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ARTICLE

ABSTRACT
The focus of biology education has shifted from memorization to conceptual understand-
ing of core biological concepts such as matter and energy relationships. To examine un-
dergraduate learning about matter and energy, we incorporated constructed-response 
(CR) questions into an interactive computer-based tutorial. The objective of this tutorial 
is to teach students about matter and energy and help dispel common misconceptions 
through the context of cellular respiration. We used a constructed-response classifier 
(CRC) tool to categorize ideas in responses to three CR questions and measure changes 
in student thinking about cellular respiration. Our data set includes 841 undergraduates 
from 19 geographically diverse institutions including two-year colleges, primarily under-
graduate institutions, and research-intensive colleges and universities. We found students 
from all institution types included more scientific ideas in CRs post-tutorial. Students used 
an average of 2.1 ideas in CRs and frequently used both scientific and developing ideas. 
We found this mixed thinking persisted after the tutorial regardless of institution type. Stu-
dents’ multiple-choice (MC) selections were correlated with their CRs, but CRs revealed 
more mixed thinking than would be inferred from MC responses. Our study shows a CRC 
tool can measure student learning after a computer-based tutorial and provides more 
complete information than MC responses.

INTRODUCTION
Recent science education reforms at the K–12 (National Research Council [NRC], 
2012) and undergraduate levels (American Association for the Advancement of Sci-
ence [AAAS], 2011) focus on concepts and competencies important to multiple biol-
ogy fields, and more broadly to all science, technology, engineering, and mathematics 
(STEM) disciplines. As educational foci shift, instructors and students increasingly 
interact with computer-based learning tools, including online simulations and tutori-
als. Instructors and instructional designers must assess student learning to measure 
effectiveness of computer-based learning. We are interested in the intersection of com-
puter-based learning and automated assessment tools as a potential way for instruc-
tors and students to assess learning. We used an automated Constructed-Response 
Classifier (CRC) tool developed by the Automated Analysis of Constructed Response 
(AACR) research project, to measure changes in student thinking about a core biolog-
ical concept as a result of completing an interactive computer-based tutorial developed 
by SimBiotic Software. To do so, we included three constructed-response (CR) ques-
tions, in which students must respond to a prompt by writing their answer in their own 

Juli D. Uhl,†* Kamali N. Sripathi,‡ Eli Meir,§ǁ John Merrill,¶ Mark Urban-Lurain,† and 
Kevin C. Haudek†#

†CREATE for STEM Institute, Michigan State University, East Lansing, MI 48824; ‡UC Davis Genome 
Center, Biomedical Engineering, Davis, CA 95616; §SimBiotic Software, Inc., Missoula, MT 59807; 
¶Department of Microbiology and Molecular Genetics, Michigan State University, East Lansing, 
MI 48824; #Department of Biochemistry and Molecular Biology, Michigan State University, East 
Lansing, MI 48824

Automated Writing Assessments Measure 
Undergraduate Learning after 
Completion of a Computer-Based 
Cellular Respiration Tutorial

“ASCB®” and “The American Society for Cell 
Biology®” are registered trademarks of The 
American Society for Cell Biology.

John Coley,  Monitoring Editor
Submitted Jun 25, 2020; Revised Dec 24, 2020; 
Accepted Apr 27, 2021

DOI:10.1187/cbe.20-06-0122
ǁConflict of interest statement: Eli Meir is the 
Director of Research at SimBiotic Software, the 
company that developed the Cellular Respiration 
Explored tutorial and participated in the study 
design for this work. This work should not be 
construed as promotion of a product to the 
exclusion of other similar products.
*Address correspondence to: Juli D. Uhl 
(uhljuli@msu.edu).

© 2021 J. D. Uhl et al. CBE—Life Sciences 
Education © 2020 The American Society for Cell 
Biology. This article is distributed by The 
American Society for Cell Biology under license 
from the author(s). It is available to the public 
under an Attribution–Noncommercial–Share 
Alike 3.0 Unported Creative Commons License 
(http://creativecommons.org/licenses/
by-nc-sa/3.0).

CBE Life Sci Educ September 1, 2021 20:ar33



20:ar33, 2	  CBE—Life Sciences Education  •  20:ar33, Fall 2021

J. D. Uhl et al.

words in the tutorial as paired pre- and post-tutorial assess-
ments. Because students often learn by adding new scientific 
ideas without removing nonscientific ideas, we characterized 
student thinking in terms of combinations of ideas in their 
responses. To determine whether this tutorial was beneficial for 
all students, we compared learning among students enrolled in 
19 institutions representing three institutional types. Because 
student thinking often mixes scientific and nonscientific ideas, 
we sought to identify ideas other than those in students’ multi-
ple-choice (MC) responses by comparing student CRs to their 
MC selections.

BACKGROUND
In focusing on core concepts and competencies, the goal is for 
all students to learn to make sense of the plethora of biological 
information that floods their everyday lives, such as discussions 
of genetically modified foods and the effects of drugs on cellu-
lar components. One core concept defined by the AAAS (2011) 
is “pathways and transformations of matter and energy.” This 
concept requires students to understand matter- and ener-
gy-transforming processes at multiple scales, such as the cellu-
lar processes that create and break down metabolites, and how 
specific elements such as carbon, nitrogen, and phosphorus 
cycle through organisms and ecosystems.

Students have great difficulty understanding and applying 
these processes, and their difficulties at all levels of education 
have been extensively documented. First, students are often 
confused by the vocabulary used to describe these processes, 
due to the overlap with colloquial language. For example, stu-
dents often confuse the colloquial and scientific definitions of 
respiration and other scientific processes (Bell, 1985; Anderson 
et al., 1990; Driver et al., 1994). Similarly, students exhibit con-
fusion about the term “energy” due to its use in everyday appli-
cations (Anderson et al., 1990; Hartley et al., 2012; Jin et al., 
2013; Opitz et al., 2017). Hartley and colleagues (2012) also 
found that students believe that matter and energy are essen-
tially interchangeable in biological contexts through erroneous 
application of the physical equation E = mc2. Students also 
exhibit more complicated misunderstandings regarding matter 
and energy transformations. Jin and colleagues (2013) 
described a learning progression that characterizes develop-
ment of students’ thinking about these transformations in 
socio-ecological systems. With respect to matter transforma-
tion, students at less-sophisticated levels could not reliably 
identify that mass can be lost as gas. Students with more sophis-
ticated understanding of matter were able to understand that 
all three phases are made of matter and were able to apply the 
law of conservation of matter. With respect to energy transfor-
mations, the authors found increasing sophistication of stu-
dents’ explanations of energy. Student explanations ranged 
from naïve reasoning that only living organisms possess energy 
to more sophisticated explanations describing chemical bonds 
and heat energy.

