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Abstract

Background and objective

Respiration is known to affect cerebrospinal fluid (CSF) movement. We hypothesised that

increased inspiratory resistance would affect the dynamic relationship between blood pres-

sure (BP) changes and subarachnoid space width (SAS) oscillations.

Methods

Experiments were performed in a group of 20 healthy volunteers undergoing controlled

intermittent Mueller Manoeuvres (the key characteristic of the procedure is that a studied

person is subjected to a controlled, increased inspiratory resistance which results in marked

potentiation of the intrathoracic negative pressure). BP and heart rate (HR) were measured

using continuous finger-pulse photoplethysmography; oxyhaemoglobin saturation with an

ear-clip sensor; end-tidal CO2 with a gas analyser; cerebral blood flow velocity (CBFV), pul-

satility and resistive indices with Doppler ultrasound. Changes in SAS were recorded with a

new method i.e. near-infrared transillumination/backscattering sounding. Wavelet transform

analysis was used to assess the BP and SAS oscillations coupling.

Results

Initiating Mueller manoeuvres evoked cardiac SAS component decline (-17.8%, P<0.001),

systolic BP, diastolic BP and HR increase (+6.3%, P<0.001; 6.7%, P<0.001 and +2.3%,

P<0.05, respectively). By the end of Mueller manoeuvres, cardiac SAS component and HR

did not change (+2.3% and 0.0%, respectively; both not statistically significant), but systolic
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and diastolic BP was elevated (+12.6% and +8.9%, respectively; both P<0.001). With refer-

ence to baseline values there was an evident decrease in wavelet coherence between BP

and SAS oscillations at cardiac frequency in the first half of the Mueller manoeuvres

(-32.3%, P<0.05 for left hemisphere and -46.0%, P<0.01 for right hemisphere) which was

followed by subsequent normalization at end of the procedure (+3.1% for left hemisphere

and +23.1% for right hemisphere; both not statistically significant).

Conclusions

Increased inspiratory resistance is associated with swings in the cardiac contribution to the

dynamic relationship between BP and SAS oscillations. Impaired cardiac performance

reported in Mueller manoeuvres may influence the pattern of cerebrospinal fluid pulsatility.

Introduction

Spontaneous respiration is known to modulate heart-driven cardiovascular oscillations. Left

ventricle (LV) stroke volume reduction characteristic for normal inspiration can be partially

explained by a diminished cardiac filling evoked by heart rate acceleration. Respiration syn-

chronous changes in stroke volume are also caused by variation in intrathoracic pressure and

direct mechanical interactions between the right (RV) and the left ventricles. Animal data

demonstrates that exaggerated intrathoracic pressure evoked by Mueller manoeuvres aug-

ments both venous blood return to the RV and afterload for the LV resulting in fall in LV

stroke volume [1,2,3]. These findings from sixties and seventies of the last century have been

recently confirmed in human. Negative thoracic pressure evoked by Mueller manoeuvres

increases the right-to-left pressure gradient across the atrial septum [4] changes myocardial

mechanics [5], decreases LV stroke volume, LV ejection fraction and cardiac output [6].

Heart cycle and respiration are the main drivers affecting cerebrospinal fluid (CSF) move-

ment. Deep inspiration results in substantial increase in CSF shift from cranial compartment

to the cervical spinal canal [7]. Breathing-driven CSF dynamics and bidirectional motion

through the basal cisterns and intraventricular passageways, including CSF movements pres-

ent in subarachnoid spaces (SAS), have been recently described in humans [8]. CSF flow

evoked by thoracic pressure reduction during inspiration is transmitted to the SAS via the

interconnected venous plexus around the thoracic spinal column and within the spinal canal.

In addition, diminished thoracic pressure directly affects the hydrostatic pressure that drives

the low-resistance paravenous, venous, and lymphatic CSF drainage [9].

The width of SAS can be measured at real time using a novel method based on infrared

radiation called near-infrared transillumination/backscattering sounding (NIR-T/BSS). The

rationale for NIR-T/BSS methodology is that the CSF within the SAS acts as a propagation

duct for infrared radiation [10,11].

In our previous study with NIR-T/BSS we documented rapid SAS oscillations associated

with systolic-diastolic changes in blood volume of cerebral circulation [12]. Subsequent analy-

sis of wavelet phase and amplitude coherences identified similarity of these two oscillators, and

allowed us to clearly identify a proportion of systemic blood pressure (BP) oscillations with

corresponding SAS changes. Coupling functions represent a powerful methodology to unveil

the neurophysiological mechanisms governing organism response to several challenges.

Therefore in the series of our recent studies we investigated the effect of apnoea [12,13],

Inspiration and subarachnoid space
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sympathetic activation [14] and hypoxia [15]—the stimuli typically seen in obstructive sleep

apnoea (OSA). In particular we demonstrated that BP and SAS amplitudes coherence diminish

during apnoea in normal healthy subjects [12] which is not the case in professional apnoea

divers [13]. Sympathetic nervous system seems rather to stabilise the system [13,14]. On the

contrary, hypoxia declines BP and SAS amplitudes coherence [15].

Taken together, increased respiratory resistance substantially affects cardiac performance

and disturbs CSF motion. In addition, high sympathetic drive caused by hypoxia and breath-

ing difficulty augments BP [16,17]. In this study we aimed at assessing the effect of increased

inspiratory resistance on the coupling between BP and SAS oscillation signals. The high sam-

pling frequency (70 Hz) of NIR-T/BSS allows for signal analysis up to 35 Hz according to

Nyquist theorem. We decided to analyse collected signals up to 10 Hz due to lack any physio-

logical process over this frequency. The power spectrum density of SAS oscillations shows

clear peaks at the cardiac frequency (f0) and its harmonics (f1, f2, f3) [11,12]. We hypothesised

that increased inspiratory resistance introduced by series of Mueller manoeuvres would

diminish the cardiac contribution to the relationship between BP and SAS oscillations.

