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In 2003, Chicago Public Schools introduced double-dose algebra,
requiring two periods of math—one period of algebra and one of
algebra support—for incoming ninth graders with eighth-grade math
scores below the national median. Using a regression discontinuity
design, earlier studies showed promising results from the program:
For median-skill students, double-dose algebra improved algebra test
scores, pass rates, high school graduation rates, and college enroll-
ment. This study follows the same students 12 y later. Our findings
show that, for median-skill students in the 2003 cohort, double-dose
significantly increased semesters of college attended and college
degree attainment. These results were not replicated for the 2004
cohort. Importantly, the impact of the policy on median-skill stu-
dents depended largely on how classes were organized. In 2003,
the impacts on college persistence and degree attainment were
large in schools that strongly adhered to the cut-score-based course
assignment, but without grouping median-skill students with
lower-skill peers. Few schools implemented the policy in such a
way in 2004.

STEM education | double-dose algebra | inequality | regression
discontinuity | multilevel analysis

In the United States, low-income and minority students are
completing college at low rates compared to higher-income and

majority peers. Even as overall college graduation rates have risen
in the United States in recent decades, social and racial inequal-
ities in 4-y degree attainment rates have persisted, and in some
cases risen (1). Among 25- to 29-y-olds, the gap in bachelor’s
degree completion between Blacks and Whites has held steady for
nearly two decades, such that by 2017 42% of Whites but only
19% of Blacks had a bachelor’s degree. For Hispanics, 16% had
such a degree. Although racial gaps in associate’s degree com-
pletion have narrowed slightly, the Black–White gap currently
stands at 16 percentage points, while the Hispanic–White gap
stands at 25 percentage points (1). The disparity by income level is
stark as well: In 2017, 58% of students from the top quartile of
family income, but only 11% from the bottom quartile of family
income quartile, completed a bachelor’s degree (2).
For scholars and policymakers concerned with social and

ethnic inequality these persistent patterns are troubling as unequal
college degree attainment is a key driver of income inequality (3,
4). The wage premium for college completion has grown steadily
since the 1960s and is currently higher in the United States than in
many other developed countries (5–7). As a result, persistent
disparities in college completion among different social groups
contribute substantially to income inequality (8).
Academic readiness, especially in math, is a key factor that

accounts for disparities in college completion (9–11). In partic-
ular, success in high school algebra—the conventional focus of
ninth-grade mathematics education in the United States—has
been found to be a “gateway” to further math courses (12, 13).
Indeed, passing high-school algebra predicts success in subse-
quent academic math courses such as geometry, trigonometry,
and calculus; success in these courses, in turn, predicts college
enrollment, as well as completing high school (14, 15). In college,
foundational math skills, including algebra, are closely related to

college completion: Among those who attend college, failing to
pass the minimum requirements in math is arguably the primary
obstacle to completing a degree (16–18). However, remedial
education as a strategy to support students in college has shown
disappointing results (19–22). Alternatively, improving math
preparation in high school, and thus alleviating the need for
remediation in college, may increase college attendance, per-
sistence, and degree attainment, but research evidence sup-
porting this proposition, reviewed below, is limited.
Given the outsized importance of math preparation for college

access and success, one promising intervention for increasing
college completion rates is double-dose algebra. Chicago Public
Schools—the third-largest district in the nation, which predom-
inantly serves low-income and minority students—implemented
double-dose algebra for 2 y in the early 2000s. For entering
ninth-grade students whose eighth-grade math scores were below
the national median, this intervention doubled instructional time
by assigning two periods of math: the required algebra class, plus
a second support class designed to bolster requisite skills for
algebra. Prior studies have found that double-dose algebra in
Chicago produced positive effects on median students’ test
scores, high school graduation, and college entry. However, the
impact of double-dose on college persistence and completion
has not been studied.
In this paper, we provide analysis of the long-term impacts

of double-dose algebra on college outcomes, tracking student
outcomes in the 12 y following the intervention. We use a
regression discontinuity design (RDD) to estimate the impact

Significance

To obtain high-paying jobs, students from low-income back-
grounds need to complete college at higher rates. Could re-
medial math coursework in high school help them do so? Some
have argued that adolescence is too late to intervene, or that
schools cannot overcome systemic social problems that hinder
student success. Yet, evidence from Chicago suggests other-
wise. We find that ninth graders assigned to “double-dose
algebra”—an algebra class plus a second class designed to
bolster algebra skills—were more likely to stay in, and com-
plete, college compared to similar students who did not take
double-dose algebra. However, when students were placed in
double-dose classes with much-lower-skilled peers the pro-
gram had no effect.
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of this intervention on college persistence and degree attain-
ment. The RDD approximates a randomized trial for students
whose eighth-grade math scores were in the neighborhood of
the median score on a math pretest. These students attended 67
neighborhood high schools in Chicago. Such schools serve the
majority of high school students in Chicago. Students in our
sample whose eighth-grade scores were within 25 percentiles of
the median were 67% African American and 27% Hispanic,
and 94% were low-income as indicated by eligibility for free or
reduced lunch. Their eighth-grade math scores were, on aver-
age, very close to the national median on the Iowa Test of Basic
Skills. In a year before the policy was introduced, however, only
6.4% of such students had received a 4-y college degree 9 y
after entering high school in the absence of double-dose.
We report three main findings. First, for the median-skill stu-

dents entering high school in 2003, taking double-dose algebra, on
average, produced positive impacts on semesters of college at-
tendance and college degree attainment. These effects were sub-
stantial: For those induced to take double-dose by scoring below
the cut point in 2003, the percentage of students obtaining a
college degree increased from about 12 to 17% and the per-
centage of students obtaining a 4-y degree increased approxi-
mately from 6 to 10%.
Second, the effects of the intervention in 2003 varied substan-

tially across schools. The degree of compliance with the policy and
the process by which students were assigned to classrooms appear
decisive in producing these favorable results. In particular, in
schools where median-skill students taking double-dose were
assigned to algebra classes composed of students of similar skill,
the effects were large. However, in schools where students taking
double-dose were assigned to classes composed of low-skill stu-
dents, double-dose had no measurable effect. Based on interviews
with key policy makers, we consider barriers to sustained imple-
mentation that must be overcome if the policy is to realize its
potential to increase the odds that disadvantaged students will
succeed in college, and, consequently, have better economic
opportunities down the road.
Third, for students entering high school 1 y later, in 2004,

