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“-Would you tell me, please, which way I ought to go from here?-, said Alice.

-That depends a good deal on where you want to get to- said the Cat.

-I don’t much care where-, said Alice.

-Then it doesn’t matter which way you go-, said the Cat.

-so long as I get SOMEWHERE,- Alice added as an explanation.

-Oh, you’re sure to do that-, said the Cat, -if you only walk long enough.-”

Lewis Carroll (from Alice in Wonderland)
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Abstract

I have used and developed a practical new platform in the clinics for the non-

invasive estimation of cerebral hemodynamics. The platform combines two diffuse

optical techniques: near-infrared spectroscopy and diffuse correlation spectroscopy.

To study patients at a high risk of cerebrovascular accidents, and those who have

recently suffered an ischemic stroke, several protocols were devised and carried

out. This set of multi-disciplinary studies was performed in close collaboration

with the Stroke Unit and the Sleep Unit at Hospital de la Santa Creu i Sant

Pau (Barcelona, Spain) with the ultimate goal to identify new biomarkers for the

assessment of cerebral autoregulation and cerebral vasoreactivity, and, ultimately,

cerebral well-being.

The bulk of the studies on these patients focused on the investigation of microvas-

cular cerebral physiology in response to a non-invasive and benign challenge, with-

out the need of patient collaboration nor any additional equipment. This challenge

involved an alteration of the patient head-of-bed positioning. Interestingly, the

head-of-bed challenge with the measurement of microvascular cerebral blood flow

has been shown as a potential protocol to tell us about the status of cerebral au-

toregulation in these patients. This in turn was shown to track impairments over

time, and the patients’ response to treatments, and to predict long-term outcome.

Overall, this thesis pushes the limits of the clinical translation of hybrid diffuse

optics, paving the way for new clinical applications at the point-of-care and in the

neurocritical care.





Resum

En aquest treball he utilitzat i desenvolupat una nova plataforma d’ús cĺınic per a

l’estimació no invasiva de l’hemodinàmica de teixits que combina dues tècniques

h́ıbrides d’òptica difusa: l’espectroscòpia de l’infraroig proper i l’espectroscòpia de

correlació difusa.

S’han ideat i dut a terme diferents protocols per estudiar pacients amb un alt risc

d’accidents cerebrovasculars i pacients que han patit recentment un accident cere-

brovascular isquèmic. Aquest conjunt d’estudis multidisciplinars s’han pogut dur a

terme gràcies a l’estreta col·laboració amb la Unitat d’Ictus i la Unitat de Trastorns

Respiratoris del Son de l’Hospital de la Santa Creu i Sant Pau (Barcelona, Es-

panya), amb la finalitat d’identificar nous biomarcadors per a l’avaluació del fun-

cionament de l’autoregulació cerebral i la vasorreactivitat cerebral, i globalment,

del bon funcionament cerebral.

Aquests estudis s’han centrat en la investigació de la fisiologia cerebral microvas-

cular en resposta a un est́ımul no invasiu, sense la necessitat de la col·laboració

dels pacients, ni tampoc de cap material addicional; aquest est́ımul és un simple

canvi de posició de la capçalera del llit. Curiosament, el dit canvi de posició de

la capçalera del llit, juntament amb la mesura del flux sanguini cerebral de la

microvasculatura, han demostrat ser un protocol amb potencial per aportar infor-

mació sobre l’estat de l’autoregulació cerebral. A més a més, a través d’aquest pro-

tocol s’han pogut estudiar l’estat del benestar cerebral al llarg del temps, els can-

vis deguts possiblement al tractament, aix́ı com les correlacions amb el pronòstic

d’aquests pacients.

En resum, aquesta tesi amplia els ĺımits de l’òptica difusa, obrint camı́ a noves

aplicacions cĺıniques en els hospitals.
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Chapter 1

Introduction

“Cogito, ergo sum/I think, therefore I am” [René Descartes (1596-1650)]. Different

human civilizations have realized that the brain distinguishes the homo sapiens

from the rest of the animal species. This complex organ not only lets us cry and

laugh, but also lets us solve difficult algorithms in a unique way. Therefore, with

all the passion my brain can offer, I did my best to characterize this organ by

measuring cerebral hemodynamics using light.

Even though the brain is only 2% of the body weight, it stands for 20% of body

metabolism and 14% of blood flow [1]. This tells us about the relevance of the

proper supply of oxygen and glucose, as the nutrients to sustain this metabolic

demand to this critical organ of our body. For instance, a short interruption of

the cerebral blood flow (CBF) can lead to fainting, while a longer shortage may

lead to more severe and deadly conditions such as ischemic stroke [2–4].

Indeed, CBF is an important biomarker about the cerebral well-being. Nowadays,

different techniques are available for monitoring CBF and the state of the cerebral

autoregulation (CAR; the ability to maintain a constant cerebral blood flow despite

changes in cerebral perfusion pressure) and the cerebral vasoreactivity (CVR; the

response to a stimulus that dilates or contracts the cerebral vasculature). However,

some of them are expensive, their availability is limited in the clinics, others are

invasive or require exposure to ionizing radiation [5, 6].

An optimal technique for monitoring the cerebral hemodynamics that is portable,

non-invasive, continuous, able to measure at the point-of-care, and relatively inex-

pensive is desired and none of the potential candidates are yet clinically accepted.

3
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Transcranial Doppler ultrasound (TCD), with the measurement of the CBF ve-

locity, fulfills many of these requirements. However, arteries cannot be insonated

in part of the population due to the skull anatomy, and the estimation of the

blood flow can be erroneous due to difficulties in estimating the artery diameter

[4]. In the last decade, diffuse correlation spectroscopy (DCS) has been proven

to be a valid non-invasive transcranial optical method for measuring microvas-

cular cortical CBF [5, 7]. It has been validated against other measures of CBF

such as phase contrast-magnetic resonance imaging, arterial-spin labeled-magnetic

resonance imaging, xenon computed-tomography, oxygen-15 water positron emis-

sion tomography, contrast-enhanced time-resolved near-infrared spectroscopy and

TCD [7–15].

In this work, DCS is combined with near-infrared diffuse optical spectroscopy

(NIRS-DOS), a more established technique that uses wavelength-dependent light

attenuation to measure oxy-hemoglobin concentration (HbO2), deoxy-hemoglobin

concentration (Hb), total hemoglobin concentration (THC) and tissue blood oxy-

gen saturation (StO2). Relevantly, prior work has shown that this hybrid DCS/

NIRS-DOS optical monitor is capable of detecting cerebral hemodynamic changes

[7, 16–20].

Diffuse correlation spectroscopy is sensitive to signals from the brain, but also con-

tains scalp and skull contributions [21–23]. However, a brain-to-scalp sensitivity

of 45% is found approximately, which is greater than the 10% sensitivity found

by NIRS-DOS [24]. Overall, even though the measurements contain extracerebral

contributions, we can say that a relevant contribution is due to the brain as shown

by earlier studies [7–11, 24]. Moreover, DCS studies are mainly limited to the

frontal lobes; however, they have been shown to be an important area of measure-

ment for the questions addressed in this thesis when looking, for instance, at the

CVR with other techniques [25].

It is well known that there are different control mechanisms in the reactivity of

the cerebral microcirculation. The main control mechanisms of the CBF are the

CBF changes due to changes on the arterial partial pressure of carbon dioxide,

followed by the cerebral autoregulation mechanisms [26]. Other mechanisms that

exist but that are less studied are the CBF changes due to changes on the arterial

partial pressure of oxygen, and other modulating mechanisms such as neural phe-

nomena or the effect of molecular biomarkers [27, 28]. In this thesis, the individual

effect of the different CBF control mechanisms is not differentiated. Instead, the
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goal of diffuse optics in these studies is to detect relative cerebral hemodynamic

changes caused by different pathological phenomena (such as obstructive apneas)

and challenges (such as head-of-bed position changes, acetazolamide injection and

breath-hold), without going into the details of the ultimate physiological cause re-

sponsible for the changes in the cerebral hemodynamics of the individuals studied.

My PhD is motivated mainly by the application of the above-mentioned diffuse

optical techniques for studies of neurovascular pathologies to obtain new informa-

tion about the cerebral well-being of these patients, with the end goal of enhancing

the efficiency of their management and treatments to improve the outcome. In

order to do this, I have focused on the implementation of the two mentioned dif-

fuse optical techniques, DCS and NIRS-DOS, in order to assess frontal cortical

cerebral microvascular hemodynamics at the point-of-care in the clinics. In this

work, these techniques have been pushed to study different protocols on patients

with risk of stroke, which suffer from obstructive sleep apnea and internal carotid

artery stenosis, and also patients who suffered from a stroke event. Further clar-

ification of the different studies according to their risk of stroke is illustrated in

Figure 1.1.

1.1 Goals and hypotheses

The overall theme of this thesis is the combination of diffuse optical techniques for

the simultaneous, non-invasive and continuous estimation of microvascular cerebral

hemodynamics in several clinical scenarios with the following goals and hypotheses:

• Goal I: Investigation of head-of-bed position changes and the associated

cerebral hemodynamics response in controls and in patients with different

pathologies.

Hypotheses:

1. The blood flow response to an orthostatic challenge in obstructive sleep

apnea patients correlates to the severity of the syndrome. See Chapter

5.

– The blood flow response to an orthostatic challenge in obstructive

sleep apnea patients after long-term treatment is similar to healthy

subjects.
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Figure 1.1: Schematic of the different clinical studies according the degree of risk of
stroke and also to the stroke condition. CBF, cerebral blood flow; THC, total hemoglobin

concentration.

2. The orthostatic challenge can be an alternative protocol to acetazo-

lamide injection and breath-hold index challenges in order to derive a

biomarker of cerebral vasoreactivity in evaluating the effects of internal

artery carotid stenosis. See Chapter 7.

3. The blood flow response to an orthostatic challenge in ischemic stroke

patients correlates with the clinical outcome at three months from the

stroke onset. See Chapter 9.

4. The blood flow response to an orthostatic challenge in ischemic stroke

patients correlates with the mean arterial pressure response to the same

orthostatic challenge. See Chapter 10.
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• Goal II: Monitoring of the microvascular cerebral hemodynamics during ap-

neas and hypopneas during night sleep in obstructive sleep apnea patients.

See Chapter 6.

Hypothesis:

1. Diffuse correlation spectroscopy is able to characterize the microvascu-

lar CBF response to each apnea event with a sufficient contrast-to-noise

ratio to reveal its dynamics.

• Goal III: Enlarging a study of employment of diffuse optics on the emergency

unit for ischemic stroke. See Chapter 8.

Hypotheses:

1. Hybrid diffuse optics can reliably be employed in the emergency unit

environment and utilized during treatment and intensive care.

2. Hybrid diffuse optics show a change during to the restoration of the

microvascular cerebral hemodynamics due to the recanalization therapy

after ischemic stroke.

• Goal IV: Investigation on unexpected periodic changes of cerebral hemody-

namics in acute ichemic stroke patients. See Chapter 11.

Hypothesis:

1. The unexpected cerebral hemodynamic fluctuations are associated to

apneic and hypopneic event.

1.2 Thesis outline

This thesis is organized in four parts. The first part aims to give a general under-

standing of diffuse optics. The second part aims to present the experimental setup

that was designed, built and/or used in the third part, which contains the different

in-vivo studies performed. Finally, the fourth part summarizes and concludes this

work.

Chapter 3 focuses on the basis of light transport in biological tissues, presents the

photon diffusion equation, the correlation diffusion equation and also their solu-

tions for a semi-infinite geometry. These have been used to model the experimental
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results in the measurements presented in this work. The optical instrumentation

used in this work is presented in Chapter 4. It also contains my contributions to

the design of a compact, next generation, instrumentation to be used in the future

studies.

Chapter 5 presents in-vivo data focusing on CBF after a head-of-bed orthostatic

challenge on severe obstructive sleep apnea patients before and after long-term

treatment. Also, considering the patients recruited with the highest degree of

severity, Chapter 6 shows polysomnographic and diffuse optical results from night

sleep measurements in this cohort. Understanding the microvascular cerebral

hemodynamics of these patients may help us to understand the alteration on the

CAR that they suffer and its link to their risk of stroke (Figure 1.1).

Chapter 7 presents in-vivo data focusing on CBF and cerebral blood flow velocity

on internal carotid artery stenosis patients in order to compare the existing aceta-

zolamide injection and breath-hold index challenges to the head-of-bed orthostatic

challenge. And also, to compare DCS versus the existing TCD technique used for

checking an alternative biomarker to the cerebral vasoreactivity and autoregulation

of these patients in the clinics. Similarly to OSA patients, these are also patients

with a high risk of stroke (depicted in Figure 1.1), and cerebral hemodynamics

may add clinical information to be related to this risk.

Chapter 8 presents in-vivo data focusing on CBF, total hemoglobin, and oxy- and

deoxy-hemoglobin concentration changes on ischemic stroke patients during the

time window for treatment on the first 4.5 hours after stroke onset. Continuous

data from the emergency unit during the crucial recanalization theraphy is pre-

sented, opening the door towards the potential application of diffuse optics in real

time monitoring of the recanalization.

Chapter 9 presents in-vivo data focusing on CBF on ischemic stroke patients after

a head-of-bed orthostatic challenge in order to seek for an easy-to-do biomarker

test related to the cerebral well-being of these patients during the first days after

stroke. Associations between these results with outcome of stroke and other clinical

variables are tested. Furthermore, this data is aggregated to two other datasets of

different studies to further study the head-of-bed challenge in Chapter 10.

Finally, Chapter 11 presents in-vivo data focusing on continuous CBF, heart rate,

arterial oxygen saturation and other respiratory parameters on acute ischemic

stroke patients with possible breathing disorders. If apneas and hypopneas provoke
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the cerebral microvasculature parameters to fluctuate during the first days after

stroke, this could be detrimental for these patients where cerebral perfusion is

aimed to be maximized.

In the last Chapter, the final conclusions are drawn.





Chapter 2

Cerebral blood flow regulation

2.1 Primary mechanisms involved in the cere-

bral blood flow regulation

The brain is one of the most complex organs of our body. It is also a very delicate

organ. For example, even a brief (minutes) period of lack of sufficient oxygen to

a specific part of the brain (e.g. such as during an ischemic stroke) may cause an

irreversible damage. In order to protect the brain, and of particular interest to this

work, there are complex mechanisms to regulate cerebral blood flow (CBF), which

are primary mechanism to supply oxygen and other nutrients. In other words, the

body aims to keep CBF constant in response to different challenges or to increase

it sufficiently to meet increasing demands. The impairment of cerebral blood flow

regulation of the cerebrovascular bed is quite common in several pathologies such

as the acute phase of the severe traumatic brain injury, ischemic stroke or in other

cerebrovascular diseases [4, 26]. These abnormalities are hard to characterize in

the clinic -one of the motivations of this thesis work- but are hypothesized to play

an important role in the physiopathology of these entities. A better understanding

of and the ability to routinely evaluate the cerebral blood flow regulation of these

patients could improve the diagnosis and management of these pathologies.

The level of CBF sets the amount of oxygen and nutrients to the brain and it

is mediated by different mechanisms involved in the CBF control and regulation.

Two mechanisms of interest in this work are the metabolic regulation response and

the myogenic response. The metabolic regulation response consists on setting the

11
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adequate level of CBF in order to regulate the oxygen demand of the brain dynam-

ically, locally or globally. The myogenic response of the cerebrovascular bed refers

to the response of the vasculature to changes in cerebral perfusion pressure, which

is defined as the cerebral autoregulation (CAR) (see Figure 2.1). Additionally,

the vessels will dilate or contract to maintain a constant CBF in response to a va-

sodilatory stimulus, this is due to cerebral vasoreactivity (CVR). The CVR is not

only used in the myogenic response, but also it is one of the end-point regulatory

mechanisms for the metabolic response. [4, 29, 30] In general, CVR is defined as

the response to a stimulus (changes in cerebral perfusion pressure (CPP), changes

in arterial partial pressure of carbon dioxide (pCO2), acetazolamide injection, etc.)

that dilates or contracts the cerebral vasculature [4].

2.2 Cerebral autoregulation

Nowadays, it is accepted that, in non-pathological conditions, the steady-state

CBF is kept constant between two values of CPP, which is the difference between

the arterial pressure and the intracranial pressure, even when the CPP may vary

[4]. In this work, a non-invasive, easy-to-perform and mild challenge consisting on

changing the head-of-bed (HOB) position has been studied under many conditions.

This orthostatic challenge could be a biomarker related to CAR. This challenge is

tackled in Chapters 5, 7, 9 and 10.

2.3 Secondary cerebral vasoreactivity to changes

on the arterial partial pressure of carbon

dioxide

The most common stimulus that is known to be a very potent driver of CVR is

carbon dioxide. The pCO2 provokes a strong vasodilatory response when increased

(i.e. during a hypercapnia) and the reverse, a vasoconstriction, when reduced (i.e.

during a hypocapnia). Several authors have established that in baseline pCO2

values of 40 mmHg, the vascular response to a change of 1 mmHg in pCO2 is

about 2-4 % in CBF (albeit with some variations with some authors suggesting

even larger changes)[27, 32, 33]. While we do not explicitly induce pCO2 changes
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Figure 2.1: Diagram of cerebral autoregulation. The change in the vascular diameter
in response to changes in cerebral perfusion pressure is the main mechanism that guides

cerebral autoregulation to keep a constant cerebral blood [30, 31].

in this thesis, some of the conditions that we have investigated may have been

driven by those, e.g. those in Chapters 6, 7 and 11.

2.4 Study of the cerebral vasodilatory reservoir

through acetazolamide injection

The most common stimulus to study the well-being/reservoir of the CVR in our

hospital settings (Hospital de la Santa Creu i Sant Pau, Spain) is acetazolamide.

Acetazolamide (ACZ) is another chemical stimulator which is injected to measure

the maximal vasodilation capacity [34, 35]. ACZ is a selective inhibitor of the

enzyme carbonic anhydrase (EC 4.2.1.1). Figure 2.2 shows a cerebral blood flow

change through the ACZ vasoreactivity stimulus measured with diffuse correlation

spectroscopy. This stimulus has been used to test the CVR as shown in Chapters

5 and 7.
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Figure 2.2: Microvascular cerebral blood flow response to acetazolamide injection as
a vasoreactivity stimulus. This is a representative result of one patient from the study

described in Chapter 7. The gray area indicates the duration of the injection.



Chapter 3

Theoretical background

3.1 Diffuse light in tissues

In the prehistorical times light became an important tool for the daily survival.

Our ancestors used the light of the fire to get warm during the cold days, to cook

the raw meat, to enable their eyes to see what was happening around them, etc.

Nowadays, more and more applications with light are found to improve our lives

due to its unique properties. For the purpose of this thesis, two main physical

processes of light are considered: absorption and scattering. Regarding the first

concept, light is absorbed (decreases intensity) when its wavelength coincides with

a material resonance. About the second, light is scattered, in general terms, when

is forced to deviate from a straight trajectory. Both concepts are wavelength

dependent.

