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Research-based assessments (RBAs) allow researchers and practitioners to compare student performance
across different contexts and institutions. In recent years, research attention has focused on the student
populations these RBAs were initially developed with because much of that research was done with “samples
of convenience” that were predominantly white men. Prior research has found that the Force Concept
Inventory (FCI) behaved differently for men and women using differential item functioning (DIF) analysis.
We extend this research in two ways. First, we test the FCI for DIF across the intersection of gender and race
for Asian, Black, Hispanic, White, and White Hispanic men and women. Second, we apply the Eaton and
Willoughby five-factor model of the FCI to interpret the results of the DIF analysis. We found large DIF on a
large number of FCI items. The patterns of items with large DIF follows the five-factor model. The alignment
of DIF with this factor structure, along with the measurement invariance of this factor structure across these
ten social identities, indicates that the items on the FCI are likely not biased but are instead measuring real
differences in physics knowledge among these groups. We frame these differences as educational debts that

society owes to these marginalized groups that physics instruction needs to actively repay.

DOLI: 10.1103/PhysRevPhysEducRes.21.010137

I. INTRODUCTION

Research-based assessments (RBAs) have played
a central role in measuring the impacts of physics
courses and helped drive the adoption of research-based
curricula [1,2]. Researchers often use RBAs to investigate
the roles of racism, sexism, classism, and other forms of
oppression in limiting science student success [3-10].
However, the RBAs researchers often use were primarily
developed at research-intensive institutions [l11] and
often lack validation arguments that specifically examine
their use with minoritized students [12—-14], particularly
from an intersectional perspective [15]. Intersectionality
asserts that power relations of race, class, and gender, for
example, are not discrete and mutually exclusive entities
but build on each other and work together [16]. Without
evidence that items and constructs on these RBAs act
similarly across social identity groups, the claims about
performance differences across social identity groups
may be biased or inaccurate.
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Traxler et al. [12] found that many items on the Force
Concept Inventory (FCI) [17] performed differently for
men and women and recommend removing 11 items from
the 30-item instrument. An item performs consistently
across two groups if members with the same ability from
different groups have the same probability of answering an
item correctly. Identifying members from two groups with
the same ability poses a major challenge in these compar-
isons where systems of oppression have produced large
differences between the groups being compared. We build
on their work by examining the extent to which the items
perform consistently across an intersectional set of ten
social identity groups. We then examine whether items that
perform inconsistently across groups are associated
with five factors on the FCI identified by Eaton and
Willoughby [18] in their EW5 model, which function
equivalently across these ten social identity groups [19].
If the items function differently across groups and tend to
occur on specific factors, then the inconsistent performance
likely results from real differences in physics knowledge,
not biased items, and instruction that addresses those
factors could help to redress those inequities.

II. RESEARCH QUESTION

To better understand the potential for items on the
FCI to bias student performance data across social identity
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groups based on gender and race, we asked the following
questions:
1. Which items on the FCI, if any, function differently
across social identity groups?
2. To what extent do the items that function differently
across social identity groups occur on distinct factors
within the EW5 model?

IT1. DEFINITIONS

To support readers’ interpretation of our research, Table [
includes a selection of terms and definitions for statistical
modeling and equity that we use.

IV. CONCEPTUAL FRAMEWORK

Intersectionality [23,25] posits that an individual’s social
identities (e.g., gender, race, and ethnicity) dynamically
interact with the power structures in which they are
embedded to create privilege and oppression [26]. The
complex nature of the interactions between social iden-
tities and power structures invalidates the assumption
that the impacts of racism, sexism, and other forms of
oppression will have a simple additive nature [27] and
highlights the importance of investigating outcomes
across multiple social identity groups. For example,
Black women often experience anti-Black racism in

TABLE L

different ways than Black men and sexism in ways that
are different from White women [28-30]. In this inves-
tigation, intersectionality motivated us to disaggregate
students’ data across genders, races, and ethnicities to the
extent the statistical methods allowed.

We use Ladson-Billings’ [23,24] “educational debts” to
conceptualize the differences in outcomes across social
identity groups. We assume that groups have the same
average potential across social identities and that
differences in group outcomes are products of societal
influences. Oppressive powers in our society cause
inequities in group outcomes, rather than those outcomes
being due to deficiencies in the individuals. These power
structures exist within educational systems (e.g., school
funding, access to advanced high school physics courses,
and inequitable teaching practices) and broader societal
contexts (e.g., inequitable wealth distribution, incarceration
rates, and food access). By framing these inequities as
society’s educational debts, it places the onus on society to
repay the debts, rather than on individuals for being
“underprepared.” As with monetary debt, unless society’s
educational debts are actively repaid then they continue to
accrue interest and grow in size. Taking a perspective that
ignores the role of race in education (i.e., a color-evasive
perspective) tacitly accepts and thereby increases the debts
that society owes to minoritized students.

Definition of some statistical and equity-related terms we use in the manuscript.

Term: Definition

Research-based assessment (RBA): An assessment with reliability and validity arguments [2].
Differential item function (DIF): A measure of the difference in group performance holding ability estimates constant. It is used to

identify potential item bias.

Artificial DIF: When a single item exhibits real DIF, an equal but opposite amount of artificial DIF is distributed among the remaining

items [20].

Measurement invariance: Measurement invariance testing assesses the psychometric equivalence of latent factors across groups or

time [21].

Classical test theory (CTT): A measurement model grounded in the assumption that each person has a true score that could be measured

if there were no measurement error.

CTT item difficulty: The proportion of respondents correctly endorsing an item.
Item response theory (IRT): A measurement model which describe the association between a latent trait and a respondent’s probability of

responding to an item in a particular way.

Latent trait: A variable that cannot be directly measured but can be inferred using a mathematical model of observable variables

(e.g., Newtonian thinking or science identity) [22].

IRT ability estimate: The estimate of a respondent’s latent trait, e.g., Newtonian thinking, as measured by a test.

IRT item difficulty: The ability level where a respondent has a 50% chance of correctly endorsing an item.

Intersectionality: Intersectionality asserts that the power relations of race, class, and gender, for example, are not discrete and mutually
exclusive entities but rather build on each other and work together [16].

Social identity group: A group defined by physical, social, and mental characteristics of individuals. For example, race or ethnicity,
gender, social class or socioeconomic status, sexual orientation, (dis)abilities, and religious beliefs.

