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Abstract
Remote limb ischemic conditioning (RLIC) is a technique in which tissues distant from the target organ are exposed to brief, 
sub-lethal bouts of ischemia. The effects of remotely applied ischemic conditioning are systemically transferred to the target 
organ, and typically manifested as protection from subsequent ischemic injury. Previous studies in our lab have found and 
confirmed that RLIC enhances learning and retention during motor training on a balance task. The current study tested the 
effect of RLIC dose (number of cycles) on learning enhancement in young, healthy adults. Forty healthy participants age 
18–40 years were randomized to receive 5 cycles of sham conditioning (n = 9), 3 cycles of RLIC (n = 11), 4 cycles of RLIC 
(n = 10), or 5 cycles of RLIC (n = 10) using a blood pressure cuff around the upper arm once a day for 7 consecutive week-
days (Days 1–7). Participants concurrently trained on a balance task, bimanual cup stacking task, and a discrete sequence 
production task on Days 3–7. Change in performance on each of the three tasks was compared across groups. Participants in 
all four groups improved their performance on each of the three tasks over time. However, RLIC at any dose did not enhance 
learning on any of the three tasks. While RLIC is safe, inexpensive, and clinically feasible, reproducibility may be challenged 
by unidentified factors, raising critical challenges to the straightforward translation of RLIC for improving rehabilitation 
outcomes in individuals recovering from neurological injury.
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Introduction

Remote limb ischemic conditioning (RLIC) has great poten-
tial as an adjunct or combinatorial treatment paired with 
physical rehabilitation. RLIC is a technique in which tissues 

distant from the target organ are exposed to brief, sub-lethal 
bouts of ischemia. The effects of remotely applied ischemic 
conditioning are systemically transferred to the target organ, 
usually for protection from subsequent ischemic injury 
(Dirnagl et al. 2009; Gidday 2006; Iadecola and Anrather 
2011; Stetler et al. 2014). An advantage of using remote 
over local ischemic conditioning is that protection is pro-
vided without adding direct stress to the target organ. In 
non-human vertebrates, and to some degree in humans, the 
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benefits of RLIC on cardioprotection and neuroprotection 
have been described (Ali et al. 2007; Bøtker et al. 2010; 
Crimi et al. 2013; Gidday 2006; Hougaard et al. 2014; Meng 
et al. 2012; Ren et al. 2008; Tapuria et al. 2008). It is only 
recently that studies in our lab have begun to describe and 
verify an effect of enhanced learning in response to RLIC 
(Cherry-Allen et al. 2015, 2016). We have previously found 
that, with respect to motor training on a balance task, RLIC 
enhances learning and retention in young, healthy adults 
(Cherry-Allen et al. 2015, 2016). Individuals receiving RLIC 
had more than a 60% improvement in learning compared to 
those receiving sham conditioning. Since motor learning is 
a key component of physical rehabilitation for many patient 
populations, these findings could have profound implications 
for neurological rehabilitation.

Although attractive as a clinically feasible and inexpen-
sive technique that can be easily implemented, RLIC may 
only result in beneficial effects for some tasks but not for 
others. There are several loosely related animal studies that 
suggest RLIC may prime the nervous system for learning 
enhancement (Porter et al. 2012; Rybnikova et al. 2005), 
but do not provide much information regarding what types 
of learning tasks may benefit. Our studies have twice shown 
that, when paired with task-specific training, RLIC can 
enhance learning on a balance task, but may not extend to 
cognitive tasks (Cherry-Allen et al. 2015, 2016). It is unclear 
whether the specific tasks chosen in our previous studies 
were sufficient to detect enhanced learning due to RLIC or 
if the benefit simply does not extend to other learning pro-
cesses. In the current study, we evaluate two more tasks in 
addition to the previously investigated balance task. One 
task requires bilateral upper extremity coordination and the 
other task requires movement sequencing, both of which are 
important and commonly emphasized aspects of neuroreha-
bilitation training.

