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ABSTRACT 

According to recent evidence, the hippocampus kicks off the first steps of memory consolidation 

seconds after the first exposure with the target content. However, this process is believed to take 

days to complete. The breathing rhythm is also shown to impose an independent oscillation in 

the hippocampus. If these oscillations can be used to improve the first memory registration steps 

is unclear. This study used a Mnemonic Similarity Task, a behavioral test to probe pattern 

separation as an index for a highly detailed memory in humans. Pattern separation has been 

employed before for testing the effects of neurogenesis improvements in the hippocampal DG.  

In the present study, we utilized this paradigm to investigate if hippocampal stimulation through 

slow breathing can improve detailed memory in the short term. The two-minute slow breathing 

interventions of 6 bpm could not improve the pattern separation in a two-day between-subject 

design for the first three distancing bins and reduced the performance significantly in the fourth 

bin (D4) with 48-70 trials between the pairs. The control group of each day took two-minute 

sessions of 15 bpm normal breathing practices. The healthy young adult participants (18-29 years 

old) were most likely already at a saturated performance, and an intervention could only take 

effect in the presence of a disadvantage in this age group which is provided in the fourth 

distancing bin. A reduced pattern separation performance in D4 might be due to an unintentional 

activation of a second circuitry enervating into the locus coeruleus (LC) that downregulated the 

brain at the time of encoding. 

Keywords:  Pattern Separation, Highly Detailed Memory, Memory Consolidation, Slow 

Breathing, Normal Breathing, Hippocampus, Young Adults, Mnemonic Similarity Task 
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CHAPTER 1 – INTRODUCTION 

1.1 Memory consolidation 

In the first seconds of memory consolidation, the hippocampus is an active brain organ 

and shows the first signals seconds after being exposed to episodic information in a “subsequent 

memory paradigm.” These early time-locked activities, also called “immediate offline 

processing,” are postulated to be the beginning of binding newly learned information with 

previous units, also known as memory consolidation. These activities are correlated with 

memory performance later on  (Ben-Yakov & Dudai, 2011). The hippocampus treats each cluster 

of information represented in eight-second movie clips discretely, and presenting an immediate 

independent second movie clip leads to interference in registering the first content and reducing 

memory performance for the first clip while conserving the processing for the second one (Ben-

Yakov, Eshel, & Dudai, 2013).  

The hippocampus is not the only organ that starts immediate works on memory 

consolidation. The information fitting to previously consolidated “schemas” in the neocortex are 

shown to become independent of the hippocampus much faster than completely new ones. In a 

study, rats received hippocampal lesions 24 hours after the newly learned traces that 

schematically resembled previously consolidated ones. These rats could still recall these traces 

just as well as they could remember month-old learned ones. On the other hand, rats who 

received the lesions before the training or received it three hours after the training could not 

perform better than chance (Tse et al., 2007). This means that the consolidation of data with prior 

mental schema can occur within hours after the initial encounter and not as long as it was 

predicted in previous studies using fear conditioning paradigms (Anagnostaras, Maren, & 

Fanselow, 1999).  
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1.2 Breathing effects on the hippocampus 

Breathing-induced oscillations are shown to impose an independent slow (2-4 Hz) 

oscillation in the hippocampus of mice after tail pinching, which increased their respiration rate. 

It is hypothesized that these oscillations propagate from the olfactory bulb, go through the 

entorhinal cortex, induce neural activities in the dentate gyrus (DG) in the hippocampus, and 

affect information processing (Yanovsky, Ciatipis, Draguhn, Tort, & Brankačk, 2014). Breathing 

patterns also take other routes to affect our brain. Interestingly this seems to be a bidirectional 

connection. The electrical stimulation of the hippocampus at 25 Hz reduces the heart rate, 

respiration rate, and blood pressure in rats and is postulated to be mediated by vagal nerve 

projections and their sympathetic effects (Ruit & Neafsey, 1988).  

