ARTICLE [

Small Changes: Using Assessment to
Direct Instructional Practices in Large-
Enrollment Biochemistry Courses

Xiaoying Xu,* Jennifer E. Lewis,! Jennifer Loertscher,** Vicky Minderhout,* and
Heather L. Tienson*

'Department of Chemistry and Center for Improvement of Teaching and Research on Under-
graduate STEM, University of South Florida, Tampa, FL 33620; ‘Department of Chemistry, Seattle
University, Seattle, WA 98122; $Department of Chemistry and Biochemistry, University of
California, Los Angeles, Los Angeles, CA 90095

ABSTRACT

Multiple-choice assessments provide a straightforward way for instructors of large classes
to collect data related to student understanding of key concepts at the beginning and
end of a course. By tracking student performance over time, instructors receive formative
feedback about their teaching and can assess the impact of instructional changes. The ev-
idence of instructional effectiveness can in turn inform future instruction, and vice versa.
In this study, we analyzed student responses on an optimized pretest and posttest admin-
istered during four different quarters in a large-enrollment biochemistry course. Student
performance and the effect of instructional interventions related to three fundamental
concepts—hydrogen bonding, bond energy, and pK . —were analyzed. After instructional
interventions, a larger proportion of students demonstrated knowledge of these con-
cepts compared with data collected before instructional interventions. Student responses
trended from inconsistent to consistent and from incorrect to correct. The instructional
effect was particularly remarkable for the later three quarters related to hydrogen bonding
and bond energy. This study supports the use of multiple-choice instruments to assess
the effectiveness of instructional interventions, especially in large classes, by providing
instructors with quick and reliable feedback on student knowledge of each specific fun-
damental concept.
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National Council on Measurement in Education [AERA/APA/
NCME], 2014). Responses to items can be influenced by many
factors such as wording, distractors, and instruction (Haladyna
et al., 2002). The literature has many examples of instrument
improvement over time to better measure intended variables in
both the cognitive and affective domains (Pintrich et al., 1993;
Tan and Treagust, 1999; Tan et al., 2002; Chandrasegaran
et al., 2007; Bauer, 2008; Xu and Lewis, 2011).

A 21-question multiple-choice instrument was previously
developed to assess students’ understanding of foundational
concepts from chemistry and biology before and after complet-
ing a biochemistry course. The seven concepts included on the
instrument were originally chosen in collaboration with a
diverse community of biochemistry educators. A group of
experts agreed that a firm grasp of these foundational concepts
is essential to enable students to build a deep understanding of
biochemical concepts (Villafafie et al., 2011a). While this
instrument was not designed to comprehensively cover the pre-
requisite knowledge required for success in biochemistry, it can
provide targeted information for instructors wishing to assess
student understanding in several important areas. Each concept
has a set of items with a parallel structure of response options,
meaning each item in the set contains one distractor corre-
sponding to each of three common incorrect ideas about the
concept. This structure allows not only for the capture of cor-
rect responses across the set of items related to the concept but
also for the capture of responses that are incorrect. Patterns of
incorrect responses across the set of items can then reveal either
a confused understanding or consistent misunderstanding.
Reliability and validity evidence has been collected according to
the framework suggested by standards for educational and
psychological testing (Arjoon et al., 2013; AERA/APA/NCME,
2014). This study aims to continue the revision of the instru-
ment to achieve better quality and capacity to identify student
incorrect ideas and to gauge knowledge gains due to instruc-
tion from the pretest and posttest responses.

Improving instruction in large-enrollment classes can be
challenging, because instructors often lack avenues to gain
meaningful insights into student thinking. Classroom layout
may further limit instructional options. Techniques such as
clickers have been reported to be used by instructors to make
necessary adjustment during instruction (Caldwell, 2007; Kay
and LeSage, 2009). Open-ended questions and interviews have
been used to examine student understanding but require great
time and effort (Songer and Mintzes, 1994; Orgill and Suther-
land, 2008). Diagnostic assessments can be more feasible and
have been used in large college classrooms (Howitt et al., 2008;
Tsui and Treagust, 2010; Villafafie et al., 2011a). Here, we
describe how one instructor used data from a multiple-choice
pre/posttest to implement and assess manageable changes in
instructional practices to improve students’ understanding of
foundational concepts in biochemistry. The process described
here could be used as a model by other instructors interested in
improving teaching and learning in their classrooms.

As part of this study, we chose to track biochemistry stu-
dents’ understanding of three foundational concepts (hydrogen
bonding, bond energy, and pK ). Undergraduate students in the
United States usually encounter these concepts in courses that
precede upper-level biochemistry, such as general chemistry,
organic chemistry, and/or introductory biology. Understanding
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of these foundational concepts is essential for students’ success
in biochemistry. For example, molecular interactions direct a
wide range of important biochemical phenomena, including
ligand binding (Sears et al., 2007), enzyme-substrate interac-
tions (Bretz and Linenberger, 2012), and macromolecular
structure formation. Noncovalent interactions are so important
in biochemistry that the physical basis of interactions has been
identified as a threshold concept for biochemistry (Loertscher
et al., 2014a) and an understanding of macromolecular interac-
tions was identified as a core concept in biochemistry and mole-
cular biology (Tansey et al., 2013). Hydrogen bonding plays
an especially important role in biochemistry, because of the
ubiquity of water in biological systems and the prevalence of
oxygen, nitrogen, and hydrogen in biological molecules. Addi-
tionally, without the fundamental concept that energy is always
required to break isolated bonds/interactions and is always
released when bonds/interactions form, students are unable to
consider the complex energy transfer and coupling events that
are so prevalent in biochemistry. Finally, because biochemistry
occurs in an aqueous environment and many important biolog-
ical molecules such as amino acids and nucleotides act as acids
or bases, it is vital that students understand how to use the pK_
of a molecule to determine the protonation state at a given pH.
The charges that arise on these molecules as a result of proton-
ation or deprotonation determine their structure, their interac-
tions, and therefore their function in a biological context.

The goals of this study are twofold. First, we aim to revise
an existing multiple-choice instrument to produce results that
better identify students’ incorrect ideas and knowledge gains.
Second, we seek to understand how an instructor of a large-en-
rollment biochemistry course can use pretest and posttest data
to inform instructional changes to better support student
learning. We analyzed whether different kinds of instructional
interventions, including targeted changes in lecture content,
specially designed clicker questions, and in-class activities,
affect student pretest and posttest performance. Specifically,
we asked, 1) How do students respond to the parallel test
items related to the concepts of hydrogen bonding, bond
energy, and pK , and how can the response patterns be used to
identify common incorrect ideas? 2) Can small, but targeted,
instructional interventions fill gaps in student knowledge of
these basic concepts?