The most effective, yet least burdensome RLIC dose to 
enhance motor learning in humans is unknown. A number 
of preclinical studies outline recommendations for ischemic 
conditioning dosing as it applies to cardio- and neuroprotec-
tion (Fan et al. 2011; Garcia et al. 2011; Hess et al. 2015; 
Laskey 2005; Lonborg et al. 2010; Ma et al. 2006; Staat 
et al. 2005; Thibault et al. 2008). Although controversial 
(Loukogeorgakis et al. 2007), the amount of muscle mass, 
or number of involved limbs, does not appear to affect effi-
cacy (Hess et al. 2015). Inflation pressure of the cuff beyond 
the ischemic threshold had no bearing on human learning 
enhancement (Cherry-Allen et al. 2015, 2016). Length of 
cycles ranging from 2 to 5 min have offered relatively simi-
lar outcomes for tissue protection, while cycles of 10 min 
nullify the protection (Hess et al. 2015). Four or five, 5-min 
cycles are commonly used, since some studies have shown 
increasing protection up to that amount (Garcia et al. 2011; 
Hess et al. 2015; Staat et al. 2005; Yang et al. 2007). No 

further protection is observed from six to eight cycles (John-
sen et al. 2016). Ischemic conditioning dosing as it applies to 
motor learning has not been fully investigated in animals nor 
humans; however, our previous studies have shown a benefit 
of learning at five, 5-min cycles, a dose similar to that used 
in the protection literature (Cherry-Allen et al. 2015, 2016).

Therefore, the goals of the current investigation were to 
determine: (1) the effect of RLIC dose (number of cycles) 
on learning enhancement; and (2) to what other tasks the 
benefit could be applied. This information is important prior 
to translation of RLIC into clinical use for two reasons. First, 
we will gain knowledge regarding the administration of the 
most effective and least burdensome RLIC dose. Second, we 
will broaden our knowledge of the specific types of rehabili-
tation training RLIC could benefit. We hypothesized that as 
dose of RLIC increased, magnitude of benefit compared to 
sham conditioning would increase. We further hypothesized 
that in addition to the balance task, RLIC would enhance 
learning on two other tasks: a bimanual cup stacking task 
and a discrete sequence production task.

Methods

Experimental design

This study used a repeated measures design and included 
eight total visits to examine the combined effect of RLIC 
dose (number of cycles) and motor training on learning. 
Procedures for the study were completed between Febru-
ary 2017 and February 2018, were approved by the Human 
Research Protection Office at Washington University, and 
performed in accordance with the ethical standards laid 
down in the 1964 Declaration of Helsinki. The trial ended 
when the target sample size was completed. Participants 
provided written informed consent prior to beginning of the 
study and were compensated for their time and effort.

Participants

Participants were included if they were between the age of 
18 and 40 years (Fig. 1). Exclusion from the study was deter-
mined by self-report and occurred if participants had: (1) a 
history of any neurological condition, attention deficit dis-
order or attention deficit hyperactive disorder, any balance 
impairment, or vestibular disorder; (2) a history of sleep 
apnea which could confound the effects of RLIC (Drager 
et al. 2010; Yang et al. 2013); (3) a history of lower extrem-
ity condition, injury, or surgery which could compromise 
performance on motor tasks; (4) any extremity soft tissue, 
orthopedic, or vascular injury (i.e., uncontrolled hyperten-
sion, peripheral vascular disease) which may contraindi-
cate RLIC; (5) any cognitive, sensory, or communication 
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problem that would prevent completion of the study; (6) 
a routine which included current weight lifting or interval 
training exercise, which could confound the effects of RLIC 
(Ding et al. 2011; Rahimi et al. 2015; Yarrow et al. 2010); 
(7) current substance abuse or dependence; (8) current use 
of medications, such as selective serotonin reuptake inhibi-
tors, that could decrease nervous system excitability (Koch 
and Gonzalez 2013); and (9) an inability or unwillingness 
to travel for all study visits. These criteria were established 
to maintain a relatively homogenous sample and to optimize 
our ability to detect an effect of RLIC on learning.

