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Abstract
This study investigates the effect of offering multiple means of representing content, one 
aspect of Universal Design for Learning (UDL). Students across the full range of the dis/
ability spectrum all too often struggle to achieve course success. UDL-based course de-
sign promises to help students with disabilities (whether disclosed or not) as well as help 
all students, but research is needed to verify UDL’s specific benefits for student learning 
outcomes. This study aims to better understand the efficacy of representing course content 
using multiple means, which is one aspect of UDL pertaining to perception. Data were 
gathered from over 50 online courses in 14 subjects across the undergraduate curriculum 
taught with an adaptive learning system at a women’s institution. A panel data analysis 
with almost 200,000 cases of student learning activities investigated the effect of repre-
senting content in multiple ways (i.e., text, video, audio, interactive, or mixed content 
presentation format). When students used multiple modalities, a positive effect was found 
on student learning measures of knowledge gained within the adaptive system. The results 
have implications for future UDL-related research, as well as faculty development and 
curricular design.

Keywords Universal design for learning · Content modality · Quasi-experimental · 
College students · Students with disabilities · Undergraduate learning

Introduction

Considering the great variability among learners, finding instructional strategies that work 
well across ability levels holds importance for educators (Meyer et al., 2014). In the wake 
of COVID-19, many students have experienced learning challenges, including students in 
a variety of underperforming groups at all levels of education (Dorn et al., 2020; Herold & 
Chen, 2021; Manly et al., 2021; Zhang et al., 2021). This has magnified the need to iden-
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tify effective strategies for assisting learning acquisition in college (Office for Civil Rights, 
2021). The present analysis probes one promising technique posited to support students 
across the full range of ability levels, including students both with and without identified 
disabilities (Tobin & Behling, 2018).1 Specifically, considering the Universal Design for 
Learning (UDL) framework’s guideline to provide alternative modalities in representing 
content (CAST, 2018), I investigate the effect of use of multiple modalities on formative 
learning activities throughout a variety of online college courses.

Educational researchers have surprisingly little empirical evidence showing how spe-
cific educational design practices facilitated by new technological capabilities, such as rec-
ommended by UDL (Burgstahler, 2015), translate to learning success and other college 
outcomes (Kimball et al., 2016; Mangiatordi & Serenelli, 2013). I address this by investi-
gating student learning success in online courses using a learning-analytics-infused delivery 
system, which facilitates implementing some aspects of UDL. This framework, following 
efforts to improve universal design in the built environment (Hamraie, 2017), arose from 
work to improve educational circumstances for people with disabilities and is grounded in 
cognitive science (Rose, 2001). UDL theorizes that students benefit from multiple means of 
engagement, multiple means of representation, and multiple means of action and expression 
in their studies (CAST, 2018).

Importantly, UDL suggests that having content available in different modalities will 
result in beneficial outcomes. I investigate the causal effect of using multiple content modal-
ities (i.e., text, video, audio, interactive, or mixed content) on student learning outcomes for 
undergraduates at a women’s institution that serves predominantly older, nontraditional age 
students. Combining data from adaptive learning with other campus systems, I aim to dis-
cover whether the multiple content presentation recommended by UDL benefits these stu-
dents. I undertake this research because the efficacy of using multiple content modalities as 
proposed by UDL still needs rigorous, empirical investigation in practice (Rao et al., 2014; 
Roberts et al., 2011). Development of a small research base has begun, such as Hall et al.’s 
(2015) work involving formative assessment in 14 middle school classes including a con-
trol group. However, that work looked more broadly at online versus offline reading. Thus, 
while some UDL research has addressed content representation, overall, few researchers 
have studied the connection between content presentation modalities and student learning 
outcomes, even as part of more comprehensive UDL research (Capp, 2017; Cumming & 
Rose, 2021; Rao et al., 2014). My research addresses this gap.

I conduct a theoretically informed panel data analysis of an authentic learning situation 
(Mayer, 2008), taking a short longitudinal approach. I look at change within student across 
two consecutive time points logged approximately 20 min or less apart across a single activ-
ity. I average across activities to investigate an overall effect posited across learning activi-
ties in a variety of courses. My goal is to identify the extent any beneficial effect exists when 
a student utilizes more than one modality when learning course content. My research ques-
tion is: What are the effects of choosing more than one modality (either text, video, audio, 
interactive, or mixed) for learning course material on knowledge gain? I hypothesize that 

1  I respectfully acknowledge differing opinions about the relative merits of person-first or identity-first lan-
guage when discussing people who have disabilities (Association on Higher Education and Disability, 2021). 
I use person-first language as a group signifier here since I do not discuss specific individuals who identify 
as having a disability.
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use of more than one modality when learning content will have a substantively important 
positive effect on learning gain.

Theory and Literature Review

I frame my study by considering how online courses could be designed to support a univer-
sal range of abilities while simultaneously viewing each student individually and holisti-
cally. I draw upon the theoretical framework offered by UDL (Burgstahler & Cory, 2008), 
which facilitates systematic investigation and critique of intentional integration of different 
modalities in course design.

The concept of universal design came from the idea that designing a built environment 
accessible to people of all ability levels would produce a setting enabling rather than dis-
abling participation by all individuals. In the early 1970s, architect Ron Mace attended 
North Carolina State University, where “Mace had to be carried up and down stairs to attend 
classes and was unable to use the men’s restroom because his wheelchair was too wide to fit 
through the entrance” (Evans et al., 2017, p. 277). This led him to pioneer the idea of barrier-
free design, which he and others later expanded to the idea of universal design applying to 
everyone. Ramp structures like curb cuts offer a standard example of universal design, mak-
ing it possible for people requiring wheelchairs to access spaces otherwise inaccessible via 
curbs or stairs. Although curb cuts were initially designed with disability access in mind, 
they are usable by and useful for many other non-disabled individuals, such as those wheel-
ing a stroller, grocery cart, luggage, or hand truck.

Similarly, in higher education, advocates see universal design poised to become “a 
mainstream concern and a discourse serving the needs of students at large,” partly because 
“the wider objective of increasing diversity on campus is exceptionally well served by the 
model,” a conclusion drawn from an institutional case study of faculty, administrators, and 
other employees (Fovet & Mole, 2013, p. 124). Educational frameworks based on the idea 
of designing for a universal audience include Universal Design for Instruction (UDI), Uni-
versal Instructional Design (UID), and UDL (CAST, 2014; McGuire, 2014; Scott et al., 
2003; Silver et al., 1998). In these frames, all people are viewed as having potential to 
benefit from design providing essential access to an otherwise disadvantaged subpopula-
tion. This situates disability in the environment rather than individuals, whatever their cur-
rent physical or mental capability and educational background (Evans et al., 2017). These 
frames also value providing content to students in multiple modalities. While parallels exist 
between these educational universal design formulations and each have different strengths, 
I focus on UDL because of its explicit articulation of multiple means of representation as a 
guiding principle, which can be explored empirically through offering options for percep-
tion as per the UDL guidelines.