Educational debt: *“Education debt is the foregone schooling resources that we could have (should have) been investing in (primarily)
low-income kids, which deficit leads to a variety of social problems (e.g., crime, low productivity, low wages, low labor force
participation) that require ongoing public investment.” [23] This reframes inequities in group outcomes from deficits in student
abilities to debts that society owes to minoritized students due to racism, sexism, and classism [23,24].
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A. Positionality
The members of our team each brought unique lived
experiences and perspectives to this research. We provide
positionality statements for each author to contextualize the
perspectives represented in this research.
John Buncher: I identify as a continuing-generation
White cisgender man. | eamed a
bachelor’s, master’s, and Ph.D. in
physics, have engaged in physics
research, and have been a physics
faculty member for the entirety
of my professional career. [ grew
up in a middle-income household.
Experiences in graduate school and
my nearly all-male physics course in
high school motivated me to reflect
on and help dismantle the ongoing
structural oppression present in phys-
ics and higher education at large.
Identifying as a first-generation,
White, cisgendered, man provides
mewith opportunities denied to others
in American society. [ havea Ph.D. in
physics, teach physics, and have
worked as a chemist, which focuses
my work on the sciences. Because 1
focus on quantitative research, I want
to make sure the tools and methods
informing my research are valid for
the purposes I use them for.
I identify as a continuing-generation
White cisgender man. | earned a
bachelor’s degree in physics, have
engaged in physics research, was a
high school physics teacher, and now
have a Ph.D. in education and pre-
pare future science teachers. I was
raised in low-income households but
now earn an upper-middle-class
income. People with privileges sim-
ilar to mine have created and main-
tained our society’s unjust power
structures. As a person with privi-
lege, 1 believe it is my obligation to
use it to dismantle oppressive sys-
tems. I also recognize that my privi-
lege, however, limits my perspective
on the lived experiences of minori-
tized individuals.
Robert (Bud) Talbot: Iidentify as a continuing-generation,
White, cisgender man. [ was raised in
a middle-income Midwestern house-
hold with working parents who were
first and second generation out of

Jayson Nissen:

Ben Van Dusen:

farming. 1 have eamed bachelors,
masters, and a Ph.D. in science edu-
cation from flagship public research-
intensive institutions. I taught middle
and high school physics, earth sci-
ence, and general science in both rural
and urban schools before eaming my
Ph.D. In my work as an educator and
researcher, | strive to use my privilege
in the service of elevating the voices
of others who are underrepresented or
minoritized by our society.

V. BACKGROUND

A. Instrument validation

Developing a validity argument for an instrument
involves collecting and analyzing evidence related to
multiple aspects of validity [31]. Although standards for
instrument validity are evolving [32], instrument bias has
always been a central aspect of validity. At a minimum, bias
in an instrument (e.g., toward a specific subpopulation or
group) can present a source of construct-irrelevant variance
that can exaggerate or obscure differences between groups,
which can lead to wasted resources or the perpetuation of
injustices. Fairness, as it relates to bias, involves ensuring
that respondents have the opportunity to demonstrate their
knowledge, and that the scores resulting from the test will
be valid for the intended uses [31].

B. Differential item function analysis

Differential item functioning (DIF) is a general term
for describing how test items may perform differently or
unexpectedly for two groups [33,34]. DIF analysis refers to
the two groups as the focal and reference group. In our
work, those groups are defined by social identifiers for
gender and race or ethnicity. By comparing item scores for
individuals having the same overall ability across social
identifier subgroups, we can see if the items are functioning
differentially for certain groups.

Items functioning differentially for groups, as indicated
by DIF is a strong indicator of potential bias. DIF, however,
is neither necessary nor sufficient for an item or a test to be
biased or unfair. Real and meaningful differences can exist
between groups that create DIF. Holland [35] addresses the
role that researchers can play in creating tests that minimize
or maximize differences between groups, and thereby
skew DIF scores on items, in discussing the “Golden
Rule law suit settlement” [35,36]. The Golden Rule
procedure attempted to minimize the score differences
between Black and White test takers by choosing only
those test questions that minimized the empirical perfor-
mance difference between these two groups. Holland [35]
applied this rule to show how to construct tests that
maximize or minimize the differences between two groups.
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In so doing, Holland demonstrates that while DIF is useful
for identifying problematic items, DIF is neither necessary
nor sufficient for determining if a test or test items are fair.
DIF may identify unfair items and DIF can also identify
real differences. Unfair, biased tests can have minimal DIF
so long as all of the items are similarly unfair toward one
group. For example, Holland [35] designed a test that
maximized the difference in scores between two groups by
creating a short assessment made of only the items from a
longer assessment that favored a particular group.

Researchers use many statistical methods to examine
DIE. Under classical test theory measurement models
(CTT), researchers often use the Mantel-Haenszel (MH)
method [37]. This method uses a student’s overall assess-
ment score as an estimate of their ability and compares how
each group performs on an item at each ability level.

Item response theory (IRT) measurement models esti-
mate item properties (e.g., difficulty, discrimination, guess-
ing) and a person’s latent trait of interest (e.g., Newtonian
thinking) from their responses to a set of items. These
estimates are probabilistic in nature, and the person’s latent
trait of interest is often referred to as a person’s ability
estimate. Rasch models are a class of IRT models that
estimate one item property, the item difficulty, in addition
to the person’s latent trait of interest.

Rasch models provide an affordance over CTT models of
person- and item-invariance across testing populations. In
plain words, person and item estimates should not vary
across different populations within a latent trait-based Rasch
model, provided that the model fits the data. If, however,
modeled item difficulty estimates vary across samples or
groups of students by much more or less than the amount
observed in the data, then that is evidence of DIF within a
group or population. These differences between modeled and
observed item difficulty estimates manifest themselves in the
item fit statistics, specifically infit and outfit. Variation in
latent ability within groups (manifested in test scores) greatly
impacts any investigation of item bias under a classical test
theory (CTT) modeling framework unless those abilities
within the group are representative of the universe of possible
abilities. Ability estimates derived from a Rasch model are
independent of the range of observations drawn from the
sample. Therefore Rasch-based DIF analyses are stronger
than CTT-based item bias investigations of test validity where
issues of faimess and equity are of primary concern [20,38].

One limitation of DIF analysis is the presence of artificial
DIFE. As demonstrated by Andrich and Hagquist [20], when
a single item exhibits real DIF in both the Mantel-Haenszel
and Rasch models, an equal but opposite amount of
artificial DIF is distributed among the remaining items.
A large number of items exhibiting large amounts of DIF
can cause enough artificial DIF to accumulate on otherwise
DIF-free items such that they are flagged as having DIF in
the opposite direction of the items with real DIE The
presence of artificial DIF is a reason for researchers to
exercise caution in how DIF analyses are interpreted.

Central to a Rasch-based analysis of instrument bias or
DIF is the notion of anchoring. Anchoring is the process of
fixing the estimated parameters for items identified as
unbiased so that the parameters for other items can be freely
estimated and evaluated for DIF relative to the anchored
items, which we detail in the Methods.

C. Existing DIF studies on physics
concept inventories

Previous research using DIF to investigate potential item
bias on physics concept inventories has focused on gender
differences among respondents [12,13,39.40]. In those
works, research questions were posed about whether proper-
ties of the test itself influenced performance by gender.

Osborn Popp et al. [39] used Rasch modeling of the FCI
to look for differences between the estimated item difficulty
parameters between gender groups and used this as
evidence of DIFE. They assessed these differences using ¢
tests. Using this method, they found “no clear trend
favoring males” but did identify three items with “sub-
stantial” DIF, two of which favored males and one of which
favored females. The two items favoring males (23 and 14)
had been shown in other research [12,41] as having large
gender differences in performance.

