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Abstract

A growing number of investigations are exploring the utility of intranasal insulin as a means of mitigating cognitive decline.
However, as a basic tenant of dementia prevention programs is increasing physical activity, it is essential to obtain a preliminary
assessment of the safety profile of combining intranasal insulin with physical activity; to ensure that undue risks are not incurred.
Utilizing a randomized double-blind placebo-controlled design, a sample of 116 non-diabetic, fasted college-aged adults were
randomly assigned to receive a dose of 0-to-120 IU of NovoLog (Insulin Aspart) before being randomized to 20 min of exercise
or sitting control condition. The safety of intranasal insulin was assessed by examining the incidence of potential symptoms of
hypoglycemia and changes in peripheral blood glucose. The efficacy of a combination therapeutic approach was assessed using
behavioral measures of inhibition and sustained attention alongside neuroelectric indices of attentional engagement. The fre-
quency of symptoms reported following administration of intranasal insulin were not observed to interact with exercise so as to
make their occurrence any more or less prominent, nor was the frequency observed to relate to the dose of intranasal insulin.
However, doses of intranasal insulin of 100 IU or more were observed to result in a 7-fold increase in the likelihood of a level 1
hypoglycemic event for those individuals in the exercise condition. This study provides preliminary evidence to suggest that
exercise is not associated with an increase in risk when combined with lower doses of intranasal insulin.

Clinical trial registration The trial is registered at ClinicalTrials.gov, number NCT04292535.

Keywords Physical activity - Inhibition - Interference control - Sustained attention - ERP - P3

As many as 1 in 9 individuals in the United States aged 45 and
older are experiencing subjective cognitive decline, with pro-
jections suggesting that as many as 14 million individuals could
suffer from Alzheimer’s Disease by 2060 (Matthews et al.
2018). With the increasing prevalence of Alzheimer’s Disease
and related dementias, it is essential to understand potential
therapeutic routes that decrease the risk of developing these
disorders or at the very least delay its progression (Bahar-
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Fuchs et al. 2013; Farina et al. 2002; Grossberg et al. 2013; in
’t Veld et al. 2001; Morris et al. 2017; Morris et al. 2015;
Scarmeas et al. 2006). One such approach is the utilization of
intranasal insulin to mitigate the dysregulation of brain metab-
olism (e.g. decreased cerebral glucose uptake, reduced insulin
signaling, etc.) associated with Alzheimer’s Disease (Claxton
et al. 2015; Craft et al. 2012; Heni et al. 2015; Kullmann et al.
2016; Reger et al. 2006, 2008). However, given that a basic
tenant of dementia prevention programs is increasing exercise
related physical activity to stave off memory related declines
(Baker et al. 2010; Intlekofer and Cotman 2013; Morris et al.
2017); it is essential to understand how intranasal insulin com-
bines with exercise given the known risks of exercise and insu-
lin administration (Berger et al. 1978; Tuominen et al. 1995).
Accordingly, while intranasal insulin gains access to the brain
with little peripheral effects (Born et al. 2002; Craft et al. 2012;
Novak et al. 2014; Schmid et al. 2018), it is unknown to what
extent negative outcomes might manifest when intranasal insu-
lin therapies are combined with exercise. The aim of the present
investigation was to provide preliminary insight into the dose-
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response safety profile of intranasal insulin in combination with
an exercise protocol while also providing preliminary estimates
of the efficacy of such combination therapeutic approaches for
enhancing cognition.

The growing interest in intranasal insulin administration
stems from its ability to manipulate cerebral glucose uptake,
which offers considerable potential benefits for regulating altered
metabolic profiles in the brain present within neurodegenerative
diseases such as Alzheimer’s disease (Craft et al. 2012, 2020;
Heni et al. 2015; Kullmann et al. 2016). When administered
intranasally, it has been proposed that insulin is able to directly
affect the central nervous system by taking an extracellular route
through the olfactory epithelium, bypassing the blood brain bar-
rier and entering the subarachnoid space in the brain (Bakirtzi
et al. 2009; Bom et al. 2002). Given that insulin has been found
to have specific receptors in areas of the frontal cortex and hip-
pocampus (Hill et al. 1986; Unger et al. 1991); it is unsurprising
that intranasal insulin administration in healthy, non-diabetic in-
dividuals has been observed to transiently enhance select aspects
of cognition including cognitive control, visuospatial attention/
memory, and long term memory (Benedict et al. 2004, 2006,
2006; Briinner et al. 2015; Novak et al. 2014). Given the use of
healthy, cognitively-intact individuals, however; enhancements
in cognition may not always be readily observable through be-
havioral metrics of performance alone.

Accordingly, event-related brain potentials (ERPs) provide
a means of gaining insight into a subset of cognitive opera-
tions occurring between stimulus encoding and response pro-
duction. In an initial investigation, Kern and colleagues (Kern
et al. 1999) observed reductions in neuroelectric indices of
attentional engagement following a 20 IU dose of intranasal
insulin. Specifically, a reduction in the amplitude and an in-
crease in the latency of the P3 ERP component assessed in
response to a simple stimulus discrimination task was ob-
served in a sample of 18 healthy college-aged adults; suggest-
ing that intranasal insulin may negatively impact upon the
allocation of attentional resources during stimulus engage-
ment and stimulus classification and evaluation speed, respec-
tively. Given the paucity of literature in this area, it is impor-
tant to not over-interpret such findings; however, clearly they
suggest that further research is necessary to better characterize
the potential effects — both positive and negative — of intra-
nasal insulin on cognitive processes.