 

1.3 Slow breathing, HRV, and memory performance 

Slow and deep breathing helps subjects in learning motor skills (Yadav & Mutha, 2016), 

which might be due to the aforementioned roles of the hippocampus in early memory 

consolidation. Another possibility for the breathing pattern effects on performance could be due 

to its intensifying effect on the cardiac reactivity that results in more dynamic heart rate 

variability (HRV) responses that were tested after a short postural change maneuver (PCM) 

(Vidigal et al., 2016). The respiration rates (4-9 bpm) modulate the HRV power spectral density 

(PSD) in low frequencies (0.07 – 0.15 Hz) while the sympathetic systems are blocked. A 

blockage of parasympathetic systems clears the PSD to very weak signals. This points out the 

role of vagal enervations in the HRV frequency modulation by respiration rate (Kromenacker, 

Sanova, Marcus, Allen, & Lane, 2018). However, the low-frequency power of HRV was 
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previously believed to be mostly an index for sympathetic cardiac control (Reyes del Paso, 

Langewitz, Mulder, van Roon, & Duschek, 2013). HRV frequency modulation through slow 

breathing points out that we can enforce our will to our vagal system for modulating our HRV. 

On the other hand, it was reported that a higher sympathetic HRV activity and lower 

parasympathetic activity seem to decrease cognitive performance in the absence of dementia or 

cardiovascular disease (for a review, please see Forte, Favieri, and Casagrande (2019)). The 

middle-aged men with a higher spectral density in the ultra-low and very-low-frequency range of 

HRV (less than 0.04 Hz) tend to perform better in verbal memory (Shah et al., 2011) 

 

1.4 Mnemonic Similarity Task (MST) 

The mnemonic similarity task (MST) has been repeatedly used since its first appearance 

in a study by Kirwan and Stark (2007) to assess the performance in a highly detailed memory 

and its accompanying hippocampal activities for different populations. In this task, the 

participants are presented with a series of objects from everyday life. The objects are either 

followed by a similar representation somewhere in the sequence (lures) or an identical 

representation (repetitions or targets). Some do not appear ever again (foils). The participants are 

then instructed to react to each trial by pressing N for new, B for similar, and V for old. Using a 

version of this paradigm, it was shown that the older individuals (60-74 years old) are less 

efficient in distinguishing foils as similar presentations than younger populations (20-39 years 

old). Instead, the older population has a higher probability of taking a foil for an old object, a 

phenomenon that is also referred to as pattern completion. In this study, the right CA3/DG part of 

the hippocampus of older participants (not distinguishing between CA2, CA3, CA4, and DG due 

to lack of resolution) shows significant higher activity levels at the time of calling a lure 
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“similar” than calling it by mistake “old” (Yassa et al., 2010). As these higher activity levels 

accompany a poorer behavioral performance than younger adults, it can be interpreted as 

hyperactivity.  

To confirm the role of the CA3/DG hippocampal subregion in pattern separation, an 

incidental memory encoding is performed where the participants would only watch the flow of 

the objects inside an fMRI scanner (Bakker, Kirwan, Miller, & Stark, 2008). The authors 

hypothesize that the hippocampal regions involved in pattern separation should have a similar 

activity level when a new object is visible because the participant should distinguish the details 

that make that object unique. On the other hand, the more involved subregions in pattern 

completion should act like encountering an old object. With this logic, bilateral CA3/DG regions 

were distinguished as being involved in pattern separation, and right CA1, left CA1/3/DG, and 

left entorhinal subregions were characterized as being involved in pattern completion (Bakker et 

al., 2008). Similar results for the role of bilateral CA3/DG in pattern separation and the right 

CA1 in pattern completion were confirmed by Lacy, Yassa, Stark, Muftuler, and Stark (2011). 