Using both a CTT framework and the MH statistic, as
well as an IRT framework using Lord’s statistic, Traxler
et al. [12] investigated DIF and gender fairness on the FCL.
Notably, these researchers did not use a Rasch IRT model
but rather a two parameter logistic model (2PL). Using a
multiparameter model allows for more relaxed fitting of the
data to the model, as some of the observed variance is
partitioned into a second item parameter (discrimination).
Also, the additional item parameter estimates in multi-
parameter models do not exist on the same scale as the
person parameter estimates, as they do under the Rasch
model. In their CTT-based analysis (using MH), Traxler
etal. [12] found eight items on the FCI that exhibited large
amounts of DIF with only two of those favoring women.
They also identified seven additional items that showed
small to moderate amounts of DIE In their IRT-based
analysis (using Lord’s statistic), the researchers also
identified the same eight items as having large DIF
(and additionally, item 29). The items identified as having
small to moderate DIF were less consistent between the
two analyses.

Traxler et al. [12] recommended removing 11 items from
the FCI based on these results. They compared gender
differences for three samples of students when they
removed ten items because of the item’s DIE In one
sample, removing the ten items halved the gender differ-
ence. In the other two samples, it had no effect.

Henderson et al. [13] examined item-level gender
differences on the FMCE and CSEM using CTT item
difficulty and discrimination. They investigated evidence
of DIF using the MH statistic. Although they did find

010137-4



IS THE FCI BIASED ACROSS THE ...

PHYS. REV. PHYS. EDUC. RES. 21, 010137 (2025)

evidence of DIF favoring males on the FMCE, “The
number of items that demonstrated large DIF in the
FMCE was much smaller than the eight large DIF items
initially identified by Traxler ef al. [12] in the FCL.” They
conclude that the FMCE is much less gender unfair than
the FCL. In a follow-up study, Henderson et al. [40] used
hierarchical linear modeling to investigate the relationship
between various factors and the observed differences
between male and female scores on these concept inven-
tories. They found that “correcting the instruments for
fairness explained differing amounts of the gender
differences.” In one of their FCI samples, fairness
accounted for 30% of the gender differences. This was
consistent with their previous DIF analyses.

D. The Force Concept Inventory

Hestenes et al. [17] developed the FCI to investigate
student understanding of Newtonian physics. The FCI
consists of 30 multiple choice questions and is available
from PhysPort [42] or on the LASSO platform [43].
Researchers have used the FCI to investigate the effective-
ness of instructional techniques [44—48] and equity in
courses |7,49,50].

Hestenes et al. [17] proposed that the FCl covered
six areas of Newtonian forces. Findings from multiple
studies, however, suggest that it examines five factors
[14,19,51,52]. Eaton and Willoughby [51] found that their
five-factor model (EWS), shown in Table II, provided the
best fit for the data. Morley et al. [19] found that this model
fit the FCI well and provided equivalent measurement
across the ten social identity groups in this study.

In addition to the work by Traxler et al. [12] that
identified items with DIF, several studies have identified
items on the FCI with poor psychometric properties. Wang
and Bao [53] applied a three-parameter item response
model and Planinic et al. [54] applied a Rasch model.
As Morley et al. [19] discuss, applying the EWS model to
their results indicates that factors 1 and 2 tend to have easier
questions with lower discrimination and higher likelihoods
of guessing the right answer than the other three factors.
Both Planinic ef al. [54] and Morley et al. [19] found that
the FCI may function differently for populations with lower
test scores.

TABLEII. Eaton and Willoughby [51] five-factor (EW5) model.

Factor Description Items

F1 Newton’s first law & 6, 7, 8, 10, 20, 23, 24
kinematics

F2 Newton’s second law & 9,12, 14, 19, 21, 22, 27
kinematics

F3 Newton’s third law 4,15, 16, 28

F4 Identification of forces 5,11, 13,18, 30

F5 Superposition 17, 25, 26

VI. METHODS

A. Data collection

We collected the data from the Learning About STEM
Student Outcomes (LASSO) platform’s anonymous
research database [43,55]. Morley ef al. [19] also used
an overlapping dataset with the one used in this study in
their investigation of the measurement invariance of the
Eaton and Willoughby five-factor model across the same
ten social identity groups investigated in this study. LASSO
is an online assessment platform that administers low-
stakes RBAs and provides instructors with analyses of
student performance. Our analysis included student FCI
scores from 354 calculus-based first-semester college
physics courses across 45 institutions. The institutions
were distributed across the four census tracts in the
Northeast (13), South (12), Midwest (7), and West (13).
We used the Carnegie classification of institutions of higher
education (CCIHE) public 2021 database to characterize
the 44 institutions in the database. The one institution not
in the CCIHE was a branch campus that was physically
separated from its main campus and that likely acted as a
different type of institution than its branch campus, ie.,
a regional primarily undergraduate institution as opposed
to a national research-intensive institution. The dataset
included data from 19 high or very high research-intensive
institutions, 9 minority-serving institutions that were all
Hispanic-serving, and 5 primarily associate degree granting
institutions. Thirty were public and 14 were private not for
profit institutions. The data included 21 large, 18 medium,
and 5 small institutions.

We took several steps in preparing the data. We only
included students who were enrolled in a calculus-based
introductory physics course. To ensure the data were
representative of students making a genuine attempt at
the FCI, we only included students who took more than
5 min to complete the exam and completed more than 80%
of the questions on the exam. The data were further filtered
to remove social identities with too few students for the
analyses by retaining students who did not select both man
and woman for gender, students who selected (for example)
man and transgender were included as men, and selected
only one ethnicity or race, except for the case of White and
Hispanic, which we report as White Hispanic. Table III
includes sample size and descriptive statistics for each of
the ten social identity groups.

B. Data analysis

The analysis used both IRT and CTT, via the Mantel-
Haenszel method, to test for DIE Both analyses compare
the relative difficulties of items for a minoritized group (the
focal group) in physics to White men (the reference group).
The definition of item difficulty is detailed for each
method and in Table I. We used both IRT and CTT
approaches to mirror the work by Traxler ef al. [12] and to
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TABLE IHI. Descriptive statistics for the pre- and post-tests.
The pretest sample is for any students who completed a pretest.
The post-test is for any student who completed a post-test. Both
pretests and post-tests were subjected to the filtering rules
outlined in the text.

Pre Post
Gender Race Mean SD N Mean SD N
Men Asian 451 235 722 59.1 260 633
Men Black 351 192 269 504 234 218
Men Hispanic 357 172 363 545 217 279
Men White 51.9 220 4438 682 227 3651
Men  White Hispanic 40.9 20.2 508 59.9 24.0 440

Women Asian 375 221 362 57.6 256 302
Women Black 303 205 213 509 223 184
Women Hispanic 29.0 194 127 514 266 106
Women White 38.1 20.1 1465 59.9 236 1202

Women White Hispanic 31.9 16.9 205 53.0 23.6 183

TABLE IV. Contingency table for subgroup k in the Mantel-
Haenszel test.

Correct Incorrect Total
Reference Ay B, A, + B
FOCEI] Ck Dk Ck + Dk
Total Ak+Ck Bk‘l‘Dk Ak‘l‘Bk‘l‘Ck‘l‘Dk

provide a contrast for the approach we took with
anchoring in the IRT analysis.