METHODS

Data Collection: Course Characteristics and Student
Population

The Instrument of Foundational Concepts for Biochemistry
(IFCB) was administered as a pretest and posttest to students
enrolled in a biochemistry course at a large public research
university in the western United States during four different
quarters (Table 1). The course is the first quarter of a three-
quarter biochemistry sequence and covers topics related to
macromolecular structure formation, enzyme function, and
metabolism, including glycolysis, the citric acid cycle, and oxi-
dative phosphorylation. Every quarter, two lecture sections are
run identically, each with an enrollment of 200-230 students.
The enforced prerequisite for the course is the second quarter
of organic chemistry; thus, the students have also taken gen-
eral chemistry. Approximately 50% of the students are life sci-
ence majors, 30% are physical science majors, and 20% are
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TABLE 1. Summary of data collection conditions (N = 1185)

Quarter Pretest method Posttest method N (total)
Fall 2014 Paper Paper Before the final 198
Winter 2015 Paper Paper During the final 381
Spring 2015 Online Paper During the final 199
Fall 2015 Online Paper During the final 407

transfer students. There is no biology prerequisite. All life sci-
ence majors are required to take the course, so the students’
majors include biology, molecular cell and developmental
biology, microbiology and immunology, psychobiology, physi-
ology, and neuroscience, as well as chemical or biomedical
engineering, chemistry, and biochemistry. The students are
mainly juniors and seniors.

The pretest was administered to students at the beginning
of the quarter before any material related to targeted con-
cepts was taught. In the first two quarters (Fall 2014, Winter
2015), the instrument was administered as a paper-and-
pencil quiz during class time, and in the latter two quarters
(Spring 2015 and Fall 2015), it was administered online. For
online administration, students were required to complete
the assessment before lectures on targeted concepts started,
and they could only open the quiz once. They were given 25
minutes to complete the quiz online, which was the same
amount of time allowed for paper-and-pencil administration.
The quiz questions and answers were set in the same order as
on the paper quiz, and the students could not go back and
forth between questions. Students were not able to access the
online questions after they had taken the quiz. All data were
collected in accordance with approved institutional review
board policies and practices.

Characteristics of the Instrument before and after Revision
The IFCB had been previously developed and tested to uncover
incorrect ideas that students bring to biochemistry courses from
prior chemistry and biology courses (Villafafie et al., 2011a,b).
Instrument design and use are described in detail in the two

TABLE 2. Items/codes and corresponding ideas for targeted concepts

Using Assessment to Direct Instruction

papers by Villafafie and colleagues, and a summary is given
here. The instrument is composed of 21 multiple-choice
questions (henceforth called items) relating to seven concepts
(hydrogen bonding, bond energy, pK_, equilibrium, free energy,
alpha-helical structure, protein function). Each concept is tested
by a set of three items, all of which must be answered correctly
for the student to demonstrate correct knowledge of that con-
cept. Every item has four response options: one correct and
three distractors corresponding to common incorrect ideas. The
distractors were designed to follow a parallel structure across
the set of items for a given concept. In other words, three com-
mon incorrect ideas were identified for each concept, and each
item in the set has these three incorrect ideas as distractors, but
with different wording appropriate to the context of the specific
item and in different order. Statements describing each of the
incorrect ideas are provided in Table 2. The items were gener-
ated and refined in collaboration with a community of bio-
chemistry faculty members. Common incorrect ideas used as
distractors were identified from faculty experience, existing lit-
erature, and student responses to pilot questions. Although the
published version of the IFCB generated much useful informa-
tion about student understanding, analysis of results over time
revealed that some items were not functioning as expected. In
an attempt to improve the usefulness of the IFCB, we revised
the originally published version for use in this study. The total
number of items and the use of parallel structure across sets of
items were the same before and after revision. One concept
(London dispersion forces) was dropped from the instrument
and another concept (equilibrium) was added. Items about
hydrogen bonding were substantially revised due to poor inter-
nal consistency when students answered these three items in
the previous version (changes described in detail in the Results
section). One of the items related to protein function was mod-
ified. To maintain the security and usefulness of the instrument
in ongoing assessment efforts, it is not being included with this
publication. Instructors interested in using the instrument are
invited to contact the authors, who are committed to providing
it in a timely manner.

Concept Correct/incorrect ideas

Hydrogen bonding A

Correct: A hydrogen-bonding interaction is a noncovalent interaction involving a small electronegative atom and a

hydrogen covalently bonded to a small electronegative atom.

B Incorrect: A hydrogen covalently bonded to a carbon can participate in hydrogen-bonding interactions.
C Incorrect: All hydrogens are capable of participating in hydrogen bonds, regardless of their covalent bond
participation.
D Incorrect: Hydrogen bonding is a covalent bond between a hydrogen and another atom.
Bond energy A Correct: When an isolated chemical bond forms, energy is released.
B Incorrect: The bond strength determines whether energy is released or absorbed when an isolated chemical bond
is formed.
C Incorrect: Formation of an isolated chemical bond sometimes requires energy and sometimes releases energy.
D Incorrect: Formation of an isolated chemical bond requires energy.
PK, A Correct: When the pH is above the pK, of the carboxyl group, the predominant charge on the group is negative.
When the pH is below the pK of the amine group, the predominant charge on the group is positive.
B Incorrect: The predominant charge on an ionizable group is unaffected by pH.
C Incorrect: When the pH is below the pK, of the carboxyl group, the predominant charge on the group is negative.
When the pH is above the pK, of the amine group, the predominant charge on the group is positive.
D Incorrect: At pH = pK_ there is a predominant charge on the ionizable group in question.
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Data Analysis: Knowledge Gain for Each Concept

Student response patterns related to the concepts of hydrogen
bonding, bond energy, and pK, were analyzed for knowledge
gains by comparing individual response patterns on the pretest
and posttest. These concepts were chosen for analysis because
they were of particular interest to the instructor. Recall that
each concept maps to three different items and that a student
must answer all three items correctly to receive credit for the
concept. Each of the three concepts was coded as 1 for correct
answers to all three items. A zero was assigned if students
answered one, two, or all three of the items related to that con-
cept incorrectly. In the analysis, we found four groups of stu-
dents: those who always knew the concept (answered all three
items correctly on the pretest and posttest), came to know the
concept (answered one or more items incorrectly on the pretest
and answered all three items correctly on the posttest), went
backward (answered all three items correctly on the pretest but
answered at least one item incorrectly on the posttest), and
never knew the concept (answered at least one item incorrectly
on both the pretest and posttest). Histographs were used to
illustrate the proportion of students in each group for each con-
cept each quarter and whether student knowledge shifted as a
result of instruction.