UDL draws specifically upon brain imaging research, guiding learning design to facil-
itate academic achievement by diverse students whose capacities may vary significantly 
across the brain’s affective, recognition, and strategic networks (Rose, 2001). Recognizing 
that each student possesses a unique combination of strengths and weaknesses in each cog-
nitive area enriches understanding of the dimensions across which human capability varies, 
informing design of educational experiences (Rose et al., 2006). However, UDL literature 
has more frequently focused on arguments for UDL’s importance than on empirical study 
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of its effects and effectiveness (Mangiatordi & Serenelli, 2013; Roberts et al., 2011). What 
empirical research exists about universal design has often focused more on K-12 than col-
lege (Crevecoeur et al., 2014; Rao et al., 2014), and on perceptions or implementation activ-
ity rather than learning outcomes (Abell et al., 2011; Kortering et al., 2008; Lombardi et 
al., 2011). The modality use studied here falls under UDL’s principle of providing multiple 
means of representation (CAST, 2014).2 Within this, UDL recommends providing options 
for perception, connected to the brain’s recognition capacity.

Modality Representation and UDL

UDL assumes that students enter college with a wide range of ability and prior experience 
and that students benefit from flexible paths to facilitate their learning. Courses designed 
with UDL in mind offer students multiple means of representation, including alternatives 
for auditory and visual information (CAST, 2014). The point of such multiplicity is not 
to offer additional complexity or add detrimental cognitive load (Beacham & Alty, 2006; 
Greer et al., 2013). Instead, UDL designers presenting options simultaneously should avoid 
unnecessarily increasing cognitive load which may otherwise increase barriers for some 
students (Kohler & Balduzzi, 2021). A design goal would be to allow students to pursue 
alternate paths through a course’s content if they struggle to learn along the initial path or 
are functionally unable to follow a particular path.

This flexibility aligns well with availability of multiple modalities for alternative content 
presentation in adaptive systems such as in the present study (e.g., Cavanagh et al., 2020). 
Past small-scale experimental research on an adaptive system where content was available 
in different modalities found benefit to student learning (Mustafa & Sharif, 2011). However, 
that research focused on adjusting initial content presentation mode to individual learning 
style rather than investigating the role that availability of additional modalities may have 
played. Despite great interest in investigating how content in different modalities might be 
presented to students in e-learning systems (Khamparia & Pandey, 2020), research has not 
yet evaluated student learning outcomes connected to such presentation alternatives. Thus, 
even though adaptive systems may be designed to facilitate use of multiple modalities, the 
effect of doing so in them remains unknown.

Modality has been included in prior research about UDL, although not as a sole research 
focus. When considering content presentation overall, Orr and Hammig (2009) searched 
specific peer-reviewed journals from learning disability and higher education fields, 
between 1990 and 2008, explicitly excluding K-12. Focusing only on quantitative or quali-
tative empirical articles, they found 38 with research pertaining to UDL and learning dis-
abilities. Of those, 10 contained a theme of multiple means of presentation. Thus, although 
studies typically do not focus solely on presentation, explicit inclusion is fairly common.

Several studies have shown support for positive student outcomes associated with univer-
sal design overall. For example, University of Minnesota faculty ran several studies of UID 
that found positive results for students, including higher grades and lower need for accom-
modations (Evans et al., 2017). Four of 80 abstracts reviewed by Mangiatordi and Seren-
elli (2013) included assessing student academic improvement, providing general support 
for expectation of positive learning outcomes for UDL practices, though apparently none 
explicitly studied providing options for perception. Also, since these authors only reviewed 

2  I use representation (the official wording used by CAST) and presentation interchangeably.
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abstracts and did not list the articles reviewed, these studies’ quality is unknown. In a K-12 
through postsecondary meta-analysis by Capp (2017) analyzing 18 pre- and post-test UDL 
intervention studies published between 2013 and 2016, UDL proved effective overall at 
improving the learning process (i.e., positive effect size reported). Two of the quantita-
tive studies found positive effects for providing multiple means of representation via stu-
dent perception self-reports. One of these compared pre/post-questionnaires of almost 400 
introductory psychology students’ perceptions before and after faculty teaching their course 
received UDL training, also comparing these results to over 200 control group students 
whose faculty did not receive the training (Davies et al., 2013). The other study used a 60 
student convenience sample responding to a pre/post-questionnaire for one department’s 
redesigned program study guide (Tzivinikou, 2014). Thus, studies connecting the efficacy 
of UDL practices to course outcomes remain scarce.

Modality Representation and Cognitive Science

The idea that humans process sensory input through multiple channels, including visual 
and verbal channels, has substantial evidence (Mealor et al., 2016). Likewise, the idea that 
human working memory has dual channels for these two pathways has years of experimental 
support (Mayer & Moreno, 1998). Existence of these theorized dual channels supports the 
idea that their use may connect to learning outcomes (Clark & Paivio, 1991; Mayer, 2001). 
Multimedia research tends to investigate simultaneous use of these modalities, reserving 
investigation of sequential modality use to the control situation (Mayer, 2001). I posit more 
remains to be learned about the benefits of sequential use than is currently known, how-
ever. While general multimedia research has found benefits of simultaneous presentation for 
learning certain content types, other research has shown neurodiverse individuals may pro-
cess multimedia differently, calling into question a one-size-fits-all approach to multimedia 
design that assumes combining media benefits all learners in similar ways (Beacham & Alty, 
2006; Wang et al., 2018). Multimedia research also tends to investigate fairly short chunks 
of content (e.g., a single sentence or short explanation), typically shorter than the 20-minute 
learning activities I study (Mayer, 2001). I draw upon cognitive science and multimedia 
research to support studying use of multiple modalities in sequence as well as in combina-
tion to assist struggling students with their learning.

Mayer and Massa (2003) investigated the idea that people fall into visual or verbal learner 
categories, and their factor analysis supported a visual/verbal distinction based on spatial 
ability differences, cognitive style differences, and multimedia learning preferences. Dif-
ferent neural information processing pathways have also been shown to operate for people 
with visual and verbal cognitive styles in MRI brain scans (Kraemer et al., 2009). Addition-
ally, sensory input handling has been found to correspond to cognitive style preference by 
changing nonverbal information to verbal coding in the brain, for example (Kraemer et al., 
2014). This supports the theory that dual pathways bring information from our senses to 
the point of long-term memory integration (Mayer, 2008). Additionally, memory has been 
found to be as good for verbal information of paragraph length presented in either an audi-
tory or visual (textual) modality (Morris et al., 2015). It thus seems plausible that using 
these dual channels in sequential learning as studied here may aid long-term memory and 
associated learning performance requiring retention.

