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SCIENTIFIC COMMUNITY

Reducing achievement gaps in undergraduate general
chemistry could lift underrepresented students into

a “hyperpersistent zone”

R. B. Harris'*, M.R. Mack?, J. Bryant”, E. J. Theobald’, S. Freeman'®

Students from underrepresented groups start college with the same level of interest in STEM majors as their
peers, but leave STEM at higher rates. We tested the hypothesis that low grades in general chemistry contribute to
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this “weeding,” using records from 25,768 students. In the first course of a general chemistry series, grade gaps
based on binary gender, race/ethnicity, socioeconomic status, and family education background ranged from
0.12 to 0.54 on a four-point scale. Gaps persisted when the analysis controlled for academic preparation, indicat-
ing that students from underrepresented groups underperformed relative to their capability. Underrepresented
students were less likely than well-represented peers to persist in chemistry if they performed below a C—, but
more likely to persist if they got a C or better. This “hyperpersistent zone” suggests that reducing achievement
gaps could have a disproportionately large impact on efforts to achieve equity in STEM majors and professions.

INTRODUCTION

Achievement gaps between well-represented and underrepresented
students have been called “one of the most urgent and intractable
problems in higher education” [(1), p. 99], and are increasingly rec-
ognized as an international issue (2). Grade gaps are particularly
prominent in undergraduate science, technology, engineering, and
mathematics (STEM) courses (3). In these disciplines, women and
underrepresented minorities (URMs) actually underperform, on av-
erage, relative to well-represented peers with the same academic
preparation (4, 5).

Achievement gaps are important because underrepresentation in
STEM majors results from disproportionately high attrition—not
from lack of interest. For example, the percentage of URM and non-
URM students who enter U.S. colleges intending to complete a STEM
major is about the same (6), but 6-year STEM-completion rates vary
from 52% for Asian-Americans and 43% for Caucasians to 22%
for African-Americans, 29% for Latinos/Latinas, and 25% for Native
Americans (6). Although gendered bias in attrition is less severe, it
exists: 52% of women and 48% of men who enter U.S. colleges intend
to major in STEM fields, but 6-year completion rates for these STEM-
interested students are 38% for women and 43% for men (6, 7).

Why do students drop out of STEM majors? For the overall stu-
dent population, poor performance in first-year STEM courses is
negatively correlated with persistence in STEM (8). But research
has yet to link achievement gaps in a specific introductory course
with the disproportionately high attrition from STEM majors ob-
served for female, URM, and low-socioeconomic status (low-SES)
students. Establishing an association is important for policy makers,
because reducing the attrition of STEM-interested underrepresented
students and increasing their recruitment into STEM majors could
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help solve three major issues: (i) the need to supply qualified profes-
sionals to an increasingly STEM-dependent economy (9), (ii) max-
imizing the impact of diverse groups in solving particularly complex
problems (10), and (iii) promoting economic mobility with the goal
of reducing class distinctions (11).

In this study, we focus on achievement gaps in a particularly critical
course: general chemistry. General chemistry is a year-long course
sequence that most STEM-interested students begin in the first fall
of their first year of college. It functions as a gateway or gatekeeper
because it is required for many STEM majors, including virtually all
of those offered in the life sciences and most in engineering, and has
been shown to have an especially large impact on students who are
interested in careers in medicine, dentistry, or pharmacy. For exam-
ple, studies that followed cohorts of talented URM students who
entered college on a premedical track found that for the individuals
who abandoned that ambition, poor performance in general chem-
istry was the most important factor driving their decision (12).

The goal of this study was to test what we term the GenChem
Hypothesis: the claim that achievement gaps in the first course of
general chemistry have disproportionately large impacts on the at-
trition of underrepresented students from the STEM track. Although
most of this work focused on general chemistry (GenChem), we in-
cluded analyses of organic chemistry (OChem) as well because it
represents a second year-long sequence required of students on the
pre-health professional track.

