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Highlights
e taVNS was applied to the left posterior tragus during reading of short passages.
e The active taVNS group exhibited better passage recall than sham taVNS.
e taVNS was not associated with better performance on comprehension questions.
e Baseline memory was significantly correlated with memory recall performance.
Abstract
Expert reading acquisition is marked by fluent, effortless decoding and adequate comprehension
skills and is required for modern daily life. In spite of its importance, many individuals struggle
with reading comprehension even when decoding skills are adequate. Unfortunately, effective

reading comprehension interventions are limited, especially for adults. A growing body of

research suggests that non-invasive transcutaneous stimulation of the auricular vagus nerve
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(taVNS) may drive neural plasticity for low-level reading skills such as speech sound perception
and letter-sound learning, but it is unknown whether taVNS can improve higher level skills as
well. Thus, the current pilot study was designed to evaluate the effect of taVNS paired with
passage reading on reading comprehension performance. Twenty-four typically developing
young adults were recruited and screened for baseline reading and working memory skills.
Participants received either sham or active taVNS while reading short passages out loud.
Immediately following each passage, participants answered a series of test questions that
required either direct recall of passage details or more complete comprehension of the passage
content. While taVNS did not improve the mechanics of reading (e.g., reading rate or accuracy),
there was a significant effect of active taVNS on test performance. This effect was driven by
significant improvement on accuracy for memory questions while there was no effect of taVNS
on comprehension question accuracy. These findings suggest that taVNS may be beneficial for
enhancing memory, but its efficacy may be limited in higher cognitive domains.

Keywords: reading errors; fluency; current intensity; inference; taVNS; comprehension

1. Introduction

Fluent reading is a necessary skill in the developed world but despite adequate education
and intelligence, up to 10% of children fail to acquire reading comprehension skills [1]. Reading
comprehension requires a reader to both fluidly decipher print and extract meaning [2,3]. To
comprehend meaning, a reader must both recall the printed information and draw inferences for
information not explicitly stated in the passage [4]. Difficulty in reading comprehension causes
significant hardship not only with respect to self-esteem, but also to academic and vocational
outcomes [5]. For example, students at all levels of education are required to read and

comprehend material in textbooks, during lectures, and on assignments and exams. While
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reading and comprehension skills are essential, acquiring these skills takes years of practice and
instruction. The long trajectory required for reading acquisition is partially due to the neural
plasticity required to support reading [6,7] and partially due to the large number of lower-level
skills that support reading comprehension, such as word reading fluency and language
comprehension [8]. Thus, to support children and adults in acquiring and optimizing their
reading comprehension abilities, clinicians must focus on several low-level reading skills as well
as the reader’s ability to keep recently read text in their working memory. Given the large
number of related skills, determining the best intervention approach for each individual can be
challenging.

Currently, several reading comprehension interventions exist, but they are time
consuming and not effective for all users, especially those targeted at adults. For example, while
a vocabulary-based training improved reading fluency in adults learning English as a second
language, it did not improve comprehension [9]. Researchers have also developed a reading
comprehension intervention that focuses on strategies during pre-reading, reading, and post-
reading to improve comprehension skills in young adults [10]. In the reading comprehension
strategy intervention, participants are taught to preview headings of passages, reread highlighted
portions of passages, and write summaries of what they read. While this approach can be
effective, it is also a time-consuming exercise and busy adults may be less likely to persist in
practicing this approach. Further, while interventions that are effective in children (such as
Corrective Reading, RAVE-O, and Guided Repeated Reading) can improve reading
comprehension in adults, they require at least 10-18 weeks of intervention [11]. Thus, while
these interventions are somewhat effective in adults, they exhibit three main limitations: (1) they

require many weeks of intervention, (2) they do not fully address executive functions implicated
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in reading comprehension, such as working memory, and (3) they are not effective in all cases.
Thus, the goal of the current study was to investigate whether a novel non-invasive
neurostimulation approach can improve reading comprehension in young adults.

Neuromodulation is a popular technique for enhancing or driving neural plasticity and a
number of these techniques have been evaluated for reading. Examples include transcranial
direct stimulation (tDCS), transcranial magnetic stimulation (TMS), and vagus nerve stimulation
(VNS). Previous data have suggested that tDCS applied to the left inferior parietal lobe aided in
letter-sound pairings, but this effect was stronger for those with lower, compared to higher,
baseline reading skills [12]. Additionally, in a sample of individuals with dyslexia, tDCS applied
to the left parietotemporal region led to better reading accuracy [13] and reading efficiency up to
six months after treatment [14]. These studies show the efficacy of tDCS as a neuromodulator in
the reading realm, but this technique also comes with limitations. Specifically, tDCS (a) has
shown more success in readers with dyslexia than typical readers, (b) can be difficult to
administer in a setting outside the laboratory, and (c) can have some discomfort during and after
stimulation. Compared to tDCS, VNS offers some additional benefits, such as portability and
reduced discomfort for the wearer. Thus, we utilized vagus nerve stimulation in the current pilot
study.