The propagation of the photons in tissues in our range of interest (650-950 nm)

is mainly affected by scattering but also by absorption. In order to understand

this propagation, there are some concepts that are important to understand: the

scattering length is the average distance a photon needs to travel before it scatters

and its reciprocal is named scattering coefficient (µs). The transport mean-free

path (`tr) is the average distance a photon needs to travel before their direction

is randomized, and its approximated reciprocal is called the reduced scattering

coefficient (µ′s), defined by µ′s ≡ (1− g)µs, where g ≡ 〈cos(ϕ)〉 (ϕ is the scattering

angle); the closer g is to unity, the more probable it is for a photon to be scattered

in the forward direction. Finally, the absorption length is the average distance

traveled by a photon before it is absorbed and its reciprocal is the absorption

15
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coefficient (µa). The presented coefficients µs, µ
′
s and µa are depicted in Figure

3.1, where common light-tissue interactions processes are shown.
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Figure 3.1: Schematic of main light-tissue (i.e. biological tissue) interaction processes
of interest. Photons in a turbid medium interact with scatterers (red circles) or ab-
sorbers (black circles). µa, absorption coefficient; µs, scattering coefficient; µ′s, reduced

scattering coefficient; n, index of refraction.

The validity of the model used to explain how the light diffuses in tissues lies on

the fulfillment of several properties. One of these properties is that radiance needs

to be nearly isotropic. This condition is fulfilled when (1) µ′s � µa and (2) the

distances traveled by photons within the medium are large relative to `tr. Other

assumptions are to have an isotropic source and slow temporal flux variations [36].

With all these mentioned assumptions, we can describe the photon fluence rate

(Φ) by the photon diffusion equation [37, 38]:

∇ · (D(ρ)∇Φ(ρ, t))− νµa(ρ)Φ(ρ, t)− ∂Φ(ρ, t)

∂t
= −νS(rs − ρ, t) (3.1)

In equation 3.1, ν is the speed of light in the medium (cm/s), D(ρ) =
ν

3(µa(ρ) + µ′s(ρ))
is the photon diffusion coefficient (cm2/s) at position ρ, U(ρ, t) is the photon flu-

ence rate (Wcm−2) at position ρ and time t, S(ρ, t) is the source term (Wcm−3))

and rs is the source position.
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3.1.1 Three main source types

Different source types can be used to study medium properties (i.e. the absorption

(µa) and the reduced scattering coefficient (µ′s)) using near-infrared light (650 -

950 nm). Each source type is used in a different near-infrared method, which

provides different levels of information. The three different types of sources and

methods of interest in this work for diffuse optics are illustrated in Figure 3.2.
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Figure 3.2: Three different types of sources and methods used in diffuse optics in:
[Left] continuous-wave near-infrared spectroscopy (CW NIRS-DOS), [middle] frequency-
domain near-infrared spectroscopy (FD NIRS-DOS) and [right] time-resolved near-
infrared spectroscopy (TRS NIRS-DOS). The incident light is depicted in green and

the detected light out from the tissue is depicted in red.

Continuous-wave near-infrared spectroscopy (CW NIRS-DOS) is the simplest and

cheapest method that measures the intensity drop at a specific distance (ρ) from

the source. Ainput is the intensity of the incident light injected into the tissue, it

is attenuated by the medium. The Aoutput is the detected attenuated intensity.

CW NIRS-DOS can provide absolute µa and µ′s values with the least information

content per source-detector pair [39, 40] compared to the following spectroscopy

techniques.

If the light source is sinusoidally modulated in intensity (∼100 MHz), not only

the attenuation of the light is measured to derive the optical properties, but also

the phase shift (∇θ) between the incident and detected light introduced in the

diffusive medium is measured. This technique is called frequency-domain near-

infrared spectroscopy (FD NIRS-DOS) [41–44].

The third technique to list is the time-resolved near-infrared spectroscopy (TRS

NIRS-DOS). TRS NIRS-DOS sends a narrow pulse (∼ ps) to the tissue, which

broadens in time due to multiple scattering events inside the tissue. These time

domain measurements use the distribution of photon travel times to derive the

absolute values of µa and µ′s [45–49] with the most information content per source-

detector pair among the other presented methods.
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3.1.2 Diffuse photon density waves

This section focuses on the particular case when the light source is sinusoidally

modulated at ∼100 MHz (it is called frequency-domain, as presented previously)

in the near-infrared spectra (650 - 950 nm).

When a source S in a turbid medium is intensity modulated (with components Sdc

-the mean offset- and Sac -the amplitude fluctuated of the dc-, where S(rs−ρ, t) =

Sdc(rs − ρ) + Sac(rs − ρ)eiwt), and the photon fluence rate oscillating at the same

angular frequency is selected, the ac contribution obtained has this general form:

φac(ρ, t) = U(ρ)eiwt (3.2)

where ω is the laser/source modulation frequency.

This traveling disturbance of the light energy density is called a diffuse photon

density wave [44, 50].

Combining equation 3.2 and the diffusion equation (equation 3.1), we obtain:

∇ · (D(ρ)∇U(ρ))− (νµa(ρ)− iw)U(ρ) = −νSac(ρ) (3.3)

Since, for this work, the medium (i.e. the brain) is approximated to be homoge-

neous, then, the equation 3.3 simplifies to [5]:

(∇2 − k2)U(ρ) = − ν
D
Sac(ρ) (3.4)

Solving the previous equation 3.4, the photon fluence rate of diffuse photon density

waves (DPDWs) in the frequency-domain in an infinite geometry is [5]:

U(ρ) =
νSac

4πDρ
e−kρ (3.5)

where, ρ = |ρ|, k is a complex wavevector k = kr + iki, and kr and ki are:

kr = (
νµa
2D

)1/2[(1 + [
w

νµa
]2)1/2 + 1]1/2 (3.6)
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ki = −(
νµa
2D

)1/2[(1 + [
w

νµa
]2)1/2 − 1]1/2 (3.7)

From equations 3.6 and 3.7 it can be noted that the DPDW wavelength is related

to the absorption coefficient (µa) of the medium, and it is inversely related to the

reduced scattering coefficient (µ′s), to the ratio of index of refraction to the outside

(nair, in this study) and to the modulation frequency (w). Consequently, when

DPDW propagates in the medium, its amplitude decreases due to absorption and

its phase increases due to multiple scattering; where these mentioned decreases

and increases depend on the properties of the medium. Moreover, DPDWs have

been demonstrated to exhibit not only absorption and scattering, but also sev-

eral familiar wave-like properties including diffraction, refraction, interference and

dispersion [50–52].

3.1.3 Solving the diffusion equation

In order to solve the diffusion equation the brain is approximated to a planar

interface (i.e., the forehead), where a semi-infinite turbid tissue (i.e., the brain)

is bounded in the other half-space by air. Cylindrical symmetry will be used to

specify position, i.e., ρ = (ρ, z).

Also, the method of images is used in the process of solving the diffusion equa-

tion. This method consists on using an extrapolated zero boundary condition by

introducing a negative image point source at zs = (2zb + ltr) as shown in Figure

3.3. For this method, the fluence rate curve is approximated by its tangent line

at z = 0, and the photon fluence rate is approximated to be equal to zero (φ = 0

intercept of this curve is found at z = -zb).

Then, the Green’s function for a semi-infinite geometry is used to find the following

Green’s function solution of the diffusion equation:

G([ρ, z]) =
1

4π
[
e−kr1

r1
− e−krb

rb
] (3.8)

r1 =
√
ρ2 − (z − ltr)2

rb =
√
ρ2 + (ltr + z + 2zb)2
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Figure 3.3: In the extrapolated zero boundary condition described here, the isotropic
nature of the source is modeled for a semi-infinite geometry by an isotropic light source
at z = ltr inside the tissue medium (refractive index ntissue) and a negative isotropic
image source at z=-2zb-ltr above the medium (refractive index ntissue). The source-
detector distance (ρ) is located at the medium interface (z=0). Illustration inspired by

[53].

zb = 2ltr
1 +Reff

1−Reff
, it is the extrapolated zero boundary distance perpendicular to

the boundary.

Reff =
−1.440

n2
+

0.710

n
+0.668+0.00636n; it is the approximated effective reflection

coefficient to account for the index mismatch between tissue and air, where n

=
ntissue
nair

, it is the ratio of the index of refraction of inside and outside media

(corresponding to air, in general).

k =

√
νµa − iw

D

If the approximation ρ � (ltr + 2zb) is fulfilled, the photon fluence rate can be

fitted (equation 3.8) and the exact solution found at z=0 is:

U(ρ) ≈ A0e
−krρ

ρ2
(ei(−kiρ+θ0)) = A(ρ)eiθ(ρ) (3.9)

Where ln(ρ2A(ρ)) and θ(ρ) depend linearly on ρ:

ln(ρ2A(ρ)) = krρ+ lnA0 (3.10)
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θ(ρ) = −kiρ+ θ0 (3.11)

Since the absolute value of the photon fluence rate corresponds to the amplitude

and the angle contribution corresponds to the detected phase, then, µa and µ′s

can be calculated with the equations 3.10 and 3.11 after measuring amplitude and

phase by FD NIRS-DOS.

Even though FD NIRS-DOS was part of the optical platform, the studies that

have utilized it and their analysis have not made it into this dissertation.

3.1.4 Tissue chromophore concentrations

In diffuse optics the light of interest is the near-infrared light (650 - 950 nm), and

the primary tissue chromophores within biological tissue are deoxy-hemoglobin,

oxy-hemoglobin, water and lipids concentrations.

The tissue absorption depends directly on the concentration of tissue chromophores

in the following way:

µa(λ) =
N∑
i

εi(λ)ci (3.12)

Where εi(λ) (cm2/mol) is the wavelength-dependent extinction coefficient of each

chromophore for absorption obtained from the literature [54] (εi,absorption = e ·
εi,absorbance), ci (mol/cm3) is the concentration of each chromophore, and N is

the total number of chromophores that are summed. As a note, in general, the

literature refers to the concept of absorbance, instead of the concept of absorption,

where absorbance is defined as:

Absorbance = − ln
A(rd, t)

A(rd, t = 0)
· 1

ρ
(3.13)

where A(rd,t) is the photon fluence rate amplitude at a time t and a rd position

of the detector.

Using equation 3.12, deoxy-hemoglobin concentration (Hb) and oxy-hemoglobin

concentration (HbO2) can be calculated using the well-known spectra (Figure 3.4)
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of these molecules [55]. From these concentrations, two important biomarkers in

medicine [56] can be found; the total hemoglobin concentration (THC) and the

tissue blood oxygen saturation (StO2).

700 800 9000

0.1
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0.3

Wavelength (nm)

µ a
(c

m
−1

)

Deoxy-hemoglobin

Water

Oxy-hemoglobin
Lipid

Figure 3.4: Absorption spectra of major tissue chromophores over the so-called “phys-
iological window” in the near-infrared (650 - 950 nm) where water and hemoglobin
concentration absorption are relatively low. Light can penetrate several centimeters in

the tissue in this part of the spectrum.

Where THC is calculated by:

THC = HbO2 +Hb. (3.14)

and StO2 is calculated by:

StO2 =
HbO2

HbO2 +Hb
100 (3.15)

3.1.4.1 The differential pathlength approach

In some contexts/studies, the temporal variation of quantities such as oxy-hemoglobin

and deoxy-hemoglobin concentrations, respect to a defined perturbation, provide

valuable information; so, absolute values are not required. In these cases, a sim-

ple differential pathlength method can be used to calculate oxy-hemoglobin and

deoxy-hemoglobin concentration changes considering only the intensity of the de-

tected light.

This method relates temporal changes in the optical density (OD), OD = ln(10)·
Absorbance · ρ = -ln(A(rd, t)/A(rd)), to changes in chromophore concentrations
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[57–59]. Where, A(d,t) corresponds to the photon fluence rate amplitude at a time

t and a rd position of the detector.

After truncating the Taylor series expansion of the optical density for a given

source-detector separation ρ to the first order in µa and µ′s, a modified Beer-

Lambert law can be approximated:

∆OD(λ, t) ≈
∑
i

(εi(λ)∆ci(t))DPF (λ)ρ (3.16)

Here, the differential pathlength factor (DPF), which is the mean pathlength trav-

eled by photons between reference and output detectors, is obtained from the

literature [54].

The DPF approach has been used in part of this work presented in this thesis in

data collected from a CW NIRS-DOS device.

3.2 Diffuse correlation spectroscopy

Diffuse correlation spectroscopy (DCS) measures the temporal speckle fluctuations

of the scattered light and it is sensitive to the motions of the main moving scatterers

in the tissue, the red blood cells [5, 7, 8, 60]. But, first of all, what is this concept

that DCS measures?

3.2.1 Speckle concept

A surface is typically rough in the wavelength scale, and, when coherent light

shines on it, it scatters at different points and generates a granular pattern [61],

a visible interference pattern called speckle pattern. Similarly, when coherent

laser light travels through diffuse media composed by particles in suspension like

biological tissues, light is scattered by the different particles at random directions

and interferes constructively and destructively creating the speckle pattern.

The bright spots (constructive interference) correspond to positions in space in

which the scattered light from the surface or by some particles inside the medium

arrives in phase. On the other hand, the dark spots correspond to positions where
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destructive interference takes place because the scattered light arrives out of phase,

as it is depicted in Figure 3.5.
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Figure 3.5: Schematic of an example of generation of speckles. Illustration inspired
by [62].

Moreover, if some of the scattering particles are in movement, the scattered elec-

trical wave arrives with a different optical phase to a point X, modifying the

interference pattern.

As mentioned, in tissue, the main moving scatterers are the red blood cells. DCS

technique measures the variation over time of a single speckle attributed to red

blood cells motion and by means of some statistical functions further introduced,

these temporal speckle fluctuations have been found to be proportional to the

microvascular blood flow [63–66].

Other than presenting the concept of a speckle, it is also relevant to introduce

two main regimes for defining DCS. These two regimes are dependent on whether

photons experiment a single scattering event or whether they propagate into the

medium through multiple scattering events.

3.2.2 Dynamic light single scattering

The dynamic light scattering technique measures the motions of the scatterers.

If long coherence light is shone onto a solution with diluted particles, each single
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particle develops a dipole which emits scattered light in an isotropical way. Since

all particles in a liquid are in motion, the phases of the dipole electromagnetic

fields fluctuate. [67–69]

The randomly distributed particles will create random differences in the optical

pathlengths that will create interference patterns. But only the constructive in-

terferences will be observed in the detector as bright spots.

Relevantly, one can measure these bright spots by a fixed detector, as it is shown in

Figure 3.6. From these measured intensity fluctuations, the normalized intensity

temporal autocorrelation function can be calculated (g2):

g2(ρ, τ, t) ≡
〈I(ρ, t)I(ρ, t+ τ)〉

〈I(t)〉2
(3.17)

where τ is the delay time.
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speckle pattern
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Avalanche
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Long 
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Figure 3.6: Schematic of a single scattering experiment. The scattered light is collected
in a detector placed at an angle ϕ respect to the incident laser light beam.

These intensity fluctuations can be measured, as mentioned, but we cannot mea-

sure the full electromagnetic fields. Instead, we can model the normalized electric

field autocorrelation function (g1) as [5, 70, 71]:

g1(ρ, τ, t) ≡
〈E∗(t) · E(t+ τ)〉
〈|E(t)|2〉

= e

i2πτ

λ e

−q2〈∆r2(τ)〉
6 (3.18)
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λ is the wavelength in the medium of the incident light, q is the scattered wavevec-

tor representing the difference between output (kout) and input (kin) wavevectors,

〈∆r2(τ)〉 is the mean-square particle displacement in time τ , and brackets 〈 〉
represent ensemble averages.

Since, as mentioned, the modeling is done for the electric field autocorrelation

function, a link between g1 and g2 is needed to relate the measured intensity fluc-

tuations to the electromagnetic fields generated. This link is the Siegert relation

[71]:

g2(τ) = 1 + β|g1(τ)|2, (3.19)

β is a constant determined primarily by the source and the collection of optics of

the experiment [71], thus β can be measured from experimental data from the g2

when τ is near to zero.

Some recent advances on diffuse optics have enabled to measure g1 directly with-

out relying on the Siegert relation from the simultaneous measurement of multiple

speckles, and to be able to measure not only the blood blow index, but also

scattering and absorption at the same time [72, 73]. This technique is called inter-

ference diffuse correlation spectroscopy/interference diffusing wave spectroscopy.

However, so far, it has different drawbacks with respect to DCS, including worse

signal-to-noise ratio, complex source and detector requirements, and comes at a

higher cost. Further work my enable its introduction to clinical research.

3.2.3 Dynamic light multiple scattering

However, photons may experience many scattering events before they exit a turbid

media (such as tissue) in the near-infrared spectra (650 - 950 nm), as it is shown

in Figure 3.7.

DCS is based on pioneering work on diffusing wave spectroscopy (DWS) [65, 74,

75], which is based on the same physics as DCS but did not employ the correlation

transport theory or the correlation diffusion approximation to it, which has been

critical for the introduction of DCS for biomedical use [5, 63, 64].
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Figure 3.7: Schematic of the photon path during multiscattering events in the reflection
geometry. The photons reach the detector after experiencing multiple scattering events.

In practice, and relevant to this work, it has been found that the Brownian mo-

tion, 〈∆r2(τ)〉 = 6Db τ , fits the observed correlation decay curves in the detector

in the tissue (i.e. in the brain) [12, 15, 17, 76–79]; where Db is the effective dif-

fusion coefficient. But Db is of orders of magnitude larger than the traditional

thermal Brownian diffusion coefficient of red blood cells [80]. Relevantly, it has

been demonstrated in several DCS measurements that the fitted parameter αDb,

where α represents the fraction of photon scattering events that occur from moving

particles in the medium, correlates well with blood flow values measured by other

modalities [12, 13, 15–17, 76–78, 81–85]. This parameter αDb has been defined as

the blood flow index (BFI). The BFI is not a measure of absolute blood flow, but

its relative change has been shown to be a measure of relative change in blood

flow. Interestingly, a last study [86] provides experimental evidence that BFI is

mainly sensitive to the shear-induced diffusion of red blood cells, proving right the

validity of our diffusion model as a measure of blood blow.

Finally, in order to find the desired BFI (in order to fit for αDb), equations 3.17

and 3.19 are used together with the Green’s function solution of the correlation

diffusion equation for semi-infinite boundary conditions (as brain has been approx-

imated to) [5], G1:

G1(ρ, τ) =
3µ′s
4π

[
e−K(τ)r1

r1
− e−K(τ)rb

rb
] (3.20)
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With

K(τ) =
√

3µaµ′s + 6µ′s
2κ2αDbτ (3.21)

κ is the wave-number of light in the medium =
2π

λ
.
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Chapter 4

Diffuse optical instrumentation

In the previous chapter, the different techniques used in this work have been

presented. These are diffuse correlation spectroscopy (DCS), which is an emerg-

ing technique that can measure microvascular blood flow; and continuous-wave

near-infrared spectroscopy (CW NIRS-DOS). This chapter aims to present the

instrumentation used in the different in vivo studies, and also, to present the

instrumentation designed and built for improving the setup of future studies. De-

pending on the characteristics of the experimental design and protocol, the DCS

module (Chapters 5, 9, 10, 6, 7 and 11), or the combination of DCS and CW

NIRS-DOS (Chapter 8) have been used in the different clinical studies.

4.1 The diffuse optical multidevice used in our

studies

The portable cart present in the clinics (Figure 4.1) includes these mentioned

techniques. This allows us to be flexible when running different protocols during

the same period of time. In order to achieve this flexibility, hardware and software

have been modified to easily choose the desired combination of techniques.

31
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4.1.1 Diffuse correlation spectroscopy

The main components of the DCS consist of two lasers (for bilateral illumination),

two units (for bilateral collection of light) of four detectors, a correlator, and a

custom made data acquisition card as shown in Figure 4.1.