Materials and methods

Ethical approval

The study conformed to the standards set by the Declaration of Helsinki. The experimental

protocol and the study design were approved by the Ethics Committee of the Medical Univer-

sity of Gdansk (NKEBN/48/2011). All subjects gave written informed consent to participate in

the study.

Subjects

Experiments were performed in a group of 20 healthy, non-smoking volunteers (Table 1).

Nicotine, coffee, tea, cocoa and methylxanthine-containing food and beverages were not

Table 1. Characteristics of the study participants. Data are presented as mean values and standard devi-

ations (SD).

Males (n = 9) Females (n = 11)

Age (years) 26.3 ± 8.4 20.1 ± 2.0

BMI (kg*m-2) 23.2 ± 4.2 22.0 ± 3.5

cc-TQ (AU) 83.0 ± 34.9 60.8 ± 35.4

sas-TQ (AU) 130.8 ± 61.1 111.9 ± 87.0

SBP (mmHg) 125.7 ± 4.9 117.3 ± 11.4

DBP (mmHg) 74.2 ± 6.3 70.1 ± 3.9

HR (beats*s-1) 70.7 ± 9.6 78.6 ± 10.8

CBFV (cm*s-1) 41.3 ± 7.8 42.7 ± 9.4

RI 0.67 ± 0.03 0.61 ± 0.11

PI 1.48 ± 0.19 1.25 ± 0.38

SaO2 98.3 ± 1.1 98.6 ± 1.3

cc-TQ–cardiac component of the subarachnoid width (heart-generated pial artery pulsation, from 0.5 Hz to

5.0 Hz); sas-TQ–slow component of the subarachnoid width (<0.05 Hz); SBP–systolic blood pressure;

DBP–diastolic blood pressure; HR–heart rate; CBFV–cerebral blood flow velocity; PI–pulsatility index; RI–

resistive index; SaO2—oxyhemoglobin saturation; kg–kilograms; m- meters; AU–arbitrary units; mmHg—

millimeters of mercury; s–seconds

https://doi.org/10.1371/journal.pone.0179503.t001
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permitted for 8 hours before the tests. Additionally, prior to each test, the volunteers were

asked to rest comfortably for 30 minutes in the supine position.

Experimental design

After baseline measurements had been obtained, participants were subjected to controlled

repetitive Mueller manoeuvres. The procedure was performed with a modified single-use

Threshold IMT1 (Phillips-Respironics, Best, the Netherlands) device, primarily designed for

rehabilitation of the inspiratory muscles. The device consists of a mouth-piece, container and

a calibrated adjustable valve which allows for precise control of the inspiratory resistance rang-

ing from -2 to -40 cm H2O. The target pressure of a single experimental Mueller manoeuvres

equalled -40 cm H2O, which was applied six times in a row over the period of one minute. The

repetitive Mueller manoeuvres were then followed by 20 s of undisturbed recovery breathing,

and looped for 2 times The idea behind this protocol was to investigate the Mueller manoeu-

vres which closely mimic repetitive hypopneas commonly seen in real-life in human obstruc-

tive sleep apnoea (OSA) syndrome. Since the target Mueller manoeuvres described by the

study protocol are rather forceful procedures, subjects were first titrated with inspiratory resis-

tance as well as time length of its application. Throughout the first 20 minutes of the experi-

ment, the inspiratory resistance was gradually enhanced starting from -2 cm H2O and was

applied in two to three repetitions. The titration procedure allowed the subjects to adapt to the

experiment which ensured repeatable signalling. Averaged data obtained from a two-minute

series of experimental Mueller manoeuvres were analysed. Graphical presentation of study

design is shown in Fig 1.

For wavelet transform analysis, 10 s data windows were taken from baseline and from the

last one-minute series of Mueller manoeuvres. From the Mueller manoeuvres series, 10 s data

windows corresponding to minimum and maximum wavelet coherence (WCO) were taken.

Measurements

ECG was recorded using a standard electrocardiograph. Systolic (SBP) and diastolic blood

pressure (DBP), along with HR, were measured using continuous finger-pulse photoplethys-

mography (Finometer, Finapres Medical Systems, Arnhem, the Netherlands). Finger blood

pressure was calibrated against brachial arterial pressure. Oxyhaemoglobin saturation (SaO2)

was measured continuously (Massimo Oximeter, Massimo, Milan, Italy) with an ear-clip

sensor. Expired air was sampled from the mouthpiece and the end-tidal CO2 (EtCO2) was

measured using a gas analyser (PNT Digital M.E.C. Group, Brussels, Belgium). Doppler ultra-

sound of the internal carotid artery was performed (Vivid 7, GE Healthcare; Little Chalfont,

UK) to assess the mean cerebral blood flow velocity (CBFV), pulsatility index (PI) and resistive

Fig 1. Schematic representation of the study design.

https://doi.org/10.1371/journal.pone.0179503.g001
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index (RI). The SAS width was recorded separately for right and left hemispheres with the

head-mounted sensors of the NIR-T/BSS device (SAS 100 Monitor, NIRTI SA, Wierzbice,

Poland). Cardiac (0.5–2.0 Hz) and slow (<0.5 Hz) SAS components were calculated by the

SAS Monitor software based on empirical mode decomposition concept. The theoretical and

practical foundations of the NIR-T/BSS method were described in earlier studies [10,11]. BP

and SAS pulsation signals were acquired at 70 Hz via a data acquisition unit (Powerlab/16SP

ML795, AD Instruments). All variables were recorded continuously or videotaped, and the sig-

nals were routed to a hard drive for further analyses.