 

1.5 Vagal nerve stimulation and memory performance 

We discussed vagally controlling HRV by slow breathing. This can also be interpreted as 

a form of vagal nerve stimulation (VNS). The VNS has been shown in the literature to have 

positive consequences on hippocampal formation and memory. VNS increases progenitor cells in 

rats and increases neurogenesis in their hippocampus DG (Revesz, Tjernstrom, Ben-Menachem, 

& Thorlin, 2008). Suppressing neurogenesis, on the other hand, diminishes memory for high 

interference stimuli in rodents. Intriguingly enough, the rodents who had access to running 

wheels two weeks before their behavioral test could compensate for their loss of neurogenesis 
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and perform better than their non-runner counterparts (Winocur, Becker, Luu, Rosenzweig, & 

Wojtowicz, 2012). This resembles a study where sport activities lead to better pattern separation 

in sport-responders among human participants. The authors hypothesized that this is due to the 

upregulating effects of sports on DG neurogenesis (Dery et al., 2013).  

 

1.6 Hypothesis 

The hippocampus has an active role in memory consolidation even seconds after 

encountering a new stimulus. It was also discussed that the memory for reconsolidated concepts 

takes place within twenty-four hours in mice. Breathing imposes independent oscillations in the 

hippocampus. Slow breathing, on the other hand, was shown to improve the learning of new 

movements immediately. This can lead us to assume that slow breathing can stimulate the 

hippocampus and improve memory. This assumption can be supported further by considering 

that slow breathing increases the HRV specifically in the low-frequency range. Stronger HRV in 

the lower frequency spectrum predicts better verbal memory in middle-aged people. The existing 

literature also supports the idea that vagal nerve stimulation can upregulate neurogenesis in the 

long term, which in turn is shown to improve pattern separation as a form of highly detailed 

memory. Therefore, we hypothesize that slow breathing treatments improve pattern separation in 

MST even in the short term. As neurogenesis was shown only to affect the performance in 

pattern separation and not the other traditional measures like recognition score, we also predict 

that this intervention should not affect the measures of distinguishing old or completely new 

objects.  
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CHAPTER 2 – METHODOLOGY 

We ran a two-day experiment for around forty minutes per day. Participants were 

randomly assigned to either Slow Breath (SB) on the first day and Normal Breath (NB) on the 

second day or vice versa. We marked these participants with S1N2 (SB on the first day and NB 

on the second day) and N1S2, respectively.  The normal breathing intervention cycles consisted 

of breathing in for two seconds and exhaling for another 2 seconds; at the rate of 15 breaths per 

minute (bpm). In the slow breathing pattern, participants were instructed to inhale for 4.5 

seconds and exhale in 5.5 seconds; therefore, at a rate of 6 bpm. 

 

2.1 Apparatus and stimuli 

After watching a two-minute film that visually and auditorily explained the procedure, 

the participants were instructed at the beginning of each block to respond to each object by 

pressing N for new, B for similar, or V for old. On each trial, an object was presented for two 

seconds, and participants had 2.5 seconds to respond to each, 2 seconds of which were 

concurrent with the display and half a second interstimulus time in which their keyboards still 

could register their responses. 

Each day consisted of 12 training trials and three blocks. Each block started with one 

breathing session for two minutes of either SB or NB interventions before each block, depending 

on the assigned day, and continued with 192 trials. One-third of these trials (meaning 64 of them) 

were single new pictures (foils), one-third of them were similar picture pairs (lures), and one-

third of them consisted of old picture pairs (repetitions). Participants faced the first pair, which 

was always a fresh picture followed by another lure or repetition trial in the continuation of the 

block. In our calculations throughout this work, we always considered the first pair as a foil, 
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meaning that there was a total of 32 repetitions, 32 lures, and 128 foils in each block. 12 to 70 

trials separated the pairs. The distances were equally distributed in four categories of 12-34, 24-

46, 36-58, and 48-70 inter-trials. For instance, eight pairs of each block and therefore 24 pairs of 

each day had 12 to 34 trials.   

