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Abstract: The present study has aimed to develop and validate a
protein concept inventory (PCI) consisting of 25 multiple-choice
(MC) questions to assess students’ understanding of protein, which
is a fundamental concept across different biology disciplines. The
development process of the PCI involved a literature review to
identify protein-related content, validation interviews to iteratively
validate and refine the created items (n = 26), and data collection
from a large sample (n = 291) for statistical analysis. An expert
interview was held with two different field experts regarding the
content validity of the draft PCI tool, the suitability of the options,
and the clarity of the items. Free choice format (multiple marking)
was used to answer the developed MC items. In scoring these items,
positive points were given to correct options, and negative points
were given to incorrect options. Evidence regarding the psychomet-
ric properties of the PCI trial form was collected through factor
analysis, group differentiation, internal consistency, and item anal-
ysis using quantitative data. The evidence collected demonstrates
that the validity and reliability of the PCI as a measurement tool
have been confirmed. PCl’s scoring approach and the use of re-
sponse patterns created by multiple markings in teaching are dis-
cussed.

Science Insights Education Frontiers 2024; 23(2):3755-3777
DOI: 10.15354/sief.24.0r617

How to Cite: Tasgi, G. (2024). Development of a protein concept inventory: A
proposal for item scoring and responding. Science Insights Education Fron-
tiers, 23(2):3755-3777.

Keywords: Protein, Conceptual Understanding, Free Choice Format




Tasci. (Turkey). Development of a Protein Concept Inventory.

About the Author: Giintay Tasci, Educational Faculty, Erzincan Binali Yildirim University, Erzincan, Turkey. E-
mail: gtasci@erzincan.edu.tr

Correspondence to: Giintay Tasgi at Erzincan Binali Yildirim University of Turkey.
Conflict of Interests: None

Al Declaration: The author affirms that artificial intelligence did not contribute to the process of preparing the
work.

© 2024 Insights Publisher. All rights reserved.

Creative Commons NonCommercial CC BY-NC: This article is distributed under the terms of the Crea-

BY NC tive Commons Attribution-NonCommercial 4.0 License (http://www.creativecommons.org/licenses/by-
nc/4.0/) which permits non-commercial use, reproduction and distribution of the work without further permission provided
the original work is attributed by the Insights Publisher.

SIEF, Vol.23, No.2, 2024 3756


mailto:gtasci@erzincan.edu.tr
http://www.creativecommons.org/licenses/by-nc/4.0/
http://www.creativecommons.org/licenses/by-nc/4.0/

Tasci. (Turkey). Development of a Protein Concept Inventory.

Introduction

evaluating conceptual understanding through the identification of

misconceptions (D’Avanzo, 2008; Kalas et al., 2013; Klymkowsky
& Garvin-Doxas, 2008; Libarkin, 2008). Starting with the Force Concept
Inventory (Hestenes et al., 1992), Cls have been developed for various con-
cepts (Newman et al., 2016). In relation to this, more studies have focused
on developing Cls for teaching biology (Bybee, 2012; D’Avanzo, 2008;
Garvin-Doxas et al., 2007). While these Cls may include a wide range of
topics, including general biology, genetics, and microbiology, some concepts,
such as homeostasis (McFarland et al., 2017) and natural selection (Ander-
son et al., 2002), have been selected. The widespread use of the CI approach
has resulted in an essential body of literature on developing these tools. Re-
searchers investigating the methods used for Cl development have reported
that these development processes include many variations (Lindell et al.,
2007; Jorion et al., 2015). In this context, Adams and Wieman (2011) pro-
posed a robust development framework with four fundamental phases for ClI
development. This framework included recommendations to identify the
content and construction of the core concept, developing test specifications,
field testing, validation interviews, scoring rules, and answering procedures.

Even though MC items are widely used in Cls due to their ad-
vantages, Cls are different from ordinary MC tests (Kalas et al., 2013; Smith
& Knight, 2012). Stressed characteristics of Cls are measuring conceptual
understanding, diagnosing understanding levels in learners (D’Avanzo, 2008;
Garvin-Doxas et al., 2007; Libarkin, 2008), and containing research-based
misconceptions in the options (distracters). This approach has been named
distracter-driven MC items (Herrmann-Abell & DeBoer, 2011; Shin et al.,
2019). Additionally, answering and scoring are other features of MC items
discussed in the literature. Generally, the examinee can mark one of the op-
tions in an MC item, including the keyed item and other distracters. Its scor-
ing is mainly determined by giving one (1) point for the correct answer and
zero for the incorrect answer. This system is called “number right” (Kurz,
1999, pl). However, various other suggestions on scoring and responding to
MC items are proposed in the literature (Frary, 1980; Frary, 1989; Hsu et al.,
1984). According to Hsu et al. (1984), in the free-choice (multiple marking
or multiple select) format instructions, the examinee can mark multiple op-
tions if they are correct. This method assumes that the examinee has precon-
ceptions regarding the number of possible correct answers (Frary, 1989).
Hsu et al. (1984) reported that in scoring items in the free-choice format,
four points are given for the correct answer and minus points for each incor-
rect marking. According to Frary (1980), two different scoring methods exist
for free-choice format items. The first was suggested by Coombs (1953), and