Wavelet analysis

Wavelet analysis transform a time signal from the time domain to the time-frequency domain

[18,19]. We used this method in our earlier work [12] as a tool to characterize changes in SAS

and BP. To find relationship between signals firstly we calculated a wavelet coherence (WCO)

[12,20]. A value of 1 (0) indicates high (low) correlation between two time series. Additionally,

we estimated a wavelet phase coherence (WPCO) which identifies possible relationships by

evaluating the match between the instantaneous phases of two signals [12,19]. The value of the

phase coherence is between 0 and 1. This value quantifies the tendency of the phase difference

between the two signals to remain constant at a particular frequency [19]. When two oscilla-

tions are unrelated, their phase difference changes with time.

Statistical analysis

We used the Wilcoxon signed rank test to compare the changes in WCO, WPCO, the width of

subarachnoid space, pial artery pulsation, SBP, DBP, HR, CBFV, RI, PI, SaO2 and EtCO2 in

response to the Mueller manoeuvres series. Additionally, we performed a multivariate linear

regression analysis to identify which variables influenced the changes in the width of subarach-

noid space and pial artery pulsation in response to the Mueller manoeuvres series. The sample

size was determined on the basis of test power analysis (20 individuals had a power greater

than 80% to detect the assumed SAS changes).

WCO and WPCO assessment was performed with all-time series and generated corre-

sponding surrogate time series. To generated surrogates we used iterative amplitude adjusted

Fourier transform–IAAFT [21]. Original WCO and WPCO located above the surrogate WCO

and WPCO are considered statistically significant.

Results

Increased resistance evoked by Mueller manoeuvres resulted in an evident haemodynamic

response consisting of two phases.

In the beginning (1st phase) of Mueller manoeuvres BP rise was associated with diminished

amplitude of SAS cardiac component. HR was slightly increased, PI and RI did not change.

By the end of Mueller manoeuvres (2nd phase), with slight but constant SaO2 decline, car-

diac SAS component and HR returned to baseline values while BP remained elevated. Subse-

quently, CBFV increased, representing a typical response to hypoxia. PI and RI diminished.

Importantly, slow SAS component and EtCO2 did not change throughout the Mueller

manoeuvres. The summary of results is presented in Table 2.

Multivariate regression analysis revealed relation between change in cardiac SAS compo-

nent and BP in the beginning and by the end of Mueller manoeuvres (Table 3).

The results of wavelet transform analysis of the 10 s BP and SAS signals is shown in Fig 2.

Alternating BP and SAS peaks at the human cardiac frequency is visible.

Inspiration and subarachnoid space
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A significant decrease (about 2.2 times for the right hemisphere) in wavelet coherence

(WCO) found in the first half of the Mueller manoeuvres series (between 8 and 18 s) was fol-

lowed by recovery by the end of Mueller manoeuvres (between 35 and 45 s, Table 4, Figs 3 and

4). Wavelet phase coherence (WPCO) was relatively high at baseline and did not change

throughout the Mueller manoeuvres. The WCO swings during Mueller manoeuvres are

shown in Fig 4. Taking together, BP and SAS signals amplitudes coupling decreases in

Table 2. Effects of 60 s Mueller manoeuvres series on SAS, SBP, DBP, HR, CBFV, PI, RI and SaO2. Data are presented as mean values and standard

deviations (SD). All % changes are calculated with reference to baseline values.

Baseline Beginning of MMs (13 ± 5

s)

Beginning of MMs vs. Baseline

(%)

End of MMs (40 ± 5 s) End of MMs vs. Baseline

(%)

cc-TQ (AU) 73.2 ± 59.4 60.2 ± 45.6*** 82.2 74.9 ± 47.6NS 102.3

sas-TQ (AU) 117.8 ± 94.6 128.5 ± 94.7NS 109.1 125.0 ± 89.9NS 106.1

SBP (mmHg) 127.9 ± 7.3 136.0 ± 10.7*** 106.3 144.0 ± 12.7*** 112.6

DBP (mmHg) 77.7 ± 7.9 82.9 ± 8.2*** 106.7 84.6 ± 10.7*** 108.9

HR (beats*sec-1) 75.0 ± 9.0 77.0 ± 11.0* 102.7 75.0 ± 9.1NS 100.0

CBFV (cm*sec-1) 42.1 ± 9.7 43.2 ± 10.4NS 102.6 48.0 ± 9.8*** 114.0

RI 0.62 ± 0.08 0.61 ± 0.09NS 98.4 0.55 ± 0.10** 88.7

PI 1.31 ± 0.36 1.27 ± 0.34NS 96.9 1.12 ± 0.37** 85.5

SaO2 98.8 ± 0.6 98.6 ± 0.7*** 99.8 97.0 ± 1.5*** 98.2

EtCO2 35.3 ± 5.7 35.7 ± 5.9 101.1

*P<0.05

**P<0.01

***P<0.001

cc-TQ–cardiac component of the subarachnoid width (heart-generated pial artery pulsation, from 0.5 Hz to 5.0 Hz); sas-TQ–slow component of the

subarachnoid width (<0.05 Hz); SBP–systolic blood pressure; DBP–diastolic blood pressure; EtCO2—end-tidal CO2; HR–heart rate; MBP–mean blood

pressure; CBFV–cerebral blood flow velocity; PI–pulsatility index; RI–resistive index; SaO2—oxyhemoglobin saturation; AU–arbitrary units; mm Hg—

millimeters of mercury; s–seconds

https://doi.org/10.1371/journal.pone.0179503.t002

Table 3. Multivariate regression analysis. Model explaining changes in cardiac SAS component with rela-

tion to cerebral blood flow velocity, heart rate, oxyhaemoglobin saturation and blood pressure fluctuations in

response to the beginning and terminal part of the Mueller manoeuvres.