We collected and analyzed data on final grades in GenChem and
OChem courses offered at the University of Washington from 2001
to 2016. This institution is on the quarter system, so the complete,
core chemistry series consists of GenChem 1, 2, and 3 and OChem
1, 2, and 3. In analyzing persistence in the general chemistry series,
we excluded students in engineering programs that require only the
initial course in the general chemistry series. The final dataset in-
cluded 75,759 records from 25,768 unique students. We disaggre-
gated these data to look at four possible types of achievement gaps:
women and men, URMs and non-URMs, low-SES and higher-SES
students, and first- and continuing-generation students. The data
on binary gender, race/ethnicity, and first-generation status are
self-reported and archived by the University of Washington upon
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admission. We defined individuals who self-identified as African-
American, Latino/Latina, Native American, Native Hawaiian, or Pacific
Islander in terms of either race or ethnicity as URM, and students
who self-identified as Caucasian, Asian-American, or International
as non-URM. We followed the literature in defining first-generation
students as those who self-report that they do not have a parent who
has completed a 4-year degree (8). Low-SES students were identified
by admission to the university’s Educational Opportunity Program
(EOP), which serves economically and educationally disadvantaged
individuals based on family income data and high school attended.
Because our goal was to analyze broad patterns in STEM persistence
for students from underrepresented groups, we treated the data on
gender, URM status, SES status, and first-generation status as binary
categories and did not explore issues related to intersectionality—for
example, how the combination of gender and URM status affects
persistence in the STEM-major track. During our study period, the
average demographic profile of students in the initial general chem-
istry course was 52.3% female, 10.6% URM, 19.6% EOP, and 38.7%
first-generation.

As a proxy for prior student performance and preparation, we
gathered data on college entrance exams (SAT verbal and math
scores, summed, or converted ACT scores) and high-school grade-
point averages (GPAs). Last, we collected data on an array of in-
structor characteristics, including rank, binary gender, and student
evaluation of teaching (SET) scores (table S1).

These data allowed us to address three broad questions.

1) How large are achievement gaps in chemistry? We initially cal-
culated raw or “transcriptable” gaps throughout the general chemistry
and organic chemistry series, as they reflect the grades that students
experience and that are evaluated by employers and professional and
graduate schools. We then modeled gaps that were controlled for in-
dices of academic preparation and ability. If these modeled gaps are
nonzero, then it suggests that the affected students are underper-
forming relative to peers with equivalent qualifications. Data on raw
gaps document the student experience by quantifying differences in
actual grades received; data on modeled gaps test the hypothesis that
raw gaps in undergraduate STEM courses result from differences in
preparation.

2) Do instructor characteristics predict grade gaps? In the litera-
ture, researchers have focused on instructor quality and instructor
identity as potential predictors of student performance (13, 14). We
tested the association between grade gaps and (i) instructor rank,
receipt of a teaching award, and scores from SETs as traditional in-
dices of quality and (ii) gender as an aspect of instructor identity.

3) Do gaps have consequences? Specifically, do the data support
the GenChem Hypothesis’ claim that the initial general chemistry
course is a gatekeeper that “weeds out” diversity? To explore whether
achievement gaps and attrition from the STEM track are linked, we
analyzed (i) what percentage of the students who started GenChem
1 went on to each subsequent course in the general chemistry and
organic chemistry series; (ii) failure rates for underrepresented ver-
sus well-represented students in the initial general chemistry course,
measured as a D or F grade or withdrawal (DFW rate); and (iii) the
probability that an underrepresented versus well-represented indi-
vidual retook the initial course in the general chemistry series, dropped
out of the chemistry sequence completely after the first course, or went
on to the next course in the general chemistry sequence, both as a
function of that individual’s grade in the initial course and as a func-
tion of that individual’s grade, SAT score, and high school GPA.
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RESULTS

How large are gaps?