Research has also focused on characterizing the different 
ideas that students have about matter- and energy-transforming 
processes. Wilson and colleagues (2006) collected undergradu-
ates’ ideas about matter transformation in various contexts, 
such as human weight loss and mass change in plant photo-
synthesis, through student essays and interviews and developed 
MC questions and distractors based on these responses. Their 

MC options reflected student ideas that were correct (such as 
correct, but sometimes separate, identification of the products 
and processes of weight loss) or incorrect (such as that mass is 
vaguely converted into energy). Sripathi and colleagues (2019) 
built upon the work of Wilson and colleagues (2006) by charac-
terizing ideas that occur in undergraduates’ CRs. The authors 
identified three commonly occurring ideas in student CRs, 
which they labeled “Scientific,” because these ideas are essen-
tial for a scientific, molecular and/or physiological description 
of human weight loss. These three ideas were 1) the Correct 
Molecular Product of CO2; 2) descriptions of the physiological 
Exhalation process; and 3) the correct Molecular Mechanism of 
cellular respiration or similar processes. They also described 
five “Developing” ideas, so called because these ideas, while not 
entirely incorrect, would need additional context from Scien-
tific ideas to demonstrate a complete understanding of weight 
loss. Examples of Developing ideas are if the students used the 
idea of Matter Converted into Energy or if students included 
informal descriptions of How to Lose Weight, such as calorie 
output exceeding calorie input or exercise. Sripathi and col-
leagues used these two types of ideas to develop descriptive 
models for student written descriptions: Scientific descriptions 
included only Scientific ideas, while Developing descriptions 
contained only Developing ideas. Mixed descriptions included 
at least one Scientific and at least one Developing idea and were 
quite common in student responses. The work by Sripathi and 
colleagues (2019) highlighted the complicated ways that stu-
dents can combine both correct and incorrect ideas about 
human weight loss mechanisms.

The persistent challenge of learning biology core concepts, 
including matter and energy, has led to development of a vari-
ety of instructional methods, both computer-based and in-class 
activities. Many of these have been published and demonstrate 
learning gains (e.g., Bentley and Connaughton, 2017; 
Bergan-Roller et  al., 2017; Freeman et  al., 2017; Goff et  al., 
2018). For these and any instructional method, especially 
during a time in which education is rapidly adopting online 
and computer-based learning, it is essential to assess student 
learning. One cannot otherwise make claims about the utility 
of the learning activity. For complex concepts, the instructor or 
instructional designer must carefully consider how students 
learn and what they wish to assess. Students often do not learn 
by replacing Developing ideas with Scientific ones all at once; 
rather students add new ideas onto their existing ideas 
(Vosniadou, 2012). It is essential to use assessments that elicit 
a detailed picture of student thinking and can detect changes in 
the use of these ideas as expertise develops (Opfer et al., 2012). 
Two commonly used assessment types are described here.

MC questions are highly constrained in their possible 
responses and are common in large-enrollment introductory 
courses and computerized assessments (Scalise and Gifford, 
2006). While MC questions are favored because they can be rap-
idly graded, there are drawbacks: MC questions may cause stu-
dents to rely on memorization (Stanger-Hall, 2012) or use 
test-taking strategies (Kim and Goetz, 1993). MC questions may 
also overestimate student understanding (Nehm and Schonfeld, 
2008), fail to capture mixed thinking (Brassil and Couch, 2019), 
or cause students to consider the incorrect alternatives as correct 
in later testing (Roediger and Marsh, 2005). Thus, MC questions 
may not provide a complete picture of student thinking.
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In contrast, CR questions, which require students to answer 
in their own words, can better measure complex student think-
ing patterns and elicit students’ own ideas (Nehm and Haertig, 
2012; Nehm et al., 2012; Meir et al., 2019). CR questions may 
be better suited to target authentic competencies and practices 
of constructing scientific arguments and explanations (NRC, 
2014). Well-written CR questions can characterize mixed stu-
dent thinking (Haudek et al., 2012; Hubbard et al., 2017). Stu-
dent misconceptions can be better diagnosed by scoring CRs 
than MC responses (Birenbaum and Tatsuoka, 1987). Within 
biology contexts, misconceptions identified by student responses 
to a CR instrument about natural selection were more consis-
tent with student interviews than an MC instrument (Nehm 
and Schonfeld, 2008). In the context of photosynthesis, text 
and concept analysis of student CRs aligned to verbal responses 
in student interviews (Weston et al., 2015). Such results suggest 
that CRs align with student thinking during interviews and thus 
provide a richer picture of student thinking necessary for assess-
ing instructional effectiveness and meaningful learning.

Instructors are often reluctant to use CR questions due to the 
time and cost to reliably grade and interpret responses (Nehm 
et al., 2012; Nehm and Haertig, 2012). Automated categoriza-
tion methods aim to overcome these limitations. For example, 
machine learning algorithms can predict human scores for 
undergraduate written responses in the subject areas of biology 
and chemistry with high measures of interrater reliability (IRR; 
e.g., Urban-Lurain et al., 2009; Ha et al., 2011; Haudek et al., 
2012; Moharreri et al., 2014; Prevost et al., 2016). Automated 
analysis of student writing and associated predicted scores or 
categorization of ideas was successfully applied to develop and 
monitor the effects of teaching interventions (Pelletreau et al., 
2016). When incorporated into computerized learning mod-
ules, automated feedback to question formats with levels of 
constraint intermediate between MC and fully constructed, 
such as fill-in-the-blank, matching, or labeling questions (for 
other types, see Scalise and Gifford, 2006), can be applied to 
assist in student learning (Meir et al., 2019; Zhu et al., 2020).

As part of assessing student learning, it is essential to con-
sider whether the lesson or computer-learning module is effec-
tive for all students. Most educational research studies draw 
students from research-intensive colleges and universities 
(RICUs; Schinske et al., 2017). However, as many as half of all 
students complete at least part of their education at a two-year 
college (TYC; National Academies of Sciences, Engineering, 
and Medicine, 2016). Additionally, approximately one-third of 
college students are enrolled in primarily undergraduate insti-
tutions (PUIs) such as baccalaureate colleges or master’s col-
leges and universities (Carnegie Classification of Institutions of 
Higher Education, 2018). These three broad categories of insti-
tutions likely serve different student demographics; on average, 
TYCs enroll a more diverse and older student population than 
4-year institutions such as RICUs and PUIs (Hussar et al., 2020). 
Thus, comparing learning of students from different institu-
tional types helps evaluate whether an instructional tool bene-
fits all students.