(β)* SD P

13 ± 5 s of Mueller manoeuvres

delta CBFV 0.043 0.84 0.80

delta HR -0.090 0.76 0.59

delta SaO2 -0.115 0.76 0.49

delta SBP 0.367 0.72 0.02

40 ± 5 s of Mueller manoeuvres

delta CBFV 0.028 0.72 0.09

delta HR 0.077 0.76 0.65

delta SaO2 -0.261 0.71 0.11

delta SBP 0.334 0.71 0.04

CBFV–cerebral blood flow velocity, HR–heart rate; SaO2 –blood oxygen saturation; SBP–systolic blood

pressure (continuous recordings); SD–standard deviation.

* standardized slope in the same units of measure

https://doi.org/10.1371/journal.pone.0179503.t003

Inspiration and subarachnoid space
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response to acute reduction of intrathoracic pressure and recovers after several cycles of

breathing against increased inspiratory resistance. Phases of both signals are not affected by

the procedure.

All-time series are showed on panels A) and B) of Fig 3. Black solid lines (panels from C to

E of Fig 3) illustrate results obtained for IAAFT surrogates. Yellow shaded areas indicate sig-

nificant coherence (panels C, D and E) [22]. Magenta dashed lines show cardiac frequency. All

of them are located in areas of significant coherence. Similar behaviour we observed for higher

harmonics.

Fig 2. Representative tracings from 10 s BP and SAS signals with corresponding wavelet transforms;

baseline (panel A), WCO minimum (panel B) and WCO maximum (panel C) from one of participants. The SAS

signal (in blue) is less regular than the BP signal (in red). Wavelet transform analysis reveals BP and SAS

peaks at cardiac frequency marked with vertical magenta dotted lines (SAS analysis in blue, BP in red).

Alterations in cardiac frequency are apparent throughout the Mueller manoeuvres.

https://doi.org/10.1371/journal.pone.0179503.g002

Table 4. Effects of a 60 s Mueller manoeuvres series on WCO and WPCO between BP and SAS oscillations at cardiac frequency. Data are pre-

sented as mean values and standard deviations (SD). The minimum and maximum correspond to WCO minimum and maximum values during the Mueller

manoeuvres series.

WCO / WPCO Baseline Minimum Minimum vs. Baseline (%) Maximum Maximum vs. Baseline (%) Maximum vs. Minimum (%)

WCO left

WCO right

WPCO left

WPCO right

0.65 ± 0.15

0.52 ± 0.18

0.86 ± 0.36

0.87 ± 0.35

0.44 ± 0.30

0.28 ± 0.26

0.85 ± 0.36

0.83 ± 0.35

67.7*

54.0**

98.8NS

95.4NS

0.67 ± 0.22

0.64 ± 0.17

0.78 ± 0.42

0.93 ± 0.26

103.1NS

123.1NS

90.7NS

106.9NS

152.3**

228.6***

91.8NS

112.0NS

*P<0.05

**P<0.01

***P<0.001

WCO–wavelet coherence; WPCO–wavelet phase coherence; cc-TQ–cardiac component of transillumination quotient (pial artery pulsation); left–left

hemisphere; right–right hemisphere; SD–standard deviation

https://doi.org/10.1371/journal.pone.0179503.t004

Inspiration and subarachnoid space
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No significant differences were noted between the left and right hemispheres with respect

to the analysed variables. We did not observe any sex-related differences.

Discussion

The main finding of this study is that increased inspiratory resistance modifies the character of

heart-driven interactions between BP and SAS oscillations. Pulsatile CSF motion, together

Fig 3. Representative tracings of 10 s signals of baseline (in green), 10 s of minimum WCO (in blue)

and 10 s of maximum WCO (in red). BP oscillations (panel A), SAS oscillations (panel B) and WCO (panels

C, D and E). Cardiac frequency is indicated by vertical, magenta, dotted lines. Black solid lines (panels from C

to E) illustrate results obtained for IAAFT surrogates.

https://doi.org/10.1371/journal.pone.0179503.g003

Fig 4. Representative WCO (panel B) and WPCO (panel C) tracings. BP (red) and SAS (blue) signals are

provided in the panel A. WCO reaches its minimum between 8 and 18 s of the Mueller manoeuvres, and later

upon recovery, reaches its maximum between 35 and 45 s for cardiac frequency. WPCO remains stable.

Cardiac frequency is indicated by horizontal dotted lines.

https://doi.org/10.1371/journal.pone.0179503.g004

Inspiration and subarachnoid space
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with moderate changes in intracranial pressure, are well-recognized and considered indispens-

able for proper brain functioning [23]. Abnormal arterial/venous pulsatility termed pulse wave

encephalopathy is increasingly recognized as a major risk factor for brain tissue damage [24].

In particular changes in pulse wave characteristic may negatively affect the structural proper-

ties of white matter [25].

To investigate BP SAS coupling we used a wavelet transform analysis. The method provides

windows of adjustable lengths which results in high resolution at cardiac frequency. For

instance the Fourier transform assumes stationary of the signal, i.e. that the frequency content

does not change over time. Unfortunately in biomedical signals the frequencies of oscillation

change very often due to openness of the system. To solve this problem one might have divided

this frequency intervals into a set of intervals and used the short time Fourier transform. The

wavelet transform based on the same idea but in the case of the continuous wavelet transform,

the number of intervals is no longer finite and the frequency resolution correspondingly

changes continuously. The method has already been used by us and many others [12–

14,18,19,26].

High negative thoracic pressure is considered a key element of OSA pathophysiology [27].

Mueller manoeuvres are often used to mimic obstructive hypopneas occurring during sleep in

OSA subjects [28,29]. High sympathetic drive was found to be neutral to the discussed rela-

tionship [13,14]. Therefore, negative thoracic pressure appears to be the predominant factor

modulating the dynamic relationship between heart-driven BP and SAS oscillations. Here, we

demonstrate for the first time a mechanistic link between the dampening of cardiac function

occurring during Mueller manoeuvres [4,5,6] and its transmission into the brain haemody-

namic. Described swings in coherence between BP and SAS oscillations signals may impair

normal CSF circulation and pulse wave characteristics. Our finding may indicate that intratho-

racic pressure modifications during continues positive airway pressure (CPAP) treatment or

mechanic ventilation procedures may also affect CSF motion. Further studies are warranted to

assess the impact of positive intrathoracic pressure on brain haemodynamic.