Cervical vagus nerve stimulation (CVNS) involves the release of norepinephrine and
acetylcholine, neurotransmitters implicated in learning and memory [15,16]. Importantly, key
neurotransmitter systems must be intact to ensure effectiveness of cVNS [17,18]. In the sensory
domain, cVNS paired with an external stimulus, such as a tone, leads to significant and long-
lasting neural plasticity in the rodent primary auditory cortex [19]. cVNS paired with training has

also improved motor function recovery in stroke-induced rats and driven neural plasticity in
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motor cortex [20,21]. In humans, active cVNS led to higher rates of recognition memory of
highlighted words in a passage [22], decreased errors in a delayed recall task [23], and better
performance on a verbal fluency task [24], when compared to sham cVNS. To date, CVNS has
been FDA approved for individuals with treatment resistant epilepsy and depression, and as of
this writing, is in active clinical trials for stroke and tinnitus. However, cVNS implantation
requires an expensive and invasive procedure, which makes it an impractical intervention for
reading skills.

Transcutaneous auricular vagus nerve stimulation (taVNS) activates similar deep-brain
structures as cVNS (e.g., nucleus tractus solitarius), without the need for an invasive, expensive
surgery, by applying low-level electrical stimulation to the left outer ear [25,26,27]. Growing
evidence supports the hypothesis that taVNS drives similar neural plasticity as the more invasive
cVNS. For example, taVNS paired with physical therapy increases post-stroke motor function
recovery performance [28] and alleviates symptoms of tinnitus [29]. In the language and reading
domains, taVNS improves learning of novel letter-sound pairings [30] and novel Mandarin
speech sound categories [31]. This approach also increases performance on a face-name
association task in healthy older adults [32], suggesting its effectiveness in higher cognitive
domains. Previous evidence has shown that taVVNS increases performance in lower-level reading
skills like letter-sound learning [30]. We evaluated whether administration of active taVNS,
compared to sham taVNS, is associated with higher reading comprehension performance, a skill
requiring both reading and memory.

2. Materials and Methods

2.1 Participants
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Fifty-five young adults were screened for eligibility from an online participant pool at a
southern university. All potential participants completed a short online background survey
covering personal history of reading and motor development, diagnoses, medications, and family
history. Participants then completed several baseline assessments including: a non-verbal 1Q
measure (the matrices subtest of the KBIT-2) [33], timed single-word reading (the Sight Word
Efficiency and Phonemic Decoding Efficiency subtests from the TOWRE-2) [34] and untimed
single-word reading (Word Identification and Word Attack subtests from the WRMT-3) [35]. To
qualify as a typical reader, participants needed to (a) be a native English speaker, (b) be between
the ages of 18-35, (c) achieve a standard nonverbal 1Q score of 85 or higher, (d) achieve standard
scores of 90 or higher on all four reading measures, and (e) have no medical implants.
Participants that reported diagnoses (e.g., depression, anxiety, ADHD) or medications (e.g.,
Prozac, Zoloft) were also excluded. These diagnoses and classes of medications significantly
impact the function of neurotransmitter systems critical for VNS [17,18,36]. Thus, we excluded
these individuals to ensure all participants had, to the best of our knowledge, typical
neurotransmitter function to minimize any potential interaction with stimulation.

In addition to inclusion testing, participants also completed additional reading measures,
including Passage Comprehension and Oral Fluency (WRMT-3) [35] and Rapid Digit and Letter
Naming (i.e., naming a nine-by-four grid as quickly and accurately as possible; CTOPP-2) [37].
Finally, we also administered assessments of learning and memory utilizing four subtests of the
WRAML-2 [38]. The Design Memory Core subtest required participants to reproduce images
after viewing them and a short delay. The Verbal Learning Core subtest included four trials of
hearing a long list of words and then immediately repeating as many as possible. In the Number-

Letter subtest, participants listened to combinations of letters and numbers, progressing in
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difficulty, and immediately repeated them verbatim. The Design Memory Recognition subtest
probed the participant’s memory of the shapes viewed in the Design Memory Core subtest.
Finally, the Verbal Learning Recall subtest asked participants to name as many words as possible
from the Verbal Learning Core after a 10-minute delay. Assessments were only used for
screening and not readministered after the study.