We used the six independent sets of pictures publicly available by Stark Lab, University 

of California, Irvine (C. Stark, n.d.). Each set was used for an independent block. 

The participants were assigned to a random group of A or B, which counterbalanced the 

cluster of pictures they viewed on the first and second day.  

The programming of the experiment was done in PsychoPy3, v2020.2.10 (Peirce et al., 

2019) and made available online on its Pavlovia web platform. 

 

2.2 Participants 

We recruited participants through social media, word of mouth, and lab contacts. Their 

age had to fit in the age range of 18 and 29 years old. We only included people who had no 

history of diagnosed major depression, bipolar disorder, or PTSD. In total, 30 subjects signed up, 

from which two were excluded due to not following the instructions. Eighteen of the remaining 

participants were not compensated, and ten people were either compensated with 10 USD or 10 

Euros. We collected participants as long as volunteers contacted us, and once no one registered, 

we found extra people to balance the groups. The S1N2 group had 14 participants (age average= 

24.6, SD= 4.2); seven identified themselves as female. The N1S2 also had 14 participants (age 

average= 24.21, SD= 3.38); eight identified themselves as female. 

The participants were instructed to take the test on two consecutive days around the same 

day time. The starting time of all participants on each day remained within three hours at most.   
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2.3 Initial Data Analysis 

The twelve test trials were filtered for analysis. The outliers, defined as below Q1 −

1.5xIQR and above Q3 + 1.5xIQR, were analyzed in the four major parameters which we 

analyzed our data for (Pattern Separation (PS), Pattern Completion (PC), Newness Awareness 

(NA), and Recognition Score (RS)). In total, eight points were detected, of which three were 

spotted on the first day and five on the second day. From the data points on the first day, four 

data points belonged to the S1N2 group, and on the second day, four data points belonged to the 

S1N2 group. As we had a limited number of participants in each group (14 participants in each), 

we decided to investigate the extreme points defined as below Q1 − 1.5xIQR and above Q3 +

1.5xIQR. We detected one extreme value for PS on the second day for group S1N2. This single 

person was filtered from the data. We continued with 14 people on each group of S1N2 and 

N1S2 on the first day and 13 people for the S1N2 group, and 14 people in N1S2. 

The Greenhouse-Geisser corrected p-values are reported throughout this work if the 

sphericity is violated for the ANOVA test. In case of violation of variance homogeneity in t-tests, 

their corresponding Welch-test p-values are reported. In case of violation of normality Wilcoxon 

signed-rank test was used as a nonparametric solution for the t-test. 

The acquired data of this work were analyzed using RStudio Version 1.4.1106 and 

Microsoft Excel for Mac Version 16.49. 

 

  



THE STIMULATING EFFECTS OF SLOW BREATHING ON PATTERN SEPARATION 

 

9 

CHAPTER 3 – RESULTS 

To answer the question if a vagal nerve stimulation by slow breathing improves detailed 

memory even in the short-term, we analyze and discuss the results for three major parameters of 

Pattern Separation (PS), Newness Awareness (NA), and the classical Recognition Score (RS). In 

addition, we also report the data for an additional parameter, Pattern Completion (PC). These 

parameters are defined as follows: 

Equation 1 

Pattern	Separation	Score(PS) = p(Similar|Lure) − p(Similar|Foil) 

Equation 2 

Pattern	Completion	Score	(PC) = p(Old|Lure) − p(Old|Foil) 

Equation 3 

Recognition	Score	(RS) = p(Old|Repetition) − p(Old|Foil) 

Equation 4 

Newness	Awareness	(NA) = p(New|Foil) 

PS is defined as the probability of a participant correctly recognizing a lure as a similar 

picture minus their bias of pressing similar even facing foil (new) slides. PC is similarly defined 

as the probability of taking the lure pictures for old minus their bias towards answering old while 

facing the new pictures. RS is the traditional measure of the probability of correctly 

distinguishing exact repetition of the objects minus of taking even foils for old ones. Finally, the 