1. Classical test theory (CTT)

The Mantel-Haenszel method measures DIF using 2 x 2
contingency tables to compare item scores between groups
for all items on a test [37]. The range of total scores on the
test is divided into k intervals that then serve as the basis for
matching members of the groups. Contingency tables for
each interval are then constructed to compare groups on
item performance, as shown in Table IV.

Typically, the reference group is the majority group and
the focal group is the minority group. In this work, White
men are our reference group, and each of the nine other
social identity groups was a focal group. Using White men
as the reference group, especially without explicitly stating
so, can reify dominant groups as representing the normal
state [56]. DIF analysis seeks to break that paradigm
by naming the minoritized group as the focal group and
explicitly addressing potential bias and unfairness in
assessments.

Each contingency table is used to compute an odds ratio
a;. for that subgroup on a given item, given by

_ Ay/(Ac+ By)

o — C/(Ce+Dy)  ADy
“ T B/(A+By)

D/(Ci+Dy)  BiCy

(1

A weighted sum is performed over all subgroups to find the
common odds ratio @, given by

a= zakwk/zwb (2
% %

where the weight is given by w; = B,C/(A; + By +
C;+ Dy). If no DIF is present, then @ = 1. Since odds
ratios can be difficult to interpret and range from 0
to infinity, a is often log-transformed to be symmetric
about 0 via

Aayggy = —2.35na, (3)

with positive values indicating items that favor the focal
group and negative values indicating items that favor the
reference group. Here we match the notation used by
Traxler et al [12], but we note that elsewhere Aayy is
referred to as “MH D-DIF” [57].

A widely used scale for Aayy is the one adopted by the
Educational Testing Service [57,58]. Items are classified
as A, B, or C. An A item is one where the Mantel-Haenzel
chi-square statistic is not significant at the 0.05 level or if
|Aayy| < 1. A C item is one in which the |Aayy| statistic
is significantly greater than 1 at the 0.05 level and
|[Aayu| = 1.5. A B item is one that is neither classified
as an A item nor a C item. In this work, we use these
established cutoffs for Aayy without the p-value restric-
tions and classify items with |Aayy| > 1.5 as having
large DIF, and items with 1.0 < |Aayy| < 1.5 as having
moderate DIF. All Mantel-Haenszel tests were performed
with version 5.1 of the difR library in the R software
package [59].

2. Item response theory (IRT)

In our IRT analysis, we used the Rasch model (some-
times referred to as a one-parameter logistic model or 1PL
model). The Rasch model allowed us to model groups
with smaller sample sizes than the 2PL model [60], which
aligned with our intersectional framework. Rasch analysis
models the probability that participant i, with ability
estimate @;, answers item j correctly as

1

Pi6:) =@y

@)
Here, b is the difficulty of item j and is the ability estimate
level needed by a respondent to have a 50% chance of
answering the item correctly. For a given comparison
between two groups, the parameters b; for each item
(per group) and the ability 8; (per student) are estimated
using maximum likelihood methods.

Comparing the difficulty parameter across groups
requires establishing a reference scale. This is done by
identifying anchor items and constraining the difficulty

010137-6



IS THE FCI BIASED ACROSS THE ...

PHYS. REV. PHYS. EDUC. RES. 21, 010137 (2025)

parameter of those items to be the same for the two groups.
These anchors allow estimating the other item parameters
and the ability scores on this common scale. Careful
consideration of the anchor items is critical for DIF
analysis. If items in the anchor contain DIF (referred to
as contamination), the common scale is effectively shifted,
possibly resulting in DIF-free items identified as containing
DIF, while items with DIF go undetected. A shorter list of
items, typically four, can reduce the risk of contamination,
but this can limit the statistical power to detect DIF [61].

Methods of selecting the anchor items vary, with the
optimal method depending on the psychometric model
used (Rasch, 2PL, 3PL, etc.), the length of the assessment,
the scoring of the assessment (polytomous vs dichoto-
mous), the amount of DIF in items, the distribution of the
direction of DIF in items, and the percentage of items
exhibiting DIF [61]. Many of these methods rest on the
implicit assumption that the majority of items are DIF free,
and simulations that test the robustness of these methods
when the number of DIF items is 60% or higher are
rare [62]. While many recommendations in the literature
exist, the choice of anchoring method often comes down to
choices made by the researcher. For example, Strobl et al.
[62] propose using the Gini Index from economics to select
anchor items in a procedure that shifts the item difficulties
to maximize the amount of DIF in the fewest number of
items. Kopf et al. [6]1] advocate for the mean p-value
threshold (MPT) method, which iteratively adds anchor
items whose p value on a preliminary statistical test for
DIF is below some threshold. This method rests on the
assumption that the majority of items on the exam perform
similarly across the two groups and only a few items have
meaningful DIE.

For the FCI, extensive research shows that overall
performance before and after instruction varies across
race and ethnicity [3,7] and gender [3,7,41,63-68], with
differences as large as 20 percentage points or one standard
deviation, which we conceptualized as societal educational
debts. To investigate the FCI with IRT DIF analyses, we
needed to determine how much of the difference between
groups is attributable to the educational debts society owes
to the minoritized groups while accounting for biased items
exaggerating the size of these educational debts.

To account for the educational debts, we needed a
method to quantify the amount of educational debt each
group would have in the specific domain of Newtonian
physics as measured by the FCI. We chose to use the group
average of the person latent trait estimates from an initial
Rasch model which assumed that the FCI performs
identically across all groups, i.e., no DIF is present. This
approach puts the measured educational debts on an
identical scale as the item difficulties, which aids in anchor
item selection. A disadvantage is that any items with
significant DIF not due to educational debt may affect
the estimate of educational debts. This drawback occurs for

any DIF analysis that assumes the overall test functions
similarly across groups. We addressed this possibility with
two analyses of the post-test educational debts: one
included all of the questions on the FCI and the second
used a 19-item FCI that excluded the items identified as
problematic by Traxler et al. [12].

To measure the educational debts specific to Newtonian
thinking as measured by the FCI post-test, we ran a Rasch
model treating two groups (i.e., White men and Black
women) as a single group (i.e., each item j has a single
difficulty parameter b ;). The latent traits (ability estimates)
6 for each student are then extracted from the model. The
difference in the average latent trait, 6, between the two
groups is a measure of the educational debt, ED:

ED = E?mmﬂﬁmdgmup - aWhiternﬁn- (5)

The results are listed in Table V and show that the
educational debts determined by the 30-item FCI are within
0.11 standard deviations of the educational debts deter-
mined by the 19-item FCI across all 9 groups. Because of
these small differences, we focused on the educational
debts as measured by all of the questions on the FCI
post-test.

To identify anchor items, we then ran the Rasch model
on the post-test responses and estimated item difficulties for
each item separately for each group. This is equivalent to
assuming that the distribution of latent traits in each group
has the same average and standard deviation, but that
the items could have different difficulties across groups.
We then calculated the difference in item difficulties, and
chose as anchors the three items that had a difference in
difficulty between White men and each focal group that
were closest to the educational debt measured for that

TABLE V. Educational debts across race or ethnicity and
gender, as compared to White men, using the difference in the
average latent trait as measured on the post-test. Uncertainties are
1 SE. Negative values indicate a debt owed to the respective
group. The 30 items column uses all FCI items to measure the
educational debt, while the 19 items column excludes items 6, 9,
12, 14, 15, 21, 22, 23, 24, 27, and 29 which were found to be
potentially problematic by Traxler et al. [12].