The IFCB’s structure is such that one correct and three incor-
rect ideas for each concept can be tracked across a set of three
items relating to a concept (see Table 2). Therefore, to deter-
mine common incorrect ideas, the combinations of the four par-
allel response options across the set of items for each concept
were also analyzed. For this analysis, the correct option for each
concept was coded as A and the incorrect options were coded as
B, C, and D, respectively, as shown in Table 2. Missing responses
were coded as N. Thus, students who consistently chose the cor-
rect response option across the set of items for a concept were
labeled as having the combination AAA. Those who picked spe-
cific incorrect ideas consistently would therefore be combination
BBB, CCC, or DDD. The combinations of student responses were
ranked by occurrence to identify the most popular ones within
each concept. The ribbon tool was used to visualize the flow of
student responses from pretest to posttest and create Sankey
diagrams (Pagliarulo and Molinaro, 2015), which we will call
“ribbon graphs.” As a point of reference, there are 64 possible
combinations of four statements across three items (4 x 4 x 4 =
64). To show all 64 as separate combinations in a single figure
would be a challenge, so the combinations were grouped into
meaningful categories. The ribbon graphs therefore show six
categories: consistently correct (AAA), at least one correct
response in combination with incorrect response(s) (e.g., AAB,
ACD, labeled in the graphs as AXX), consistently incorrect (BBB,
CCC, or DDD), and inconsistently incorrect (e.g., DBC, CCB,
NBN, labeled in the graphs as XXX). The last category includes a
missing response (N) only if at least one of the items in the set
did have a response from that student.

For pK, the molecule embedded in one of the items associ-
ated with that concept has both carboxyl and amine groups, so
there is no response option reflecting incorrect statement D (at
pH = pK_ there is a predominant charge on the ionizable group
in question) for this item. Instead, two response options for this
item were mapped to statement C. Because of this more com-
plex molecular structure, the category DDD for the pK_ concept
is not applicable and does not appear in the ribbon graph.
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Analysis of the Reliability and Characteristics of the
Revised Instrument

A total of 1185 student responses with both pretest and posttest
scores were used in the analysis. Descriptive statistics of mean
score for each item were calculated using SAS version 9.3.
Internal consistency reliability was calculated by Cronbach’s
alpha. Each test item was assigned 1 for a correct response and
0 for an incorrect response. A Cronbach’s alpha greater than 0.7
is considered satisfactory for research purposes (Murphy and
Davidshofer, 2005). Confirmatory factor analysis was per-
formed to estimate the item structure using Mplus version 7.31.
Because the instrument has 21 items to measure seven con-
cepts, a seven-factor model was run to examine how this
intended model fit the empirical data. To support the interpre-
tation of a total score, we also ran a bifactor model to examine
the general construct beyond the seven factors (Xu et al., 2016).
Because all measured variables (item scores) were categorical,
a means and variance—adjusted weighted least-squares method
was applied, using the tetrachoric correlation matrix for the 21
items (Brown, 2015). The model was identified by fixing the
first item on the factor at 1. In general, chi-square values from
amodel based on a large sample size are likely to show a signif-
icant lack of model fit. The additional criteria of comparative fit
index (CFI) value greater than 0.95, root-mean-square error of
approximation (RMSEA) value <0.05, and weighted root-
mean-square residual (WRMR) value <1 were used to indicate
a good model fit (Bentler, 1990; Hu and Bentler, 1999).

RESULTS

Optimization of the IFCB

Revisions of Hydrogen-Bonding Items. Analysis of student
response data for the set of hydrogen-bonding items on the pre-
viously published version of the IFCB revealed poor internal
consistency reliability. Two of the items asked students to iden-
tify hydrogen-bonding interactions using visual cues from
molecular structures, but the third asked about hydrogen bond-
ing in methanol without a structure given. Most students
correctly answered the methanol question, yet many of these
students were unable to correctly answer the other two ques-
tions, leading to a relatively low internal consistency across the
set of items. Interviews with students indicated that methanol
was often memorized as an example of a molecule that could
participate in hydrogen bonding. In the current version, the
methanol item has been removed, and each hydrogen-bonding
item provides students with the visual cue of a molecular struc-
ture. The electronegativity values for each element were also
provided. In addition, the response options were revised to bet-
ter reflect each of the corresponding incorrect ideas.

Characteristics of the Revised Instrument. The first goal of
this study was to revise an existing multiple-choice instrument
to produce results that better identify student incorrect ideas
and knowledge gains. For determining whether this goal was
met, 1185 student responses to the revised instrument collected
over four quarters of the same course were analyzed. We exam-
ined Cronbach’s alpha to establish the evidence for reliability
for each concept. Table 3 shows the alpha range from 0.53 to
0.92 for the revised version of the IFCB. Most values of
Cronbach’s alpha are above the satisfactory level of 0.7 (Murphy
and Davidshofer, 2005). Internal consistency reliability was
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TABLE 3. Reliability by Cronbach’s alpha

Using Assessment to Direct Instruction

Previous IFCB? Fall 2014 Winter 2015 Spring 2015 Fall 2015
Concept Pre Pre Post Pre Post Pre Post Pre Post
Hydrogen bonding 0.27 0.92 0.92 0.90 0.85 0.84 0.90 0.91 0.84
Bond energy 0.77 0.87 0.88 0.89 0.89 0.83 0.53 0.90 0.83
pK 0.48 0.71 0.69 0.61 0.75 0.53 0.79 0.76 0.58

a

aValue obtained from the original version results by Villafafie et al., 2011a.

improved, especially for the hydrogen-bonding concept, as
compared with the original version of IFCB (Villafafie et al.,
2011a). The revised set of pK_ items shows a Cronbach’s alpha
less than 0.7 half of the time and therefore has room for further
improvement.

Fit to a predicted factor model was reported for the previous
version of the IFCB. To determine whether these parameters
had improved for the revised IFCB, we examined both the orig-
inal seven-factor model and a new bifactor model for the pre-
test and posttest data (N = 1185). From confirmatory factor
analysis (CFA) results (Table 4), both models fit the data well,
as indicated by CFI > 0.95, RMSEA < 0.05, and WRMR < 1. For
the pretest, the seven-factor model fits better than the bifactor
model, with smaller x? and higher CFI values. For the posttest,
the bifactor model fits better than the seven-factor model. Both
the seven-factor and the bifactor model allow interpretation of
a score for each of the seven concepts in the instrument, but the
bifactor model also allows interpretation of the overall score on
the instrument. It may be that the bifactor model fits better
after instruction because students have a better overall under-
standing of biochemistry prerequisite knowledge after the class,
whereas their knowledge was more fragmented (they knew
some prerequisite concepts but not the others) before the class.
Ultimately, because both models support interpretation of seven
factors aligned with the instrument design, it is safe to interpret
the score for each concept on both the pretest and the posttest.
Factor loadings for all three hydrogen-bonding items are consis-
tently significant and greater than 0.7 (as compared with load-
ings of 0.3 in the previous version), demonstrating that the revi-
sion of the hydrogen-bonding items resulted in an improvement
(Fornell and Larcker, 1981).