1 3



Research in Higher Education

Additionally, “choices made within the context of an authentic learning scenario” have 
been found distinct from preferences expressed on questionnaires (Mayer & Massa, 2003, 
p. 839). This suggests a difference between innate visualizer/verbalizer cognitive style and 
expressed preferences when learning. Likewise, experimental brain imaging research with 
20 people suggested an individual’s cognitive strategy in a given situation may be inconsis-
tent with their questionnaire-determined cognitive style preference (Kraemer et al., 2017). 
This suggests that self-assessed learning style along the visual/verbal dimension may not 
correspond to the modality that works best for an individual when learning. This conclusion 
supports the idea that offering adaptive system content in different modalities may provide 
students benefit.

Taken together, this research suggests people use a variety of cognitive processes while 
learning, sometimes inconsistent with their preferred cognitive style. Combining different 
approaches may therefore be beneficial when individuals have a difficult time grasping 
information in the first way shown.

Context

The study setting is a well-established private, women’s institution in the Northeast. Older 
than the average four-year college-aged student coming from high school, these students 
typically juggle family and work responsibilities in addition to school. While such non-
traditional students have frequently been underserved by higher education overall (Kazis et 
al., 2007), this institution supports and encourages them (Anderson & Bushey, 2017, Manly, 
2023). Staff have continuously explored ways to structure course experiences and utilize 
data to better support student success.

The three-credit undergraduate courses studied are taught in an accelerated format in a 
variety of degree programs. At this institution, a semester contains three sequential subterms 
of six weeks each. This format allows students to take multiple courses during a subterm or 
multiple courses during a semester by taking one course at a time across several subterms. 
During the year, courses are offered across six subterms, or three times during each semes-
ter. This accelerated format facilitates working students focusing on one (or two) courses at 
a time while still completing multiple courses in a semester.

The technology for all courses combines a learning management system for discussion 
and overall course interactions (e.g., weekly assignments and grades) with an adaptive 
learning system for content presentation and learning mastery level formative assessments 
based on multiple choice questions. All courses studied had been redesigned over the prior 
three years using a team-based course design process utilizing Open Educational Resources 
(OER) within the adaptive system. This process is informed by the Quality Matters (2020) 
online course design rubric and annotations. Each course’s content is formatted utilizing a 
similar structure allowing the redesign team to code activity modality as a backend data field 
within the adaptive system.

Course design incorporates aspects of UDL as integrated in the Quality Matters (2020) 
rubric. This rubric, which aims to ensure high online course quality, guides strategies under-
taken to improve student success. The rubric specifically encourages practices addressing 
multiple means of representation, and generally encourages following other aspects of UDL 
in course design (Robinson & Wizer, 2016). This aligns with arguments for broad use of 
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UDL as a design strategy beneficial for diverse learners (Bradshaw, 2019; Tobin & Behling, 
2018). UDL adoption should go further than preserving a status quo of what constitutes 
good teaching that has not served some students well (Edyburn, 2010). Here this means 
widespread redesign of courses that incorporated UDL principles as well as concern for web 
accessibility in line with a mission-driven desire to improve educational success for students 
typically marginalized in higher education. The inclusion of multiple modalities for learn-
ing course content is a deliberate design choice made by the institution across the courses 
studied. Alternate paths for learning content through different modalities are part of standard 
course design. In an approach consistent with universal design principles around providing 
alternatives for perception, the adaptive learning system encourages students showing signs 
of struggling to pursue paths using alternate modalities until they achieve successful con-
tent mastery. To illustrate the nature of the content modalities studied, I explain an example 
from an introductory English course that is the second of a sequenced course pair. During 
an early week in this course, students are expected to gain competency in skills that would 
support their approach to writing. A structured activity sequence takes students through 
concepts needed to develop competency in the targeted skills, as in the following example 
of a sequence entailing three connected activities.

In the first activity, students learn about choosing a topic to write about. By default, this 
activity’s content is presented as text. When they sufficiently master the concepts covered 
in the activity, as demonstrated by achieving at least 70% on a series of three to five mul-
tiple choice questions, they are allowed to progress to the next activity about how to write 
a thesis statement. If they show signs of struggling by not achieving at least 70%, they are 
redirected to review the material and a recommendation is made to view the material in a 
different modality. If the original content had been presented as text, they would typically 
have had the option to view a video if they were struggling to learn the concepts covered in 
the activity.3 For some activities, content in additional modalities including audio, interac-
tive exercises, or an intentionally designed mixture of content types would also have been 
available in addition to text and video. Thus, students potentially had access to up to five 
different types of modalities for each activity, though the most common number of available 
modalities was two. Additional available modalities would have been accessed in a similar 
manner if needed by the student. Mastery of the second activity on writing a thesis state-
ment, again demonstrated through responses to a few multiple-choice questions, then brings 
the student to the final activity of this sequence on writing a proposal.

In each activity, required concepts can be presented in multiple ways (i.e., different con-
tent modalities), as crafted by the course development team. As students progress through 
the course, their knowledge score based on the questions answered, time spent actively 
working on the activity, and the modality used are recorded for each activity. If they repeat 
an activity in a different modality, that also is recorded. This type of learning path with 
multiple modalities is created by developing alternative activity content for each learning 
objective utilizing OER to the extent possible to reduce costs for students. Depending on 
the subject and course, additional assignments, quizzes, and projects are also assigned and 
graded, as well as required weekly online discussion participation. The result is a robust 
dataset with ongoing measures of student action and knowledge captured throughout each 

3  As will be noted later, information about the recommendations made by the adaptive learning system is 
considered proprietary vendor data and is not available for analysis.
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week of a course. This allows analysis of student utilization of more than one modality when 
learning.

Data

The analysis sample includes 1278 women undergraduates enrolled in 283 sections of 51 
online courses taught during the 2018–2019 academic year. These courses span 14 subjects, 
including sciences, social sciences, humanities, and professionally oriented courses. Student 
performance data allows study of the impact of using multiple modalities for representing 
course content on course-related success.

Several technical features facilitate the collection of these performance data, including 
a data warehouse and student anonymization. Student-level information is gathered from 
multiple campus systems and combined into a data warehouse, including data from the 
learning management system, adaptive platform for course content and formative assess-
ment, and administrative student information system. Student information was anonymized 
prior to the researcher having access, addressing privacy concerns for this secondary data 
analysis.

Data were collected across multiple instances of all courses using the adaptive system 
during the 2018/2019 academic year. Each six-week course is broken down into learning 
activities each anticipated to take about 20 min, with approximately 5–15 activities per 
week in the adaptive system. This results in 199,396 cases for analysis.

A student’s prior knowledge of the upcoming content is assessed each week and a start-
ing knowledge state score is assigned. Knowledge of the content covered in an activity is 
also assessed at the completion of that activity. (While information is captured in the system 
about the knowledge score progression across learning attempts for each activity, to facili-
tate a change score analysis, the beginning and ending scores for each activity are utilized.) 
Information is captured about when and for how long students worked on the activity, as 
well as any activity repetitions and the modalities utilized each time. These features make 
these data well-suited for an aggregated analysis of modalities and learning across multiple 
courses.

