groups based on the quality of 
painting outcomes (e.g., in a number of colors used)?; and 
(4) Does REFLECT play a role in students’ enjoyment and 
engagement in the painting activity?

MATERIALS AND METHODS
Overview of Course Framework

A large laboratory course (General Biology Laboratory II, 
which enrolls over 300 students) offered by the Department of 
Biology at the Johns Hopkins University was selected for this 
study. Unlike many introductory biology laboratory courses, 
this course spends half a semester on mammalian anatomy 
and an additional two weeks on comparative animal anatomy. 
For the mammalian anatomy, a commercial laboratory man-
ual (Marieb, 2015) designed for allied health programs (such 
as two-year nursing programs) is used. Since General Biology 
Laboratory II is required for application to medical school, 
students from a wide variety of majors who plan on pursuing 
medical careers enroll. Johns Hopkins does not offer a stand-
alone anatomy laboratory for undergraduate students, so this 
course is the main venue in which students encounter hands-on 
anatomy. Although students in General Biology Laboratory II 
dissect rats as well as individual organs from nonhuman mam-
mals (sheep hearts, cow knees, etc.,), there was not a specific 
dissection paired with learning arm and leg musculature.

Each student in this course attended laboratory one after-
noon a week for three hours, in a room with up to 25 total 
students and one teaching assistant. There were three such 
rooms operating concurrently each day that the laboratory was 
in session. Considering the size of the laboratory, instructors 
collaborated closely with all of the 15 teaching assistants and 
laboratory manager to guide students. Students were assigned 

by their instructor into teams of two to four for performing 
their assignments throughout the semester.

Muscle Painting Activity

This activity was adapted from a commercial laboratory man-
ual (Marieb, 2015), in which pairs of students collaborate to 
paint 12 muscles of their body using painting supplies. The first 
student plays the role of a model, while her teammate paints 
her upper limb muscles (biceps brachii, deltoid, extensor carpi 
radialis longus, triceps brachii, sternocleidomastoid, and tra-
pezius). When finished painting those muscles, students switch 
roles for painting the lower limb muscles (tibialis anterior, rec-
tus femoris, vastus lateralis, vastus medialis, biceps femoris, 
and gastrocnemius) using painting tools and the textbook anat-
omy reference (Marieb, 2015). As the assignment is designed 
for pairs, each student has the opportunity to experience both 
painting and being painted in this team-based activity.

The original activity was modified in multiple ways for this 
intervention. The two-dimensional anatomical figures were 
exchanged with 3D visualization in the REFLECT system for 
experimental groups. All anatomical information from the lab-
oratory manual was incorporated into REFLECT such that it 
represented anterior and posterior views from the model mim-
icking the two-dimensional textbook visualization. A Virtual 
Mirror—which acts as a real mirror—was also added to the 
original painting activity (Fig. 2B). The aim of this extension 
was twofold: (1) to keep the hardware and software setups for 
the study as consistent as possible to minimize the setup vari-
abilities, and (2) to collect some data from the activity scene for 
post-intervention evaluations.

Questionnaires

The Qualtrics application (Qualtrics, Provo, UT) was used 
to develop and collect the questionnaires. There were mul-
tiple questionnaires in this study: a pre-questionnaire, two 
post-questionnaires, and an evaluation rubric. All of the par-
ticipants were asked about their demographics, prior anatomy 
knowledge, school, level of education, and interest in medi-
cal school in the pre-questionnaire. The pretest—which was 

Figure 2. 

Study setup for participants in pairs to complete the painting activity using either A, the REFLECT system in the experimental groups, or B, the textbook and the Virtual 
Mirror system in the control groups.
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solicited from some of the participant groups mentioned in 
Table 1—was a matching test with five questions from the pro-
vided diagram of muscles visible on anterior view of the full 
human anatomy (see Supplemental Materials). The post-ques-
tionnaire had some questions related to the painting role and 
the level of engagement in the painting activity, followed by a 
different (lateral) view of human anatomy with similar match-
ing test. The follow-up post-questionnaire had a matching 
test as well. All three knowledge tests were evaluated by two 
anatomy instructors and two surgeons. These were ensured to 
be at the same level of difficulty, as well as with an equal dis-
tribution of questions among upper and lower limbs. Finally, 
another rubric was designed specifically for teaching assistants 
to assess the painting outcomes of each team. The rubric had 
evaluation measures such as painting accuracy, color variation 
or number of colors in use, and the motivation of students for 
completing the task. All of the questionnaires and the evalua-
tion rubric are provided in the supplemental materials.