positive effects of double-dose did not appear. We propose and
empirically test an explanation with supporting evidence for why
positive effects were not replicated. We show that, for the 2004
cohort, compliance with the cut-score-based assignment declined
substantially. Moreover, most schools with high compliance
placed median-skill students in classes with low-skill peers. Once
we account for the implementation of the policy, results from
2003 and 2004 were consistent. This finding is corroborated by
an analysis of schools that substantially changed policy imple-
mentation between 2003 and 2004.
We begin by considering the importance of increasing college

attainment for low-income students, not only for reducing in-
equality but also for increasing economic productivity of the
nation. We then review what is known about educational inter-
ventions that aim to increase college attainment. After present-
ing our empirical strategy and results, we conclude that double-
dose algebra holds promise as a potentially simple and replicable
strategy for achieving this goal. However, how the policy is
implemented is crucial to the success of this reform. We identify
open research questions concerning the optimal assignment of
students to math classes and the impact of double-dose algebra on
students whose initial skills are significantly below the median.

The Social and Economic Benefits of College Completion
Increasing Equality of Economic Opportunity. As mentioned above,
low-income urban students are less likely than their more advan-
taged peers to obtain a 4-y degree (1, 2) and there is a large
premium for college attendance and completion in terms of em-
ployment and wages (23). This premium persists across subgroups
defined by gender and race (24). The college premium is not

limited to 4-y degrees: There is evidence that 2-y college degrees
and related occupational certifications also deliver wage returns
(25). Thus, increasing college attendance, persistence, and com-
pletion among students from low-income backgrounds would likely
enhance those students’ success in a competitive labor market.

Increasing Economic Growth.Although rates of college completion
are growing, evidence suggests that the supply of highly skilled
labor in the United States is nonetheless still failing to keep up
with demand. From 1980 to 2005, real earnings of individuals with
a college degree rose much faster than real earnings of those
without a college degree, while the fraction of the population
receiving such degrees stagnated (4). Since 2005, college atten-
dance and degree attainment have grown, yet the gap in wage
returns between college- and non-college-educated adults has
remained very large, suggesting that the demand for skills gained
in college persistently outpaces the supply. (5, 26) It is therefore
reasonable to conclude that any barriers that keep large segments
of the population, including low-income and minority segments,
from completing college are inhibiting the supply of skilled labor,
which inhibits economic progress writ large.

Reducing Economic Inequality. Earlier economic research inter-
preted the large wage premium for college degree attainment as
a key driver of income inequality (4, 26). More recent analyses
have argued that the growth in the college wage premium reflects,
in part, the fact that medium- and low-skilled workers have been
losing their high-wage jobs due to automation and offshoring. In
this view, there has been a “wage polarization” wherein techno-
logical innovation has simultaneously reduced the pay of less-skilled
workers while increasing the pay of more-skilled workers (27).
Increasing college completion of the broader population—and
therefore increasing the supply of college-educated workers—is
likely to put downward pressure on the college premium, by en-
suring that supply more closely matches demand; this will arguably
mitigate economic inequality and also reduce the number of
low- and medium-skilled workers for the jobs that are increas-
ingly disappearing. However, this view is not universally shared,
as some analyses have found that increasing access to college
education would only moderately reduce overall heterogeneity in
earnings (28, 29).

Positive Effects of More Education on Nonacademic Outcomes. In
addition to wage returns, additional education has also been
shown to improve outcomes in other important areas of life that
are largely stratified by social and ethnic background. Several
studies have assessed the benefits of additional years of schooling
on nonpecuniary outcomes by exploiting exogeneous changes in
compulsory schooling laws; these studies have found favorable
results in such outcomes as mortality, (30) blood pressure, (31)
civic participation (30, 32), criminal activity (30, 33), divorce
(30), teen pregnancy (30, 34), and overall life satisfaction (30).

Can Better K–12 Education Improve College Persistence and
Completion?
Improving primary and secondary schooling for disadvantaged
youth may seem like an obviously plausible strategy for increasing
access to college. Yet, over the last half century, scholars have
debated the extent to which school improvement can overcome
inequality in skills and educational attainment. In 1965, Coleman
et al. conducted a highly influential survey which concluded that
family and household attributes were strong predictors of racial
and socioeconomic disparities in academic outcomes, and that
differences in schools’ resources did not predict students’ cognitive
skills (35). Many subsequent surveys largely replicated that result,
finding significant impacts of such nonschool factors as neigh-
borhood deprivation (36–38) and parent job loss (39, 40) on stu-
dents’ educational attainment. However, recent experimental and
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quasi-experimental studies have shown that a range of policies,
including expanding preschool education (41), improving ele-
mentary school curriculum (42, 43), using assessments to tailor
instruction to children of varied skill (44–46), and reducing class
size (47, 48) can all increase achievement and reduce social and
ethnic disparities in educational outcomes.
Many of these interventions have been focused on preschool

and elementary school. Indeed, some scholars have argued that
interventions targeting adolescents come too late to shape the
skills linked to academic success and success in the labor market
(49). However, recent research has called this argument into
question. For instance, certain innovative secondary charter
schools have been found to improve academic performance
among low-income, predominately minority youth (50, 51). Small
high schools of choice (52), intensive tutoring of high-schoolers
paired with cognitive behavioral therapy (53), and assigning high
school students to effective teachers (50) have all been shown to
improve the likelihood of graduating high school. Most relevant to
our present study, earlier studies of ninth-grade double-dose al-
gebra in Chicago showed increased test scores for median-skill
students as well as higher rates of high school graduation and
college enrollment (54, 55).
Yet, comparatively few of these studies have produced evi-

dence that changes in schooling can increase college completion.
In part this reflects the challenge of following the same students
long enough to obtain data on completed schooling. Moreover,
the few studies that have followed students long-term have often
focused on small samples of deeply disadvantaged students for whom
college attendance was too rare to allow for statistically powerful
evaluation of impacts on college degree attainment (56, 57).
There are, however, important exceptions: Krueger and