In our study we decided to analyse a series of Mueller manoeuvres rather than a single

manoeuvre [4,6], and the rationale for this was to better reproduce highly prevalent OSA syn-

drome. Performing the Mueller manoeuvres in 60 s series followed by a titration procedure,

better mimicked increased inspiratory resistance and high sympathetic drive characteristic of

OSA, and thus may be compared to our other protocols [12,13,14]. We observed typical BP

changes [30,31]. As we have earlier shown the analysis of 10 s series are sufficient to accurately

perform wavelet transform analysis [12]. However, using 10 s windows we were not able to

analyse Mueller manoeuvres-dependent BP variability. To mitigate this limitation of the pre-

sented approach we would like to underscore the priority we gave in our protocol to closely

mimic OSA syndrome. Therefore, the study was designed to analyse time series rather than

selected data points. BP variability during periods of increased inspiratory resistance may

likely represent one of the mechanisms leading to diminished BP SAS amplitudes similarity.

Rapid oscillations in the SAS results from heart-generated changes in systolic-diastolic

blood volume in cerebral circulation [23,32]. Therefore, a brief decline in cardiac SAS compo-

nent in response to BP elevation at the beginning of the Mueller manoeuvres series may repre-

sent an active autoregulatory process [13,33,34]. Alternatively, decline in fast (cardiac) SAS

component may be related to rapid reduction in intrathoracic pressure and subsequent CSF

displacement from cranial compartment. During short lasting respiratory perturbations it is

very difficult to differentiate between cardiac and respiratory effects on CSF motion [8]. How-

ever, the association between BP and cardiac SAS component changes observed by the end of

Mueller manoeuvres seems to indicate that pulsatile pressure and flow directly affect CSF

pulsatility.
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It has been recently shown that abnormal CSF pulsatility is linked to white matter dysfunc-

tion in hypertensive patients [35]. Authors using cine phase magnetic resonance imaging

(MRI) to visualise CSF dynamics in the aqueduct of Sylvius also confirmed earlier report by

our group that impaired jugular outflow augments CSF pulsatility [36,37]. This study is in line

with Chen et al. [8] and Dreha-Kulaczewski et al. [9] MRI reports indicating that respiration is

one of the major regulators of human CSF flow. Therefore NIR-T/BSS may provide a low-cost

alternative to expensive MRI studies, thus facilitating research on CSF dynamics in human.

Recent findings in this field indicate that abnormal CSF dynamic is present in several diseases

[35,38,39]. It should be noted that NIR-T/BSS and MRI give equivalent modalities for the SAS

change measurements (R = 0.81, P<0.001) [40].

The subjects were allowed to freely exhale, while inhalation was associated with increased

resistance. As a consequence, the investigated volunteers slightly hyperventilated. EtCO2 did

not change throughout the Mueller manoeuvres, resulting in stabilization of the SAS width.

The relationship between BP and SAS signals was not disturbed by hyperventilation in our

previous study [14]. It is also unlikely that an initial WCO decline can be attributed to dimin-

ished SaO2. The SaO2 decrease was moderate and similar to those observed in maximal

breath-hold, where large WCO swings were absent [12,13]. We did not measure intrathoracic

pressure and sympathetic activity, but these measurements have been well-described in ani-

mals and humans and our data are consistent with previous findings. Finally, the number of

subjects enrolled in the study (N = 20) is relatively small, thus the results should be generalized

with caution. To mitigate, we would like to underscore that previous NIRT/BSS studies

showed highly satisfactory reproducibility and repeatability of the method [10,34]; thus, direct

within-individual comparisons are reliable [10,34]. It is however recognized that measure-

ments with the use of infrared light (NIR-T/BSS or previously near-infrared spectroscopy;

NIRS) do not provide sufficient reliability to with respect to comparisons between individuals.

One of the reasons for such limitation of these methods are differences in skull bone parame-

ters [10,41]. Nevertheless, our study did not aim at between-subject comparisons.

Conclusions

To summarize, we have shown that increased inspiratory resistance is associated with large

swings in the heart-generated dynamic relationship between BP and SAS oscillations in

healthy subjects. For the first time, our study revealed that the signal resulting from dumped

cardiac performance and/or increased BP variability may directly affect the CSF pulsatility.

Our study provides new insights into our understanding of CSF motion in the context of exag-

gerated negative thoracic pressure.

Acknowledgments

We would like to thank Mrs. Wieslawa Kucharska for excellent technical support, and to

express our gratitude to all volunteers who agreed to participate in the study.

Author Contributions

Conceptualization: MWW JW ES KK KM MG PJW AFF LB KN.

Data curation: MWW JW ES KK KM MG PJW AFF LB KN.

Formal analysis: KM MG.

Funding acquisition: JW KN.

Investigation: MWW JW ES KK KM MG PJW AFF LB KN.

Inspiration and subarachnoid space

PLOS ONE | https://doi.org/10.1371/journal.pone.0179503 June 27, 2017 10 / 13

D
o

w
nl

o
ad

ed
 f

ro
m

 m
o

st
w

ie
d

zy
.p

l

https://doi.org/10.1371/journal.pone.0179503
http://mostwiedzy.pl


Methodology: MWW JW ES KK KM MG PJW AFF LB KN.

Project administration: MWW JW.

Resources: AFF KN.

Software: KM MG.

Supervision: MWW MG PJW AFF KN.

Validation: MWW JW ES KK KM MG PJW AFF LB KN.

Visualization: MWW MG PJW.

Writing – original draft: MWW JW MG PJW.