CONCEPT inventories (CI) are widely used as a robust approach for
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the other was by Arnold and Arnold (1970). Thus, different response pat-
terns score numerically. In studies on the development of biology concept
inventories, MC items were mainly preferred, while multiple true-false items,
open-ended questions, and stratified diagnostic items were less preferred
(Queloz et al., 2017). In these studies, single-option marking has been gener-
ally used. The chance of the keyed answer, emphasized in the literature, is an
essential limitation in this case. In their CI development study, Newman et al.
(2016) used the multiple-select directive for MC items. Researchers reported
that multiple-select effectively reduces random guessing.

Several studies directly related to protein structure, folding, chemical
bonds, and amino acids in its structure have reported misconceptions in the
field of biology (Fisher, 1985; Guzman & Bartlett, 2012; Kasapoglu, 2011,
Harle & Towns, 2013; Linenberger & Bretz, 2014; Selvi & Yakisan, 2004;
Robic, 2010; Villafare et al., 2011). Robic (2010) summarized common
misconceptions concerning protein structure with ten items. Harle and
Towns (2013) indicated misconceptions of the formation of primary and
secondary protein structures and the roles of chemical bond interactions by
the students. Villafafe et al. (2011) have reported misconceptions about
bond energy and protein alpha-helix structure. Misconceptions about protein
synthesis, genes, DNA, chromosomes, mutation, and protein are also en-
countered in genetic and molecular genetics studies (Smith & Knight, 2012;
Marbach-Ad, 2001; Gericke & Wahlberg, 2013; Smith & Williams, 2007,
Guzman & Bartlett, 2012; Kasapoglu, 2011). Following this, White and
Bolker (2008) outlined the close relationships between the genetic, biochem-
istry, and molecular genetic disciplines. Furthermore, several studies have
reported protein-related misconceptions regarding diet, digestion, energy
gain, and growth (Mak et al., 1999; Yilmaz et al., 2017).

Protein is crucial because it has a widespread teaching process from
high school to higher education. It is also a critical core concept for funda-
mental biology disciplines like biochemistry and molecular genetics (White
& Bolker, 2008). This literature shows that protein is an important core con-
cept for different subject areas in biology. Accordingly, a conceptual under-
standing of the protein has been considered necessary. Therefore, the neces-
sity of developing a PCI formed the basis of this study. The misconceptions
were used as distracters, in line with other studies to measure this situation.
In the study, the free choice format, which is in the measurement literature
and rarely preferred in CI development studies, was chosen as the answering
guide. Along with this response guide, unlike other studies, a scoring rule
was used to create item scores, giving negative points for incorrect options
and positive points for correct options. Thus, in the study, it was tried to de-
termine qualitatively and quantitatively whether the response patterns ob-
tained with multiple answers reflected the cognitive structure of the partici-
pants. In this context, the research’s operational definition of conceptual un-
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derstanding was accepted as the absence of misconceptions regarding the
intended concepts in the cognitive structure of the learners. In the study, the
response patterns were obtained with multiple responses. It was tried to de-
termine whether the test reflects the cognitive structure and to examine the
scores, validity, and reliability of these cognitive patterns.

Method

The study was conducted using the methodology reported in CI development
studies in the literature. These studies include stages in which various quali-
tative and quantitative data collection stages are carried out. Table 1 shows
an overview of the CI’s development process.

The study’s qualitative data were obtained from a systematic litera-
ture review and validation interview with participants. Data analysis was
provided with qualitative content analysis (Mayring, 2002) using MS Excel
and MAXaqda trial programs. SPSS, JASP, and MS Excel were used to ana-
lyze quantitative data for statistical evidence regarding validity and reliabil-

ity.
Participants

The study included 317 participants. The validation interviews were con-
ducted with 26 volunteers from the group. The participants were from differ-
ent educational levels, including high school students (f = 10), university
students (f = 13), biology teachers (f = 2), and one instructor.

The remaining 291 participants included 142 high school students (f
= 120 females and f = 22 males), 96 university students (f = 80 females and f
= 16 males), and 53 instructors. The high school level participants came
from different high schools and attended various grade levels. Participants at
the university level came from the departments of biology (f = 5), biology
education (f = 14), science education (f = 50), and others (f = 27; health sci-
ences, classroom teachers, and chemistry teachers). The teacher participants
consisted of biology teachers (f = 31), science teachers (f = 13), and other
branches (f = 3), a total of 47 teachers (17 males and 30 females). The aver-
age service period of these teachers was 14 years; however, working periods
varied between 1 and 35 years. Six faculty members (three females and three
males) worked at the university level. The teachers and faculty members
were classified as the expert group in both applications of the study. Howev-
er, this classification does not express any expertise in protein or biochemis-
try. It is solely based on the level of education gained.
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Table 1. Overview of Applications in the Process of PCI Development and

Criteria of Validity and Reliability.