Whitmore found that class size reduction in elementary school
increased application to college (58). Chetty et al. provided com-
pelling evidence that assignment to effective teachers in kinder-
garten and elementary school predicted college persistence and
earnings, as well as reduced teenage pregnancy (59, 60). Deming
et al. found that students who won a random lottery to attend their
most-preferred high school achieved higher rates of college en-
rollment and degree attainment (61). In the Early College High
School Project, where high schools were randomly assigned to offer
college courses in partnership with local colleges and increase social
and academic support to help students succeed, these high schools
saw their students enroll in and complete college at higher rates
(62). Jackson found that offering high-school students and teachers
monetary incentives, paired with teacher training, improved stu-
dents’ college persistence and wages (63).
Many of these interventions, however, are likely to be costly,

producing large new expenses for schools, and/or unintended
consequences for students. Reducing class size requires schools
to invest in additional personnel, which may also disrupt local
educator labor markets in unanticipated ways. For instance,
California’s class size reduction policy in 1996 inadvertently
intensified statewide competition for a limited supply of highly
qualified teachers, with some evidence that low-income districts
suffered the most from this competition, and the results of the
policy were disappointing (64). Policies that introduce new in-
centives could similarly induce competition for scarce resources.
Furthermore, opening new innovative charter schools, recalibrat-
ing school-choice policies, and modifying teacher recruitment and
evaluation are system-wide changes that require substantial in-
vestment and/or community buy-in. Individualized tutoring also
incurs substantial costs if implemented on a broad scale. By con-
trast, double-dose algebra is a comparatively simple curricular
change that a high school may adopt without broader structural
change in governance, costs, or incentives. The main constraint is
that the policy, while not increasing the number of teachers
overall, does require more math teachers.

The present study adds to the slim body of direct empirical
evidence that school interventions, even those instituted as late
as high school, can, in fact, increase college attainment. More-
over, it considers how a double-dose approach—a relatively low-
cost and simple intervention—may lead to greater rates of 4-y
degree completion.

Classroom Composition, “Algebra for All,” and Double-Dose
Algebra
For most of the 20th century, US high schools used “tracking” to
organize instruction and accommodate the heterogeneity of the
student body. In the typical comprehensive high school, a voca-
tional track composed mostly of boys focused instruction on
skilled trades (e.g., carpentry, electricity, and printing), while a
general track, disproportionately composed of girls, emphasized
home economics (e.g., cooking and sewing) and clerical skills
(65, 66). A much smaller academic track provided college-
preparatory instruction in math and science as well as history,
literature, and foreign languages. Academic math focused on
algebra, geometry, and trigonometry, while math in the nonac-
ademic tracks emphasized simple arithmetic skills needed for the
most basic financial literacy, limiting the postsecondary school-
ing options for these “low-track” students (66).

Detracking and Classroom Composition. During the latter half of
the century, tracking was widely criticized for its role in educa-
tional stratification. Students from low-income families and mi-
nority students were overrepresented in vocational and general
tracks, and the tracking system was frequently regarded as an
engine for reproducing social and racial inequality (65). As these
criticisms grew, so did public concern about the overall low per-
formance of US students, especially in math and sciences, and
particularly in light of a job market that increasingly valued skills
in math, science, and engineering. In response, policymakers
called for raising academic rigor by standardizing curricula. The
National Governor’s Association recommended toughening high
school graduation requirements, and by the early 2000s “College-
Prep Curriculum for All” was in place in nearly 20 states (67). In
math, an increasing number of districts and schools, particularly in
urban areas, began to require algebra for all students in ninth
grade or earlier.
The movement to abolish rigid tracking and to replace it with

academically challenging instruction for all had profound im-
plications not only for the content of instruction but also for the
composition of the high school classroom. With all students now
expected to study algebra, geometry, and more advanced sub-
jects, teachers, policymakers, and scholars continued to debate
whether high school classes should be segregated by students’
prior achievement, which tended to be correlated with students’
socioeconomic and racial–ethnic background.
Some prior research provides evidence that assigning higher-

and lower-skill students to the same high-school classroom can
be successful. In one New York district, students at all skill levels
saw math score gains after accelerated mathematics curriculum
was brought to mixed-skill classrooms (68). However, to under-
stand its success, we highlight several important aspects of this
reform. First, this reform took place in a very-high-achieving
school (only 6% of students scored below the 40th percentile in
the national distribution). Thus, heterogeneous classes there
look vastly different from those in an urban district like Chicago,
where many students are far behind. Second, this reform also
offered new math workshops for students with weak math skills.
Third, the school was in an affluent district serving predomi-
nantly middle-class students. Instructional resources needed to
counter the challenge of teaching students of heterogeneous in
skill are more likely to be available in affluent districts than in
low-income districts.

Nomi et al. PNAS | 3 of 12
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An alternative view is that, while all students should experi-
ence high-level academic instruction, it would be more efficient
to assign students to classes based on prior skill. Qualitative and
survey evidence show that teaching in mixed-skill classes is often
difficult, as teachers struggle to present course material at a level
appropriate for students of all skill levels (69–71). Several ran-
domized and quasi-experimental studies have found that het-
erogeneous classroom peer composition reduced the quality of
instruction (72, 73), and increasing instructional time in elementary
school produced the greatest gains when no one was placed with
substantially lower-skilled peers (74, 75). Similarly, when schools
experienced a large influx of low-skill students, the achievement of
incumbent students has been found to decline (76).

Algebra for All. Chicago was at the forefront of the detracking
movement, introducing “Algebra-for-All” in 1997 as part of the
“College-Prep-for-All Curriculum” policy to address low aca-
demic achievement. Under this reform, low-skill students who
would formerly have been assigned to remedial math were in-
stead assigned to standard algebra classes. This reform shifted the
composition of the typical ninth-grade algebra class: Math skills of
incoming students were, on average, both lower and more het-
erogeneous than in the prepolicy year. A rigorous evaluation of
this reform found that lower-skill students did not benefit from
algebra instruction; moreover, the reform reduced the test scores
of high-performing students, as they experienced declines in the
skill level of their peers (77). Given that the student population in
Chicago was predominantly from low-income, minority back-
grounds, this reform likely suppressed the math achievement of
high-performing students from these backgrounds, which likely
intensified achievement disparities between them and other high-
achieving students in middle-class, suburban high schools.