In terms of raw gaps, URMs received about 0.54 grade points less on
average than non-URMs [95% confidence interval (CI), —0.81 to
—0.16; Fig. 1]. In models that adjusted for variation in academic prepa-
ration by including SAT scores and high school GPA as predictors, the
difference between URM and non-URM students narrowed to 0.16
grade points (95% CI, —0.28 to —0.04), a 70% gap reduction. The per-
sistence of the modeled gap, however, indicates that URM students are
underperforming in general chemistry relative to non-URMs matched
in terms of academic preparation. Raw gaps for the other student sub-
groups range from 0.12 to 0.51 (Fig. 1 and table S2). In models that
control for preparation, gaps persist for all four subgroups but are
slightly smaller for female, low-SES, and first-generation students
compared to URMs (Fig. 1 and table S2).

In organic chemistry, women experience much larger raw grade
gaps than in the first two courses of general chemistry, indicating
that women perform less well in organic chemistry, relative to men,
than they do in general chemistry (fig. S1). We also documented
consistently small differences between raw and modeled gaps for
women in each of the six courses we analyzed (fig. S1), suggesting
that overall academic preparation is less important in explaining how
women perform in general and organic chemistry than it is in other
student subgroups.

In contrast to the pattern for women in the five courses subse-
quent to general chemistry, URM, low-SES, and first-generation stu-
dents continue to experience raw achievement gaps similar to those
observed in GenChem 1. One notable exception to this pattern is a
reduction in raw gaps for URM students in OChem 2 and especially
OChem 3 (Fig. 1 and fig. S1). Although gaps that control for aca-
demic preparation are relatively consistent for first-generation students
in the subsequent five courses, they are eliminated or even reversed
for URM students in organic chemistry and for low-SES students in
all five subsequent courses.

Do instructor characteristics predict gaps?

Achievement gaps for all four subgroups of students did not vary as
a function of instructor rank. In contrast, modeled achievement gaps
for URM students were smaller if instructors got higher scores on
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Fig. 1. Achievement gaps by student subgroup in GenChem 1. “Raw” indicates
actual grades; “SAT+HSGPA” indicates estimated grades controlling for SAT scores
and high school GPA. The black line at the center of each boxplot indicates the
median, with the notch displaying the 95% Cl around the median. “Sol” stands for
“students of interest.”
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SETs but larger if instructors were female or had received a teaching
award. Teaching award winners also had larger achievement gaps
for low-SES and first-generation students. We found no association
between year and the size of grade gaps for any subpopulation (see
the Supplementary Materials).

Although some of these predictors were associated with low
P values, in all cases, the coefficients were small, meaning that the
effect size was almost inconsequential (table S3). The size of the
gaps reported in Fig. 1 were also remarkably stable over time, as well
as among instructors (table S3). Thus, the instructor characteristics
we analyzed had a negligible impact on the size of raw gaps and on
the level of underperformance.

Do gaps have consequences?

To evaluate the consequences of the observed achievement gaps, we
began by examining attrition over the course of the general chemis-
try and organic chemistry series for each subgroup of students. Spe-
cifically, we used discrete-time logit-hazard models to estimate the
risk of not advancing at each point in the curriculum and then to
quantify the cumulative effects of attrition over time for each stu-
dent subpopulation. For all four student subgroups, the hazard for
not continuing was highest in the first general chemistry course,
with female, low-SES, and first-generation students experiencing a
second peak in risk in the first organic chemistry course (Fig. 2, fig.
S2, and table S4). Although the general trend was for this risk of not
advancing to decrease over time, in almost every course, the hazard
was higher for underrepresented versus well-represented students,
even controlling for indices of academic preparation. Attrition, mea-
sured as the survival probability over time, also differed sharply be-
tween all four categories of well-represented versus underrepresented

students and was most severe for URM, low-SES, and first-generation
students (Fig. 2). These general patterns were even more pronounced
when we ran the analysis without controlling for indices of academic
preparation (fig. S2).

To test the GenChem Hypothesis more explicitly, we calculated
(i) the probability of passing the initial general chemistry course,
defined as completing and getting a grade of 1.7 or above, and (ii) the
probability of a student continuing to the second general chemistry
course if they had achieved a grade of 1.7 or above in the initial course
and were eligible to progress in the series. We found that students
from all four subgroups were more likely to fail than their well-
represented counterparts and that women who passed the course
were less likely to continue to the next course in the series than men
(Fig. 3). These results suggest that grades in GenChem 1 make a
major contribution to the attrition of underrepresented students in
STEM majors.