Writing – review & editing: MWW JW ES KK KM MG PJW AFF LB KN.

References

1. Guntheroth WG, Morgan BC. Effect of respiration on venous return and stroke volume in cardiac tampo-

nade. Circ Res. 1967; 20: 381–390. PMID: 6025402

2. Schrijen F, Ehrlich W, Permutt S. Cardiovascular changes in conscious dogs during spontaneous deep

breaths. Pflugers Archiv 1975; 355: 205–215. PMID: 1170547

3. Robotham JL, Rabson J, Permutt S, Bromberger-Barnea B. Left ventricular hemodynamics during res-

piration. J Appl Physiol. 1979; 47: 1295–1303. PMID: 536301

4. Konecny T, Khanna AD, Novak J, Jama AA, Zawadowski GM, Orban M, et al. Interatrial pressure gradi-

ents during simulated obstructive sleep apnea: a catheter-based study. Catheter Cardiovasc Interv.

2014; 84: 1138–45. https://doi.org/10.1002/ccd.25433 PMID: 24677689

5. Koshino Y, Villarraga HR, Orban M, Bruce CJ, Pressman GS, Leinveber P, et al. Changes in left and

right ventricular mechanics during the Mueller maneuver in healthy adults: a possible mechanism for

abnormal cardiac function in patients with obstructive sleep apnea. Circ Cardiovasc Imaging 2010; 3:

282–9. https://doi.org/10.1161/CIRCIMAGING.109.901561 PMID: 20160141

6. Orban M, Bruce CJ, Pressman GS, Leinveber P, Romero-Corral A, Korinek J, et al. Dynamic changes

of left ventricular performance and left atrial volume induced by the mueller maneuver in healthy young

adults and implications for obstructive sleep apnea, atrial fibrillation, and heart failure. Am J Cardiol.

2008; 102: 1557–61. https://doi.org/10.1016/j.amjcard.2008.07.050 PMID: 19026314

7. Schroth G, Klose U. Cerebrospinal fluid flow. II. Physiology of respiration-related pulsations. Neuroradi-

ology 1992; 35: 10–5. PMID: 1289732

8. Chen L, Beckett A, Verma A, Feinberg DA. Dynamics of respiratory and cardiac CSF motion revealed

with real-time simultaneous multi-slice EPI velocity phase contrast imaging. Neuroimage 2015; 122:

281–7. https://doi.org/10.1016/j.neuroimage.2015.07.073 PMID: 26241682

9. Dreha-Kulaczewski S, Joseph AA, Merboldt KD, Ludwig HC, Gärtner J, Frahm J. Inspiration is the

major regulator of human CSF flow. J Neurosci. 2015; 35: 2485–91. https://doi.org/10.1523/

JNEUROSCI.3246-14.2015 PMID: 25673843

10. Frydrychowski AF, Gumiński W, Rojewski M, Kaczmarek J, Juzwa W. Technical foundations for nonin-

vasive assessment of changes in the width of the subarachnoid space with near-infrared transillumina-

tion-backscattering sounding (NIR-TBSS). IEEE Trans Biomed Eng. 2002; 49: 887–904. https://doi.org/

10.1109/TBME.2002.800786 PMID: 12148828

11. Frydrychowski AF, Pluciński J. New aspects in assessment of changes in width of subarachnoid space

with near-infrared transillumination-backscattering sounding, part 2: clinical verification in the patient. J

Biomed Opt. 2007; 12: 044016. https://doi.org/10.1117/1.2753756 PMID: 17867820

12. Winklewski PJ, Gruszecki M, Wolf J, Swierblewska E, Kunicka K, Wszedybyl-Winklewska M, et al.

Wavelet transform analysis to assess oscillations in pial artery pulsation at the human cardiac fre-

quency. Microvasc Res. 2015; 99: 86–91. https://doi.org/10.1016/j.mvr.2015.03.003 PMID: 25804326

13. Winklewski PJ, Barak O, Madden D, Gruszecka A, Gruszecki M, Guminski W, et al. Effect of Maximal

Apnoea Easy-Going and Struggle Phases on Subarachnoid Width and Pial Artery Pulsation in Elite

Breath-Hold Divers. PLoS One. 2015; 10:e0135429. https://doi.org/10.1371/journal.pone.0135429

PMID: 26285143

14. Winklewski PJ, Tkachenko Y, Mazur K, Kot J, Gruszecki M, Guminski W, et al. Sympathetic Activation

Does Not Affect the Cardiac and Respiratory Contribution to the Relationship between Blood Pressure

Inspiration and subarachnoid space

PLOS ONE | https://doi.org/10.1371/journal.pone.0179503 June 27, 2017 11 / 13

D
o

w
nl

o
ad

ed
 f

ro
m

 m
o

st
w

ie
d

zy
.p

l

http://www.ncbi.nlm.nih.gov/pubmed/6025402
http://www.ncbi.nlm.nih.gov/pubmed/1170547
http://www.ncbi.nlm.nih.gov/pubmed/536301
https://doi.org/10.1002/ccd.25433
http://www.ncbi.nlm.nih.gov/pubmed/24677689
https://doi.org/10.1161/CIRCIMAGING.109.901561
http://www.ncbi.nlm.nih.gov/pubmed/20160141
https://doi.org/10.1016/j.amjcard.2008.07.050
http://www.ncbi.nlm.nih.gov/pubmed/19026314
http://www.ncbi.nlm.nih.gov/pubmed/1289732
https://doi.org/10.1016/j.neuroimage.2015.07.073
http://www.ncbi.nlm.nih.gov/pubmed/26241682
https://doi.org/10.1523/JNEUROSCI.3246-14.2015
https://doi.org/10.1523/JNEUROSCI.3246-14.2015
http://www.ncbi.nlm.nih.gov/pubmed/25673843
https://doi.org/10.1109/TBME.2002.800786
https://doi.org/10.1109/TBME.2002.800786
http://www.ncbi.nlm.nih.gov/pubmed/12148828
https://doi.org/10.1117/1.2753756
http://www.ncbi.nlm.nih.gov/pubmed/17867820
https://doi.org/10.1016/j.mvr.2015.03.003
http://www.ncbi.nlm.nih.gov/pubmed/25804326
https://doi.org/10.1371/journal.pone.0135429
http://www.ncbi.nlm.nih.gov/pubmed/26285143
https://doi.org/10.1371/journal.pone.0179503
http://mostwiedzy.pl


and Pial Artery Pulsation Oscillations in Healthy Subjects. PLoS One 2015; 10: e0135751. https://doi.