Order of experiment

This experiment included seven consecutive weekday vis-
its (D1-D7) and one follow-up visit (FU) which occurred 

4 weeks later and assessed retention of learning (Fig. 2a). 
Information and results of the follow-up assessments are not 
reported on further due to non-significant findings within 
the first seven visits. On D1, participants completed written 
informed consent and provided demographic data, includ-
ing information related to health and exercise history. Par-
ticipants engaged in baseline assessments on three motor 
tasks (balance task, bimanual cup stacking task, and discrete 
sequence production task; described below). Participants 
were randomly assigned to one of the four groups: (1) five 
cycles of sham conditioning (SHAM); (2) three cycles of 
RLIC (RLIC-3); (3) four cycles of RLIC (RLIC-4); or (4) 
five cycles of RLIC (RLIC-5). Participants were informed 
they would receive either sham conditioning or RLIC, but 
were not aware of the specific conditioning treatment they 
were receiving. Participants intuitively knew how many 

Fig. 1   CONSORT flow dia-
gram. One hundred forty-nine 
individuals were assessed 
for eligibility. Of those, 109 
individuals were excluded for 
not meeting inclusion/exclusion 
criteria, declining to participate/
uninterested, or inability to 
meet time commitment. Forty 
individuals were allocated to 
1 of 4 groups. No participants 
were lost to follow-up or 
discontinued the study. Nine 
individuals in the Sham group, 
11 in the RLIC-3 group, 10 in 
the RLIC-4 group, and 10 in 
the RLIC-5 group had complete 
datasets, which were used for 
analysis. Microsoft Publisher 
was used to create this figure

Fig. 2   Experimental design and tasks. a Study timeline, b biman-
ual cup stacking patterns. Participants must stack and unstack cups 
beginning with sequence 1 (top) and ending with sequence 3 (bot-
tom). c Discrete Sequence Production task computer view. Left panel 

depicts a sequence identity cue, displayed before the first stimulus 
(middle panel). When the correct and corresponding key is pushed, 
the next stimulus would immediately appear (right panel). Microsoft 
Publisher was used to create this figure
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cycles were delivered to them, but were not told some 
groups received different doses and, therefore, could not 
deduce to which treatment they were assigned. Participant 
underwent one session of their assigned conditioning treat-
ment at the given dose. On D2, participants completed one 
session of their assigned conditioning. Days 3–7 participants 
completed one session of conditioning, followed by training 
on the three motor tasks. Day 7 also included post assess-
ments of motor performance on all tasks. The order in which 
the motor task assessments and training were completed was 
randomized each day.

Remote limb and sham conditioning

All four groups engaged in conditioning which consisted of 
cyclic inflation and deflation of a blood pressure cuff secured 
around the non-dominant, upper extremity. The non-dom-
inant arm was used for practical purposes and was deter-
mined by self-report. Group randomized occurred using a 
random number generator in MATLAB. A study team mem-
ber, not responsible for data collection or participant enroll-
ment, concealed group allocation until intervention was 
assigned. Inflation pressure for all RLIC groups (RLIC-3, -4, 
and -5) was 20 mmHg above that day’s resting systolic blood 
pressure. Inflation pressure for the sham conditioning group 
(SHAM) was 10 mmHg below that day’s resting diastolic 
blood pressure. We chose 10 mmHg below resting diastolic 
blood pressure to stay consistent with our previous studies 
(Cherry-Allen et al. 2015, 2016) and because it gives the 
illusion of cuff inflation, but does not induce arterial occlu-
sion (Groothuis et al. 2003; Lorentsen et al. 1970; Pallares 
et al. 1994). For all groups, inflations and deflations were 
each 5 min long, with the total conditioning time equaling 
45 min for the SHAM and RLIC-5 groups, 35 min for the 
RLIC-4 group, and 25 min for the RLIC-3 group.

Initial blood pressure was measured after several min-
utes of resting quietly, prior to each conditioning session. 
Ischemia was confirmed by periodically placing a pulse 
oximeter on a finger of the conditioned hand. A reading of 
“0” confirmed the presence of ischemia for RLIC groups. 
For the SHAM group, a pulse oximeter reading similar to 
preconditioning levels confirmed the absence of uninten-
tional ischemia. Visual inspection of the conditioned arm 
and hand was performed intermittently during inflations to 
ensure that the color and temperature was as anticipated. If 
at any time, pulse oximeter readings or arm and hand tem-
perature/color were not as anticipated for the participants’ 
group assignment, inflation pressure was slowly adjusted up 
or down appropriately until confirmation of ischemia or non-
ischemia was achieved.