  

Frequency-
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spectroscopy/
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wave
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Data
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Figure 4.1: The diffuse optical multidevice (front view (left) and lateral view (right))
present in the clinics. On the top of the cart, a module including diffuse correlation
spectroscopy (DCS) and a continuous-wave near-infrared spectroscopy (CW NIRS-DOS)
device can be found. Inside the cart, a commercial frequency-domain near-infrared
spectroscopy (FD NIRS-DOS) device that can work independently or together with the
previous module is found. All techniques are controlled by a single computer. The
spectroscopy techniques are labeled in black, and the main components of each device

are labeled in grey.

The DCS lasers are mode-hope free, long-coherence-length (>15 m), continuous-

wave, solid state lasers at 785 nm (DL785-120-SO, 120 mw, CrystaLaser, Reno,

USA). The long-coherence-length fulfills the need to be longer than the spread

of the pathlength distribution of the photon trajectories through tissue. Apart

from being within the physiological window, this wavelength of 785 nm is close

to the isosbestic point (the wavelength at which Hb and HbO2 spectra cross each

other), thus we are less sensitive to the differences in the variation of both Hb

and HbO2 measured with NIRS-DOS. The laser light is delivered to the tissue

through a multimode fiber with a core diameter of ∼ 200 µm (numerical aperture
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of 0.22). Even though the lasers used are longitudinal and transverse mode lasers,

light scatters within the tissue creating an interference pattern; considering this

and also taking into account that multi-mode fibers have been used to deliver

the light into the tissue, the incoming light at the detector no longer has a single

mode. However, by using a single-mode optic fiber in the detection path, a single

mode can be sensed in the detector. DCS uses two bundles of four-single mode

fibers (one bundle for each cerebral hemisphere, and one single mode fiber for each

single detector) of ∼ 5 µm core diameters, embedded together with the mentioned

multimode fiber in different home-made or custom made probes that are adapted

to each different protocol. For this work, in general, a source-detector separation

of 2.5 cm has been used, which has been found to be a good compromise and was

validated in numerous studies [7, 8, 24]. The probes for each clinical study are

presented in the incoming chapters.

Two units of four-single photon counting avalanche photodiodes are used as de-

tectors (SPCM-AQRH-14-FC, Perkin Elmer, Waltham, USA), one unit for each

cerebral hemisphere. As mentioned, only single modes will arrive at the detec-

tor. Because of this, a big sensing area does not add a relevant benefit, instead,

quantum efficiency influences the light detection. For these reasons mentioned,

single photon counting avalanche photodiodes are used in the detection system,

which are avalanche photodiodes that work in the Geiger Mode and incorporate

the electronics to transform the photocurrent into digital pulses. In this work, four

single-mode fibers (each one connected to one single detector) are embedded in one

probe to maximize the signal-to-noise ratio of a single measurement location. As

mentioned, a total of two probes are used for considering bilateral measurements.

The final transistor-transistor logic (TTL) signal generated by these detectors,

every time that a photon is detected, is sent to a digital correlator (Flex05-8 ch,

Correlator.com, Bridgewater, USA).

The normalized intensity temporal autocorrelation functions (g2) (Section 3.2.2 in

Chapter 3) are calculated in real-time by the digital correlator for each detector

channel. Once the acquisition time has passed, the calculated g2 is saved by the

software on a text file and a new measurement starts. The acquisition time has

been chosen to be from 1 to 3 seconds depending on the study and/or on the

subject in order to obtain an acceptable signal-to-noise ratio. All components

are controlled by an adapted Visual Basic software through a custom made data
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acquisition card that basically sends and receives TTL signals to allow or cease

the activity of the different electronic components.

4.1.2 Continuous-wave near-infrared spectroscopy

The main components of the CW NIRS-DOS are two lasers, two units of the same

four-array of detectors shared with DCS, and a custom made data acquisition card

also shared with DCS.

The two lasers are diode lasers of 690 and 830 nm of wavelength (∼50 mW) from

the company OZ Optics (Ottawa, Canada), driven by a laser driver board and the

temperature controller board developed by the Electronical Workshop at ICFO.

The laser light of these two lasers is delivered in turns (by a laser switch (FSM-1X9,

Piezosystem Jena GmbH, Jena, Germany)) to the tissue through a multimode fiber

with a core diameter of ∼ 400 µm (numerical aperture of 0.22). For simplicity of

the setup and in expense of the signal-to-noise ratio, the same single-mode detector

fibers used for DCS are also used for the CW NIRS-DOS in this device for light

collection, as well as the same single photon counting avalanche photodiodes are

used as detectors (SPCM-AQRH-14-FC, Perkin Elmer), again, with one channel

for each single mode fiber and four channels for each cerebral hemisphere. These

fibers have been embedded together with the DCS source fibers in different home-

made or custom made probes depending on the study. Again, the TTL signals

generated are sent to the digital correlator, and the number of counts per second

measured are saved on a text file.

4.1.3 Frequency-domain near-infrared spectroscopy

A commercial FD NIRS-DOS spectrometer (Imagent, ISS, Champaign, USA) has

also been used in our clinical studies. The unit is customized to be able to use a

maximum of fifteen laser sources at three different wavelengths, which are intensity

modulated at 110 MHz. Two photo multipliers, one for each cerebral hemisphere,

are used to collect the light in the reflection geometry. The minimum acquisition

time for the FD NIRS-DOS is 0.1 seconds; however, in the studies performed

(not presented in this thesis), it was always combined with DCS and the final

acquisition time was in the order of seconds. Input and output TTL signals have

been custom added in order to control the device through the Visual Basic DCS
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software, which allows FD NIRS-DOS and DCS to run in turns or at the same

time.

4.2 A new compact diffuse optical hybrid device

The combination of the previous units provides not only continuous CBF, but

also continuous Hb and HbO2 absolute values or relative changes. However, the

combination of the DCS with the mentioned CW NIRS-DOS or FD NIRS-DOS

units has one simple but significant problem: the size. These combinations cannot

fit in the crowded-with-gadgets emergency unit of the hospital. Because of this,

a new compact device (as shown in Figure 4.2) has been designed and built with

the help of the students Maria Garcia and Xavier Casas. The device is divided in

two main parts, which are an enclosure and a stand set on top of it. The stand

includes free-rotating wheels to allow the total mobility of the entire device, each

one with its corresponding brake, and also a fiber holder. The height has been set

in order to have the suitable distance at which to work with the computer.

Besides its (relative) compactness, another particularity of this device is that data

from both hemispheres of the brain can be recorded simultaneously and, this data

is analyzed on real-time by a new Java based software (work of Ameer Ghouse)

allowing the blood flow index to be shown on the screen on real time for each

hemisphere separately.

The main components that conform this device have already been described pre-

viously (Section 4.1). Moreover, further electronic components are also presented

in this section.

The compact device contains six continuous wave lasers of three different wave-

lenghts: two units at 785 nm for the DCS technique (DL785-070-SO, 70 mW,

CrystaLaser, Reno, USA), and two custom made units at 690 nm (∼50 mW)

and two at 830 nm (∼50 mW) (custom made by the Electronical Workshop at

ICFO, by using laser diodes from OZ Optics, Ottawa, Canada) for the CW NIRS-

DOS technique. All six lasers are computer controlled by a data acquisition card

(DAQ; USB-6341 National Instruments DAQ, Austin, USA). Moreover, for safety

reasons, a control board mediates the TTL signals from the DAQ to the lasers

and it also monitors six (one for each laser) bicolour light-emitting diodes (LEDs;

as explained in Section 4.2.1). The different lasers of different wavelengths work
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Figure 4.2: The new compact diffuse optical hybrid device. The enclosure contains
the six lasers, the two modules with two units of four detectors each, the correlator, the
control board and the data acquisition card. The stand contains the isolation trans-
former, the power box and the uninterruptible power supply. DCS, diffuse correlation

spectroscopy; CW NIRS-DOS, continuous-wave near-infrared spectroscopy.

in turns, while the two lasers with the same wavelength can be shone bilaterally.

Further clarification of the protocol for the operation of the lasers for each tech-

nique is shown in Figure 4.3. Due to TTL communication signals, the minimum

acquisition time is six seconds even though nine seconds was used for the first tests,

including the three different laser wavelengths present in the device. During the

acquisition time, the TTL signals sensed in the detectors are sent to the correlator

(Flex05-8 ch, Correlator.com, Bridgewater, USA), which provides the normalized

intensity auto-correlation function, g2(τ), and the number of counts per second, as

explained in Chapter 3, and, are all finally stored on a text file. In addition, the

DAQ reads the analogue signals of the photodiodes from the NIRS-DOS lasers,

which are then stored in a second text file (as explained in section 4.2.1).
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Figure 4.3: The protocol for the operation of the lasers of the new compact diffuse
optical hybrid device.

An uninterruptible power supply (K-LCD 1200, Protec-Sai, Barcelona, Spain) en-

ables to power supply the device during ∼ 10 minutes at 1200 VA during a power

cut from the power source. The uninterruptible power supply is placed between

an isolation transformer (Reomed 600, REO Inductive Components, Berlin, Ger-

many) and the power source. The main function of an isolation transformer is

to provide electrical power to the powered devices while isolating them from the

power source. This isolation transformer unit contains nine outlets which deliver

230 V each and 1000 VA of power.

The diagram shown in Figure 4.4 describes the main connections between the

different elements of the compact device. The components that directly require

230 V are plugged directly in the isolation transformer, while the rest of them are

plugged in a power box, which provides voltages of 5.5, 6.5 and 12 V.

In the front panel, the device incorporates four independent key switches to control

the state of the six lasers. One position corresponds to the open switch state where

the laser cannot emit light, and the other position corresponds to the close switch

state where the laser is able to be on threshold or on ON mode (depending on the

TTL signal from the control board). The DCS lasers already incorporate a key,

then, no further action has been required. For the NIRS-DOS lasers, the four CW

NIRS-DOS lasers have been designed to be controlled by two keys, one for each

cerebral hemisphere for safety reasons.
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Figure 4.4: General diagram of the components and the electronic connections in the
compact device. Three divisions are shown, the upper part of the device, the enclosure
and the stand. Different colors depict different power supplies. DCS, diffuse correlation
spectroscopy; NIRS-DOS, near-infrared spectroscopy-diffuse optical spectroscopy; TTL,

transistor-transistor logic; thr., threshold.
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Inputs Outputs

Key
DAQ signal

send by
the computer

Laser ON LED

0 0 0 OFF
0 1 0 OFF
1 0 0 OFF
1 1 1 Green

Table 4.1: Diagram of transistor-transistor logic inputs and outputs for diffuse correla-
tion spectroscopy by the control board. DAQ, data acquisition card; LED, light-emitting

diode.

4.2.1 Description of the custom made electronic compo-

nents

Control board: smart switch and LEDs monitoring

For safety reasons, the ability of switching on and off the lasers by an external key

(one for each technique and cerebral hemisphere) is needed. Therefore, a control

board has been designed and implemented in the new compact device. This control

board receives different inputs from the DAQ card indicating which laser needs to

be controlled (ON or OFF -for all lasers-, or on threshold -only for the CW NIRS-

DOS lasers-). As outputs, the control board sends TTLs to the different lasers to

power or set them on threshold state (only for the case of CW NIRS-DOS lasers)

and enable them (set them to the ON state -for the case of all lasers-). It can

also cut the power supply of the CW NIRS-DOS lasers. As a clarification, DCS

lasers are on threshold as long as they are powered (and with the key ON), so

the control board is only in charge of setting them on the ON state. Moreover,

different LEDS (one for each laser), controlled by the control board, visually show

if CW NIRS-DOS lasers are OFF (LEDS OFF), on threshold (LEDS in orange)

or ON (LEDS in green). For the DCS, two LEDS (one for each hemisphere) show

if the lasers are OFF or on threshold (LEDS OFF) or ON (LEDS in green). See

Tables 4.1 and 4.2 for clarification of the input and output signals of the control

board for both spectroscopy techniques.
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Inputs Outputs

Key
DAQ signal

send by
the computer

Threshold Laser ON
Power

the laser
LED

0 0 0 0 0 OFF
0 1 0 0 0 OFF
1 0 1 0 1 Orange
1 1 0 1 1 Green

Table 4.2: Diagram of transistor-transistor logic inputs and outputs for continuous-
wave near-infrared spectroscopy by the control board. DAQ, data acquisition card; LED,

light-emitting diode.

Continuous-wave near-infrared spectroscopy lasers

The Electronic Workshop at ICFO designed and built under our supervision the

electronics behind the four laser diodes (OZ Optics, Ottawa, Canada); two for

each hemisphere. Two lasers diodes correspond to a wavelength of 690 nm and

the other two of 830 nm, as mentioned previously. All lasers were set to emit

around 30 µW of power when the working current was set at its threshold; while

at the ON state, they were set to emit around 50 mW (as stated as the working

power in the data sheet).

Each of the laser diodes was connected to two different boards: the driver laser

board and the temperature controller board. The functions of these boards are

to power supply the laser and to control the temperature at which it works by

maintaining constant the working current, respectively. The driver laser board

incorporates a transimpedance amplifier to filter, amplify and transform the pho-

tocurrent sensed by the photodiode to voltage. This voltage is an output parameter

read in the data acquisition card. The temperature controller board implements

a proportional integral control, which controls the Peltier by considering as a ref-

erence the temperature sensed by an negative temperature coefficient thermistor.

Moreover, a second thermistor checks the temperature of the atmosphere.

Detector’s power supply

The detectors require a set of voltages to be powered up. These detectors are

working in the Geiger mode, so a high reverse voltage is needed to create the wide

space charge region and to work over the breakdown voltage. According to the
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specifications, in this case, the breakdown voltage is 30 ± 1 V. Moreover, in order

to reduce the dark count rate to the minimal threshold, the detectors incorporate

a temperature controller with a required voltage of 2 ± 0.05 V. Finally, 5 ± 0.25

V are needed to to transform the photocurrent into TTLs that will be sent to the

correlator.

In order to simplify this set of power supplies, a printed circuit board was custom

designed (HemoPhotonics S.L., Castelldefels, Spain) to transform a single input

of 12 V into 2 V, 5 V and 30 V. Moreover, each power board (two units are

included due to bilateral monitoring) includes four independent connectors in order

to deliver the TTLs obtained from the four channels (each detector unit has four

single detector photodiodes) to the correlator.

Power box

The power box is a solution to encapsulate the commuted power supplies required

by the elements which need different voltages than 230 V to work. It contains

five different sources needed in the device. The front panel includes a switch for

every single source as well as a general switch. Additionally, each power source is

protected with a fuse.

As mentioned previously, each CW NIRS-DOS laser contains a laser driver board

and a temperature controller board that need 5.5 V at 1 A to properly work.

Since the Peltier of the temperature controller board with its electronics typically

induces relevant quantities of noise in the circuit, the two laser driver boards are

powered by the same power supply, but by a different power supply from the two

temperature controller boards.

A power supply of 12 V at 1.3 A is used for the two fans that ventilate the enclosure.

And also two different 12 V power supplies are used for the detectors working at

4.2 A. Again, the main reason is that the fans also introduce significant noise in

the circuit [87], therefore, the detectors need to be isolated from this source of

noise.



42

4.2.2 Validating the components by phantom and in vivo

measurements

Lasers

In order to validate the proper functionality of the lasers, the power stability was

checked over time. First, a setup consisting of the laser to be tested, a multi-mode

fiber, and a powermeter were used to check the power stability. A second test was

considered in order to check the lasers together with the rest of the components.

The setup of this second test consisted of the laser to be tested, a multi-mode

fiber ending on a probe placed on the surface of a phantom made of water and

lipofundin [88] (µa = 0.1 cm−1 and µ
′
s=10 cm−1), a single-mode fiber placed

on the probe at a specific separation from the multi-mode fiber and connected

to the detection system, the detection system consisting of one single avalanche

photodiode detector and, finally, a correlator. This whole setup was covered with

a black fabric to minimize the contributions from the ambient light. The probe

was placed on the surface of the phantom -not inside the phantom- to mimic the

semi-infinite geometry of the subject’s frontal lobes to be measured in the clinics.

Figure 4.5 shows the setup.

Light 
cover

Correlator

Detector

Phantom

Source-
detector 

fibers

Light 
cover

Lasers 
not 

present in 
the picture

Figure 4.5: Setup for measuring the stability of the lasers. The setup consists of the
laser to be tested, source and detector fibers, a phantom made of water and lipofundin,

a detector and a correlator. Photograph courtesy of M. Garcia.

Continuous-wave near-infrared spectroscopy laser

The information of interest from the CW NIRS-DOS lasers is the number of counts

per second saved through the correlator. Once the output power of the laser was
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found to be stable by a powermeter during the first test, the number of counts

per second were measured during a whole night (∼ 16 hours) in the second test

mentioned previously. Figure 4.6 shows the successful results of these tests for

the left hemisphere lasers. Similar results were obtained for the right hemisphere

lasers. The top figure shows the variation over time of the number of counts per

second sensed on the surface of the phantom. In all lasers, the standard deviation

was not higher than 2 kHz. About the photodiode signal output, despite the

few observed peaks, both voltages varied in a range of 10-20 mV, which in power

is equal to 0.3-0.6 mW, being insignificant. This equivalence was calculated by

incorporating a potentiometer to tune both the threshold and the current, and,

by plugging the photodiode voltage into an oscilloscope and the optical fiber into

a powermeter.

Counts 
per 
second 
(kHz)

Normalized
photodiode
voltage

690 nm

830 nm
100 ± 1

0.0004

0.0005 (standard deviation)

113 ± 1 (mean standard ± deviation)

Left hemisphere, CW NIRS-DOS lasers

Figure 4.6: Stability test for the left continuous-wave near-infrared spectroscopy (CW
NIRS-DOS) lasers during a whole night (grey for the 690 nm and black for the 830
nm): the top plot shows the number of counts per second sensed on the surface on the
phantom over time; the bottom plot shows the normalized voltage of the photodiode of

each laser. Source-detectors separation of 2.4 cm.

Diffuse correlation spectroscopy laser

Regarding the DCS lasers, the output power of the lasers was found to be stable

by a powermeter during the first test. During the second test, in which lasers

(one by one) were checked together with the rest of the components on a liquid

phantom, the β parameter was stable in both lasers below the maximum expected

value at 0.5. Also, the number of counts per second detected over time was stable
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as expected (see Figure 4.7 for the results of the left hemisphere laser). Similar

results were obtained for both lasers. The fluctuations on the relative flow did not

exceed, in general, the 5%. Few spontaneous single drops on beta were observed

during seven hours of measurements in both lasers, but no further actions have

been taken.

  

200 ± 4 (mean standard ± deviation)

0.047 ± 0.03

 (1.11 ± 0.03)·10-8

5-minute baseline

0.3 ± 2.9

Counts 
per 

second
(kHz)

Relative
flow
(%)

β

α·Db
(cm2/sec)

Figure 4.7: Stability test for the left diffuse correlations spectroscopy (DCS) laser.
Number of counts per second and β stability for the DCS laser shining light at 85 mW
are shown. All day long experiment. The values of fitted product of the fraction of
photon scattering events per the particle diffusion coefficient (αDb) and relative flow
over the time have been calculated over lipofundin phantoms in order to quantify the

degree of background noise. Source-detectors separation of 2.4 cm.

Testing the detection unit

The procedure for testing the detection system consists of two parts. First, the

detector power supply have to be tested with a tester board which simulates the

resistance of the detector in order to confirm that the delivered voltages are within

the acceptable ranges. Second, once the detector power supply has been validated,
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it is used to test the dark count rate of the detectors compared with the values

provided by the manufacturer. These last measured values define the level of noise

of the detector.

On the tester board, the voltages provided by the detector power supply were

tested as shown on Table 4.3 for the left power supply. Even though the value of 2

V was slightly below the manufacturer’s limits when the tester board was plugged

in, no actions have been taken about this result. In any case, no unexpected results

have been further found. Similar results were obtained for the right detector power

supply.

