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ABSTRACT
One of the foundational assumptions in education is that greater teacher knowledge con-
tributes to greater gains in student knowledge, but empirical evidence in support of this 
assumption is scarce. Using a U.S. sample of 79 biology teachers and their 2749 high school 
students, we investigate whether teachers’ subject matter knowledge (SMK) and knowl-
edge of students’ misconceptions (KOSM) in high school life science are associated with 
students’ posttest performance on multiple-choice test items designed to reveal student 
misconceptions, after controlling for their pretest scores. We found that students were 
more likely to answer an item on the posttest correctly if their teachers could answer the 
question correctly, themselves (SMK). Teachers’ ability to predict students’ most common 
wrong answer (KOSM) for an item predicted even better student performance. Items for 
which a particular wrong answer rose above others in popularity saw an even greater ben-
efit for teacher KOSM.

INTRODUCTION
In 1987, Shulman and colleagues famously conceptualized teacher knowledge 
(Shulman, 1987; Wilson et al., 1987). In the following 30 years, their formulation 
went through many generations of extension and modification (Hill et al., 2004; Hill 
and Chin, 2018; Rowland et al., 2005; Ball et al., 2008), yet the essence has remained 
largely constant: a knowledgeable teacher should be equipped with both subject mat-
ter knowledge (SMK) and pedagogical content knowledge (PCK). SMK includes possess-
ing the factual knowledge contained in the course material and organizing the mate-
rial in a curriculum (Ball and McDiarmid, 1989), as well as knowing the correct 
answer to problems (Ball, 1991), the methods of inquiry (Kennedy, 1990), and the 
social history root of the subject (McDiarmid, 1988; Baturo and Nason, 1996). PCK 
consists of a teacher’s understanding of students’ learning sequence (Clark and Peter-
son, 1986), anticipation of students’ responses to different pedagogies (Stein et al., 
2008), and the knowledge of student misconceptions (KOSM; e.g., Hill et al., 2005; 
Darling-Hammond et al., 2009). Both practitioners (National Board for Professional 
Teaching Standards, 1989; Council of Chief School Officers, 2011) and academics 
(Shulman, 1986, 1987; Even, 1993; Cohen et al., 2003) agree that teachers’ knowl-
edge, a combination of SMK and PCK, is probably the most important teacher quality 
in the teaching of science, technology, engineering, and mathematics (STEM).

The belief that higher teacher SMK and PCK brings about higher gains in student 
performance is one of the core theoretical foundations of teacher training and certifi-
cation policies and professional development programs (Tamir, 1988; Blank et al., 
2007; Yoon et al., 2007; Dimitrov, 2009; Zhang et al., 2010; Salinas, 2010; Moy-
er-Packenham et al., 2011; Wilson, 2013). However, direct empirical support for such 
a belief is surprisingly scarce (Borasi, 1994; Jacobs et al., 2007; Baumert et al., 2010; 
Heller, 2010). Moreover, the influence of teachers’ SMK and PCK on student learning 
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outcomes is commonly believed to be mitigated by the attrac-
tiveness of the misconceptions about specific topics or con-
texts—the misconception strength (Fisher, 1985; Shulman, 
1986; Grossman, 1990; McCrory, 2008; Mavhunga and Roll-
nick, 2012; Park and Chen, 2012; Sadler et al., 2013b). Yet this 
assumption is even less examined empirically, because research-
ers have found it difficult to operationalize and to quantify mis-
conception strength (Duckworth, 1987; Ferrara and Duncan, 
2011; Hill and Chin, 2018).

In this study, we ask whether teachers’ SMK and KOSM (one 
component of PCK) in high school life science is associated with 
students’ performance at the end of a school year (posttest) on 
misconception-driven multiple-choice test items, after con-
trolling for students’ scores at the beginning of the school year 
(pretest). In addition, we ask whether the effects of teacher 
SMK and KOSM vary by the extent to which the topics invoke 
frequently held student misconceptions (the misconception 
strength).

Subject Matter Knowledge
As stated by Ball (1991, p. 5), “Teachers cannot help children 
learn things they themselves do not understand.” Education 
policies (e.g., No Child Left Behind) and many teacher prepara-
tion programs have stressed SMK by requiring teachers to 
obtain at least undergraduate, or equivalent, degrees in the sub-
ject of teaching (e.g., California Teacher Program: teaching cre-
dential along with the bachelor degree; UTeach: flexible plan 
for 4-year or equivalent degree; Ohio State University College 
of Education and Human Ecology: bachelor of science in educa-
tion; Teach for America: bachelor degree with a minimum GPA 
of 2.5; Darling-Hammond et al., 2005; Heilig and Jez, 2014). 
However, studies examining the relationship between teacher 
SMK and student outcomes have yielded mixed results in the 
past four decades (Byrne, 1983; Darling-Hammond, 2000; 
Wilson et al., 2001; Ahn and Choi, 2004). Some studies found 
that the amount of course work teachers had completed was 
not correlated with students’ learning gains (Lockheed and 
Longford,1991; Monk and King, 1994). Using subject content 
knowledge tests to directly measure teachers’ SMK, some 
researchers reported no significant relationship between teach-
ers’ SMK and teachers’ instruction quality (Delaney, 2012) or 
students’ learning achievement (Cauet et al., 2015). Neverthe-
less, studies have shown that SMK does matter to teaching 
quality and student outcomes (e.g., Goldhaber and Brewer, 
2001). Sanders et al. (1993) found that teachers were more 
capable of organizing and sequencing their presentation logi-
cally when they taught within, rather than outside, their subject 
area expertise. Teachers with more content knowledge exper-
tise were found to make more connections between SMK and 
the real world (Gess-Newsome and Lederman, 1993), and mak-
ing connections to the real world in turn was found to enhance 
student learning (Berlin and Hillen, 1994; Bouillion and 
Gomez, 2001). Researchers also found that teachers’ scores 
attained on a middle school physical science test were positively 
predictive of their students’ scores on the same test. (Sadler 
et al., 2013b). Analogous results were obtained in mathematics 
(Harbison and Hanushek, 1992; Hill et al., 2005, Hill, 2007). 
Moreover, these researchers emphasized the necessity of con-
sidering the effect of SMK in combination with PCK, because 
teachers with high SMK may still lack the ability to predict 

student responses and succumb to “expert blind spot” (Nathan 
and Petrosino, 2003), that is, a teacher basing instruction on his 
or her own SMK rather than taking into account a more stu-
dent-centered perspective reflecting student difficulties and 
needs (Hellman and Nuckles, 2013).

Knowledge of Student Misconceptions
According to Magnusson et al. (1999), PCK consists of knowl-
edge of student’s understanding, instructional strategies, curric-
ulum, and assessment. This study focuses on one component 
under the umbrella of knowledge of student’s understanding: 
teacher KOSM.