Criteria Applications Content
Content 1. Literature and fundamental resources Identifying misconceptions and determining
Validity reviewing the conceptual framework for protein
Content 2. Forming of Cl
validity 2.1. Design of MC-questions

2.1.1. ltem writing

2.1.2. The validation interviews Understanding items by participants, defining

(participants) misconceptions participants, and wording

participants about items
The accordance of response with
argumentation

Construct 2.2. Draft PCI and test specification
validity 2.2.1. Design response instruction
and item-scoring rules
2.2.2. The validation interviews The experts’ opinions on the suitability content
(experts) of PCI determined
The accordance of item content with the aimed
misconception
Construct 3.  Statistical analysis A large sampling application
validity 3.1. Validity

3.1.1. Factor analysis
3.1.2. Group comparisons
3.2. Reliability
3.3. Item analysis

Literature and Fundamental Resources Reviewing

The first stage was a literature review to identify common misconceptions.
To conduct a thorough literature analysis on misconceptions related to pro-
tein, various databases including “Google Scholar,” “ERIC,” and “SCOPUS”
were searched using keywords such as “Protein,” “Misconceptions in Biolo-
gy,” and “Misconceptions.” Those related to protein and genetic concepts
were selected first among the articles accessed. Then, articles that directly or
also included protein-related misconceptions address protein-related miscon-
ceptions were selected. As a result of this, thirty-four articles from different
countries were reached, and misconceptions about protein and protein-
related concepts were reviewed. Simultaneously with this stage, essential
sources (Nelson & Cox, 2016; Sadava et al., 2011; Simon et al., 2016) were
examined. In this way, the conceptual framework of PCI and the list of mis-
conceptions defined in various studies have been reached. Thanks to this list,
multiple choice items began to be written to form the PCI.

Forming of Protein Concept Inventory
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The researcher wrote items in a conventional MC format using the list of
misconceptions area. The MC questions are about these misconceptions, and
their options contain the misconceptions. The researcher initially wrote 28
MC questions. Then, validation interviews were conducted to examine these
MC questions according to participants’ thinking and wording. The partici-
pants’ thoughts and explanations about protein were investigated with these
items. To do this, participants solved the questions by thinking aloud about
the questions and making explanations about their answers. The data of the
participants from different education levels who participated in this process
enabled testing the misconceptions determined with the support of the litera-
ture, revealing the students’ understandings, and improving the items. These
validity interviews with the participants were conducted interactively with
question development in individual and group interviews. Based on this pro-
cess, minor improvements were made to eight questions written at the begin-
ning, significant improvements were made to 20 questions (total changing
item roots or options), and seven new questions were written. As a result, 25
MC items were obtained through revisions carried out in three stages.

After creating the draft PCI, we conducted comprehensive interviews
with two experts. First, the expert with a doctorate in biochemistry conclud-
ed that the items were related to the measured misconception, the keyed op-
tions were appropriate, and the conceptual framework for protein was suffi-
cient. Then, the appropriateness of the form was reviewed by the researcher
in terms of assessment and measurement according to the related literature
(Haladyna & Downing, 1989; Haladyna & Steven, 1989; Nolen et al., 1992).
Afterward, it was discussed with a field expert with a doctorate in education-
al sciences. The expert suggested some improvements for the items, such as
making the expressions of item roots similar, avoiding two negative expres-
sions, condensing lengthy option statements, having similar option lengths,
and creating meaningful propositions with the question statement. The ex-
perts also expressed positive opinions about the test’s presentation and re-
sponse instructions. Twenty-five candidate items formed the PCI for a large
sample application.

Design Response Instruction and Item-Scoring Rules

In scoring the participants’ response patterns, scoring rules and their mean-
ings were determined under the literature. The scorings of the response (cog-
nitive) patterns are shown in Table 2.

Furthermore, these scores were compared with the number-right item
scoring methods. Per the response instruction, each distracter (misconception)
marked was given minus one (-1) point, and the correct option was given
four (4) points; the sum of them formed the item scores. By scoring in this
way, the highest score that can be obtained from an item is four (4) points,
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Table 2. Comparison of Rules for Item Scoring and Levels of Understanding.