The internal consistency and reliability of the designed 
questionnaires were assessed using the Cronbach’s alpha coef-
ficient (Cronbach, 1951). The pre-questionnaire had eight 
items (α = 0.68). The post-questionnaire also consisted of 
eight items (α = 0.71), and the teaching evaluation rubric had 
five items (α = 0.64).

With regard to the questionnaires from participants and the 
evaluation rubric from teaching assistants, there were individ-
ual- and team-level variables in this study. The main individu-
al-level variables included pretest, posttest, and follow-up test 
scores (reported in percentage of correct responses), study year, 
major, painting role, and the activity level of engagement. The 
team-level variables included group, condition, time spent on 
task, team size, painting accuracy, and the number of colors 
used in the painting.

Study Design and Procedure

The main section of this study had a four-group Solomon 
design (Solomon, 1949). This research design involves two 
experimental groups—which are deemed “blue” and “green” 
in this study—and two control groups, deemed “red” and 
“orange.”

Table 1 illustrates details of the study design. The students 
operating under the experimental conditions used REFLECT as 
their painting activity resource, and students operating under 
the control conditions used the textbook and Virtual Mirror to 
complete the task. All students completed posttests, but only 
students in blue and red groups completed pretests.

During the week of the study, each class was randomly 
assigned to one (out of the four) of the study groups. This 
method is termed hierarchical or clustered randomization, and 
this type of participant recruitment is a common practice in 
educational studies and clinical trials (Davis et al., 2002; Rivers 
et al., 2013).

The study procedure was as follows. An online flyer was 
sent to all students inviting them to participate in the study. 
The study was approved by the Johns Hopkins Institutional 
Review Board (Protocol # HIRB00005021), and oral informed 
consent was obtained from each participant before the study 
commenced. After consent, students completed the online 
pre-questionnaire individually, and then entered the painting 
activity room with their preassigned teammates. Each team 
either used (1) REFLECT (experimental groups), or (2) Virtual 
Mirror and the textbook (control groups) to complete the 
painting activity. Figure 2 presents the REFLECT and Virtual 
Mirror visualization, as well as the painting activity setup for 
experimental and control groups.

For the experimental groups, the model (or “paintee”) was 
asked to stand close to the tracking sensor in order to have the 
appropriate digital anatomical illustrations superimposed on 
the student’s body. Then, students found the appropriate mus-
cle to be painted using the presenter clicker. Next, the painter 
used the muscle overlay information shown on the TV screen 
to paint the muscle on the model’s skin. After finishing painting 
upper limb muscles, students switched roles in order to paint 
the lower limb muscles.

Teams in the control group also had a workstation in their 
activity room, but the Virtual Mirror replaced the REFLECT 
software. They were asked to use the laboratory manual anat-
omy figures to complete the activity.

After completing the painting, all of the students completed 
the online post-questionnaire individually. Students then pre-
sented their painted limbs to their teaching assistant to be 
assessed based on the aforementioned rubric. Ten days after 
the main study, students received a link to complete the second 
post-questionnaire (follow-up posttest).