Data are analyzed for each student at the activity level across all courses. Each activity 
instance completed by each student is given its own data row, with variables identifying 
whether a second modality was used at any point during that activity’s completion along 
with the student’s knowledge gain for that activity. Each activity typically has three to six 
content sections including a short introduction, a long section where most of the content 
is presented, and a summary. Questions assessing formative understanding are also asked. 
Sometimes at the end of a main content section, the student is asked if she would like to 
view alternative content. If she chooses to do so, she is often presented with content in 
an alternative modality, such as video if the main content is presented as text. Since the 
research question aims to identify an overall connection between use of more than one 
modality and learning gains, aggregating the data in this way across courses is sufficient.
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Variables

This section explains the outcome, primary independent variable, set of independent con-
ditioning variables, and handling of missing data. The Online Resource describes these 
variables’ operationalization.

The outcome is change in knowledge score. An initial weekly knowledge score is 
assigned after determining the student’s prior knowledge of that module’s concepts, and 
exit assessments occur at the end of each 20-minute adaptive learning activity. Knowledge 
gain for an activity is calculated as the difference in a student’s knowledge score before and 
after going through that activity.

The primary concept of interest is use of multiple content representations. Up to five 
alternate paths for learning content through different modalities are designed into each 
learning activity in each course. Use of multiple content representations is operationalized 
as student use of any second modality of content representation for a given 20-minute adap-
tive learning activity (from the full information about all attempts at that activity). While 
not all activities had the same number of modalities available, most had at least two modali-
ties, making this treatment operationalization relevant for the greatest number of activities 
possible.

Two additional course-related variables are considered for model inclusion: (1) the 
amount of time spent on the activity since time on task may impact learning, and (2) the 
combination of year and term for the course since content may have been updated between 
terms but not during terms per institutional policy. However, the final analysis model 
excluded these conditioning variables, as explained below.

Missing data are not a pervasive problem. Data are only missing on the dependent vari-
able, which could be because of either a missing starting or ending knowledge state score. 
When students work on the initial assessment at the beginning of the week that determined 
their starting knowledge level for that week’s material, this activity legitimately has no 
beginning knowledge state score, and since this initial assessment activity is not associated 
with modality use while learning content, these cases are dropped from all analyses. Some 
students elect not to or are unable to complete the ending formative assessment after work-
ing on an activity, and this results in missingness for the ending knowledge score in 22.4% 
of cases. This type of missingness is expected due to the work and life demands of these 
non-traditional students. Given that the student has no end score in this situation, these cases 
are also dropped from analysis. This left analysis cases only where the student has both a 
beginning and ending knowledge state score.

While I acknowledge that observational research always has potential for bias due to 
unobserved and unknown selection effects that could be associated with missing data, 
sources of such bias are not anticipated here, as it seems probable that random life events led 
to the missing ending score. However, if struggling students are more likely to have given 
up and not completed the ending assessment (or to have dropped the course altogether), 
that might positively bias results. It is also possible though, that such missing data came 
from students who completed the activity with a sufficiently high score to continue along 
the activity sequence, but who chose to review material without completing another assess-
ment, potentially negatively biasing results. As a sensitivity analysis utilizing all available 
information about these students, missing data for the ending knowledge score were han-
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dled via multiple imputation (Manly & Wells, 2015), with similar analytical results (see 
Online Resource), lending credibility to the conclusions drawn.

Methods

Descriptive Analysis

Given the range of courses studied, I begin by breaking down the number of students, activi-
ties, and uses of multiple modalities seen across different fields of study to gauge the spread 
of the data across fields. Calculating means and standard errors for the analysis variables 
offers a descriptive sense of the data. (See Online Resource for a correlation matrix.)

Additionally, I compare demographic differences between groups that did and did not use 
a second modality. This allows me to investigate the potential for threats to validity caused 
by confounding effects of latent variables that might have caused systematic differences in 
outcomes of interest between groups. While there is not much that could practically be done 
if such problematic latent variables are unobserved, investigating systematic differences in 
who chose to use multiple modalities allows me to probe for potentially problematic areas 
that might warrant future investigation.

Aspects of the data are investigated that relate to the nature of these panel data as well. 
These include panel balance, amount of variation within subjects, and whether potentially 
problematic time-related trends were discernable.

Panel Data Analysis

I utilize both associational and causally oriented approaches to statistical inference while 
addressing the clustering in the data. Investigating probable causal effects offers a par-
ticularly important and often overlooked direction for higher education research that has 
become increasingly possible given the more nuanced individual learning data now avail-
able through online learning systems such as those used in this study (Schneider et al., 
2007). After beginning with a regression analysis to gauge the basic relationship between 
use of multiple modalities and knowledge gain, I explore several causally-oriented model-
ing approaches.

To more fully understand the relationships in the data, my approach utilizes causal graph-
ical modeling (CGM) to represent alternative causal hypotheses that might be investigated 
and determine which to pursue further (Pearl, 2009). Using CGMs to represent alternative 
structures facilitates investigation of causal effects by aiding my modeling choices. CGMs 
represent random variables as nodes and causal relationships between random variables as 
uni-directional causal arrows between those nodes. When necessary, bi-directional arrows 
can also be used to indicate latent confounding. CGMs are explicit about the direction of 
causation whereas those relationships are either implicit or unclear in many other types 
of models (e.g., structural equation models). The pattern of connections among random 
variables that is asserted in the model directly implies marginal and conditional indepen-
dencies that can be tested with data. Knowledge of the data generating process can be used 
to constrain the potential space of possible CGMs. For example, theory, prior research, and 
knowledge of time ordering can be used to infer the existence or direction of causation. In 
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addition to the conceptual benefits CGM can provide for developing and understanding 
models based on subject-matter knowledge, with a large enough dataset, relationships can 
be learned algorithmically from the data (Pearl, 2009; Spirtes et al., 2000). This is done 
here, given that the dataset had almost 200,000 observations. Known logical relationships 
provide constraints on this learning process to speed the processing and ensure the resulting 
model conformed to reality, with logical characteristic-based and time-based relationships 
being reflected properly. This process of model-building and testing is conducted iteratively 
and flexibly to determine the most appropriate model for subsequent analysis.