Educational debt

Race Gender (30 items) (19 items)

White Women —-046 0.04 —-0.39 0.05
Asian Women —056 0.09 —-0.45 0.10
Black Women —-098 0.10 -0.92 0.10
Hispanic Women  —087 0.16 —0.84 0.18
White Hispanic = Women  —-084 0.10 =077 0.11
Asian Men —-046 0.07 —-0.44 0.07
Black Men —-0.98 0.09 —-1.00 0.11
Hispanic Men -0.78 008 —-0.80 0.08
White Hispanic Men -043 007 -047 0.08
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group. This choice assumes that items with a difference in
difficulty close to the measured educational debt provide
equivalent measures of student performance across both
groups. We excluded item 29 as a possible anchor due to its
poor fit in prior studies [ 12].

3. Rasch model assumptions

The Rasch model assumptions include unidimensional-
ity of the measured trait, monotonicity, local independence,
and item invariance |60]. The last, item invariance, assumes
items operate the same across different groups of students
and is the focus of our research questions.

Evidence for the unidimensionality in our work comes
from two sources. First, almost all of the infit and outfit
statistics fell between 0.5 and 1.5 and thus were
acceptable [69], see Table XV. The only exceptions are
for item 29, which Traxler et al. point out is a problematic
item. Second, we conducted a confirmatory factor analysis
using lavaan [70]. For a unidimensional model including all
of the data, the robust comparative fit index (CFI) = 0.97,
robust Tucker-Lewis index(TLI) = 0.97, and robust root
mean square error of approximation (RMSEA) = 0.04, all
of which are acceptable.

Monotonicity refers to the likelihood that a student’s
correct answer to a question increases as the student’s
ability increases. We generated item response curves for
each item and found acceptable monotonicity.

Local item independence assumes that if we control
for ability, the performance on each item is not condi-
tionally dependent on performance on another item. We
tested local independence using the mirt package to
generate LD and Cramér’s V statistics. Many of the
LD statistics exceeded the thresholds suggested by Chen
and Thissen [71]. This aligned with the findings of Eaton
et al. [72] that the FCI lacked local independence but
conflicts with the arguments of Wang and Bao [53]. The
impact of exceeding these LD statistics on the FCI,
however, is not clear. Cramér’s V provides an effect size
to help interpret the potential effects of violating this
assumption. Cohen [73] provides cutoffs of <0.1 as
negligible and <0.3 as small. Of the 435 Cramér’s Vs,
none exceeded the 0.3 threshold for a small effect and 28
were small and positive and 35 were small and negative.
Of these 35 small negative values, 33 included item 15
or 29. Traxler et al. |12] make no mention of local
independence, but the negative values for items 15 and 29
may align with their findings that these items favored
women and should be removed from the exam. The items
they found favoring men, however, did not have small
positive Cramér’s V' values in our analysis. While this
lack of complete local independence may spread out the
abilities that the Rasch model outputs, the effect is likely
small, likely does not impact our analyses, and is likely
similar to other studies using the FCIL

4. IRT-DIF effect size

To quantify the amount of DIF present on a given
item across two groups, we used the expected score
standardized difference (ESSD) [74]. We first define the
expected score for item i, which is the sum of proba-
bilities of each of the m possible responses times the
value of that response:

ES, @ = ; Pi(0)Xy. (6)

Here, ESs(g,)j is the expected score of the sth student with

an estimated ability level 6, and Py, (@) is the probability

of a student with an estimated ability level 6 to choose
option k.

When fitting the IRT model to two different groups, each
group will end up with their own set of item parameters y
(e.g., item difficulties), one for the focal (minority) group
yr and one for the reference (majority) group yg. For the ith
item, the ESSD is calculated as the difference between the
expected score for the focal group’s estimated ability levels
using their own item parameters and the expected score for
the focal group’s estimated ability levels using the item
parameters of the reference group, in units of the pooled
standard deviation:

0

with the item-level pooled standard deviation given by

(Ng —1)SDggipy,) + (Np — 1)SDggiiy,)
SD ItemPooled — 2( N 2) s
-

where the size of the focal group is given by N . The ESSD
is expressed in units of the standard deviation, making it
analogous to Cohen’s d. This standardization of the ESSD
allows us to compare it to other standardized values, such as
student ability scores and the educational debts that we
measured as the differences in these ability scores across
social identity groups. Uncertainties for the ESSD values
were computed via bootstrapping 1000 trials. The idea
behind the ESSD is not to calculate the difference in
expected scores across the two groups, rather it is fto
calculate the standardized difference in expected score
on a single item for the focal group using the item
parameters of both groups.

For the ESSD, since it is an effect size in units of the
pooled standard deviation similar to Cohen’s d, we used the
common medium and large cutoffs of 0.5 and 0.8. All IRT
calculations were done using version 1.38 of the mirt
library in the R software package [75].
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5. Reporting results

For comparison to Traxler et al [12], Tables VI-VIII
include indications of statistical significance (p < 0.05)
calculated using a Bonferroni correction [76]. We report on
DIF, however, without regard to the statistical significance in
alignment with the American Statistical Association’s state-
ment on p values [77], “Scientific conclusions and business
or policy decisions should not be based only on whether a p
value passes a specific threshold.” Basing decisions on a strict
cutoff for p values results in a biased literature base [78].
Instead, we balance the size of the DIF, the consistency across
comparisons, and the uncertainty in the DIF [78-80]. This
decision allows the results to show items with moderate
or large DIF even if the results have large uncertainties due
to the small sample sizes in our intersectional groups.

C. Limitations

A central limitation of DIF analysis is that it is not able to
directly identify biased items. DIF analysis identifies items
that groups appear to over- or underperform on relative to
the otheritems and other groups. These differences can arise
from one of two sources. If the differences in item difficulties
arise from differences in student knowledge about concepts
not related to the construct of interest, then the question is
not measuring what it is intended to measure and has bias.
If the differences in item difficulties arise from true
differences in student knowledge about concepts related
to the construct of interest, then there is no bias. Sowhile DIF
analysis flags items as potentially biased, further analysis of
the item wording and student interpretations of them are
required to determine if the items are truly biased.

To avoid generating uncertain and potentially misleading
findings, we used a minimum subgroup sample size of
100 people. Therefore, groups that did not have at least
100 people in our sample were not included. Some groups
that we had to exclude include: nonbinary gender, Pacific
Islander, Middle East/North African, and most multiracial
groups. The only multiracial group that had a large enough

population in our data to be included was White-Hispanic
students. Thus, our findings do not speak to potential bias
in items for the groups not included in our study.

While the data in this study comes from a range of
institutions, there are still limits to its generalizability. The
LASSO platform’s database has more diversity in its institu-
tional contexts than the literature [48], but it still skews
toward research-intensive institutions. Our work would be
strengthened by additional examinations of student answers
specifically at minority-serving institutions, Hispanic-
serving institutions, tribal colleges and universities, and
historically Black colleges and universities.