org/10.1371/journal.pone.0135751 PMID: 26284650

15. Wszedybyl-Winklewska M, Wolf J, Swierblewska E, Kunicka K, Gruszecka A, Gruszecki M, et al. Acute

hypoxia diminishes the relationship between blood pressure and subarachnoid space width oscillations

at the human cardiac frequency. PLoS One 2017; accepted for publication.

16. Carlson JT, Hedner J, Elam M, Ejnell H, Sellgren J,Wallin BG. Augmented resting sympathetic activity

in awake patients with obstructive sleep apnea. Chest 1993; 103: 1763–1768. PMID: 8404098

17. Somers VK, Dyken ME, Clary MP, Abboud FM. Sympathetic neural mechanisms in obstructive sleep

apnea. J Clin Invest. 1995; 96: 1897–1904. https://doi.org/10.1172/JCI118235 PMID: 7560081

18. Stefanovska A, Bracic M, Kvernmo HD. Wavelet analysis of oscillations in the peripheral blood circula-

tion measured by laser Doppler technique. IEEE Trans Biomed Eng. 1999; 46: 1230–9. PMID:

10513128

19. Bernjak A, Stefanovska A, McClintock PVE, Owen-Lynch PJ, Clarkson PBM. Coherence between fluc-

tuations in blood flow and oxygen saturation. Fluct Noise Lett. 2012; 11: 1240013–12.

20. Torrence C, Webster P. Interdecadal Changes in the ESNO-Monsoon System. J Clim. 1999; 12: 2679–

90.

21. Schreiber T, Schmitz A. Surrogate time series. Physica D 2000; 142: 346–382.

22. Clemson PT, Stefanovska A. Discerning non-autonomous dynamics. Physics Rep. 2014; 542: 297–

368.

23. Linninger AA, Tsakiris C, Zhu DC, Xenos M, Roycewicz P, Danziger Z, et al. Pulsatile cerebrospinal

fluid dynamics in the human brain. IEEE Trans Biomed Eng. 2005; 52: 557–565. https://doi.org/10.

1109/TBME.2005.844021 PMID: 15825857

24. Bateman GA. Pulse-wave encephalopathy: a comparative study of the hydrodynamics of leukoaraiosis

and normal pressure hydrocephalus. Neuroradiology 2002; 44: 740–748. https://doi.org/10.1007/

s00234-002-0812-0 PMID: 12221445

25. Jolly TA, Bateman GA, Levi CR, Parsons MW, Michie PT, Karayanidis F. Early detection of microstruc-

tural white matter changes associated with arterial pulsatility. Front Hum Neurosci. 2013; 7: 782. https://

doi.org/10.3389/fnhum.2013.00782 PMID: 24302906

26. Shiogai Y, Stefanovska A, McClintock PV. Nonlinear dynamics of cardiovascular ageing. Phys Rep.

2010; 488: 51–110. https://doi.org/10.1016/j.physrep.2009.12.003 PMID: 20396667

27. Shamsuzzaman AS, Gersh BJ, Somers VK. Obstructive sleep apnea: implications for cardiac and vas-

cular disease. JAMA 2003; 290: 1906–14. https://doi.org/10.1001/jama.290.14.1906 PMID: 14532320

28. Hanly PJ, George CF, Millar TW, Kryger MH. Heart rate response to breath-hold, valsalva and Mueller

maneuvers in obstructive sleep apnea. Chest 1989; 95: 735–9. PMID: 2924602

29. Somers VK, Dyken ME, Skinner JL. Autonomic and hemodynamic responses and interactions during

the Mueller maneuver in humans. J Auton Nerv Syst. 1993; 44: 253–9. PMID: 8227959

30. Condos WR Jr, Latham RD, Hoadley SD, Pasipoularides A. Hemodynamics of the Mueller maneuver in

man: right and left heart micromanometry and Doppler echocardiography. Circulation. 1987; 76:1020–

8. PMID: 3664990

31. Reinhard M, Hetzel A, Hinkov V, Lücking CH. Cerebral haemodynamics during the Mueller manoeuvre

in humans. Clin Physiol. 2000; 20:292–303. PMID: 10886262

32. Greitz D, Franck A, Nordell B. On the pulsatile nature of intracranial and spinal CSF-circulation demon-

strated by MR imaging. Acta Radiol. 1993; 34: 321–8. PMID: 8318291

33. Wszedybyl-Winklewska M, Wolf J, Swierblewska E, Kunicka K, Gruszecki M, Guminski W, et al. Pial

artery and subarachnoid width response to apnoea in normal humans. J Hypertens 2015; 33: 1811–7;

discussion 1817–8. https://doi.org/10.1097/HJH.0000000000000613 PMID: 26248322

34. Wszedybyl-Winklewska M, Frydrychowski AF, Michalska BM, Winklewski PJ. Effects of the Valsalva

maneuver on pial artery pulsation and subarachnoid width in healthy adults. Microvasc Res. 2011; 82:

369–73. https://doi.org/10.1016/j.mvr.2011.08.003 PMID: 21871464

35. Beggs CB, Magnano C, Shepherd SJ, Belov P, Ramasamy DP, Hagemeier J, et al. Dirty-Appearing

White Matter in the Brain is Associated with Altered Cerebrospinal Fluid Pulsatility and Hypertension in

Individuals without Neurologic Disease. J Neuroimaging. 2016; 26:136–43. https://doi.org/10.1111/jon.