A burgeoning body of research has demonstrated that intra-
nasal insulin administration has little impact upon peripheral
blood glucose — at least in resting individuals. In a recent
review of the safety of intranasal insulin, Schmid and col-
leagues (Schmid et al. 2018) characterized a total of 38 studies
encompassing 1,092 unique individuals; observing minimal
impact of intranasal insulin on peripheral blood glucose levels
and no adverse events reported. However, exercise has the
potential to alter the safety profile of intranasal insulin. The feed
forward mechanism to maintain blood glucose homeostasis
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during exercise only keeps glucose levels constant for so long
and as the exercise duration increases, glucose levels will start
to decrease (Brooks et al. 2004). Due to the body’s increased
demand for energy, the introduction of an additional amount of
insulin might upset the homeostatic balance by shuttling glu-
cose to inactive tissues during exercise thereby creating com-
petition for fuel and amplify the rate at which glucose availabil-
ity starts to decrease. It is also important to consider the poten-
tial risk that insulin administered intranasally has for being
transported into the lungs as a result of the increased ventilation
during exercise. Specifically, when the droplet size of intranasal
insulin falls below 30 pum it may be lost to the lungs; thereby
posing as a risk to impact peripheral blood glucose in the same
manner as Afrezza (FDA approved rapid-acting inhaled insulin
powder, into the lungs, for glycemic control in individuals di-
agnosed with diabetes) (Afrezza 2020; Giroux, 2005). During
exercise, the increased airflow through the nose and mouth
could potentially alter the droplet size or even cause appropri-
ately sized droplets to move into the lungs (Hui et al. 2009).
Thus, given that individuals with or at risk for Alzheimer’s
disease and related dementias are recommended to engage in
exercise (Buchman et al. 2012; Yu et al. 2015); the use of
intranasal insulin without an understanding of its potential in-
teractive effects with exercise could place patients at elevated
risk for potentially serious hypoglycemic events.

The purpose of the present investigation was to provide a
preliminary assessment of the safety profile of combining in-
tranasal insulin with exercise; to ensure that undue risks are not
incurred through combination therapeutic approaches. To this
end, a randomized double-blind placebo-controlled design was
employed to examine the extent to which symptoms of hypo-
glycemia might manifest when intranasal insulin administration
was followed by a bout of exercise in a sample of healthy, non-
diabetic, fasted college-aged adults. This approach enabled the
characterization of the dose-response safety profile of intranasal
insulin administered in doses ranging from 0 U to 120 TU. A
second aim of the investigation was to provide a preliminary
assessment of the efficacy of combining intranasal insulin with
exercise for enhancing inhibitory aspects of cognitive control
and sustained attention alongside neuroelectric indices of atten-
tional engagement. An understanding of the safety and efficacy
of combination therapeutic approaches is vital to support the
continued use of intranasal insulin as a potential aid for neuro-
degenerative diseases such as Alzheimer’s disease (Craft et al.
2012; Galindo-Mendez et al. 2020).

Method
Participants

A sample of 116 college aged young adults (M =20.7+2.5
years, 72 females, 17.2 % nonwhite) participated in this
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investigation at Michigan State University. See Fig. la for
CONSORT flow diagram of enrollment.All participants pro-
vided written informed consent; reported being free of neuro-
logical disorders or physical disabilities; reported that they
were not diabetic, pregnant, or were experiencing any sinus

inflammation at the time of testing; and indicated having nor-
mal or corrected-to-normal vision. Demographic data for all
participants are provided in Table 1. This investigation was
approved by the Michigan State University Human Research
Protection Program.

a) Assessed for eligibility
(n=177)
<
[}
IS Excluded (n = 61)
§ - Medical Screening (n = 58)
uCJ - Diabetic (n = 1)
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I
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<
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b) Diagram of Experimental Protocol
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Rate Monitor [ Cognitve [ of Intranasal [ | Sitting/Exercise Cognitive [ Symptom
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Fig. 1 a CONSORT flow chart of the experimental protocol. b Schematic diagram depicting the experimental protocol
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Table 1  Demographics of all randomized participants (mean + SD)
Measure All Participants
N 116 (72 females)
Age (years) 20.7£2.5
Percent identifying as Nonwhite 17.2 %

Percent identifying as Hispanic or Latino 6.0 %
Education (years) 13.9+£2.2
WASI-I Q) 107.5+£9.9
Fasting blood glucose (mg/dL) 94.6+8.6
Acrobic Fitness Percentile 46.9+24.8

Note: WASI-II: Wechsler Abbreviated Scale of Intelligence 2nd Edition
two-part subtest composite (Wechsler 2011). Aerobic Fitness Percentile
was computed based upon maximal oxygen consumption (VO,max) nor-
mative values (Shvartz and Reibold 1990)