Using this CGM-based approach, I begin by representing the variables I expect to be 
related, including the use of multiple modalities (treatment, D), time spent on the activity 
(a potential mechanism, M, through which use of multiple modalities may have operated), 
the year and term to reflect possible changes in the curricular material (exogenous con-
trol, X), and the knowledge state gain score (outcome, Y). The structure of connections 
between these variables is also learned from the data through several Bayesian network 
structure learning algorithms using the bnlearn R package and the results are compared. 
These include structure learning algorithms that are constraint-based (grow-shrink, PC, and 
incremental association), score-based (Tabu and hill climber greedy search), and hybrid 
(two-phase restricted maximization, max-min hill climbing, and hybrid HPC). The models 
learned are constrained by prior knowledge about temporal-based relationships as well as 
the assumption that static characteristics (e.g., year and term) will not be predicted by other 
variables. After learning the edges representing relationships between these variables (i.e., 
nodes) from the data, the conditional probabilities of the nodes are learned by the algorithm. 
Testing found that the network structures from the different algorithms belong to the same 
equivalence class, which means these learned models from each algorithm imply the same 
set of conditional independencies. The resulting model of the underlying data generating 
process, shown in Fig. 1, indicates D and X were independent in the data.

Inspecting this model led to the conclusion that neither X nor M should be included 
in the analysis model. In this study, I am interested in the overall effect of use of multiple 
modalities on knowledge gained by the students, not specific mechanisms that might par-
tially explain that effect, although exploring potential mechanisms, such as time on task 
or task repetition, could be investigated in future research. While year/term could have 
been included to increase precision of the effect estimate by reducing variance in the out-

Fig. 1 Graphical model learned from data
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come, this was deemed unnecessary given the very large sample size. Additionally, year/
term is not needed to estimate the treatment effect under a model without M. An additional 
exploration to learn the model when including many more of the variables that were in the 
full dataset did not reveal any available variables that cause both use of multiple modali-
ties and knowledge gain (i.e., parent variables that are common causes in the language of 
CGMs) that ought to be included in the model. This means that whatever causes a student 
to use multiple modalities is either not relevant to include given my research design (such 
as student-level variables) or not observed and therefore not amenable to empirical inves-
tigation at this time (such as course-related variables like quality of the material or recom-
mendations made to the student by the adaptive learning system to review the material in 
another modality). My conclusion from this model exploration is that the most appropriate 
model given my research question and the directional relationships learned from the data is 
a very simple panel model with only treatment and outcome, taking the clustering by student 
into account. Thus, I assume that the data generating process could reasonably be modeled 
utilizing a clustered regression analysis based on this simple graphical model (see the black 
dots in Fig. 1). I compare results from ordinary least squares (OLS) and panel data analyses 
conducted as follows.

The OLS regression is adjusted for clustering by student using Stata’s regress, vce(cluster 
id_student) command (Cohen et al., 2003). To confirm the appropriateness of regression for 
the continuous dependent variable of gain in knowledge state score across a single activity, I 
verify that regression assumptions are met sufficiently. I also find no potentially problematic 
outliers.

I probe the causal connection between treatment and outcome using a panel data analysis 
with Stata’s xtreg, fe that accounts more appropriately than OLS for the clustering of the 
data within individuals (Cameron & Trivedi, 2009). I take a short longitudinal approach, 
looking at change within student from before to after each learning activity expected to 
take approximately 20 min. The longitudinal nature of these data facilitates calculation of 
a change score across these two consecutive time points, and so a panel data analysis is 
appropriate to estimate the causal effect of use of multiple modalities (Hsiao, 2014). This 
quasi-experimental approach is known to econometricians as “a panel data variant of a 
difference-in-difference model” (Morgan & Winship, 2015, p. 364). Given that I have such 
longitudinal data from many students over courses each lasting six weeks, I estimate the 
effect across all activities to investigate an overall effect posited to be observable across 
heterogeneity in course settings and activity types.

Limitations

Several features of the data and method should be noted when interpreting the results. 
Although the sample likely contained many students who have disabilities, their number is 
unclear. This lack of clarity limits conclusions from these results for students with disabili-
ties specifically. However, the sample’s atypically low rate of official course accommoda-
tions (0.6% compared to 19% nationally; Snyder et al., 2019) may be due to the intentional 
design of these courses incorporating UDL principles and being guided by the Quality Mat-
ters rubric for online course design (CAST, 2018; Quality Matters, 2020). That is, students 
who may have felt the need to receive accommodations in other circumstances may not 
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have needed them for these courses. Alternatively, while it is possible that few students 
with disabilities chose to attend this institution in the first place, past research indicates that 
many students with disabilities choose not to disclose their disability in college for a num-
ber of reasons even if they had accommodations earlier in their education, and many do not 
know that such supports exist (Gierdowski, 2021; Newman & Madaus, 2015). Additionally, 
pursuing updated diagnosis and arranging for accommodations can be time consuming and 
expensive, and such costs may have been perceived as prohibitive, particularly for students 
with jobs and families who may not have much time flexibility to pursue the required pro-
cess (Fox et al., 2021). Unfortunately, the reason is not possible to distinguish from avail-
able data.

Given the very large amount of data employed (almost 200,000 cases), significance tests 
are nearly meaningless, as even very small effects can be significant with enough data. 
Because of this, to aid interpretation, confidence intervals are reported to indicate estimate 
variation and effect sizes are emphasized.

Additionally, a potential issue with the panel data approach is that treatment assignment 
may have been “fuzzy” since students who received a recommendation to use a second 
modality might not have followed that advice. Unfortunately, it is not possible to obtain 
data about the recommendation offered by the adaptive learning system to students, as the 
adaptive learning vendor considers this proprietary information. This limitation of the pres-
ent research could be addressed in future research where such data became available by the 
vendor.

Results

Of the 1278 students in the sample, many took courses during both Fall and Spring sessions. 
As shown in Table 1, 2566 learning activities were engaged in by these students. Almost 
200,000 instances of activities with modality data were logged across the humanities, pro-
fessional studies, math and sciences, and social sciences, and more than one modality was 
used over 100,000 times (58% of cases overall), again spread out by field.

Table 2 shows that across all activities, the mean knowledge improvement was 0.131 (on 
a 0–1 scale). Students used more than one modality while working on an activity 58% of the 
time. On average, students spent about 7 min (0.124 h) on an activity, and data were spread 
reasonably evenly between the two semesters.

When investigating the data’s panel nature, since fixed effects estimation relied on hav-
ing good variation within subjects, a variance decomposition was conducted which con-
firmed sufficient variation existed. The panel was unbalanced, with varying case numbers 

Table 1 Fields of study, students, activities, and modality use
Field of study Students Activities Activities engaged 

by students
Times > 1 mo-
dality used

% >1 
modal-
ity used

Humanities 745 594 56,821 31,301 55%
Professional studies 557 1168 59,466 41,074 69%
Math and sciences 417 343 40,682 12,061 30%
Social sciences 585 467 42,427 31,187 74%
Total 1278 2566 199,396 115,623 58%
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for students, because different courses had different numbers of activities and students could 
choose whether to complete them. 89.4% of unique students had activities where they only 
used one modality, while 98.5% of unique students had activities where they used more than 
one modality. Thus, many students engaged in both kinds of approaches for different activi-
ties. Students engaged in more than one modality across 80.6% of unique activities. Within 
courses, data were clustered for each student. Checking time-series plots showed no poten-
tially problematic discernable trends over time. Testing for heteroskedasticity suggested 
that using clustering by student was indeed appropriate for these data (χ2 = 868, p < 0.001). 
A simple cross-validation check splitting the data by semester confirmed that results in each 
semester were similar to those presented below. Finally, a robust Hausman test confirmed 
the appropriate use of fixed effects for these data (χ2 = 39, p < 0.001). Thus, my analysis 
focused on a fixed effects panel data model.