Overview of the REFLECT System

REFLECT has two side-by-side views. As shown in Figure 1, 
on the left side of the image, the user can see herself with 
the 3D model of the muscular system, projected accurately on 
top of her body, and on the right side, a virtual view shows 
the full-size human model with detailed and color-coded 
muscles and their labels. The Kinect V2 (Microsoft Corp., 

Table 1. 
An Overview of the Study Design

Study Designa Condition Group Pretest
Body painting Activity 

Setting Posttest
Follow-up 
Posttestb

Pretest and Posttest Experimental Blue O1 REFLECTc,a O2 OBlue

Control Red O3 Textbook + Virtual Mirror O4 ORed

Posttest only Experimental Green – REFLECT O5 OGreen

Control Orange – Textbook + Virtual Mirror O6 OOrange

aThe design for the main study is Solomon four-group design (Solomon, 1949). It is composed of pretest and posttest, and posttest only 
designs. Randomization for this study was conducted at class level instead of individual level (entire class was randomly assigned to one of 
the four study groups); bThe follow-up posttest is conducted ten days after main study via online questionnaires, and it is not a component 
of the Solomon design. cREFLECT = augmented-reality for learning clinical anatomy interactive system.



Anatomical Sciences Education NOVEMBER/DECEMBER 2019 603

Redmond, WA) tracks the user’s movements in real time, and 
the implemented contextual in situ visualization algorithms 
(via personalized information estimation such as height, body 
volume, and gender) enable muscles (or any relevant anatomi-
cal structures) to be augmented precisely onto the user’s body 
(Meng et al., 2016b; Bork et al., 2017b).

With REFLECT, students do not have to mentally map the 
anatomical locations, since the in-place visualization of the full 
model helps them to locate the anatomical information more 
accurately in comparison to a small, two-dimensional, static 
image illustrated in the textbook. This anatomical visualization 
and its precise positional dynamics (proprioception) connects 
the anatomical concepts to user’s own body.

Hardware and Software Specifications

For the experiment, three mobile workstations (one per lab-
oratory room) were used. Each had a PC (Alienware Alpha, 
Dell Inc., Round Rock, TX) running Windows 10 operat-
ing system (Microsoft Corp., Redmond, WA), a large 55″ 
LED display screen (1920 × 1080 resolution), model DE55A 
(Samsung Electronics, Seoul, South Korea), and a full-body 
motion tracking sensor (Kinect for Windows V2; Microsoft 
Corp., Redmond, WA).

The REFLECT system was developed at the Computer-
Aided Medical Procedures Laboratory in the Visual Studio 
2015 software development environment, Community 
Edition (Microsoft Corp., Redmond, WA), using CMake 
open source software application, version 3.8.1 (Kitware, 
Inc., Clifton Park, NY), Open Graphics Library, version 2.1 
(Khronos Group, Beaverton, OR), and Microsoft Kinect 
Software Development Kit, version 2.0.1410 (Microsoft 
Corp., Redmond, WA).

Virtual Mirror was also developed at the Computer-Aided 
Medical Procedures Laboratory with identical hardware and 
software specifications to those mentioned for REFLECT, 
and this software was used for the control condition (Fig. 2B).

Analysis and Evaluation of Study Design

All of the statistical analysis was performed using Stata soft-
ware, version 14 (Stata Corp., College Station, TX), and the 
results were protected from Type I statistical errors using 
the Bonferroni correction for multiple pairwise comparisons 
(Bland and Altman, 1995). This is calculated by dividing the 
a priori significance value (P = 0.05) by the number of tests 
performed on an individual dataset. The outcome was con-
sidered statistically significant if P < 0.01 (P = 0.05/5) in all of 
the performed statistical tests.

The Solomon four-group design represents one of the few 
experimental designs that explicitly considers external validity 
factors while also ruling out many potential threats to the inter-
nal validity of a study (Campbell and Stanley, 1963; Dimitrov 
and Rumrill, 2003). Internal validity could be improved with 
good study design, conduct, and analysis of the experiment with 
minimal bias. On the other hand, external validity is concerned 
with the generalizability of research findings to, and across 
populations of participants and settings (Campbell and Stanley, 
1963; Kirk, 2012). The two-group pretest, posttest design as a 
classical type of experimental design has good internal validity. 
However, the external validity or generalizability is limited by 
the possible effect of pretesting (Campbell and Stanley, 1963; 
Fraenkel et al., 2015). Another common type of experimental 

design is two-group posttest only design, in which there is 
no pretest. The outcome of the posttest only design is highly 
dependent on the initial assignment of the participants into the 
groups and needs very accurate randomization for assigning 
participants to different conditions, but it also controls the 
effect of pretesting in the experiment (Fraenkel et al., 2015).