Procedure

On the screening day of the testing protocol, following
consenting to participate in this investigation; partici-
pants completed a brief health and history demographics
questionnaire, a physical activity readiness questionnaire
(Thomas et al. 1992), a medical screening questionnaire,
the Wechsler Abbreviated Scale of Intelligence — 2nd
Edition (WASI-II; (Wechsler 2011), and a test of maxi-
mal oxygen uptake (VO,max; using the same protocols
as reported in Chandler et al. 2019; Pontifex et al.
2016). The medical screening questionnaire ensured that
all participants were free of medication for high blood
pressure, cholesterol, asthma, heart issues, depression/
anxiety; and were not currently on any beta-blockers,
sulfonamide antibiotics, corticosteroids, protease inhibi-
tors, or Clonidine. Participants who were eligible to con-
tinue in the study were then randomly assigned using a
serial stratification approach accounting for biological
sex to either an exercise [active experimental group]
condition or sitting [control experimental group]
condition. Within each condition; participants were sub-
sequently randomly assigned using a serial stratification
approach accounting for biological sex to receive a dose
of either 0, 20, 40, 60, 80, 100, or 120 IU of fast acting
insulin (Novolog Insulin Aspart 100 mg/mL) adminis-
tered into the intranasal mucosa (see Fig. la for
CONSORT flow diagram).

Participants were instructed to refrain from exercise or
caffeine intake, and too fast for at least 3 h prior to par-
ticipating in the second day of the testing protocol. Upon
arriving to start the second day of testing (see Fig. 1b for
diagram of experimental protocol), participants’ blood
glucose level was assessed via a glucometer (CVS
Health Advanced Blood Glucose Meter, United States)
to ensure that their blood glucose fell within the 70—
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115 mg/dL guideline to exercise safely. Following this,
participants were outfitted with a polar heart rate monitor
(Model H7, Polar Electro, Finland) to assess heart rate
during the experimental condition and then were prepared
for neuroelectric testing. Participants were subsequently
seated in a sound-attenuated testing chamber approxi-
mately 1 m away from the computer monitor where they
completed tests of inhibitory control and sustained atten-
tion while behavioral and neuroelectric measures were
assessed. Once the pretest cognitive assessment was com-
pleted, participants were administered solution into their
intranasal mucosa.

Using a double-blind, placebo-controlled approach; identi-
cal vials of saline solution and Novolog insulin aspart 100 mg/
mL were obtained differentiated only by the color of the stop-
per top, and labeled as investigational drug A and investiga-
tional drug B. All participants were administered 6 doses of
0.2 mL of solution via the LMA MAD Nasal Intranasal
Mucosal Atomization device (Teleflex 2013) into alternating
nostrils with a total administration volume of 1.2 mL. The
dose of intranasal insulin was controlled by varying the num-
ber of doses which contained saline relative to the doses which
contained Novolog insulin aspart 100 mg/mL (see Fig. 2). The
experimenters were aware of the number of doses of investi-
gational drug A and investigational drug B administered; but
were unaware which solution or stopper top was associated
with insulin or saline. Following administration of the solu-
tion, participants completed the sitting/exercise experimental
conditions.

The sitting experimental condition consisted of a 20 min
duration where participants sat in a chair (HR =73.2 bpm
[95 % CI: 70.3 to 76.2]). The exercise experimental condition
consisted of similar 20 min duration of exercise on a motor-
driven treadmill at an intensity between 60 and 65 % of max-
imum heart rate achieved during the test of maximal oxygen
uptake (HR =118.1 bpm [95 % CI: 116.2 to 120.1]). During
both the sitting and exercise experimental conditions, partici-
pants watched an emotionally neutral video (minutes 65-85
from Cooter and Holt (2011)). Midway through the sitting and
exercise experimental conditions and again 5 min following
the completion of the experimental conditions, peripheral
blood glucose was assessed via a glucometer. If peripheral
blood glucose fell below 70 mg/dL, testing was imme-
diately discontinued (this occurred for 3 participants
randomized to the exercise condition; 1 in the 0 IU
dose, 1 in the 100 IU dose, and 1 in the 120 IU dose)
for all measures. Following the peripheral blood glucose
assessment, participants again completed the tests of in-
hibitory control and sustained attention while behavioral
and neuroelectric measures were assessed. Finally, upon
completion of the cognitive assessments, participants
completed a symptom survey which assessed potential
side effects of intranasal insulin that participants might
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Novolog
Saline Insulin Aspart
Solution 10ml of
100mg/mL
Dose Spray 1 Spray 2 Spray 5
0.2 mL 0.2mL
| Saline 11 Saline
0IU
0.2 mL i 0.2 mL 0.2 mL i 0.2 mL 0.2mL
1 Insulin [l Saline 1 Saline 1 Saline [l Saline
201U : : :
10.2mL 0.2 mL 0.2 mL 0.2mL
1 Insulin i Insulin 4 Saline [ Saline
401U .
0.2 mL 0.2 mL 0.2 mL 0.2mL 0.2 mL
1 Insulin [ Insulin 1 Insulin [l Saline [ Saline
601U " : :
i‘O.Z mL ﬁO.Z mL i‘O.Z mL ﬁO.Z mL ﬁO.Z mL
4 Insulin - Insulin 4 Insulin 4 Insulin 4 Saline
80 IU ; 2 : d
iO.Z mL iO.Z mL i‘O.Z mL iO.Z mL ﬁO.Z mL i0.2 mL
4 Insulin J Insulin 4 Insulin J Insulin 4 Insulin - Saline
100 IU : : : ; : :
i‘O.Z mL iO.Z mL iO.Z mL iO.Z mL iO.Z mL iO.Z mL
4 Insulin - Insulin 4 Insulin - Insulin 4 Insulin J Insulin
120 IU i : : ; ;