Student Performance on Targeted Concepts of Hydrogen
Bonding, Bond Energy, and pK_

Table 5 presents how well students responded to each of the
three items within the targeted concepts. These concepts were
chosen for analysis because they were of particular interest to
the instructor and the instructor was interested in tracking stu-
dent performance related to these concepts. On the pretest,
item scores (i.e., the proportion of students getting an item cor-
rect) ranged from 0.20 to 0.31 on hydrogen-bonding items,

TABLE 4. Model fitness from seven-factor and bifactor CFA analysis?

from 0.29 to 0.43 on bond energy items, and from 0.26 to 0.43
on pK_ items. On the posttest, an overall increase in the percent-
age of students getting an item correct was observed. For exam-
ple, in Fall 2015, 26% students answered the first hydrogen-
bonding item correctly on the pretest, and this value rose to
69% for the posttest.

Student Knowledge Gains: Assessment and Instructional
Changes

The second major goal of this study was to understand how an
instructor of a large-enrollment biochemistry course can use
pretest and posttest data to inform instructional changes to bet-
ter support student learning. Below we describe one instructor’s
iterative process of analyzing learning gains for three concepts
(hydrogen bonding, bond energy, pK)) at the end of a term,
making changes in instructional practices, and analyzing learn-
ing gains in subsequent terms. It is important to recognize that
this process differs from typical formative assessment, in which
data are used to make changes in real time that affect the stu-
dents who generated the data. By analyzing trends in student
data over a number of quarters, the instructor was engaged in
formative assessment to improve instructional practices for suc-
cessive groups of students.

The parallel structure of the IFCB allowed for pretest identi-
fication of specific incorrect ideas related to each concept and
posttest determination of whether these problems were cor-
rected by the end of the term. Although the incorrect ideas on
the IFCB are known to be problematic for students in general, it
was very useful for the instructor in this study to identify the
most common incorrect ideas among students at the instruc-
tor’s own institution. The detailed account of the relationship
between assessment data and instruction given in the following
sections is intended to provide not only insight into students’
understanding of foundational concepts for biochemistry
courses but also a model for how instructors of large-enroll-
ment classes can use analysis of student learning gains to
improve instruction over time.

Hydrogen Bonding
Many instructors are not familiar with documented misconcep-
tions related to concepts typically covered in prerequisite

Pre or post Model N x> df p Value CFI RMSEA WRMR

Pretest Bifactor 1185 260 168 <0.001 0.995 0.02 0.99
Seven factor 1185 248 168 <0.001 0.996 0.02 0.85

Posttest Bifactor 1185 212 168 0.01 0.999 0.02 0.86
Seven factor 1185 254 168 <0.001 0.998 0.02 0.85

Satisfactory model fit can be indicated by CFI > 0.95, RMSEA < 0.05, WRMR < 1.
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TABLE 5. Proportion of students providing the correct answer for each listed item

Fall 2014 (n = 198)

Winter 2015 (n = 381)

Spring 2015 (n = 199) Fall 2015 (n = 407)

Concept: Item Pretest Posttest Pretest Posttest Pretest Posttest Pretest Posttest
H bonding: 1 0.30 0.35 0.28 0.82 0.20 0.76 0.26 0.69
H bonding: 2 0.31 0.38 0.29 0.81 0.24 0.79 0.29 0.69
H bonding: 3 0.29 0.38 0.31 0.79 0.22 0.78 0.26 0.69
Bond energy: 1 0.43 0.44 0.35 0.71 0.28 0.64 0.33 0.60
Bond energy: 2 0.40 0.38 0.29 0.66 0.29 0.59 0.30 0.60
Bond energy: 3 0.38 0.41 0.32 0.70 0.27 0.60 0.34 0.62
pK;: 1 0.41 0.80 0.41 0.83 0.2 0.78 0.31 0.78
pK,: 2 0.31 0.76 0.33 0.80 0.26 0.73 0.29 0.76
pK,: 3 0.36 0.80 0.39 0.81 0.42 0.81 0.43 0.76

courses. Before first administration of the IFCB in Fall 2014, the
instructor was unaware of common incorrect ideas related to
hydrogen bonding and assumed that students entering bio-
chemistry either had a firm understanding of the concept or
would gain an understanding over the course of the term via
regular instruction. Historically, in this biochemistry course,
students were exposed to hydrogen bonding during lectures in
the first week of class, in which the physical basis of noncova-
lent interactions is taught. Instruction included three slides
defining hydrogen-bonding interactions followed by a clicker
question (shown in the Supplemental Document). The clicker
question asked students to identify how many hydrogen bonds
could be donated or accepted by urea, and it was followed by a
discussion of how students came to their conclusions. Later in
the term, hydrogen bonding was also mentioned in the context
of protein folding, ligand binding, and catalysis. Before analyz-
ing student learning gains data from Fall 2014, the instructor
believed that this instruction was sufficient to create student
understanding.

In Fall 2014, the instructor administered the current ver-
sion of the IFCB for the first time and was struck by students’
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persistent incorrect ideas about hydrogen bonding even after
instruction (see Table 5 and Figure 1, Fall 2014). Figure 1
shows that 64% of students in Fall 2014 were unable to demon-
strate understanding of the concept on both the pretest and
posttest (“never knew” in blue). Twelve percent of students
came to know and 6% went backward. This result signifies poor
student understanding, frequent guessing, or simply forgetting
basic knowledge. Without basic knowledge of hydrogen bond-
ing, it is impossible for students to meet the expectation of
applying the concept of hydrogen bonding to understand a
more complex biochemical context.

In response to these data, the instructor introduced two new
clicker questions in all subsequent quarters (shown in the Sup-
plemental Document). The new questions were added after the
previously described clicker question regarding urea and hydro-
gen bonding. In each new clicker question, students were shown
two biologically relevant small molecules interacting and were
asked, “Is this a hydrogen bond?” One question depicted a
canonical hydrogen bond and the other depicted an interaction
that was not a hydrogen bond. The molecules are different from
those on the IFCB to avoid rote memorization. Salient charac-
teristics of each interaction were briefly
discussed after all students had responded.
In the subsequent three quarters of instruc-
tion there was a large increase in the pro-
portion of students in the came to know

== group when the learning gains data were
analyzed (Figure 1, Winter 2015, Spring
2015, Fall 2015). This increase in the
- 0.04 group of students who came to know the
v, concept is stable over subsequent quarters,

indicating the improvement is likely due
to the introduction of the two clicker
questions. Therefore, the hydrogen-bond-
ing concept is a key example of how use of
the IFCB enabled an instructor to obtain
better insights into student understand-
ing and the effectiveness of instruction,
which resulted in meaningful instructional
changes.