Voltage to test No tester board With the tester board
2 V 2.001 V 1.917 V
5 V 4.971 V 4.941 V
30 V 30.21 V 30.210 V

Table 4.3: Results from the left detectors’ power supply. The measurements were
performed in each test point of the tester board.

Once the detector power supplies were tested, these were also tested together with

each detector unit enclosed into a black box for this purpose. The output TTLs

sent by each avalanche photodiode (four in total in each unit) after detecting a

single photon were read by the oscilloscope in order to count the pulses with the

counter function. Table 4.4 summarizes the measured dark count rate values. The

numbers have been obtained by making an average of ten recorded values using the

segmented mode of the oscilloscope over 30 different segments of 2 µs (the pulse

width is 25 ns). Note that in the left module, values for channel 0 and channel 2

exceed the maximal range, but no further action has been taken. Note that the

number of counts per second of the measurements are in a range between 20-150

kHz. Therefore, a dark count rate of 500 Hz only implies 1-7.5% of extra noise.

Detector channel 0 (Hz) 1 (Hz) 2 (Hz) 3 (Hz)

Right detector
Expected 266 341 295 439
Obtained 268 496 311 453

Left detector
Expected 356 424 333 319
Obtained 576 374 619 305

Table 4.4: Detectors’ dark count rate of the two detectors used in the new compact
device.

Once the different components were validated, the complete device was further

tested before being used in the clinics. An arm cuff measurement is shown below
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to prove the robustness of the device. Furthermore, a head-of-bed position manip-

ulation change protocol is also shown to prove the simultaneous bilateral recording

of the device on the frontal lobes.

Arm cuff measurement

The arm cuff test is one simple experiment that can be performed in the laboratory

settings. A blood pressure cuff was placed around the arm bicep and an optical

probe with source and detectors fibers for DCS and CW NIRS-DOS was placed

over the wrist flexors (see Figure 4.8). The source-detector separation for all three

lasers was 2.5 cm.

  

Air pressure ↑ (180 mmHg, venous and arterial occlusion)
                or ↓ (0 mmHg)

Detector fiber

Source fibers for the 690, 
785 and 930 nm lasers

Optical 
probe

The compact 
diffuse optical 
hybrid device

2.5 cm
source-detector separation

Figure 4.8: Blood pressure cuff occlusion setup. Figure adapted from
https://catalog.niddk.nih.gov.

The protocol consisted of three minutes of baseline measurements, a quick increase

of pressure up to 180 mmHg inside the arm cuff to simulate an arm tourniquet

for five minutes, a quick release of the air inside the cuff, and finally, a recovery

period for five minutes. The DCS collected data for three seconds, followed by

the 690 nm CW NIRS-DOS laser for three seconds, and finally, the 830 nm CW

NIRS-DOS laser collected data for the three last seconds. Summing it up, the

hemodynamics data was acquired every nine seconds.
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The results for the blood flow and Hb and HbO2 are shown in Figure 4.9. The

results are in agreement with the bibliography [89]. As expected, the blood flow

drops during the arm cuffed period, and, right after the air release, an expected

peak is observed just at the beginning of the recovery period. According to it, the

HbO2 is found to decrease during the arm cuffed period while the Hb increases.

As expected, HbO2 increases and Hb decreases after the release of the air inside

the cuff.

Oxy-hemoglobin
Deoxy-hemoglobin

Baseline Arm cuffed Recovery

Pressure cuff
0 → 180 mmHg

Air 
released

rBF
(%)

uM

Figure 4.9: Hemodynamics results from the pressure cuff occlusion. rBF, relative
blood flow.

Head-of-bed position changes

Another protocol to test the device should measure simultaneous, bilateral cerebral

hemodynamics on the forehead as it is expected in the clinics. Since the head-of-

bed challenge is the most recurrent protocol in this work, it was chosen to be the

next validation protocol for the device.

The protocol consisted of five minutes of baseline measurements at supine posi-

tion, a quick increase of the head-of-bed position to 30◦, five minutes at 30◦, a

quick decrease of the head-of-bed position back to the supine position, and finally,

five minutes at this last supine position. See Figure 4.10 for the visualization

of the protocol and for one representative example for the blood flow and total

hemoglobin concentration results. As expected, Figure 4.10 shows that the blood

flow and the total hemoglobin concentration were lower in the elevated head-of-bed
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position, and, when the supine position was restored, the two cerebral hemody-

namic variables increased. Again, the cerebral hemodynamics data was acquired

every nine seconds as for the arm cuff measurement.

  

Right hemisphere
Left hemisphere

0º
2nd supine

30º

5 minutes 5 minutes5 minutes

0º
1st supine

∆
∆

ΔrCBF 
(%)

ΔTHC 
(uM)

Figure 4.10: Frontal cerebral hemodynamics protocol (top) and results (bottom) from
a representative example for the head-of-bed position challenge. ∆rCBF, relative cere-

bral blood flow changes; ∆THC, total hemoglobin concentration changes.

The presented tests have been repeated to ensure a proper functionality of the

device.
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Chapter 5

Cerebral vasoreactivity in

response to a head-of-bed

position challenge is altered in

patients with moderate and

severe obstructive sleep apnea

Hypotheses:

-The blood flow response to an orthostatic challenge in obstructive sleep apnea

patients correlates to the severity of the syndrome.

-The blood flow response to an orthostatic challenge in obstructive sleep apnea

patients after long-term treatment is similar to healthy subjects.

5.1 Introduction

Obstructive sleep apnea (OSA) is a highly prevalent disorder associated with

sleepiness [90, 91], neurocognitive impairment, cardiovascular and cerebrovascular

disease [92–95], and increased morbidity and mortality [96, 97]. Strong evidence

indicates that it is an independent risk factor for ischemic stroke (with a frequency

51
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in stroke of 30% to 80% [98–101]), including both longer time and poorer func-

tional outcome from rehabilitation after ischemic stroke, and an increased risk of

recurrence and mortality [102, 103]. The mechanisms responsible for those effects

remain partly unknown. It is, however, known that repeated episodes of hypoxia-

reoxygenation and increased sympathetic activity can activate different pathogenic

pathways leading to oxidative stress, endothelial dysfunction, hypercoagulability

and insulin resistance, which promote atherogenesis [104–107]. OSA, hence, al-

ters the basic control mechanisms for regulating cerebral blood flow (CBF) by

decreasing resting CBF, impairing autoregulation and reducing cerebrovascular

reserve capacity [108]. A blunted cerebrovascular reactivity, typically defined as

the CBF change in response to a vasoactive stimulus such as hypercapnia, hy-

poxia or breath-hold has been described in patients with OSA [109–111]. An

impaired compensatory response to cerebral hypoperfusion secondary to ortho-

static hypotension has also been described [112]. These alterations to normal

cerebrovascular control interfere with brain function and render the brain more

vulnerable to ischemic events as brain tissue is particularly sensitive to hypoxic

damage and rapid reperfusion.

There are several techniques for monitoring the state of cerebral vasoreactivity

(CVR; autoregulatory response to a stimulus that dilates or contracts the cerebral

vasculature) in patients. However, many of these techniques are expensive, have

limited availability and some are invasive and require exposure to ionizing radiation

[5, 113–116]. An optimal technique for hemodynamic monitoring which is non-

invasive, portable, continuous, able to measure at the point-of-care or at the bed-

side, and relatively inexpensive is still not present in the clinics. Recently, diffuse

correlation spectroscopy (DCS) has been used to study the cerebral hemodynamic

response derived from different stimulus such as acetazolamide injection in different

studies [83, 117] (Chapter 7), hypercapnia [111], visual and motor stimulation [7],

and orthostatic stress in a head-of-bed manipulation protocol by different authors

[117–123] (Chapters 7, 9 and 10).

The key result, relevant to this work, from these mentioned studies that measured

CBF response to a mild orthostatic head-of-bed challenge, is that DCS is able to

observe altered CVR in the brain cortex affected by different conditions such as

ischemic stroke.

Igor Blanco, in his thesis [124], assumed that DCS allows us to assess microvascular

CBF at bedside in a safe and well-tolerated manner and that DCS is suitable for
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studying CVR impairments of the frontal cortex in OSA syndrome. This allowed

to hypothesize that, compared with non-OSA subjects, patients with OSA would

have an altered microvascular cerebral flow response to a mild orthostatic head-

of-bed challenge. It was also hypothesized that this impairment is related to OSA

severity.

Finally, for this thesis, we were motivated by the fact that some studies have

detected an improvement of the impaired cerebrovascular reactivity response after

treatment with continuous positive airway pressure (CPAP) [110, 125, 126]. This

allowed us to hypothesize that the CVR impairment as measured by DCS on the

frontal lobes could be ameliorated by long-term CPAP treatment.

For this purpose, we used DCS to study cerebral hemodynamic responses to a

head-of-bed position change in a group of patients with OSA with different lev-

els of severity, and compared their cerebral hemodynamics to a control group of

healthy subjects as shown in [124]. In addition, for this thesis, the effect of CPAP

on brain hemodynamic changes was evaluated in a subgroup of patients with se-

vere OSA after two years of CPAP treatment. And finally, a severe OSA patient

was measured before and after the CPAP treatment up-to five times to learn

more about an unexpected paradoxical (no change or change in the opposite ex-

pected direction) CBF response to the head-of-bed position challenge found after

around two years of CPAP treatment. Partial results of this study are published

in Gregori-Pla et al [127] and in Igor Blanco’s thesis [124].

5.2 Materials and methods

5.2.1 Study design and participants

This study was conducted at a referral Sleep Unit (Department of Respiratory

Medicine, Hospital de la Santa Creu i Sant Pau) in Barcelona, Spain. The

study protocol was approved by the Ethical Committee of Clinical Investigation

of Sanitary Health Management of the Hospital de la Santa Creu i Sant Pau

(EC/11/001/1166). All participants gave their written informed consent. Two

groups of subjects were enrolled: patients with OSA syndrome with an apnea-

hypopnea index (AHI) ≥ 5, and healthy controls (AHI < 5). OSA severity was

classified in two levels based on AHI (moderate and severe ≥ 15, and mild > 5 to
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14.9 events/hour). Exclusion criteria were: being older than 80 years, receiving

or having previously received CPAP treatment, presence of chronic obstructive

pulmonary or neuromuscular diseases, previous ischemic stroke, and refusal to

participate in the study. Anthropometric characteristics were obtained for all

participants. A pre-established questionnaire was used to collect demographic

variables including medical history, cardiovascular risk factors and current medi-

cation. Subjects were instructed to avoid caffeinated or alcoholic beverages during

the hours prior to the study. Diagnosis of arterial hypertension (AHT) was es-

tablished according to European Society of Hypertension/European Society of

Cardiology criteria [128]. In a subgroup of patients with severe OSA (AHI > 30),

the measurements were repeated after around two years of CPAP treatment.

5.2.2 Sleep studies

OSA diagnosis was performed by conventional full polysomnography (Siesta, Com-

pumedics, Melbourne, Australia) or respiratory polygraphy (Embletta, Natus Med-

ical, Middleton, USA) including, at least, the following parameters: oronasal flow

(thermistor and nasal cannula), thoracoabdominal movements and pulse oximetry.

The respiratory events included in the calculation of the AHI were defined accord-

ing to the Spanish Sleep group [129] and the American Sleep Disorders Association

guidelines [130]. The extent of self-reported sleepiness/drowsiness was analyzed

using the Spanish version of the Epworth scale [131].

5.2.3 Continuous positive airway pressure titration and

compliance

All patients with severe OSA received CPAP treatment [129] after the study onset

and part of these severe patients were measured with our protocol again after

around two years of treatment. CPAP titration was performed by an overnight

polysomnography with manual CPAP titration or by autotitration devices [132].

Objective treatment compliance was determined by dividing the number of hours

recorded by the CPAP devices built-in hour meter by all the nights of the treatment

period. Patients with an average use time of less than four hours per night were

considered non-compliant.
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5.2.4 Optical methods and instrumentation

We have used the DCS unit of the hybrid device described in Section 4.1.1. A

custom probe consisting of a detector fibre set at 2.4 cm from a source fibre, pro-

viding information about the cerebral cortex hemodynamics, was placed centered

on the right forehead avoiding the sinuses (Figure 5.1). As mentioned, we have

assumed that cerebral hemodynamic changes due to orthostatic stress are global

in patients without cerebrovascular disease [118]. The microvascular blood flow

index was measured continuously with a three second temporal resolution during

the study.

Probe not used 
for this analysis

DCS
probe

CPAP 
holder

EEG
electrode

Thermistor

Nasal 
cannula

ECG
cables

Figure 5.1: The optical probes for each technique (the left probe data provided no
DCS information, so it is not used for this analysis) and some of the polysomnographic
sensors. DCS, diffuse correlation spectroscopy; EEG, electroencephalography; CPAP,

continuous positive airway pressure and ECG, electrocardiography.

For the case study with a paradoxical CBF response measured in this work, not

only the microvasculature cerebral blood was measured continuously by DCS, but

also the macrovasculature was measured continuously by a transcranial Doppler

ultrasound (TCD) system DWL MultiDop-T digital (DWL Elektronische Systeme

GmbH, Singen, Germany). Figure 5.2 shows the two optical probes placed on the

forehead bilaterally on both hemispheres, as lateral as possible trying to avoid the

sinuses, as well as the TCD probes. The source-detector separation of the probes

was 2.5 cm. The optical data were obtained every three seconds where TCD data

were obtained simultaneously every 0.1 seconds during the measurement.
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Transcranial Doppler ultrasound

Diffuse correlation spectroscopy

Figure 5.2: The placement of the optical probes and the transcranial Doppler ultra-
sound probes bilaterally on the forehead for the case study with a paradoxical response.

5.2.5 Head-of-bed protocol

We have used a head-of-bed position change as a mild orthostatic challenge to

induce CBF changes [117–123, 133, 134] (as in Chapters 7, 9 and 10). This proto-

col involved changing the head-of-bed angle from the supine baseline (0◦) to 30◦

elevation and back to the initial supine position (0◦). Figure 5.3 illustrates the

protocol.

0º
Supine 1, baseline

0º
Supine 2

30º

5 minutes 5 minutes 5 minutes

Figure 5.3: The protocol of the different head-of-bed position changes.

First, the subjects were asked to lie on a motorized movable bed to place and

fix the optical probe on their foreheads. The protocol was started after about

thirty minutes of preparation. During the experiment, the subjects were kept for

five minutes in each head-of-bed position. The transitions between head-of-bed

positions lasted a maximum of thirty seconds. The relative CBF (∆rCBF) changes

for each position were obtained by normalizing the continuous blood flow index

obtained for each position with the mean blood flow index corresponding to the

initial supine position, and averaging the normalized values corresponding to each

position. To avoid bed movement artifacts, the first minute and the last minute for

each position were excluded in the analysis. ∆rCBF response to the change from
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the supine position to 30◦ is represented as ∆rCBFsupine1 to 30◦ . ∆rCBF response

when tilting back to the initial supine position considering the baseline as the

initial supine position is represented as ∆rCBFsupine1 to supine2 . All measurements

were performed during the daytime.

5.2.6 Acetazolamide injection

One standard way to evaluate the cerebral well-being is to measure the maximal

vasodilation/vasoconstriction capacity, the CVR, of the cerebral arterioles to a

chemical stimuli using acetazolamide (ACZ) [34, 35]. ACZ is a selective inhibitor of

the enzyme carbonic anhydrase (EC 4.2.1.1). For one case study with a paradoxical

CBF response, the acetazolamide injection was used test the CVR of this patient.

We have used ACZ (1g/10ml saline) as the stimulus for this CVR assessment.

5.2.7 Statistical analysis

We have expressed quantitative variables as a median and an interquartile range

(median (Q1, Q3)), and categorical variables as number of cases and percentages

(cases (percentages)). The Shapiro-Wilk test was used to assess for normality.

The Kruskal-Wallis test (for quantitative dependent variables) or the chi-squared

test (for categorical dependent variables) were used with three-way pairwise com-

parisons with a Bonferroni correction. The Wilcoxon signed-rank test was used

to assess the differences within the same group or to check if a response was

different from zero. The Wilcoxon rank-sum test (for quantitative variables) or

the chi-squared (for categorical variables) test were used to assess the differences

between two groups. Spearman correlation was used to assess the correlation be-

tween quantitative variables. A multiple linear model (in a forward stepwise way)

was used to linearly model the relationship between a dependent variable and the

different quantitative and categorical variables. p < 0.05 was considered as the

threshold for rejection of the null hypothesis for all statistical tests. All statistical

analyses were performed with R [135] using the “PMCMR” [136] package.
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5.3 Results

5.3.1 Baseline characteristics

A cohort of eighty-two (n = 82) subjects conformed the population of this study.

Sixty-eight (n = 68) patients with OSA (forty moderate and severe, and twenty-

eight mild) and fourteen control subjects were recruited. Full polysomnography

was performed on thirty-two subjects (39%) and respiratory polygraphy on fifty

subjects (61%). These measurements before the CPAP treatment were performed

mainly by Igor Blanco, but also by the author of this thesis.

Table 5.1 contains the demographics, clinical characteristics and sleep study results

of the included subjects. Patients with moderate and severe OSA were older

than the control group and more obese than both the patients with mild OSA

and the controls. Gender distribution was different between groups, but pairwise

comparisons with a Bonferroni correction did not provide evidence between which

groups significant differences existed. Smoking, diabetes and dyslipidemia were

similar among the three groups.



59

Control
(n=14)

Mild
(n=28)

Moderate
and severe

(n=40)
p

Total
(n=82)

Age (y.) 52.5 (40, 56) 53.5 (47.5, 61) 57 (50, 62) 0.040*a 54 (48, 62)
Males, n (%) 5 (36) 18 (64) 30 (75) 0.030* 53 (65)
BMI (kg/cm2) 24 (23, 26) 28 (25, 30) 31.5 (28, 35) < 0.001*b 29 (25, 33)
Epworth 7 (5, 9) 12 (8, 15) 11 (7, 14.5) 0.040*c 10 (6, 14)
AHT, n (%) 0 (0) 2 (7) 22 (55) < 0.001*b 20 (24)
Smoker, n (%) 5 (36) 17 (61) 18 (45) 0.325 49 (60)
Diabetes, n (%) 0 (0) 3 (11) 9 (22.5) 0.094 11 (13)
Dyslipidemia, n (%) 2 (14) 5 (18) 9 (22.5) 0.440 18 (22)

AHI (n./hour) 2 (1, 4) 9 (7, 12) 48.5 (21, 78) < 0.001*d 14.5 (6, 47)
Mean SpO2 (%) 95.5 (95, 96) 95 (94, 96.5) 93 (92, 95) < 0.001*b 94 (93, 96)
CT90 (%) 0 (0, 0) 0 (0, 0.3) 10 (3, 23) < 0.001*b 0.4 (0, 11)
ODI4 (%) 1 (0, 3) 5 (3, 10) 44 (19, 71) < 0.001*b 11 (3.5, 43)

Table 5.1: Demographics, clinical characteristics (top) and sleep study results (bottom). Data shown as median (interquartile range) or
number of cases (percentages). Symbols indicate a statistically significant difference between the different groups (∗), the moderate and severe
group with OSA versus the control group (a), the moderate and severe group with OSA versus the other groups (b), the control group versus
the mild group with OSA (c), and all the groups pairwise (d). BMI, body mass index; AHT, arterial hypertension; AHI, apnea-hypopnea index;
SpO2, arterial oxygen saturation; CT90, % of measured night sleep time when arterial oxygen saturation is lower than 90%; ODI4, number of

times where arterial oxygen saturation decreases 4% due to an apnea or hypopnea; OSA, obstructive sleep apnea.
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None of the control subjects were receiving chronic medications. Patients with

OSA, on the other hand, were receiving chronic medications (the majority be-

ing anti-hypertensive); five received calcium channel blockers, eight angiotensin-

converting enzyme inhibitor, six beta blockers, four diuretics, six angiotensin II

receptor blockers, and two alopurinol.