Fig. 2 Illustration of the intranasal insulin dosing protocol

have experienced at any time during the experimental  symptoms. The protocol of this investigation is regis-
protocol and if participants were still experiencing those  tered at ClinicalTrials.gov [number NCT04292535].
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Inhibitory control task

Inhibitory control was assessed using a letter version of the
Eriksen flanker task (Eriksen and Eriksen, 1974; McGowan
et al. 2019), which is classified as a behavioral response se-
lection construct of the inhibition/suppression focus and the
performance monitoring focus of cognitive control according
to the NIMH Research Domain Criteria (RDoC) classification
system. Participants were instructed to attend to and to re-
spond as accurately as possible to a centrally presented stim-
ulus nested amid either congruous (‘(MMMMM”) or incongru-
ous (‘NNMNN”) flanking stimuli. Participants completed 80
practice trials at pretest followed by 160 trials grouped into
two blocks of 80 trials, each consisting of equiprobable con-
gruency and directionality; at each assessment period (160
trials pre-experimental condition and 160 trials post-
experimental condition). For each block of trials, participants
were presented with perceptually similar letter pairs (e.g., pre-
test block 1: M — N, pretest block 2: E —F, posttest block 1: 1—
T, posttest block 2: U — V) and were instructed to respond by
pressing the button assigned to the letter presented in the mid-
dle of the flanking letters.

To ensure a high degree of task difficulty, at the midpoint
of each block participants were given instructions to reverse
the button-letter assignments (e.g., left button press for “M”
through the first 40 trials and then right button press for “M”
through the last 40 trials). Flanking letters were presented
300 ms prior to the onset of the target letter, and all five letters
remained on the screen for a subsequent 100 ms (for a total
stimulus duration of 400 ms) with a response window of
1000 ms and a variable inter-trial interval of 2300, 2400,
2500, 2600, or 2700 ms. All stimuli were 1.5 cm tall white
block letters presented focally on a black background.
Stimulus presentation and timing were controlled using
PsychoPy 1.86 (Peirce 2009). Reaction time was quantified
within each congruency as the mean speed of responding fol-
lowing the onset of the stimulus only for correct trials.
Response accuracy was quantified within each congruency
as the proportion of correct responses relative to the number
of trials administered.

Sustained attention task

Sustained attention was assessed using the rapid visual infor-
mation processing task (Chandler et al. 2020; Neale et al.
2015) which is classified as a behavioral construct of attention
according to the NIMH Research Domain Criteria (RDoC)
classification system. Participants were presented with a series
of single digits (1-9) in a box in the center of the screen at a
rate of 100 digits/min and were instructed to make a button
response with their right thumb as soon as they detected any of
the three target sequences: 2-4-6,” ‘3-5-7,” or ‘4-6-8.” To
minimize working memory load, the three target sequences

@ Springer

were presented on the bottom of the screen throughout the
duration of the task. At pretest, participants completed a
1 min practice period prior to beginning the test trials which
contained a series of 402 digits with 64 target sequences em-
bedded. At posttest, participants completed another series of
402 digits with 64 target sequences embedded. Reaction time
was quantified as the mean speed of responding following the
presentation of the final digit of the target sequences only for
correct sequence identifications. Response accuracy was
quantified as the proportion of responses that correctly coin-
cided with the 64 target sequences presented.

Neuroelectric indices of attentional engagement

During completion of the inhibitory control and sustained at-
tention tasks, EEG activity was recorded from 32 electrode
sites (Fpz, Fz, FCz, Cz, CPz, Pz, POz, Oz, F7/3/4/8, FT7/8,
FC3/4, T7/8, C3/4, M1/2, CP3/4, TP7/8, P7/3/4/8, PO5/6) ar-
ranged in an extended montage based on the International 10—
10 system (Chatrian et al. 1985) using a Neuroscan Quik-Cap
(Compumedics, Inc., Charlotte, NC). Recordings were refer-
enced to averaged mastoids (M1, M2), with AFz serving as the
ground electrode. In addition, electrodes were placed above
and below the left orbit and on the outer canthus of both eyes
to monitor electrooculographic (EOG) activity with a bipolar
recording. Continuous data was digitized at a sampling rate of
2048 Hz and amplified 500 times with a DC to 70 Hz filter
using a Neuroscan Grael amplifier. The EEG data were then
imported into EEGLAB (Delorme and Makeig 2004),
downsampled to 1024 Hz and prepared for temporal ICA de-
composition. Data more than 2 s prior to the first event marker
and 2 s after the final event marker were removed to restrict
computation of ICA components to task-related activity. The
continuous data was filtered using a 0.05 Hz high-pass 2nd
order Butterworth IIR filter to remove slow drifts (Pontifex
et al. 2017), and the mastoids electrodes were removed prior
to ICA decomposition. ICA decomposition was performed
using the extended infomax algorithm to extract sub-
Gaussian components using the default settings called in the
MATLAB implementation of this function in EEGLAB with
the block size heuristic (floor[sqrt(EEG.pnts/3)]) drawn from
MNE-Python (Gramfort et al. 2013). Following the ICA de-
composition, the eyeblink artifact components were identified
using the icablinkmetrics function (Pontifex et al. 2017) and
the EEG data was reconstructed without the eyeblink artifact.