A more granular analysis indicates a much more nuanced pat-
tern, however. We modeled the probability of three outcomes for
female and male, URM and non-URM, low-SES and higher-SES,
and first- and continuing-generation students as a function of their
grade in GenChem 1. Did they retake the initial course? Did they
drop out of chemistry and/or the university altogether—meaning
that they never again appear in the dataset? Or did they persist—
meaning that they took GenChem 2 at some point in the study
period? In general, the data indicate the same pattern for all four
subgroups of students (Fig. 4). If female, URM, low-SES, or first-
generation students receive low grades in the initial course, then
they are less likely than peers who received the same GenChem 1
grade and had the same indices of academic preparation to retake
the initial course, more likely to drop out of the dataset, and less
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Fig. 2. Risk of not continuing in chemistry and attrition over time, by course and student subgroup, controlled for academic preparation. (A to D) Proportion of
students at the beginning of each general chemistry (GC) or organic chemistry (OC) course who did not advance to the subsequent course, controlled for indices of aca-
demic preparation. (E to H) Proportion of students who started general chemistry at the University of Washington and were retained at the end of each course, controlled
for indices of academic preparation. In all of these graphs, underrepresented students (e.g., women) are represented by lines in color and well-represented students

(e.g., men) by lines in gray.
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Fig. 3. Probability of passing and persisting in general chemistry as a function of student subgroup. (A) Passing rate, calculated as 1 — DFW rate, with DFW defined
as either a grade <1.7 or withdrawal from GenChem 1 (at this institution, a 1.7 is considered a C-). (B) Persistence is defined as going on to GenChem 2 for students who
took GenChem 1 and were eligible to go on in the series (received a grade of 1.7 or higher). In both graphs, vertical bars indicate SEs derived using bootstraps (number of
replicates = 100; number of students per replicate = 5000). “FGN” indicates first-generation students.
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Fig. 4. Consequences of GenChem 1 grades, controlled for indices of academic
preparation, for four student subgroups. The vertical line at 1.7 indicates a
threshold, below which a student is not allowed to move on to the next course in
the series. The vertical line at 2.6 shows the “fixed” median grade used by the
chemistry department to put scores from different sections on the same scale.
A dashed line represents the underrepresented group identified on the right
margin; a solid line represents the relevant comparison group (e.g., men in the top
panel). “Drop”indicates students who took GenChem 1 but did not reappear in the
dataset over the study period. “Retake” indicates students who took GenChem
1 again. “Persist”indicates students who took GenChem 2 during the study period.
The estimates are from models that included SAT scores and high school GPA
as covariates.

Harris et al., Sci. Adv. 2020; 6 : eaaz5687 10 June 2020

likely to persist. But if female, URM, or low-SES students pass the
course with a grade of about 2.0 (C) or better, then they are less
likely to drop out of the dataset than peers who received the same
grade and more likely to take the second course. For each student
subgroup, the sigmoidal relationship between grade and persistence
has an inflection point just below the level of a C. The patterns for
gaps that do not control for SAT and high school GPA are similar
(fig. S3 and table S5).

DISCUSSION
One of the most important results from our analysis is establishing
a strong connection between grades in general chemistry and attri-
tion from a course sequence required to continue in STEM. Students
in all four underrepresented subpopulations have a higher probability
of not progressing to the second course in the series than their well-
represented peers. On the basis of the data in Figs. 3 and 4, this result
appears to be due to students in all four subgroups having a dispro-
portionately high probability of failing outright and/or entering the
“drop” status after poor performance in the initial general chemistry
course. Students who leave the introductory chemistry series are ef-
fectively prevented from pursuing a STEM major unless they complete
the general chemistry series at a different institution. In addition, the
hazard and survivorship data graphed in Fig. 2 indicate a dispropor-
tionately large impact of GenChem 1. Together, these observations
support the GenChem Hypothesis: Poor performance in the initial
general chemistry course is correlated with attrition of STEM-interested
but underrepresented students.