Not all data (demographics, clinical characteristics, sleep study results and optical

study results) was normally distributed. For consistency, we have opted to use

statistical tests that are appropriate for non-normally distributed data.

5.3.2 Orthostatic cerebral blood flow challenge: patients

versus the healthy control group

As shown in Figure 5.4, the category of the patients assigned according to OSA

severity was not a statistically significant factor for ∆rCBF response to the change

from the supine position to 30◦ (p = 0.819). In other words, all controls and

patients showed a similar ∆rCBF response after the first HOB position change.

However, when being tilted back to the supine position, the category of the patients

identified according to the OSA severity was a statistically significant factor (p =

0.004). The control group (p = 0.091) and the group with mild OSA (p = 0.227)

recovered to the initial baseline while the group with moderate and severe OSA

presented a statistically significantly higher blood flow relative to the initial supine

position (p < 0.001). The recovery response of the group with moderate and severe

OSA was significantly different from that of the control group (p = 0.003), though

the recovery response of the group with mild OSA was not significantly different

from that of the control group (p = 0.174). These results are also extended in Igor

Blanco’s thesis [124].

5.3.3 Association between sleep study results, demograph-

ics, clinical characteristics, and the cerebrovascular

response

No statistically significant correlations were found between ∆rCBFsupine1 to 30◦ and

any of the sleep study results, demographics or clinical characteristics.
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Figure 5.4: ∆rCBF response to orthostatic stress induced by a mild head-of-bed posi-
tion change for the different OSA severity groups (moderate and severe, and mild) and

the control group.
Measured mean data points for each patient and each head-of-bed position change,
and classic boxplots for each group and each head-of-bed position change are shown.
Labels show the median (interquartile range) for each group and each head-of-bed posi-
tion change. Symbols indicate a statistically significant difference between the different
groups (*), the group versus the control group (†), and the group versus the baseline
(‡). ∆rCBF, relative cerebral blood flow; OSA, obstructive sleep apnea. This figure is

published at [127], in which I have the copyright to the published content.

For all subjects measured, a positive statistically significant Spearman correlation

(p = 0.007, Table 5.2) was found between ∆rCBFsupine1 to supine2 and AHI, and a

negative significant correlation was found between ∆rCBFsupine1 to supine2 recovery

and mean arterial oxygen saturation (SpO2) sleep night value (p = 0.002). Other

positive relevant correlations were between ∆rCBFsupine1 to supine2 and % of total

sleep time with SpO2 lower than 90% (CT90) (p = 0.005), ∆rCBFsupine1 to supine2

and 4% oxygen desaturation index (ODI4) (p = 0.048), and ∆rCBFsupine1 to supine2

and body mass index (BMI) (p = 0.005). Age was not significantly correlated to

∆rCBFsupine1 to supine2 (ρSpearman = 0.15, p = 0.199). Excluding the control group,

only mean SpO2 was found to be correlated to ∆rCBFsupine1 to supine2 (ρSpearman =

-0.28, p = 0.023).
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ρSpearman (p)
∆rCBFsupine1 to supine2

(%)
Mean SpO2

(%)
AHI

(n/hour)
ODI4
(%)

CT90
(%)

Mean SpO2

(%)
-0.34 (0.002)

AHI
(n/hour)

0.30 (0.007) -0.58 (<0.001)

ODI4
(%)

0.22 (0.048) -0.57 (<0.001) 0.92 (<0.001)

CT90
(%)

0.31 (0.005) -0.76 (<0.001) 0.85 (<0.001) 0.81 (<0.001)

BMI
(kg/cm2)

0.31 (0.005) -0.53 (<0.001) 0.57 (<0.001) 0.56 (<0.001) 0.59 (<0.001)

Table 5.2: Correlations with optical study results, sleep study results and demographics of all subjects measured. All correlations are
statistically significant. Spearman correlations shown. ∆rCBF, relative cerebral blood flow; SpO2, arterial oxygen saturation; AHI, apnea-
hypopnea index; ODI4, number of times where arterial oxygen saturation decreases 4% due to an apnea or hypopnea; CT90, % of measured
night sleep time when arterial oxygen saturation is lower than 90%; BMI, body mass index. This table is published at [127], in which I have

the copyright to the published content.
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When performing a multiple linear model with ∆rCBFsupine1 to supine2 as the de-

pendent variable versus the different sleep study results, demographics and clini-

cal characteristics as the independent variables, mean SpO2 was the independent

variable whose inclusion gave the most statistically significant improvement of the

fit with r2adj (percentage of the response variable variation that is explained by a

linear model) of 0.12 and a slope (β) of -2.02. No other secondary variables (AHI,

natural logarithm of AHI, age, gender, smoking status, BMI, AHT, diabetes, dys-

lipidemia, CT90, ODI4 or Epworth scale) improved the model to a statistically

significant extent. A second multiple linear model was performed excluding the

control group. Again, a model with ∆rCBFsupine1 to supine2 as the dependent vari-

able and mean SpO2 as the independent variable was found with r2adj of 0.09 and

a slope (β) of -1.71.

5.3.4 Cerebral vasoreactivity in obstructive sleep apnea

patients after long-term continuous positive airway

pressure treatment

Thirteen (n = 13) patients with severe OSA were recruited again after 2.3 (2.0,

2.4) years of CPAP treatment. All the patients that were recruited again had

good CPAP treatment compliance of 6.8 (5.3, 7.0) hours per night. Mean CPAP

pressure was 10 (8-10) mmHg. Their first use of CPAP corresponded with the

day after the first optical measurement. The same protocol (the HOB position

change) used in the first recruitment was performed again. The remaining patients

treated with CPAP were excluded due to their refusal to participate in the second

part of the study. None of the patients changed their condition with respect to

diabetes, dyslipidemia or other relevant cardiovascular conditions (e.g. none had a

stroke) during the CPAP treatment. The weight differences before the treatment

and after two years were not statistically significant (p=0.787) either. One patient

changed from being non-hypertensive to being hypertensive together with the start

of hypertensive treatment.

Table 5.3 contains the pre-treatment demographics, clinical characteristics, and

the sleep study results of the subgroup of patients with severe OSA recruited after

two years of CPAP treatment compared to the rest of the group with severe OSA

measured one time, and to the complete severe OSA group. No statistically sig-

nificant differences between demographics, clinical characteristics, or sleep study
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results were found. ∆rCBFsupine1 to supine2 was not statistically significantly differ-

ent between the patients with severe OSA remeasured and the patients measured

one time (p = 0.053).

Severe OSA
measured one time

(n=15)

Severe OSA
remeasured

(n=13)
p

Severe OSA
total

(n=28)
Age (y.) 61 (53.5, 63) 57 (53, 63) 0.764 58 (53, 63.3)
Males, n (%) 12 (43) 10 (36) 0.871 22 (79)
BMI (kg/cm2) 32 (30, 38) 33 (31, 36) 0.964 33 (30, 36)
AHT, n (%) 9 (32) 7 (25) 0.768 16 (57)
Epworth 11 (3,14) 14 (9, 15) 0.267 11.5 (7.5, 15)

AHI (n./hour) 75 (43, 92) 73 (47, 80) 1 73.5 (47, 87)
Mean SpO2 (%) 93 (92, 94) 92 (90, 94) 0.273 93 (91, 94)
CT90 (%) 14 (9, 26) 23 (11, 38) 0.279 16 (9, 27)
ODI4 (%) 55 (36, 76) 69 (46, 74) 0.525 63.5 (41, 75)

Table 5.3: Pre-CPAP treatment demographics, clinical characteristics (top) and sleep
study results (bottom) of the subgroup with severe OSA remeasured after two years of
CPAP treatment, the subgroup with severe OSA measured one time, and all the group
with severe OSA. Data shown as median (interquartile range) or number of cases (per-
centages). BMI, body mass index; AHT, arterial hypertension; AHI, apnea-hypopnea
index; SpO2, arterial oxygen saturation; CT90, % of measured night sleep time when
arterial oxygen saturation is lower than 90%; ODI4, number of times where arterial
oxygen saturation decreases 4% due to an apnea or hypopnea; OSA, obstructive sleep
apnea; CPAP, continuous positive airway pressure treatment. This figure is published

at [127], in which I have the copyright to the published content.

The ∆rCBFsupine1 to 30◦ for the group with severe OSA remeasured was again sim-

ilar to two years before (p = 0.893). Figure 5.5 shows, in contrast, that after a

head-of-bed change from the supine position to 30◦ and back to the supine posi-

tion, the magnitude of ∆rCBFsupine1 to supine2 changed significantly from the pre-

to post-CPAP period (p = 0.047). The pre-CPAP group with severe OSA did not

recover to the baseline (p = 0.001), while the post-CPAP group with severe OSA

did (p = 0.094).

A full subject-wise representation of the demographics, sleep study results, clinical

characteristics and optical study results of the severe patients measured before and

after CPAP treatment can be found in the Appendix, Table 5.5.
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Figure 5.5: ∆rCBFsupine1 to supine2 recovery after a head-of-bed position change and
back to the supine position in patients with severe OSA before and after long-term
CPAP treatment. Measured mean data points and classic boxplots are shown. Median
(interquartile range) are shown in labels. Symbols indicate a statistically significant
difference between the mean ranks (*), and from the baseline (†). ∆rCBF, relative
cerebral blood flow; CPAP, continuous positive airway pressure treatment. This figure

is published at [127], in which I have the copyright to the published content.

5.4 Discussion

To the best of our knowledge this is the first study that evaluates the cerebral

microcirculatory vasoreactivity in response to a mild orthostatic stress in patients

with OSA. The main finding is the different response of the microvascular blood

flow in patients with moderate and severe OSA as compared to patients with mild

OSA and healthy control subjects. In patients with moderate and severe OSA the

orthostatic challenge leads to an alteration of the supine CBF upon returning to

the initial HOB supine position. We found that this alteration is related to OSA

severity, AHI and mean SpO2, and that long-term CPAP treatment ameliorates

this alteration.

In our study with DCS, the amount of CBF change in response to a HOB from the

supine position to 30◦ was similar for all subjects measured, and in agreement with
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previous DCS studies. Edlow et al [118], in healthy patients, found a response of 18

(± 1.5)% (mean(standard error)) cerebral blood flow. In ischemic stroke patients

in a similar protocol, Durduran et al [120] obtained a change of 30 (±7)% and 25

(±7)% in the ipsi- and contra-infarct hemispheres respectively, and Favilla et al

[119] applying the same protocol, found a change of 17 (±4.6)% and 15 (±4.6)%

in the ipsi- and contra-infarct hemispheres, respectively. Considering these studies

with control subjects and stroke patients, Chapters 7, 9 and 10 from this thesis,

and, the results presented in this Chapter including patients with OSA, a HOB

change from the supine position to 30◦ may be a too mild challenge to be able to

observe differences in the CVR of the brains of this population.

In our study ∆rCBFsupine1 to supine2 was different between cohorts grouped by OSA

severity. Patients with moderate and severe OSA presented a significantly higher

blood flow than the corresponding value at the initial supine position, while the

controls and the patients with mild OSA did not. This result suggests that pa-

tients with OSA might need a longer time period than five minutes in each HOB

position to stabilize their hemodynamic response. This is assuming that healthy

cerebral auto-regulation would, given enough time, normalize the CBF. Urbano et

al [112] measured (by TCD) the effect of a strong orthostatic challenge (standing

to squatting position) in twenty-six patients with moderate or severe OSA and

twenty-eight control subjects, and showed that patients with moderate or severe

OSA presented an impaired compensatory response to a strong orthostatic chal-

lenge. While the degree of change was similar between the two groups, patients

with OSA had a significantly slower rate of recovery of blood pressure, cerebral

blood flow velocity and cerebro-vascular conductance than the control group. How-

ever, this study did not consider the correlation between OSA severity (AHI) and

the recovery time. Even though there are differences in design and protocol, the

results are in accordance with our findings, showing that patients with OSA might

take a longer time than healthy subjects to recover cerebral blood flow to baseline

after an orthostatic stress. This hypothesis needs to be checked in future studies

in which patients should stay for longer periods of time in each HOB position.

Unfortunately, this is a non-trivial set-up because of potential confounders since

patients often do not comply well with protocols including long resting periods.

With a similar protocol but on internal carotid artery patients, ∆rCBFsupine1 to supine2

was found to correlate with ∆MAP only in the stenosed (≥ 70%) hemisphere of
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fourteen (n=14) unilateral stenosis patients, but not on the non-stenosed hemi-

sphere [117] (Chapter 7). Again, ∆rCBFVsupine1 to supine2 was found to correlate

with ∆MAP only in the ipsilesional hemisphere of twenty (n=20) ischemic stroke

patients, but not on the contralesional hemisphere [122] (Chapter 10). Interest-

ingly, this correlation was not observed by cerebral blood flow velocity by TCD.

This result reinforces the idea that this correlation is due to damaged cerebral va-

soreactivity, and also, that DCS during a HOB challenge may be superior to TCD

to be able to measure the general well-being of the brain. All in all, these stud-

ies suggest that ∆rCBFsupine1 to supine2 carries information of the CVR well-being,

which is damaged in these patients.

Other studies have looked at the CVR in patients with OSA with conflicting re-

sults. Busch et al [111], who also used DCS, found that children with OSA and

snorers have a blunted CBF response to hypercapnia during wakefulness compared

to a control group. Placidi et al [137] used a breath-holding test finding a reduc-

tion of CVR in a group of patients with severe OSA when compared to controls. In

contrast to these two studies, Foster et al [138] and Ryan et al [139] did not detect

differences in a small group of patients using other testing procedures for hyper-

capnia induced stimulation. Reichmuth et al [125] studied twenty patients with

moderate and severe OSA and twenty controls, showing that cerebral vasodilation

response to hypoxia and hypercapnia was smaller in patients versus controls. They

also found that hypoxia induced vasodilation in the forearm, though not vasodi-

latation induced by hypercapnia, was attenuated in patients with OSA. Morgan

et al [109] described a blunted cerebrovascular response to hyperoxic hypercapnia

in a large sample of 373 participants from the Sleep Heart Health Study cohort.

They observed a positive correlation between the mean level of arterial oxygen dur-

ing sleep and vascular cerebral responsiveness to hypercapnia. In contrast, AHI

was not statistically significantly associated with cerebrovascular carbon dioxide

reactivity. Nasr et al [140] evaluated cerebral autoregulation (the arterial blood

pressure-cerebral blood flow relationship) in patients with moderate OSA and age-

matched control subjects. Cerebral autoregulation was impaired in patients with

OSA during wakefulness with a strong relationship between the impairment and

the number of apneas and hypopneas during sleep, suggesting that patients with

the most severe OSA had the strongest alteration of cerebral autoregulation.

We have found significant correlations with ∆rCBFsupine1 to supine2 recovery and

with both AHI and mean SpO2, though mean SpO2 was the best predictor when
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performing a multiple linear model. Other tested predictors that did not improve

this model were age, gender, smoking status, BMI, AHT, diabetes, dyslipidemia,

CT90, ODI4 and Epworth scale. When considering only patients with OSA, a

significant correlation with ∆rCBFsupine1 to supine2 recovery and mean SpO2 was

found again, and mean SpO2 was the best predictor in the multiple linear model

again. This result is in agreement with the hypothesis that the value of nocturnal

saturation over the number of apneas and hypopneas better predicts the degree

of endothelial impairment, which is one of the main factors involved in cerebral

dysfunction in OSA [108]. In line with our results, other authors have described a

significant correlation between cerebrovascular reactivity and nocturnal hypoxemia

[110, 126].

Impaired CVR may imply impaired cerebral autoregulation, which, in turn, may

contribute to the increased risk of stroke in patients with OSA through two phys-

iopathological pathways: an increased vulnerability to drops in arterial blood pres-

sure leading to ischemia in the brain, and, an excess of flow in vessels in the brain

during surges in arterial blood pressure leading to capillary damage [141]. In addi-

tion, impaired cerebral autoregulation might contribute to the poorer neurological

outcome that has been reported in stroke patients with associated OSA [102].

After around two years of CPAP treatment, thirteen patients with severe OSA

were measured again and CVR was shown to have normalized. In general, no sig-

nificant clinical parameters nor medication were changed during this period. Even

though only a small group of patients was measured again, other studies support

a recovery of CVR due to CPAP treatment. Reichmuth et al [125] found that

hypoxic vasodilation improved after twelve months of CPAP treatment. Prilipko

et al [126] in twenty-three patients with moderate or severe OSA using a breath-

holding stimulus and functional magnetic resonance imaging, found that the CVR

of the thalamus was increased after two months of CPAP treatment, while it de-

creased in patients with sham CPAP. Foster et al [110] recruited eight patients

with severe OSA who went through isocapnic hypoxia. Cerebral blood flow veloc-

ity response was significantly lower in patients than in control subjects, though

the response was similar between patients with OSA and controls after four-to-six

weeks of CPAP treatment. Taken together, these results support the claim that

OSA related impairment in cerebrovascular function is reversible, at least partly,

with treatment.
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5.4.1 A case study over long period for one patient with

two following paradoxical responses after treatment

One of the severe OSA patients measured again after twenty-one months from

CPAP treatment with good compliance presented an unexpected paradoxical be-

havior (no increase or decrease) after the HOB from supine to 30◦ as shown in

Figure 5.6.

Due to the this unexpected finding after treatment (but not before), this patient

was further measured up-to five times in total, where in the two measurements

after treatment the response was paradoxical, but in the last two measurements

the response to the HOB position challenge from supine to 30◦ was found to nor-

malize (to decrease from baseline) as shown in Figure 5.7. Clinical characteristics

and blood biomarkers were also collected to try to understand this paradoxical

response. Interestingly, iron levels and red blood cell levels were lower than the

levels expected in the same period as the paradoxical responses were found. Also,

during this period, the patient suffered from a weight increase of seven kilograms.

However, the relations with these mentioned findings, the treatment intaken for

hypertension, diabetes and dyslipidemia, together with the paradoxical response

remain unclear.

The demographic and clinical characteristics of the severe OSA patient with the

paradoxical response are depicted in Table 5.4.

Age (years) 61
Gender Male
AHT Yes
Smoker Ex-smoker
Diabetes Yes
Dyslipidemia Yes

Table 5.4: Demographic and clinical characteristics of the severe OSA patient with an
unexpected paradoxical response. BMI, body mass index; AHT, arterial hypertension.

After the two following paradoxical responses, the ACZ challenge was performed in

this patient to measure the cerebral vasoreactivity response of the cerebral blood

flow velocity (CBFV) measured by TCD together with the microvascular CBF in

the two hemispheres (not only in the right hemisphere as performed so far for this

study). Interestingly, CBF showed a bilateral and symmetric (p=0.274) response,

whereas the right CBFV response by TCD showed a higher response than the
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Figure 5.6: An expected (top) and paradoxical response (bottom) measured on a
severe OSA patient before and after twenty-one months of continuous positive airway

pressure (CPAP) treatment use. ∆rCBF, relative cerebral blood flow.

left CBFV response (p<0.001), and also, from both CBF responses (p<0.001) as

shown in Figure 5.8. The mean of the last five minutes in all the measurements was

statistically significantly different (p<0.001) from the baseline (considered as the

five minutes before the injection). These results are interesting because the CBFV

and CBF responses are not symmetric between hemispheres. It could be hypothe-

sized that the left hemisphere does not autoregulate as well as the right hemisphere

at the macrocirculation level, and moreover, that the CVR at the microcirculation

level autoregulates properly. Relevantly, different studies [117, 119, 142] and also

the results in Chapter 7 show that macrovascular CBFV responses and microvas-

cular CBF responses (by DCS) are found to differ under pathological conditions.