NA is a parameter that refers to the probability of correctly distinguishing foils. 
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Figure 1 demonstrates all the data points of our experiment on both days by color coding 

for the breathing patterns. Doing a repeated measure ANOVA for our two by two design with 

Day and Breath Pattern as two within-subject variables shows no significant interaction or 

significant Breath Pattern factor (P  > 0.05: PS (F(1,50) = 0.742, p = 0.393), PC (F(1,50) = 0.001, 

p = 0.973), RS (F(1,50) = 2.206, p = 0.144), NA (F(1,50) = 2.684, p = 0.108)). For this repeated 

measure ANOVA, we excluded the first day measures of the participant who was excluded from 

the second day due to having an extreme value. PS, (F(1,50) = 4.303, p = 0.043), PC (F(1,50) = 

7.247, p = 0.010), and NA (F(1,50) = 11.4, p = 0.001), demonstrate significant Day effects for 

three measures of PS, PC and NA. There is no significant day effect for RS (F(1,50) = 1.710, p = 

0.197). The ANOVA results for the Breath Pattern factor could also be confirmed in a within-

subject design t-test on two groups of collapsed data over both days only on base of Breath 

Pattern. The corresponding ANOVA p-values of Breath Pattern factor for all parameters of 

Figure 1 are as follows: PS, (F(1,50) = 0.353, p = 0.555), PC (F(1,50) = 0.002, p = 0.960), RS 

(F(1,50) = 0.286, p = 0.595), and NA (F(1,50) = 0.412, p = 0.524). 

Looking at the data on the first day as a between-subject design, disregarding the Day 

effects on the second day did not result in any significant difference between the two groups of 

Slow Breath (SB) and Normal Breath (NB) for any of the four analyzed parameters in Figure 1: 

PS (t = 0.0.93, p = 0.36), PC (t  = 0.036, p = 0.97), RS (W = 130.5, p = 0.141), NA (W = 132.5, p 

= 0.118). 

We had defined four distancing bins which we also analyzed for their effect on the 

detailed memory. The acquired data are plotted in Figure 2 for the two groups of SB and NB on 

the first (Figure 2, A) and second days (Figure 2, B). The collapsed data over both days sorted 
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only on the basis of Breath Pattern is also demonstrated in Figure 2, C for an overview of the 

within-subject design.  

 

 
Figure 1. All the data points of our experiment for the four parameters: Pattern Separation (PS) 

(A), Pattern Completion (PC) (B), Recognition Score (RS) (C), and Newness Awareness (NA) on 

both days are shown in this figure. The diagrams are all color-coded for each Breath Pattern 

group. Each group’s mean and standard deviation is added as a point and bar to the center of 

each boxplot. 
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To answer the question if the distancing had made any significant difference in the 

detailed memory responses for PS, we compared the PS values of each bin in each day separately 

with two uncorrected pairwise t-tests. A demonstration of the diagrams for collapsed data on 

each day is brought in Figure 2, D. The PS responses on the first day were significantly different 

for distancing pairs of D1/D3 (t = 2.79, p = 0.01), D1/D4 (t = 2.22, p = 0.035), and D2/D4 (t = 

2.70, p = 0.012) bins. On the second day there was a similar pattern of significant differences for 

D1/D3 (t = 3.73, p = 0.0009), D1/D4 (t = 3.66, p = 0.001), D2/D4 (t = 3.54, p = 0.002), and 

D3/D4 (t = 2.83, p = 0.009) bins. Figure 2, D also shows the Day factor that ANOVA pointed out 

for the parameter PS from another angle, while Figure 2, C confirms the insignificance of the 

Breath Pattern factor. Within-subject design t-tests for the PS values of each four bin (Figure 2, 

C), results in only an uncorrected significance for D4 bin (t = 2.510, p = 0.0186) while no 

meaningful difference can be detected for PS values of D1 (t = -0.478, p = 0.636), D2 (t = 0.281, 

p = 0.781), D3 (t = -0.506, p = 0.617).  