A second and equally notable result is more optimistic. For women,
URM, and low-SES students, the persistence data graphed in Fig. 4
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show an important pattern: The responses of underrepresented and
well-represented students switch at the sigmoidal curve’s inflection
point. Depending on the subgroup, this inflection point corresponds
to a grade of 1.7 to 2.0 on a four-point decimal scale—with a 1.7 being
the threshold for being allowed to go on in the series—or C— to C on
the A to F scale. Thus, after poor performance—which we define as
getting a grade of C— or worse—underrepresented students are more
likely to leave the STEM-major track than well-represented peers who
receive the same grade. But after adequate or good performance—
which we define as getting the equivalent of a C or above—female,
URM, and low-SES students are more likely to persist in the STEM-
major track than their well-represented peers with the same grade.
These results suggest that performing at the level of a C or above results
in female, URM, and low-SES students who are “hyperpersistent” com-
pared to their peers, whether or not they are matched for preparation
and ability. This is important, because hyperpersistence is required for
female, racial and ethnic minority, low-income, and first-generation
individuals to reduce their underrepresentation in STEM majors and
professions relative to well-represented and over-represented groups.
“Hypopersistence,” in contrast, causes underrepresentation.

The “hyperpersistence zone” documented here is consistent with
previous studies indicating that URM students may be less grade-
sensitive and more tenacious than non-URM students in general,
and especially so if they are on the premedical track (5). Work on
student affect suggests that this grittiness—defined as perseverance
and passion in the pursuit of long-term goals—may spring from
differences in motivation, with URM and first-generation students
more likely to be driven by a commitment to help their families and
broader communities than their well-represented peers (15, 16). The
observation that URM and low-SES students are more likely to re-
take the course after receiving poor or average grades is also consistent
with the grittiness hypothesis.

Other results reported here reinforce broad patterns already es-
tablished in the literature. The large raw gaps in general chemistry
grades reported in Fig. 1 have been observed before for URM, low-
SES, and female students (3-5), and the attrition results in Fig. 2
reflect data that have been reported in aggregate at the national level
(6). The attrition results reported here, however, include a previ-
ously unobserved second “risk spike” during the initial organic
chemistry course. The hazard posed at the start of organic chemis-
try may be particularly important for women, as they perform
worse in organic chemistry relative to men than they do in general
chemistry (see the Supplementary Materials).

Our data also confirm that women and URM students are un-
derperforming in undergraduate STEM courses relative to their ac-
ademic preparation and ability (4, 5). Here, we document the same
trend for low-SES and first-generation students in general chemistry.
These observations suggest that something about undergraduate
STEM courses, beyond differences in preparation, is having a strong
negative impact on underrepresented students.

What drives the underperformance observed in all four sub-
groups? We propose that sensitivity to evaluative situations plays a
major role. For example, women tend to underperform relative to
men on high-stakes STEM course exams, even though they outper-
form men on lower-stakes non-exam points (4). Women are also
more grade sensitive in calculus and economics, meaning that they
are less likely to take subsequent courses when achieving grades
identical to those of male peers (17, 18). Low-SES students in STEM
have higher “rejection sensitivity,” on average, than their higher-
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SES peers (19). Among students from all demographic groups who
intend to major in chemistry but later leave, researchers have documented
higher performance-avoidance orientation and lower self-efficacy
(20). Sensitivity to evaluative situations may be a shared character-
istic of all four underrepresented subgroups analyzed here.