In addition to tracking changes in
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FIGURE 1. Proportion of students in each group for the hydrogen-bonding items.
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learning gains over time, the structure of
the IFCB allows for identification of com-
mon incorrect ideas. To correctly answer
IFCB questions related to hydrogen bond-
ing, students need to recognize that a

= never knew
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hydrogen-bonding interaction is a noncovalent interaction
involving a small electronegative atom and a hydrogen cova-
lently bound to a small electronegative atom (correct idea A).
From Table 2, the incorrect ideas related to this concept are
1) that a hydrogen covalently bound to a carbon can participate
in hydrogen-bonding interactions (incorrect idea B); 2) that all
hydrogens are capable of participating in a hydrogen bond,
regardless of their covalent bond participation (incorrect idea
C); and 3) that hydrogen bonding is a covalent bond between a
hydrogen and another atom (incorrect idea D). We analyzed
student patterns of responses for the three quarters after intro-
duction of the new clicker questions. Patterns for all quarters
analyzed were similar (raw percentage data can be found in
Supplemental Table 1s).

Figure 2 illustrates how student responses shifted over time
by presenting a ribbon graph of representative results from Fall
2015, the most recent quarter with the largest sample size (N =
407). This figure tracks responses of individual students to the
set of three items related to hydrogen bonding on the pretest
(the left-hand side) and the posttest (the right-hand side). As

Pretest Posttest
Responses Responses
AAA, n=68

AXX, n=87
AAA, n=243

BBB, n=126

AXX, n=67

CCC, n=26

DDD, n:25|:' BBB, n=66
XXX, 175 [CCC, n=9
[ DDD, n=7
l XXX, n=15

FIGURE 2. Categories of student responses on hydrogen-bonding
items Fall 2015 (n = 407). AAA: consistently correct responses for
three items; AXX: at least one correct response in combination with
incorrect response(s); BBB: consistently incorrect responses
corresponding to statement B; CCC: consistently incorrect
responses corresponding to statement C; DDD: consistently
incorrect responses corresponding to statement D; XXX: inconsis-
tently incorrect responses, corresponding to a mixture of state-
ments B, C, and D. The last category includes missing responses
only if at least one of the items in the set did receive a response
from that student. Categories corresponding to all answers correct
(AAA) on either the pretest or the posttest, and the most common
incorrect responses on the posttest are bolded. Statements can be
found in Table 2.
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discussed in the Methods section, we grouped the students into
six catgories based on their response patterns. Category AAA is
for consistently correct responses. Category AXX is for inconsis-
tent responses, with at least one correct and one incorrect. Cat-
egory BBB, CCC, or DDD is for consistently incorrect responses
corresponding to the incorrect statement with the given letter
(see Table 2). Finally, category XXX is for inconsistently incor-
rect responses, in other words, for students who selected a mix-
ture of incorrect responses. In the ribbon graph, lines connect
the responses of individual students on the pretest (left) to their
responses on the posttest (right), creating “ribbons.” The rib-
bons revealing movement toward dominant categories (catego-
ries with more than 50 students) on the posttest are highlighted.
Analysis of data in this way allows the instructor to determine
whether changes in instruction lead to correction of specific
incorrect ideas and/or whether instruction leads to more con-
sistent understanding of the concept.

On the pretest, the two most common categories reflect con-
sistently and inconsistently incorrect ideas: BBB (126 students)
and partially correct (87 students). These responses demon-
strate that a majority of students enter the course with a specific
misconception (hydrogen-bonding idea B, Table 2) or with con-
fusion, susceptible to influence by item context or possibly
guessing. On the posttest, the two most common combinations
are AAA (243), and BBB (66). As shown by the width (top to
bottom) of the ribbons on the graph (Figure 2), students tended
to shift away from consistently incorrect ideas (BBB, and, in
smaller numbers, CCC and DDD) and mixed incorrect ideas
(XXX) to the consistently correct idea (AAA). Students starting
with mixed incorrect ideas (XXX) on the pretest also show some
shifting toward BBB and toward partially correct (AXX) on the
posttest, though the majority moved to AAA. Although the data
reveal that not all students abandoned their incorrect ideas, the
increase in the number of students who could consistently iden-
tify a hydrogen bond after instruction was substantial. The data
are, of course, insufficient to demonstrate a causal relationship
between clicker questions and student recognition of hydrogen
bonding, but the results were informative and intriguing for the
instructor, who went on to consider whether similar small
changes could better support student understanding in other
areas.

Bond Energy

The bond energy items assess whether students know that
breaking an isolated bond always requires energy. Before
administering the IFCB in Fall 2014, the instructor was not
aware of students’ incorrect ideas related to bond energy and
did not explicitly focus on the concept that formation of an iso-
lated chemical bond releases energy. Historically, the concept
of bond energy was referred to throughout the quarter in dis-
cussions of strength of ligand binding, protein folding, and
cleaving “high-energy” bonds. Figure 3 shows how students’
understanding of bond energy changed over the course of each
quarter. In Fall 2014, the largest percent of students are in the
never knew group. Only 14% students came to know, and 12%
went backward, indicating that instruction did not play a major
role in fixing the incorrect ideas observed on the pretest. After
administering the instrument in Fall 2014 and observing poor
performance on this concept, the instructor decided to include
explicit instruction that had not previously been a part of the
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5. 10 bond energy that is opposite to reality.
:uf Most of the remaining students who were
g 09 not in the AAA category have mixed cor-
T 0.8 == = = rect and incorrect ideas (AXX: 107 stu-
s - = = =0.44 = = 0.46 = dents; XXX: 108 students), revealing that
5 a7 E 0.58 2 E = this population of students is confused or
= guessing.

§ 0.6 ~0.02 F Our results suggest that instructional
o v, = E = interventions used starting in Winter 2015
g 0.5 %/ 5’0 7 004 ] were effective, as evidenced by a major
":"g //, / 7 shift in student responses from inconsis-
S 04 Y ; 0.38 7 A // tent on the pretest (AXX and XXX) to AAA
S \2&.12 7 / 0.395 0.3 4§ on the posttest (Supplemental Table 1s).
:.;_,' 0.3 A % 9/ ﬁ/ / To illustrate this shift, all the lines that
e 0147 A / / converge to AAA or DDD on the posttest
o 02 G/ ”I”" // / for Fall 2015 are highlighted in the ribbon
E M 0.22 IIIIIIII 1111 graph (Figure 4). However, even after
é‘- 0 0.17 I 0.14 0.16 instruction, 68 students were in the DDD
& g {11111 111 T 111 category on the posttest this quarter,

Fall 2014 (n=198) Winter 2015 (n=381) Spring 2015 (n=199)
W always knew [@cameto know [ went backward

FIGURE 3. Proportion of students in each group for the bond energy items.

class. Beginning in Winter 2015, students were asked in discus-
sion to consider the relative strengths of interactions that had to
be broken and formed in the process of macromolecular struc-
ture formation. Each subsequent quarter, more emphasis was
put on understanding this aspect of structure formation. In
Spring 2015, a worksheet on the thermodynamics of protein
folding was introduced in discussion during the second week of
the quarter. The worksheet required students to draw different
interactions and explicitly consider how much heat would be
required to break the bonds (or interactions) along with how
much heat would be released by the new interactions (or
bonds) that would form. After these changes, the proportion of
students in the came to know group doubled, and very few stu-
dents went backward (Figure 3, Winter 2015, Spring 2015, Fall
2015).