Although most teachers are, at an abstract level, familiar 
with the notion that students bring their own preconceptions 
(which in many cases are misconceptions, commonly held pop-
ular conceptions at odds with accepted science) to formal learn-
ing, many teachers are unaware of the students’ misconceptions 
in spite of their own teaching experiences (Morrison and Leder-
man, 2003; Meyer, 2004; Davis et al., 2006; Gomez-Zwiep, 
2008; Otero and Nathan, 2008). In a survey of 30 elementary 
teachers, Gomez-Zwiep (2008) found that, when interviewed, 
one-third were unable to provide a single example of student 
misconceptions from their own classes. Studies have also shown 
that teachers prefer to adhere to scientifically normative ideas 
(Otero and Nathan, 2008) and to address students’ misconcep-
tions only by reteaching the accurate information (Davis et al., 
2006) or the solution (Peterson et al., 1989). The assumption 
behind such practices is that SMK alone is sufficient for effective 
teaching. However, as mentioned earlier, such an assumption 
might trap teachers in an “expert blind spot.” On top of deliver-
ing the SMK, teachers may need to make additional efforts to 
assume the students’ points of view so as to be able to move the 
students away from inaccurate preconceptions. Without KOSM, 
teachers, even with proficient SMK, may be absorbed in their 
own scientifically accurate points of view and miss the chance 
to address students’ preconceptions.

Many researchers have proposed that student misconcep-
tions afford valuable opportunities for meaningful inquiries to 
promote conceptual change and should be assiduously 
addressed by teachers who have adequate KOSM (Smith et al., 
1994; Elby, 2000; Hammer et al., 2005; Scott et al., 2007; Lar-
kin, 2012; Delgado and Lucero, 2015). Indeed, Peterson et al. 
(1989) found that first-grade teachers with an average teaching 
experience of 8.2 years paid more attention to student responses 
and adopted more inquiry-based probing if they had a better 
understanding of their students’ perspectives. Several studies 
have shown PCK (including KOSM) to predict teaching quality 
(Peterson et al., 1989; Hill et al., 2005; Windschitl et al., 2011) 
and student performance (Peterson et al., 1989; Hill et al., 
2005; Delaney, 2012; Sadler et al., 2013b; Ergönenç et al., 
2014; Keller et al., 2017). Baumert et al. (2010) further showed 
that the effect of SMK on teaching quality is mediated by PCK.

Misconception Strength
To have a misconception means to hold and believe in a mental 
model that appears to explain a certain phenomenon or obser-
vation but is inherently flawed and unscientific (Vosniadou, 
2012). This is different from lacking knowledge, in which case 
learners hold neither the scientific mental model nor a popular 
erroneous mental model (few learners have a complete lack of 
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knowledge, everyone has preconceptions; but some preconcep-
tions—the misconceptions—are more common and are rein-
forced in the informal learning environment; Spiro et al., 1989; 
Chew, 2006). A lack of knowledge can be solved by learning the 
basics, but holding attractive misconceptions often requires 
“unlearning” and inhibiting the existing mental model, which 
can increase learners’ frustration. For example, our recent study 
(Chen et al., 2019) showed that students holding misconcep-
tions were more likely than students who lacked knowledge to 
drop out of an online astronomy course.

In many multiple-choice questions, students’ wrong answers 
are not evenly distributed among all possible wrong choices. 
There is often one wrong answer, also known as the distractor, 
that is most frequently selected by the students, and such a dis-
tractor often reflects students’ common misconceptions. Con-
versely, students who lack knowledge but do not hold miscon-
ceptions would have an about equal probability of selecting (or 
guessing) any of the choices. Whereas the presence of a strong 
distractor is commonly deemed undesirable in many academic 
tests, psychometricians have purposefully developed distrac-
tor-driven multiple-choice tests (e.g., Hermann-Abell and 
DeBoer, 2011; Wind and Gale, 2015) that contain (at least) one 
popular misconception per item to probe students’ misconcep-
tions in science subjects. Studies have shown that students’ mis-
conceptions are topic specific and elicited by the context of 
instruction (Chen et al., 2016; Auerbach et al., 2018). Likewise, 
teachers’ PCK, or KOSM, is also considered to be topic or domain 
specific (Blömeke et al., 2015), situated in varying contexts 
(Ball et al., 2008; Lee and Luft, 2008; Borowski et al., 2010; 
Depaepe et al., 2013; Gess-Newsome, 2015; Hayden and Eades 
Baird, 2018). Depaepe et al. (2015) showed that students had 
lower scores on items that required a higher level of PCK of 
their teachers, compared with items that required only teachers’ 
SMK. Regarding the combination of teacher SMK and PCK 
about a specific test item, Sadler et al. (2013b) distinguished 
three categories: 1) teachers who have neither SMK nor KOSM; 
2) those who have only SMK, but not KOSM; and 3) those who 
have both SMK and KOSM. Teachers who had KOSM but not 
SMK occurred extremely infrequently. Sadler et al. (2013b) fur-
ther showed that, when test items did not activate student mis-
conceptions, teachers’ SMK alone was sufficient to generate 
student gains, but when question items did invoke strong mis-
conceptions (items that contained a distractor choice that 
reflected commonly held student misconceptions), only teach-
ers who had both SMK and KOSM could help students achieve 
significant gains.

Yet misconception strength is never binary; rather it should 
be seen as a spectrum. Different questions elicit different mis-
conceptions that have different prevalence in the population. 
Thus, we modified the definition of misconception strength to 
be the percentage of the student population that chose the most 
popular wrong answer (therefore the most distracting wrong 
answer) among all wrong answers of a misconception-driven 
multiple-choice item.

Research Rationale
Based on our literature review, it appears fair to hypothesize 
that the difficulty of an item is a function of, among many other 
factors, its misconception strength. It is also reasonable to 
assume that teachers with KOSM in specific topics are more 

likely to address misconceptions surrounding these topics with 
their students. Therefore, items with strong misconceptions 
may appear less difficult to students of teachers who possess 
KOSM about such items than to students whose teachers lack 
the relevant KOSM. For items with weaker misconception 
strength (the misconception is less obvious), the teachers’ SMK 
may be much more important than their KOSM for student 
learning, because the teacher cannot effectively detect and 
address a misconception if the misconception is weak.