Conditioning safety was monitored through measurement 
of heart rate, blood pressure, and oxygen saturation taken 
on the non-conditioned arm before, during, and after each 

session. Average pain across each session was surveyed by 
self-report using an 11-point Likert pain scale ranging from 
0 (no pain) to 10 (worst pain imaginable). There were no sig-
nificant group differences in pain ratings and, therefore, pain 
is not discussed further. Conditioning, regardless of group, 
was terminated if oxygen saturation on the non-conditioned 
arm fell below 80%, heart rate fell below 40 bpm or rose 
above 110 bpm, systolic blood pressure fell below 80 mmHg 
or rose above 150 mmHg, or if pain reached greater than a 
“6”.

Balance task

The primary motor task used a stability platform (Lafayette 
Instrument, model 16030, Lafayette Instrument, Lafayette, 
IN). This balance task was selected because our previous 
work showed a benefit of learning enhancement due to 
RLIC using the same conditioning plus learning paradigm 
(Cherry-Allen et al. 2015, 2016). The balance task engages 
a wide range of brain systems, including vestibular, visual, 
motor, somatosensory, and cognitive, serving as a simple 
probe to determine the global motor learning response to 
RLIC and investigation of the minimum required RLIC dose 
to observe potential benefits.

Participants were instructed to stand on the stability plat-
form with their feet facing forward. The goal of the task was 
to keep the platform level for as long as possible during trials 
of 30 s. Performance for each trial was determined by quan-
tifying the cumulative amount of time that a participant was 
able to maintain the platform within 3° of horizontal. Partici-
pants performed a total of 80 balance trials, which included 
5 pre-test trials on D1, 15 trials each visit on D3–D7. The 
final five trials on D7 were averaged together and served as 
the post-test assessment of performance on the balance task. 
Each 30-s trial was separated by 30 s of resting quietly on the 
platform. For safety, a handrail was positioned in front of the 
platform such that participants could hold on while climb-
ing on and off the platform, positioning themselves prior to 
each block, and during rests between each trial. Use of the 
handrail was not permitted during balance trials.

Participants were provided feedback of their cumulative 
time within 3° of horizontal following each trial. Prior to 
each balance session, the participants were reminded of 
their average cumulative score from the previous visit and 
encouraged to beat that score. Suggestions regarding bal-
ance strategies were not provided; however, participants 
were encouraged to choose between trying new things or 
sticking with their current strategy, allowing the participant 
to select their own techniques based on trial and error (i.e., 
discovery learning). To maintain consistency, conditioning 
and balance procedures were performed as closely as pos-
sible to our previous work (Cherry-Allen et al. 2015, 2016) 
and the same stability platform settings were used.
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Bimanual cup stacking task

A bimanual, high-speed cup stacking task based on the 
instructions developed by the World Sport Stacking Associa-
tion was used to assess learning of upper extremity coordina-
tion. This task was chosen because it has been used previ-
ously to assess motor learning and coordination in healthy 
children, young adults, older adults, and individuals with 
chronic stroke (Granados and Wulf 2007; Lessa and Chivi-
acowsky 2015; Tretriluxana et al. 2015; Udermann et al. 
2004). While rapid cup stacking is not a function trained in 
rehabilitation, the task demands of grasping, moving, and 
releasing objects mimics upper limb skills that are trained 
in rehabilitation settings.

Participants used 12 specialized cups specifically devel-
oped for speed stacking (Speed Stacks, Inc., Castle Rock, 
CO). A non-slip mat (Speed Stacks, Inc., Castle Rock, CO) 
was placed in front of the participant and a competition timer 
was secured to latches on the front side of the mat. The 
timer features touch pads for beginning and stopping tim-
ing and a resolution of 0.001 s to ensure precise measure-
ment. Before each trial, cups were stacked together, upside 
down, inside each other on the mat with a three-cup stack 
on the participants’ left, a six-cup stack in the middle, and 
a three-cup stack on the right. The task consisted of three 
sequences of cup stacking and unstacking (Fig. 2b). Once 
the last sequence was stacked with no mistakes, the par-
ticipant unstacked all the cups such that the cups were once 
again in stacks of 3, 6, and 3.