Why would underrepresented students be more sensitive to
evaluative situations than their well-represented peers? The litera-
ture offers two hypotheses. The first focuses on self-efficacy—an
individual’s belief in their ability to succeed (21). Students with low
self-efficacy do poorly in chemistry and other undergraduate STEM
courses (17, 20, 22), and during a chemistry course, self-efficacy can
show disproportionately large declines in URM students (23). The
second hypothesis focuses on stereotype threat, which causes un-
derperformance in evaluative situations due to the cognitive de-
mands of coping with negative stereotypes about one’s gender or
race (24). In support of the second hypothesis, a values affirmation
intervention that is designed to alleviate stereotype threat (25) has
reduced achievement gaps for women in undergraduate physics (26)
and for URM students in undergraduate biology (27).

In response to data like these, researchers are emphasizing the
importance of designing general chemistry and other key courses for
inclusion. This call focuses on the hypothesis that synergistic effects
occur when an improved classroom culture is combined with ele-
ments of deliberate practice. More specifically, the hypothesis is that
courses would better support underrepresented students if they en-
couraged belonging, science identity, and self-efficacy; emphasized
active learning approaches that engage all students and increase
exam scores and lower failure rates; and deemphasized inauthentic
assessments such as high-stakes exams (2, 4, 28, 29, 30). Unfortunately,
recent research across North American universities has documented
that traditional lecturing still dominates in undergraduate STEM
courses, with chemistry courses ranking as the most didactic of all
the disciplines studied (31). The data on current practice are dis-
couraging, given that calls for comprehensive reform of the general
chemistry curriculum began over 65 years ago (32). A strictly didac-
tic style dominated in the courses studied here, which may explain
why we failed to observe either changes in achievement gaps over
time or noteworthy effect sizes due to differences in instructor rank,
gender, or teaching award status: These types of observable person-
al characteristics in instructors may be much less important than
how faculty teach. The similarly small effect size observed based
on SET scores is consistent with a recent meta-analysis showing
that SETs have little or no correlation with measures of student
learning (33).

Recent experiments suggest that intensive active learning and a
more-inclusive classroom culture in general chemistry may lead to
higher performance by low-SES and URM students (34, 35). How-
ever, the literature still lacks an example of a revised course design
in general chemistry that results in reduced or no achievement gaps
for female, URM, low-SES, and/or first-generation students—in
terms of either raw gaps or gaps controlled for indices of academic
preparation.

It is important to recognize that the results reported here are
from a single institution. Before the GenChem Hypothesis and the
existence of a hyperpersistence zone can be considered general fea-
tures of STEM education, the relationship between general chemistry
grades and retention needs to be evaluated in other programs—
especially colleges and universities that differ in terms of the demo-
graphic makeup of their student populations. In addition, our data
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reflect a period when all teaching in general chemistry and organic
chemistry at the focal institution conformed to traditional lectur-
ing. We do not yet know whether the performance sensitivity that
drives the GenChem Hypothesis can be quantified at other institu-
tions or whether the hyperpersistence zone documented here also
occurs in course designs that include active learning. Last, retro-
spective studies like ours cannot test causality. A direct test of the
GenChem Hypothesis might start with interventions that reduced
achievement gaps, and test the prediction that subsequent attrition
declined.

In terms of moving discipline-based educational research for-
ward, this study supports calls for researchers to disaggregate data
on student success and consider how specific subgroups of students
are performing in terms of grades, affect, and attainment (36). These
calls have two goals: making an “invisible” problem visible to instruc-
tors and administrators, and motivating changes in current practice
with evidence (1, 12). For example, our data offer faculty, adminis-
trators, and policymakers an important prospect: Because of the
“switched-sigmoidal” relationship in persistence documented in
Fig. 4, small improvements in the course performance of underrep-
resented students could produce disproportionately large increases
in persistence. Although reductions in achievement gaps could ac-
celerate this effect, it would occur even if innovations in course de-
sign benefited all students equally in terms of increased grades. This
impact would occur because more underrepresented students than
well-represented students would rise above the inflection point into
the hyperpersistent region of the curve. If so, then undergraduate
STEM programs and the health professions may see increasing ben-
efits from the resilience, cultural insights, linguistic fluency, and
other assets that underrepresented students can bring (16).