Double-Dose Algebra. The failure of “Algebra for All” highlighted
an underlying problem: Many students lacked sufficient mathe-
matical background to benefit from algebra instruction. To
remedy this problem, the district introduced double-dose algebra
in 2003. This new policy required all incoming ninth-grade stu-
dents with eighth-grade math scores below the national median
to take algebra, plus an additional period of instruction designed
to build foundational prealgebra skills. However, schools varied
dramatically in the degree to which they complied with cut-score-based
course assignment, and in the extent to which they segregated double-
dose classrooms by students’ prior skills. Double-dose thereby
created a natural experiment that made it possible to study the
impact of two key aspects of math instruction: instructional time
and classroom peer composition.
The design of double-dose facilitates valid causal inference

regarding the effect of the policy. Specifically, for students with
eighth-grade math scores near the national median, course as-
signment was effectively random. Thus, a comparison of outcomes
between those who scored just above and just below the cut point
approximates a randomized experiment. However, the key limi-
tation is that any generalization drawn from such a comparison
applies only to those we call “median-skill” students.
In many schools, such median-skill students who were assigned

to double-dose tended to take classes composed primarily of low-
skill peers. This peer composition reflected how schools orga-
nized algebra classes. Specifically, the district recommended that
the algebra and remedial classes be taught “back-to-back,” that
these two classes be taught by the same teachers, and that stu-
dents in the remedial class also take the algebra class together.
To follow these recommendations, some schools tended to sep-
arate algebra classes based on the double-dose eligibility cut
point. For double-dose students, this meant that their algebra
classes were primarily composed of low-skill peers. However, in
other schools, median-skill double-dose students attended alge-
bra class with classmates whose skills were similar to their own.

Because double-dose was implemented in each of 67 neighbor-
hood high schools, we can regard this policy as launching 67
natural experiments and estimate the effect of scoring below
the cut point on median-skill students in each school; we can
then investigate how this effect depends on the extent to which
the cut-score-based assignment affected the classroom’s peer
composition.
The current study builds on earlier studies of this policy, which

showed promising results. Using RDDs, prior studies showed
assignment to double-dose improved 10th-grade algebra test
scores and pass rates as well as subsequent outcomes, including
11th-grade math achievement, high school graduation, and col-
lege enrollment (29, 30). Importantly, however, the policy impact
varied widely across schools and depended substantially on how
schools organized algebra classes. Specifically, the impact on
algebra scores was largest in schools where the students just
below the national median took algebra alongside peers with
relatively similar skills. In comparison, no discernable impact was
found in schools where the median-skill students took the course
with low-skill peers (78).

Research Questions. By following the same students 9 y after en-
tering grade 9, we pursue answers to three main questions:

1) For median-skill students, did assignment to double-dose af-
fect semesters of college attendance and degree attainment?

2) Not all schools followed the cut-score-based course assign-
ment rule; therefore, what were the effects of taking double-
dose on college outcomes on those students induced to do so
by having scored below the cut point?

3) To what extent did the effects of the policy on college out-
comes depend on the skill composition of the algebra class?
In particular, did median-skill students benefit more from
double-dose if their class was composed of similarly skilled
peers, rather than less-skilled peers?

To answer these questions, we study the first 2 y of policy
implementation, 2003 and 2004.

Research Design and Methods
Sample. Our analytic sample consists of first-time ninth-grade students en-
tering regular Chicago high schools in 2003 and 2004. We exclude selective
enrollment schools because most of their students had eighth-grade test
scores above the eligibility cut point; thus, the policy did not apply to these
schools. The resulting sample size is 33,033 students attending 67 regular
high schools. Students were largely non-White and on the free/reduced
lunch program. Nearly 20% were special education students. In the average
high school, a small majority of students scored below the national median
on the pretest (double-dose–eligible).

Data Sources. The National Student Clearinghouse provides college enroll-
ment and graduation records, andwe linked these records to precollege data,
allowing us to follow ninth-grade students for 9 y after the end of grade 9.
The outcomes of interest are semesters of college attendance, attainment of
any college degree (including a 2-y degree or certificate or a 4-y degree),
and attainment of a 4-y college degree. We count college semesters for
students who enrolled in college by the third semester after graduating
from high school (thereby allowing one gap year), and if they took no more
than one semester off after starting college.

Causal Identification.We use an RDD, taking advantage of the cut-score-based
double-dose course assignment. Our first set of analyses consider the “inten-
tion to treat” (ITT) effect—that is, the impact of being assigned to double-dose
by virtue of scoring below the cut point on the pretest. The ITT effect, though
of interest to policymakers, will underestimate the impact of actually taking
double-dose because not all students followed the policy assignment: Some
students scoring below the 50th percentile cut point did not take double-dose
algebra, and some students scoring above the cut-point did take double-dose.
Thus, our second analysis considers the impact of taking double-dose. This is
applicable to those induced to do so by scoring below the cut point. We use
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the scoring below the cut-point as an instrumental variable to estimate this
effect, known as the “complier average causal effect” (CACE) (79).

Using an RDD design, wemodel the association between the eighth-grade
math scores and each outcome, and a discontinuity in this association at the
cut score is regarded as evidence of the impact. We adopt three strategies to
detect evidence of such discontinuities: 1) graphical evidence, 2) evidence
from a school-specific parametric analysis that uses a piecewise quadratic
functional form using all data as well as students within the 20th percentile
points of the cut point, and 3) nonparametric analyses, using a local-linear
fit, that ignore school membership but restrict our attention to those stu-
dents whose eighth-grade test score was within 10 or 20 percentile points of
the cut point. The graphical results enable us to visualize impacts and assess
the validity of our functional form. The parametric analysis has the advan-
tage of fully accounting for school-specific effects of the policy and is
comparatively precise statistically but relies on functional form assumptions.
The nonparametric analyses relax those assumptions at some cost to statis-
tical precision and do not incorporate school-specific effects. Detailed de-
scriptions of these models can be found in SI Appendix, sections A and B. Our
results are largely convergent across these analyses.

Results
Policy Implementation. Fig. 1A shows the relationship between
double-dose algebra enrollment rates on the vertical axis and
math percentile scores on the horizontal axis for the 2003 and
2004 cohorts, where the math score of zero indicates the cut
score (the 50th percentile). There is a large discontinuity at the
cut point such that scoring below the cut point is associated with
a large increase in the likelihood of taking double-dose. This
increase was much smaller in 2004 than 2003. Scoring below the
cut point also affected the skills of one’s peers in algebra classes, as
shown in Fig. 1B, with classroom mean peer skills on the vertical
axis. A large average drop in mean peer skills as a function of
scoring below the cut point was observed in both years.

