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ABSTRACT
Software engineering involves writing new code or editing existing
code. Recent efforts have investigated the neural processes asso-
ciated with reading and comprehending code — however, we lack
a thorough understanding of the human cognitive processes un-
derlying code writing. While prose reading and writing have been
studied thoroughly, that same scrutiny has not been applied to
code writing. In this paper, we leverage functional brain imaging
to investigate neural representations of code writing in compari-
son to prose writing. We present the first human study in which
participants wrote code and prose while undergoing a functional
magnetic resonance imaging (fMRI) brain scan, making use of a
full-sized fMRI-safe QWERTY keyboard.

We find that code writing and prose writing are significantly
dissimilar neural tasks. While prose writing entails significant left
hemisphere activity associatedwith language, codewriting involves
more activations of the right hemisphere, including regions associ-
ated with attention control, working memory, planning and spatial
cognition. These findings are unlike existing work in which code
and prose comprehension were studied. By contrast, we present
the first evidence suggesting that code and prose writing are quite
dissimilar at the neural level.
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1 INTRODUCTION
Writing code is a crucial activity in software engineering. With
software-related innovations driving a $3.8 trillion global IT mar-
ket [24] and demand for university computer science courses out-
stripping the supply of professors [107], the value of developing
and maintaining software is increasing rapidly. This importance
is already reflected at an industrial scale, with Fortune 500 compa-
nies, such as Amazon and AT&T, committing massive resources
to retrain up to half of their workforce in programming-intensive
areas [20, 27]. Despite this increasing prevalence of software and
demand for skilled programmers, we rely on traditional survey
instruments and self-reporting, rather than an understanding of
fundamental human brain function, when developing methods to
support, improve, teach and evaluate code writing and editing. We
present findings from the first study to use medical imaging to
investigate the cognitive processes underlying the writing of code.

Problem. There is a significant body of work studying the psy-
chology of programming, ranging from the cognitive prerequisites
of programming [80] to entire theories of the coding process [13],
but this research has relied largely on observational evidence. Re-
cent advances in medical imaging, particularly functional magnetic
resonance imaging (fMRI), have improved researchers’ ability to
measure brain activity associated with various cognitive processes.
As a non-invasive, in vivo technique, fMRI is an effective tool for
clinical researchers studying brain function [1, 42, 110] and the ef-
fects of various treatments [76, 102, 113], as well as for psychology
researchers mapping brain areas in activities as diverse as musical
performance [65] and food cravings [86]. Findings using medical
imaging have successfully transitioned to guiding behavioral and
developmental improvement in domains like mathematics [30] and
education [87]. While medical imaging studies are still new in com-
puter science, software engineering researchers have used fMRI
to help understand tasks like code comprehension [103], code re-
view [39] and data structure manipulation [52]. Imaging advances
hold out the promise of helping computer science as they have
helped other fields: from understanding expertise [4, 67, 98] to re-
training an aging workforce [19, 74] to guiding pedagogy [5, 97] to
augmenting unreliable self-reporting [66, 90].

Challenge and Insight. While there have been fMRI studies of
code reading (e.g., [39, 103]) and non-fMRI studies of code writing
(e.g., [12, 68]), to the best of our knowledge there are no previous
fMRI studies of code writing. We attribute this to two challenges:
physics and design. First, normal keyboards cannot be safely placed
or accurately read nearmagnetic resonance scanners. They interfere
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Figure 1: We investigate the relationship between prose and
code writing using functional brain imaging. Experimental
controls systematically vary content (code vs. prose) and size
(�ll-in-the-blank vs. long response). Do code and prose writ-
ing exhibit the same patterns of neural activity?

with the fMRI measurements and the fMRI interferes with keyboard
reporting. Second, imaging studies require carefully-controlled ex-
periments, and no high-level design for a code writing contrast has
been proposed (cf. Behrooziet al.'s contrast of whiteboard inter-
view questions with pencil-and-paper versions [7], which changes
the modality but uses identical tasks, or Huanget al.'s contrast of
data structure problems with mental rotation problems [52], which
changes the task but not the modality). We combine two corre-
sponding insights to overcome these challenges. First, we propose
to employ a bespoke keyboard that moves all metal and control
logic to a separate room. Second, we propose a two-by-two contrast
setup: code vs. prose writing and �ll-in-the-blank vs. long response
(informally, single-word production vs. longer creativity).

Our use of prose writing as a baseline grounds our experiment
and clari�es our results. Prose writing is a well-studied activity
in psychology [6, 26, 47, 57, 64], and medical imaging has aided
understanding of its underlying cognitive processes. For example,
fMRI studies have provided insights into brain areas associated with
prose writing [73] and the speci�city of such regions across di�erent
prose writing tasks [89], in addition to addressing neural correlates
of the roles of expertise [95] and creativity [101]. The contrast
between code and prose writing in our experiment illuminates their
di�erences and similarities at a neurological level.