Measuring both the students’ misconceptions and teachers’ 
SMK and KOSM on the same topic, while establishing the mis-
conception strength in the population (not just in the sample) 
can be very challenging (see earlier efforts made by Carpenter 
et al., 1982; Ball and Bass, 2000, 2003; Ball et al., 2008; Hill 
et al., 2004, 2005, 2008; Bell et al., 2010; Krauss et al., 2008; 
Sadler et al., 2013b). In this study, we adhered to Sadler et al.’s 
(2013b) earlier approach of measuring item-level student gain 
and teachers’ SMK and KOSM, using misconception-driven 
multiple-choice items. This approach has been shown to be 
valid and reliable in measuring both student and teacher knowl-
edge (Sadler et al., 2013a; Hill and Chin, 2018). This study 
differs from Sadler et al.’s earlier study (2013b) in two respects. 
First, Sadler et al. (2013b) studied middle school physical sci-
ence; while this study examines older students studying a high 
school life science. Second, we expanded on our previous binary 
definition of misconception strength and instead used a contin-
uous definition of misconception strength. Each item was 
drafted and tested to probe a disciplinary core idea (DCI) within 
grade 9–12 Next Generation Science Standards for Life Science 
(NGSS Lead States, 2013). When possible, each item contained 
one dominant misconception, but the misconception strength 
varied from item to item. For details about designing, testing, 
and dissemination of the item bank, please see Sadler et al. 
(2013a).1

We defined teachers’ SMK of an item as answering the item 
correctly, and teachers’ KOSM of an item as correctly identifying 
the most popular wrong answer in the high school student pop-
ulation. At the beginning of the school year, students answered 
29 multiple-choice questions to establish their pretest scores. At 
the same time, for each question, teachers indicated which 
answer was correct and also which incorrect answer would be 
selected most often by their students to establish their SMK and 
KOSM scores. All tests were returned to the researchers, and 
teachers were instructed to teach as usual, not to teach or dis-
cuss the particular test items with their students. Teachers could 
teach the content probed by the questions if it was included in 
their business-as-usual plans. At the end of the year, students 
answered the same items again (posttest).

Research Question
In this study, we asked:

RQ1: Does teachers’ possession of SMK and KOSM of an 
item predict students’ likelihood of answering that item cor-
rectly on the posttest, after controlling for students’ pretest 
scores and other demographic information, such as grade, gen-
der, race/ethnicity, and parental education?2

1Test items available at https://osf.io/8d6r7.
2These control variables are commonly observed to strongly predict students’ 
science performance.
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We hypothesized that (H1), on average, students of teachers 
with both SMK and KOSM of an item would have the highest 
likelihood of answering that item correctly on the posttest; stu-
dents of teachers having only SMK would rank in the middle; 
and students of teachers without SMK would rank the lowest.3

RQ2: Does the effect of teachers’ SMK and KOSM on stu-
dents’ performance in the posttest vary by that item’s miscon-
ception strength (interaction effect), after controlling for the 
same covariates listed in RQ1?

We hypothesized that (H2), for items with low misconcep-
tion strength, only teachers’ SMK, not their KOSM, would mat-
ter, so that students of teachers with both SMK and KOSM and 
students of teachers with only SMK would, on average, have a 
similar performance, but students who had teachers without 
SMK would do worse than the two former groups of students. 
For items with high misconception strength, however, teachers’ 
KOSM would become highly relevant; therefore, students of 
teachers with both SMK and KOSM would perform better than 
students of teachers with only SMK, and students of teachers 
without SMK would rank the lowest. In other words, we hypoth-
esized that the effect of teachers’ KOSM on students’ perfor-
mance depends on the misconception strength of an item.

DATA AND METHODS
Pre- and Posttest Development
The 29-item assessment was developed by the MOSART HS-LS 
project drawing from an original test bank containing 543 high 
school life science items (see items in the Supplemental File). 
These were created by a team of science education researchers 
with expertise in teaching life science. The item development 
process took 18 months and was completed 3 months before the 
reported study began. Each multiple-choice item was designed to 
address a single NGSS DCI and was composed of an item stem, 
one correct answer, and four incorrect answers. One of the incor-
rect answer choices was a common misconception among high 
school students, which was the most frequently selected answer 
among all of the four wrong answers, as identified by previous 
research studies of misconception on topics such as cell biology, 
ecology, genetics, and biological evolution (Haslam and Treagust, 
1987; Mann and Treagust, 1998; Odom and Barrow, 1995; 
Anderson et al., 2002; Lin et al., 2004; Baum et al., 2005; Knight 
and Wood, 2005; Garvin-Doxas et al., 2007; Bowling et al., 2008; 
Nadelson and Southerland, 2010; Shi et al., 2010; Tsui and Trea-
gust, 2010). Item writers followed a structure that was nearly 
identical for each of the 29 NGSS DCIs. They first met as a group 
to discuss each DCI and its meaning, reviewing relevant literature 
related to misconceptions and examining existing standardized 
test items or those used in research studies. During the next 1 to 
2 weeks, each member created 10–15 original items. The group 
then met to vet all items, selecting those that could most defini-
tively differentiate between students who held a particular mis-
conception and those who understood the science behind the 
DCI. Often, independently written items turned out to be quite 
similar and could be combined by the group into a new, more 
streamlined form. Each item was subsequently reviewed inde-
pendently by three biologists external to the project to assess 
whether the correct answer agreed with accepted science.

For the purpose of selecting well-performing anchor items 
for use to connect multiple field-test forms, a pilot test was con-
ducted using an online crowd-sourcing website, Amazon 
Mechanical Turk (Sadler et al., 2016). With a minimum of 1000 
crowd-sourced subjects taking each item, six anchor items were 
identified having high discrimination and a range of difficulty 
for use on the field-test forms based on a three-parameter item 
response theory model. Concurrently, each item was rated by 
an external reading specialist for appropriateness (none higher 
than eighth-grade reading level). Of the 543 original items, 523 
were deemed to have an appropriate reading level and accept-
able correct answers.

Field testing was carried out with the 9740 high school life 
science students of 187 teachers recruited using a national 
mailing. Twenty-two test forms were composed of six anchors, 
24 additional items, and several demographic questions (e.g., 
gender, grade level, parental education level). Results were 
analyzed using classical test theory (CTT) and item response 
theory, resulting in item parameters for: difficulty, discrimina-
tion, guessing, gender bias, and misconception strength. With 
this information, 29 items (one for each DCI, spread across four 
standards—cell biology, ecology, genetics and biological evolu-
tion—in order to cover as many DCIs as possible while keeping 
the test as short as possible) were selected for the pre/posttest. 
As a group, these 29 items exhibited: high unidimensionality 
(pretest eigenvalue of first factor = 6.34 all others <0.62, Cron-
bach alpha = 0.88), a range of difficulty (from 0.25 to 0.84, 
mean of 0.56), high discrimination, low gender bias, and a 
range of misconception strength (from 0.3 to 0.9, mean of 
0.54). Each item was assigned a misconception strength value, 
which was defined as the percentage of choosing the (most fre-
quent) misconception answer among all wrong answers on the 
field test. The correlation between misconception strength and 
item difficulty was not significant.

In the example shown below, choice “C” is the correct 
answer, and choice “E” is the dominant misconception answer, 
therefore, the misconception strength in this item is 17/(9 + 2 + 
3 + 17) = 0.53. The mean misconception strength of the 29 
items in the pretest was 0.51 (SD 0.17) with a high of 0.92 and 
a low of 0.28, similar to the field-test results.

The nucleus of a cell

a) is defined by protons and neutrons 9%
b) has a positive charge 2%
c) contains DNA 68%
d) is defined by electrons 3%
e) is located in the center 17%

Item Characteristics:

•	 CTT difficulty (i.e., easiness) = 0.68
•	 CTT discrimination = 0.48
•	 CTT misconception strength = 0.53

Sample
In all, 2749 high school students and their 78 life science teach-
ers in whose classes the students were nested were sampled. The 
78 teachers were located at 78 different high schools throughout 
the United States. The median class size was 28. The research 
reported was approved and determined to be exempt from 
review by the institution’s Institutional Review Board.