The Average Impact of Being Assigned to Double-Dose Algebra (ITT).
Results were reasonably similar across specifications. For median-
skill students entering high school in 2003, our findings suggest
that being assigned to double-dose algebra increased semesters
of college attendance and the probability of degree attainment.
However, the data do not support such conclusions for students
entering in 2004 (Table 1).

Semesters of college attended. For median-skill students in 2003, we
find consistent evidence of positive ITT impacts on total se-
mesters: Estimated effects for the global, 20th percentile band-
width, and 10th percentile bandwidth models are, respectively,
0.468 semesters (SE = 0.138), 0.427 semesters (SE = 0.201), and
0.540 semesters (SE = 0.258). In comparison, no discernable
impacts were found for 2004; the estimated effects of the three
models are −0.055 semesters (SE = 0.147), 0.043 semesters (SE =
0.224), and −0.156 semesters (SE = 0.261). See Fig. 2.
Degree attainment.Among those median-skill students not assigned
to double-dose, the estimated probability of receiving a college de-
gree (including a certificate, a 2-y degree, or a 4-y degree) was 0.146.
We estimate assignment to double-dose increased this probability by
0.034 (SE = 0.014) under the global model, 0.031 (SE = 0.017)
under the 20% bandwidth model, and 0.032 (SE = 0.021) under the
10% bandwidth model. For 2004, we see little evidence of policy
impacts; estimated effects from the three models are 0.017 (SE =
0.013), 0.001 (SE = 0.017), and −0.010 (SE = 0.020). See Fig. 3.
Four-year degree attainment. Among those median-skill students
not assigned to double-dose, the estimated probability of re-
ceiving a 4-y college degree was 0.070. We estimate assignment
to double-dose increased this probability by 0.033 (SE = 0.012)
under the global model, 0.025 (SE = 0.013) under the 20%
bandwidth model, and 0.026 (SE = 0.015) under the 10%
bandwidth model. For 2004, we see little evidence of policy
impacts; estimated effects from the three models are 0.017 (SE =
0.013), 0.001(SE = 0.017), and −0.010 (SE = 0.020). See Fig. 4.

The Average Impact of Taking Double-Dose Algebra (CACE). Not all
students scoring below the cut point took the assigned support
course, and some students scoring above the cut point did take
the support course. Our second analysis examines the impact of
taking double-dose algebra on those induced to do so by having
scored below the cut point. Fig. 2A portrays our theoretical model.
The average impact of scoring below the cut point on taking double-
dose—that is, the probability of taking double-dose if scoring below
the cut point minus the probability of taking double-dose if scoring
above the cut point—is denoted by γ. The average impact of taking
double-dose on the outcome for the compliers—those induced to

Fig. 1. (A) Proportion of students enrolled in double-dose as a function of eighth-grade pretest. (B) Average pretest of classroom peers (in SD units) as a
function of eighth-grade pretest. Note: The dark line is a LOESS (locally estimated scatterplot smoothing) curve for the 2003 cohort and the light line is a
LOESS curve for the 2004 cohort. Reprinted from ref. 54 by permission of Informa UK Limited, trading as Taylor & Francis Group, https://www.tandfonline.com/.
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do so by scoring below the cut point—is δ. The average impact of
scoring below the cut point on the outcome (ITT impact) is
therefore

β = γδ [1]

under several key assumptions: 1) Among students whose skill is
near the median, scoring below the cut point is effectively random

(exogeneity); 2) scoring below the cut point cannot reduce the
probability of taking double-dose (monotonicity); and 3) scoring
below the cut point can have no impact on the outcome other than
by affecting participation in double-dose (exclusion restriction).
We must also assume γ > 0, which is clearly met here. Under
these assumptions, we can identify the impact of taking double-
dose algebra on the compliers (“CACE”) as

δ = β=γ. [2]

The pattern of results for CACE is similar to the ITT effects but
a bit larger in magnitude. Though the results vary slightly
depending on the model specification, the evidence consistently
suggests those induced to take double-dose stayed in school longer:
Estimates from the global, 20th, and 10th percentile bandwidth
models are, respectively, 0.713 semesters (SE = 0.183), 0.621 semes-
ters (SE = 0.250), and 1.014 semesters (SE = 0.488). Students were
also more likely to obtain a degree with estimates of 0.053 (SE =
0.016), 0.047 (SE = 0.026), and 0.060 (SE = 0.039) from the three
models. They were more likely to obtain a 4-y degree (estimates of
0.048 [SE = 0.014], 0.036 [SE = 0.019], and 0.048 [SE = 0.029]). In
contrast, the estimated impacts for 2004 were not consistent and
none of them was statistically significant (Table 2).

Accounting for Differences between Cohorts. In sum, for the 2003
cohort we see clear evidence that, on average, double-dose algebra
increased college persistence and degree attainment. However, we
see no such evidence for the 2004 cohort. We find that substantial
differences in how schools implemented the policy largely account
for this discrepancy. First, as mentioned previously, overall com-
pliance with the policy declined substantially in 2004: Fewer
schools followed the cut-score-based double-dose algebra assign-
ment in 2004 than in 2003. Second, most schools that did strongly
comply in 2004 did so by placing their median-skill double-dose
students in low-skill algebra classrooms. We will describe the
empirical evidence supporting our conclusion that these two

Table 1. The average impact of being assigned to double-
dose algebra

2003 2004

Outcomes Estimate SE Estimate SE

Total semesters
Control mean 9.082*** 0.220 9.496*** 0.371
Treatment effects: all students 0.468*** 0.138 −0.055 0.147

20% bandwidth 0.427** 0.201 0.043 0.224
10% bandwidth 0.540** 0.258 −0.156 0.261

Any degree/certificate
Control mean 0.146*** 0.018 0.141*** 0.028
Treatment effects: all students 0.034** 0.014 0.017 0.013

20% bandwidth 0.031* 0.017 0.001 0.017
10% bandwidth 0.032 0.021 −0.010 0.020

4-y degree
Control mean 0.070*** 0.013 0.084*** 0.023
Treatment effects: all students 0.033*** 0.012 0.007 0.009