Looking at the first day's data as an independent between-subject design (Figure 2, A) 

only results in a marginally significant result for the D4 bin (t = 1.71, p = 0.098).  
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Figure 2. The Pattern Separation (SP) values are shown for each distancing bin of D1 through 

D4. The PS values of two groups of Slow Breath (SB) and Normal Breath (NB) are depicted for 

the first day (A) and second day (B) and collapsed across both days (C). PS values are also 

collapsed across both Breath Pattern groups to show the Day effect. 

 

To evaluate if the memory for the old pictures (RS) or the new ones (NA) could predict 

the detailed memory (PS), we ran a multiple regression analysis for the first and second day 

separately. The results are summarized in Table 1. While the NA predicts the PS responses for 

the first day, only RS was explanatory for the RS data on the second day, leaving us with no 

assurance which parameter could be regarded as a definitive predictor. Figure 3 depicts the PS 
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data versus RS on the first (Figure 3, A) and second (C) day, and NA responses in relation to the 

PS values are shown in Figure 3, B, and D for each day, respectively.  

Table 1 

Multiple regression analyses of parameter PS versus two parameters of RS and NA on the first 

and second day are listed here. While the NA predicts the PS responses for the first day, only RS 

was explanatory for the PS data on the second day. 

Day Parameter Regression 
coefficient 

t-value p-value  

First RS 0.418 1.563 0.131  
NA 0.906 2.691 0.012 * 

Second RS 0.467 2.415 0.024 * 

NA 0.478 1.075 0.293  

Note: * p <.05 
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Figure 3. All data points of Pattern Separation (PS) collapsed over each day are depicted versus 

either the Recognition Score (RS) or Newness Awareness (NA).  

 

The collapsed PS values across both days, categorized only on base of their Breath 

Patterns are depicted in Figure 4 to compare with previous designs and studies. The PS mean 

values for the MST design by Yassa et al. (2010) was around 0.55 for young adults (20-39 years 

old). The mean PS values of our design for the collapsed NB and SB groups are 0.465 and 0.441, 

respectively (Figure 4, A). This difference can be explained by the higher density of lures and 

much longer blocks we employed in our design that increase the error rates. We also calculated 

the measure of Critical Contrast (CC), which is defined as: 
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Equation 5 

Critical	Contrast	(CC) = p(Similar|Lure) − 	p(Old|Lure) 

This measure contrasts the probability of taking a lure correctly as similar and the 

probability of taking it by mistake as old. Toner, Pirogovsky, Kirwan, and Gilbert (2009) 

calculated this measure to be around 0.25 for young adults (age average = 19.15, SD = 0.30). 

Our design had a CC of 0.279 and 0.252 for young participants in each collapsed NB and SB 

groups, respectively (Figure 4, B). For older adults, these results are shifted towards negative 

values (Toner et al., 2009). 

 

Figure 4. A) Pattern Separation of each breathing group, B) Critical Contrast (CC) as a contrast 

between the probability of taking a lure correctly as similar and the probability of taking it by 

mistake for a foil. The data are collapsed across both days and categorized only based on their 

breathing group for cross-checking with previous designs and studies. 
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CHAPTER 4 – DISCUSSION AND CONCLUSION 

We tested the hypothesis that the pattern separation performance, as an index of highly 

detailed memory, improves with slow breathing. We performed slow breathing and normal 

breathing sessions of two minutes before each of three blocks of 192 trials (32 repetitions, 32 

lures, and 128 foils) in two consecutive days. The tests were online, and there were no checks for 

the participants' compliance throughout the study.  There were no significant effects of Breath 

Pattern factor for any of the analyzed measures of PS, PC, RS, and NA, and there were only 

significant day effects detected by a test of ANOVA for three measures of PS, PC, and NA that 

probably speak for better training in pressing down the relevant key on the second day. 