VII. FINDINGS

A. CTT based DIF

Table VI and Fig. | present the results of the Mantel-
Haenszel DIF tests. Of the 30 items on the FCI, 26 had
medium-to-large DIF in at least one of the 9 comparisons,
either favoring White men or the minoritized group. Of
these, 19 items were statistically significant in at least one
comparison, but we report all items that had medium-to-
large effect sizes in Table VI to examine trends across
groups and for transparency [77].

The size and frequency of items exhibiting DIF were
greater when comparing White men to women than to any
other group of men. This is reflected in the far fewer items
in the last four rows of Table VI and the much larger spread
in the Aayy values for women than for men in Table IX in
the Appendix. Items 12, 14, and 23 consistently favored
White men over all groups of women, with items 6, 10, and
27 favoring White men over four out of five groups of
women. As shown in Fig. 1, these six items came from the
first or second law factors of the EW5 model. Very few
items consistently favored the minoritized groups over
White men. Item 29 was one (favoring all groups except
Asian men and White Hispanic men over White men), and
item 9 favored women (excepting White non-Hispanic
women) over White men.

TABLE VI. Item DIF across race or ethnicity and gender using classical test theory. Items with 1 < |Aayy| < 1.5 are classified as
having a medium DIF, items with [Aayvy| > 1.5 are classified as having large DIF. Asterisk (*) indicates p < 0.05 (Bonferroni-
corrected).

Focal group DIF favoring focal group DIF favoring White Men
Race Gender Large Medium Medium Large
White Women 29 6,10, 12 14 , 23
Asian Women 17 ,18 , 25 49 ,15,20,26,28,29 6,12 14,23, 27
Black Women 2 ,4,9,15,17 26 29 7,10, 12, 24 6,8,14,23,27
Hispanic Women 4, 15,17 26,29 5,9,16 8, 10, 12 14 , 23, 27
White Hispanic Women 29 4,9, 17,25 3,13, 22 6,10,12,14 ,23 ,24 ,27
Asian Men 17 , 18,26 27
Black Men 17,28 ,29 2, 30 14
Hispanic Men 4,17 ,29 28
White Hispanic  Men 12
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FIG. 1. Aayy values of the 30 FCI items organized by the factors of the EW5 model [18]. Error bars represent 1 standard error. The
standard cutoffs of 1.0 and 1.5 for medium and large values of | Aayy| are shown with dashed lines. Items with Aayyy < 0 have DIF in
favor of White men.
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TABLE VII. Item DIF across race or ethnicity and gender using Item Response Theory. Educational debts were accounted for using
three anchors. Cutoffs for medium and large DIF were ESSD scores of 0.5 and 0.8, respectively. Asterisk (*) indicates p < 0.05
(Bonferroni-corrected).

Focal group DIF favoring focal DIF favoring White Men
Race Gender Large Medium Medium Large
White Women 12,14 ,23
Asian Women 6,12 ,14 ,23 27
Black Women 15,29 2,4,17 7,8,10,12,24 6,14 ,23,27
Hispanic Women 15 17,29 10, 12, 14 , 23 27
White Hispanic Women 29 13,14 ,22,23,24 ,27 6,10, 12
Asian Men
Black Men 29 17 10
Hispanic Men 29 4, 15,17 10
White Hispanic Men

B. IRT based DIF

Table VII shows the 16 items on the FCI that had a
medium-to-large DIF when comparing White men to each
group while accounting for educational debts as measured
by the FCI post-test that we listed in Table V. All 16 were
statistically significant in at least one comparison, and we
report all items that had medium-to-large DIF to examine
trends across groups and for transparency. For comparison
with Traxler et al. [12], Table X lists the item difficulty
parameters, accounting for educational debt. Table XI lists
the ESSD values and associated standard errors and
Table XII lists the infit and outfit statistics for each item.

Similar to the CTT results, most items with large or
medium DIF favoring White men (11 of 16) only occurred
in the comparisons to groups of women; items 12, 14, and
23 in all five comparisons and item 27 in four comparisons.
Items 6 and 10 occurred in three comparisons whereas
they occurred in four comparisons in the CTT results.
The comparisons to Asian, Black, Hispanic, and White
Hispanic men only identified item 10 favoring White men
with a medium sized DIF in two cases.

Of the 11 items showing DIF favoring White men against
at least one group, 10 of the 11 items (6, 7, 8, 10, 12, 14, 22,
23, 24, and 27) belonged to the first law or second law
factors in the EWS model, see Fig 2. Item 13 was the only
exception and belonged to the identify forces factor. Of the
five items showing DIF favoring at least one minoritized
group compared to White men (items 2, 4, 15, 17, and 29),
none belonged to the firstlaw or second law factors, see
Fig 2. Items with DIF favoring White men almost always
came from those two factors, with the exception of items 9
and 21 from the second law factor, which tended to have a
small DIF favoring the minoritized groups.

The number of items exhibiting DIF was related to the
size of the educational debts. This relationship, however,
was less pronounced than the relationship between DIF and
gender. The smallest educational debts were owed to Asian
women and men, White women, and White Hispanic men.

No items with moderate or large DIF favoring White men
occurred in the comparisons to Asian and White Hispanic
Men while three and five items with moderate DIF occurred
in the comparisons to White and Asian women. Similarly,
society owed similarly large educational debts to Black
women and men. The comparison to Black men, however,
identified one item with moderate DIF while that to Black
women identified nine items with moderate or large DIF.

VIII. DISCUSSION

Both the CTT and IRT DIF analyses yielded similar
results in that both identified many items with DIF in favor
of White men, and more of these items were detected when
comparing White men to groups of women than to groups
of minoritized men. Items 6, 12, 14, 23, and 27 were
detected as having DIF favoring White men over multiple
minoritized groups in both analyses, see Tables VI and VII.
The size and direction of the DIF detected on all items were
also similar in both analyses, see Figs. 1 and 2. The CTT
indicated many more items with large DIE This difference
between the CTT and IRT comparisons likely resulted from
the two methods using different scales (Aayy vs ESSD)
with different cutoffs for medium and large DIF, as Figs. |
and 2 are very similar. The results, and two figures, from
the two methods also differ because the anchoring method
in the IRT analysis fixed three of the ESSD values to zero in
each comparison.

The results indicate an intersectional relationship
between DIF and social identity groups as both IRT and
CTT identified far more items with DIF in the comparisons
to women than in the comparisons to minoritized men.
Neither the IRT nor CTT analysis identified any items with
large DIF favoring White men over other groups of men. In
contrast, the CTT and IRT analyses identified many items
with large DIF for comparisons of White men to groups
of women. While society owed larger educational debts to
Asian, Hispanic, White, and White Hispanic women than
men of the same race—the educational debts for Black
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FIG.2. DIF of the 30 FCI items using IRT accounting for educational debts organized by the factors of the EW5 model. Error bars
represent 1 standard error. Items without error bars (with an ESSD of 0) were used as anchors. Negative values indicate an effect that

advantages White men. Dashed lines indicate cutoffs for medium (0.5) and large (0.8) DIF values [18].
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women and men were similar—the gender differences in
the DIF analyses do not appear to be driven by the larger
educational debts owed to women than to men. The
educational debts owed to women ranged from 0.46 to
0.98 and those owed to men ranged from 0.43 to 0.98.
Society owed White and Asian women similar educational
debts to those owed to Asian and White Hispanic men
(0.43-0.56). Yet, the DIF analysis identified many more
items with DIF in the comparisons to Asian and White
women. Similarly, society owed Black women and men the
same educational debts; yet, the DIF analyses identified far
more items with moderate or large DIF in the comparisons
to Black women. Within the comparisons to women,
however, intersectionality was apparent as more items
favored White men in the comparisons to groups owed
larger educational debts: Black, Hispanic, and White
Hispanic women than White and Asian women. As shown
in Traxler et al. [12] the DIF of items on the FCI is a
gendered phenomenon. These results, however, indicate
DIF is also an intersectional phenomenon with more items
with larger DIF for Black, Hispanic, and White Hispanic
women; the groups least represented in our data.