20% bandwidth 0.025* 0.013 −0.021 0.012
10% bandwidth 0.026* 0.015 −0.023 0.015

No. of students
All students 19,800 20,491
20% bandwidth 10,286 10,418
10% bandwidth 5,368 5,408

No. of schools 62 66

***P < 0.01, **P < 0.05, *P < 0.1.

A   Total Semesters
(9th-grade cohort in 2003) 

B Total Semesters
(9th-grade cohort in 2004) 

Fig. 2. Average total semesters as a function of math pretest. (A) 2003 cohort. (B) 2004 cohort. Note: The dashed line is a LOESS line and the solid line is a
quadratic fit.
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factors, in combination, largely explain the difference between
our findings for the two cohorts.
Compliance with the policy.We denote the compliance in each school
j as γj, which measures the school-specific impact of scoring be-
low the cut point on the probability of taking double-dose. We

estimate the average value of γjto be 0.54 in 2004 and 0.31 in 2004,
as illustrated graphically in Fig. 1A.
Classroom peer skill. Implementing the policy affected not only in-
structional time but also the average math skills of algebra class-
mates. As we saw in Fig. 1B, for students with median skills the

A Degree Attainment: Any Degree
(9th-grade cohort in 2003) 

B Degree Attainment: Any Degree
(9th-grade cohort in 2004) 

Fig. 3. Proportion who receive college degree as function of math pretest. (A) 2003 cohort. (B) 2004 cohort. Note: The dashed line is a LOESS line and the
solid line is a quadratic fit.

A Degree Attainment: 4-year Degree 
(9th-grade cohort in 2003) 

B Degree Attainment: 4-year Degree
(9th-grade cohort in 2004) 

Fig. 4. Proportion who receive 4-y degree as function of math pretest. (A) 2003 cohort. (B) 2004 cohort. Note: The dashed line is a LOESS line and the solid
line is a quadratic fit.
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classroom-average peer skill was, on average, lower if they scored
just below the cut point than had they scored just above the cut
point. We denote the impact of scoring below the cut point on
classroom peer skills in school j as θj.
Policy impact as the combined effect of instructional time and classroom
composition. To account for the discrepancies between the two
cohorts, we elaborate our theoretical model as displayed in
Fig. 5, which indicates that taking double-dose algebra can affect
the outcome variable through two channels: increasing instruc-
tional time and changing classroom composition such that one
takes algebra with lower-skill peers. The dynamics of this process
can vary from school to school. Under this model, the impact of
scoring below the cut point on classroom peer skill in school j is

θj = γjλj, [3]

where λjis the average impact of taking double-dose on class-
room peer skill among the compliers. The effect of scoring below
the cut point on the outcome is then

βj = γj(δ1j + λjδ2j) = γjδ1j + θjδ2j, [4]

where δ1j is the school-specific impact on compliers of doubling
instructional time, holding classroom peer skill constant, and δ2j
is the school-specific impact on compliers of classroom peer skill,
holding constant instructional time. Model 4 could be elaborated
to include a statistical interaction between γj and θj, but because
we observe ITT impacts only when γj is high this additional
complexity is unnecessary.
Models of this type were first estimated by Kling et al. (80).

Reardon and Raudenbush (81) and Raudenbush et al. (82)
revealed key additional assumptions required for valid estima-
tion, in addition to those mentioned in The Average Impact of
Taking Double-Dose Algebra (CACE). Specifically, they are 1)
scoring below the cut point cannot affect peer composition unless
doing so induces one to take double-dose (exclusion restriction
with respect to classroom peer skill); 2) at least some values of
γjand θj are nonzero; 3) γjand θj are not collinear; and 4) θj cannot
be associated with the causal effects δ1j or δ2j (independence of

compliance and effect). Assumption 1 is standard and plausible.
Assumptions 2 and 3 are clearly supported by our data (see Figs. 1
and 6). However, the fourth assumption is quite strong and not
directly testable, and we shall take special pains to check its
credibility in Within-School Comparison of Policy Impact.
Obtaining precise estimates of the causal effects δ1j and δ2jfor

each school is not possible, but we can gain insight about our
theoretical model by stratifying the schools as shown in Fig. 6.
The figure displays a scatter plot of schools with the estimate γ̂j on

the horizontal axis and θ̂j on the vertical axis for each year. The lines
on the horizontal and vertical axis represent the average values of
these estimates across the two policy years (γ̂. = .494, θ̂. = −.212).
We see a negative correlation between these two estimates: Schools
with large compliance (high γ̂j) had larger declines in classroom
peer skills (low θ̂j) for students with the median skills.
The following implementation differences between 2003 and

2004 appear key to understanding why the policy produced positive

Table 2. The average impact of taking double-dose algebra

2003 2004

Outcomes Estimate Robust SE Estimate Robust SE

Total semesters
Complier control mean 8.626*** 0.211 9.477*** 0.333
Treatment effects: all students 0.713*** 0.183 0.181 0.252

20% bandwidth 0.621** 0.250 −0.114 0.301
10% bandwidth 1.014** 0.488 −0.548 0.913

Any degree/certificate
Complier control mean 0.124*** 0.017 0.153*** 0.026
Treatment effects: all students 0.053*** 0.016 0.028 0.019

20% bandwidth 0.047* 0.026 0.007 0.025
10% bandwidth 0.060 0.039 −0.034 0.071

4-y degree
Complier control mean 0.055*** 0.012 0.096*** 0.020
Treatment effects: all students 0.048*** 0.014 0.013 0.015

20% bandwidth 0.036* 0.019 −0.022 0.020
10% bandwidth 0.048* 0.029 −0.081 0.052

No. of students
All students 19,800 20,491
20% bandwidth 10,286 10,418
10% bandwidth 5,368 5,408