Although the paradoxical response has long been described in around one quar-

ter of patients with acute ischemic stroke and also in other types of brain injury,

little is known about its pathophysiological mechanism and clinical implications

[119, 120]. Paradoxical reactions may occur in healthy subjects and have been

even interpreted as a normal physiologic response by some authors (from Ref.
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Figure 5.7: Clinical and blood sample characteristics out of the accepted clinical range
along thirty months for the case study with a paradoxical response. Fe, iron; CBF,

cerebral blood flow; CPAP, continuous positive airway pressure.

[118], unpublished observation, 2010). However, the higher incidence in brain-

injured populations suggests that it most probably corresponds to a pathogenic

mechanism, and moreover, the higher incidence of paradoxical responders with

a worst functional outcome found in stroke patients in Chapter 9 reinforces this

idea. Some authors have suggested a mechanism of excessive autoregulation of ar-

terial vessels in response to maximal stimulation when cerebral perfusion pressure

(CPP) changes abruptly due to a hyper-reactivity state to their sympathic and

parasympathic receptors [143]. This would result in an excessive vasodilatation

when CPP is reduced as a consequence of head-up tilt and an excessive vasocon-

striction when CPP increases after HOB lowering. This “hyperautoregulation”

or paradoxical rise in CBF as CPP drops has been demonstrated in experimental

studies as a variation of the classic pattern of CBF-pressure autoregulatory curve

[144].
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Figure 5.8: Simultaneous measurement of cerebral blood flow velocity (CBFV) and
microvascular cerebral blood flow (CBF) during and after acetazolamide injection for one
patient with a paradoxical response found. Symbols indicate a statistically significant

response from baseline (∗) and from the right CBFV response (†).

5.4.2 Overall comments about the study

Our study has some potential limitations that should be taken in consideration.

First, measurements were performed at different times during hospital working

hours (74% of the patients in the afternoon) without considering the fact that it

has been suggested that CVR diminishes in the morning in patients with OSA

after the continuous stress of night hypoxemia and hypercapnia. In line with this,

Placidi et al [137] found significantly lower values of breath-holding index in the

morning than in the afternoon in patients with OSA by TCD. However, considering

that the majority of moderate and severe subjects (70%) were measured in the

afternoon, this factor is not expected to affect our results. This important aspect

should be monitored in future studies.
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Second, the study included patients with different OSA severity and control sub-

jects that were not completely matched in demographics and clinical character-

istics. In particular, BMI and AHT were significantly higher in patients with

moderate and severe OSA. Chronic hypertension is involved independently in the

production of reactive oxygen species, inflammation, endothelial dysfunction and

vasodilatation impairment; therefore, the association of OSA, with a frequency in

resistant hypertension of more than 80% [145], and hypertension could have an

accumulative effect [146]. Considering that 91% of AHT subjects were patients

with moderate and severe OSA, it is difficult to discriminate this effect in our

dataset. Even though differences on age were found between OSA severity groups,

Edlow et al [118] found no difference in ∆rCBFsupine1 to supine2 depending on age. In

addition, while gender effect is not clear in our results, Edlow et al found it to be a

significant effect. However, relevantly, when performing the multiple linear model

for ∆rCBFsupine1 to supine2 as the dependent variable versus the different sleep study

results, demographics, and clinical characteristics, only mean SpO2 was identified

as the best significant factor. Neither AHT, BMI, age nor gender improved the

model. As mentioned previously, the same results were found when the analysis

was only performed in patients with OSA.

Third, the partial pressure of carbon dioxide (PCO2) was an unexplored relevant

factor since the majority of the PCO2 baseline values for the subjects included were

not obtained. PCO2 was not monitored during the orthostatic challenge. In any

case, the literature shows that while hypoxemia is a factor that clearly modifies the

cerebral autoregulation in patients with OSA, the results of the few studies that

analyze cerebrovascular response to hypercapnia are contradictory [109, 112, 125].

The role of hypercapnia in the cerebrovascular response in patients with OSA

needs to be investigated further in future studies.

Fourth, the use of respiratory polygraphy may underestimate the apnea or hy-

popnea index since the analysis does not distinguish between the awake and sleep

periods, while polysomnography considers only the sleep periods. Moreover, respi-

ratory polygraphy does not include respiratory events that lead to arousal without

a significant desaturation of the arterial blood. This underestimation would not

affect the patients currently labeled as being with severe OSA; instead, it would

affect patients listed as moderate who should have been listed as being severe.

However, since we have considered patients with moderate and severe OSA to-

gether for the analysis, this underestimation will not affect our main findings.
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Finally, when looking at the CPAP effect, only a small group of patients, though

with the strength of an excellent CPAP compliance, were reviewed. These results

need to be confirmed in the near future in a large and clinically representative

sample of patients with OSA. These results were published partly in Gregori-Pla

et al [127] and in Igor Blanco’s thesis [124].

5.4.3 Conclusions

In summary, this study shows an alteration of the cerebrovascular reactivity at

the level of the microvasculature in response to a mild orthostatic challenge in

patients with moderate and severe OSA. This impairment, which is dependent on

OSA severity, is an important pathogenetic link between OSA and vascular disease.

The alteration in vascular regulation could negatively impact tissue perfusion dur-

ing acute episodes of apnea, and indicate a potential greater vulnerability of the

cerebral vasculature to stroke injury. For this study we have used a non-invasive

technique, DCS, which enables continuous bedside monitoring of CBF and, a mild

orthostatic head-of-bed challenge. The orthostatic stress stimulus mimics a daily

action without the need for pharmacological agents, hypoxemia or hypercapnia

exposures, and with minimal patient collaboration. We propose that this stimu-

lus together with diffuse correlation spectroscopy can be a relatively simple and

easy biomarker protocol for identifying subclinical alterations of cerebrovascular

reactivity. Chapters 7, 9 and 10 support this idea. Finally, we found that cerebral

vasoreactivity may have been improved with CPAP treatment in a small group

of highly compliant patients, suggesting that the impairment in cerebrovascular

function may be reversible, at least in part, with treatment. Further studies will

be needed to better define the importance of this finding.

5.5 Appendix
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ID
Positional

change
Male

(yes=0)
Patient

type
AHI

(n./hour)
Mean

SpO2 (%)
ODI4
(%)

CT90
(%)

Smoking
(current/

exsmoker=1) 

Age (y.)
pre-CPAP

Height
(m)

Weight 
pre-CPAP (Kg)

Weight post-
CPAP (Kg) 

AHT pre-
CPAP

(yes=1)

AHT post-
CPAP

(yes=1)

DM
(yes=1)

DLP
(yes=1)

Time under treatment
between

measurements (y.)

Epworth
pre-CPAP

Epworth
post-CPAP

ΔrCBF (%)
pre-CPAP

ΔrCBF (%)
post-CPAP

3 0º to 30º 0 severe 99.5 92 73.7 22.8 0 63 1.59 94.00 84.80 1 1 1 0 2.5 15 2 -24.64 -18.48

3 30º to 0º 0 severe 99.5 92 73.7 22.8 0 63 1.59 94.00 84.80 1 1 1 0 2.5 15 2 32.74 6.48

5 0º to 30º 1 severe 74.2 94 78.4 10.8 1 54 1.76 86.20 83.00 1 1 0 0 2.4 7 0 -21.3 -28.91

5 30º to 0º 1 severe 74.2 94 78.4 10.8 1 54 1.76 86.20 83.00 1 1 0 0 2.4 7 0 0.36 -0.36

6 0º to 30º 1 severe 72.8 89 69.8 38 0 73 1.61 90.00 94.00 1 1 0 0 2.4 6 0 4.93 -15.93

6 30º to 0º 1 severe 72.8 89 69.8 38 0 73 1.61 90.00 94.00 1 1 0 0 2.4 6 0 9.52 14.77

8 0º to 30º 1 severe 91.1 86 88 58.6 1 49 1.81 152.00 154.80 0 0 0 0 2.5 23 6 -10.59 -13.74

8 30º to 0º 1 severe 91.1 86 88 58.6 1 49 1.81 152.00 154.80 0 0 0 0 2.5 23 6 10.39 -3.81

9 0º to 30º 0 severe 96.2 90 85.3 41.7 0 47 1.6 79.40 78.80 0 0 0 0 2.4 20 10 -7.64 -1.51

9 30º to 0º 0 severe 96.2 90 85.3 41.7 0 47 1.6 79.40 78.80 0 0 0 0 2.4 20 10 11.85 11.72

11 0º to 30º 1 severe 79.8 92 66.2 23.1 1 68 1.73 100.00 98.40 0 1 1 1 2.3 9 6 -16.17 -16.67

11 30º to 0º 1 severe 79.8 92 66.2 23.1 1 68 1.73 100.00 98.40 0 1 1 1 2.3 9 6 12.47 4.54

13 0º to 30º 1 severe 78.1 93 72.4 16.9 1 58 1.81 114.00 112.20 1 1 0 0 2.3 9 4 -28.33 -30.13

13 30º to 0º 1 severe 78.1 93 72.4 16.9 1 58 1.81 114.00 112.20 1 1 0 0 2.3 9 4 6.71 -2.69

25 0º to 30º 1 severe 46.1 96 45.9 5.2 1 57 1.65 89.00 100.00 1 1 0 1 1.7 15 8 -16.25 -10.09

25 30º to 0º 1 severe 46.1 96 45.9 5.2 1 57 1.65 89.00 100.00 1 1 0 1 1.7 15 8 22.15 26.2

27 0º to 30º 1 severe 71.2 86 70.5 58.3 1 53 1.58 89.00 90.00 1 1 0 1 2.0 23 13 -2.85 -8.1

27 30º to 0º 1 severe 71.2 86 70.5 58.3 1 53 1.58 89.00 90.00 1 1 0 1 2.0 23 13 35.96 4.51

30 0º to 30º 1 severe 34.2 91 35.4 18.7 1 57 1.78 98.20 104.60 1 1 0 1 2.0 15 8 -15.64 -2.52

30 30º to 0º 1 severe 34.2 91 35.4 18.7 1 57 1.78 98.20 104.60 1 1 0 1 2.0 15 8 12.76 20.29

33 0º to 30º 1 severe 46.5 94 42.6 8.6 0 47 1.79 82.00 83.40 0 0 0 0 2.0 11 5 -21.09 -20.87

33 30º to 0º 1 severe 46.5 94 42.6 8.6 0 47 1.79 82.00 83.40 0 0 0 0 2.0 11 5 5.75 -5.75

45 0º to 30º 0 severe 33.8 95 19.3 0.8 0 67 1.6 66.00 67.20 0 0 0 1 1.8 6 6 -31.14 -32.84

45 30º to 0º 0 severe 33.8 95 19.3 0.8 0 67 1.6 66.00 67.20 0 0 0 1 1.8 6 6 -5.83 -11.64

47 0º to 30º 1 severe 71.5 91 64 31.4 1 62 1.66 118.00 115.00 1 1 1 1 1.7 14 4 -1.73 14.62

47 30º to 0º 1 severe 71.5 91 64 31.4 1 62 1.66 118.00 115.00 1 1 1 1 1.7 14 4 11.06 11.08

Table 5.5: Demographics, sleep study results, clinical characteristics, and optical study results of the severe obstructive sleep apnea patients
measured before and after continuous positive airway pressure treatment. AHI, apnea-hypopnea index; SpO2, arterial oxygen saturation; ODI4,
number of times where arterial oxygen saturation decreases 4% due to an apnea or hypopnea; CT90, % of measured night sleep time when
arterial oxygen saturation is lower than 90%; CPAP, continuous positive airway pressure; AHT, arterial hypertension; DM, diabetes mellitus;

DLP, dyslipidemia; ∆rCBF, relative cerebral blood flow.





Chapter 6

Characterization of the

microvascular cerebral blood flow

response to obstructive apneic

events during night sleep

Hypothesis:

Diffuse correlation spectroscopy is able to characterize the microvascular CBF

response to each apnea event with a sufficient contrast-to-noise ratio to reveal its

dynamics.

6.1 Introduction

Obstructive sleep apnea (OSA) is defined, as in Chapter 5, by a repetitive inter-

rupted breathing during sleep because of upper airway obstruction with simul-

taneous respiratory effort, terminated by arousals and, relevantly, in most cases

accompanied by transient dips in arterial oxygen saturation. Symptoms of OSA in-

clude snoring, daytime sleepiness, morning headache, sexual dysfunction, fatigue,

depression and behavioral disorders [147, 148]. OSA is also an independent pre-

dictor for cardiovascular disorders [97, 149–152] such as ischemic stroke. Relevant

factors involved in these impairments are thought to be the repetitive intermittent

hypoxemia, the sleep fragmentation, the increased sympathetic activity, and the

periodic cerebral hemodynamic changes [105, 153, 154].
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Previously, different works have studied the apnea-induced changes of the macrovas-

cular cerebral blood flow velocity (CBFV) in the middle cerebral artery by tran-

scranial Doppler ultrasound (TCD) [113, 155–158]. Interestingly, B̊alfors et al

[113] showed that CBFV and the mean arterial blood pressure showed a biphasic

pattern consisting on a gradual increase close to the apnea end followed by a sud-

den decrease. However, TCD cannot measure the actual microvascular cerebral

blood flow (CBF) in the brain. Furthermore, TCD can directly insonate only prox-

imal vascular segments of large arteries and only indirectly provides information

about more distal vascularity [159]. Also, few studies have also used microvascular

cerebral blood oxygenation measured by near-infrared diffuse optical spectroscopy

(NIRS-DOS) as a surrogate [160–163]. However, neither TCD nor NIRS-DOS

can measure the microvascular cerebral blood flow (CBF) in the brain, which is

a desirable parameter since it provides direct information about the health of the

brain [164], is a key parameter to measure the oxygen metabolism [165–167] and

acts as biomarker of cerebral autoregulation [168]. Because of this, we have used

diffuse correlation spectroscopy (DCS), to measure microvascular, local CBF on

the brain cortex of the frontal lobes at the bed-side non-invasively [5, 7]. Only one

study attempted to measure night sleep changes by DCS in OSA patients [169] but

individual apneic events could not be characterized, presumably due to technical

limitations.

In this study, we have used a DCS device to characterize and evaluate the individ-

ual apnea-induced hemodynamic changes of the microvascular cerebral blood flow

measured continuously in patients with severe OSA simultaneously using DCS and

polysomnography. The results of this study are published in Zirak et al [170], in

which I am the corresponding author.

6.2 Methods

This study was conducted at the Sleep Unit of the Department of Respiratory

Medicine, Hospital de la Santa Creu i Sant Pau, Barcelona, Spain. The study

protocol was approved by the local ethical committee (EC/11/001/1166). All

participants gave their written informed consent.

The subjects were referred to a sleep study at the Sleep Unit because of being at

a high risk of severe OSA according to the Epworth sleeping scale [131] results,
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their clinical symptoms and the results of a previous home-use nocturnal pulse

oximetry session [171].

The exclusion criteria were being older than 80 years, previous or current continu-

ous positive air pressure (CPAP) treatment [129], chronic obstructive pulmonary

or neuromuscular diseases, previous ischemic stroke, or refusal to participate in

the study.

A pre-established questionnaire was used to collect demographic variables includ-

ing their medical history, cardiovascular risk factors and current medications.

Patients were asked to arrive at the Sleep Unit at 19:00 on the study day. Caf-

feinated or alcoholic beverages were instructed to be avoided twenty-four hours

previously to the measurement. Optical and PSG data was simultaneously ac-

quired during the night sleep study.

The clinical technician fixed a CPAP mouth-nose mask to find the correct air

pressure for preventing apneas if the obstructive apnea or hypopnea index (AHI;

number of apneas and hypopneas per hour) was higher than 30 after about four

hours of sleep. In other words, a split-night PSG was planned and for the subjects

with split-night PSG, only the data recording of the first four hours of night sleep

without CPAP was used for the analysis.

6.2.1 Overnight polysomnography

Polysomnography (Siesta Compumedics, Melbourne, Australia) sensors were wire-

lessly connected to the monitoring room. PSG included the recording of the

oronasal flow (by a thermistor and a nasal cannula), the thoracic and abdomi-

nal movements (by a respiratory inductance plethysmography band), the heart

rate (HR; by electrography chest leads and calculated from the electrocardiogram

as described in [172]) and the arterial oxygen saturation (SpO2), among other

variables.

PSG data was post-processed by the sleep technicians according to the Spanish

Sleep group recommendations [129]. Sleep technicians determined the start and

end time points of each apneic event, identified the apnea types (i.e. obstructive

apnea, hypopnea, mixed apnea, and central apnea) and calculated, among other

parameters, the number of times where arterial oxygen saturation decreases 4%
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due to an apnea or hypopnea (ODI4), % of measured night sleep time when arterial

oxygen saturation is lower than 90% (CT90) and the AHI. From these variables, the

diagnosis of OSA and the high degree of severity of these patients were confirmed

or rejected after the recruitment. Due to the different pathophysiology of each

type of apneic event, and for simplicity, only obstructive apneas were used for this

analysis.

6.2.2 Determination of the cerebral blood flow

We have used the DCS unit of the hybrid device described in Section 4.1.1. The

averaging time of the DCS measurement in each patient was adjusted from one to

three seconds during the first minutes of the measurement in order to maximize

the signal-to-noise ratio for the rest of the sleep measurement. In order to co-

register the DCS data with the PSG variables, a transistor-transistor logic signal

was generated through a digital output channel, which was fed into the PSG device

and was used as a marker to synchronize DCS and the PSG variables.

The custom built optical probe was made of ninety-degree bent fibers of 2 mm

of external diameter with a 2.5 cm source-detector separation. We have assumed

that the hemodynamic changes in the brain are homogeneous bilaterally and, for

patient comfort, we opted to fix a single DCS probe on the right forehead of the

patient. The probe was located over the patient’s forehead properly fixed to avoid

the movement of the patient and allowing the implant/removal of the CPAP mask

when necessary with the minimum possible effect on the optical measurement.

6.2.3 Group and individual analysis of cerebral blood flow,

heart rate and arterial oxygen saturation apnea-induced

changes

Each apneic event was characterized by the percent relative CBF change (∆rCBF),

defined as ∆rCBF = ( BFI
BFIbl

− 1)× 100 where BFIbl is the average of the cerebral

BFI from thirty seconds before the apnea start up to thirty seconds after the apnea

end. This choice for BFIbl was meant to correct for slight changes in the probe

position during the whole night of sleep and to account for the possible changes

in the absolute CBF at different stages of sleep. A similar approach was taken to
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systemic variables too, i.e. ∆rHR was defined as ∆rHR = ( HR
HRbl

− 1)× 100, and

∆SpO2 was defined as ∆SpO2 = SpO2 − SpO2bl.

In order to discard the CBF, HR and SpO2 responses to obstructive apneic events

with movement artifacts or with a low signal quality during the measurement,

all responses were studied by developed methods for outlier detection [173, 174].