Prior to beginning, participants were instructed on how 
to perform the task with the following instructions: (1) “per-
form the task as fast as you can”; (2) “always work form the 
left to the right, stacking and then unstacking”; (3) “use both 
hands”; (4) “if an error occurs, fix it and then continue until 
the cups are placed in the correct pattern”; and (5) “the cups 
must start and end in the same three stacks”. The experi-
menter then slowly demonstrated the task and allowed the 
participant to ask any questions. Participants completed one 
practice trial with the experimenter cuing and instructing the 
participant as needed.

On D1, participants completed three trials (not includ-
ing the practice trial). The time to complete each trial, or 
Movement Time, was recorded and the three trials were 
averaged together for the baseline performance measure-
ment. On D3–D7, participants completed five trials. All five 
trials on D7 were averaged together for post-test assessment 
of performance. Participants completed a total of 28 trials. 
Prior to performing the task on D4 and D6, the experimenter 
slowly demonstrated the task for the participant to encour-
age strategy exploration and learning. No verbal informa-
tion was provided at any time regarding specific strategy of 
stacking or unstacking cups outside of the demonstrations 
and instructions. The experimenter only provided cuing or 

correction in stacking patterns when the participant was 
stuck or unaware of their mistake. Laminated cards for each 
stacking sequence were placed on the table for visual cuing 
each day. Participants were allowed to view the cards during 
stacking trials.

Discrete sequence production task

The discrete sequence production (DSP) task was used 
to measure motor sequence learning. We chose the DSP 
because it has previously been shown to be a good probe of 
motor sequence learning (Wymbs and Grafton 2015) and 
also because the general ability to sequence movements is 
part of functional training in rehabilitation settings.

The goal of the DSP was to learn six pre-determined 
sequences of key presses and execute them as quickly and 
accurately as possible. Each of the six sequences was ten key 
presses long and remained unchanged throughout the dura-
tion of the study. Participants placed the fingers of their right 
hand, regardless of hand-dominance, on a keyboard such that 
their thumb was resting on “V”, index on “Y”, middle on 
“U”, ring on “I”, and pinky on “L”. The participants were 
instructed to ignore the specific letters on the keys, as they 
were not significant to the task.

The DSP task was executed using E-Prime 2.0 software 
(Psychology Software Tools, Pittsburgh, PA). Instructions 
and stimuli were presented electronically on the testing lap-
top. On a white background, the laptop screen displayed 
five black-outlined boxes matching the configuration of the 
five keys on the keyboard (Fig. 2c). Once the participant 
was ready to start, he or she would push any key to begin 
the task. One of the black boxes would turn red (stimulus) 
and the participant would push the corresponding key on the 
keyboard as quickly and accurately as possible (response). If 
the correct key was pressed, the red box turned back to black 
and a new box turned red. If the incorrect key was pressed, 
the box would remain red until the participant pushed the 
correct key. In this fashion, the sequence continued for the 
remaining key presses. For all sequences, each finger was 
pressed twice, with no finger pushed twice in a row or every 
other push. Prior to each sequence, a sequence identity cue 
(i.e., blue or magenta circle, green or yellow triangle, or 
orange or black star) was displayed on the screen for 1 s. 
Each of the six sequences was assigned one of the sequence 
identity cues. Over time, the participant would learn that a 
sequence identity cue (e.g., blue circle) was paired with a 
particular sequence of key presses and would begin to antici-
pate the red box stimuli for that sequence.

For assessing motor sequential performance at baseline 
(D1) and post-test (D7), participants completed three blocks 
of sequences. Two sequences were in each block, with Block 
1 consisting of circle sequences, Block 2 consisting of tri-
angle sequences, and Block 3 consisting of star sequences. 
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Sequences were presented five times each in a random order 
during their assigned block. Training on the DSP occurred in 
each visit on D3–D7 and consisted of one large block with 
all six sequences presented in a random order. Sequences 
were presented at three pre-determined exposure levels. For 
extensive training, each circle sequence was presented 80 
times during a training session (EXT), for moderate training, 
triangle sequences were presented 20 times (MOD) each, 
and for minimum training, star sequences were presented 
5 times (MIN) each. A total of 210 sequences were com-
pleted during each DSP training session. Over the course 
of the study, participants completed each circle sequence 
410 times, each triangle sequence 110 times, and each star 
sequence 35 times.