Of the participants who completed screening, 11 were excluded for low reading scores,
five for low 1Q, six for exclusionary medications or diagnoses, three for safety concerns related
to the placement of the taVNS device, two for scheduling conflicts, and four did not complete the
study due to non-response or withdrawal. Thus, the final sample included 24 typically
developing young adults (descriptive statistics of standard scores are presented in Table 1).
Eligible participants were randomized into a sham taVNS (n = 12) or active taVNS (n = 12)
group. The decision to use these two groups was based off previous work in our lab [30] that
compared a training only group, a sham taVNS group, an earlobe stimulation group (region not
innervated by the vagus nerve), and an active taVNS group, in a between-groups design. In this
prior study, analyses showed that active taVNS outperformed all the control groups, but the
device sham group was closest in performance to the active taVVNS group. Thus, we decided to
incorporate a sham taVNS group as this group seemed most likely to demonstrate a placebo
effect, if one were to occur.

While we originally planned to recruit a larger sample size in the study, recruitment was
terminated due to safety concerns regarding in-person research and potential confounds during
the COVID-19 pandemic. Each experimental group consisted of ten participants that completed
the study using a Parasym taVNS device (Parasym, Ltd., London, UK) and two additional

participants that completed the study using the TENS7000 transcutaneous electrical nerve
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stimulation (TENS) device (TENS7000, Middleburg Heights, OH). The TENS device
participants completed the study first, while we waited for the Parasym devices to arrive at the
lab, for use in this study. To ensure that the difference in stimulation device did not impact the
results, we conducted a confirmatory analysis in the sample trained using only the Parasym
device. Given the lack of differences, we combined the groups to increase statistical power in
this pilot study. However, future research is needed with larger sample sizes using a consistent
paradigm to replicate this study.

All participants were compensated with course credit, and the study was approved by the
Texas Christian University Institutional Review Board. All participants provided written
informed consent prior to enrollment.
2. 2. Materials and Procedures
2. 2. 1. taVNS device, settings, and procedures

Most participants (Nsham = 10, Naciive = 10) received taVNS from the Parasym device
(Figure 1A), which utilizes a one-quarter inch diameter gold-plated copper electrode. For a
subset of participants (Nsham = 2, Nactive = 2), taVNS was administered using the TENS7000 device
(Figure 1B). This device utilized an earpiece linked to an electrode with a separate grounding
pad placed behind the ear. Regardless of device, the stimulating electrode was positioned at the
posterior tragus of the left ear to stimulate the auricular branch of the vagus nerve [25,27].
Identical parameters were used across devices such that current was delivered as square, biphasic
pulses with a 200 us pulse width, and 5 Hz frequency [30]. During the testing session,
stimulation onset and offset were controlled manually by a trained researcher. Stimulation was

delivered only during oral reading to model previous research suggesting that VNS efficacy
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relies heavily on pairing stimulation with the external training stimulus, such as a tone [19] or
movement [40,41].

Each participant received a stimulation at a customized intensity level to ensure comfort,
as stimulation was given above sensory threshold. This intensity level was determined for each
participant during a short thresholding procedure (Table 2). A trained researcher acquired two
measurements at each participant’s absolute minimum threshold and two measurements at the
upper level of comfort, prior to the onset of pain [27,30]. The average of these four
measurements was then used as the participant’s stimulation current throughout the study. The
average current threshold across the entire sample was (N = 24; 2.03 £ .10 mA), with the sham
taVNS group exhibiting marginally higher thresholds (2.23 = .11 mA) than the active taVNS
group (1.84 £ .16 mA,; unpaired two-tailed t-test, t (22) = 2.69, p = .057, d = .83). Participants
using the TENS device had thresholding intensities that ranged from 1 mA to 3 mA, and
participants using the Parasym device had thresholding intensities that ranged from 1.1 mA to
2.7 mA.

2. 2. 2. Reading comprehension measure

To evaluate the effect of taVNS on reading comprehension, participants read passages
from both forms of the GORT-5 [42] in a counterbalanced order. For each form, passage 6 was
administered as a practice passage, and passages 11-16 were administered as test passages. Test
passages ranged from 131 to 284 words (179.42 + 44.12 words). Passages were presented in
white font on a black background using custom code in PsychoPy [43]. For each passage,
participants read the text out loud at their normal pace and pressed a button when finished, which
removed the passage from the screen (Figure 2A). Stimulation was manually controlled by an

experienced researcher from behind a barrier and was turned on at the initiation of each passage
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and turned off as soon as the participant finished reading. For those in the sham condition, the
device remained off throughout the session without the participants’ knowledge. To quantify any
effect of taVNS on reading mechanics, we calculated average reading errors per passage [44] and
average reading rate per passage [45,46]. Reading errors were calculated as the total number of
deviations from print per passage (e.g., mispronounced words, added words, omission of words,
and changes in the order of words). Reading rate was calculated as the number of words read per
minute (wpm) per passage. As there was no effect of test form on percent of test questions
correct (paired two-tailed t-test; t (23) = .20, p = .84), both forms were combined for subsequent
analyses.