RESEARCH QUESTIONS
This study examines how undergraduate student thinking 
changes in response to an interactive, computer-based tutorial. 
The tutorial was developed by SimBiotic Software and focuses 

on the core concept of matter and energy transformations 
during cellular respiration, framed in the context of exercise 
(Kim et al., 2014). To assess student learning, we used the CRC 
tool developed by the AACR research group to automatically 
categorize ideas students include in their CRs pre- and post-tu-
torial (beyondmultiplechoice.org). Our data were collected 
from students from 19 institutions, including TYCs, PUIs, and 
RICUs. By relating the ideas contained in student CRs with their 
MC selections and institutional types, we investigate the follow-
ing research questions:

Research Question 1. How do student descriptions about cellu-
lar respiration change after completion of an interactive com-
puter-based tutorial focused on cellular respiration?

Research Question 2. Do learning gains vary among students 
from different institution types?

Research Question 3. How do ideas included in student CRs 
correspond to their MC selections?

RESEARCH METHODS
Data Collection
Student responses were collected and de-identified from con-
senting students in classes that opted to use a research version 
of SimBio’s Cellular Respiration Explored tutorial. Instructors 
were invited to opt into the study by emails to current SimBio 
users and two webinar recruitment sessions. Invitations to the 
webinar were sent via email to a SimBio mailing list. The email 
invited recipients to a 30-minute webinar hosted by SimBio, 
with two authors (K.C.H., E.M.) as presenters. At the webinar, 
the authors presented the Cellular Respiration Explored tutorial 
and basics of the CRC tool. The presentation also briefly out-
lined expectations for instructors participating in the pilot study 
(e.g., assign questions pre- and post-instruction). Interested 
participants were directed to a URL to sign up to use this special 
version of Cell Respiration Explored free of charge in their 
courses. Instructors were provided with documentation so they 
could use the CRC tools to generate their own reports from their 
students’ CRs about cellular respiration before and after com-
pletion of the tutorial.

Nineteen classes from a variety of institutional types and geo-
graphic locations were involved in the research study. Class sizes 
ranged from seven to 344 students (mean class size: 50; SD: 72). 
We grouped students based on Carnegie Classifications (Carne-
gie Classifications of Institutions of Higher Education, 2018) 
into three institutional types for this study: TYCs include institu-
tions designated as community colleges, PUIs include public and 
private master’s and baccalaureate institutions, and RICUs 
include public and private doctoral-granting universities and 
colleges. Of the 998 students involved in the study, we included 
in the present analysis 841 students who fully completed both 
the pre- and post-tutorial CR assessments used to examine stu-
dent thinking (Table 1). Data collection was completed by the 
SimBiotic Company and data analysis completed by researchers 
at Michigan State University. The study was reviewed and 
approved by the New England Institutional Review Board (IRB 
no. 120160152) and designated exempt by Michigan State Uni-
versity’s Institutional Review Board (IRB x10-577).
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CR Items and Automated Analysis Models
Three CR questions were incorporated into a research version of 
SimBio’s computer-based Cellular Respiration Explored tutorial 
(Kim et al., 2014). For details on the tutorial, including screen-
shots, see Supplemental Material and Supplemental Figure 1. 
This version of the tutorial began with the three CR questions as 
a pre-tutorial assessment and included 51 feedback questions 
throughout the tutorial (both MC and intermediate-constraint 
formats) and a post-tutorial 10-question MC quiz, followed 
once more by the three CR questions. Two of the CR questions 
assess conceptual understanding of the core biological concept 
of transformation of matter and energy (AAAS, 2011). These 
questions were originally developed as part of a diagnostic 
question cluster to assess student ability to trace matter and 
energy across scales (Wilson et al., 2006). We refer to the first 
question as the Weight Loss question, “You have a friend that 
lost 15 lbs. on a diet. Where did the mass go?” The second we 
refer to as the Energy from Glucose question, “You eat a sweet 
and juicy grape. Explain how a molecule of glucose from that 
grape can be used to move your little finger.” We also included 
a third question, titled the Enzyme Binding question, which 
asks “Enzymes help in chemical reactions in living organisms. 
How would a molecular biologist explain the mechanism that 
helps an enzyme to bind to its correct substrate and reduces the 
possibility of incorrect interactions?” The Enzyme Binding ques-
tion was included as a control, as it targets the structure and 
function core concept (AAAS, 2011), which is not included in 
the Cellular Respiration Explored tutorial.

Each of the three CR questions has an associated automated 
categorization model developed by the AACR research group. 
These and other models are available for use at beyondmulti-
plechoice.org (Beyond Multiple Choice, n.d.). We used these 
three models to characterize ideas included in student responses 
to each of the CR questions, pre- and post-tutorial. All three 
models are based on analytic scoring rubrics, wherein each cat-
egory captures one idea and student responses may contain 
zero, one, or more ideas and ideas can co-occur. The automated 
categorization model for the Weight Loss question captures a 
total of eight ideas. For this work, the Carbon Alone category 
was not included, as this represents a very rare case of student 
language (see Sripathi et al., 2019). The automated categoriza-
tion model for the Weight Loss question used in this work cap-
tures seven ideas (Table 2). The Cohen’s kappa measure of IRR 
between human codes and predictions made by the Weight Loss 
automated categorization model range from 0.700 to 0.976, 
which is considered substantial to almost perfect agreement 
(Cohen, 1960; Landis and Koch, 1977). The automated catego-
rization model for the Energy from Glucose question captures 
five ideas in student responses (Supplemental Table 1) and pre-
dicts human scores for each category with IRR ranging from 
0.364 to 0.861. The automated categorization model for the 
Enzyme Binding question is capable of capturing 11 distinct 
ideas in student responses (Supplemental Table 2) and predicts 
human scores for each category with IRR ranging from 0.684 to 
0.955.