No. of schools 62 66

***P < 0.01, **P < 0.05, *P < 0.1.

Fig. 5. Causal model. (A) Effect of scoring below the cut point on outcome
through double-dose enrollment. (B) Effect of scoring below the cut point
on outcome through double-dose enrollment and classroom peer skills.
Reprinted with permission from ref. 78.
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impacts in 2003 but not in 2004. First, overall compliance
declined substantially in 2004. Second, the negative corre-
lation between γjand θj was much stronger, r = −0.74 in 2004
as opposed to −0.37 in 2003. The low correlation in 2003
implies the presence of schools with relatively high compli-
ance (high γ̂j) but where assignment to double-dose had only
a small effect on classroom peer skills (less negative θ̂j).
These schools are in the upper-right quadrant of Fig. 6, and
13 such schools were found in 2003. In comparison, only five
schools fall in this category in 2004, as indicated by high
correlation between γ̂j and θ̂j.
Additional analysis of the 2003 and 2004 cohorts showed the

largest ITT impacts occurred in schools in this upper-right
quadrant (Table 3), although the large positive ITT impact es-
timates for the 2004 cohort are imprecise based on the small
sample size (five schools). In contrast, there was no evidence of
impact in schools in the lower-right quadrant for either cohort,
which is composed of schools with high course compliance but
large declines in peer skills for double-dose–eligible students at
the cut point. There were no significant impacts in schools with
very low levels of compliance for either cohort. This pattern of
results is consistent with the results of an earlier study on 10th-
grade algebra test scores: The effectiveness of the double-dose
policy was undermined by the exposure of median skill students
to low-skill peers (78).
Taken together, our results suggest that assignment to double-

dose algebra had countervailing effects. High levels of compli-
ance enhanced the effects of scoring below the cut point, but
assigning median-skill students to classrooms composed of low-
skill peers reduced these effects. We consider policy implications
of this finding in Discussion.

Within-School Comparison of Policy Impact among Schools Differing
in Classroom Peer Skills over Time with the Same Level of High Course
Compliance. The validity of the differential policy impact as a
function of peer skills relies on the assumption that θj is not
correlated with δ1j or δ2j in Eq. 1 (assumption 4 above) (80, 81).
This would be violated, for example, if schools that were par-
ticularly ineffective in teaching double-dose algebra were the

very schools that assigned median-skill students to low-skill al-
gebra classes, or if schools that can provide effective instruction
regardless of classroom academic compositions are the schools
that did not create low-skill classrooms for median-skill students.
Such a violation would bias our assessment. To check the validity
of this assumption, we investigated the change in policy effec-
tiveness within the same schools among a subset of schools that
had high course compliance in both years but that differed in
policy implementation with regard to peer skills. Because the
analysis compares ITT effects within schools, the assumption of
no correlation between θj and δ1j or δ2j is no longer relevant.
Furthermore, given that the overall instructional capacity of
schools changes slowly, we reasoned that, if we were to find

Fig. 6. School-average impact of scoring below the cut point on taking double-dose (horizontal axis) classroom-peer skill (vertical axis). (A) 2003 cohort. (B)
2004 cohort.

Table 3. ITT impacts by peer skills: Schools with above-average
course compliance in 2003

Small declines (13
schools, 2,090

students)

Large declines (35
schools, 5,922

students)

Outcomes Estimate SE Estimate SE

2003
Total semesters 0.877* 0.489 0.190 0.247
Any degree/certificate 0.090** 0.040 0.014 0.020
4-y degree 0.060** 0.030 0.017 0.017

(5 schools, 273
students)

(19 schools, 2,765
students)

Estimate SE Estimate SE
2004

Total semesters 2.456 1.531 0.255 0.419
Any degree/certificate 0.092 0.125 0.026 0.034
4-y degree 0.160 0.100 0.008 0.026

**P < 0.05, *P < 0.1. Note: This analysis uses 20th percentile bandwidth
because the parametric model using all students is sensitive to outliners. The
result using the 10th percentile is similar. Also, the analysis by pooling the
two cohorts produced similar results.
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strong associations between the change in classroom peer aca-
demic composition and policy effectiveness over a 1-y period in
schools where compliance stayed the same, this would provide
additional evidence of how peer skill composition shapes the
overall policy impact. This within-school analysis is based on 11
high schools which had high course compliance in both years but
where the impact of assignment to double-dose led to large shifts
in peer skill one year (large negative θj) and small changes in the
other year (null or small negative θj). Nine of them had small
peer skill declines in 2003 and large declines in 2004; two schools
had the opposite pattern. These schools were pooled for this
analysis. Our statistical model is again a piecewise quadratic
model that estimates the impact of scoring below the cut point
on our outcomes but allows this impact to differ between 2003
and 2004 as a function of whether the decline in peer skills as-
sociated with double-dose assignment was small or large (see SI
Appendix, section D for the statistical model).
The results for within-school comparison replicate those of

between-school comparison (Table 4): No discernable ITT im-
pacts were found when students at the cut point experienced
large declines in classroom peer skills. However, ITT impacts
within the same school were larger when such students experi-
enced only a small decline in algebra-class peer skills.

Discussion
Our results reveal the potential power of high school curricular
reform to improve the life chances of low-income, predominately
minority students. Our results are generalizable to students
whose pre-high school math skill is near the national median.
Nearly 95% of these students in Chicago were minority students
from low-income families. We find that offering an extra course
to support algebra learning can significantly increase college
persistence and degree attainment of these students. However,
considering the implementation of this intervention appears key
to understanding its effectiveness. Specifically, our RDD analysis
revealed substantially positive results for schools that 1) strongly
complied with the policy by following the cut-score-based
double-dose course assignment and 2) placed median-skill stu-
dents in algebra classes composed of peers with similar skills. In
2004, compliance declined, and in most schools that did comply
strongly median-skill students tended to have low-skill peers.
These findings pose key unanswered questions: 1) Why was

classroom peer-skill composition critical to the effectiveness of
the policy for median-skill students; 2) what were the conse-
quences of double-dose for low-skill students; and 3) why was
effective implementation far less prevalent in 2004 than in 2003?

Why Does Class Peer-Skill Composition Matter? The findings of this
study, as well as those of an earlier study of double-dose algebra
(78) and other peer-effects studies (73–77), suggest that expo-
sure to low-skill peers undermines learning of higher-skill stu-
dents. A body of research on this topic supplies several potential
explanations for this finding. The most plausible explanation, we

believe, is that teachers have been found to tailor the conceptual
level and pace of instruction to average skill level of their stu-
dents (83). In a typical US high school, instructional differenti-
ation occurs between classrooms; teachers then use “whole-class”
instruction wherein the entire class moves at the same pace. In this
setting, the progress of median-skill students would be delayed if
instruction becomes slower-paced and less conceptually demanding
in classes primarily composed to lower-skill peers. (65, 84)
Other explanations are also possible. School leaders may as-

sign high-skill teachers to classrooms with high-skill students,
leaving lower-skill students with less effective teachers (85). It
could also be the case that lower-skill students have become
discouraged, and that their low motivation may affect median-
skill kids as well (86).