Following removal of the eye blink components, stimulus-
locked epochs were created for correct trials from — 500 to
1,500 ms around the stimulus, baseline corrected using the
—100 to 0 ms pre-stimulus period, and filtered using a zero
phase shift low-pass filter at 30 Hz. Trials with artifact exceed-
ing+ 100 pV were rejected. To ensure the integrity of the
signal, stimulus-locked epochs were visually inspected blind
to the experimental condition and dose prior to computing
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mean waveforms. Following visual inspection, the mean num-
ber of trials included in the waveforms was 112.0 [95 % CI:
107.2 to 116.7] trials stimulus-locked to the congruent and
incongruent trials (separately) of the Inhibitory Control task
and 41.6 [95 % CI: 40.1 to 43.2] trials stimulus-locked to the
final stimulus of the target sequences of the Sustained
Attention task. Attentional engagement (as indexed by the
P3 ERP component) was evaluated as the mean amplitude
within a 50 ms interval surrounding the largest positive going
peak within a 275 to 700 ms latency window following stim-
ulus onset for the flanker task, and a 275 to 600 ms window
for the RVIP task (Chandler et al. 2020; McGowan et al. 2019;
Pontifex et al. 2015). ERP latency was quantified as the time
at which maximum peak amplitude occurred. Given the well-
established nature of the P3 ERP component, analyses were
conducted using a nine-channel region-of-interest approach
centering around the topographic maxima of the P3 (i.e., the
CP3/Z/4, P3/Z/4, POS5/Z/6 electrodes).

Results
Safety of intranasal insulin

The safety of intranasal insulin in combination with ex-
ercise was assessed by examining the incidence of par-
ticipants reporting potential side effects of intranasal in-
sulin (Schmid et al. 2018) at any time during the exper-
imental protocol and the persistence of those symptoms.
Additionally, the extent to which peripheral blood glu-
cose was altered was also assessed.

Symptom manifestation at any point during the protocol
Symptoms reported at any point during the session are repre-
sented in Fig. 3, part a. Between the exercise and control
condition, burning/tingling of the nose and watering/tearing
of the eyes during the nasal spray were the most cited symp-
toms across conditions. Only one person in the nosebleed/
runny nose category had a minor nosebleed after spray admin-
istration. Additionally, one participant who received the
120 TU dose exhibited symptoms of dizziness that were suffi-
ciently severe as to necessitate cessation of the exercise con-
dition (blood glucose level =97 mg/dL).

Symptom manifestation following the protocol Symptoms
reported at the end of the session are represented in Fig. 3,
part b. There were minimal differences across conditions for
the frequency of reported symptoms. The most cited symptom
between conditions was having a runny nose.

Alterations in peripheral blood glucose Blood glucose was
assessed via glucometer at the beginning of the session, during
the middle of the exercise/sitting condition, and following the

exercise/sitting condition (see Fig. 1b). The change in periph-
eral blood glucose during the course of the experiment was
computed relative to the 0 IU placebo groups within each
experimental condition and is represented in Fig. 4. All dose
groups stayed within the euglycemic range, regardless of con-
dition, during the course of the session. However, for the
doses past 80 IU, there was an overall downward trend for
the exercise condition with no increase once exercise stopped.
Additionally, of particular note is that the only individuals
whose participation in this investigation was stopped due to
peripheral blood sugar falling below 70 mg/dL (a level 1
hypogycemic event) were individuals randomly assigned to
the exercise condition (the 70 mg/dL criteria was applied uni-
formly throughout the study regardless of condition).
Specifically, one participant who received the 100 IU dose
and another who received the 120 U dose had the exercise
condition stopped due to this safety protocol. Neither partici-
pant reported any other symptoms of hypoglycemia.

Efficacy of intranasal insulin

As the present investigation was a Phase II Clinical Trial, the
research design was not sufficiently powered for hypothesis
testing. Rather, analyses were conducted on measures of in-
hibitory control, sustained attention, and attentional engage-
ment for the purpose of extracting standardized measures of
effect size to understand the extent to which exercise engage-
ment might alter the dose-response profile of intranasal insu-
lin. Effect sizes were computed for each participant as the
standardized change relative to the pretest assessment using
the within-subject (d,,,) variance correction for Cohen’s d
(Lakens 2013). To ensure the integrity of the effect size esti-
mates, within-subject effect sizes exceeding 3 times the inter-
quartile range were identified as outliers and removed from
analysis. Within each experimental condition, the effect of
intranasal insulin was corrected by subtracting the effect size
observed for the 0 IU placebo group to isolate the effects of
intranasal insulin.

Change in behavioral indices of inhibitory control Effect size
estimates with 95 % confidence intervals for both control and
exercise conditions collapsed across congruences of the
Flanker task are reported in Table 2 and see Fig. 5. For reac-
tion time, the exercise condition appears to have blunted the
facilitative effects of intranasal insulin relative to those effects
observed in response to the control condition where the largest
effects were observed for the 40 IU dose. The effect size for
the interaction between condition and dose was Cohen’s /2 =
0.04 [95 % CI: 0.0 to 0.14] which is equivalent to Cohen’s d =
0.2 [95 % CI: 0.0 to 0.75]. For response accuracy, the effects
of intranasal insulin were more variable largely centering
around no effect regardless of dose. The effect size for the
interaction between condition and dose was Cohen’s f? <
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Fig. 3 Heatmap illustrating the frequency of symptoms reported as a function of condition (Left: sitting; Right: exercise) and dose for symptoms
experienced at any point during the experimental session (a) and symptoms persisting at the completion of the protocol (b)

0.01[95 % CI: 0.0 to 0.02] which is equivalent to Cohen’s d <
0.2 [95 % CI: 0.0 to 0.3].