Again, common incorrect ideas and consistency of responses
were tracked using the parallel structure of the IFCB. To cor-
rectly answer questions related to bond energy, students
needed to know that breaking an isolated chemical bond always
requires energy and forming an isolated chemical bond always
releases energy (correct idea A). As shown in Table 2, the incor-
rect ideas related to this concept are 1) whether energy is
released or absorbed depends on the strength of the bond
(incorrect idea B), 2) whether energy is released or absorbed
is conditional in an unspecified way (incorrect idea C), and
3) breaking an isolated chemical bond always releases energy
and forming an isolated chemical bond always requires energy
(incorrect idea D). On the pretest for each quarter, roughly 50%
of students were inconsistent in their responses, demonstrating
some confusion (Supplemental Table 1s). Changes in patterns
of students picking statements for Fall 2015 on the pretest and
posttest are shown in a ribbon graph in Figure 4. On the pretest,
the most common consistent combinations are DDD (109 stu-
dents) and AAA (81 students). This demonstrates that more
than 25% of students enter biochemistry with an idea about
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suggesting that some students remember
that it always either takes energy (A) or
releases energy (D) to form an isolated
chemical bond, but don’t understand the
concept well enough to decide which one

Fall 2015 (n=407)

Posttest
Responses

Pretest
Responses

AAA, n=81

AAA, n=204

AXX, n=107

BBB, n=1
G n=12

2N

AXX, n=83
DDD,n=109

= BBB, n=1

DDD, n=68

HXXX, n=51

FIGURE 4. Categories of student responses on bond energy items
Fall 2015 (n = 407). AAA: consistently correct responses for three
items; AXX: at least one correct response in combination with
incorrect response(s); BBB: consistently incorrect responses
corresponding to statement B; CCC: consistently incorrect
responses corresponding to statement C; DDD: consistently
incorrect responses corresponding to statement D; XXX: inconsis-
tently incorrect responses, corresponding to a mixture of state-
ments B, C, and D. The last category includes missing responses
only if at least one of the items in the set did receive a response
from that student. Categories corresponding to all answers correct
(AAA) on either the pretest or the posttest, and the most common
incorrect responses on the posttest are bolded. Statements can be
found in Table 2.

XXX, n=108
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is correct. This suggestion is also supported by the fact that only
21 out of 407 students never picked A or D on the pretest, and
only 13 students never picked A or D on the posttest. No stu-
dents consistently endorse on both tests the conditional state-
ments B and C that energy intake during bond formation
depends on other factors such as bond strength.

pK

The third targeted concept, pK , was covered extensively in the
course before use of the IFCB, and instruction changed little
over the four quarters reported. This situation is in contrast to
the instructor’s prior actions with regard to hydrogen bonding
and bond energy. For those two concepts, the instructor had
originally assumed either that students understood the con-
cepts well from their previous course work or that a minimal
review would suffice for students to understand and use the
concepts in biochemistry. For pK, however, the instructor
emphasized this concept heavily, even before use of the IFCB,
because the instructor had previously realized students enter
biochemistry without a clear understanding of this concept. In
the first week of each quarter, students were reintroduced to
buffers and completed an in-class activity that asked them to
use pK_ values to determine isoelectric point values for amino
acids and peptides (from Foundations of Biochemistry, 3rd
edition; Loertscher and Minderhout, 2011). The concept was
further discussed in the context of ion-exchange chromatogra-
phy. Finally, as part of the discussion of enzyme mechanisms,
students were asked to examine protonation states of substrates
and amino acids in enzyme active sites, predict protona-
tion states, and relate these structural features to binding
interactions.

Figure 5 shows student knowledge of pK, over the course of
the four quarters studied. The percentage of students in each
group is very similar for all four quarters, with more than
50% of students in the came to know group each quarter. This
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consistency is not surprising, since no new specialized instruc-
tion related to this concept was introduced. These results illus-
trate that analysis of learning gains data can be used not only to
identify problematic areas in which instructional changes are
needed but also to identify those concepts that are well sup-
ported by instruction. Additionally, despite the fact that the
instrument was administered slightly differently each quarter
(Table 1), the similarity of response patterns suggests no evi-
dence of bias associated with differences in administration,
which lends support to the validity of instrument use with the
studied population. It is also notable that changes in instruction
related to hydrogen bonding and bond energy, discussed previ-
ously, did not disrupt the gains related to pK_ that were already
part of normal instruction.

Again, common incorrect ideas and consistency of responses
were tracked using the parallel structure of the IFCB. To answer
questions related to pK, correctly, students needed to deter-
mine the predominant charge of ionizable groups (-COOH and
-NH,) depending on the pH and pK . Table 2 presents the incor-
rect ideas probed by the IFCB. Changes in patterns of student
responses between the pretest and posttest are shown in a
ribbon graph in Figure 6. On the pretest, the incorrect ideas are
often mixed and diversely distributed across the three items,
indicating poor understanding or guessing for this concept. A
total of 198 (AXX, 49%) students chose the correct response
(A) at least once in combination with incorrect responses. The
second most-prevalent set of responses on the pretest was
mixed incorrect ideas (XXX, 124 students or 30%). Only 54 stu-
dents (13%) answered all three questions correctly (AAA). Two
consistently incorrect ideas (BBB and CCC) were selected by a
few students (five and 26, respectively) on the pretest, but by
the posttest, all of these students had shifted to other responses,
and only a few (six) students had moved to CCC from XXX. The
most frequently selected combination on the posttest was the
correct answer (AAA), chosen by 244 students (60%). In gen-
eral, students in each category on the pre-
test moved in the direction of better under-
standing on the posttest. Instruction
related to pK_ is distinguished from the
other two concepts in that the instructor

£0372 did not need additional formative assess-
ment data to help inform instruction. The
instructor already had a strong sense,
T which was borne out by the IFCB pretest,

that students coming into biochemistry do
not understand pK_ very well and had pro-
actively worked instruction about pK_ into
the normal curriculum. It could be that the
instructor recognized the need to work on
student understanding of pK_ because hav-
ing an incorrect idea related to pK_ is more
visible in a biochemistry context than hav-
ing an incorrect idea related to hydrogen
bonding or bond energy.
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Fall 2014 (n=198)
M always knew