For the purposes of the present analysis of responses to the 
Weight Loss CR question, we adopt the language from Sripathi 
et al. (2019), who defined a Scientific idea as being characteris-
tic of a molecular or physiological description of the processes 
and products of cellular respiration. A Developing idea is 

defined as an idea that represents a misconception (i.e., Matter 
Converted to Energy), a partially correct idea, or informal ideas 
about dieting (i.e., How to Lose Weight). In application of 
human codes, Sripathi et al. (2019) considered the rubric cate-
gories General Metabolism and Molecular Mechanism as mutu-
ally exclusive. However, the automated categorization model is 
not programmed to use rules that consider any pair of catego-
ries as mutually exclusive, although it is possible that these 
rules may be implicitly “learned” by the algorithms during the 
training process. Thus, for this work, we consider any pair of 
categories as potentially co-occurring.

Data Analysis
We used the AACR CRC tool to assign a score of presence (1) or 
absence (0) for each of the ideas in students’ pre- and post-tu-
torial responses for each of the three CR questions. When 
responses were categorized as 0 for all ideas by the CRC tool, 
student response text was not relevant to any of the categories 
and was classified as “none.”

Research Question 1.  To analyze overall trends in student 
responses to all three questions, we tallied the total number of 
responses containing each idea pre- and post-tutorial. For 
responses to the Weight Loss question, we took advantage of 
the paired nature of the data to further categorize whether stu-
dents changed the ideas they included in responses after com-
pleting the tutorial. Students who did not include a given idea 
in either their pre- or post-instruction response were catego-
rized as “idea never used.” Students who included a given idea 
pre-instruction, but not post-instruction were categorized as 
“idea removed.” Students who included a given idea in both 
their pre- and post-instruction responses were categorized as 
“idea maintained.” Students who did not include a given idea 
pre-instruction and included it in their post-instruction 
responses were categorized as “idea added.” To compare the 
proportion of each analytically categorized idea in student 
responses to the Weight Loss CR question between pre- and 
post-tutorial, we performed McNemar’s test of correlated pro-
portions using SPSS v. 24.

To analyze student thinking as revealed by student responses 
to the Weight Loss item, we applied three descriptive thinking 
models (Scientific, Developing, or Mixed) described by Sripathi 
et al. (2019). The Scientific descriptive model is defined as a 
response that includes one or more Scientific ideas and no 
Developing ideas. The Mixed descriptive model is defined as a 
student response that includes one or more each of Scientific 
and Developing ideas. The Developing descriptive model is 
defined as a student response that includes one or more Devel-
oping ideas and no Scientific ideas. We identified the descrip-
tive model for each pre- and post-tutorial student response so 
that we could track and visualize change in student thinking 
with a Sankey diagram (Bogart, n.d.).

Research Question 2.  To analyze data for research question 2, 
we compared ideas categorized in student responses among 
students from different institutional classifications (Table 1). To 
compare the number of Scientific and Developing ideas across 
the three institutional types, we performed an analysis of vari-
ance (ANOVA) with permutation testing (see LaFleur and 
Greevy, 2009), using R version 3.5.2 (R Core Team, 2020) 
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implemented in R Studio v.1.1.463 (RStudio Team, 2020) and 
the ri2 package developed by (Coppock, 2020).

Research Question 3.  To analyze data for research question 3, 
we compared ideas and descriptive thinking models in post-tu-
torial CR Weight Loss responses to selections made to a related 
MC question in the Cellular Respiration Explored post-tutorial 
quiz. The MC question targets molecular understanding of cel-
lular respiration through understanding how weight loss occurs 
and states, “Some students have the misconception that during 
cellular respiration, the matter in glucose is somehow turned 
into energy. Consider that when we exercise, we burn glucose 
and also lose mass. Why does this happen?” Students could 
select from among four options, including a correct response 
and three distractors. Trained coders for the Weight Loss CR 
question used the Weight Loss rubric to assign each of the MC 
options to a single rubric category. Among the MC options, the 
correct response—“Our cells convert glucose into CO2 and 
water, which are eliminated from our bodies when we exer-
cise.”—was coded as Correct Molecular Products; two distrac-
tors—“Our cells convert the mass in glucose into energy, which 
is weightless.” and “Our cells convert the mass in glucose into 
energy that is used during exercise. Losing that energy reduces 
our mass.”—were coded as Matter Converted to Energy; and 
one distractor—“Our cells use up the potential energy stored in 
glucose and losing that energy during exercise reduces our 
mass.”—was coded as General Metabolism. We grouped stu-
dent written responses to the corresponding CR question based 
on the coded categories of their MC selections. Responses from 
the two Matter Converted to Energy distractors were combined. 

To measure how frequently CR categories co-occurred with MC 
options, we calculated phi coefficients using SPSS v. 24.

RESULTS
Research Question 1. How Do Student Descriptions 
about Cellular Respiration Change after Completion of an 
Interactive Computer-Based Tutorial Focused on Cellular 
Respiration?
We used the CRC tool at beyondmultiplechoice.org to generate 
predictions for student CRs before and after completion of the 
Cellular Respiration Tutorial; two CR questions assess the con-
cept of matter and energy and the other the concept of structure 
and function (per AAAS, 2011). Based on the content of the 
tutorial, we hypothesized that student CRs would include more 
Scientific ideas related to matter and energy but would be largely 
unchanged about structure and function after the tutorial.

To test this, we examined the percentage of student responses 
including the categories for each of the CR questions pre- and 
post-tutorial (Figure 1). In pre-tutorial responses to the Weight 
Loss question, the CRC tool predicted most ideas to occur in 
20% or fewer of the student responses, with the exception of 
the documented misconception that Matter Is Converted to 
Energy (see Wilson et al., 2006), which occurred in 41% of stu-
dent responses. We see a similar trend in responses to the 
Energy from Glucose question; most ideas occur in fewer than 
20% of responses, with the exception of the matter to energy 
misconception captured by the Sugar Converted to Energy cat-
egory, which occurred in 37% of student responses. Thus, many 
students began the tutorial with this misconception.