The Solomon four-group study design aggregates the advan-
tages from both of the classical experimental designs (pretest 
posttest design, and posttest only design), and it successfully 
controls all threats to internal validity as well as some of 
the threats to external validity (Campbell and Stanley, 1963; 
Richards, 1998; Kirk, 2012). Both  pretest, posttest, and 
posttest only designs, as well as the Solomon four group design, 
are shown on Table 1. Furthermore, detailed evaluation of the 
internal and external validity of the Solomon design is pro-
vided in the supplemental materials.

Despite the strengths of the Solomon study design for 
internal and external validity and pretest sensitization recog-
nition, it has been underused in some experimental studies. 
Unfortunately, no statistical procedure simultaneously uses all 
of the data collected from the Solomon design (denoted as O1–
O6 in Table 1), and one of the major challenges that has been 
reported is the lack of details for a straightforward, compre-
hensive statistical analysis method to compile the data (Braver 
and Braver, 1988; Lusk et al., 1999; McGahee and Tingen, 
2009; Kirk, 2012). This challenge was addressed by Braver and 
Braver (1988) by proposing a sequence of statistical tests in a 
flowchart to reveal any possible statistical significance in the 
data collected from Solomon study design (shown in Fig. 3). 
ANCOVA in Figure 3 refers to a general linear model which 
blends ANOVA and regression. The pretest score is being used 
as a covariate to control for initial group differences in prior 
anatomy knowledge in the ANCOVA test. The central research 
question of this article—Does REFLECT enhance the students’ 
retention of knowledge in the context of the human musculo-
skeletal system?—is investigated using this technique too and 
the results are presented in the following section.

RESULTS
Participant Demographics

From the 330 undergraduate students registered for the 
General Biology Laboratory II course in spring 2017, 288 
(178 female) students within 134 teams were included in the 
study. The remaining 42 students were excluded due to being 
under 18 years of age (n = 13), being absent (n = 9), providing 
incomplete questionnaires (n = 12), or declining to participate 
(n = 8).

Participants’ ages ranged from 18 to 34 (M = 19.8, SD 
±2.0). As for the year of study, 38% (110/288) of the students 
were freshmen, 34.7% (100/288) were sophomores, 21.3% 
(61/288) were juniors or seniors, and 6% (17/288) were mem-
bers of the post-baccalaureate premedical program (post-bacs). 
The participants were from two different schools at JHU. Only 
2.4% (7/288) of the participants were from the Whiting School 
of Engineering and the majority, 97.6% (281/288) were from 
the Krieger School of Arts and Sciences. Only 21.5% (62/288) 
of the participants had prior anatomy background, from 
courses ranging from elective high school anatomy courses 
to mandatory college neuroanatomy courses. Finally, 92.3% 
(266/288) of participants indicated that they were consider-
ing applying to medical school. There were 65 participants 
(42 female) who took the follow-up posttest ten days after the 
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main study. Table 2 illustrates a summary of descriptive statis-
tics for the participants in each group, including the number of 
participants, mean scores, and standard deviations of the three 
knowledge tests.

Research Questions

This section presents the statistical analysis for research ques-
tions of the article. Factors to compare among experimental 
and control groups included retention of knowledge, time on 
task, the quality of painting, and students’ level of engage-
ment, all of which are respectively discussed in the following 
sections. The summary of results from the statistical tests are 
presented in Table 3.

Retention of Knowledge

As stated earlier, there is no single statistical test which makes 
use of all six sets of observations from the Solomon design 
simultaneously (Campbell and Stanley, 1963; Richards, 1998; 
Kirk, 2012). Hence, an alternative approach with a series of 
statistical procedures and partial use of observations (Braver 
and Braver, 1988) was used in this article.