What Is the Effect of Double-Dose Algebra on Low-Skill Students? If
we optimize for median-skill students by assigning them to al-
gebra classes composed of students with similar skill, what would
be the consequences for students of low skill? Would they suffer
by not having higher-skill classmates? Would they benefit from
taking an additional math course? How does one then design an
optimal policy for instructional time and assignment of students
to classes? Unfortunately, a study using the RDD cannot answer
these important questions. However, an earlier study comparing
observably similar students pre- and postpolicy provides some
evidence that low-skill students benefited little from this policy
(54). Students with pretest scores in the bottom quartile of the
national distribution showed little improvement postpolicy
compared to prepolicy. In comparison, students between the
25th and 50th percentile made significant gains, as we would
expect from the results of the RDD analysis.
These results suggest that for students with very low incoming

math skills additional instructional time alone was not enough to
prepare them for algebra. We estimate that ∼30% percent of the
student population in Chicago fell into the “very-low-skill” cat-
egory (based on a model predicting the likelihood of a student’s
scoring below the national median, using as predictors students’
testing history, race, and indicators for socioeconomic status).
The math skills of the average student in this very-low-skill pop-
ulation ranked at the 20th national percentile; nearly 60% of this
group was identified as needing special education services. Of
these students, 37% failed ninth-grade algebra, and fewer than half
graduated from high school. The lack of test score improvement
for these students post-double-dose suggests that this approach
failed to meet their developmental needs. We speculate that a
math intervention far more intensive than double-dose is essential
to improve their high school and postsecondary outcomes.

Why Was Effective Implementation Far Less Prevalent in 2004 than in
2003? While the results of double-dose in 2003 are very en-
couraging, the decline in estimated impacts in 2004 is troubling.
Why did implementation change in 2004? What are the obstacles
to optimally implementing the policy and sustaining the positive
effects? To answer these questions, we interviewed key architects
of the policy. We learned that the district recommended 1)
cut-score-based assignment, 2) the two math courses being
scheduled “back to back,” and 3) that both courses be taught by
the same teacher and attended by the same students. Our inter-
views suggested that, while these guidelines were intended to
provide coherent instruction, implementation may have imposed
burdens on the schools, potentially disrupting the standard pro-
cedures for scheduling and teacher assignment. These challenges
in the first year of the policy may have undermined the motivation
to continue following the implementation guidelines in 2004.
Importantly, however, any such change did not result in aban-
donment of the double-dose program. Even though compliance to
the cut-score-based assignment declined in 2004, our data show

Table 4. Within-school comparison of ITT impacts by peer skills
changes (high course compliance)

Total semesters Any degree 4-y degree

Estimate SE Estimate SE Estimate SE

Intercept 9.109*** 0.312 0.138*** 0.021 0.081*** 0.016
Below −0.485 0.421 0.008 0.034 0.017 0.027
Below*small 1.046*** 0.287 0.053** 0.023 0.033* 0.019
Small −0.844*** 0.204 −0.023 0.017 −0.004 0.013

Number of students, 3,502; number of schools, 11. ***P < 0.01, **P <
0.05, *P < 0.1.
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that the overall student participation rates in double-dose in 2003
and 2004 were virtually identical.
Thus, it appears that what changed in 2004 was not a will-

ingness to implement double-dose but rather that school per-
sonnel were more likely in 2004 than in 2003 to use their own
judgement about who should take double-dose. Such a change
would not necessarily reduce the impact of double-dose—that is,
the policy might still have led students’ outcomes to improve
more than they would have if the district had not implemented
the policy. However, because the RDD relies on adherence to
the cut-score-based assignment to identify the program’s impact,
low compliance with the assignment rule reduces the capability
of RDD to detect that impact.
Finally, an important difference between 2003 and 2004 was

that the average incoming skills of all ninth-grade students de-
clined in 2004. This might have put additional constraints on the
schools’ decisions about how to implement the program, in-
cluding who should take the course, scheduling, and academic
composition of algebra classes. Moreover, our data also showed
that schools were more likely to enroll special education students
in double-dose in 2004 than in 2003. This, in part, explains why,
in those schools with high compliance in both years, median-skill
students tended to attend classrooms with much-lower-skill peers
in 2004.
Taken together, the evidence encourages us to speculate that

an optimal policy would assign median-skill students to algebra
classes with similarly skilled peers, while providing much more
intensive and targeted instruction to students with very low skills.
More research is required to test this speculation. In addition,
despite the large effects we have described, the 4-y graduation
rate for double-dose students with the national median skill re-
mains low (10%). This suggests that additional, more intensive
interventions could further raise 4-y degree completion among the
urban low-income students that these Chicago students represent.

Conclusion
Double-dose algebra shows real promise for helping median-skill
students in Chicago neighborhood schools to gain math skills, take
more college-preparatory math classes, achieve more years of
schooling, and earn college degrees. The success of the double-
dose approach is consistent with evidence of a similar successful
intervention in college—offering a remedial course along with a
core math course (e.g., statistics) to those who do not meet the
minimum math requirement (87). However, the longevity of the
effects we observe for the 2003 cohort is unusual among studies of
schooling interventions (88, 89). The double-dose strategy is
plausibly cost-effective relative to other types of interventions with
a comparable long-term impact, such as reducing class size or
providing tutoring, which require substantial labor costs. More
generally, our results bear on large questions concerning prospects
for secondary-school reform. Scholars have long questioned what
role, if any, high school improvement can play in improving
workforce outcomes for low-income children, and whether high
school may be too late for any meaningful intervention. Our re-
sults provide some cause for optimism.
A key caveat is that the effectiveness of this policy depends on

assigning moderately skilled students to algebra classes with sim-
ilarly (or higher-) skilled peers. This finding raises key questions
for subsequent research. In particular, we need to know how to
design optimal policies for lower-skill students and how to ensure
that an effective double-dose policy can be sustained over time
within the constraints of the organizational design of urban
neighborhood high schools.

Data Availability. Data for re-analysis can be obtained with per-
mission of the Chicago Public Schools (CPS). Applications should
be submitted to the Research Review Board of CPS.
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