3There was no group in which teacher had KOSM, but not SMK; see explanation 
in the Sample section.
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In the first weeks of the life science course that the students 
enrolled in during the Fall semester 2017, each student and 
each teacher answered 29 high school life science multi-
ple-choice items. In the last session of the course at the end of 
the school year, each student answered the same 29 items 
again. In the pretest, teachers were told that students would 
be tested again (they were not told that the tests were the 
same).

Table 1 presents the descriptive statistics of the sample. 
Of the students, 44.8% were male, 55.2% were female. On 
average, the educational level of the students’ parents (we used 
the highest among the two parents, following Ermisch and 
Francesconi, 2001) was between three (some college) and four 
(a 4-year degree). The average correct rate was 56.0% in the 
pretest (in line with our predetermined average item difficulty 
of 0.56 when we selected the items) and 64.5% in the posttest 
(small improvement, suggesting low inflation—teachers did 
not teach to the test). This indicated that the test was not sub-
ject to floor or ceiling effects. On average, for an item answered 
incorrectly in the pretest, the correct rate in the posttest was 
47.0%, and for an item answered correctly in the pretest, the 
correct rate in the posttest was 77.6%. Aggregating the 29 items 
for each teacher, teachers on average had SMK for 93% of the 
29 items and had PCK for 31% of the 29 items. As mentioned 
earlier, our definition of teachers’ SMK or KOSM is item specific. 
A teacher possessed SMK of an item if he/she answered the 
item correctly, and a teacher had KOSM of an item if he/she 
correctly identified the (most frequent) misconception answer 
among high school students on the item. To prepare for analy-
sis, we organized the data into the long format. Each row (case) 
contained the correctness of the posttest of item i answered by 
student j, and SMK and KOSM of student j’s teacher, as well as 
other covariates. For each item answered by each student, we 
further categorized the corresponding teachers’ knowledge into 
combinations of SMK and KOSM. In 6% of the cases, teachers 
had neither SMK nor KOSM (no-SMK condition); in 46.4% of 
the cases, teachers had SMK but not KOSM (SMK-only condi-
tion); and in 46.7% of the cases, teachers had both SMK and 
KOSM (SMK&KOSM condition). In only 0.9% of the cases did 
teachers have no SMK, but correct KOSM, which was a bizarre 
combination and an extremely small subsample. In this combi-
nation, the teacher neither knew the correct answer nor 

believed the common misconception, but embraced an eccen-
tric wrong answer. In this case, there is little value in knowing 
the common misconception. Prior studies also showed teachers’ 
SMK to be a prerequisite and precursor of their pedagogical 
knowledge (Banilower et al., 2007; Heck et al., 2008; Rollnick 
and Mavhunga, 2014; Tajudin et al., 2017). Thus, we excluded 
this subsample of cases, and retained only the above three cat-
egories of teacher knowledge for each item answered by each 
student. It is worth noting that, in the rest of the paper, when 
we mention a “no-SMK teacher” or “no-SMK condition,” we 
mean that the teacher had no SMK for a particular item. We do 
not mean a teacher with no SMK for all items; such teachers did 
not exist in our sample. The same applies to “SMK-only teacher” 
and “SMK&KOSM teacher.”

Analysis
The analysis consisted of three increasingly sophisticated ana-
lytical steps. In the first step, we examined the effect of teacher 
knowledge on student gains on strong and weak misconception 
items. For this, we aggregated scores across all items for each 
teacher, while aggregating scores across each item type for each 
student. Thus, we established overall knowledge scores for each 
teacher and overall gain scores, separately for strong and for 
weak misconception items, for each student. In the second and 
third steps, we proceeded to the smaller “grain size” of item-
level models.

Step 1. Following our previous approach (Sadler et al., 2013b), 
we dichotomized the items into two groups: strong misconcep-
tion items (misconception strength > 0.5) and weak misconcep-
tion items (misconception strength ≤ 0.5). We calculated each 
teacher’s mean scores (correct rate) in answering all items 
(teacher’s correct rate in SMK) and in identifying students’ mis-
conception answers in all items (teacher’s correct rate in 
KOSM). We set 1 SD below the mean to be the threshold for a 
low correct rate in SMK (0.93−0.06 = 0.87) or a low correct rate 
in KOSM (0.33−0.05 = 0.26). Based on this threshold, we cate-
gorized teachers’ correct rates into three categories: the 
SMK&KOSM category (both SMK and KOSM correct rates were 
above the threshold), the SMK-only category (only the SMK 
correct rate was above the threshold), and the no-SMK category 
(both SMK and KOSM were below the threshold). As reasoned 
earlier, we excluded the small subsample that had a KOSM 
correct rate above the threshold but an SMK correct rate below 
the threshold. We calculated each individual student’s mean 
score (correct rate) in both the pre- and posttest, separately for 
strong misconception and weak misconception items, and then 
calculated the student’s gain in the correct rate by subtracting 
the pretest mean score from the posttest mean score for each 
type of item. We built a multilevel regression model (students 
clustered in teachers) in which students’ gain in the correct rate 
was the outcome variable, and teachers’ knowledge categories 
and the item misconception strength dummy variable were the 
key predictors. In this model, we also specified an interaction 
effect between teachers’ knowledge categories and the item 
misconception strength dummy variable and further controlled 
for student’s gender, age, race/ethnicity, and parental educa-
tion. To set this analysis apart from the item-level modeling 
that followed, we named the first-step model the aggregated- 
level model.

TABLE 1. Descriptive statistics of variables

Variable Mean SD Min Max

Pretest 0.56 0.17 0 1
Posttest 0.64 0.19 0 1
Parent education 3.72 1.08 0 5
Student grade 9.76 0.97 7 12
MS (item misconception strength) 0.53 0.49 0.40 0.90

Teacher’s average knowledge
SMK 0.93 0.06 0.66 1
KOSM 0.31 0.05 0.10 0.41
Asian 0.09
Black 0.04
Hispanic 0.14
Other race 0.12
White 0.59
Student gender (M vs. F) 0.45
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The shortcoming of the aggregate-level model was that the 
thresholds for misconception strength and for teachers’ correct 
rates in SMK and KOSM were arbitrary. As argued earlier, we 
hypothesized that students’ response to an item would be a 
function of item misconception strength, and each item’s mis-
conception strength should be located on a spectrum of miscon-
ception strength, rather than being simply be grouped into a 
dichotomy. We also considered a teacher’s SMK or KOSM to be 
item specific, that is, we hypothesized that it was a teacher’s 
SMK or KOSM on a specific item that influenced student 
answers on that specific item. For these reasons, we built and 
discussed item-level models in steps 2 and 3.