These allowed us to find the responses that presented higher or lower magnitude

values than the majority or that exhibited a different time behavior. Each variable

(CBF, HR or SpO2) was analyzed independently. For instance, if the ∆rCBF

response for one apnea was classified as an outlier, it did not imply that ∆rHR

and/or ∆SpO2 response for the same apnea were also classified as outliers. We

expect that this will not cause any errors in the data analysis due to the large

number of obstructive apneic events that were analyzed. The outlier detection

procedure was implemented in R [135] using the “fda.usc” [174] package and the

function “Outliergram” [173].

All the remaining apnea events for each variable (∆rCBF, ∆rHR or ∆SpO2) of

all patients were averaged after removing the outliers from our database in order

to visualize representative cerebral and systemic dynamics of obstructive apneas.

The averaging was performed by selecting the start and the end of each obstructive

apnea based on PSG measurements using the established criteria used in the clinics

(see above), by calculating the ∆rCBF, ∆rHR or ∆SpO2 traces for each apnea as

explained previously, by aligning the data according to the start of each individual

apnea, as illustrated in Figure 6.1 (left) and, finally, by grouping and averaging all

obstructive apneas within a given range of apnea duration. Four groups were used

according to apnea duration; apneas shorter than or equal to 15 seconds, apneas

longer than 15 and up-to 30 seconds, apneas longer than 30 and up-to 45 seconds,

and apneas longer than 45 and up-to 60 seconds. There were obstructive apneas of

varying lengths in each group and, if an apnea was shorter than the full duration,

it did not contribute to the remaining average. This grouping before averaging was

performed since the apnea lengths vary from ten seconds up to around a minute

and, even though this averaging is not perfect, grouping by duration allowed us

to see more details of the apnea dynamics.

The present heterogeneity of the duration of apneas did not allow us to analyze

the full duration of the single apnea induced ∆rCBF, ∆rHR or ∆SpO2 changes.

In order to do this, we have considered the apnea end as a pivot point to calculate

each parameter. Also, the parameters associated to each obstructive apneic event
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were considered as a function dependent on time (∆rCBF(time), ∆rHR(time) and

∆SpO2(time)), and then, the relative extrema of these functions along a specific

time interval relative to the end of the apnea were calculated. The positive extrema

are referenced as “peak” values, and the negative extrema as “drop” values. The

time windows to find these extrema along the time dependent function were from

-5 to 15 seconds for the first extremum on ∆rCBF (see Figure 6.1 as an example),

from 0 to 15 seconds for the ∆rHR, and from 5 to 35 seconds for the ∆SpO2.

Moreover, in order to visualize the possible link between the hypoxemia present

in these patients and the cerebral blood flow, also the second extremum that was

outside this window was considered for ∆rCBF. These time windows were selected

from the literature [113, 175] and also by visual observation of all apneas plotted

together from -30 seconds to 60 seconds in order to include the majority of the

peak/drop values. This analysis was performed with Matlab 2012a (Mathworks,

MA, USA).

Relative 
cerebral 
blood flow
(%)

Apnea 
period First extremum

Second extremum

Time window

Time 
(apnea end) 

15 sec5 sec

Time 
(apnea start) 

Relative 
cerebral 
blood flow
(%)

Group 
time end

Group 
time start

Figure 6.1: (Left) All individual obstructive apneas from the same duration group
considering the start of the apnea as a pivot point. Apneas from the same duration
group will be averaged for obtaining a canonical apnea shape for this duration group.
(Right) Characterization of individual apneas, where the end of the apnea is considered
as a pivot point. The light gray region indicates the apneic event. The dark gray region
indicates the time window used to find the first extremum value. The first and second
extrema are labeled in purple. This figure is published at [170], in which I have the

copyright to the published content.

The association between the calculated ∆rCBF, ∆rHR and ∆SpO2 extrema to

apnea duration was analyzed by adjusting a linear mixed-effect model [176]. The

patient identifier was the random factor, the apnea duration parameter was the

fixed effect and the positive and negative extrema (previously defined as “peaks”

and “drops”) of the apnea time response on variables ∆rCBF, ∆rHR and ∆SpO2
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were the predictors. The linear mixed-effect analysis was carried out in the R

programming language [176] using the “nlme” package. The associations between

the calculated means of ∆rCBF, ∆rHR and ∆SpO2 extrema responses for each

patient with age, gender and body mass index (one by one) were analyzed by

adjusting simple linear models. For these models, the demographic parameters

were the fixed effects and the mean calculated extrema were the predictors. The

residuals of the different models were inspected for deviations from normality and

homoscedasticity.

Wilcoxon signed-rank test was used to check if a group duration response was

different from zero.

A p-value <0.05 was considered to be statistically significant.

6.3 Results

6.3.1 Baseline characteristics

A cohort of sixteen (n=16) subjects with high risk of severe OSA as defined in

methods were recruited. All patients were diagnosed with severe OSA after being

studied with a split-night PSG (n=14, 88%) or by an overnight PSG (n=2, 12%).

Table 6.1 shows the demographic, clinical and polysomnographic characteristics

of the subjects. The table shows that this is a relatively homogeneous group of

patients with a very severe obstructive sleep apnea syndrome, commonly associ-

ated with a high percentage of cardiovascular and metabolic comorbidity. The

severity of OSA syndrome in our cohort is shown by an AHI higher than 30, and

high values of CT90 and ODI4. The prevalence of hypertension in our sample was

62.3%, which is consistent with the results of other studies [92]. Four patients

received beta blockers, which may cause alterations in the heart rate [177]. There

was no other relevant use of medications.

6.3.2 Night sleep clinical and optical results

The time-resolution was decided during a baseline test as mentioned in methods

in order to maximize the signal-to-noise ratio. The microvascular CBF during the
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OSA patients (n=16)
Age (years) 57 (52-64.5)
Males, n (%) 12 (75)
BMI (kg/cm2) 34 (32-37.5)
Epworth 9.5 (7.5-15.5)
AHT, n (%) 10 (62.5)
Smokers, n (%) 13 (81)
Diabetes, n (%) 5 (31.25)
Dyslipidemia, n (%) 3 (18.75)
AHI (n./hours) 85 (76-94)
Mean SpO2 (%) 92 (90.5-93.5)
CT90 (%) 23 (12-33)
ODI4 (%) 74 (65-85)

Total number of apneas
detected by polysomnography n

3817

Obstructive apneas, n (%) 1365 (36)
Hypopneas, n (%) 1918 (50)
Mixed apneas, n (%) 358 (9)
Central apneas, n (%) 176 (5)

Table 6.1: Demographic, clinical and polysomnographic characteristics of the pa-
tient population. Values are reported in median (interquartile range) or frequency (%).
OSA, obstructive sleep apnea; BMI, body mass index; AHT, arterial hypertension; AHI,
apnea-hypopnea index; SpO2, arterial oxygen saturation; CT90, % of measured night
sleep time when arterial oxygen saturation is lower than 90%; ODI4, number of times
where arterial oxygen saturation decreases 4% due to an apnea or hypopnea. This table

is published at [170], in which I have the copyright to the published content.

whole night of sleep was continuously assessed by DCS with a range of 0.9 to 3.1

(1.5 ± 0.5, mean ± standard deviation) second time-resolution.

A total of 3817 apneic events were identified including 1365 (36%) obstructive

apneic events. The DCS recording in two patients was discarded (14% of total

obstructive apneic events) due to synchronization failure between the PSG and

the DCS. Part of the HR of different patients was discarded due to low ECG data

quality recording (15% of total obstructive apneic events). The SpO2 recording in

one patient was also discarded (9% of total obstructive apneic events) due to the

detachment of the pulse oximeter during the main part of the recording. After

removing the outliers, 87% obstructive apneic events were considered for the CBF,

90% events for the HR, and 88% events for the SpO2. Table 6.2 clarifies the total

of number of apneas considered for the analysis.
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Step CBF HR SpO2

1
Total apneas detected

by PSG,
n (%)

3817 (100) 3817 (100) 3817 (100)

2
Obstructive apneas detected

by PSG,
n (%) of step 1

1365 (36) 1365 (36) 1365 (36)

3
Obstructive apneas,

n (%) of step 2
1150 (84) 1161 (85) 1239 (91)

4
Obstructive apneas

after outlier removal,
n (%) of step 3

1002 (87) 1040 (90) 1088 (88)

Table 6.2: Total number of obstructive apneas detected by the polysomnography and
the total apneas considered for the analysis for different steps. The total number of
events remaining after each step and its percentage (%) are reported. Step 1, total events
detected by PSG. Step 2, obstructive apneic events detected by PSG. Step 3, obstructive
apneic events detected by PSG and recorded by each technique. Step 4, obstructive
apneic events detected by PSG and recorded with each technique after removing the
outliers. CBF, cerebral blood flow; HR, heart rate; SpO2, arterial oxygen saturation;
PSG, polysomonography. This table is published at [170], in which I have the copyright

to the published content.

As an example of the apnea effect on systemic variables and cerebral blood flow,

Figure 6.2 shows three minutes of continuous BFI measurement together with

nasal airflow, HR and SpO2 changes for one representative patient. BFI has been

plotted here and not ∆rCBF, since ∆rCBF is calculated from a specific baseline

of each individual apnea where the baseline corresponds to a pre-apnea period of

thirty seconds from the start up-to a post-apnea period up-to thirty seconds from

the end, as explained in methods. From the PSG recording, it can be seen that

SpO2 shows a drop with a delay relative to the apneic event. In this time period

with frequent apneas, characteristic of patients with severe OSA, the SpO2 drop

of the previous apnea appears in the apnea period of the next event. Also, the HR

starts to rise when the breathing restarts after a period of cessation. BFI shows a

similar behavior as the HR.

∆rCBF measurements during obstructive apneas were grouped according to their

duration (as previously explained in the methods section) and averaged as shown

in Figure 6.3 in order to better understand the general response of apnea-induced

CBF. As it is observed, the mean of the different apnea-duration groups follows
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Figure 6.2: a) Nasal airflow, b) heart rate, c) arterial oxygen saturation, and d) cerebral
blood flow index dynamics during three minutes of night sleep for one representative
subject. The gray regions between two vertical lines indicate the obstructive apneic
events. This figure is published at [170], in which I have the copyright to the published

content.

a similar pattern with a ∆rCBF increase towards the apnea end followed by a

∆rCBF drop.

The apnea duration range from 15 up-to 30 seconds is shown here for further

visualization of the data since this range includes the highest number of events.

The peak observed in CBF in Figure 6.3 is also observed in the HR in Figure 6.4,

whereas the SpO2 shows a drop. Also we can observe that cerebral and systemic

variables are not stable during the pre-apnea periods in Figure 6.2. This effect

is evident in the peaks/drops right before or at the start of the apnea in Figure

6.3 and in Figure 6.4. Most probably this is due to the presence of a previous

apnea event equal or less than thirty seconds prior to the start of the evaluated

event, which was the case for 80% (n=3054) of all the events detected by the PSG,

i.e. the subject’s physiology was not yet stabilized. According to this, and also

according to the literature, in order to characterize the response to a given apnea,

we have considered the end of the apnea or the post-apnea period (as previously

explained in methods section) to find the CBF peaks/drops, HR peaks, and SpO2

drops.

Table 6.3 shows the average amounts of peaks/drops for cerebral and systemic

variables grouped according to apnea duration. All peak/drop group durations
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were statistically different from zero. Microvascular CBF increased by a mean of

30 ± 17 % at the end of the event followed by a drop of -20 ± 12 %. HR, as

expected, increased by -11 ± 7 %. Also, SpO2, as expected, decreased by -13 ± 4

%.

Females, in comparison to males, showed a larger CBF response (β=9.9, p=0.040).

Older age was associated to a smaller SpO2 response (β=-0.2, p=0.004). No sta-

tistically significant associations were found with the body mass index (p>0.05).

When a linear model with the ∆rCBF peak or the ∆rHR peak as the dependent

parameter and the apnea duration as the predictor parameter was fit, positive

statistically significant associations (β=0.5 and β=0.4, respectively) were found

(p<0.001) for both dependent parameters. When the dependent parameter was

the ∆rCBF drop or the ∆SpO2 drop, negative statistically significant associa-

tions (β=-0.2 and β=-0.2, respectively) were found (p<0.001) for both dependent

parameters.
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∆rCBF ∆rHR ∆SpO2

Apnea
duration

(sec)
n (%) Peak (%) Drop (%) n (%) Peak (%) n (%) Drop (%)

≤15 130 (13) 22±15 -19±16 116 (11) 8±5 126 (11) -4±2
>15 to ≤30 618 (62) 29±18 -20±13 681 (65) 11±6 697 (64) -6±4
>30 to ≤45 238 (24) 35±15 -21±7 236 (23) 13±8 258 (24) -9±6
>45 to ≤60 16 (1) 45±20 -22±9 7 (1) 19±8 7 (1) -13±4
All, 24±8 1002 (100) 30±17 -20±12 1040 (100) 11±7 1088 (100) -6±4

Table 6.3: Mean ± standard deviation values for the amount of the peak or drop close to the apnea end for the different apnea duration groups
considered and for all apneas. ∆rCBF, relative cerebral blood flow; ∆HR, relative heart rate; ∆SpO2, arterial oxygen saturation change. This

table is published at [170], in which I have the copyright to the published content.
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6.4 Discussion

In this work, we have successfully demonstrated the assessment of microvascular

CBF during individual obstructive apneic events by non-invasive, continuous cor-

tical DCS measurements. All subjects tolerated the study during the whole-night

sleep showing that DCS is suitable for bed-side continuous CBF monitoring over

long periods of time and its compatibility with standard PSG monitoring in the

clinics point-of-care.

The first finding to report is that DCS results had sufficient contrast-to-noise ra-

tio to enable us to measure the microvascular CBF response to obstructive apneic

events in a synchronized manner with the systemic variables from the PSG as

shown in Figure 6.2. HR and SpO2 followed the expected dynamic response to

obstructive apneic events according to the literature [160, 161, 175, 178]. CBF

showed a similar dynamic response behavior as HR. Only one study has also mea-

sured microvascular CBF in OSA patients continuously with diffuse correlation

spectroscopy (DCS) [169] during night sleep. However, two-minute time periods

with apneas and two-minute time periods with no apneas were compared in or-

der to see differences between the microvascular cerebral hemodynamics with or

without events, so, cerebral hemodynamics were not characterized.

The second finding showed a rise and a peak of microvascular ∆rCBF towards

or after the end of the event, followed by a drop. Figure 6.4 illustrates that the

∆rCBF and ∆rHR dynamic responses are similar and are also in-phase. This

could suggest that we are primarily measuring the extracerebral contributions

instead of the cerebral contribution, since, in principle, cerebral signals are not

directly driven by heart rate changes. However, DCS in adult brain with this

source-detector separation has been validated against other measures of CBF in

different studies where it was demonstrated that the relative changes in different

challenges follow the intra-cerebral signals closely [7, 8, 24, 79]. Moreover, the

literature supports this type of correlation from the cerebral signals during apnea.

For instance, our measured microvascular CBF changes by DCS follow the same

pattern of the changes in the middle cerebral artery (CBFV) measured by TCD as

reported in the literature [113, 157, 158] showing, similarly to our measurements,

a peak close to the end of the apnea. Furthermore, these ∆rCBF and CBFV

peaks are in agreement quantitatively. The 14.6 ± 14 % peak change in CBFV

right after the apnea end by B̊alfors et al [113] is similar to our microvascular
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Figure 6.3: Mean cerebral blood flow changes (∆rCBF) during obstructive apnea
events for apnea durations of: a) 10-15 seconds; b) 15-30 seconds; c) 30-45 seconds;
and d) 45-60 seconds. The gray regions between two vertical lines indicate the start
of the events up-to the end of the longest events in each group. The total number of
averaged apneas for each subfigure is included at the top right. The peaks and drops
representative for the mean apnea hemodynamics response to obstructive apneic events
for each group are labeled. See Figure 6.1 a) for the visualization of the apnea duration
group before averaging. This figure is published at [170], in which I have the copyright

to the published content.

∆rCBF values of 30 ± 17 % for obstructive apnea as it can be seen in Table 6.3.

Also Alex et al [157] found similar peaks in CBFV of 22% to 42%. However, other

authors have reported larger CBFV peaks. Klingelhfer et al [155] found changes of

CBFV of 19-219% and Siebler et al [158] found a mean CBFV peak during apnea

of 142% compared with the baseline CBFV. The differences of these last studies

with our results may be related to different normalization of the data and also

to the presence of longer apnea durations. Moreover, the ∆rCBF drops after the

apnea end are also in agreement with the CBFV drops found in the bibliography

[113, 155]. Overall, these results tell us that there is a decrease in the cerebral

perfusion due to an obstructive apneic event. If these intermittent decreases lead

to ischemia, they can cause hypoxic/ischemic brain injury, especially if it is the
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Figure 6.4: a) Mean change of arterial oxygen saturation (∆SpO2), b) mean relative
heart rate (∆rHR), and c) mean relative cerebral blood flow (∆rCBF), for apnea dura-
tions from 15 to 30 seconds. The gray regions between two vertical lines indicate the
start of the events up-to the end of the longest events of 30 seconds. The total number
of averaged apneas for each subfigure is included at the top right. The peaks and drops
representative for the mean ∆SpO2, ∆rHR and ∆rCBF response to obstructive apneic
events are labeled. See Figure 6.1 a) for the visualization of the apnea duration group
before averaging. This figure is published at [170], in which I have the copyright to the

published content.

case that cerebrovascular reactivity and/or regulation are impaired [108].

We have observed (Figure 6.2 and Figure 6.3) that cerebral hemodynamics in the

pre- and during-apnea periods are not stable as it has been previously observed

due to the presence and influence of the previous event [160, 161, 175, 178]. 80%

(n=3054) of the total events (obstructive apneas, mixed apneas, hypopneas and

central apneas are considered) are followed by the next event after 30 seconds or

less, hence, we expect that the effects of the previous events will overlap with the

next apnea since the rapid succession of the events do not let stabilization of the

physiology. B̊alfors et al [113] support this idea by finding that CBFV returned

to baseline within 60 seconds after the apnea termination.
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The CBF peak and drop amplitudes that are characteristic of each apneic event

were associated with the apnea duration. This association of the peak with the

apnea duration has also been observed by TCD in the middle cerebral artery [157].

About the systemic variables HR and SpO2, several works have observed a corre-

lation of desaturation depth with apnea duration [179, 180]. Also, Chouchou et

al [181] found an abrupt HR increase right after obstructive apneic events, and

recently, in a preliminary work, we have observed a correlation between HR excur-

sion and the duration of apneas [172]. These findings tell us that the longer the

apnea duration, the larger is its effect on HR, SpO2, but also, on the microvascular

cerebral blood flow.

About the gender effect, we observed that females showed larger CBF responses.

Edlow et al [118] previously reported a smaller CBF response to HOB manipu-

lation for females in the healthy population, but we hypothesize that female can

have a smaller head circumference and a smaller scalp-to-brain-distance, hence, a

smaller extracerebral effect. No body-mass-index effect was observed. However,

Peppard et al [182] did observe an association between SpO2 decreases and body

mass index. The homogeneous body mass index present in our group (32-37.5)

may have hidden this association. About the age effect, older age has already been

previosly associated to a smaller apnea SpO2 response as found in the literature

[183].

Finally, several apneas (13% for CBF, 10% for HR and 12% for SpO2; see Table

6.2) have been discarded as outliers. The similar percentages of apneas removed

between CBF and the PSG variables (HR and SpO2) support the idea that the

DCS signal has the quality needed to be used at the poin-of-care in the clinics.