Change in behavioral indices of sustained attention Effect
size estimates with 95 % confidence intervals for both control
and exercise conditions in response to the target trial of the
Rapid Visual Information Processing task are reported in
Table 3 and see Fig. 5. Across the control and exercise con-
ditions there was a high degree of similarity in the observed
effects with a generally small positive effect for reaction time.
The effect size for the interaction between condition and dose
was Cohen’s 12 = 0.01 [95% CI: 0.0 to 0.05] which is
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equivalent to Cohen’s d=0.2 [95 % CI: 0.0 to 0.5]. The ef-
fects for response accuracy were more variable and largely
centered around a null effect; impairments in response accu-
racy were observed for the 40 IU dose regardless of condition.
The effect size for the interaction between condition and dose
was Cohen’s /= 0.01 [95 % CI: 0.0 to 0.05] which is equiv-
alent to Cohen’s d=0.2 [95 % CI: 0.0 to 0.5].

Change in attentional engagement Effect size estimates
with 95 % confidence intervals for both control and exer-
cise conditions for P3 amplitude are reported in Table 4
and see Fig. 5. In response to the inhibitory control task,
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Fig. 4 Illustration of the change in peripheral blood glucose levels during the experimental session — over and above that of the effect induced by the
0 IU placebo dose — as a function of experimental condition (sitting vs. exercise) and dose

there was a general trend regardless of dose for reductions
in attentional engagement as indexed by P3 amplitude for
the control condition, whereas attentional engagement was
sustained to a greater degree in the exercise condition. The
effect size for the interaction between condition and dose
was Cohen’s f 2 = 0.01 [95% CI: 0.0 to 0.03] which is
equivalent to Cohen’s d=0.2 [95 % CI: 0.0 to 0.35]. In
contrast, for the sustained attention task, enhancements in
attentional engagement were observed for the 60 IU dose
regardless of the experimental condition. The effect size
for the interaction between condition and dose was

Cohen’s f? = 0.02 [95 % CI: 0.0 to 0.07] which is equiv-
alent to Cohen’s d=0.3 [95 % CI: 0.0 to 0.53].

Change in attentional processing speed Effect size estimates
with 95 % confidence intervals for both control and exercise
conditions for P3 latency are reported in Table 5 and see
Fig. 5. There was a general trend across experimental condi-
tions for delays in attentional processing speed in response to
the inhibitory control task, with the greatest delays occurring
at 80 IU and above in response to the exercise condition. The
effect size for the interaction between condition and dose was

Table 2 Effect size estimates with 95 % confidence intervals for the change in behavioral indices of inhibitory control
Condition 20 IU 40 IU 60 TU 80 IU 100 TU 120 IU
Reaction Time
Control -0.24 -0.49 -0.06 -0.37 -0.21 -0.06
[-0.46 to -0.03] [-0.78 to -0.21] [-0.34 to 0.23] [-0.59 to -0.15] [-0.50 to 0.07] [-0.28 to 0.17]
Exercise -0.12 -0.17 -0.25 -0.11 -0.19 -0.28

[-0.37 t0 0.13]
Response Accuracy

Control 0.19 -0.01
[-0.24 to 0.62] [-0.38 t0 0.37]

Exercise -0.31 -0.14 0.01
[-0.81 to 0.19] [-0.56 to 0.29]

[-0.40 to 0.06]

-0.16

[0.55 to 0.04]

[0.51 to 0.19]

[-0.35 to 0.36]

[-0.37 t0 0.15] [-0.50 to 0.13] [0.49 to -0.07]

-0.03 -0.10 0.14
[10.43 t0 0.37] [-0.64 to 0.44] [10.46 to 0.74]
-0.06 0.04 0.22
[0.54 to 0.42] [-0.37 to 0.45] [0.60 to 0.15]
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Fig. 5 Illustration of the effect (cohen’s d,,,, with 95 % confidence intervals) of dose of intranasal insulin administration — over and above that of the
effect induced by the 0 IU placebo dose — as a function of condition for inducing changes in inhibitory control (a), and sustained attention (b)

Cohen’s £ = 0.02 [95 % CI: 0.0 to 0.07] which is equivalent
to Cohen’s d=0.3 [95 % CI: 0.0 to 0.53]. For the sustained
attention task, there was a high degree of variability in the
effects of intranasal insulin that largely centered around a null
effect. The effect size for the interaction between condition
and dose was Cohen’s £ < 0.01 [95 % CI: 0.0 to 0.03] which
is equivalent to Cohen’s d < 0.2 [95 % CI: 0.0 to 0.35].