Traxler ef al. [12] identified 11 items they recommended
removing from the FCI: items 6, 9, 12, 14, 15, 21, 22, 23,
24,27, and 29. Eight of these items, in bold, favored men, 2
items favored women, and item 29 had poor psychometric
properties. This list largely overlaps with the items with
large DIF identified in our CTT analysis favoring White
men: 6, 8, 10, 12, 14, 23, 24, and 27. Items 8 and 10 do not
appear on their list and item 21 does not appear on our list.
Both Traxler et al. [12] and our analysis identified items 9
and 15 as having DIF favoring women. Our CTT analysis,
however, also identified items 2, 4, 17, 18, 25, and 26 as
having large DIF favoring a group of women and item 28
as favoring Black men. We are interpreting these items as
an example of artificial DIF whereby these are the items
with the smallest performance differences and the large
differences and DIF in favor of White men on the other
items drives the artificial DIF on these items. The DIF
scores alone do not indicate bias on these items [35].

Traxler et al. [12] found that removing 10 of those 11
items halved the difference between men and women on the
post-test from d = 0.46 to d = 0.23; they did not remove
item 29 in this analysis. We, however, found a much
smaller shift in the educational debts owed to women when
we removed the 11 items, see Table V, ranging from 16% to
3% decreases. Traxler and colleagues’ recommendation
to eliminate 11 items from the FCI may represent an
instance of the “Golden Rule law suit settlement” [35,36].
The Golden Rule procedure attempted to minimize the
score differences between Black and White test takers by
choosing only those test questions that minimized the
empirical performance difference between these two
groups. Holland [35] applies this rule to show how to
construct tests that maximize or minimize the differences

between two groups. In so doing, Holland demonstrates
that DIF is neither necessary nor sufficient for determining
if a test or test items are fair. DIF may identify unfair items
and DIF can also identify real differences. Unfair, biased
tests can have minimal DIF so long as all of the items are
similarly unfair toward one group. For example, researchers
can design a test that maximizes the difference in scores
between two groups by creating a short assessment made
of only items from a longer assessment that favored a
particular group. This would be the opposite of Traxler and
colleagues’ [12] recommendation.

Researchers designed the Force and Motion Conceptual
Evaluation (FMCE) [81], like the FCI, to assess Newtonian
concepts. This similarity allows contrasting the two tests to
better understand the DIF items on the FCI given that
Henderson ef al. [13] found only one item with DIF on the
FMCE. One motivation for our study is that prior research
has found very similar differences in scores across races
and genders between the FCI and FMCE [82]. Henderson
et al. [13] and Traxler ef al. [12] also found similar gender
differences in scores on the FMCE (d = 0.43 and 0.53)
[83] and complete FCI post-tests (d = 0.46, 0.56, and
0.69). Given the FMCE and FCI largely measure the same
Newtonian concepts [84], if the FCI has a large and
systematic bias against women and the FMCE does not,
the FCI should report much larger gender differences in
scores than the FMCE. Madsen et al. [85] investigated
gender differences on several instruments and did not note a
large difference between the FCI and FMCE. These simi-
larities in gender differences in scores between the two
instruments indicate the FCI is not biased against women.

One further difference between Traxler er al. [12]
and our study is the development of the Eaton and
Whilloughby five-factor (EWS5) model for the FCI [51].
Traxler et al. [12] cite findings that the FCI lacks a
consistent factor structure [86]. Eaton [14] contrasted
several factor structures and identified their EWS5 model
as fitting the data well. They also confirmed that this factor
structure was the same, invariant, across gender [14].
Morley et al. [19] extended evidence for the measurement
invariance of the FCI across the ten social identity groups in
this study using a dataset from LASSO that overlapped
with the one used for this study. The DIF patterns on the
FCI post-test align with the EWS factor structure. All items
found to exhibit large DIF favoring White men in any
comparison belong to the first law and second law factors
from the EWS5 model. This trend is shown in Figs. 1 and 2
where all of the items below the lowest dashed lines, i.e.,
favoring White men, belonged to the first law or second law
factors. Eaton [14] found that instruction largely main-
tained preexisting gender differences on these two factors
while the differences decreased on the other factors. Almost
all of the items with large DIF favoring the minoritized
group did not belong to those two factors; the exception
was item 9. These DIF patterns likely represent real
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differences in physics knowledge between White men and
other groups, real educational debts that society owes to
those groups. Real educational debts also appear in
participation rates on the AP physics exams [87]. Krakehl
and Kelly [87] argue these inequities result from structural
inequities, such as school funding and physics course
availability and quality; stereotypes that privilege White
men in physics; and a culture of marginalization in physics,
for example [29,30,88].

Accounting for the educational debts society owed
minoritized groups allowed us to consider for the average
shift in performance on items. Our data, however, show
variation in inequities across constructs on the FCI. So,
while many items had medium-to-large DIF, our findings
indicate this is a function of unequal distribution of
educational debt across those constructs rather than item
bias. Differences in group performances on the FCI are not
aresult of biased FCI items but represent real differences in
physics knowledge between White men and minoritized
groups, real educational debts that society owes to those
groups. Developing, implementing, and assessing educa-
tional strategies to repay these debts owed by society
requires accurate measurement of these inequities.

IX. CONCLUSIONS

DIF is neither necessary nor sufficient to claim that an
item or a test is unfair or biased. Based on the results in this
paper and prior research, the DIF on the FCI post-tests
results from physics instruction that maintains the educa-
tional debts owed to women primarily on Newton’s first
and second law and not from gender bias of the FCI. The
DIF results in this study and in Traxler et al. [12] largely
overlapped. Applying their recommendation to remove 11
items, however, had little impact on the size of the educa-
tional debts measured by the FCL If the FCI were gender
biased, then we would also expect it to yield much larger
differences in scores than the FMCE, but this is not the
case [12,13,82,85]. The items with moderate and large DIF
favoring White men almost all loaded on the two factors for
Newton’s first and second law. This factor structure is also
invariant across gender [14] and the ten social identity
groups in this study [19]. This factor invariance also implies
the FCI overall makes similar measurements across social
identity groups. The consistent loading on Newton’s first
and second law factors indicates educational debts con-
centrated in these content areas.