Experiment.We conducted a human study in which 30 partici-
pants performed prose and code writing tasks in an fMRI scanner
(Figure 1). Participants completed two types of tasks: �ll-in-the-
blank (FITB) and long response (LR). FITB tasks presented either
a sentence or program containing a blank space, requiring the
participant to provide the missing word or code snippet. In LR
tasks, participants wrote prose or code from scratch to answer an
open-ended question or meet a program speci�cation.

Results.Our primary �nding is that code writing and prose writ-
ing feature signi�cantly di�erent patterns of neural activity, par-
ticularly in parts of the brain associated with attention control,
working memory, and spatial cognition. While prose writing in-
volves activation in canonical areas associated with language, code
writing involves a very di�erent set of right-lateralized regions
associated with attention, memory, planning and spatial ability.

Our experiment provides the �rst evidence of signi�cant neural dif-
ferences betweenprose writing(which is neurally similar to natural
language) andcode writing(which, we �nd, is not).

The contributions of this paper are as follows:

� An fMRI study of 30 participants comparing code writing
to prose writing. To the best of our knowledge, this is the
�rst fMRI study to feature keyboard code writing. Our exper-
imental design contrasts code, prose, �ll-in-the-blank and
long-response questions.

� A mathematical analysis of the results. After mitigating noise
and correcting for false discovery rate (q < 0:05), we �nd that
general code and prose writing feature distinct patterns of
neural activity (2:4 � t � 6:2) related to attention, working
memory and spatial cognition. For long-response writing
questions, we �nd the clearest distinction we are aware of in
the literature (� 7:0 � t � � 3:1 and3:5 � t � 5:8) between
code (attention, memory, planning and spatial ability) and
prose (language, letters and words).

� For replication and reproducible research, we make available
our materials and methods on our project website.1 These
include our corpus of stimuli; our de-identi�ed medical imag-
ing data; our method for adapting a 101-key QWERTY USB
keyboard for the fMRI environment; and a con�gurable pro-
gram for stimuli presentation, editing and data collection.

2 BACKGROUND
In this section, we summarize how medical imaging can uncover
neural correlates of cognitive processes, previous non-writing stud-
ies of code, and previous non-imaging studies of writing.

2.1 Medical Imaging and Software Engineering
Functional magnetic resonance imaging(fMRI) is a measurement
technique that has provided many neuroscience and cognitive sci-
ence insights. Of the non-invasive,in vivo functional neuroimaging
approaches available, fMRI has emerged as the most popular over
the last 30 years, appearing in over 100,000 studies [44]. fMRI re-
lies on thehemodynamic responseor rapid change in blood �ow to
deliver metabolites (e.g., oxygen, glucose) to neuronal tissues. Oxy-
genated and deoxygenated blood cells vary in their magnetic prop-
erties, allowing fMRI to indirectly measure these changes via the
application of magnetic �elds. Using the energy released to locate
these blood cells, fMRI calculates theblood-oxygen level dependent
(BOLD) signal, de�ned as the ratio of oxygenated to deoxygenated
hemoglobin.

The use of medical imaging to study software engineering is
relatively new. There have been fewer than a dozen studies at
major conferences that use fMRI to investigate software engineer-
ing [22,34,36,39,52,53,75,84,84,103,104]. Other medical imaging
modalities have been used to examine software engineering (e.g.,
fNIRS [36,75] or EEG [25,63]) but Huanget al.demonstrated the im-
portance of fMRI's penetrating power and spatial resolution when
studying computing tasks [52, Sec. V-D]. All previous fMRI studies
of software engineering have focused on reading or reviewing code;
we make use of fMRI to study code writing.

1https://web.eecs.umich.edu/~weimerw/fmri.html
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(a) Prose Fill-in-the-Blank (b) Prose Long Response (c) Code Fill-in-the-Blank (d) Code Long Response

Figure 2: Illustrative examples of stimuli shown to participants. We investigated four categories of stimuli covering code and
prose in �ll-in-the-blank and long response scenarios.

fMRI's reliance on the hemodynamic response and use of mag-
nets both restrict study design and ecological validity. First, the
temporal structure of the hemodynamic response limits measure-
ments to small (typically less than one minute) windows. Second,
the fMRI scanner and magnetic �elds preclude proximate metallic
or electronic devices: previous studies used a small, �xed number
of �multiple choice� responses (e.g., selected by pneumatic button
press or similar device). In this work, we lift this second restriction
by making use of a full keyboard.