Immediately after reading each passage, a researcher asked the accompanying five test
questions as provided in the GORT-5 (Figure 2B) [42]. To score the test questions, correct
answers were awarded one point, and incorrect answers were given zero points, with no partial
credit given. Raw scores out of 60 possible questions were converted to a percent correct for
further analysis. To ensure accuracy of scoring, two trained researchers each scored participant
responses, and discrepancies were resolved by coming to a consensus. No adverse events
occurred during the session.

To analyze performance, authors VJT and AD classified each test question as a memory
question (i.e., the answer being explicitly stated in the passage, such as recalling the name of a
character in the passage) or a comprehension question (i.e., the reader must have an
understanding beyond what is explicitly stated in the passage, such as inferring the attitude of the
writer of the passage). There were minimal discrepancies, which were resolved by author TMC.

In total, 45 questions were classified as memory questions (75% of total questions) and 15
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questions as comprehension (25% of total questions). Classification of each individual question
is provided in Table S1.
2. 3. Blinding procedure for stimulation sessions

During the reading paired with stimulation, the stimulation device was hidden behind a
barrier, so that the participant could not see it. Those participants randomized into the sham
taVNS group underwent the same thresholding procedure as those in the active taVNS group.
Participants were told that each person may experience the stimulation differently and that some
may not even detect the stimulation during training. At the end of the study, participants were
debriefed, during which they were told about the existence of a control group and then asked to
guess which group they were randomized to. Given the suprathreshold stimulation, we were not
surprised to see a majority (83%) of participants in the active taVNS group guessed their group
assignment. Importantly participants in the sham group were at chance level at detecting their
group assignment (50%), suggesting the blinding procedure was effective.

2. 4. Statistical analysis plan

Two-tailed, independent-samples t-tests were used to compare the sham taVNS and
active taVNS groups on standard English assessments and evaluate any differences in baseline
reading abilities. Descriptive statistics for participant age and standard scores on assessments are
presented as M £ SD (Table 1).

To investigate the effect of taVNS on reading, we used two-tailed, independent-samples
t-tests on each of the key dependent variables, unless otherwise noted. All descriptive statistics
for outcome measures are reported as the M = SEM.

Pearson’s r was used to determine if variability in individual current intensity was related

to comprehension performance in the active taVNS group. Finally, we used Pearson’s r to
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quantify the relationships between two verbal memory measures and comprehension
performance. The Bonferroni correction was used to correct for multiple comparisons. All data
were analyzed using custom scripts in MATLAB (MathWorks, Portola Valley, CA).

3. Results

3. 1. Significant effect of taVNS on recall of read content

We first evaluated whether active taVNS was associated with changes in reading
accuracy or reading rate. Given prior reports that another form of neuromodulation, repetitive
transcranial magnetic stimulation (TMS), can improve performance on these reading metrics
[44], we tested the hypothesis that reading mechanics may also benefit from taVNS. In terms of
accuracy, there was no group difference between sham (3.26 + .51 errors per passage) and active
taVNS (2.53 £ .46 errors per passage; t (22) = 1.12, p = .28; Figure 3A). In terms of average
reading rate (words per minute; wpm), there was also no difference between sham (144.38 £ 6.78
wpm) and active taVNS (147.73 £ 4.97 wpm; t (22) = .42, p = .68; Figure 3B). These results
suggest that unlike other forms of non-invasive stimulation, taVNS may not influence the
mechanics of reading within the session.

We next evaluated the effect of taVNS on comprehension. There was a significant effect
of stimulation across all test questions (t (22) = 2.59, p =.017, d = 1.06; Figure 4A) such that
participants receiving active taVNS achieved higher scores compared to those receiving sham
taVNS. To determine whether this effect was driven by performance on a specific question type,
we evaluated whether active taVNS was associated with improved performance on the subsets of
memory and comprehension questions separately. There was a significant group difference on
memory questions such that the active taVNS group (49.63 + 3.47%) significantly outperformed

the sham taVNS group (37.04 £ 3.47%; t (22) = 3.00, p =.007, d = 1.23; Figure 4B). This result
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survived correction for multiple comparisons. There was no difference between the sham taVNS
(35.55 * 5.24%) and active taVNS group (39.44 + 4.06%) on the comprehension questions (t
(22) = .61, p = .54; Figure 4C).