The primary outcome for this task, Movement Time 
(MT), was defined as the total amount of time taken to 
complete each sequence. Movement Time was measured by 
E-Prime and averaged post hoc by training level for each 
session. Accuracy was defined as the percent of sequences 
within a training level executed with no errors. Feedback 
regarding the previous session’s MT and accuracy for each 
training level (EXT, MOD, MIN) was provided to the partic-
ipants before beginning a new session. If accuracy was low 
or had dropped, participants were encouraged to slow down 
to increase accuracy. If accuracy was high, participants were 
encouraged to keep trying to decrease their MT, while still 
maintaining accuracy.

Data analysis

Data were securely managed and stored using REDCap 
database (Harris et al. 2009) and statistical analyses were 
performed in SPSS Statistics 21 (IBM, Armonk, NY). Sam-
ple size was determined using data from previous studies 
(Cherry-Allen et al. 2015, 2016). Ten participants were 
needed for each group to achieve at least 80% power to 
detect mean differences in change in balance performance. 
Forty total participants allowed us to detect differences on 
the balance task of at least 3–4 s. Differences less than this 
are unlikely to be clinically relevant in future target popu-
lations. All statistical tests are two-sided and the criterion 
for statistical significance was set at α ≤ 0.05. Normality 
was tested using the Kolmogorov–Smirnov test. In case of 
non-normally distributed data, we used a repeated measure 
ANOVA. A repeated measure ANOVA was used to analyze 
group differences in performance on the balance task and 
the DSP. The within-subjects factor was performance across 
time (two levels; pre- and post-assessment). The between-
subjects factor was set as conditioning group. For the bal-
ance task and the DSP, Mauchly’s test of sphericity was 
performed to test the assumption of sphericity. Sphericity 
was not satisfied, so a Huynh–Feldt correction was used. 
A Kruskal–Wallis ANOVA with multiple comparisons was 

used to determine group differences in change in perfor-
mance (post-test–pre-test) on the bimanual cup stacking 
task. The hypothesis that increasing dose of RLIC will result 
in greater magnitude of learning enhancement would be sup-
ported if a significant group by time interaction was found.

Results

Forty adults were enrolled and randomized into the study, 
with all participants completing the protocol and contribut-
ing to data analysis (Fig. 1). There were no significant dif-
ferences in demographic data between groups (Table 1). No 
serious adverse events occurred, termination criteria were 
never met, and no sessions were ended prematurely. Aver-
age cuff inflation pressure for the sham conditioning group 
was 64 ± 10 mmHg, with only two participants’ average cuff 
pressure reaching over 70 mmHg (both 81 mmHg). Aver-
age cuff inflation pressure for the RLIC-3, -4, and -5 groups 
were 138 ± 9, 138 ± 12, and 134 ± 13, respectively. Average 
oxygen saturation during conditioning for the sham group 
was 97 ± 1%, a “normal” value confirming ischemia was not 
induced.

Unexpectedly, RLIC at any dose did not enhance learning 
on the balance task. All four groups improved balance over 
time (Fig. 3a, main effect of time, p < 0.001), but there were 
no differences in performance between groups (p = 0.141), 
nor a significant group by time interaction (p = 0.172). Aver-
age group change in time in balance from pre- to post-assess-
ment ranged from 7 to 11 s, with standard deviations ranging 
from 4.5 to 5.7 s. Likewise, RLIC did not enhance learning 
on the bimanual cup stacking task (Fig. 3b). All four groups 
improved on the cup stacking task over time (p < 0.001, for 
all groups; paired t tests), but there were no differences in 
performance between groups (p = 0.169). All four groups 
improved on the DSP over time (Fig. 4, main effect of time, 
EXT: p < 0.001; MOD: p < 0.001; MIN: p < 0.001) with the 
most improvement on the most practiced sequences (EXT), 
as expected. There were no differences in performance 
between groups (EXT: p = 0.198; MOD: p = 0.587; MIN: 
p = 0.810), nor significant group by time interaction (EXT: 
p = 0.501; MOD: p = 0.899; MIN: p = 0.397).