The way that we structure our physics courses, the
weighting of the components of the course grade [5,89,90],
the use of learning assistants [9], and numerous other aspects
of the learning environment [91-93] can act to reinforce or
oppose existing inequities. The DIF for items on Newton’s
first and second law combined with Eaton’s [ 14] finding that
instruction maintains educational debts on these factors
indicates courses may need to cover this material in greater
depth to repay these educational debts.

Repaying educational debts requires accurate and
unbiased measurements, whether qualitative or quantita-
tive, to guide the development and testing of interventions
or instructional transformations that promote equitable
instruction. These assessments can adopt modern psycho-
metric techniques, such as cognitive diagnostic models
[94], that provide more fine-grained, actionable measures
and flexibility in timing and content coverage than fixed
length tests to better meet instructors needs. Constructing
new assessments within a framework, such as evidence
centered design [95-97], can ensure that they meet
instructors and researchers needs while providing accurate
and unbiased measurements.
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APPENDIX: IRT-BASED DIF WITHOUT
ACCOUNTING FOR EDUCATIONAL DEBT

For transparency and comparison with the IRT results
presented in Sec. VIIB, we present results from an IRT
analysis using the Rasch model where we do not account
for educational debts. This necessarily changes the anchor-
ing scheme used in the analysis. Anchor selection proceeds
identically to that described in Sec. VIB 2 up through
the analysis where the preliminary item difficulties are
extracted. At this point, we compare the item difficulties
across the groups and select the three items with the closest
difficulties across groups as anchors. This acts to shift
the ESSD of each item to have larger values favoring
White men, which can be seen in the different range of
ESSD values in Fig. 2, approximately 1 to —1, and Fig. 3,
approximately 0 to —2. The detailed output of the Rasch
model when educational debt is not accounted for is
presented in Tables XIII, XIV, and XV which list the item
difficulty parameters, ESSD and associated standard errors,
and infit and outfit statistics for each item, respectively.

Table VIII shows that 25 of the 30 items on the FCI had a
medium-to-large ESSD when comparing White men to any
other group, while not accounting for educational debts.
Of these, 24 were statistically significant in at least one
comparison, but we report all items that had medium-to-
large effect sizes to examine trends across groups and for
transparency.

Similar to the CTT and previous IRT analysis, these
results show that White men are favored by questions on
the FCI. No questions had a medium or large ESSD in favor
of the focal group (i.e., against White men). Of the 25 items
found to favor White men (1, 3,5,6,7, 8,9, 10, 11, 12, 13,
14, 16, 18, 19, 20, 21, 22, 23, 24, 25, 26, 27, 28, and 30),
one (item 21) was only flagged when comparing White
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FIG. 3. ESSD effect sizes, not accounting for educational debts, for the DIF of the 30 FCI items organized by the factors of the EWS5
model [18]. Error bars represent 1 standard error. Items without error bars (with an ESSD of 0) were used as anchors. Negative values
indicate an effect that advantages White men. Dashed lines indicate cutoffs for medium (0.5) and large (0.8) ESSD values.
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TABLE VIII.

Item DIF across race or ethnicity and gender using Item Response Theory. No educational debts and three anchors.

Cutoffs for medium and large were ESSD scores of 0.5 and 0.8, respectively. Asterisk (*) indicates p < 0.05 (Bonferroni-corrected).

Focal group DIF favoring focal DIF favoring White Men

Race Gender Large Medium Medium Large

White Women 6,8,10,12,22,24 ,27 14,23

Asian Women 3,7,8,13,19,22 6,10,12,14 ,23 ,24 ,27

Black Women 1,5,16,18,21,30 3,6,7,8,10,11,12,13,14,19,
20,22 ,23,24 ,25,27 ,28

Hispanic Women 1,3,7,13,19,20, 22,28 6,8,10,12,14,23,24,27

White Hispanic Women 1,7,8,11,18,19,20 3,6,10,12,13 ,14 ,22 ,23 ,24 ,27

Asian Men 3,6,7.,10,12,23,24,27

Black Men 5,11,16,18 ,20,22 ,28 3,6,7,8,10,12,13,14,19,23,

24,27
Hispanic Men 9,12 ,16,18 ,20,25,26,28 ,30 1,3,56,7,8,10,13 ,14,19 ,22 , 23,

White Hispanic Men

3,12

24, 27

men to Black women, and two (items 9 and 26) were only
flagged when comparing White men with Hispanic men.
Item 12 showed up in all 9 comparisons, and items 3, 6, 10,
23, 24, and 27 showed up in 8 comparisons (all but
White Hispanic men). Items 7, 8, 14, and 22 show up in
7 comparisons with 8, 14, and 22 not showing up for Asian
men and White Hispanic men, and 7 not showing up for
White women and White Hispanic men. This is consistent
with our CTT and prior IRT findings, where items 6, 10, 12,
14, 23, and 27 consistently favored White men over
women. This analysis extends this earlier finding to favor
White men over minoritized groups of men. Items 3, 7, and
8 were not frequently flagged in the prior CTT and IRT
analyses, which is consistent with these items often being
flagged as having a Medium ESSD (4 of 9 comparisons for
item 3, 4 of 9 comparisons for item 7, and 3 of 9
comparisons for item 8§, Table VIII).

The total number of items identified as having medium-
to-large ESSD in favor of White men did not differ greatly
across genders. Within most races, however, more items
tended to have a large ESSD favoring White men compared
to women than men of that race. Figure 3 shows this trend
in the much lower ESSD scores for women, shown with
triangles, than men, shown with circles, of the same race.
Drawing on Table VIII to look at the distribution of
medium and large ESSD values for men and women of
each race. Seven of 13 items had a large ESSD against
Asian women (54%), compared to 0 of 8 for Asian men
(0%). This comparison is 17 of 23 items for Black women
(74%), compared to 12 of 19 for Black men (63%), and 10

of 17 items for White Hispanic women (59%) compared to
0 of 2 for White Hispanic men (0%). The exception to this
trend was Hispanic women, where 8 of 16 items had a large
ESSD against Hispanic women (50%) compared to 14 of
23 for Hispanic men (61%). This one exception contradicts
our findings in the CTT and IRT analysis that accounts for
educational debt, where more items favored White men
over Hispanic women than over Hispanic men.

Figure 3 shows the ESSD effect sizes grouped by the
EWS5 factors. Comparing with Fig. 2, we see that the overall
pattern in effect sizes is similar to when educational debts
are accounted for, except that in this case all of the effect
sizes are shifted down such that all items either increase the
advantage White men have on that item or decrease their
disadvantage. The first law and second law factors con-
sistently have ESSD effect sizes that favor White men
more than the third law, identify forces, and superposition
factors. The exceptions to this trend are also consistent,
with items 9 and 21 in the second law having a higher
ESSD value than the rest of the times in the second law
factor, similar to Fig. 2.

Figure 3 also shows that a small number of items
were frequently chosen as anchors, item 2 (3 times), item
4 (3 times), item 15 (8 times), and item 17 (6 times). These
items all showed up as favoring the focal (minoritized)
group in the IRT analysis which accounted for educational
debts. The only exception to this is item 29, which showed
up as favoring the focal group but was explicitly excluded
from being an anchor due to prior studies showing its
bad fit.
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