Winter 2015 (n=381) Spring 2015 (n=199)

Acame to know [@went backward

FIGURE 5. Proportion of students in each group for the pK_ items.
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DISCUSSION

This study describes the revision and
implementation of an instrument to mea-
sure students’ knowledge of prerequisite
concepts that are essential to success in

Fall 2015 (n=407)
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Pretest Posttest
Responses Responses
AAA, n=54
AAA, n=244
AXX, n=198

BBB,n=5H

CCC, n=26
AXX, n=129
XXX, n=124 L
O CCC, n=6
I XXX, n=28

FIGURE 6. Categories of student responses on pK_ items Fall 2015
(n=407). AAA: consistently correct responses for three items;
AXX: at least one correct response in combination with incorrect
response(s); BBB: consistently incorrect responses corresponding
to statement B; CCC: consistently incorrect responses correspond-
ing to statement C; DDD: consistently incorrect responses
corresponding to statement D; XXX: inconsistently incorrect
responses, corresponding to a mixture of statements B, C, and D.
The last category includes missing responses only if at least one of
the items in the set did receive a response from that student.
Categories corresponding to all answers correct (AAA) on either
the pretest or the posttest, and the most common incorrect
responses on the posttest are bolded. Statements can be found in
Table 2.

biochemistry. The effect of instructional changes in an under-
graduate biochemistry classroom was assessed using the revised
instrument. The findings show important interactions among
assessment, instructional interventions, and student knowl-
edge. Instrument development and validation is an ongoing
and iterative process. With the described revisions, we have
shown that the current version of IFCB functions better to iden-
tify student knowledge with evidence of improved reliability
and validity and is useful in helping to understand the effects of
instructional changes.

Targeted Concepts and Their Importance to Biochemistry

Three foundational concepts of this study were chosen because
of their importance to learning in biochemistry and because of
documented difficulties related to student understanding of
these concepts, both of which will be discussed in detail for
each concept. It is important to note that the targeted learning
outcomes for each of these three concepts are relatively low
level, asking students to identify hydrogen-bonding interactions,
recall information about bond energy, and apply knowledge
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about pK, to make predictions about charges on molecules.
However, even at this level, these outcomes are relevant for
learning in biochemistry, because immediate recall of these key
concepts is necessary for students to engage with biochemistry
in a meaningful way. Because most biochemistry instructors
assume that students gained a deep understanding of these
concepts in prerequisite courses, data from the IFCB can alert
instructors to problems they had not anticipated so that changes
in instruction can be made to best support student learning.

Our analysis shows similarities and areas of distinction in
student response patterns related to the three concepts. For all
three concepts, the posttest shows more correct and consistent
student performance. However, each concept also exhibits
unique trends in student response patterns. For example, for
hydrogen bonding, student responses shifted from several dif-
ferent, yet consistent, incorrect ideas along with inconsistency
to the consistently correct idea. For bond energy, only one
incorrect idea was consistently attractive to students on both
the pretest and posttest. Finally, student responses related to
pK, moved from very inconsistent to more consistently correct.
It is possible that these patterns could be widely observed across
diverse institutions, but the real power of the IFCB comes from
the ability of individual instructors to identify the specific pat-
terns in their own student populations. Implications of findings
related to each of the concepts are discussed in detail in the
following sections.

Findings and Implications

Hydrogen Bonding. Hydrogen bonding is important in bio-
chemistry and is particularly noticeable in research articles
describing protein structure. A simple search of PubMed Cen-
tral using hydrogen bonding as a search term resulted in more
than 58,000 citations (Kuster et al.,, 2015). Yet many studies
involving students enrolled in general chemistry, organic chem-
istry, and biochemistry show poor student understanding of
noncovalent interactions in general and hydrogen bonding in
particular. Interviews of students who had completed sec-
ond-semester organic chemistry revealed that many relied on
rote memorization of the definition of hydrogen bonding and
lacked the ability to explain why the definition works (Rushton
et al., 2008; Williams et al., 2015). Furthermore, some students
identified a covalent bond between carbon and hydrogen as a
hydrogen bond (Henderleiter et al., 2001). In another study
involving general chemistry students, few students were able to
correctly identify hydrogen bonding as occurring between eth-
anol molecules, and fewer still drew the interactions correctly
(Cooper et al., 2015). Many depicted hydrogen bonds as cova-
lent bonds within an ethanol molecule. These authors also
found that students used appropriate words without deeply
understanding their meaning. Another study showed that fewer
than 20% of students could correctly identify a hydrogen bond
even after a semester of biochemistry instruction (Villafafie
etal., 2011b).

Changes in general chemistry curriculum have been shown
to improve students’ understanding of hydrogen bonding and
other noncovalent interactions. Most students enrolled in the
CLUE curriculum, an innovative general chemistry curriculum
that uses an integrated approach in which students are fre-
quently asked to contrast and explain models, correctly identi-
fied hydrogen bonding as occurring between molecules and
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correctly identified the atoms involved in the interaction
(Williams et al., 2015). In contrast, Williams and colleagues
show that only ~30% of students in a traditional course exhib-
ited this level of understanding. It was further shown that stu-
dents tend to retain the understanding of hydrogen bonding
that they had in general chemistry, whether correct or incorrect,
through the end of instruction in organic chemistry (Cooper
et al., 2015). This suggests that biochemistry faculty should not
expect students progressing through a traditional curriculum to
bring a correct understanding of hydrogen bonding to their
courses. The IFCB presented in this study can identify areas in
which students are lacking understanding and can help col-
leagues within a department align prerequisite courses.

This investigation aligns with previously published studies
showing that students do not know the basics of hydrogen
bonding when entering biochemistry. However, most biochem-
istry faculty do not plan to spend time on this concept, as it is
assumed prerequisite knowledge from previous chemistry
courses. In exit evaluations administered as part of multiple fac-
ulty workshops related to teaching in biochemistry, many
instructors state that they had assumed that students understood
hydrogen bonding when they began biochemistry (unpublished
data). It was similarly surprising to the instructor in this study
that nearly 70% of students remained unclear on this topic after
completing the biochemistry course in Fall 2014 (Figure 2).