Item Scores
Levels of Understanding Response combinations Indices ggogrglstlve pattern ls\l:on:gser-nght
Scientific Conceptions The only TO | 4 1
(E19) !
A WO with TO I 3 0
Partial Understanding Two WO with TO Is 2 0
(PU) Three WO with TO ls 1 0
All of the options Is 0 0
Do not know lo 0 0
Lack of Knowledge (LK) Do not know with TO or
lox 0 0
WO
Only awo M -1 0
) Two WOs M, 2 0
Not Understanding (M) Thiee WOs ™ 3 o
Four WOs M. -4 0

TO: true option; WO: wrong option

and it indicates scientific conception (SC) level (11), namely, complete com-
prehension. Other positive scores (I—14) are called the level of partial under-
standing (PU). These scores suggest a cognitive structure in which the re-
spondent has combined scientific conception with different misconceptions.
Marking all options (Is) is scored as zero (0) points in both scoring methods.
This pattern is classified as PU because the respondents in test items are also
given the option “I do not know.” Furthermore, if the participant only
marked the distracters, the item scores became a minus point (M;—My,), indi-
cating a complete misconception or lack of understanding (M).

Statistical Analysis
Validity

Factor Analysis

The hypothesis on the structure of the items, which has been reached based
on qualitative results, was tested using factor analysis. Exploratory factor
analysis (EFA) was used to test the structure to be measured based on the
relationship matrix between the participants’ responses. The goodness of fit
indices related to this structure was examined with confirmatory factor anal-
ysis (CFA). For this, the minimum residual (unweighted least square) meth-
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od and Promax rotation, one of the oblique rotation techniques, were used
for EFA. Both eigenvalue (> 1) and parallel analysis were performed to de-
termine the number of dimensions. Finally, the PCI’s construct was con-
firmed with CFA using JASP software (JASP Team, 2022). This stage was
performed resampling using the bootstrap: 5000 and 95% confidence inter-
val (95% ClI) criteria.

Groups Comparisons

In high school education, students learn about proteins in various units
throughout different educational periods. This means that their understand-
ing of proteins is expected to increase over time. An analysis of variance
(ANOVA) was conducted to test the statistical significance of the differences
in PCI scores among high school participants from different educational pe-
riods. Owing to this analysis another piece of evidence for construct validity
was provided based on the significance of the differentiation between groups
in test scores.

Reliability and Item Analysis

For reliability, which is also related to validity, indices for internal con-
sistency were calculated considering the construct validity findings. Firstly,
Cronbach’s alpha as an internal consistency criterion was calculated for reli-
ability estimates compatible with the PCI factor structure. Additionally, item
factor loads and error variance values produced by EFA and CFA were used
in reliability estimation. Based on this, Guttman’s lambda 6 and McDonald’s
Omega were calculated (Revelle & Zinbarg, 2009; Yurdugul, 2005). In addi-
tion, an item analysis was performed to evaluate the psychometric properties
of the items. Item difficulty index, item discrimination (in the lower and up-
per 27% segments), and item-total correlation were calculated using under-
standing scores for item statistics. In these calculations, positive scores rang-
ing from O to 8 were used by adding four to the cognitive pattern (under-
standing) scores (-4/4). The difficulty indices were calculated by the ratio of
the item average to the maximum score that the item could get (Tan, 2016;
p243). However, cognitive pattern scores (-4/4) were used in other statistical
procedures.

Results

Results of Literature Review
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Table 3. Descriptive Statistics of Articles in the Literature Review.

Sample of Studies f Methods f Type of article f Topics f

Middle School 7 Experimental 3 Literature Review 2 Atom 1

Highschool 4 Document Analysis 5 Review 2 The plants 2

University 16  Mixed 3 Thesis 1 General biology 5
concepts

Mixed 2 Cl Development 2 Article 29 Circulation Systems 1

Biology Teacher _—

In high school 1 Qualitative 5 Enzyme 5

Survey 12 Digestive system 1

Genetics and 10
Genetics Concepts
Protein structure 8
and synthesis
Cell Physiology 1

Previous studies on the misconceptions about protein or related concepts
were selected to describe the misconceptions area regarding protein. Table 3
presents the descriptive information about these articles.

In this way, 34 articles from different countries were reviewed in the
literature analysis. The articles reviewed were published between the years
1985 and 2018. The samples of investigated research articles cover 6574
people from different education levels, and the book review studies include
19 national biology books from different countries. Especially review arti-
cles on misconceptions regarding the concept of protein (Robic, 2010) and
general biology concepts (Vogel, 2000) were included. A part of the exam-
ined articles was on genetics and genetics concepts (f = 10), general biology
concepts (f = 5), and enzymes (f = 5). In addition to this, articles directly re-
lated to protein structure and protein synthesis were found in eight studies.
The cases of misconception reached by systematic literature analysis and
their distribution according to subject areas are presented in Table 4.

Table 4 outlines the conceptual framework and misunderstandings
related to proteins. These misunderstandings have been verified by analyzing
various general biology and biochemistry resources. Based on these findings,
the areas of study that form the conceptual framework of PCI, as well as the
framework of misconceptions identified in the literature, have been obtained.
This conceptual framework has been utilized to create test specifications for
PCI questions. When the content of the test was formed, two main criteria
were considered: protein topics and misconceptions. Accordingly, Table 5
shows the distribution of the questions selected for PCI from the developed
items according to topics and misconceptions about protein.
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Table 4. The Subject Framework and Misconceptions about Protein.