Step 2. Because we were interested in examining factors that 
affected the correctness of the student posttest response for 
each item, we had a binary dependent variable (1 = correct 
answer; 0 = wrong answer) and therefore adopted a logistic 
approach. More specifically, because students were nested 
within teachers, we chose a multilevel modeling approach, 
using a two-level logistic regression. At the first level, the log 
odds of the correctness of each item i, answered by each student 
j, in the posttest (POST) were a linear function of the miscon-
ception strength (MS) of the item i, the student j’s correctness 
of item i on the pretest (PRE) and other attributes of student j 
(including gender, grade, parental education, and race/ethnic-
ity). The fact that students were nested in teachers was signified 
by the added subscript k, indicating teachers, for the stu-
dent-level variables. The second-level predictors included 
teacher k’s SMK and KOSM (two dummy variables for three 
categories: SMKOnly and SMK&KOSM vs. no-SMK) for item i. 
There were also cross-level interaction terms: SMKOnly × MS and 
SMK&KOSM × MS, which allowed the slope of MS to vary by 
teachers’ knowledge. The formal specification of the model is 
shown here:

Logit Pr(POST 1 MS PRE

MALE Grade SMK

SMK&KOSM SMK MS

SMK&KOSM MS MS

ik

ik

ijk i ijk

jk n jk Only

ik Only i

ik i k k i

00 01 02

03 0 11

12 21

22 0 1

{ }= = β + β + β

+ β …+ β + β

+ β + β ×

+ β × + µ + µ

β00 was the fixed intercept, μok was the teacher (class)- level 
random intercept, β01 was the fixed slope of misconception 
strength (average overall effect of MS), μ1k was the random 
slope at the second level (deviation of the teacher-specific slope 
from the fixed slope). β02 was the fixed effect of the student 
pretest; β03, β04, etc., were fixed effects for student attributes, 
such as gender, grade, race/ethnicity, and parental education. 
β11 and β12 were fixed effects of teachers’ SMKOnly and 
SMK&KOSM conditions, with no-SMK serving as the baseline. 
Finally, β21 and β22 were coefficients for the cross-level interac-
tions of SMKOnly × MS and SMK&KOSM × MS. We first built a 
model without interaction effects (M1) and then added interac-
tion effects in the second model (M2).

Step 3. The item-level models built in the second step only 
investigated the effects of the various predictors on item-level 
posttest correctness, but they did not explicitly examine item-

level student gains. At the item level, the trajectory of a student 
response from pre- to posttest could assume only one of three 
patterns: to gain (change from 0 to 1), to lose (change from 1 
to 0), or to maintain (go from 0 to 0, or from 1 to 1). When 
pretest = 1, a student could only maintain the correct answer or 
lose, dropping to a value of posttest = 0; when pretest = 0, a 
student could only maintain or gain. The probability of these 
patterns could be shown by separately predicting and plotting 
the posttest correctness, while holding the pretest correctness to 
1 or 0, respectively. When pretest correctness was fixed at 1, the 
plot would show the probability of maintaining the correctness 
as a function of teacher knowledge and item misconception 
strength; when pretest correctness was fixed at 0, the plot 
would show the probability of gaining correctness.

RESULTS
Aggregate-Level Model
Table 2 presents the results from the aggregate-level model. 
There was a significant main effect of the teacher knowledge 
category and a significant interaction effect between the teacher 
knowledge category and the item misconception strength 
dummy variable.

For items that had a weak misconception strength, students 
with a teacher in the SMK&KOSM category achieved equivalent 
gains with students who had a teacher in the SMK-only cate-
gory (post hoc test F(1, 2743) = 0.40, p = 0.52), and students 
from both these groups had roughly double the gains compared 
with students with a teacher in the no-SMK category. For items 
that had a high misconception strength, students with a teacher 
in the SMK&KOSM category had roughly twice the gains than 
did students with teachers in SMK-only or in the no-SMK cate-
gories, and there was no significant difference between the 
SMK-only and no-SMK categories (F(1, 2743) = 0.27, p = 0.60). 
This relationship is shown in Figure 1.

Item-Level Model
Table 3 presents the parameters of the main effects model (M1) 
and the model including interaction effects (M2). The coeffi-
cients in each model were exponentiated to odds ratios.

Examining M1, we could see that, most importantly, stu-
dents had higher odds of answering an item correctly on the 
posttest if their teachers had both SMK (answered the item 
correctly) and KOSM (knew the most popular misconception 
choice among all wrong answers) of the item, compared with 
students whose teacher only had SMK of the item (post hoc 
test χ2 (1) = 53.40, p < 0.001). Further, students in both 
conditions had higher odds of answering an item correctly 
than did students whose teachers had no SMK (answered the 
item incorrectly) in the item. To briefly focus on the control 
variables, we found, first (unsurprisingly), that items that had 
been answered correctly in the pretest had higher odds of 
being answered correctly in the posttest by the same person. 
Second, students who were male, in higher grades, and had 
higher parental education had higher odds of answering an 
item correctly in the posttest. Third, Asian students had the 
highest correctness; white and Hispanic students ranked 
second, with no significant difference between them; Black 
students ranked the lowest.

Shifting to M2, we found an interaction effect between mis-
conception strength and teachers’ knowledge. In combination, 
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the model estimated that the three teachers’ knowledge groups 
had different slopes of misconception strength. The no-SMK 
group had a negative slope of misconception strength, with a 

0.1 increase in misconception strength reducing the odds of 
answering a posttest item correctly by 8.6% [exp(−0.899 × 0.1) 
− 1 = −0.086]. The SMK-only group also had a negative slope of 
misconception strength, with a 0.1 increase in misconception 
strength reducing the odds of answering a posttest item cor-
rectly by 3.7% (exp[(−0.899 + 0.525) × 0.1] − 1 = −0.037). The 
SMK&KOSM group was the only group that had a positive slope 
of misconception strength, with a 0.1 increase in misconception 
strength increasing the odds of answering a posttest item cor-
rectly by 4.3% (exp[(−0.899 + 1.322) × 0.1] − 1 = 0.043). The 
interaction is best illustrated on a probability scale in Figure 2, 
which shows the estimated probability (with 95% confidence 
interval) of answering an item correctly as a function of the 
item’s misconception strength, teacher knowledge, and the 
interaction between the two, while controlling other covariates 
at their means. We can see that, on average, the SMK&KOSM 
group had a higher probability of answering a posttest item cor-
rectly than did the SMK-only group, which, in turn, had a higher 
probability of correctness than did the no-SMK group. Zooming 
into the low end of misconception strength (0.4), the SMK-only 
and SMK&KOSM conditions could not be distinguished from 
each other (χ2 (1) = 0.07, p = 0.79), and both conditions had 
higher probability of correctness than the no-SMK condition by 
a marginal probability of about 0.08 (SMK-only vs. no-SMK: 
χ2(1) = 18.98, p < 0.001; SMK&KOSM vs. no-SMK: χ2(1) = 
20.17, p < 0.001), that is, in terms of effect size, 0.38 of an SD 
in the pretest score. More interestingly, the SMK&KOSM group 
had a positive slope of misconception strength, whereas the 
SMK-only group had a negative slope, which led the SMK&KOSM 

FIGURE 1. Predicted gain in correct rate (also converted to effect size where 1 SD is 0.17 correct rate according to pretest score) by 
misconception strength groups and by teacher knowledge groups, based on the aggregated model. The error bars indicated ±1 SE. The 
sizes of the shapes were proportional to the sample size under each condition.