As a first step, the posttest scores from the four groups of the 
study were evaluated. A two-by-two ANOVA test was employed 
with the pretest exposure and the stimulus (REFLECT) expo-
sure as two independent factors (Test A). The findings were 
promising, but yet further analysis was needed to achieve sta-
tistically significant results; F(3,1) = 0.83, ns. The main effects 
test on the experimental vs. the control groups (Test D) was 

performed next, according to the reference flowchart (Fig. 3). 
The mean posttest score was 43% for the experimental condi-
tion (both blue and green groups), and 39.2% for the control 
condition, respectively. The average posttest score among par-
ticipants in the experimental condition was 9.7% more than 
for the control condition (Cohen, 1992). Since there was some 
variation in the observations across participants, the difference 
was not statistically significant in Test D; F(1,286) = 1.12, ns. The 
analysis of covariance or ANCOVA (Test E) was the next per-
formed test. ANCOVA was conducted to determine whether 
a statistically significant difference existed between the blue 
(experimental) and red (control) groups on the posttest scores 
controlling for pretest scores. As a reminder, blue and red groups 
were the only pretested groups according to the Solomon study 
design. ANCOVA showed that there was a statistically signif-
icant effect of the group type (blue in the experimental versus 
red in the control groups) on the posttest score after controlling 
for participants’ pretest scores; F(10,133) = 3.14, P < 0.001, par-
tial η2 = 0.19. The Bonferroni critical value was P < 0.01 for 
this and the following statistical tests.

The observed means for the posttest scores were 
MBlue = 40.8% (nBlue = 69), and MRed = 37.6% (nRed = 75), 
d = 11.8%, and the adjusted means after conducting the 
ANCOVA—while controlling for the participants’ pre-
test scores in the analysis—were MBlue_adjust = 41.1%, and 
MRed_adjust = 37% respectively. The adjusted mean score of 
the blue group was 19.1% more than the adjusted mean score 
of the control groups. The findings from Test E indicated the 
effectiveness of the proposed system on posttest scores while 
controlling for pretest scores, and no further analysis was 
needed (Braver and Braver, 1988).

Figure 3. 

Partial flowchart of the statistical tests, and the findings based on the tests. The sequence of performed statistical tests are shown with bold blue arrows on the flowchart 
to compare the performance of experimental versus control conditions on knowledge tests. Test E denotes statistically significant results, and no further tests are needed 
according to the flowchart (Braver and Braver, 1988). O1-6, outcome measures (scores) from the knowledge tests; ANOVA, analysis of variance; ANCOVA, analysis of 
covariance; ns, nonsignificant.
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In order to understand students’ knowledge retention after 
the intervention (research question 1.b in Table 3), a follow-up 
test was sent to students ten days later. Among those partic-
ipants, 65 individuals took the follow-up posttest, and the 
scores among those from the experimental conditions (n = 27, 
M = 66%, SD ±27) were not different from (and hence compa-
rable to) those from the control conditions (n = 38, M = 67.6, 
SD ±22.4); F(1,64) = 0.13, ns (see Tables 2 and  3).

Time on Task

With regard to the outcome of the time on task, students in 
the experimental groups (M = 11.5 minutes, SD ± 6.5 minutes)  

spent more time in comparison to the control groups (M = 9.17 
minutes, SD ± 4.3 minutes). The difference between the two 
groups was statistically significant as demonstrated in Table 3; 
F(1,275) = 5.70, P < 0.01, partial η2 = 0.22.

Quality of Painting Outcomes

Teaching assistants evaluated each team’s painting performance 
with regard to the number of colors and accuracy. According 
to the teaching assistants’ input, the difference in number of 
colors used for the painting task was statistically significant 
between the experimental and control conditions as shown in 
Table 3; F(1,286) = 19.03, P < 0.00001, partial η2 = 0.52.