In post-tutorial responses to the two CR questions targeting 
the concept of matter and energy, ideas related to the miscon-
ception that Matter or Sugar Is Converted to Energy were 
included about half as often as in pre-tutorial responses (Figure 
1, A and B). Additionally, inclusion of Scientific ideas increased 
after the tutorial; for the Weight Loss question, the two most 
frequently observed categories included the Scientific ideas 
Correct Molecular Products and Exhalation. Likewise, in 
post-tutorial responses to the Energy from Glucose question, 
the most frequently observed category captures the Scientific 

TABLE 1.  Number of classes and students (in parentheses) who 
responded to all three CR questions both pre- and post-tutorial by 
institution type

TYC PUI RICU Total
Public 3 (69) 5 (134) 4 (405) 12 (608)
Private — 3 (78) 4 (155) 7 (233)
Total 3 (69) 8 (212) 8 (560) 19 (841)

TABLE 2.  Rubric categories and descriptions for the automated categorization model used to identify ideas in student responses to the 
Weight Loss questiona

Rubric category Brief description Cohen’s kappab

Correct Molecular 
Productsc

Responses in this category include the idea that the products of cellular respiration, primarily carbon 
dioxide in any form (e.g., CO2, carbon dioxide) are the result of mass loss.

0.976

Exhalationc Responses in this category include the idea that excess mass is exhaled or exits the body. 0.892
Molecular Mechanismc Responses in this category include the idea that mass loss occurs due to correct molecular processes 

(e.g., cellular metabolism, beta oxidation), or describe these processes in specific detail.
0.775

General Metabolism Responses in this category include the idea that mass loss occurs due to some kind of molecular 
conversion, even if it is only partially correct.

0.700

Matter Converted to 
Energy

Responses in this category include the idea that mass loss occurs through vague conversions from 
matter to energy.

0.827

Excretion Responses in this category state that the mass is excreted out of the body. Responses must specifically 
indicate the physiological process of excretion by explicitly using the term “excreted” or similar or 
indicating physiological waste in their responses.

0.832

How to Lose Weight Responses in this category include ideas about societal discussions of weight loss, such as “calories in” 
greater than “calories out” or exercise.

0.806

aAdapted from Sripathi et al. (2019).
bCohen’s kappa (Cohen, 1960) measure of IRR between human scorers and CRC predictions.
cScientific ideas as defined by Sripathi et al. (2019).
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idea of ATP with Correct Process. Thus, in ideas related to the 
concept of matter and energy, we see an overall increase in Sci-
entific ideas and a decrease in misconceptions after completing 
the tutorial.

We examined the responses to the Enzyme Binding question 
for differences between student pre- and post-tutorial descrip-
tions of the concept of structure and function. In responses to 
the Enzyme Binding question, the most common category is 
Physical Fit both pre- and post-tutorial. Neither this nor any 
other category had an obvious difference of ideas included in 
pre- and post-tutorial responses (Figure 1C). We take these dif-
ferences in student responses to the matter and energy ques-
tions but not to a structure and function question as evidence 
that student thinking about matter and energy changes in 

response to the tutorial. Next, we look more closely at student 
thinking about matter and energy by examining student 
responses to the Weight Loss question.

To examine changes in student thinking as a result of the 
tutorial, we compared paired pre- and post-tutorial responses 
from the same student. Each student was categorized based on 
the occurrence of the ideas in pre- and post-tutorial responses 
as: never used pre- or post-tutorial, removed after tutorial, 
maintained both pre- and post-tutorial, or added after the tuto-
rial (Figure 2). Six of seven categorized ideas had strong evi-
dence of changed proportions between their pre- and post-tuto-
rial responses (McNemar test of correlated proportions, with 
p values < 0.005). The only idea that did not change from pre- 
to post-tutorial was General Metabolism (χ2 = 1.974, p = 0.160).

FIGURE 1.  Ideas included in student responses to the three CR questions. Percent of pre- and post-tutorial student responses that include 
the ideas categorized by the automated predictive models for the three CR questions. (A) Weight Loss and (B) Energy from Glucose, which 
are ordered from most to least scientific, and (C) Enzyme Binding, which is ordered by occurrence. n = 841. aScientific ideas as defined by 
Sripathi et al. (2019).
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Research Question 2. Do Learning 
Gains Vary Among Students from 
Different Institution Types?
Because we had responses from a variety of 
institutions, we wanted to determine how 
students from varying institution types 
learned after the tutorial. We hypothesized 
that students from all institutional types 
would benefit similarly from the tutorial. 
We divided the responses into three 
groups—students at TYCs, PUIs, and 
RICUs—and investigated the numbers and 
types of ideas used by each student group. 
We found that students from all three insti-
tution types used similar numbers of Devel-
oping ideas both pre- and post-tutorial and 
similar numbers of Scientific ideas pre-tuto-
rial but differed in number of Scientific 
ideas post-tutorial (Table 3). Despite the 
apparent difference in Scientific idea inclu-
sion post-tutorial, the magnitude of the dif-
ference was small and similar to other mag-
nitudes in difference (ηp

2 = 0.01). Overall, 
we conclude that students from all three 

institution types use similar numbers of Scientific and Develop-
ing ideas before and after the tutorial.

To compare student learning across institution types, we 
compared the difference between the number of Scientific and 
Developing ideas in student responses from pre- to post-tuto-
rial. Students from all institution types tend to add Scientific 
ideas (Figure 4A) and remove or maintain Developing ideas 
(Figure 4B). While there is strong evidence that there is a 

Because it appears that four of the categories with changed 
proportions primarily result from students adding ideas, we 
examined the average normalized gain in these ideas (Hake, 
1998). We found medium gains in two ideas, Correct Molecular 
Products (<g> = 0.53) and Exhalation (<g> = 0.36), and small 
gains in adding the Scientific idea Molecular Mechanism (<g> = 
0.09) and the Developing idea Excretion (<g> = 0.15). Normal-
ized gains together with the pre/post data shown in Figures 1 
and 2, suggest that students tend to add all three Scientific 
ideas and the Developing idea of Excretion and remove miscon-
ceptions as a result of the tutorial.

To further examine student thinking before and after com-
pletion of the tutorial, we applied the student descriptive mod-
els proposed by Sripathi et al. (2019). Student thinking may 
include a combination of Scientific and Developing ideas 
(Mixed descriptive model), fully Scientific, or fully Developing 
descriptive models. Taking advantage of the paired nature of 
these data, we tracked changes in individual student descriptive 
models after completion of the tutorial (Figure 3). The most 
common descriptive model pre-tutorial was Developing (55%), 
with Scientific, Mixed, and responses categorized as No descrip-
tive model occurring with similar frequency (15%, 14%, 17%, 
respectively). Post-tutorial, the two most common descriptive 
models were Scientific (33%) and Mixed (39%). The largest 
increase in these categories came from students who used 
Developing descriptions pre-tutorial. More than half of the stu-
dents who included only Developing ideas pre-tutorial added at 
least one Scientific idea to their responses post-tutorial. Finally, 
we note that the frequency of the Mixed descriptive model 
post-tutorial indicates that many students added Scientific 
ideas to their responses without removing Developing ideas.