Since each participant received a custom current level, we evaluated the relationship
between current intensity and memory performance in the active taVNS group using Pearson’s r
correlations to determine if current intensity influenced outcomes. Across the entire active
taVNS group (n = 12), there was no significant relationship between current intensity and
percent correct (r = .27, p = .40). Due to subtle differences in current output across devices, we
replicated this analysis in the participants that received stimulation from the Parasym device (n =
10). There was again no significant relationship between current intensity and percent correct (r
= .33, p = .35; Figure 5), suggesting that current intensity did not influence taVNS efficacy in
this sample.

3. 2. No effect of stimulation device on outcome measures

Most participants completed the study using the Parasym taVNS device (n = 20), while a
small subset of participants completed the study using a TENS7000 device (n = 4). To ensure
that the stimulation device used did not impact the findings, we repeated our analyses in the
participants that received stimulation from the Parasym device and replicated our findings. In
this subsample, there was no benefit of active taVNS on reading accuracy (t (18) = .13, p =.90)
or on reading rate (t (18) = .17, p = .87). With respect to test performance, there was a significant
benefit of taVNS on memory questions (t (18) = 2.33, p =.03) but there was no group difference
on comprehension questions (t (18) =.19, p = .86). This consistent pattern of results suggests
that stimulation device differences did not impact the efficacy of posterior tragus stimulation of

the auricular vagus nerve on our dependent measures.
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3. 3. Relationships between verbal working memory and performance on test questions

Prior evidence suggests that comprehension abilities require working memory skills [2].
To investigate whether taVNS influenced this relationship, we next utilized Pearson’s r to
evaluate the relationships between verbal working memory and performance on memory
questions in each experimental group separately. In the sham taVNS group, there was no
relationship between Verbal Learning Core standardized scores (WRAML-2) [38] and
performance on memory questions (r = .05, p = .88). However, there was a significant positive
correlation between these metrics within the active taVNS group, which survived correction (r =
.65, p =.023). Similarly, in the sham taVNS group, there was no significant relationship between
Verbal Learning Recall standardized scores (WRAML-2) [38] and performance on memory
questions (r = -.39, p = .24), but there was a significant, positive relationship in the active taVNS
group, which survived correction (r = .65, p =.021).

At baseline, participants also completed an additional verbal short-term working memory
task in which strings of numbers and letters were read by a researcher and then repeated
immediately by the participant. The active taVNS group exhibited higher scores on this measure
compared to the sham taVVNS group. Thus, we evaluated the relationship between performance
on this measure and the memory recall scores across the entire sample using Pearson’s r. There
was no significant relationship between Number-Letter working memory scores and performance
on memory-based questions (r = .13, p = .54).

3. 4. Stimulation dosage was not related to memory performance

Since stimulation duration was determined by reading speed, some participants may have

received more time receiving stimulation than others. In the current pilot study, however,

duration of stimulation did not differ between the sham taVNS (80.83 £ 4.21 seconds per
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passage) and active taVNS (78.33 + 2.81 seconds per passage) groups (unpaired, two-tailed t-
test: t (22) = .52, p = .61. Further, there was no significant relationship between duration of
stimulation and memory performance in the active taVNS group (r = .15, p = .65).
4. Discussion

The goal of the current pilot study was to evaluate the effect of taVNS on reading
comprehension in a sample of typically developing young adult readers. Our results demonstrate,
for the first time, that active taVNS, compared to sham taVNS, paired with reading is associated
with increased performance on memory-based recall of previously read material, a higher-level
reading skill. However, there was no effect of taVNS on comprehension question performance or
on the mechanics of oral reading (e.g., reading accuracy and reading rate). These findings
support our prior work demonstrating that ta\VVNS is associated with improved reading skills [30]
but indicate that the efficacy of taVNS may be limited to tasks relying on sensory plasticity and
memory of explicitly trained materials [17,18,19,20,21], rather than inference.
4.1. Comparison to behavioral reading comprehension interventions

Vagus nerve stimulation, when paired with sensory stimuli or motor movements, leads to
enhanced learning and measurable neural plasticity in both the animal model and in humans
[17,28,32,36]. A growing body of work suggests that taVNS may be as effective in these
paradigms as cVNS [28,47], providing a non-invasive option for sensitive populations. In the
current pilot study, we observed robust effects of taVNS on memory questions in a single session
of stimulation, which suggests the addition of taVNS may accelerate the benefits of traditional
behavioral interventions which require weeks to months of consistent training. For example,
previous randomized controlled trials of classroom interventions, such as Let’s Know!