2.2 Writing and Cognition
There is strong interest from both academia and industry in im-
proving programmers' ability to write code [40, 60, 68, 70]. While
the success of a handful of projects (e.g., Scratch [93]) hints at the
opportunity present in understanding the mental processes associ-
ated with writing code, modern research is limited by our lack of a
foundational, neurobiologically-grounded understanding [52].

Researchers since the 1950's have sought to understand the psy-
chology of programmers, but have largely relied on observational
data (e.g., [14]). These e�orts have ranged from studies of exper-
tise [46, 78, 114, 117], to entire theories of the coding process [13],
to how programmers use the Internet [12]. Pea and Kurland, who
conducted research in the 1980's on the cognitive prerequisites
and e�ects of computer programming, emphasized the need to un-
derstand programmers' psychology given the rising importance
of computer literacy [80, 81]. Despite the massive growth of soft-
ware engineering since then, Pea and Kurland's call has not been
answered with a grounded neurological understanding.

There is also a signi�cant body of research outside of com-
puter science to study the cognitive processes of prose writing (see
Berninger and Winn [10] for a survey). Unlike code, prose writing
has been studied using medical imaging to establish a more objec-
tive understanding. The �ndings from these medical imaging prose
writing studies, such as the brain regions associated with prose
writing and the specialization of such regions [9, 73, 88, 89, 95, 101],
have in turn successfully informed subsequent research in peda-
gogy [10, 57, 87].

Previous work simultaneously studying code and prose writing
has focused on non-imaging uses of one to aid in the instruction of
the other. More explicitly, research in storytelling has used program-
ming as a means to improve children's prose writing [17], and vice
versa [16, 56]. In either direction, researchers reported similarity
in the processes of code and prose writing, such as their sequence,
structure, and object-oriented nature [35]. However, these qualita-
tive �ndings have not been substantiated by medical imaging.

2.3 Motivation: Imaging of Code Writing
Medical imaging has made remarkable contributions in guiding
behavioral enhancement and development in di�erent domains,
such as mathematics [30] and education [87]. For instance, cogni-
tive understanding of numeracy has inspired researchers to use
di�erent measures to predict individual di�erences in mathematical
development and achievement [11, 48, 55, 62]. Based on medical
imaging research in music training, researchers successfully devel-
oped interventions to enhance executive functioning and working
memory in older adults [15]. Similarly, imaging �ndings in reading-
related brain activities made it possible to design interventions to
improve reading skills over time in dyslexic children [71, 106].

Surveyed educators largely believe understanding the brain is
important to the design and delivery of teaching [87]. Berninger and
Winn found that integration of neuroscience and learning science
may promote educational evolution [10]. Dahlin et al.found that
training can transfer between two tasks that engage overlapping
processing components and brain regions [29]. Speci�cally, the
neuroimaging �ndings of the role of working memory in prose
writing [ 9, 94] have led to a series of instructional intervention
studies showing writing problems can be improved [51, 58, 112].
Inspired by research on prose writing and other domains using
medical imaging, we believe similar bene�ts for code writing may
be available.

To the best of our knowledge, there are no previous imaging
studies of code writing in general, nor studies comparing code and
prose writing in particular; we return to non-imaging code writing
research, including software psychology studies, in Section 7.

3 EXPERIMENTAL SETUP AND METHODS
We present a human study in which 30 participants underwent
an fMRI scan while completing prose and code writing tasks. We
discuss (1) the makeup and recruitment of our participant cohort, (2)
how we developed our task materials, (3) the experimental protocol,
(4) our method for collecting fMRI data, and (5) the construction
of an fMRI-safe keyboard that enabled participants to freely write
text and code during an fMRI scan.

3.1 Participant Demographics and Recruitment
We recruited 30 undergraduate and graduate computer science stu-
dents at the University of Michigan. The protocol was approved by
the University's IRB (HUM00138634). Table 1 summarizes demo-
graphic information for this cohort. Students who had completed
coursework in data structures and who could safely undergo an
MRI scan were eligible to participate. All participants were native
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Table 1: Demographics of the participants in our study.

Demographic Variables # Participants

Sex
Male 20
Female 10

Gender
Men 20
Women 9
Fluid 1

Degree Pursuing
Undergraduate 27
Graduate 3

English speakers, right-handed, and had normal or corrected-to-
normal vision. Each participant was o�ered a $75 cash incentive
and a 3D model of their brain upon completion.

When participants elected to participate in the study, we col-
lected basic demographic data (sex, gender, age, cumulative GPA,
and years of experience) and socioeconomic status (SES) data. In
addition, each participant completed three standard psychological
measurement surveys: Positive and Negative A�ect Scale (PANAS,
emotional health), Autism Spectrum Disorder (ASD), and Need
for Cognition (NFC, inclination for e�ortful cognition). Finally,
we administered a short programming quiz to assess basic C/C++
programming skills.