As shown in Table 3, the average marginal effect of use of more than one modality 
to learn the content in an activity was 0.049 when calculated with a fixed effects panel 
approach (model 2) accounting for student-level factors that might influence results. Clus-
tered regression results (model 1) are presented for comparison. The panel coefficient 
(0.049) is equivalent to a standardized effect size of Hedges’ g = 0.224 (see Table 4). This 
can be interpreted as a reasonable effect size for education since Cohen’s labeling of 0.20 
as small and 0.50 as medium “can be misleading in educational policy contexts, in which 
effect sizes of 0.20 or smaller are often of policy interest” (Hedges & Hedberg, 2007). 
Recent guidance for educational interventions considers effects over 0.20 to be large (Kraft, 
2020), though some in higher education would argue for slightly larger values (Mayhew 
et al., 2016). The effect found corresponds to an improvement index of + 8.9 (above 50th 

Variables (1) Regression 
with student 
clustering (SE)

[CI] (2) Fixed 
effects panel 
data analysis 
(SE)

[CI]

Use of > 1 
modality?

0.069***
(0.003)

[0.061, 
0.076]

0.049***
(0.003)

[0.043, 
0.056]

Constant 0.091***
(0.003)

[0.084, 
0.098]

0.103***
(0.001)

[0.099, 
0.106]

Observations 199,396 199,396
R2 0.023 0.009
Note Standard errors in parentheses. Confidence interval in brackets. 
Low R2 values do not pose a problem since this treatment effect study 
is not focused on explaining outcome variance
***p < 0.001, **p < 0.01, *p < 0.05

Table 3 Average marginal effects 
for knowledge gain across an 
activity – clustered ordinary least 
squares regression and fixed ef-
fects panel data analyses

 

Variable Mean SE
Knowledge state gain across activity 0.131 < 0.000
Use of > 1 modality? 0.580 0.001
Hours spent on activity 0.124 0.001
Fall 2018 0.530 0.001
Spring 2019 0.470 0.001
Observations 199,396

Table 2 Estimated means and 
standard errors of the estimates
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percentile), which is equivalent to a comparison student improving from the 50th to the 59th 
percentile (What Works Clearinghouse, 2020).

The sensitivity of results to choices made during analysis were probed through several 
additional analyses (see Online Resource). Substantively similar conclusions to those pre-
sented were drawn when using two alternate operationalizations of the “mixed” treatment 
category, running OLS regression including additional covariates, multiply imputing miss-
ing values on the dependent variable, and adjusting for clustering by activity. Additionally, 
learning the structure of more complex models through a Bayesian network approach did 
not suggest potential confounders that should be included for an analysis of the overall 
effect, although it did suggest possible mediating factors that could be investigated in future 
research.

To check for balance in demographic and prior educational factors across treatment 
groups, I tested for differences between cases that did and did not use multiple modalities 
in race/ethnicity, Pell grant status, age, withdrawals and failures in the prior semester, prior 
GPA, and the number of credits transferred in when the student entered the institution (see 
Online Resource). Finding only a significant difference by age, I probed further and found a 
difference between students under and over the median age of 31, although there was no dif-
ference within each of these groups. This suggests future research might explore differences 
in modality use between younger and older students.

Discussion and Implications

My analysis found a medium-large, educationally important effect of using multiple modali-
ties on the knowledge gain students exhibit across a learning activity. This work extends calls 
to scientifically validate aspects of UDL, supporting guidance to provide flexible options for 
perceiving content as a way to deeply connect students with the material they are learning 
(Edyburn, 2010; Rao et al., 2014). On average, use of more than one modality predicted a 
0.05 knowledge score increase on a 0–1 scale across a learning activity over students using 
only one modality. This corresponded to a student improving almost 10 percentiles above 
the activity median, a meaningful boost. This is in line with expectations that providing con-
tent in multiple modalities will assist student learning (Rose, 2001). These results make one 
of UDL’s benefits for formative student learning outcomes concrete, offering a contribution 
to the universal design literature, which has been lacking in efficacy studies (Cumming & 
Rose, 2021; Roberts et al., 2011). Overall, the results of this study support UDL’s claim that 
providing multiple means of representing content will be beneficial, quantifying that benefit 
for women in the adaptive learning context studied.

Given the large sample, in determining confidence that the result indicates a real effect, 
I also investigated the amount of bias it would have taken to switch from a significant to 
non-significant finding (Frank et al., 2013). I note that the effect would have needed to be 

Table 4 Hedges’ g effect sizes corresponding to analysis models in Table 3
Model Comparison Treatment Impact Effect size

Mean SD Mean SD Estimate SE p
(1) 0.091 0.206 0.160 0.228 0.069 0.003 < 0.000 0.314
(2) 0.091 0.206 0.140 0.228 0.049 0.003 < 0.000 0.224
N 83,773 115,623
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biased by 89.95% to invalidate the inference. Alternately, it would have taken a confounding 
variable correlated at 0.199 with both treatment and outcome to invalidate the result. Such 
a correlation with the outcome would have been stronger than the outcome’s correlation 
with either the treatment (0.153) or the amount of time spent on the activity (0.039). This 
gives confidence that the result is quite strong, even considering the large sample size. The 
volume of data is a study strength, while also being large enough to warrant emphasizing 
effect size interpretation over statistical significance.

While caution is always warranted when making causal claims, the panel nature of the 
data means person-centered variables that are difficult to measure and often confound obser-
vational studies should not bias these results. That is, in typical regression modeling account-
ing for clustered data, collecting data about personal background factors may be challenging 
or practically impossible. Such factors could include motivation, personality-based predis-
positions, or prior experiences that serve to increase engagement with the material. While 
observable characteristics can be measured and models adjusted appropriately, potential 
exists for unobserved characteristics to introduce bias. A panel approach essentially allows 
a given student to act as her own comparison, automatically adjusting for person-related 
factors so they will not confound conclusions drawn. Non-student factors may still have 
biased the results, such as the quality of either material, course design, implementation of 
UDL principles, or instructor teaching. However, use of the Quality Matters (2020) rubric 
by the institution in the development of these courses supports the assumption that such 
quality measures were held constant in this analysis, supporting a causal interpretation of 
the results. It is also possible that clustering effects at the course level may be relevant, but 
since some students took multiple courses, the necessary cross-classified analysis needed to 
investigate this is beyond the scope of this study and is left for future research to investigate. 
Overall, the panel approach held notable strength for a person-oriented outcome as studied 
here, particularly when coupled with approaches to ensure baseline course quality, even 
while future research about possible alternative explanations beyond student-level factors 
remains warranted.