[48,49,50,51] required multiple sessions per week for several weeks to produce significant
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improvement in reading comprehension. In the current pilot study, we attempted to bypass this
long training time by pairing taVNS with a single session of real-time reading. While our initial
findings are encouraging and support the use of this approach for sensory and motor deficits,
previous studies also suggest that VNS may be limited in its ability to improve generalized
learning. For example, cVNS and taVNS paired with physical therapy increase post-stroke motor
function recovery [28,52], but those benefits were specific to the movements taught in training
and did not generalize to untrained skills.

It is possible that extended and generalizable benefits could be observed in other training
domains since long-term sensory plasticity has been reported in both the rodent model up to
three weeks after auditory therapy [19] and in humans between three- and six-months after
movement therapy [36]. Future research should investigate the generalizability of taVNS for
reading comprehension to determine whether stimulation also increases performance on
untrained passages. Importantly, comprehension questions are often more difficult than memory
recall questions, since additional information must be extracted from what the student has read or
studied. Given our observation that pairing stimulation with reading was not sufficient to
improve comprehension performance, it is important for future research to investigate whether
other forms of stimulation (e.g., timing, type of passage used, etc.) may improve this skill.

Finally, interventions [53] administered to struggling readers have improved reading
comprehension skills. The current pilot study was conducted on typically developing young
adults with average or above-average low-level reading skills, and it is currently unknown
whether taVNS is effective in those with reading disorders. Individuals with dyslexia exhibit
deficits in a variety of lower-level reading skills, such as decoding [54], phonological awareness

[55,56,57], and automaticity [58,59,60]. Those who struggle with these low-level reading skills
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are often forced to focus their cognitive resources on the mechanics of reading rather than on
absorbing the content of a passage. It is therefore possible that a taVVNS intervention for dyslexia
would require a focus on the mechanics of reading rather than on comprehension. While our
prior work [30] demonstrated benefits of taVNS on automaticity and decoding in letter-sound
learning, it is unknown whether this approach is effective in individuals with dyslexia.
4. 2. Baseline verbal memory skills influence reading comprehension

Reading comprehension is a complex process that requires multiple lower-level skills
working together. In addition, readers must extract meaning from text beyond information that is
explicitly stated, referred to as comprehension (understanding the text) and inference (making
conclusions that go beyond the states text). Since our data suggest no benefit of taVNS on
comprehension questions, future research should examine other parameters or paradigms to
investigate if taVNS can improve these skills. For example, one taVNS study employed
stimulation during encoding (training) and a brief consolidation period in a face-name
association task [32]. Their results suggest that pairing with training and during consolidation
does yield a significant benefit in face-name association learning, which is also a memory task.
A second study stimulated participants after they read passages and then probed recall of
highlighted words, with positive results [22]. While there is an abundance of evidence that
stimulation during training is effective in driving neural plasticity [19,28], there is inadequate
taVNS research that compares stimulation during training with stimulation during training and
consolidation. Given the importance of comprehension skills, future work is needed to explore
whether changes to the stimulation protocol can elicit a taVNS effect on memory recall and

comprehension, rather than just memory recall.
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Surprisingly, we observed significant, positive correlations between baseline verbal
working memory tasks (learning and recall) and performance on memory questions in the active
taVNS group, but not in the sham taVNS group. Executive functions, such as updating and
shifting, contribute to reading comprehension (see [61] for a review) and working memory is
essential for retaining and integrating information from text [62]. Additional findings have
corroborated these relationships between memory skills and reading comprehension with other
verbal memory tasks (e.g., sentence span; [63]) and in individuals with inadequate reading skills
[64]. One meta-analysis reported that higher executive functions (e.g., reading span, counting
span, digit span) were significantly correlated with increased reading comprehension, even after
accounting for several covariates, such as age or type of assessment used [65]. Collectively,
these data suggest that regardless of age, memory consistently plays a significant role in
comprehension ability and supports the link between verbal working memory and reading
comprehension.

While the relationship between working memory and reading comprehension is expected,
we were surprised to find that the relationship between verbal working memory and
comprehension was significant only in the active taVNS group. Given that this relationship was
present in the active group but not the sham group, it is possible that some aspect of the taVNS
mechanism interacts with the neural circuitry subserving these existing skills to boost
performance. Thus, we hypothesize that pairing stimulation with reading takes advantage of
existing neural circuitry, in this case that which supports verbal working memory, to enhance
memory for read content. Given that vagus nerve stimulation relies on precisely timed release of
neurotransmitters such as norepinephrine and acetylcholine, we suggest that these chemicals act

by strengthening existing synapses in the typically developing brain rather than encourage the
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formation of new connections [19,66]. However, future mechanistic research is needed to
determine whether this is in fact the case, whether changes in stimulation parameters have a
different effect, and additional translational work is needed to determine whether these
mechanisms are consistent in the brains of those with dyslexia.
4. 3. No effect of current intensity on taVNS efficacy