MATERIALS AND METHODS

Experimental design

The goals of this study were to explore patterns in achievement gaps
that affect female, URM, low-SES, and first-generation students and
to create a baseline for a planned series of experiments at the Univer-
sity of Washington, focused on evaluating the impact of evidence-
based course designs in general chemistry and organic chemistry. The
specific objectives of the work were to (i) evaluate the impact of in-
structor characteristics, including rank and gender, on achievement
gaps; (ii) test the hypothesis that achievement gaps in college chemis-
try are a continuation of gaps in academic preparation, as indexed by
SAT score and high school GPA; and (iii) document the impact of
achievement gaps on retention of underrepresented students in STEM
majors that require completing the general chemistry series. The pre-
specified outcome variables were final course grade and DFW rate—
each associated with student demographic data—and retention in
general chemistry, indexed as the probability of continuing to the next
course in the introductory series. The study was conducted under ap-
plication 00001169 to the University of Washington Institutional Re-
view Board, which approved the work and waived informed consent.

Data collection

We obtained data from the University of Washington Registrar’s
office for all students enrolled in general chemistry and organic
chemistry during the 2000-2016 academic years. The information
retrieved included chemistry course enrollment and final grade,
overall college GPA, matriculation year, graduating major(s), high
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school GPA, college entrance exam scores, binary gender, race and
ethnicity, family income, parental education attainment, and EOP
status (table S1). We obtained data on instructor rank, binary gender,
SETs, and teaching award status from the University of Washington
Chemistry Department records.

Data coding and filtering

We coded a student as follows: (i) URM if citizenship was in the
United States and either ethnicity or race was indicated as black,
Latino/Latina, Native American, or Native Hawaiian/Pacific Islander;
(ii) low-SES if enrolled in the University of Washington EOP; and
(iii) first-generation (FGN) if neither parent had completed a 4-year
degree. We used high school GPA and college entrance exam scores
as indicators of academic preparation and achievement. Using Col-
lege Board concordance tables, we converted ACT scores to corre-
sponding SAT scores. To correct for any year-over-year changes in
entrance exam scores, we centered both high school GPA and SAT
by matriculation year.

Course grades at the University of Washington are recorded as
W for withdrawal and 0.0 for failing, and then in 0.1-point intervals
between 0.7 and 4.0. Students who complete the course but receive
a grade less than 1.7 are prohibited from continuing to the next gen-
eral chemistry course in the series. We also created a categorical
variable that characterized a student’s trajectory following enroll-
ment in the initial general chemistry course as (i) persisted in the
chemistry series, meaning that the student received a grade in the
initial course and subsequently enrolled in the next course; (ii) re-
took the initial course; or (iii) left the University of Washington
chemistry curriculum altogether. In analyzing other aspects of course
performance, we considered only a student’s first attempt at the
course in question.

Before analysis, we removed any student with a major that only
required the initial course in the general chemistry series, such as all
engineering majors except bioengineering and chemical engineering.
This step allowed us to infer that all students in the initial general
chemistry course intended to complete a STEM major that required
the full general chemistry sequence. We also removed students with
credit/no credit grades instead of a numerical grade and students with
hardship withdrawals, which result from extraordinary circumstances
such as family or medical emergencies.

Statistical analysis

We developed predictive models of course grade, risk and survivor-
ship, failure rates, and next-step decisions as a function of student
demographic variables and academic preparation. We began by cal-
culating the raw, uncorrected relationship between each student
subgroup and final numeric grade, over 70% of which is determined
by performance on high-stakes exams. The Department of Chemis-
try has a policy of curving final grades to a common, mean GPA of
2.6 £ 0.2 to adjust for variation across instructors and academic quar-
ters. To control for additional variation across sections, we standard-
ized final grades by section using z-scores.