Table 2. 
The Knowledge Test Scores Across Multiple Groups of the Study

Group

Pretest Posttest Follow-up Posttestb

Oa n Mean % (± SD) Oa n Mean % (± SD) Oa n Mean % (± SD)

Blue O1 69 32.8 (±21.4) O2 69 40.8 (±28.4) OBlue 7 48.0 (±19.4)

Red O3 75 36.2 (±25.4) O4 75 37.6 (±25.8) ORed 20 72.0 (±26.0)

Green – – – O5 95 44.6 (±28.6) OGreen 22 72.0 (±17.0)

Orange – – – O6 49 42.2 (±33.2) OOrange 16 61.2 (±27.8)

Experimental (Blue 
and Green)

– – – O2,5 164 43.0 (±28.4) OBlue,Green 27 66.0 (±27.0)

Control  
(Red and Orange)

– – – O4,6 124 39.2 (±28.8) ORed,Orange 38 67.6 (±22.4)

Total O1,3 144 39.2 (±27.1) O2,4,5,6 288 41.4 (±28.6) OB,R,G,O 65 67.1 (±24.3)

Groups are defined based on Solomon study design (Solomon, 1949). Blue and Red groups are pretested groups; all groups took the post-
test; aO denotes the outcome measure from the corresponding knowledge test. O1–O6 denotes outcome measures collected from individuals 
during the main intervention; bdenotes the outcome measures from follow-up posttest 10 days after the main intervention.

Table 3. 
Summary of Findings for Research Questions Using Various Statistical Tests

Research Question Statistical Test
Degrees of 

Freedom (df) F η2 P-valuea

1a. Does REFLECT enhance the retention of 
knowledge of students in context of the 
human musculoskeletal system?

ANCOVAb Between (10)c 3.14 0.19 <0.001

Within (133)d

1b. Is there any difference between experi-
mental and control groups in the recall 
(follow-up) knowledge test?

ANOVA Between (1) 0.13 ns ns

Within (64)

2. Is there any meaningful difference between 
experimental and control groups based on 
time on task?

ANOVA Between (1) 5.70 0.22 <0.01

Within (132)

3. Is there any difference between experimen-
tal and control groups based on the quality of 
painting outcomes (e.g. in a number of colors 
used)?

ANOVA Between (1) 19.03 0.52 <0.00001

Within (286)

4. Does REFLECT play a role in the students’ 
enjoyment and engagement in the painting 
activity?

ANCOVAe Between (9) 8.28 0.21 <0.0001

Within (273)

aThe Bonferroni critical value (corrected P-values) is P < 0.01; bAnalysis of Covariance. ANCOVA was performed on Blue and Red groups 
with pretest scores as the covariate; cThe degrees of freedom for the numerator or the degrees of freedom for the between group; dThe 
degrees of freedom for the denominator or the degrees of freedom for the within group (MacKenzie, 2013); eAnalysis of Covariance. 
Painting role is the covariate; ns, statistically nonsignificant.
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Level of Engagement

In this section, students were asked on the post-questionnaire 
about what they found to be the most engaging subtask of 
the project, and the choice varied from none to all painting 
subtasks (ranked data type). Thus, nonparametric tests such 
as Wilcoxon-Mann-Whitney (Mann and Whitney, 1947; de 
Winter and Dodou, 2010) were chosen based upon the ranked 
data type, instead of parametric tests such as ANOVA.

The results from the Wilcoxon-Mann-Whitney test indi-
cated that there was a statistically significant difference 
between the underlying distributions of the level of engagement 
in the painting activity for the experimental and the control 
groups; z = 4.505, P < 0.001.

The level of engagement in the activity could be highly 
correlated with the painting role. With this in mind, level of 
engagement values were adjusted according to the participants’ 
painting activity role in the second test for measuring level of 
engagement. As presented in Table 3, an ANCOVA test on the 
rank-transformed data was conducted, and a statistically sig-
nificant difference was observed between participants regard-
ing experimental versus control conditions on engagement 
level; F(9,273) = 8.28, P < 0.0001, partial η2 = 0.21.

The findings from the Wilcoxon-Mann-Whitney and 
ANCOVA were consistent in demonstrating variations on the 
level of engagement among participants in experimental and 
control conditions. Students in the control group were engaged 
in the painting subtask only; however, students in the exper-
imental groups not only enjoyed painting, but also demon-
strated engagement in being painted.