Additionally, both a data science-oriented approach of learning the model from data 
and multiple sensitivity analyses probing the influence of a variety of choices made dur-
ing analysis suggest confidence in the conclusions drawn. Although online course-taking 
during remote learning at the height of the COVID-19 pandemic may not have reflected 
the voluntary nature of the choice to study online by the students in the earlier time period 
studied here (Hodges et al., 2020), it is reasonable to assume future students will again 
choose online courses on a voluntary rather than forced basis. Accordingly, these conclu-
sions have expected relevance going forward. Thus, I claim with reasonable conviction 
that non-traditional, undergraduate women students of differing ability levels taking online 
courses benefit from the opportunity to learn content by utilizing multiple modalities across 
a range of humanities, professional, social science, and scientific disciplines.

Alternative Explanations

Multiple causal paths may underlie the improvement seen in learning gain given use of mul-
tiple modalities and such alternative explanations are worthwhile to consider when inter-
preting the results of this treatment effect study. For example, learning might improve when 
students repeat the activity, giving them more exposure to the material. Although the impor-
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tance of time spent learning might have face validity and has generally been considered 
good practice to encourage (Chickering & Gamson, 1987), prior research has sometimes 
found positive (Wellman & Marcinkiewicz, 2004) and sometimes negative (Greenwald & 
Gillmore, 1997) relationships between time-related factors and student achievement, so the 
potential influence on the present study is unclear. Preliminary investigation of possible 
alternative explanations for the results reported here such as time on task and activity repeti-
tion did not appear to explain away the effect of use of multiple modalities when included 
in preliminary sensitivity analyses, reinforcing confidence in the claim of a positive effect 
that may be durable even when considering potential mediators. However, future medi-
ation-focused research could investigate the extent to which these and other factors may 
be operating in concert to aid students’ learning. From a causal perspective, such potential 
alternative explanations should be researched to determine the extent to which they are also 
important in understanding UDL and modality use.

Alternatively, an argument might be made that a particular modality is simply “better” 
at conveying certain content. For example, a faculty member who learned a concept in a 
particular way may believe that way to be “the best.” However, UDL principles “[reflect] 
the fact that there is no one way of presenting information or transferring knowledge that 
is optimal for all students” (Rose et al., 2006, p. 137). Based on the reality that perceptual 
capabilities differ between individuals (Mealor et al., 2016), I would not expect that certain 
material would be found to be most effectively conveyed through a particular modality for 
all students. If future discipline-specific or course-specific research found evidence to the 
contrary, this would point to an alternative explanation that might confound the results of 
the present study and challenge this foundational UDL principle, though this seems unlikely.

As another candidate cause to consider, it is possible that the second modality used by 
students was better suited to their learning needs. Students may not have been guided to 
an optimal initial choice for conveying content by the adaptive system’s default learning 
path. Recognizing this possibility, over time, the adaptive system notes which content pre-
sentation mode works better for a given student based on their performance and will begin 
presenting material in that modality first when alternative content is available (Cavanagh et 
al., 2020). Although the system was implemented for too short a time to expect confound-
ing from adaptation of the initial modality presented and few students would have known 
how to change the default initial modality, future research could investigate possible order 
effects. Based on results refuting the matching hypothesis in the learning styles literature 
(Cuevas, 2015; Pashler et al., 2009), I would not expect that matching students who prefer 
a given modality type with material presented solely in that modality would improve learn-
ing. It is less clear whether using particular combinations or sequences of modalities might 
be beneficial given that such combinations may tap into the different brain regions people 
use when processing visual and verbal information (Kraemer et al., 2009). It is also unclear 
whether any such combinatory effect might differ for students who report particular learning 
preferences, such as visual or verbal (Mayer & Massa, 2003). The present results suggest 
that future research investigating specific sequences of modality use would be warranted.

As another possible cause, opportunities to make choices have been considered a com-
ponent of student agency leading to improved academic performance (Jääskelä et al., 2021). 
Here, the agency that comes with freedom of choice to pursue different modalities may have 
been operating to aid students’ learning. While this could be investigated in future research, 
to put this and other possible alternative causes in context as already noted, such a poten-
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tially confounding variable would need to have had a 0.2 correlation with both treatment 
and outcome to nullify the treatment effect. In that case, such a correlation with freedom of 
choice would have been stronger than either’s correlation with time on task.

Future Research

The results suggest numerous additional intriguing directions for future research. The pos-
sibility exists that factors such as motivation to earn a high grade may moderate the results. 
That is, the institution’s learning design team is aware that some students who are very 
motivated to earn a high grade will repeat activities over and over until they earn high 
grades on every activity. This anecdotal information is in line with prior research on agency, 
self-efficacy, and high performing students that has found motivated students do better 
academically and competitive students will work hard to achieve a high grade (Alkış & 
Temizel, 2018; Ayllón et al., 2019; Baumann & Harvey, 2021). In the present research, a 
latent factor for such grade-based motivation was used in a regression sensitivity analysis 
(with no substantive difference in result; see Online Resource), but was not employed in the 
panel analysis since that factor was constant for a given student. However, future research 
could consider stratifying the sample by a measure of grade motivation to investigate the 
possibility that use of multiple modalities may operate differently for students with higher 
or lower motivation to achieve a high grade. In a similar vein, other potential moderating 
factors such as prior academic achievement could be investigated to gain a fuller picture of 
the circumstances under which use of multiple modalities makes the biggest positive differ-
ence for students.

Research taking a more nuanced look at the specific modalities used by students could 
also investigate whether use of more than two modalities offers benefit (e.g., in a dosage 
analysis). Existing theory about dual-channel visual/auditory processing suggests that the 
largest cognitive difference may come from use of modalities offering complementary 
visual and auditory sensory input (Mayer, 2001). From this standpoint, a third, fourth, or 
fifth mode that uses different combinations of sensing and cognition to process (e.g., video 
involves both visual and auditory elements) may duplicate the sensory input of either a 
single visual- or auditory-based presentation. It remains unclear whether the impact of use 
of a second modality is related primarily to a dual input distinction (i.e., eye and ear), to a 
dual processing distinction (i.e., visual and auditory), or to dual-channel pathways within 
working memory overall (Kraemer et al., 2009, 2014; Mayer, 2008). Given these dualities, 
the benefit of using multiple modalities may primarily be a benefit of using at least a second 
modality. Consistent with this supposition, a preliminary look at dosage suggested the big-
gest benefit may appear after use of any second modality. However, not all courses studied 
had content in more than two modalities available, so this characteristic of the data may 
have had a confounding influence on these preliminary dosage explorations. Future research 
should distinguish the limits and causes of dosage effects further.