Discussion

The present investigation was a Phase II Clinical Trial de-
signed to provide a preliminary assessment of the safety and

@ Springer

efficacy of combining intranasal insulin with an exercise pro-
tocol. Although exercise did not appear to alter the frequency
of symptoms reported; at doses of 100 IU and higher, there
does appear to be a potential risk of intranasal insulin
impacting upon peripheral blood glucose when immediately
followed by exercise. Specifically, of the 58 individuals ran-
domized into the exercise condition, 4 individuals presented
with issues related to hypoglycemia (i.e., peripheral blood
sugar falling below 70 mg/dL [mean=61.2+5.4 mg/dL] or
severe dizziness) with 3 of those individuals receiving doses
of intranasal insulin of 100 IU or greater. Accordingly, doses
of intranasal insulin of 100 [U or more were observed to in-
crease the likelihood of a hypoglycemic event for those
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Table 3 Effect size estimates with 95 % confidence intervals for the change in behavioral indices of sustained attention

Condition 20 TU 40 TU 60 TU 80 IU 100 TU 120 IU
Reaction Time
Control 0.02 0.04 -0.06 -0.01 -0.03 0.08

[-0.15 to0 0.20] [-0.29 to 0.36] [-0.35 to 0.24] [-0.22 t0 0.19] [-0.23 t0 0.17] [-0.19 to 0.34]
Exercise 0.11 0.01 -0.02 0.07 -0.03 0.0

[10.02 to 0.25]

Response Accuracy

Control

Exercise

0.12
[0.75 t0 0.99]
0.18

[10.69 to 0.32]

[-0.33 to 0.34]

-0.64
[-1.28 t0 0.0]
0.75

[-1.67 t0 0.16]

[0.19 t0 0.16]

0.18
[0.40 to 0.76]
023

[-0.33 t0 0.79]

[0.10 to 0.25]

-0.08
[0.72 t0 0.57]
0.11

[0.68 to 0.46]

[0.21 t0 0.15]

0.02
[10.65 to 0.68]
036

[-0.21 to 0.93]

[0.17 t0 0.18]

0.0
[0.75 to 0.74]
0.06

[0.63 t0 0.75]

individuals in the exercise condition, Odds Ratio = 7.49 [95 %
CI: 0.55 to 418.52]; whereas no severe issues manifested in
the sitting condition regardless of the dose. Consistent with
prior findings (Schmid et al. 2018), the most cited symptoms
associated with intranasal insulin were non-severe burning/
tingling of the nose and watering/tearing of the eyes which
largely resolved by the end of the testing session. The relative
frequency of these events appears unrelated to the dose of
intranasal insulin and were not observed to interact with exer-
cise so as to make their occurrence any more or less
prominent.

Accordingly, while the nature of a Phase II Clinical
Trial is such that the present investigation was not suffi-
ciently powered for hypothesis testing; the findings re-
ported herein suggest that caution is warranted when com-
bining high-dose intranasal insulin therapies with exer-
cise. Patients, investigators, and clinicians should be
aware that there appears to be an increased potential for
hypoglycemic events to occur during aerobic exercise
with intranasal insulin doses of 100 IU or more.
Speculatively, this may relate to the atomization of the
insulin into the nasal passageways. While the MAD

Nasal Atomizer is a simple, easy-to-use and low cost de-
vice, a recent investigation utilizing adult and pediatric
nasal airway replicas observed that as much as 30 % of
the dose of insulin could be lost to the throat when using
such a device (Hosseini et al. 2019). At rest, such mis-
placement of the insulin is likely to have little impact as
the droplets descend into the gastrointestinal tract (Carino
and Mathiowitz 1999). However, speculatively, the in-
creased inspiratory flow during exercise may cause any
residual droplets of insulin in the intranasal passageways
that have not yet been absorbed to be transported into the
lung where the insulin would be likely to impact upon the
periphery, particularly given the increased cardiac output
and lung perfusion associated with exercise.
Compounding this, exercise is also associated with de-
creases in mucosal thickness and availability (Baraniuk
and Merck 2008), which may enable a greater portion of
the dose of insulin to bypass the nasal passageway. Under
low doses of intranasal insulin; this misplacement of in-
sulin may not be of sufficient concentration to meaning-
fully impact upon peripheral blood glucose; whereas the
relatively greater distribution of insulin at doses of 100 TU

Table 4  Effect size estimates with 95 % confidence intervals for the change in attentional engagement

Condition 20 IU 40 IU 60 TU 80 IU 100 IU 120 IU
Inhibitory Control Task
Control -0.14 -0.08 -0.07 -0.07 -0.13 -0.06
[-0.35 to 0.06] [-0.25 t0 0.10] [-0.24 t0 0.10] [-0.25 t0 0.12] [-0.32 t0 0.06] [-0.24t0 0.11]
Exercise 0.0 -0.04 0.01 -0.03 0.0 0.15

[0.14 to 0.14]

Sustained Attention Task

[-0.21 to 0.13]

[0.18 to 0.20]

[-0.05 to 0.56]

Control -0.07 0.07 0.26
[-0.34 t0 0.21] [-0.27 to 0.41]
Exercise -0.01 -0.01 0.14

[-0.32 t0 0.29]

[-0.28 to 0.26]

[0.17 to 0.46]

[0.18 t0 0.11]

0.04
[-0.26 to 0.34]
0.01

[10.34 to 0.35]

[0.14 t0 0.15]

0.18
[0.10 to 0.46]
-0.06

[10.34 t0 0.22]

[0.01 to 0.30]