Discussion

This study investigated the effect of RLIC dose, as quantified 
by number of cycles, on learning enhancement of training on 
three tasks. Our results unexpectedly showed that RLIC at 
any dose did not enhance learning on any of the three chosen 
tasks, indicated by the lack of between group differences 
in performance and group by time interactions. This study 
was powered to detect differences in balance of 3–4 s, which 
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Table 1   Demographic data

Values are “n” or “mean ± SD
RLIC remote limb ischemic conditioning, BMI body mass index

Participants

Characteristics Sham (n = 9) RLIC-3 (n = 11) RLIC-4 (n = 10) RLIC-5 (n = 10) Main effect 
of group* (p)

Age (years) 26.1 ± 1.6 26.2 ± 4.6 25.9 ± 2.9 25.5 ± 3.9 0.972
Female/male 8/1 6/5 7/3 7/3 0.452
Dominant side (R/L) 7/2 9/2 10/0 10/0 0.222
Weight (kg) 77.24 ± 27.87 80.78 ± 16.60 71.21 ± 16.60 68.53 ± 18.34 0.502
Height (m) 1.67 ± 0.11 1.74 ± 0.06 1.72 ± 0.12 1.69 ± 0.09 0.405
BMI (kg/(m m)) 27.2 ± 8.1 26.7 ± 5.3 23.9 ± 4.3 24.1 ± 6.6 0.520
Resting systolic (mmHg) 116 ± 12 117 ± 11 116 ± 14 113 ± 14 0.509
Resting diastolic (mmHg) 74 ± 8 75 ± 8 74 ± 10 73 ± 10 0.721
Average pain 1.0 ± 1.0 2.4 ± 1.6 2.3 ± 0.9 1.8 ± 1.2 0.082
Race 0.769
 Caucasian 5 6 7 6
 African American 1 2 2 2
 Asian 3 3 1 2

Fig. 3   Balance and bimanual 
cup stacking. a Average number 
of seconds in balance during 
30-s trials for each group. Data 
points represent the average of 
5 trials (pre-test and post-test) 
or 15 trials (D3-D7). Error 
bars represent SEM. b Average 
movement time in seconds 
for each group. Data points 
represent the average of 3 trials 
(pre-test) or 5 trials (D3–D6 and 
post-test). Error bars represent 
SEM. GraphPad Prism was used 
to create this figure

Fig. 4   Discrete sequence production average movement time in sec-
onds per exposure level for each group. a Extensive (EXT) sequences, 
b moderate (MOD) sequences, c minimum (MIN) sequences. Data 
points represent the average of 5 trials (pre-test and post-test) or pre-

determined number of exposures for each training level described 
above (D3-D7). Error bars represent SEM. GraphPad Prism was used 
to create this figure
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was half of the group difference we have found previously. 
Inspection of the overlapping group lines in Figs. 3 and 4 
illustrate that more subjects would not have led to significant 
group × time interactions. All three tasks, however, showed 
significant improvement over time, suggesting that each task 
was an appropriate probe of learning.

Importantly, these findings contradict our previous results 
(Cherry-Allen et al. 2015, 2016), in which we observed a 
robust enhancement of motor learning due to RLIC on the 
balance task in a participant population similar to that used 
in the current study (Cherry-Allen et al. 2015, 2016). Aver-
age improvement of balance times from the previous stud-
ies were 17.6 s and 10.8 s in the RLIC and Sham groups, 
respectively. For the current study, average group change in 
balance time from pre- to post- assessment were comparable 
to the Sham group from our previous studies, confirming 
that proper replication of procedures was achieved, but with-
out the expected benefit. Unfortunately, hypotheses about 
the effects of RLIC cycle dose could not be fully evalu-
ated, since no effect was seen at three, four, or five cycles 
of RLIC. Demographic data of participants, including age, 
BMI, and sex, were similar across studies (Supplementary 
Tables 1 and 2) and do not appear to be the source of the 
resulting discrepancies. Self-reported activity level was 
somewhat higher in the current study samples and, there-
fore, we cannot rule out the possibility that coordination 
or cardiorespiratory fitness was different across studies. It 
cannot explain, however, why improvement in balance for 
all groups of the current study is comparable to our previous 
studies’ Sham groups. Since a double-blinded study design 
was not used in any of our experiments, it is also possible 
that the previous studies had introduced unintended and 
unconscious biases. Therefore, it remains unclear at present 
why conflicting results transpired. Data from our lab (Sutter 
et al. 2018), however, suggest that the identical RLIC and 
training protocol may provide a small benefit to learning on 
the same balance task in individuals without co-morbidities 
who are aged 40–80 years. Our findings in young health 
adults and, particularly, the 40–80-year population, begs 
the question regarding potential responders/non-responders 
and/or the possibility of a RLIC response ceiling effect in 
young, healthy individuals. The present data cannot deter-
mine whether or not these results would extend into disease 
populations (Koch et al. 2014).