Participants most likely used their index fingers to respond to old objects that are more natural to 

adapt to, even within the first day. Not having an effect for the Breath Pattern factor was 

expected for NA and RS because the participants of different age groups were already shown to 

be very efficient in recognizing the old and new pictures (Yassa et al., 2010). We also detected a 

reduced performance for PS in the fourth bin of D4, which requires further clarification. Not 

having a breathing effect for PS and PC in the within-subject design in two days might be due to 

several reasons: a) utilizing breathing patterns in our two defined interventions that do not 

produce distinctive detectable changes, b) our very young sample size whose performance is 

already saturated, and an intervention might not improve it further, c) the compensatory 

involvement of another circuitry with an opposite effect on the hippocampus, d) low compliance 

of our participants to the online interventions. We will discuss each point in the following 

paragraphs. 

a) Utilizing breathing patterns in our two defined interventions that do not produce 

distinctive detectable changes: In the work from Kromenacker et al. (2018), breathing rates 
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between 4-9 bpm resulted in a shift in the low-frequency range of HRV. They used a Sudarshan 

Kriya Yoga Ujjayi (SKU) breathing pattern with a 4:4:6:2 ratio of breathing (corresponding to 

inspiration, post-inspiration hold, expiration, post-expiration hold). They hypothesized that the 

post-inspiration period (4 counts hold and 6 counts expiration) enhances the vagal activities and 

the post-expiration period (2 counts of hold and 4 counts of inspiration) inhibits these activities 

(Brown & Gerbarg, 2005). Therefore, a ratio of 5:3 was used. In another study, a different ratio 

of 1:1:2 (inspiration, hold, expiration), and therefore a post-inspiration to the post-expiration 

ratio of 3:1, was employed for an 8-10 bpm breathing rate to improve the learning of motor skills 

(Yadav & Mutha, 2016). In our study, we had an inspiration to expiration ratio of 11:9 that might 

not be as effective. In future studies, exploring not only the breathing rate per minute but also 

controlling for the expiration-inspiration ratio could be an interesting topic. In the present study, 

we used a normal breathing rate of 15 bpm. This could also be manipulated further to extremer 

rates as a rate between 12-20 bpm is considered normal for adults (Huang et al., 2013). 

b) Our very young sample size, whose performance is already saturated, and an 

intervention might not improve it further: We had used very young participants in our study (18-

29 years old). The structure of responding to similar pictures in the younger participants (20-39 

years old) in previous works (Yassa et al., 2010) shows that although they had a higher tendency 

to respond “similar” to lure objects correctly, they respond non-significantly less with “old,” 

meaning that both responses seem to be almost equally present. Our results also follow the same 

structure for PS and PC, although these two parameters are after respective corrections. The 

older participants (60-74 years old) showed a completely different pattern of responding 

significantly more with “old” than “similar” (Yassa et al., 2010); thus, expecting a significantly 

larger value for PC than PS, which was completely absent in our study. A more extreme pattern 
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can be expected for participants with mild cognitive impairments (for a review, please see S. M. 

Stark, Kirwan, and Stark (2019)). This could also mean that young people are already at 

saturation for responding correctly to lure objects, at least for the provided structure, and any 

intervention, including slow breathing, would not improve or deteriorate the results. In our study, 

we also explored the effect of distancing, which led to an uncorrected significance for PS at D4 

(48-70 trials between pairs) in an unexpected direction. This might imply that the healthy 

younger individuals require further disadvantages to use the effects of any interventions. In 

future studies, the effects of slow breathing on improving PS in more disadvantaged population 

groups, including older adults, or disadvantaged younger groups, could be explored.  

c) The compensatory involvement of another circuitry with an opposite effect on the 

hippocampus: to investigate the connection between the breathing patterns and the brain’s 

activity levels, Yackle et al. (2017) showed in a study that there is a neuronal subtype 