Several other directions left unexplored by the present study could also be targeted in 
future research. For example, the effect may be stronger for some courses or subjects than 
others. The timing of content presentation in alternate modalities by the adaptive system 
might matter, involving analysis of recommendations made to struggling students to use 
another modality. Students dropping the course may have had more difficulty with the mate-
rial, so an intermediate outcome of course withdrawal could be investigated to gauge pos-
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sible effect attenuation. The number and type of modalities offered for a given activity may 
matter as well, presenting a potential confounding influence which could be researched, 
informing future course design.

Past research investigating learning through brain mechanisms involving multiple 
sensory pathways to memory supports the idea that the present results may have wider 
applicability (Mayer, 2008; Mayer & Moreno, 1998). When investigating the effect of the 
simultaneous presentation of media utilizing dual-channel sensory pathways in comple-
mentary fashion, multimedia research has found benefit in utilizing both visual and audi-
tory sensory modalities when learners are to remember and integrate content information 
(Mayer, 2001). Although such work has focused on simultaneous presentation of multiple 
media, the content presentation in the present study also makes use of more than one sen-
sory channel for learning, but primarily for consecutive presentation. Although multimedia 
may be more effective than single-mode presentation for some types of students learning 
some types of content, students with certain types of disabilities, such as dyslexia, may 
encounter difficulty comprehending material presented simultaneously in different modes 
due to the required cognitive load (Beacham & Alty, 2006). So, while the sequential type 
of presentation studied here is perhaps not as efficient a method of comprehending material 
as a full multimedia presentation for some individuals, it deliberately offers choices and 
alternative learning paths to students, giving them agency to utilize what works for them. 
Additionally, the adaptive learning system does not overwhelm students with too many 
options initially, keeping the cognitive load down, which can otherwise challenge some 
neurodiverse students depending on how options for multiple modalities are implemented 
(Kohler & Balduzzi, 2021). The results of the present study reveal potential benefits of 
combining ideas about dual-channel processing for memory with dual coding for cognitive 
load, supporting the idea that memory function is not necessarily dependent on the type of 
sensory input (Morris et al., 2015). That is, memory benefits that exist when utilizing both 
visual and auditory channels to reinforce learning appear to operate under the conditions 
studied here in ways that support retention of material without potentially overtaxing cogni-
tive load, thus effectively addressing a wide range of cognitive abilities.

It seems reasonable to suspect these results may hold more broadly even while acknowl-
edging the limits of external validity for a single research study of one institution and the 
need to extend this work to a variety of student populations. Given the paucity of research 
literature addressing the effectiveness of practices based on UDL guidelines for improving 
student learning (Mangiatordi & Serenelli, 2013), it would be helpful to undertake studies 
exploring the extent to which these results can be replicated in other settings. Additional 
research could be undertaken to investigate the effect on outcomes at different time scales 
and in different institutional contexts beyond a small women’s college and beyond the online 
setting. The result could be confirmed for men as well as women, and for traditional age stu-
dents as well as the predominantly non-traditional students studied here. While more work 
remains to confirm these results with students who have known disabilities, current results 
support a claim of broad applicability for providing content in multiple modalities. The 
demonstrated benefit realized by many students in this institutional context suggests that 
course design steps such as those taken by this institution may reduce the need for specific 
accommodations. Future research should distinguish between such a design-based reason 
and other possible explanations, such as students not seeking accommodations that would 
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benefit them due to perceived or feared stigma or lack of knowledge about the accommoda-
tion process.

The current research also leaves open the question of why students choose other modali-
ties. Having identified that use of multiple modalities provides benefit for non-traditional 
undergraduate women, future qualitative research could interview students to investigate 
why they chose to use multiple modalities, what they hoped to gain by doing so, and how 
they perceived the benefit obtained. Better understanding student motivation to engage in 
working through content in different modalities may help future educators design courses 
that encourage the positive aspects of this practice more explicitly.

Implications for Practice

The strong evidence presented here for an educationally meaningful positive effect of use of 
multiple modalities has important implications for practice. These results provide a compel-
ling argument that faculty development and curricular design efforts should include the UDL 
principle of providing multiple means of representation for course content. That is, there are 
demonstrable benefits for formative learning gains when students are given the opportunity 
to encounter course content in more than one modality. Faculty development increasingly 
includes exposing faculty to universal design principles, and widely used guidelines for 
good online development incorporate UDL ideas (Higbee & Goff, 2008; Robinson & Wizer, 
2016). However, even though faculty are often aware of the need to learn about and imple-
ment UDL ideas, this does not always translate to actual implementation (Cook et al., 2009; 
Izzo et al., 2008). Encouragingly though, faculty who have received UDL training are more 
likely to include multiple means of presentation in their teaching (Lombardi et al., 2011). In 
line with what has been termed the “plus one” strategy for approaching UDL implementa-
tion (Tobin & Behling, 2018), identifying key material where students typically struggle 
and adding an alternative for learning content in a different modality for that material may 
be a good place for faculty to start as they add to their UDL-informed practice and work 
toward fully incorporating UDL concepts. This study provides clear and compelling support 
for making options for content available, and action to achieve this can be encouraged in 
faculty training.

This study also provides concrete evidence that curriculum development efforts should 
include making content available in multiple modalities, particularly in adaptive learning 
systems, because students can see an improvement index of almost + 10 above the median 
in their learning. At the institution studied, a systematic and comprehensive approach to 
including multiple modalities was strategically undertaken, with a design team adding such 
material to over 50 courses. Such modality options can include alternate text, video, audio, 
interactive, or mixed modality representations of content. The benefits seen suggest other 
institutions would be well advised to consider devoting resources to systematically develop-
ing options for students to go through material in science, social science, humanities, and 
professionally oriented fields. Offering students options for how content is presented is a 
commonsense UDL tenet with demonstrable benefit that is straightforward for faculty and 
institutions to implement if they have allocated sufficient resources for implementation. 
Such clear opportunities to improve practice are all too rare in postsecondary education and 
should be a call to action.
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Conclusion

This study investigated the relationship between use of multiple content representations 
and formative student outcomes for 20-minute adaptive learning activities in an adaptive 
learning system. The goal was to better understand and help confirm UDL’s proposition 
that providing multiple means of content representation benefits student learning. This work 
extends knowledge about UDL in practice by identifying the effect of the use of multiple 
modalities on formative learning done by women undergraduates as they engaged with 
content for online courses across multiple fields. By combining data from several campus 
systems, a comprehensive within-course dataset enabled estimates of effects to be revealed 
through a within-subjects analysis approach. Results support UDL’s claimed benefit of pro-
viding options for perception by demonstrating quantifiable learning gains for students. 
This suggests that time spent by faculty and course developers modifying course material to 
incorporate different modalities offers clear benefit to students. These results should bolster 
administrative efforts to direct resources, such as faculty development funding and support, 
toward efforts to provide content to students in multiple modalities.
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