TABLE 2. Aggregate-level model predicting student gain in correct 
rate

Estimate SE

Fixed effects
 (Intercept) 0.203 0.052 ***
 Item misconception strength dummy
  Strong-MS vs. weak-MS 0.019 0.014
 Teacher correct rate category
  SMK+KOSM vs. no-SMK 0.048 0.011 ***
  SMK-only vs. no-SMK 0.039 0.016 *
 Male 0.012 0.016
 Age −0.010 0.003 **
 Parent education −0.002 0.003
 Asian −0.022 0.010
 Black −0.026 0.013
 Hispanic −0.003 0.008
 Other race −0.001 0.009
 Interaction effect
  Strong-MS × SMK+KOSM −0.023 0.016
  Strong-MS × SMK-only −0.045 0.022 *
Random effects
 SD (teacher) 0.04
 Residual 0.20

*p < 0.05; **p < 0.01; ***p < 0.001.
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group to outperform the SMK-only group when misconception 
strength was equal to, or larger than, 0.45 (χ2(1) = 4.10, p = 
0.04). At the high end of misconception strength, the 
SMK&KOSM group had a higher probability than did the SMK-
only group by a margin of 0.10 (χ2(1) = 72.99, p < 0.001, effect 
size = 0.48) and a higher probability than did the no-SMK group 
by a margin of 0.20 (χ2(1) = 58.65, p < 0.001, effect size = 0.95).

Table 3 and Figure 2 showed the comparison of posttest 
scores (controlling for pretest) between predictor conditions. 
They did not explicitly present the item-level gain. Hence, as 
described for step 3 in the Analysis section, we fixed pretest to 1 
or 0 and separately predicted the posttest correctness as a func-
tion of item misconception strength and teacher knowledge, 
based on model M2. This relationship is presented in Figure 3. 
The top panel of Figure 3 shows that, when an item was 
answered correctly in the pretest, students did not always main-
tain the correct answer in the posttest. Instead, students under 
each condition regressed, as a group, in the probability of giving 
a correct answer (under the SMK&KOSM or SMK-only condi-
tions, they regressed by about 20%, and under the no-SMK 
conditions, they regressed by about 30%). For students under 
the SMK-only or no-SMK conditions, the stronger the item 
misconception, the less likely they were to maintain the correct 
answer. Yet for students under the SMK&KOSM condition, the 
stronger the misconception, the more likely they were to main-
tain the correct answer. The bottom panel of Figure 3 shows a 
similar pattern. When an item was answered incorrectly in the 
pretest, students under each condition gained, as a group, in 
correctness in the posttest. For students under the SMK-only or 
no-SMK condition, the stronger the misconception of an item, 

the less gain these students achieved, on average, whereas for 
those under the SMK&KOSM condition, the stronger the mis-
conception strength, the more the students gained.

To summarize our key finding, which has shown up consis-
tently across three different analytical approaches: The stronger 
the misconception strength of an item, the more difficult the 
item was in a posttest for students whose teachers had no SMK 
or only SMK without KOSM on that item. By contrast, for 
students whose teachers had both SMK and KOSM on the item, 
the stronger the misconception strength of the item, the easier 
it became in the posttest.

DISCUSSION
The answer to RQ1 (Does teachers’ possession of SMK and 
KOSM of an item predict students’ likelihood of answering that 
item correctly on the posttest, after controlling for students’ pre-
test scores and other demographic information?) is yes. On 
average, after controlling for student pretest scores and other 
demographic information, such as gender, grade, parental edu-
cation, and race/ethnicity, students were more likely to answer 
an item correctly if their teachers had both KOSM and SMK of 
the item, compared with students whose teachers had only 
SMK of the item. Similarly, students whose teachers had only 
SMK of an item were more likely to answer the item correctly 
than did students’ whose teachers had no SMK of it (recall that 
teachers who had no SMK did not have KOSM either). In short, 
our finding supported our hypothesis (H1) that, in terms of stu-
dents’ posttest performance, teachers’ SMK&KOSM > SMK-only 
> no-SMK. Each condition was significantly different from 
another, but the odds ratio was small (based on the effect size 

TABLE 3. Multilevel logistic regression predicting correctness in posttest items

M1 M2

Coefficient SE Odds ratio Coefficient SE Odds ratio

Fixed effects
 Teacher’s knowledge
   SMK&KOSM vs. no-SMK 0.261 0.033 *** 1.195 −0.346 0.113 *** 0.685
    SMK-only vs. no-SMK 0.178 0.032 *** 1.298 −0.057 0.114 0.945
 MS
  (item misconception strength) 0.083 0.050 1.087 −0.899 0.224 *** 0.407
 Interaction effects
   SMK&KOSM × MS — — — — 1.322 0.233 *** 3.751
    SMK-only × MS — — — — 0.525 0.239 1.690
 Controlled variables
  Pretest 1.248 0.017 *** 3.483 1.242 0.017 *** 3.463
  Student gender (M vs. F) 0.023 0.025 * 1.023 0.023 0.025 * 1.023
  Parent education 0.138 0.012 *** 1.148 0.138 0.012 *** 1.148
  Student grade 0.138 −0.015 *** 0.877 0.136 0.014 *** 1.146
  Asian 0.133 0.055 * 1.142 0.134 0.015 *** 1.143
  Black −0.132 0.069 * 0.876 −0.129 0.069 *** 0.879
  Hispanic −0.071 0.050 0.931 −0.068 0.050 *** 0.934
  Other race −0.002 0.039 0.998 −0.001 0.040 *** 0.999
  Intercept −2.614 0.162 *** −2.145 0.191 ***
Random effects
  SD(MS) 0.280 0.075 0.323 0.072
 SD(Teacher) 0.349 0.043 0.359 0.043
 Corr(MS, Teacher) 0.103 0.289 −0.019 0.242

*p < 0.05; **p < 0.01; ***p < 0.001; after false discovery rate (FDR) adjustment.
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criterion for odd ratios, which considers an odd ratio <1.5 a 
small effect, suggested by Chen et al., 2010).

Had we estimated only the main effects of teachers’ knowl-
edge, we would have concluded that teacher SMK was helpful, 
and teacher KOSM in addition to SMK was even more helpful, 
perhaps because the KOSM manifested teachers’ PCK, which 
would be reflected in their lesson design and teaching quality 
in general. It was only when the interaction effect between 
teacher knowledge and item misconception strength was 
included that it became apparent that KOSM was primarily 
effective for items with stronger misconceptions. This was 
found in our exploration of RQ2 (Does the effect of teachers’ 
SMK and KOSM on students’ performance in the posttest vary 
by that item’s misconception strength [interaction effect]?), 
where the answer was again yes.