DISCUSSION
Retention of Knowledge

Leveraged retention of knowledge is one of the crucial aspects 
of any educational intervention, and in this work, several 
knowledge tests were used throughout the study to track stu-
dents’ retention of concepts in anatomy.

The retention of knowledge to identify clinically relevant 
anatomical structures is highly correlated with the level of stu-
dents’ involvement in the interventions (Bergman et al., 2008), 
hence several efforts (Boon et al., 2002; Miles, 2005; Turney, 
2007) have been made to offer interactive and problem-ori-
ented anatomy learning interventions. As noted earlier, the use 
of novel educational innovations like augmented reality (Blum 
et al., 2012; Lindgren and Johnson-Glenberg, 2013; Bork et al., 
2017a; Kugelmann et al., 2018) can enhance students’ learn-
ing experiences. Body painting (Op Den Akker et al., 2002; 
McMenamin, 2008) is also cited as an effective method to 
improve students’ experiences in anatomy education. Along 
with many other approaches to active learning (Op Den Akker 
et al., 2002; McMenamin, 2008; Blum et al., 2012; Lindgren 
and Johnson-Glenberg, 2013; Bork et al., 2017a; Kugelmann 
et al., 2018), the blending of technology and art in a single 
activity can enhance knowledge retention among students. The 
work reported here builds upon previous studies by offering a 
combined intervention in art and technology.

The impact of the REFLECT system in terms of knowledge 
retention was investigated in this article. The analysis of cova-
riance or ANCOVA (by controlling for participants’ pre-test 
scores) revealed that the adjusted posttest mean score was sig-
nificantly higher for the experimental group in comparison to 
the control group. Furthermore, the findings from follow-up 

posttest scores indicated that the performance of students over 
time who used REFLECT was not different from those who 
used the textbook. The number of participants who took the 
follow-up test was not very large, but the findings still illus-
trated that students’ performance in both experimental and 
control groups were comparable and almost identical. Previous 
research (Wang et al., 2016), has suggested that students in the 
experimental groups could perform worse than the control 
groups in the follow-up test because the REFLECT was too 
novel, and they would not be accustomed to it. However, the 
present study did not evince any such decrease in performance, 
confirming the strength of this system.

Time on Task

Time on task is the total effective learning time spent by a 
student in a course, including instructional time (Starenko, 
2015). Student time on task is one of the most influential fac-
tors in student achievement, such that it has been a subject 
of multiple interventions in previous studies (Peters, 2004). 
The results of the present study demonstrated that students in 
experimental groups dedicated more time to painting in com-
parison to teams under control conditions, and the difference 
in time allocation was statistically significant between those 
in experimental and control conditions.

Quality of Painting Outcomes

Previous work on body painting (Finn et al., 2011)  demon-
strated that the use of bold color can aid students’ recall of 
the anatomic structures that have been painted. The results of 
the present study demonstrated that teams in the experimental 
groups used more bold colors for painting, such that there was a 
significant difference in the number of colors between the exper-
imental versus control teams (with a large effect size). Moreover, 
students in experimental teams performed better in their posttest 
results as revealed by Test E (ANCOVA). By putting this infor-
mation together, the findings indicate that use of more bold col-
ors may aid students in recalling the location of muscles in the 
knowledge test, which is consistent with previous work (Finn et 
al., 2011). In addition, the use of more colors during the paint-
ing activity results in students dedicating more time to complet-
ing the task at hand, which also improves students’ engagement 
and involvement (Peters, 2004; Starenko, 2015).