12249 PMID: 25893376

36. Beggs CB, Magnano C, Shepherd SJ, Marr K, Valnarov V, Hojnacki D, et al. Aqueductal cerebrospinal

fluid pulsatility in healthy individuals is affected by impaired cerebral venous outflow. J Magn Reson

Imaging. 2014; 40:1215–22. https://doi.org/10.1002/jmri.24468 PMID: 24214844

Inspiration and subarachnoid space

PLOS ONE | https://doi.org/10.1371/journal.pone.0179503 June 27, 2017 12 / 13

D
o

w
nl

o
ad

ed
 f

ro
m

 m
o

st
w

ie
d

zy
.p

l

https://doi.org/10.1371/journal.pone.0135751
https://doi.org/10.1371/journal.pone.0135751
http://www.ncbi.nlm.nih.gov/pubmed/26284650
http://www.ncbi.nlm.nih.gov/pubmed/8404098
https://doi.org/10.1172/JCI118235
http://www.ncbi.nlm.nih.gov/pubmed/7560081
http://www.ncbi.nlm.nih.gov/pubmed/10513128
https://doi.org/10.1109/TBME.2005.844021
https://doi.org/10.1109/TBME.2005.844021
http://www.ncbi.nlm.nih.gov/pubmed/15825857
https://doi.org/10.1007/s00234-002-0812-0
https://doi.org/10.1007/s00234-002-0812-0
http://www.ncbi.nlm.nih.gov/pubmed/12221445
https://doi.org/10.3389/fnhum.2013.00782
https://doi.org/10.3389/fnhum.2013.00782
http://www.ncbi.nlm.nih.gov/pubmed/24302906
https://doi.org/10.1016/j.physrep.2009.12.003
http://www.ncbi.nlm.nih.gov/pubmed/20396667
https://doi.org/10.1001/jama.290.14.1906
http://www.ncbi.nlm.nih.gov/pubmed/14532320
http://www.ncbi.nlm.nih.gov/pubmed/2924602
http://www.ncbi.nlm.nih.gov/pubmed/8227959
http://www.ncbi.nlm.nih.gov/pubmed/3664990
http://www.ncbi.nlm.nih.gov/pubmed/10886262
http://www.ncbi.nlm.nih.gov/pubmed/8318291
https://doi.org/10.1097/HJH.0000000000000613
http://www.ncbi.nlm.nih.gov/pubmed/26248322
https://doi.org/10.1016/j.mvr.2011.08.003
http://www.ncbi.nlm.nih.gov/pubmed/21871464
https://doi.org/10.1111/jon.12249
https://doi.org/10.1111/jon.12249
http://www.ncbi.nlm.nih.gov/pubmed/25893376
https://doi.org/10.1002/jmri.24468
http://www.ncbi.nlm.nih.gov/pubmed/24214844
https://doi.org/10.1371/journal.pone.0179503
http://mostwiedzy.pl


37. Frydrychowski AF, Winklewski PJ, Guminski W. Influence of acute jugular vein compression on the

cerebral blood flow velocity, pial artery pulsation and width of subarachnoid space in humans. PLoS

One. 2012; 7:e48245. https://doi.org/10.1371/journal.pone.0048245 PMID: 23110218

38. Magnano C, Schirda C, Weinstock-Guttman B, Wack DS, Lindzen E, Hojnacki D, et al. Cine cerebrospi-

nal fluid imaging in multiple sclerosis. J Magn Reson Imaging. 2012; 36:825–34. https://doi.org/10.

1002/jmri.23730 PMID: 22733409

39. Beggs CB, Magnano C, Belov P, Krawiecki J, Ramasamy DP, Hagemeier J, et al. Internal Jugular Vein

Cross-Sectional Area and Cerebrospinal Fluid Pulsatility in the Aqueduct of Sylvius: A Comparative

Study between Healthy Subjects and Multiple Sclerosis Patients. PLoS One. 2016; 11:e0153960.

https://doi.org/10.1371/journal.pone.0153960 PMID: 27135831

40. Frydrychowski AF, Szarmach A, Czaplewski B, Winklewski PJ. Subarachnoid space: new tricks by an

old dog. PLoS One. 2012; 7:e37529. https://doi.org/10.1371/journal.pone.0037529 PMID: 22701518

41. Wagner BP, Gertsch S, Ammann RA, Pfenninger J. Reproducibility of the blood flow index as noninva-

sive, bedside estimation of cerebral blood flow. Intensive Care Med. 2003; 29: 196–200. https://doi.org/

10.1007/s00134-002-1592-z PMID: 12536267

Inspiration and subarachnoid space

PLOS ONE | https://doi.org/10.1371/journal.pone.0179503 June 27, 2017 13 / 13

D
o

w
nl

o
ad

ed
 f

ro
m

 m
o

st
w

ie
d

zy
.p

l

https://doi.org/10.1371/journal.pone.0048245
http://www.ncbi.nlm.nih.gov/pubmed/23110218
https://doi.org/10.1002/jmri.23730
https://doi.org/10.1002/jmri.23730
http://www.ncbi.nlm.nih.gov/pubmed/22733409
https://doi.org/10.1371/journal.pone.0153960
http://www.ncbi.nlm.nih.gov/pubmed/27135831
https://doi.org/10.1371/journal.pone.0037529
http://www.ncbi.nlm.nih.gov/pubmed/22701518
https://doi.org/10.1007/s00134-002-1592-z
https://doi.org/10.1007/s00134-002-1592-z
http://www.ncbi.nlm.nih.gov/pubmed/12536267
https://doi.org/10.1371/journal.pone.0179503
http://mostwiedzy.pl