(Cdh9/Dbx1) of the preBötC neurons that generate respiratory rhythms. These clusters of 

neurons seem to also promote or diminish general behavioral arousal through the breathing 

patterns by their excitatory enervation into LC. “The excitatory input to the LC is presumably 

provided by the observed inspiratory-associated activity patterns of Cdh9/ Dbx1 neurons, which 

could provide greater excitatory input with faster respiratory rates and perhaps abnormal 

respiratory patterns” (Yackle et al., 2017, p. 1414). Ablating these neurons shifted the respiration 

rate of the mice to slower frequencies and significantly reduced their activity levels. They also 

tended to spend more of their time in still and grooming phases. “This respiratory corollary 

signal would thus serve to coordinate the animal’s state of arousal with the breathing pattern, 

leaving the animal calm and relaxed when breathing is slow and regular, but promoting (or 

maintaining) arousal when breathing is rapid or disturbed” (Yackle et al., 2017, p. 1414). In our 
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study, the slow breathing interventions could have caused an unintentional downregulation of the 

LC, which in turn could have downregulated the activities of the whole brain, including the 

hippocampus. The competing effects of this circuitry could have canceled out the direct 

stimulation of the hippocampus through the route of the olfactory bulb, entorhinal cortex, and 

reaching the hippocampal DG (Yanovsky et al., 2014). This circuitry could explain why we 

detected a worsening of the PS performance in the largest distance of D4. 

d) Low compliance of our participants to the online interventions: Due to the special 

circumstances that COVID-19 has brought upon the research settings, we had online tests with 

breathing instructions before each block. We did not have any way of checking for the 

compliance of our participants. Therefore, any conclusions based on the present data should be 

done with caution.  

We also explored whether any of NA or RS can predict the PS values on both days. 

Although NA could predict the PS performance on the first day, the RS values took their place on 

the second day, meaning that none could be seen as the ultimate predictor for better-detailed 

memory. This could point out that the process of distinguishing an object or scenery by 

remembering its very fine details is different from remembering them as a whole entity, which 

might be the case for old or new pictures. 

To the best of our knowledge, this study is the first study that explored the idea of 

improving pattern separation through slow breathing. Due to its exploratory purpose, the 

statistical values were presented uncorrected, and the data were viewed from different 

perspectives. We also tested only 28 people, with 14 in each group. This low number corresponds 

to very low power that also increases the uncertainty over the acquired statistical data. Therefore, 

further confirmatory studies are essential to complete the scientific process.  
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The process of memory consolidation starts within seconds (Ben-Yakov et al., 2013) and 

would take days to complete (Dudai, 2012; Dudai, Karni, & Born, 2015; Tse et al., 2007). If 

daily slow breathing interventions throughout a long time can improve memory consolidation 

should be explored in future studies. It is also tempting to look at the long-term effects of VNS 

through slow breathing on neurogenesis and if it improves pattern separation (Winocur et al., 

2012). We propose to run a two-week study to explore both ideas. Participants complete an MST 

test in the experimental group with no intervention to have an onset performance measure for 

both experimental and control groups. Sessions continue throughout two weeks with two times a 

day slow breathing exercises and short bi-daily 5-minute memory tests of the foils presented on 

the first day. If slow breathing improves memory consolidation, we should have constant 

improvements in the memory. The two-week tests should end with a long test session to test a 

complete MST of a completely new stimulus set. If the neurogenesis can improve PS through 

constant slow breathing sessions, we should have better PS values for the experimental group 

than our control group. The control group participants have similar test rounds with extremer 18-

20 bpm normal breathing sham interventions. 

We also propose a study like the present work, using a discrete MST with separate 

encoding and retrieval sessions and a breathing practice between these two sessions. The 

participants receive either a slow or normal breathing treatment depending on their assigned 

experimental or control group. This design can assure us that there is no activation of competing 

circuitry that can influence the encoding in the training phase. 
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