In summary, we found that thinking about matter and 
energy became more Scientific after the tutorial. These 
results suggest that student learning about energy and mat-
ter as evidenced by changed ideas identified with a CRC tool 
is directly related to completion of the tutorial.

FIGURE 2.  Ideas about weight loss change after completion of the tutorial. Compared 
with their pre-tutorial responses, students add Scientific ideas and the Excretion idea and 
remove the ideas How to Lose Weight and Matter Is Converted to Energy from their 
responses after completing the tutorial. n = 841. *p < 0.005, McNemar test of correlated 
proportions. aScientific ideas as defined by Sripathi et al. (2019).

FIGURE 3.  Student descriptive models change after completing 
the tutorial. Paired student responses categorized into descriptive 
models according to Sripathi et al. (2019). Most student responses 
are classified as a Developing descriptive model pre-tutorial and 
post-tutorial most are the Mixed or Scientific descriptive model. 
n = 841.
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difference in gains in Scientific ideas between three institutional 
types, F(2, 838) = 12.46, p = 0.0005, the effect size is small; ηp

2 
= 0.03. There is some evidence that there is a difference in 
change of Developing ideas between three institutional types, 
F(2, 838) = 4.39, p = 0.0601, and again the effect size is small; 
ηp

2 = 0.01. It appears that RICU students added more Scientific 
ideas than either PUI or TYC students. To see whether a single 
RICU class with high student enrollment was responsible for 
this apparent difference in Scientific ideas added, we looked at 
course-level results and found that all RICU courses show simi-
lar patterns of gains in Scientific ideas (unpublished data). We 
conclude that the apparent larger gain in Scientific ideas for 
RICU students does not represent a large difference in true 
effect and is likely a combination of the slightly lower number 
of pre-tutorial Scientific ideas with the slightly higher post-tuto-
rial Scientific ideas in these student descriptions.

To further compare student thinking across institution types, 
we examined student descriptive models in responses to the 
Weight Loss question across all three institution types (Supple-
mental Table 3) and found the most common descriptive model 
used by students from any of the three institution types in 
pre-tutorial responses was Developing. For all students, the 
most common post-tutorial descriptive model was Mixed. These 
trends suggest that students learn similarly across institution 
types.

Research Question 3. How Do Ideas Included in Student 
CRs Correspond to Their MC Selection?
The Cellular Respiration Explored tutorial includes a MC 
post-tutorial quiz relating to the concepts learned in the tuto-
rial. This quiz was not included as a pre-assessment in the 
tutorial; thus, we cannot calculate learning gains based on 

the MC quiz. However, students performed well on the quiz, 
with a median score of 80% (range 0–100%). After this quiz, 
students were prompted to complete the CR questions. One 
of the MC questions assesses understanding of the relation-
ship between glucose and energy during weight loss, similar 
to concepts assessed by the Weight Loss CR question. We 
examined the categories predicted in each student’s Weight 
Loss CR based on the student-selected MC option. Although 
students responded to the MC question first, most included 
more than one idea in their written responses (Figure 5). We 
found that students who made the correct MC selection 
included an average of 2.2 ideas and students who selected 
one of the distractors or who made no selection included an 
average of 1.7–1.8 ideas.

Next, we asked whether the CR ideas were correlated with 
students’ MC selections (Table 4), beginning with students 
who selected the correct MC option. We found that the MC 
option representing Correct Molecular Products was positively 
and significantly related to the Scientific ideas Correct Mole-
cular Products and Exhalation and the Developing idea of 
Excretion. The correct MC choice was negatively associated 
with the Developing idea of Matter Converted to Energy, and 
only 19% of students making the correct MC selection included 
this idea (see Supplemental Table 4). We found the inverse in 
CRs from students who selected the MC option representing 
the Matter Converted to Energy idea. We found a positive rela-
tionship with the Matter Converted to Energy idea in students’ 
CRs, and a negative relationship with the Developing idea of 
Excretion and the Scientific ideas Correct Molecular Products 
and Exhalation.

Importantly, the MC option selected was not a perfect indi-
cator of ideas included in CRs. In CRs from students who 

selected the MC option representing the 
General Metabolism idea, there was a neg-
ligible, nonsignificant relationship with 
the same idea. These students’ CRs were 
positively associated with the Developing 
Matter Converted to Energy idea and neg-
atively associated with the Scientific ideas 
of Correct Molecular Products and 
Exhalation.

Moreover, some students who selected 
the correct MC option wrote responses to 
the subsequent CR question that contained 
Developing ideas, like Matter Converted to 
Energy (19%) or How to Lose Weight 
(15%; Supplemental Table 4). Likewise, 
some students who selected the MC option 
representing the Matter Converted to 

FIGURE 4.  Students use different numbers of Scientific and Developing ideas after 
completing the tutorial. (A) Students from all three institution types add Scientific ideas in 
CRs after completion of the tutorial. (B) Students from all three institution types use 
similar numbers of Developing ideas pre- and post-tutorial. TYC, n = 69; PUI, n = 212; 
RICU, n = 560. Width of boxes is proportional to number of students in each group; box 
shows median and quartiles; whiskers are 1.5 times the interquartile range; outliers shown 
as dots.

TABLE 3.  Students from three institutional types include similar average numbers of ideas included in their responses to the Weight Loss 
question

TYC n = 69 PUI n = 212 RICU n = 560 F(2, 848) ηp
2

M SD M SD M SD

Pre-tutorial Scientific Ideas 0.48 0.815 0.66 0.949 0.46 0.824 4.20 0.01
Post-tutorial Scientific Ideas 1.12 0.932 1.17 0.897 1.34 0.964 5.78* 0.01
Pre-tutorial Developing Ideas 0.99 0.696 0.81 0.792 0.97 0.790 3.38 0.01
Post-tutorial Developing Ideas 0.96 0.736 0.81 0.823 0.79 0.776 2.62 0.01

*p < 0.05, ANOVA.
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Energy misconception included Scientific ideas like Correct 
Molecular Products (35%) or Exhalation (29%) in their CRs. 
This mix of ideas is reflected in students’ descriptive thinking 
models, where the most frequent descriptive model used by stu-
dents who chose the correct MC option was Mixed, indicating 
inclusion of both Scientific and Developing ideas (Supplemen-
tal Table 5). Thus, while most students can identify the correct 
MC option, they exhibit mixed thinking about Cellular Respira-
tion, which is most evident in their CRs.