Specifically, at the lower end of the misconception strength 
scale in Figure 2, SMK-only and SMK&KOSM groups were more 
similar to each other, performing higher than the no-SMK 
group. As the misconception strength of items increased, the 
correct rate in the no-SMK and SMK-only groups both dropped 
steeply, whereas the correct rate of the SMK&KOSM group 
increased. At the higher end of misconception strength, the 
SMK-only group outperformed the no-SMK group, while the 

SMK&KOSM group exhibited an even higher correct rate. A 
plausible explanation is that teachers with SMK can explain and 
reiterate a target concept correctly, whereas teachers without 
SMK may have trouble doing so. Because teachers in either con-
dition do not have KOSM of the target concept, they cannot 
easily “get inside a student’s head” to select activities and pro-
vide evidence that helps students question and reconstruct the 
way they think about a concept. For misconceptions that are 
very popular, students are even more likely to maintain their 
way of thinking. While teachers with only SMK of an item can 
at least deliver a correct explanation of the concept, their stu-
dents have a better chance of identifying the correct answer 
than do students with no-SMK teachers.

When concepts elicited strong misconceptions, teachers who 
did not know the correct answer probably held the misconcep-
tions themselves. Without knowing their answers to be incor-
rect, they were thus likely to actively and confidently teach the 
wrong ideas to their students. No-SMK teachers may not only 
have neglected to counteract their students’ existing or poten-
tial misconceptions (as did the SMK-only teachers), but they 
may also have actively reinforced the misconceptions, exacer-
bating the problem, sometimes undoing what a student knew 
to be true before. This conjecture would explain why the 

FIGURE 2. The estimated probability (with ±1 SE confidence interval) of answering an item correctly as a function of the item’s misconcep-
tion strength, teacher knowledge, and the interaction between the two, while controlling other covariates at their means. For reference, 
the heavy black line is the average pretest score by misconception strength.



19:ar9, 10  CBE—Life Sciences Education • 19:ar9, Spring 2020

C. Chen et al.

no-SMK condition had a steeper negative slope for misconcep-
tion strength than did the SMK-only condition—with the result 
that student performance suffered most on items with strong 
misconceptions in the no-SMK condition.

Comparing SMK&KOSM and SMK-only teachers, we found 
an interesting contrast in the direction of the slope as a function 
of misconception strength. Whereas the slope was negative for 
students with SMK-only teachers (and no-SMK teachers as 
well), it was positive for students with SMK&KOSM teachers for 
both the gain and maintain groups. In other words, when the 
teachers did not have KOSM in an item, the stronger the mis-
conception included in an item, the more difficult the item was 
for the students. But when the teacher did have KOSM, items 
with stronger misconceptions became easier for the students. A 
plausible explanation for this pattern is that teachers with 
KOSM can accurately anticipate students’ initial ideas. They 

probably not only delivered a scientifically correct explanation, 
but also structured lessons to address popular misconceptions 
associated with the target concepts. Therefore, when students 
encounter an item with strong misconception, they may be able 
quickly to identify the misconception answer as the wrong 
answer. What has been the most attractive wrong answer would 
have become the most obvious wrong answer to be immedi-
ately excluded from the multiple choices available to students 
of SMK&KOSM teachers.

An increasing number of studies have shown that learners 
do not easily replace misconceptions with the correct concep-
tions in an information-acquisition manner (e.g., see Pintrich 
et al., 1993; Murphy and Mason, 2006). Successfully resolv-
ing misconceptions involves many affective and situational 
factors (Gregoire, 2003; Sinatra and Mason, 2008), such as 
motivation (Taasoobshirazi and Sinatra, 2011), emotion 

FIGURE 3. The estimated probability (with ±1 SE confidence interval) of maintaining correctness when pretest = 1 (44% of the student 
answers) or gaining correctness when pretest = 0 (56% of the student answers) as a function of the item’s misconception strength, teacher 
knowledge, and the interaction between the two, while controlling other covariates at their means.
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(Broughton et al., 2013), self-efficacy (Pintrich, 1999), and 
self-regulation (Sinatra and Taasoobshirazi, 2011). These 
findings call for a shift from information-acquisition pedago-
gies to holistic and contextual pedagogies (Pintrich et al., 
1993; Sinatra, 2005), such as restructuring the argument and 
presentation (Diakidoy et al., 2003) or adopting multiple 
perspectives (Duit and Treagust, 2003; Chen et al., 2016). 
Moreover, conceptual change theories have been transitioning 
from emphasizing a grand mental paradigm shift to focusing 
on a more fine-grained transformation of personal experience 
and insights (Vosniadou and Ioannides, 1998; Pugh and 
Girod, 2007). For example, Heddy and Sinatra (2013) showed 
that teachers promote stronger conceptual growth in the 
learning of biological evolution when they relate to students’ 
prior experience and transform that experience, using scien-
tific models, than when they directly refute the misconcep-
tions. It is possible that teachers with KOSM may adopt a vari-
ety of pedagogical strategies to effectively address the 
misconceptions once they correctly predict and identify these 
misconceptions. Nevertheless, when misconceptions are not 
obvious, teachers with KOSM may not identify them and end 
up adopting traditional information-acquisition pedagogies, 
just like SMK-only teachers. In other words, concepts that 
elicit stronger misconceptions may give teachers with KOSM 
more room (and obvious opportunity) to exercise their peda-
gogical skills.

Recent studies showed that learners not only need to 
reconstruct their conceptual understanding, but also need to 
actively inhibit their misconceptions (Brookman-Byrne et al., 
2018; Mason et al., 2019), because many misconceptions are 
difficult to eradicate and keep coexisting with newly acquired 
conceptions (Gelman, 2011; Legare and Visala, 2011; Shtul-
man and Lombrozo, 2016). For example, under time pressure, 
even professional scientists start to reveal intuitive miscon-
ceptions (Goldberg and Thompson-Schill, 2009; Kelemen 
et al., 2013; Shtulman and Harrington, 2016). Functional 
magnetic resonance images of learners’ and experts’ brains 
indicate that there is a need to (subconsciously) inhibit a 
tendency to revert to prior misconceptions in order to give the 
correct answer (Foisy et al., 2015; Lubin et al., 2016; 
Mareschal, 2016; Nenciovici et al., 2018, 2019; Wang, 2018; 
Mason et al., 2019). It is possible that teachers with KOSM 
paid more attention to existing and potential misconceptions 
with their students, and once their students elucidated and 
found their ideas unproductive, they could more easily inhibit 
them and start to reason out of their SMK (which is when 
teachers’ SMK starts to have effects). Pushing the scenario to 
the extreme, even if a student had no SMK of a concept and 
had to guess randomly, once the most attractive misconcep-
tion was inhibited, he/she only needed to guess one out of 
four (with three wrong choices that were unpopular in the 
population) rather than one out of five (with four wrong 
choices, one of which was very popular in the population). 
For items with weaker misconceptions, those misconceptions 
are not obvious. In these cases, teachers with SMK&KOSM 
might not activate their misconception identification and 
resolution skills that benefit their students on items with 
obvious misconceptions. This may be why such items appeared 
to be more difficult than items with strong misconceptions for 
students with SMK&KOSM teachers.