On the basis of these data and the literature, we realized that
we could not expect students to understand higher-order struc-
ture in biochemistry if we could not even rely on students look-
ing at the correct part of the molecule when we discussed hydro-
gen bonding. Therefore, we decided as a first step that it was
absolutely necessary for biochemistry students to learn to accu-
rately identify hydrogen-bonding interactions in biologically rel-
evant molecules. If biochemistry students are unable to identify
whether hydrogen bonding between two molecules or parts of
molecules is even possible, how could we expect them to make
predictions about the formation of complex macromolecular
structures? In response, the instructor in this study implemented
clicker questions to address a simple hydrogen-bonding defini-
tion. This small change in instruction could be associated with
the large increase in the group of students who came to know
this concept at the end of course. In other words, once the
instructor recognized the difficulty students had with this con-
cept, even a small intervention could result in a substantial shift
in student understanding. Here, we have shown that a set of
multiple-choice items can provide a convenient way for instruc-
tors to visualize a range of student correct and incorrect ideas
related to hydrogen bonding.

Bond Energy. Bond energy has been deemed important for
multiple disciplines, including biochemistry (Cooper and Klym-
kowsky, 2013). The literature has previously shown that stu-
dents are confused as to whether energy is absorbed or released
in a simple bond formation in a variety of contexts (Ross, 1993;
Boo, 1998; Teichert and Stacy, 2002; Ozmen, 2004; Villafafie
et al., 2011b; Cooper and Klymkowsky, 2013). Boo suggests
that this problem arises from a worldview that building a
structure requires energy input, whereas destruction involves
release of energy—that is, students believed that bond breaking
releases energy and bond making involves energy input.
Cooper and Klymkowsky attribute the source of this misconcep-
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tion to everyday use of language and a macroscopic approach in
multiple science courses (Cooper and Klymkowsky, 2013). The
misconception might also come from our simplified language
around “high-energy” phosphoanhydride bonds in ATP. Instruc-
tors assume the students understand we are talking about the
total chemical reaction, not just the physical breaking of an iso-
lated bond. Interestingly, after the instructor in this study
started emphasizing the fact that energy is absorbed when
bonds are broken, students began asking, “But how can ATP be
a high-energy bond if it always takes energy to break a bond?”
Most processes that biochemists encounter involve both bond
breaking and forming, and the important variable is overall
change in energy. Yet an understanding of the direction of
energy flow at the level of individual bonds is important and is
a first step in enabling deep understanding of the thermody-
namics of complex processes. Furthermore, even in the context
of living organisms, there are cases in which bonds are broken
without concomitant bond formation, such as in the generation
of free radicals through ionizing radiation. The high reactivity
of these and other free radicals (superoxide anion radical) is
fundamentally understood due to the inherent free-energy
change when a bond is formed.

Results from Fall 2014, before specialized instruction related
to bond energy was introduced, mirror results previously
reported in the literature (Figure 3). After incorrect ideas were
revealed from assessment data, the instructor included more
intentional instruction related to this concept, and student
knowledge improved overall, although some students still
retained an incorrect idea. While the change in instruction was
not a specific intervention but rather a decision to discuss bond
energy more explicity in several places in the existing curricu-
lum, it is likely the cause of the improvement in student under-
standing of the concept.

pK_. Meaningful understanding of pK, is very important to
learning biological concepts and in applying this knowledge to
contexts such as buffers and electrophoresis (Moore, 1985;
Curtright et al., 2004; Orgill and Sutherland, 2008). The con-
cept of pK_ is especially difficult, because it involves both con-
ceptual and algorithmic manipulations. This study focused on
how to use the pK_ of an ionizable group within a molecule to
determine the protonation state at a given pH. The instructor
for this biochemistry course had previously observed that
incoming students were not well versed in using pK, to make
predictions and had already included specific instruction on pK,
in the course. As a result, 60% of students in Fall 2015 were
able to answer these questions correctly at the end of the
course. The remaining student responses were inconsistent, but
a large fraction (32%) selected the correct response (A) in at
least one context, indicating some achievement toward imple-
menting pK_ in all circumstances.

Limitations and Future Directions

We used the revised IFCB with evidence of reliability and valid-
ity to identify student incorrect ideas and to probe the effective-
ness of instructional changes in a quick and reliable way. This
work is a first step in an iterative process to use assessment data
to improve teaching and learning in biochemistry over time.
Therefore, the study presents a number of limitations but also
promising opportunities for future work.
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One limitation is that students’ knowledge of the three target
concepts was probed using multiple-choice questions only.
Other assessment techniques could provide rich information on
student understanding in large-enrollment courses. For exam-
ple, Haudek et al. (2012) used automated text analysis to
examine responses of students enrolled in an introductory cel-
lular and molecular biology class at a large public university.
They probed students’ understanding of a specific question:
“Which functional groups, hydroxyl (-OH) or amino (-NH,), are
most likely to have an impact on cytoplasmic pH?” (Haudek
et al., 2012). Similarly, assessment of student responses to
open-ended questions related to the target concepts in this
study could be conducted in the future and could provide
deeper insights into students’ thinking. Regardless of the limita-
tion of multiple-choice format, the IFCB had the potential for
wide classroom use due to the advantage of easy administra-
tion, quick analysis, and utility to provide timely and valid
information that instructors can readily use to make adjust-
ments in their teaching.

Another limitation is the simplicity of the described instruc-
tional interventions. For example, our instructional strategy
related to hydrogen bonding is to show examples illustrating
what is and what is not hydrogen bonding. This “tell and prac-
tice” approach was effective to help students remedy their
consistently incorrect ideas, but similar approaches have been
criticized by Schwartz and coworkers because use of familiar
routines can limit students’ engagement with new ways of
thinking about problems (Schwartz et al., 2012). However, we
would argue that this gap in basic knowledge must be fixed to
prepare students for future learning. In the next step, more
active-learning activities such as process-oriented guided-
inquiry learning (Loertscher and Minderhout, 2011) can be
used to help students to build more advanced and complicated
conceptual links, especially when students have mixed rather
than consistent incorrect ideas. Ultimately, rather than having
memorized disconnected pieces of knowledge from being told
an answer to a question or following a procedure of pattern
matching, students should be encouraged to have freedom to
process information, to explore their own best solutions to a
complex problem, and to be told the accepted solution only
afterward (Schwartz et al., 2011).

This work provides an example of iterative process of gath-
ering validity evidence associated with an instrument and
observing improvement in student learning due to interven-
tions. This study showed that a multiple-choice instrument can
be improved over time and can be used to quickly identify areas
for instructional attention, such as hydrogen bonding and bond
energy, which are not emphasized in traditional curricula. The
assumption that students have mastered a basic level of funda-
mental knowledge from prerequisite courses may not necessar-
ily be true. In addition, this study demonstrates that IFCB can
be used as a pretest and posttest to help inform instructional
choices for a large-enrollment biochemistry course. Even slight
changes in the curriculum can help students more fully explore
and transfer knowledge from previous gateway chemistry
courses to the more advanced biochemistry course. In the
future, it would be beneficial to elevate the level of learning
outcomes related to all of the target concepts and to develop
instructional materials that use evidence-based practices to sup-
port students’ learning and transfer of these concepts.
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