Sut_)Ject Do- Misconceptions Area
main Source
Amino acid Misconceptions about the structure, synthesis, types
of amino acids, and relationships among amino Vogel (2000); Fisher, (1985)
acids and genetic concepts
Protein Misconceptions about the structural levels of the Villafafie et al., (2011); Vogel
structure protein, its folding mechanism, the bonds in its struc-  (2000);
ture, its formation in the cell, its 3-dimensional for- Smith & Knight (2012); Robic
mations, denaturation, and its classification and (2010); Lewis et al., (2000); Harle &
specificity. Towns (2013)
Functions Tekkaya et al.,(2000);
of the . . . Yip (1998a); Couch et al., (2015);
s e o e e ™ P Linenerger & s (014)
Hershey (2004); Dikmenli et al.,
(2009)
Protein Misconceptions about “The Central Dogma” infor- e .
synthesis mation flow, Transcription, Translation, start and Cho et.al. (1985); Smith & W|Il|am.s
h . (2007); Guzman & Bartlett (2012);
stop mechanisms, code, gene, codon, mRNA, anti- Kasapoglu (2011)
codon, tRNA, and polysome. pog
Genetic . . ) Smith & Knight (2012); Cho et al.
concepts The misconceptions regarding gene, DNA, genotype (1985); Gericke & Wahlberg (2013)

and mutation

to be protein, the role of the genetic codes in protein
synthesis, and the effect of mutation.

Temelli (2006); Marbach-Ad (2001);
Lewis et al., (2000)

Nutrient — ) ) . ) Lewis et al. (2000); Yip, (1998b);

Digestion — Mlsconceptlpns r'egardlng th_e protein content of' Yilmaz et al.(2017): Mak et al.
foods, the digestive mechanism, the state of their

Cell - Metabo- use in ener roduction, and that protein synthesis (1999)

lism ayp ! P Y! Wynn et al. (2017); Herrmann-Abell

occurs only in eukaryotic cells.

et al. (2016)

Results of VValidation Interviews

With the validity-interviews analysis, 681 codes regarding different topics
misconceptions. According to these findings, misconceptions about protein
structure have the highest frequency (34.5%), followed by protein synthesis
(21.29%) and genetic concepts (12.78%). Accordingly, it can be said that the
misconceptions determined in the literature can be detected in the partici-
pants with the prepared items. Although the small number of participants in
the validation interview and the absence of a quantitative sampling did not
allow interpretations regarding the prevalence of the misconceptions, it indi-
cates that the common misconceptions defined in the literature can be meas-
ured in these participants. However, it is critical to determine whether the
options containing the misconceptions in the response patterns provided by
the participants with multiple markings reflect their cognitive status. Thus,
the consistency between the participants’ response patterns and explanations
has been investigated thanks to their marked options and explanations. Table
6 presents some of these findings.

Table 6 shows the options containing the misconceptions selected by
participants for the MC items. The explanations for these answers also in-
clude these misconceptions. Item 18 asked which of the following does not
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Table 5. Distribution of Protein Concept Inventory Items by Topic and Subtop-

Peptide bond

Chemical bonds

Types of protein

Features of protein structure

Formation of the original structure

Distinctive feature

Denaturation

ics.
Topics Misconception Area f Item No
Genetic Concepts Protein synthesis 1 3
Protein diversity 1 12
Mutation 1 17
Genotype-phenotype protein relationship 1 18
Protein-containing 1 23
Metabolism Protein metabolism 1 6
Protein Functionality Structure-function relationship 1 5
Protein activity 1 11
Specific binding 1 16
Protein Synthesis Cell types 1 4
Protein synthesis process 2 10-14
Cell 1 15
Functions of the protein Cellular functions 2 9-19
Structure of Protein Amino acid 2 1-7
1
1
1
1
1
1
1
1

Structural levels

Table 6. Marked Options and Related Explanation.

Marked options (code of partici- The reason (code of participants/question number)

pants/question number)

“Amino acids synthesize in the “Ribosomes synthesize protein; therefore, they are the source of amino

ribosome” (13/Question 2) acids.” (13/Question 2)

“Amino acids are formed by the “Amino acids are formed as a result of transcription. Encoded as reading

translation” (11/Question 2) (by translation)” (11/Question 2)

“Amino acid is produced by tRNA. “(Answer is) 2 (tRNA) and 3 (translation) because there is a production”

Amino acid synthesized in the (5/Question 2; 12).

ribosome” (5/Question 2) “Because the ribosome is a protein-specific organelle and synthesizes
amino acids.” (21/Question 2)

“Neuron, fungal cell, digestive “Protein is produced in the ribosome. The ribosome is found in prokary-

tract, plant cell” (3/Question 18) otes and eukaryotes in all living things. Bacteria produce protein. The

neuron, fungal, plant cells, and digestive tract contain proteins, but these
do not produce it.” (3/Question 18)