Previous work investigating the impact of current intensity on cVNS efficacy in the rat
model [39] and in humans [22] reported that moderate stimulation intensities were more
effective than higher stimulation intensities [39]. A similar effect was reported in humans such
that moderate intensities were more effective than higher current intensities for improvement on
a recognition memory task [22]. Contrary to this evidence from the cVNS literature, we observed
no relationship between taVNS current intensity and performance on comprehension. It is
possible that taVNS exhibits a different dose-response curve with respect to current intensity
compared to invasive vagus nerve stimulation. One study reported that taVNS delivered at
intensities below sensory threshold can selectively enhance speech sound categorization of
Mandarin tones [31]. Studies conducted above sensory threshold have also reported a benefit of
taVNS, in cognitive tasks such as face-name association [32] and novel letter-sound learning
[30]. The presence of a stimulation effect at a variety of intensities suggests that current intensity
may be less important in taVNS protocols than in cVNS protocols. However, it is important to
note that no study to date has explicitly manipulated current intensity or systematically
investigated potential relationships between current intensity, learning, and retention. The taVNS
current intensity parameter must be explored systematically to optimize future clinically relevant
stimulation protocols targeting a variety of tasks.

4. 4. Limitations



taVNS AND READING COMPREHENSION 20

There are four key limitations in the current study. First, it is important to note that our
choice of the GORT-5 as our measure of reading comprehension carries its own caveats. For
example, most questions (45) were classified as memory-based questions, and only 15 of the
questions were classified as comprehension questions. Thus, we may have been underpowered to
detect an effect of taVNS on this type of measure. In addition, it is important to note that
performance on the task was quite low overall, perhaps because our passages included many
low-frequency words. Given the added pressure of reading out loud, participants may have spent
more cognitive effort focusing on decoding of these words rather than processing meaning.
Future research should investigate if similar results are found in passages with high-frequency
words, such that participants may need less effort to decode unfamiliar words. Findings from
such a study would suggest that readers, when not pressured to focus on decoding low-frequency
words, can still maintain enhanced comprehension when paired with taVNS.

Second, participants were recruited from an online participant pool. In our case, this pool
of participants is generally made up of individuals from mid- to high socioeconomic (SES)
backgrounds, limiting our ability to generalize these findings. Previous research suggests that
home environment and SES strongly influence future reading ability [67,68,69,70]. Specifically,
children from a low SES background have more phonological deficits than those from higher
SES homes, and phonological skills are necessary for successful reading [67]. Future research
should replicate the current methodology in a sample that comes from a wider range of SES
backgrounds to determine whether the biological impact of a lower SES upbringing impact the
efficacy of taVNS, as lower SES has been linked to lower white matter tracts [71,72] suggesting

the growing importance of SES in white matter development [73]. Further, lower SES has been



taVNS AND READING COMPREHENSION 21

associated with higher levels of norepinephrine [74], which would likely impact the efficacy of
vagus nerve stimulation [17,18,36].

Third, our sample size was underpowered due to the forced discontinuation of in-person
research during the COVID-19 pandemic. A post-hoc analysis (d = 1.23, a = .05, Ngham = 12,
Nactive = 12) yielded a power of .82, confirming we did meet adequate power and these data
should thus be interpreted with caution, as a pilot study. Future research is needed to replicate
these findings in a larger and more diverse sample.

Fourth, previous research has also suggested that oral language measures, such as syntax
and vocabulary, are related to reading comprehension skills [75], and these were not measured as
part of the standard English assessments testing eligibility. An assessment was added to the full
study after these pilot data were collected, but then the onset of COVID-19 led to data collection
being terminated for this study. Future studies evaluating taVNS and reading comprehension
should be sure to include such measures.
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Participant characteristics and standard assessment scores (M = SD) by stimulation group. Two-
tailed, independent-samples t-tests were used to investigate group differences on standard

assessments. * = p < .05.

Assessment Sham taVNS Active taVNS T-Statistic

Sample Size (# Females) 12 (8) 12 (9) N/A
Age 20.50 + 2.48 10.17 + 88 1.74

KBIT-2 Matrices 100.08 + 9.07 104.33 + 10.99 1.03
TOWRE-2 Sight Word 106.58 + 12.13 106.75 + 14.81 03