0.10
[0.22 to 0.43]
-0.09

[0.42 to 0.24]
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Table 5  Effect size estimates with 95 % confidence intervals for the change in attentional processing speed
Condition 20 IU 40 IU 60 TU 80 TU 100 IU 120 IU
Inhibitory Control Task
Control 0.15 0.43 0.27 -0.08 0.26 0.17
[-0.47 to 0.76] [-0.43 to 1.28] [-0.62 to 1.15] [-1.03 to 0.87] [-0.38 t0 0.91] [-0.59 t0 0.94]
Exercise 0.17 0.35 -0.15 0.49 0.58 0.62

[-0.79 to 1.13]
Sustained Attention Task

[-0.68 to 1.39]

[-1.19 to 0.90]

[-0.59 to 1.57] [0.64 to 1.80] [0.46 to 1.70]

Control -0.06 -0.25 -0.04 0.12 0.10 -0.16
[-1.00 to 0.88] [-1.53 to 1.03] [-0.96 to 0.88] [-0.88 to 1.13] [10.96 to 1.16] [-1.10 to 0.78]
Exercise -0.01 -0.02 -0.05 -0.03 0.15 0.21

[-0.93 t0 0.91] [-0.77 t0 0.73]

[0.72 t0 0.62]

[-1.21 to 1.14] [10.93 to 1.23] [-1.35 10 0.92]

or more may enable the manifestation of changes in pe-
ripheral blood glucose. Clearly, further research is neces-
sary to better understand the mechanisms by which high
doses of intranasal insulin impact the likelihood of hypo-
glycemia when combined with aerobic exercise.
Additional investigations should determine the likelihood
of hypoglycemia when non-aerobic exercise (e.g. strength
training) is combined with intranasal insulin. However,
recent evidence in animal models suggests that skeletal
muscle contraction (regardless of exercise type) stimulates
glucose uptake through the AMPK and TBC1D1 mecha-
nisms, and this occurs primarily in the period following
exercise (Kjobsted et al. 2019). Thus, while it is advised
to evaluate these relationships during different types of
exercise (strength and aerobic), it is anticipated that hy-
poglycemic incidents are more likely to occur after exer-
cise regardless of exercise type.

A second aim of the investigation was to provide a prelim-
inary assessment of the efficacy of combining intranasal insu-
lin with exercise for enhancing inhibitory aspects of cognitive
control and sustained attention alongside neuroelectric indices
of attentional engagement. While the nature of a Phase II
Clinical Trial is such that the present investigation was not
sufficiently powered for hypothesis testing, inspection of ef-
fect size estimates suggests that relative to changes incurred
by the placebo dose, there does not appear to be a clear dose-
response relationship between intranasal insulin and changes
in cognition, nor does exercise appear to modulate this rela-
tionship. Thus, while effect size estimates are provided, given
the small sample size we remain cautious regarding over
interpreting the findings given the absence of clear patterns.
Nevertheless, the general pattern of reduced P3 amplitude and
increased P3 latency observed within the present investigation
is consistent with prior research by Kern and colleagues (Kern
et al. 1999). Given the theoretical framework of the P3 ERP
component as manifesting from the suppression of extraneous
non-task related neural processes in the brain (Polich 2007),
such changes in the P3 component suggest that intranasal
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insulin may be increasing the activity of other non-task related
cognitive operations as insulin binds to receptors in neural
regions not engaged with the task.

Despite the methodological strengths of the present in-
vestigation, it is important to acknowledge a few key lim-
itations. In particular, given the potential risk of combin-
ing exercise with intranasal insulin the present investiga-
tion utilized a sample of healthy, non-diabetic, fasted
college-aged adults to limit the potential for a serious
adverse event. Future research is therefore necessary to
ensure that the findings reported herein generalize to el-
derly populations and those at risk for dementia whom are
likely to be targeted for the clinical use of intranasal in-
sulin. Given the use of a non-continuous glucometer, it
may also be that other more transient alterations in blood
glucose occurred which were not captured within the as-
sessment of blood glucose at only three time points.

The present investigation utilized a design centering
around a single bout of aerobic exercise to specifically
ensure that any effects observed were the result of the
combination of exercise and intranasal insulin. However,
further research is necessary to better determine how
chronic administration of intranasal insulin and habitual
physical activity engagement interact on the likelihood
of hypoglycemic events occurring as this may differ from
the acute effects given the impacts of hydration, circulat-
ing levels of blood glucose, and the relative timing/inten-
sity/frequency of physical activity relative to the dose of
intranasal insulin. While the efficacy of intranasal insulin
was assessed during the initial peak onset of insulin in the
cerebral spinal fluid; it may also be that the dose-response
relationship between intranasal insulin and modulations in
cognition follows a more protracted time course.

Ultimately, however, the present investigation provides a
preliminary assessment of the safety and efficacy of combin-
ing intranasal insulin with aerobic exercise suggesting that
additional attention to the risk of hypoglycemic events is par-
ticularly warranted for doses of 100 IU and greater. Under
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doses less than 100 IU, exercise does not appear to be associ-
ated with an elevated risk of hypoglycemic events nor does it
alter symptom manifestation of potential side effects of intra-
nasal insulin. Although future research is necessary to ensure
the long-term safety and efficacy of combination therapeutic
interventions; findings from the present investigation suggest
that exercise and intranasal insulin do not appear to interact to
hinder nor enhance the immediate benefits of any particular
therapeutic dose.
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