Level of Engagement

The results on the level of engagement item indicated that stu-
dents stayed interested, motivated, and involved in the activity 
using REFLECT, with considerably large effect size values. 
Interestingly, the difference on students’ level of engagement 
between experimental and control conditions was statis-
tically significant even with controlling for activity role, as 
revealed by the ANCOVA test shown in Table 3. The findings 
also demonstrated that students in the experimental condi-
tion liked the painting equally as well as when they served 
as the model (experimental groups were engaged in all sub-
tasks). However, students in the control condition mainly 
remained engaged in the painting subtask. Previous research 
demonstrated that technology-enhanced educational tools, 
such as 3D models, or virtual and augmented reality solu-
tions enhance student engagement in the context of anatomy 
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education (Sugand et al., 2010; Wang et al., 2016). Similar 
research supports the impact of team-based learning pedagog-
ical methods on increased levels of engagement on anatomy 
education (Kelly et al., 2005; Vasan et al., 2011). Moreover, 
body painting methods have also been shown to be an engag-
ing art-based anatomy learning activity (McMenamin, 2008; 
Finn et al., 2011). Altogether, the results of the present study 
support a collaborative, team-based learning approach that 
uses advanced technology in a body painting educational 
activity, which leverages student engagement.

Strengths and Limitations of the Study

There have been few systematic and quantitative studies 
of controlled conditions to evaluate the effectiveness of the 
Magic Mirror in anatomical sciences education (Blum et 
al., 2012; Meng et al., 2013; Bauer et al., 2016; Meng et al., 
2016a; Bork et al., 2017a, b; Kugelmann et al., 2018). To 
evaluate the robustness and functionality of the REFLECT, 
this study was conducted in a real educational setting with a 
well-defined study design, a representative number of partic-
ipants (n = 288), comprehensive data collection, and analysis 
of data from both the participants and teaching assistants.

There were some factors in the study design that could be 
improved for upcoming studies. For instance, even though 
several attempts in the coding process were made to preserve 
anonymity, it might be theoretically possible to reveal the par-
ticipants’ identity (for example, with pairing coding data with 
other demographic data).

Additionally, due to a large number of participants in the study, 
and preassigned teams in the laboratory, randomization was only 
feasible at the class level, and not on the team or individual level. 
Again, due to having preassigned teams, there were teams of three 
or more in the study, although a team size of two was ideal for 
the experiment. The initial findings indicated that the team size 
did not affect the students’ posttest score; however, it might have 
influenced students’ involvement in the painting activity.

Moreover, there were some limitations related to question-
naires. Some of the students provided input about their expe-
rience in the questionnaires which was useful for qualitative 
analysis, but this was ultimately not undertaken, as the main 
focus of this work was quantitative analytics.

Lastly, during the painting activity, the amount of anatom-
ical information and method of presentation was not exactly 
the same for the experimental and control groups. This might 
have introduced another variable to the study. For the future, 
the aim will be to use a handheld device that shows a simi-
lar amount of information in each scene (with similar muscle 
groups and their labels presented in the REFLECT’s virtual 
view in Fig. 1) for the control groups.

Future Directions

There are several directions to extend this work. Students’ 
learning outcomes were investigated in this project, and the 
aim is to ultimately move forward with ethnographic analysis 
at the team level. Some team-based evaluation metrics from 
teaching assistants were collected, but those metrics only indi-
cated the accuracy of painted limbs, not the process of complet-
ing the task, or how students collaborated to accomplish the 
task. De-identified snapshots from the students completing the 
painting activity were collected and will be used for subsequent 
in-depth team-based collaborative and ethnographic analysis.

A precise behavioral review of the models, painters, and 
observers (those in teams of three or more) for upper and lower 
limb painting subtasks is planned. Moreover, by extracting fine-
grained data about the number of correct answers from post-
tests in upper versus lower limbs, and also linking it to students’ 
associated role for each limb, one could reveal whether painters 
outperformed models (and/or observers) in knowledge tests for 
upper and lower limbs. Furthermore, the findings from the afore-
mentioned analysis could be compared with related work in body 
painting for gross anatomy and clinical anatomy education.

CONCLUSIONS
In this article, a technology-enhanced educational tool called 
REFLECT was introduced and tested as part of an undergradu-
ate biology course at Johns Hopkins University. In a controlled, 
large-scale anatomy painting study (n = 288), the REFLECT 
system outperformed traditional textbook intervention in 
retention of knowledge, time on task, painting outcomes, and 
level of engagement with statistically significant outcomes. 
These findings suggest great promise for future applications 
using the REFLECT as a unique and powerful learning tool to 
complement standard musculoskeletal anatomy curricula.
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