DISCUSSION
This study examined undergraduate student thinking about cel-
lular respiration after completing an interactive, comput-
er-based tutorial. We found that student responses became 
more expert-like as evidenced by addition of Scientific ideas 
about cellular respiration. In two CR questions targeting the 
core concept of matter and energy, fewer students used a Devel-
oping idea related to a common misconception (Matter 
Converted to Energy) post-tutorial. Student CRs to a question 
on the core concept of enzyme structure and function, used as a 
control, changed very little after completion of the tutorial. This 
suggests student learning about cellular respiration was specifi-
cally due to concepts presented in the tutorial.

After Completion of the Tutorial, Student Thinking 
Becomes More Scientific
Studies of student learning in many STEM disciplines, includ-
ing biology, show that students often hold both Scientific and 
Developing ideas as they learn new content, and that nonscien-
tific ideas may persist for some time (e.g., Couch et al., 2018; 
Hartley et al., 2011; Moharreri et al., 2014; Shtulman and Val-
carcel, 2012; Vosniadou and Brewer, 1992). The assessments 
and automated categorization models based on the rubric 
developed by Sripathi et al. (2019) detected students’ Mixed 
models of thinking, along with completely Scientific (and com-
pletely Developing) models.

We found that most student CRs for the Weight Loss ques-
tion were more expert-like after the tutorial. More students 
included Scientific ideas (Correct Molecular Products and Exha-
lation) post-tutorial. These changes are consistent with expected 
learning outcomes targeted by the Cellular Respiration Explored 
tutorial. Few students (13%) included the Scientific idea of 
Molecular Mechanism post-tutorial. The tutorial includes the 
four processes of cellular respiration (glycolysis, pyruvate pro-
cessing, the citric acid cycle, with a focus on the electron trans-
port chain), which would all be categorized as Molecular Mech-
anism in a CR. Perhaps students completing the tutorial do not 
consider metabolic processes that might be categorized as a 
Molecular Mechanism to be important and do not include them 
in their responses.

Post-tutorial, fewer students used the Matter Converted to 
Energy misconception in CRs to the Energy from Glucose and 
Weight Loss questions. However, the wording of the MC ques-
tion labels the Glucose Converted to Energy idea as a miscon-
ception. One interpretation of this reduction in frequency of this 
misconception in CRs is that students used the MC question 
wording as a hint. However, that does not explain why students 
also added Scientific ideas to their CRs for these two questions. 
Further, while the coding rubric for the Energy from Glucose 
question directly captures the Sugar Converted to Energy mis-
conception, the coding rubric for the Weight Loss question cap-
tures a broader usage of the misconception. For example, this 
category also includes language about burning fat for energy or 
mass leaving the body as heat. We conclude that, while students 
might use the MC wording as a hint toward a correct response, 
this does not completely explain more Scientific responses.

Consistent with studies showing nonscientific ideas persist 
(e.g., Price et al., 2016), not all changes in student responses 
were consistent with a more expert-like explanation. We found 
that students added the Developing idea of Excretion. We also 

FIGURE 5.  Students include multiple ideas in CR regardless of MC 
selection. Histograms of numbers of ideas in post-tutorial CRs 
based on MC selection. Students who selected the MC selection 
(A) Correct Molecular Products, n = 678; (B) General Metabolism, 
n = 70; (C) Matter Converted to Energy, n = 66; (D) no selection, 
n = 23. Dashed lines indicate the average number of ideas in CRs.
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note that Sripathi et al. (2019) regarded the Excretion idea as 
highly context dependent and perhaps not representing a fully 
nonscientific idea.

Therefore, we examined the language of the formative 
assessments included throughout the tutorial. One of these 
items (called “LabLibs”; Meir et al., 2019) states, “When your 
body uses glucose for energy during exercise, you weigh less 
afterward. Why?” The correct response, with student-selected 
options underlined, is: “You weigh less because glucose is trans-
formed into carbon dioxide and water that is lost through 
exhaling and sweating.” This response would be categorized by 
the automated categorization models used in this study as con-
taining the Correct Products, Exhalation, and Excretion ideas. 
In this context, water lost through sweating (categorized as 
Excretion) is part of a Scientific description. This is not always 
the way students use the idea of Excretion in CRs (see Wilson 
et al., 2006; Sripathi et al., 2019). For this reason, we do not 
consider the addition of the idea of Excretion in post-tutorial 
responses strictly indicative of either Developing or Scientific 
thinking among students.

The Cellular Respiration Explored Tutorial Aids in 
All Students’ Learning
Calls to include more diverse student populations in educa-
tional research studies include studying students at TYCs, 
which enroll a different demographic than 4-year institu-
tions like RICUs and PUIs (Schinske et al., 2017). Using data 
from multiple institution types, we found evidence that this 
tutorial is effective for increasing the number of Scientific 
ideas included in student responses from all three institution 
types. On average, students from all institutional types 
included more Scientific ideas after completion of the tuto-
rial, while they maintained a similar number of Developing 
ideas. Thus, we suggest that the tutorial is beneficial for stu-
dents from all institutional types. However, we are cautious 
in interpreting this as reflective of the entire population of 
students from any institutional type, as we do not have 
information about how instructors used the tutorial in class 
or the resources students used when completing the assess-
ments. Despite this limitation, we argue that completion of 
the tutorial promotes an increase in use of Scientific ideas in 
an explanation about the cellular processes involved in 
weight loss for all students.

Student Ideas in CRs Are Not Limited by the Options of an 
MC Question
Because previous studies demonstrated that MC questions may 
not detect when students exhibit mixed thinking (e.g., Wilson 
et al., 2006; Nehm and Schonfeld, 2008), we were interested in 
examining the relationship between student answers to related 
MC and CR questions. The post-tutorial assessment included an 
MC and a CR question about the same concept (cellular respira-
tion) in the same context (weight loss). Students included ideas 
in their CRs that align with MC options other than the ones they 
selected, as well as additional ideas. For example, some stu-
dents who selected the correct MC option included ideas from 
incorrect distractors (e.g., Matter Converted to Energy or How 
to Lose Weight) in their CRs. This is consistent with other stud-
ies comparing MC questions to other question types (Parker 
et al., 2012; Couch et al., 2018). We also found that about one-
third of students who selected one of the MC distractors based 
on a common misconception included Scientific ideas in their 
CRs. This suggests that MC results alone may also underesti-
mate students’ ability or learning and label their response as 
“wrong” or “incorrect.” Thus, MC responses may mask mixed or 
incomplete understanding.