“Neuron, digestive tract” “For a protein-producing, it must have a ribosome organelle. It is absent
(1/Question 18) in the neuron and digestive tract.” (1/Question 18)
“Neuron” (4/Question 18) “Neurons cannot reproduce, they cannot renew themselves (therefore)

they cannot produce a protein (my answer) Neuron (nerve cell)”
(4/Question 18)
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realize protein synthesis. This question measures the misconception that
some organisms or cell types cannot realize protein synthesis. According to
their explanation in quotations, some participants (1, 3, and 4) believe that
because neurons cannot divide or do not have ribosomes, they cannot pro-
duce protein. Similarly, the second question, which measures the misconcep-
tions that amino acids are not synthesized in metabolic pathways in the cell,
reveals the participants’ misconception of the protein synthesis mechanism.
These findings lead to the result that the response patterns formed by the de-
veloped questions are compatible with the cognitive structures of the partici-
pants.

Findings Regarding the Validity and Reliability
EFA Findings

The Kaiser—Meyer—Olkin value (0.939) in the EFA results is greater than
0.80, and Bartlett’s test (Chi-square value = 2301.348. p < 0.001) is statisti-
cally significant. These findings show that the dataset is suitable for factor
analysis in terms of sample size and correlation between items. Based on
these findings, the scree plot was created for both a parallel analysis and ei-
genvalues.

Figure 1 shows that only one data point in the graph has an eigen-
value greater than the simulation data (triangle). The values indicate that the
one-dimensional model developed by parallel analysis is acceptable. The
variance explained by one dimension is 0.309, and the sum of the squares of
the factor loads is 7.736. Based on this, the model has been accepted as one-
dimensional.

Modification indices were obtained using CFA for the single-factor
structure obtained by EFA. The goodness-of-fit criteria (X7df: 1.386; com-
parative fit index: 0.949; Tucker—Lewis Index: 0.944 root-mean-square error
of approximation: 0.036; goodness-of-fit index: 0.907) were found to have a
good level of fit in the CFA assessment of the one-dimensional structure ob-
tained with the EFA result model (Hu & Bentler, 1999; Kline, 2005). Table
7 shows the factor loads of the items calculated with CFA and EFA.

The CFA results (bootstrap 5000 and 95% CI) show that the predict-
ed values for the items are significant within the confidence intervals. The
factor loads calculated by CFA ranged from 0.346 to 0.655, and the EFA re-
sults were close. These results show that PCI has a one-dimensional factor
structure.
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Figure 1. Scree Plot of the Eigenvalues and Parallel Analysis.

Table 7. Results for EFA and CFA.

CFA EFA
95% CI

ltems Estimate SE z-value* LL UL Std. Factor loads Factor loads Uniqueness
S1 1.000 0.000 1.000 1.000 0.404 0.403 0.838
S2 1.083 0.176 6.152 0.809 1.527 0.584 0.585 0.658
S3 1.331 0.222 6.004 0.981 1.915 0.552 0.554 0.693
S4 1.295 0.213 6.067 0.961 1.872 0.565 0.561 0.685
S5 1.144 0.202 5.667 0.815 1.680 0.488 0.489 0.761
S6 0.744 0.161 4.630 0.451 1.149 0.346 0.348 0.879
S7 1.281 0.205 6.236 0.933 1.875 0.604 0.603 0.637
S8 1.161 0.207 5.607 0.848 1.657 0.478 0.480 0.769
S9 1.339 0.223 6.013 0.967 1.955 0.554 0.553 0.694
S10 1.603 0.257 6.237 1.190 2.288 0.604 0.606 0.633
S11 1.119 0.201 5.561 0.793 1.619 0.471 0.473 0.776
S12 1.585 0.249 6.378 1.222 2.229 0.641 0.639 0.592
S13 1.371 0.230 5.960 1.017 1.965 0.543 0.543 0.705
S14 1.673 0.260 6.428 1.279 2.356 0.655 0.653 0.574
S15 1.286 0.210 6.133 0.942 1.851 0.580 0.578 0.666
S16 1.663 0.263 6.332 1.252 2.371 0.628 0.631 0.602
S17 1.477 0.230 6.409 1.115 2.084 0.649 0.649 0.579
S18 0.769 0.142 5.420 0.513 1.111 0.448 0.450 0.797
S19 1.195 0.202 5.925 0.860 1.718 0.536 0.537 0.711
S20 1.496 0.247 6.047 1.102 2.142 0.561 0.562 0.685
S21 1.597 0.259 6.170 1.192 2.268 0.588 0.586 0.656
S22 1.587 0.253 6.283 1.211 2.226 0.616 0.616 0.621
S23 1.409 0.225 6.276 1.047 2.006 0.614 0.613 0.624
S24 1.403 0.224 6.259 1.060 1.966 0.610 0.610 0.627
S25 0.960 0.177 5.408 0.633 1.454 0.447 0.445 0.802
*p <0.001
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Findings Related To Group Comparisons

Table 8 shows the ANOVA test results regarding the differences in the mean
scores of the high school participants based on their grade levels.