These negative results cannot be explained by the specific 
training tasks chosen. All three tasks have been successfully 
used previously as a probe of learning in various capacities 
(Cherry-Allen et al. 2015, 2016; Lessa and Chiviacowsky 
2015; Taubert et al. 2010; Tretriluxana et al. 2015; Verwey 
et al. 2010; Wymbs and Grafton 2015). The DSP task is 
unique in its ability to test learning at different exposure 
levels and has been used to show that representation of brain 
activity of the motor system is flexible based on the amount 

of practice. Examination of Figs. 3 and 4 shows that these 
three tasks were good probes of learning, with room for 
more improvement available for all three tasks. Participants, 
regardless of group, demonstrated changes in behavior over 
multiple days of training on each of the three tasks. Specifi-
cally, for the DSP, training elicited the expected effects in 
that there was differential benefit and clear separation in the 
amount of learning for each exposure level.

A potential explanation for our results may be the uni-
versal issue of study replication. Successful replication is 
paramount for the advancement of research; however, only 
a small percentage of scientific findings may be fully repro-
ducible (Ioannidis 2005; Open Science 2015; Prinz et al. 
2011). A large-scale effort to quantify reproducibility in 
psychological science showed that while a striking 97% of 
original studies found significant results with alpha levels 
less than 0.05, only 36% of those replications resulted in 
significant findings (Open Science 2015). Methodologists 
have suggested that the high rate of the lack of scientific 
confirmation may be due to the “convenient, yet ill-founded 
strategy of claiming conclusive research findings solely on 
the basis of a single study assessed by formal statistical 
significance” (Ioannidis 2005). In fact, scientific findings 
should not be interpreted based on statistical significance 
alone, as they may also depend on factors such as power 
and bias, the ratio of true to null relationships among those 
probed, flexibility in design definition, and outcomes, as well 
as interest and prejudices (Ioannidis 2005). Regarding our 
current series of investigations of RLIC’s effect on learning 
enhancement, it is conceivable that some of these factors 
have come into play or that the previous two investigations 
happened to randomize high-performing outlier participants 
to RLIC groups.

Although not evident from the current study, there 
remains the possibility that RLIC will be useful within neu-
rorehabilitation clinical settings to enhance other activities. 
The benefits of RLIC on skeletal muscle strengthening, a 
fundamental ingredient of physical rehabilitation for many 
patient populations, is currently being explored. Recently, 
it was shown that one bout of ischemic conditioning admin-
istered to individuals with stroke can increase leg muscle 
strength in the paretic limb by 16.1% (Hyngstrom et al. 
2018). Increases of muscle strength were accompanied by 
an increase in electromyographic activity and a decrease 
in motor unit recruitment thresholds. Thus, RLIC has the 
potential to modulate motoneuron activity which in turn 
could be harnessed to improve muscle strength and function. 
Further investigation, followed by replication, is merited.

In conclusion, despite two previous studies in our labora-
tory indicating a benefit of RLIC on learning enhancement, 
the current investigation was not able to replicate such ben-
efits at the same RLIC dose, as well as at other doses, on 
any of the chosen tasks. While RLIC is safe, inexpensive, 
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and clinically feasible, the translation of RLIC to improv-
ing rehabilitation outcomes in individuals recovering from 
neurological injury may be limited by yet-to-be-identified 
variables, leading us to reconsider our original intent to 
pair RLIC with motor skill training in any kind of routine 
manner. In view of the large body of literature suggesting a 
cardio- and neuro-protective benefit of RLIC, future studies 
should continue to investigate potential markers of response, 
mechanisms of action, and potential benefit to enhance other 
outcome measures, such as strength training. Collectively, 
this information will eventually aid in determining when 
RLIC has been successfully administered and fully reveal 
the breadth of RLIC’s utility for improving health outcomes.
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