This emphasizes a benefit of using CR questions to capture 
mixed student thinking. Some MC writing guidelines suggest 
the use of as many functional distractors as are feasible and that 
distractors include plausible ideas validated by other measures 
(e.g., Haladyna and Downing, 1989). This is challenging to do 
for complex processes like cellular respiration during weight 
loss, because a fully Scientific description includes molecular 
and physiological processes at multiple biological scales, as well 
as accurate identification of the molecules produced.

Implications for Educators
Instructors and instructional designers must consider which 
types of questions to include in assessments. Instructors may 
consider including and using a combination of highly con-
strained (e.g., MC) and limited-constraint questions (e.g., CR) 
in their assessments. Including CR questions can help illustrate 
the complex ways students think about weight loss and other 
biological concepts and improve instructors’ capacity to diag-
nose student thinking and instructional efficacy. Similar to 
Sripathi et  al. (2019) we found that student thinking about 
cellular respiration is often represented by Mixed descriptive 

TABLE 4.  Phi coefficient for ideas included in student CRs associated with MC selections

Ideas represented by MC optiona

CR rubric category Correct Molecular Productsc General Metabolism Matter Converted to Energy
Correct Molecular Productsb 0.270** −0.159** −0.177**
Exhalationb 0.172** −0.084* −0.139**
Molecular Mechanismb 0.064 −0.050 −0.044
General Metabolism −0.050 0.049 0.026
Matter Converted to Energy −0.231** 0.089* 0.196**
Excretion 0.118** −0.055 −0.082*
How to Lose Weight −0.007 −0.032 0.012
aMC selections: Correct Molecular Products, n = 678; General Metabolism, n = 70; Matter Converted to Energy, n = 66.
bScientific ideas as defined by Sripathi et al. (2019).
cCorrect MC option.
*p < 0.05.
**p < 0.005.
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models, in which scientific and non-scientific ideas coexist in 
the learner.

This nuanced knowledge about student thinking may be 
beneficial when designing instructional practices or targeted 
feedback for students as part of formative assessment practices 
(Black and Wiliam, 2009). Providing students feedback about 
their performance along with guidance for improvement as 
part of formative assessment can lead to improved learning 
gains (Wiliam, 2011) and reduced achievement gaps (Freeman 
et al., 2007; Pennebaker et al., 2013). During self-assessments, 
students who use scores only from MC questions may overesti-
mate their understanding, as they have little feedback to indi-
cate whether they maintain a misconception or Developing 
idea. However, students who are aware that they also used 
Developing ideas as part of their explanations receive a more 
accurate assessment of their own understanding and can use 
that to improve and focus their study. For example, Lee et al. 
(2019) supplied individualized, automated feedback to stu-
dents, which led students to revise and improve their written 
scientific arguments.

Other work supplements the idea that adding intermedi-
ate-constraint items to computer-based tutorials improves 
student learning. A study by Meir et al. (2019) found that inter-
mediate-constraint questions improved evolutionary under-
standing, as measured by pre- to post-tutorial changes. Auto-
mated categorization models like those used in this study ease 
some time constraints on instructors by reducing grading time 
while still allowing capture of Mixed student thinking. We rec-
ommend using the Weight Loss question and other CRC-associ-
ated questions as formative assessments. With recent advances 
in computer scoring of CR questions, it is now feasible to give 
automated feedback to students (Linn et  al., 2014) and has 
been demonstrated in some specific cases (Nakamura et  al., 
2016; Gerard et al., 2019; Lee et al., 2019). Thus, we suggest 
that the Weight Loss CR question and other similar questions 
with automated categorization models can be used to provide 
targeted feedback to students.

Students’ descriptions about the mechanisms of cellular res-
piration became more Scientific as a result of completing the 
Cellular Respiration Explored tutorial. This shows that 
well-structured, targeted instructional aids can be used to assist 
student learning. The Cellular Respiration Explored tutorial 
includes formative assessments with targeted feedback to help 
reinforce Scientific ideas while addressing Developing ideas or 
misconceptions. This aligns with studies showing that assign-
ment of formative assessments improves learning for students 
from multiple institutional types (Freeman et al., 2011; Orr and 
Foster, 2013; Pape-Lindstrom et al., 2018). Goff et al. (2018) 
demonstrated learning gains from supplementing lectures with 
a different online learning module on cellular respiration. 
Importantly, our results also show that a single instructional 
intervention (i.e., an online tutorial) is unable to guide all stu-
dents to provide completely Scientific explanations. Develop-
ment of expertise by students likely requires instructors to 
incorporate multiple varied instructional interventions over 
longer periods of time.

Instructors and instructional designers can use published 
resources (e.g., Bentley and Connaughton, 2017; Bergan-Roller 
et al., 2017; Freeman et al., 2017) or they may create their own 
interventions to help students in learning this and other core 

biological concepts. The CR questions and associated auto-
mated categorization models developed by our group are freely 
available (at beyondmultiplechoice.org) for instructors to 
include in their courses and use in similar ways to measure 
effects of instructional resources or interventions.

Limitations
While the current data set is geographically diverse, all institu-
tional and student data were de-identified before analysis, and 
we cannot provide student demographic information. As noted 
earlier, we do not know the administrative conditions nor 
instructional sequencing of the tutorial in each course. We did 
not collect any data about how students interacted with the 
tutorial, such as view time or progression through the tutorial, 
for this study. Therefore, we cannot make claims about exactly 
how students interacted with the formative questions and the 
tutorial.

A possible limitation of the CRC tool is that it was developed 
using student responses from RICUs and may not accurately 
predict all ideas written by students from other populations. 
Currently, we are analyzing the performance of the CRC tool for 
responses by students from different institutional types.

Although students showed substantial increases in Scientific 
ideas, we do not know from these data how long those changes 
may persist. There is extensive literature on the difficulty of pro-
moting long-term conceptual change (e.g., Tanner and Allen, 
2005; diSessa, 2006; Chi, 2008; Duit et al., 2008; Linn, 2008; 
Maskiewicz and Lineback, 2013), and instructors should ideally 
evaluate longer-term change by assessing key concepts after 
additional time has passed since the related instruction.
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