Table 8 shows a significant difference in grade levels (F(3; 138) =
8.083, p = 0.000). Multiple comparison results show the source of this dif-
ference. The difference between the ninth grade and other grades—210th
grade (MD = —10.00; SE = 2.8), 11th grade (MD = —11.85; SE = 3.741), and
12th grade (MD =—17.51; SE = 3.405)—Iis statistically significant at 95% CI.
The mean score of ninth-grade classes (M = 0.19; SD = 10.38) is significant-
ly lower than those of other grade levels. Although no significant difference
was found between the averages of understanding scores of other grade lev-
els (10-12), it is observed that the mean increases as the grade level increas-
es.

Item Analysis and Reliability

The item statistics and reliability were calculated using the data’s item scores.
Table 9 shows the results of the item analysis.

It can be seen that the item difficulty values range from 0.22 to 0.63.
These values show that the PCI includes items with acceptable difficulty
levels (0.20 < p < 0.80; Crocker & Algina, 1986, p98; Fisseni, 1997, as cited
in Bthner, 2006, p140). When the correlational item discrimination indexes
(ric) are examined, it is found that while they are low (< 0.30) for item six,
they are medium to high (> 0.50) for the remaining items. The discrimination
index (D, 27%) changed between 0.25 and 0.67. These findings indicate that
the item discriminations are acceptable (> 0.20; Crocker & Algina, 1986,
p315). With these data, the internal consistency criterion for reliability esti-
mate was determined and is shown in Table 10.

When the table is evaluated, the reliability estimates calculated with
different internal consistency measures of the developed PCI show that the
test has a significant internal consistency and structural reliability.

Discussion

Validity and Reliability

The study was carried out the standards used in developing the CI and the
criteria for measurement and evaluation by considering the relevant literature
(Adams & Wieman, 2011; Crocker & Algina, 1986, pp217-218; Bihner,
2006, p36). Accordingly, concept domain determination comes first among
the applications used for content validity (Crocker & Algina, 1986, pp217-
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Table 8. One-Way ANOVA Results for the Grade Levels of High School Level

Participants.

High School Grades Mean SD n F(3, 138) n?

9 0.19 10.38 31

10 10.20 14.17 46

11 12.05 14.86 21 8.083* 0.149
12 17.70 18.90 44

Total 10.61 16.34 142

*p < 0.05.

Table 9. Item Analysis Results in Understanding Scores.

Item Mea Std. Item Total correlations Index of Discrimination Item Difficulties
s n Dev. (Titc) (D) (p)
S1 4.96 3.58 0.40 0.44 0.62
S2 3.27 2.70 0.60 0.42 0.41
S3 3.31 3.43 0.52 0.44 0.41
S4 4.46 3.29 0.53 0.53 0.56
S5 2.92 3.33 0.50 0.46 0.37
S6 4.55 3.04 0.22 0.25 0.57
S7 3.19 3.03 0.58 0.43 0.40
S8 5.01 3.49 0.47 0.49 0.63
S9 4.59 3.47 0.54 0.55 0.57
S10 2.74 3.77 0.59 0.54 0.34
S11 2.73 3.40 0.45 0.47 0.34
S12 3.92 3.54 0.60 0.55 0.49
S13 4.21 3.61 0.53 0.53 0.53
S14 4.09 3.67 0.65 0.67 0.51
S15 3.84 3.18 0.57 0.48 0.48
S16 2.98 3.77 0.61 0.57 0.37
S17 3.36 3.26 0.62 0.47 0.42
S18 3.34 2.48 0.44 0.29 0.42
S19 3.08 3.20 0.52 0.43 0.38
S20 3.44 3.80 0.54 0.54 0.43
S21 3.99 3.86 0.57 0.58 0.50
S22 3.70 3.68 0.58 0.65 0.46
S23 3.74 3.29 0.61 0.50 0.47
S24 3.32 3.27 0.58 0.48 0.41
S25 1.76 3.05 0.45 0.29 0.22

Note: n = 291; Test Mean: 90.485; Test Variance: 1885.954; Test Std. Dev: 43.428
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Table 10. Frequentist Scale Reliability Statistics.

Estimate McDonald’s w Cronbach’s a Guttman’s As Average Inter-item Correlation
Point estimate 0.916 0.914 0.921 0.298
95% Cl lower bound  0.902 0.899 0.912 0.256
95% CI upper bound  0.930 0.927 0.940 0.341

218; Bihner, 2006, p36; Lindell et al., 2007). Adams and Wieman (2011),
for example, described the structure and purpose of the field to measure as a
standard. The content of the PCI was determined with systematic literature
reviews. This content includes the subject, subtopic, and related misconcep-
tions in a comprehensive framework from high school to higher education.
Furthermore, qualitative interviews obtained the proposed expert opinions on
content validity (Crocker & Algina, 1986).