Efficiency
TOWRE-2 Phonemic 109.17 + 7.07 111.25 £ 7.75 69
Decoding Efficiency
WRMT-3 Word 103.25 + 7.15 108.08 + 10.25 1.34
Identification
WRMT-3 Word Attack 103.75 + 10.96 102.67 + 6.46 30
WRMT-3 Passage 99.25 + 9.33 103.42 + 11.41 98
Comprehension
WRMT-3 Oral Fluency 109.50 + 8.63 111.58 + 8.07 61
CTOPP-2 Rapid Digit 11.33+ 1.50 11.08 + 1.08 A7
Naming
CTOPP-2 Rapid Letter 10.92 + 1.38 10.67 + 1.23 47
Naming
WRAML-2 Verbal 10.08 + 2.31 11.25 + 2.26 1.25
Learning Core

WRAML-2 Number-Letter 10.25 + 2.77 12.75 + 2.38 2.37*
WRAML-ZVergal 9.55 + 3.53 10.67 + 2.53 88

Learning Recall

Note. KBIT = Kaufman Brief Intelligence Test, 2" Edition; TOWRE-2 = Test of Word Reading
Efficiency, 2" Edition, WRMT-3 = Woodcock Reading Mastery Test, 3" Edition; CTOPP-2 =
Comprehensive Test of Phonological Processing, 2" Edition, WRAML-2 = Wide Range

Assessments of Memory and Learning, 2" Edition.



taVNS AND READING COMPREHENSION 33

Table 2

taVNS thresholding measurements. Two measurements were taken at the lower end of sensation
and two measurements were taken at the upper end of comfort. The average of these
measurements was the customized current intensity used during training.

. Intensity
Value Question (MA)

1 “Tell me when you feel anything unusual in your left ear.”

2 “Tell me when the stimulation feels uncomfortable, but not painful.”
3 “Tell me when you cannot feel any stimulation in your left ear.”
4

“Tell me when the stimulation feels uncomfortable, but not painful.”

Average of Values 1-4

Figure Captions

A B

Figure 1. Electrode Placement of Each taVNS Device. (A) Four total participants completed
the study on a TENS7000 device with an electrode (smaller black circle) placed on the posterior
side of the left tragus and a ground placed behind the left ear (larger black circle). (B) Twenty
total participants completed the study on a Parasym device, where an electrode (smaller black
circle) was positioned on the posterior side of the left tragus.
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There are sundry definitions of jazz, all of them vague. Their vagueness seems
imperative, however, if they are to accommodate the custom of jazz to appropriate every-
thing in sight. This receptivity to sources derives from a dominant feature of jazz: improvi-
sation. The emphasis on improvising entails an openness to the entire legacy of diverse
musical elements. Although formulating the content of jazz is not feasible, there is little dif-
ficulty in pinpointing the group that spawns the music. Jazz musicians have always con-

stituted a subculture of music, a cultish but scarcely organized body of instrumentalists
who rarely manage to eke out a livelihood from their music. Until recently they have been
unschooled in their chosen music, except as they have imitated recordings of other musi-
cians. Never accepted by academics, only partially accepted by the public, jazz musicians
comprise a closed community in which innovation and experimentation are more valued
than tradition.

B Question Correct Responses Classification

Tends to absorb other types of music;
composed of different elements; jazz Memory
appropriates everything in sight

What does the story state as to why jazz
is difficult to define?

Why are jazz musicians probably less Jazz is individualistic; no set rules; music is

3 i . : Comprehension
organized than other musicians? improvised P

According to the last sentence of this
story, what two elements do jazz Innovation and experimentation Memory
musicians value more than tradition?

In the story, what one word described a

§ : Improvisation Memo
dominant feature of jazz? P Y

According to this story, what group has

: Academics Memo
never accepted jazz? W

Figure 2. Example of Passage and Associated Test Questions Administered during Reading
Session. (A) Participants read two practice passages and twelve test passages from the
standardized GORT-5 assessment (Weiderholt & Braynt, 2012) out loud to a researcher and
pressed a button when they finished reading. Passages were presented one at a time in white font
on a black background. (B) Immediately after reading, a researcher asked five associated test
questions about the passage, and participants provided answers out loud.
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Figure 3. No Benefit of taVNS on Oral Reading Mechanics. We quantified the average errors
made per passage and average reading rate per passage (words/min) while participants read out
loud. There was no difference between the active taVNS group and the sham taVNS group on
average errors during reading (A) or reading rate (B). Error bars represent standard error of the

mean (SEM).
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Figure 4. Performance on Test Questions. (A) There was a significant benefit of active taVNS
compared to sham taVNS across all test questions. (B) This effect was driven by a significant
benefit of active taVNS on memory questions. (C) There was no benefit of taVNS on
comprehension questions. Error bars represent standard error of the mean (SEM). * p < .05
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Figure 5. Relationship between Current Intensity and Performance on Memory Questions
in Participants Receiving Active taVNS. There was no significant relationship between taVNS

current intensity and percent correct on memory questions (r = .27, p = .35) in participants
receiving active taVNS (n = 12).