In summary, our findings support our hypothesis (H2) that 
the effect of teachers’ KOSM was context specific, where “con-
text” in our study was defined as the strength of the misconcep-
tions elicited by the question items. In the main effects model, 
misconception strength appeared to be unrelated to the correct 
rate, but once we broke down our sample by the teachers’ 
KOSM (and SMK), we found a bifurcated relationship between 
misconception and correct rate. Items with stronger misconcep-
tions appeared to be more difficult for students of teachers who 
lack KOSM, but they appeared to be easier for students with 
teachers possessing KOSM. This suggests that KOSM should be 
a focus of science teacher preparation and professional 
development.

Limitations
Readers should be reminded that this was a correlational study, 
and we could not make any causal claims, because we could not 
randomly assign students to teachers with different types of 
knowledge. To disentangle the causal relationship, one option 
for future study is to conduct randomized control trial interven-
tions at teacher professional development programs, with the 
treatment group training teachers to improve their KOSM, and 
then to follow up and compare student outcomes between the 
treatment and control groups.

Another major limitation is that we did not measure what 
teachers with KOSM did differently in their classrooms. Thus, 
we cannot elucidate a particular mechanism or pedagogy at this 
stage leading from KOSM to classroom practice and to student 
gains. In the explanation of our findings offered earlier, we 
made the assumption that, when teachers had only SMK but 
not KOSM of a concept, they were less likely to address student 
preconceptions in their pedagogies by eliciting student ideas, 
providing evidence and activities that allow student to test their 
ideas, and only then, providing a correct explanation. Future 
study should examine teachers’ pedagogical choices, particu-
larly regarding misconception-related activities, to investigate 
the relevant mechanisms at work, a factor that remained a 
“black box” in our study.

Another important question for future study is to what 
extent the result of this study is transferable to the teaching and 
learning of other subjects. A lot of the theoretical literature that 
motivated this study came from the teaching of physics and 
mathematics. Therefore, we anticipate that we should find sim-
ilar patterns in these STEM fields. Yet this hypothesis remains to 
be tested empirically.

Implications
The direct implication for classroom teaching is that it is not 
enough for teachers to only understand the science concepts 
that they teach, but they also must have a working knowledge 
of the ideas that students have when entering their classrooms. 
Teachers should make use of their KOSM by being able to imag-
ine the target concepts they are attempting to teach from their 
students’ perspectives, with the aim of addressing any miscon-
ceptions and achieving, in the end, deeper understanding. 
Teachers should be cognizant of the evidence that, by working 
with students on existing or potential misconceptions, they can 
make it easier for their students to reconceptualize their under-
standing of a concept. As discussed earlier, studies in the mis-
conception literature have shown that people do not always 
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fully “replace” their misconceptions, but counteract these mis-
conceptions by intentionally inhibiting them (e.g., Wang, 2018) 
as they solve problems or answer questions. Before the miscon-
ceptions can be inhibited, they need to be explicitly, and repeat-
edly, considered and reflected upon; and here help from the 
teachers is essential.

Previous studies have demonstrated a variety of pedagogical 
methods that can effectively address students’ misconceptions 
(e.g., Guzzetti, 2000; Eryilmaz, 2002; Tsai, 2003). Most begin 
with predicting student’s preconceptions or misconceptions, fol-
lowed by lessons to probe students’ current knowledge and 
prior experiences. Nevertheless, not all teachers are familiar 
with these initial steps. In interviews with 30 science teachers in 
elementary school, Gomez-Zwiep (2008) found that 14 of the 
teachers could not recall any example of a misconception that 
their students expressed and that they never thought about mis-
conceptions while planning or teaching classes. Among the 16 
teachers who could recall at least one example of their students’ 
misconceptions, 11 had considered their students’ misconcep-
tions when they were planning for class, and two of them 
explicitly reported that they tried to tap into students’ prior 
knowledge, make predictions of students’ understanding, ask 
students about what they knew, and use the comparison 
between teachers’ predictions and students’ actual responses to 
decide on the need for reteaching.

An important question is, of course, what factors or experi-
ences predict teachers’ KOSM. Unfortunately, we could not 
answer this question in this study (another limitation of the 
study). Yet it is well documented that improving teachers’ SMK 
and PCK has been a common goal and feature among teacher 
professional development programs (Garet et al., 2001; Bell 
et al., 2010; Goldschmidt and Phelps, 2010; Kelcey and Phelps, 
2013; Bausmith and Barry, 2011; Koellner and Jacobs, 2015; 
Lipowsky and Rzejak, 2015; Polly et al., 2015). For example, 
the elementary mathematics teacher preparation program at 
Michigan State University has multiple courses (teaching lab 
and field instruction) that target the development of teachers’ 
SMK and KOSM (in the program’s own words, the teacher 
knowledge of “learners’ prior knowledge,” p. 13), particularly 
as related to lesson planning and student assessment. Before 
going through such a program, the preservice teachers were 
very vague in predicting students’ knowledge and often only 
provided one pedagogical approach to the teaching task at 
hand. After completing the program, they showed significant 
growth in their ability to anticipate the students’ responses 
and to provide multiple pedagogical approaches to the tasks 
(Wilson, 2014).

Nevertheless, very few professional development programs 
adopt such a targeted training or evaluation regarding teachers’ 
KOSM (Berry and Milroy, 2002). Even more worrisomely, in a 
recent study with a large national sample of teacher profes-
sional programs, Doyle et al. (2018) found that almost none of 
the professional development activities, except for learning 
foundational knowledge in science concepts, had a positive 
impact on teachers’ KOSM, and that one additional year of 
teaching experience, on average, improved teachers’ KOSM by 
less than 1% of an SD in KOSM scores. In short, KOSM appears 
difficult to acquire in spite of the wide range in scores exhibited 
by teachers. Nevertheless, considering the importance of KOSM 
as shown in the findings of this study, teacher preparation and 

professional development programming should make efforts in 
designing and implementing effective training activities that 
explicitly target KOSM among all types of teacher knowledge.

CONCLUSION
It is a common assumption and observation that strong miscon-
ceptions are tenacious and hard for students to resolve (e.g., 
Chi, 2005), but we found this is not the case for students with 
teachers who possess both SMK and KOSM about a concept. 
The combination of teacher SMK and KOSM provides a success-
ful recipe for transmuting those concepts that are anticipated to 
be difficult due to strong misconceptions into concepts that 
appear to be easier for the students. Previous studies attributed 
the positive effect of teachers’ knowledge on students’ achieve-
ment to the teachers’ accurate delivery of content knowledge 
and appropriate adoption of pedagogy in general. This study 
showed that the effect of teachers’ knowledge is context specific 
and that KOSM works most effectively on concepts that elicit 
strong misconceptions—most likely because the more obvious 
the misconception, the more promptly a teacher can adopt 
appropriate pedagogies to (re)construct the knowledge with 
the students or to exhort them to inhibit these misconceptions. 
Future work should help teachers improve both their SMK and 
KOSM. It should also look into the development of KOSM 
during teachers’ professional training and investigate how 
teachers with both SMK and KOSM interact with students on 
topics that involve common and tenacious misconceptions.
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