The study provided evidence for construct validity in ways compati-
ble with the literature (Adams & Wieman, 2011; Briggs et al., 2017; Kalas et
al., 2013; Smith & Knight, 2012). These qualitative findings showed that
item roots and options were first appropriately understood according to their
wording participants, and second, the candidate items of the inventory re-
vealed the participants’ common misconceptions. The findings also showed
that respondents’ responses reflected their understanding and cognitive struc-
ture (Table 6).

In addition, the literature suggested that factor analysis techniques
and differentiation between-group techniques effectively provided statistical
evidence for construct validity (Crocker & Algina, 1986, p. 231; Kummer et
al., 2019; Ramlo, 2008). Accordingly, the one-dimensionality of the EFA
results was supported by the theoretical expectation and verified by CFA.
The factor loads were within the desired values (> 0.30; Table 7) in the liter-
ature (Floyd & Widaman, 1995; Kline, 1994). Another proof of construct
validity is the statistical significance of the difference among educational
levels regarding PCI scores. While education levels include a wider interval
for teaching the concept of protein, there are minor teaching differences be-
tween high school classes, including more similar age groups. Therefore, a
significant difference in understanding of protein was expected in favor of
the groups that received more education. The result provides evidence that
the PCI discriminates between groups with and without more education
about protein, consistent with theoretical expectations.

Internal consistency indices were calculated using different tech-
niques for the reliability evidence of the developed PCI. Shevlin et al. (2000,
as cited in Bthner, 2006, p134) recommend performing CFA to ensure one-
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dimensionality and calculating Cronbach’s a accordingly. In addition to
Cronbach’s a coefficient, McDonald’s ® and Guttman’s A6 coefficients were
determined. These reliability coefficients are indices more sensitive to test
structure, namely, dimensionality. In this context, McDonald’s ® has been
reported as an important index for structure reliability (Revelle & Zinbarg,
2009; Yurdugd, 2005). The high level of internal consistency coefficients (>
0.90) calculated in this way (Table 10) indicates that the developed invento-
ry has a high internal consistency. According to the item analysis results
(Table 9), the items were by the reference ranges requested in the measure-
ment literature (Crocker & Algina, 1986; Bthner, 2006) and the CI devel-
opment studies (Kalas et al., 2013; Paustian et al., 2017; Jarrett et al., 2012).
The findings summarized are strong evidence for important psychometric
properties of the PCI for measurement instruments.

Features of the PCI

The item score is the sum of the patterns for each option with a misconcep-
tion score of minus one and a scientific conceptualization score of four
points. In this way, PCI can produce scores for each item between —4 and 4
and for total of —100 and 100 points. In this study’s scoring approach,
whether or not there is a misconception in the response patterns is an im-
portant criterion. This criterion is commonly used in the literature for rubrics
regarding understanding measurement (Naah, 2015). This situation supports
our operational definition and PCI’s scoring system (Table 2). The scoring
properly matches the study’s operational definition of conceptual under-
standing and allows us to evaluate in a broader range than classical scoring
(0-1). When examining understanding scores, as these scores increase from
negative to positive, comprehension improves, decreasing misconceptions in
the cognitive structure. This condition leads to a more sensitive quantitative
measurement and evaluation of participant differences. Furthermore, the PCI
has provided a limited representation of cognitive structure thanks to the
multiple markings. In this way, the participants’ response patterns qualita-
tively show misconceptions. Thus, processing the data collected with the PCI
using data analytics approaches (MS Excel, Power Pivot, or Dashboards) can
quickly provide qualitative and quantitative information about the students’
levels of understanding individually or at the class level to teachers.

Conclusions

Qualitative research findings and, in line with this, large sample research
findings show that PCI measures protein-related misconceptions. In addition,
the statistical analysis provided evidence regarding the validity and reliabil-
ity of PCI. Accordingly, the PCI developed under the basic principles of the
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literature measures the level of understanding of the protein concept (Adams
& Wieman, 2011; Briggs et al., 2017; Garvin-Doxas et al., 2007; Kalas et al.,
2013; Libarkin, 2008). This study contributes to studies on CI development
with the distracter-driven items presented in the literature and quantitative
and qualitative analyses of cognitive pattern scores based on free-choice
(multiple marking). Obtaining both quantitative and qualitative results with
MC items, which are preferred due to their rapid, objective, and quantitative
scoring features in the literature, contribute significantly to the evaluation of
conceptual understanding both individually and as a group. PCI is an effec-
tive tool for researchers and teachers to measure understanding. PCI can help
identify areas that require further teaching by analyzing the conceptual pat-
terns that lead to misconceptions. Teachers can also use PCI to assess their
students’ prior knowledge and adjust their teaching accordingly. Additional-
ly, PCI will be helpful for formative assessment purposes.
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