We developed a linear mixed-effect model of final grades to ac-
count for the variation that can be attributed to students versus
those that are a product of variation through time. Mixed-effect
models partition analyses according to fixed and random effects:
Fixed effects refer to variables that are explicitly tested (e.g., URM
status), while random effects refer to variables that are not necessar-
ily of interest (e.g., section, term, and year effects) (37).
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We conducted model selection in four phases to identify which
fixed and random effects best explained the variation in final grades
(38). First, we designated full models using all variables of potential
interest. To choose the appropriate random-effects structure, we
calculated the restricted maximum likelihood for all possible com-
binations of random effects while holding fixed effects constant,
and ranked those models according to the adjusted Akaike Infor-
mative Criterion (AICc). We considered the best-fit random-effect
structure to be that which contained the smallest number of param-
eters while being within two points of the lowest AICc score. In the
third step, we used maximum likelihood estimation to compare the
best-fit random-effects model to the same model with all random
effects removed, and chose the model with the lowest AICc score. In
the final step, we took the model selected in the third step and con-
ducted backwards elimination, using a restricted maximum likeli-
hood criterion, to determine which fixed effects should be included
in the final model. We removed predictors from the model until all
individual predictors reached significance at the 0.05 threshold for
type I error. Model selection results for each outcome are provided
in tables S3 and S6.

Grade gaps for each model were calculated at the section level by
summing model coefficients and then subtracting the predicted course
grade for each reference group from the grade for each subgroup.
For each model, this resulted in a distribution of 125 gaps corre-
sponding to the 125 sections of GenChem 1 sampled between 2001
and 2016. To obtain units of actual grade points, we rescaled the grade
difference using the section-specific SD in final grade

gap = (grade[Group = 1]-grade[Group = 0])*\sigma_{section}

When plotting these achievement gaps, we accounted for weight-
ing. Model estimates may be biased by sample size because student
composition varied across sections, quarters, and years. For example,
in our dataset, the proportion of URM students in each section
ranged from 0 to 25%. A section without URM students would de-
ceptively appear to have no achievement gap. To correct for this, we
weighted all models by the inverse of the SE in the proportion of
URM students per section.

To study the risk of not continuing after each course and to doc-
ument attrition over time, we analyzed students who began the se-
ries in the initial general chemistry course and excluded students
who transferred into a later course or entered with advanced place-
ment credit. We also excluded students who took the initial general
chemistry course in 2016 in analyses that involved subsequent events,
to avoid classifying them as a nonpersister if, in fact, they continued
in general chemistry after 2016. We simplified the analysis by exam-
ining students’ first attempt at each course in the series. In this way,
all students in the sample shared the same history, e.g., all students
advancing to the third course in general chemistry shared the expe-
rience of passing the first two courses on their first attempt. We then
constructed a multilevel, discrete-time logit-hazard model with group
membership as a predictor at the student level and clustered by stu-
dent to account for repeated measures due to each student enrolling
in multiple courses throughout the series. Details on model selec-
tion and the final model for the risk and survival analysis are given
in the Supplementary Materials.

We developed logistic mixed-effect models of failure (DFW) rates
to account for the variation in this outcome that can be attributed to
section, quarter, and year effects. We followed the same model se-

Harris et al., Sci. Adv. 2020; 6 : eaaz5687 10 June 2020

lection procedure described above. We calculated bootstrapped CI
empirically by randomly sampling 5000 individuals from the full
dataset 100 times and calculating the mean. Relative risks were esti-
mated by the odds ratios, which we obtained from the logistic re-
gression coefficients.

To estimate the impact of grade disparities in GenChem 1 on
enrollment in GenChem 2, we quantified the probability of a stu-
dent (i) enrolling in GenChem 2, (ii) retaking GenChem 1, or (iii)
leaving the chemistry series and then used multinomial regression
to analyze variation in each outcome. As described above, we con-
ducted backwards elimination using maximum likelihood estima-
tion and removed predictors from the model until all individual
predictors reached significance at the 0.05 threshold for type I error
(table S6C). However, this model did not include random effects
due to low inter-class correlations.

We conducted all statistical analyses in R (39). We used the pack-
ages Ime4, nnet, and muMIn for multilevel linear models, multino-
mial logistic regressions, and model selection, respectively.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/6/24/eaaz5687/DC1
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