Although we conducted a correlation analysis between these
demographic and psychological measures and brain activities, none
survived a strict false discovery rate correction (q < 0:05). We
claim no signi�cant demographic or attitudinal correlation with
code or prose writing in our study. In the remainder of this paper,
we thus treat our participants as a whole, rather than considering
any subpopulation analyses.

3.2 Participant Tasks
Participants underwent an fMRI scan during which they completed
a sequence of tasks associated with code and prose writing. Par-
ticipants were shown a sequence of sentences or code snippets
and asked to type a response while inside the MRI machine. We
divided tasks into Fill-in-the-Blank (FITB) and Long-Response (LR)
activities. In FITB, participants were shown a nearly-completed
sentence or code snippet and had 30 seconds to type a short word
or expression that they thought best completed the sentence or
snippet. In LR, participants had 60 seconds to write a complete
response to a high-level task or question. Participant completed
four categories of tasks, each lasting 20 minutes: (1) 17 FITB Prose
tasks, (2) 9 LR Prose tasks, (3) 17 FITB Code tasks, and (4) 9 LR
Code tasks. Examples of stimuli under each of these categories are
shown in Figure 2.

Code Tasks.We developed a corpus of code stimuli by adapting
tasks from Turing's Craft [3], a library of short programming exer-
cises used in web teaching evaluations [2], each with prompts and
example correct solutions. For the FITB Code tasks, we selected a
set of 17 prompt-answer pairs, and replaced a random portion of
the solution with a blank line. Participants were asked to �ll in that
blank line. For the LR Code tasks, we selected a set of 9 prompts
that our pilot study suggested as answerable within 60 seconds.

Prose Tasks.For controlled experimentation and to admit a contrast-
based analysis, we selected prose stimuli that were analogous to
the code stimuli. As prose writing fMRI studies have revealed dif-
ferences in brain activation based on writing content [89, 101], we
carefully developed our prose writing stimuli. First, we used a set
of non-math analogies that have been shown to be useful in the
teaching of mathematics [28, 99] to develop a list of terms associ-
ated with quantitative reasoning. Synonyms of these words were
added to expand the search space. To generate Prose FITB prompts,
we �rst matched the list of search words to a set of Scholastic As-
sessment Test (SAT) �ll-in-the-blank questions and chose 17 such
matches. We then replaced the blanks used in the original SAT
prompt with the appropriate words from the SAT answer, selecting
easier synonyms when our pilot study revealed that they might not
be accessible to a wide population. We replaced the search word
found in the prompt with a blank line; participants were asked to
�ll in that blank line. Our Prose LR prompts were generated by
matching search words with a set of English as a Second Language
(ESL) long response prompts and choosing 9 matching prompts.

29 out of the 30 recruited participants supplied valid inputs for
the tasks. Per task, the 29 participants provided a maximum of 82
keystrokes (mean: 13) for FITB prose and 116 keystrokes (mean:
36) for FITB code. For the LR tasks, we collected a maximum of 435
keystrokes (mean: 258) for prose and 244 keystrokes (mean: 121)
for code. In general, the FITB tasks required fewer keystrokes to
complete; participants had twice the time to complete the LR tasks.
We observed that participants were able to write multiple complete
sentences for prose tasks and to complete variable declarations,
loops, and function calls in the time allotted.

3.3 Experimental Protocol
In this subsection, we provide details on the process that partici-
pants completed before and during their fMRI scans. During a two-
hour session, we collected informed consent and safety screening
information. Participants cleared to participate were given a coding
quiz and psychological surveys. Participants were then shown a
brief training video about the task before entering the scanner. Each
machine session began with a high-resolution anatomical scan dur-
ing which participants were given a text editor interface and were
instructed to practice typing on the keyboard while lying inside
the bore of the machine (shown in Figure 3). This practice typing
was not recorded. Participants then completed four task blocks
associated with code and prose writing: Prose FITB, Prose LR, Code
FITB, and Code LR. To mitigate training and fatigue e�ects, we
randomized both the category order and the task order. A �xation
cross was presented between each question for a random 2�10s
duration to provide a brief rest and settle brain activity.

3.4 fMRI Data Acquisition
MRI data were acquired with protocols ensuring high spatial and
high temporal resolution. We summarize the details (e.g., for the
purposes of replication and meta-analysis), but generally attest
that the scanning measurement hardware and steps align with
contemporary best practices [39, 52, 103]. All scans were conducted
on a 3T General Electric MR750 scanner with a 32-channel head
coil at the University of Michigan Functional MRI Laboratory. First,
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