Our study has some limitations that should be taken in consideration. Our findings

correspond to a group of patients with very severe OSA, which implies that these

results may not be extrapolated to the different OSA severities. However, at

the same time, it strengthens the validity of our results for these patients with

severe OSA. Finally, two important parameters to understand CBF changes are

the blood pressure and the end-tidal carbon dioxide, future studies should include

their simultaneous measurement with DCS.

In summary, we have demonstrated the suitability of DCS technology for bed-

side and continuous monitoring of the microvascular ∆rCBF during sleep at the

point-of-care in the clinics. We were able to obtain sufficient signal-to-noise ratio
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for characterizing the canonical shape of the microvascular cerebral blood flow

changes in patients with severe obstructive sleep apnea. We were then also able

to characterize each cerebral blood flow peak and the following drop for each

obstructive sleep apnea event, as well as to visualize the apnea induced cerebral and

systemic hemodynamics simultaneously. This work, to the best of our knowledge,

is the first characterization of the microvascular cerebral blood flow during an

obstructive sleep apnea.





Chapter 7

Mild postural alterations as a

challenge to evaluate

cerebrovascular reactivity in

carotid stenosis; a comparison to

acetazolamide injection and to

breath-hold challenge

Hypothesis:

The orthostatic challenge can be an alternative protocol to acetazolamide injec-

tion and breath-hold index challenges in order to derive a biomarker of cerebral

vasoreactivity in evaluating the effects of internal artery carotid stenosis.

7.1 Introduction

Severe stenosis or occlusion of the internal carotid artery (ICA) causes up to 20%

of all strokes [184, 185]. Older people are more likely to be affected by carotid

stenosis, where men are more likely than women. Cholesterol, high blood pressure

and smoking, which are conditions that are increasing in our society, are also

predictors of ICA stenosis [186].

95
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These patients with ICA stenosis are found to be at a higher risk of stroke events

when cerebrovascular reactivity (CVR; the response to a stimulus that dilates

or contracts the cerebral vasculature [4]) is impaired [187]. Impaired CVR was

shown to have a prognostic value in future ischemic stroke risk stratification in

severe extracranial internal carotid artery (ICA) stenosis patients [188]. The CVR

assessment is mainly performed in asymptomatic ICA stenosis patients, since they

are the population in which there is more uncertainty of the optimum treatment

[189]. This assessment has been proposed to stratify ICA stenosis patients based

on their assumed risk of stoke, and, therefore, to contribute in the decision of the

proper treatment, such as carotid revascularization or drug therapy. To that end,

it is hypothesized that a practical, point-of-care evaluation of CVR and general

cerebral hemodynamics may reveal itself of clinical value in preventive interven-

tions in this patient population.

A common way to evaluate the cerebral well-being is to measure the maximal CVR

of the cerebral arterioles to a chemical stimuli using acetazolamide (ACZ), which

is a selective inhibitor of the enzyme carbonic anhydrase (EC 4.2.1.1) [34, 35].

The main advantage of ACZ challenge is the lack of need of patient collaboration.

However, it is minimally invasive, time-consuming and has relatively minor but

relevant side-effects.

Another common challenge, relevant to this work, is the use of induced hyper-

capnia by carbon dioxide inhalation or a breath-hold [190–192]. However, both

challenges require significant patient collaboration, controlled carbon dioxide in-

halation requires specialized equipment and voluntary breath-hold is difficult to

standardize.

As mentioned previously, another difficulty is that the clinically accepted methods

that allow the evaluation of the status of the microvasculature (magnetic resonance

imaging, perfusion computed tomography, positron emission tomography and oth-

ers) are not suitable for use at the point-of-care. Transcranial Doppler ultrasound

(TCD) is the only method suitable for point-of-care use but it only measures cere-

bral blood flow velocity in the few accessible major arteries, i.e. only the distal

microcirculation is measured directly [4, 193].

In other words, two critical advances are desired for the robust, point-of-care evalu-

ation of the CVR in these patients. Namely, a non-invasive, transcranial, portable
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method that is sensitive to the local, microvascular hemodynamics and a chal-

lenge that is easy to implement with minimal patient collaboration. About the

method, diffuse correlation spectroscopy (DCS) and TCD have already been uti-

lized to compare microvascular versus macrovascular (evaluated by TCD) CVR in

response to both acetazolamide [194] and hypercapnia [111, 195]. And, in another

front, about the challenge, a sequence of transient alterations of the patient head-

of-bed (HOB) manipulation position challenge has been considered as a stimuli

as an alternative biomarker to test CVR and/or cerebral autoregulation [118–

123, 127, 133, 134, 196] (also in Chapters 5, 9 and 10). Despite the complexity of

its physiology and various potential confounding factors influencing the cerebral

hemodynamic outcome [118, 119, 134], this challenge is attractive for many reasons

because, compared to other stimuli, it is non-invasive (no need to inspire gases or

inject drugs), is easy to perform and does not require subject collaboration nor

special equipment. Interestingly, the cerebral hemodynamic response to HOB po-

sition manipulation as assessed by diffuse optics has been shown to be indicative

of acute cerebral pathology [119–121], cerebral autoregulation [122] (Chapter 10),

long term outcome [123] (Chapter 9) and secondary alterations due to chronic

illness and therapeutic recovery afterwards [127] (Chapter 5) in a growing number

of pilot studies.

In this work, we have used TCD and DCS on a cohort of asymptomatic ICA

stenosis patients and on a cohort of healthy controls. The primary goal of the study

was to compare the utility of the HOB manipulation as a challenge as evaluated

by diffuse optics to the acetazolamide (ACZ) injection and to the breath-hold

challenges, all for the evaluation of an alternative biomarker of CVR. We have

hypothesized that HOB position challenge as a simpler, non-invasive and benign

challenge, can be a good alternative to hypercapnic (breath-hold challenge) and

ACZ challenges for the evaluation of CVR at the microvasculature level in patients

with ICA stenosis. The results of this study are summarized in a manuscript under

preparation for submission [117].

7.2 Methods

This study was conducted at the Stroke Unit of Hospital de la Santa Creu i Sant

Pau, in Barcelona, Spain between February 2016 to January 2018. The study
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protocol was approved by the local ethical committee (EC/15/130). The patients

and volunteers gave their informed written consent.

7.2.1 Population

We have recruited patients with asymptomatic severe extracranial ICA stenosis,

and also healthy volunteers.

Asymptomatic ICA stenosis refers to patients with present ICA stenosis but with-

out a history of ischemic stroke or transient ischemic attack in the preceeding six

months. The patients were diagnosed with asymptomatic severe extracranial ICA

stenosis during a carotid artery ultrasound screening (multifrequency linear array

transducer; Aplio-XG, Toshiba, Tochigi, Japan) due to other vascular risks fac-

tors or due to other non-related symptoms, or after an ischemic stroke related to

another etiology at the Stroke Unit. The patients were asked to join the study if

they had an unilateral or bilateral severe >70% stenosis or occlusion of the ICA as

determined by published criteria using a carotid artery ultrasound [197]. In these

patients, the ICA stenosis or occlusion was further confirmed by magnetic reso-

nance angiography, computed tomography angiography, and/or digital subtraction

angiography according to North American Symptomatic Carotid Endarterectomy

Trial criteria [198]. Exclusion criteria were bilateral inadequate temporal bone

windows for sufficient TCD examination or the evidence of an additional intracra-

nial stenosis of the carotid siphon, of the middle cerebral artery, or of the anterior

cerebral artery. Patients were instructed to avoid caffeine, smoking, or vasoactive

medications twelve hours prior to the measurement. These substances may alter

the result of any vasoreactivity test. For this reason, the cerebrovascular reactivity

was measured without the effect of vasoactive substances in order to address only

the effect of the ICA stenosis.

7.2.2 Challenges for testing the cerebrovascular reactivity

The study protocol consisted of a sequence of three different vasoreactivity chal-

lenges performed in the same session in each subject, as shown in Figure 7.1.

First, two breath-hold challenges were performed with a maximum duration of

30 seconds at supine (0◦) position. Subjects were instructed to hold their breath
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following a normal inspiration, and to avoid performing a Valsalva-maneuver. A

respiratory polygraphy device was used to check for the apnea length a posteriori.

Considering the period pre-apnea as the baseline, a relative maximum change was

found during the period of apnea duration plus thirty seconds after the end of the

apnea, this relative change was divided by the apnea length to obtain a breath-

hold index (BHI) [192]. The two BHI calculated were averaged to obtain a general

result.

The second challenge started after five minutes of resting time from the last breath-

hold. The head rest of the bed was tilted from supine (0◦) position up-to 30◦ to per-

form the first HOB orthostatic position challenge, and after five minutes at 30◦ the

bed was tilted back to supine (0◦) position for five more minutes. For the HOB po-

sition challenge, the first and last minutes in each position were discarded from the

analysis due to possible movement artifacts and for avoiding systemic instabilities,

and, a percentage change was calculated and then averaged for the position at 30◦

and also for the recovery back to supine (0◦) respect to the initial supine position.

The ∆rCBF and ∆rCBFV responses to the change from the supine position to 30◦

are represented as ∆rCBFsupine1 to 30◦ and ∆rCBFVsupine1 to 30◦ , respectively; also,

the ∆rCBF and ∆rCBFV responses when being tilted back to the initial supine

position are represented as ∆rCBFsupine1 to supine2 and ∆rCBFVsupine1 to supine2 , re-

spectively. The mean arterial blood pressure (MAP) was measured at 2.5 minutes

from the onset of each HOB position.

The HOB position challenge was followed by the acetazolamide stimulus at supine

(0◦) position but only the patients (not controls) were measured. We have used

ACZ (1g/10ml saline) as the stimulus for CVR assessment. The hemodynamic

change due to ACZ injection was calculated selecting the five-minutes maximum

change during the fifth to twentieth minutes after the post-injection period and,

then, this five minute period was averaged. This change was relative to the four

last minutes before the start of the injection (during the last HOB back at supine

(0◦) position).

7.2.3 Optical methods and instrumentation

We have used the DCS unit of the hybrid device described in Section 4.1.1. Figure

5.2 in Chapter 5 shows the two optical probes placed on the forehead bilaterally

on both hemispheres, as well as the TCD probes used. We have assumed that the
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Figure 7.1: The timeline of the study with the different protocols depicted for both
controls (white arrow) and patients (black arrow).

hemodynamic changes due to vasoreactivity stimulation are global and, therefore,

for probe stability and convenience, we have placed the DCS probes on the forehead

avoiding the sinus.

Simultaneously, the CBF velocity (CBFV) in both middle cerebral arteries has

been measured continuously by a transcranial Doppler ultrasound (TCD) system

DWL MultiDop-T digital (DWL Elektronische Systeme GmbH, Singen, Germany)

with the use of a helmet to fix the probes.

The respiratory polygraphy (Embletta MPR PG, Natus Medical, Middleton, USA)

included the recording of the oronasal flow (by a thermistor and a nasal can-

nula), the thoracic and the abdominal movements (by a respiratory inductance

plethysmography band), the arterial oxygen saturation and the heart rate (both

by pulse oximetry), among others. The respiratory polygraphy data was further

post-processed to check for the proper performance of the breath-hold and, also,

to determine its duration. We have considered that a breath-hold was performed

properly if there was lack of thoracic and abdominal movements (no fluctuations

in the respiratory inductance plethysmography band’s signal) and lack of input or

output oronasal flow (no fluctuations in the thermistor and in the nasal cannula

signals) for at least 20 seconds.

The DCS data was obtained every 4 seconds during the measurement and the

TCD data was obtained every 0.1 seconds.

A manual sphygmomanometer (Omron BP785 IntelliSense Automatic Blood Pres-

sure Monitor, Omron, Osaka, Japan) was used to measure the MAP.
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7.2.4 Statistical analysis

We have expressed quantitative variables as a median and an interquartile range

(median (Q1, Q3)), and categorical variables as number of cases and percentages

(cases (percentages)).

The Wilcoxon rank-sum test (for quantitative variables) or the chi-squared (for

categorical variables) tests were used to assess the difference between two groups.

The findings from two groups were considered identical (to be “on agreement”) if

the null hypothesis that the groups were equal was not rejected for the Wilcoxon

rank-sum test. The Wilcoxon signed-rank test was used to check if a group re-

sponse was different from zero. Spearman correlation was computed between the

same challenge and different techniques, and vice versa. Levene’s test was com-

puted to assess the equality of variances of the DCS versus the TCD results.

We have categorized each cerebral hemisphere of each subject according to the

degree of the ipsilesional ICA stenosis as severe (≥70% or occlusion) and non-

severe (stenosis<70% or absent), and, in general, the data from the ipsilesional

hemisphere to a severe ICA stenosis has been used for further analysis. When both

hemispheres presented the same degree of stenosis, the data of the two hemispheres

was, instead, averaged. For the control subjects, the data of both hemispheres

was also averaged. The two hemispheres for each patient have been used only

in a substudy of patients with unilateral stenosis, where both hemispheres were

compared between them.

The correlations were only accepted to be valid if and only if when extracting all

patients one by one and repeating the same test (bootstrapping), every subtest

(considering n-1 data points) was statistically significant.

All statistical analyses were performed with R [135]. p < 0.05 was considered as

the threshold for rejection of the null hypothesis for all statistical tests.

7.3 Results

We have included twenty-seven (n=27) patients (67.6 ± 7.4 years, 15% female)

with an asymptomatic severe ICA stenosis or occlusion (unilateral in sixteen

(n=16, 59%) and bilateral in eleven (n=11, 41%)) and fifteen (n=15) healthy
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controls (32.9 ± 10.2 years, 40% female). Table 7.1 shows the demographic and

clinical characteristics for the patients and controls. This table shows that controls

were younger than patients (p<0.001) and with less body mass index (p=0.048).

No differences in gender distribution or in smoking were found between groups.

As expected, patients presented more cases of diabetes, hypercholesterol and hy-

pertension than controls (p=0.001).
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Patients (n=27) Controls (n=15) p Total (n=42)
Age (y.) 68 (64, 62) 28 (28, 33) <0.001* 63 (33, 69.8)
Females, n (%) 4 (15) 6 (40) 0.066 10 (24)
Body mass index (kg/cm2) 25.2 (23.8, 26.1) 22.9 (21.5, 25.1) 0.048* 24.7 (22.7, 26.0)
Smoker, n (%) 16 (59) 5 (33) 0.107 21 (78)
Diabetes, n (%) 16 (59) 1 (7) 0.001* 17 (41)
Hypercholesterol, n (%) 26 (96) 0 (0) <0.001* 26 (62)
Hypertension, n (%) 20 (74) 0 (0) <0.001* 20 (48)

Table 7.1: Demographic and clinical variables for the patients and controls. (*) indicates a statistically significant difference between groups.
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Figure 7.2: Representative microvascular cerebral blood flow responses to a head-of-
bed position challenge, to a breath-hold challenge, and to acetazolamide injection. The

data periods to be averaged for further analysis are depicted in yellow.

Table 7.2 shows the vascular variables of the patients. This table shows the high

severity of the patients (>70%) as well as a heterogeneity of the lateralization of

the presence of ICA stenosis.

Patients (n=27)
Degree of ICA stenosis of the most affected hemisphere:

0%-70%, n (%) 0 (0)
≥70%-occluded, n (%) 27 (100)

Laterality of stenosis:
Unilateral steno-occlusion, n (%) 16 (59)
Bilateral steno-occlusion, n (%) 11 (41)

Ischemic or hemorrhagic stroke > than 6 months, n (%) 7 (35)

Table 7.2: Vascular variables of the patients.

ACZ was not administrated to control subjects and it was refused by two par-

ticipants. Bilateral DCS probes moved during the ACZ recording of one patient

due to the repositioning of the TCD helmet. The breath-hold was not properly

performed in two controls and in six patients.

Figure 7.2 shows a sample of representative results for each one of the three dif-

ferent challenges measured by DCS.
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7.3.1 The head-of-bed position manipulation challenge

The effects of head elevation: The head-of-bed position challenge from the

first supine to 30◦, as expected, induced changes from baseline (p<0.001) in the

two different techniques in controls, patients and for all group. There were no

statistically significant differences between controls and patients for this HOB

(p>0.05) for the two techniques. The findings are summarized in Table 7.3 in the

first column.
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Head-of-bed
supine1 to 30◦

Head-of-bed
supine1 to supine2

Breath-hold index
(1/sec)

Acetazolamide

All
Cerebral blood flow

velocity (%)
-1.2 (-5.3, 1.2)* 1.1 (-1.2, 4.8) 0.8 (0.6, 1.1)* 34.8 (19.6, 38.3)*

Cerebral blood flow
(%)

-15.3 (-22.9, -6.6)* 4.5 (-3.9, 12.4)* 0.7 (0.4, 1.0)* 18.5 (13.3, 28.9)*

Patients
Cerebral blood flow

velocity (%)
-2.4 (-5.8, 2.0)* 0.9 (-3.1, 4.8) 0.6 (0.5, 0.8)* 34.8 (19.6, 38.3)*

Cerebral blood flow
(%)

-16.3 (-26.3, -6.3)* 4.5 (-2.3, 13.2)* 0.7 (0.5, 1.0)* 18.5 (13.3, 28.9)*

Controls
Cerebral blood flow

velocity (%)
-1.8 (-4.4, 0.2) 1.7 (-0.1, 3.7)* 1.2 (1.0, 1.3)* -

Cerebral blood flow
(%)

-15.0 (-19.1, -8.4)* 3.4 (-11.3, 10.1) 0.8 (0.4, 1.1)* -

Table 7.3: Cerebral blood flow velocity response (∆rCBFV) and cerebral blood flow response (∆rCBF) for the different challenges performed,
for the different study groups and for all. (∗) indicates a statistically significant difference from baseline. Median (confidence intervals) are

shown. Acetazolamide injection was not administrated to the control group.
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Non-stenosed (<70%) Stenosed (≥70%)
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Figure 7.3: Cerebral blood flow response (∆rCBF) to a head-of-bed recovery back
to supine correlates to the relative mean arterial pressure change (∆MAP) in the
stenosed hemisphere (right), but not on the non-stenosed hemisphere (left). The mean
∆rCBFsupine1 to supine2 data for each patient are plotted. Linear model fit and confidence
intervals (in grey) are also plotted. (*) indicates a statistically significant Spearman cor-

relation.

The effect of returning back to the supine position: The results of the

recovery (or lack thereof) of cerebral hemodynamics following the return of the

HOB position back to the original supine position are shown in Table 7.3 in the

second column for all the subjects. Interestingly, ∆rCBFsupine1 to supine2 on severe

ICA stenosis did not recover to baseline levels after returning back to the supine

position following a five minutes HOB elevation (p=0.030), but it did recover for

controls (p=1). When considering all subjects measured, ∆rCBFsupine1 to supine2

did recover to baseline (p=0.056).

Head-of-bed position manipulation induced cerebral blood flow changes

and their relationship to the mean arterial pressure changes: An inci-

dental finding of this study is that the ∆CBFsupine1 to supine2 after a HOB position

challenge in patients with unilateral stenosis (n=14 patients with unilateral steno-

sis and available MAP data) correlated to the response of ∆MAP. A statistical

significant correlation has been found in the stenosed hemisphere (ρSpearman=0.75,

p=0.002) but not in the non-stenosed hemisphere (ρSpearman=0.35, p=0.201) as

shown in Figure 7.3.
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7.3.2 Comparison of the head-of-bed manipulation posi-

tion challenge with the breath-hold index and aceta-

zolamide injection

We have studied whether there are any correlations between the responses ob-

served in all three challenges in pairs both for the whole study population and the

patient cohort, separately. However, no correlations or similarities in the amount

of responses between the different challenges were found. In general, all responses

to challenges were different from their baselines as shown in Table 7.3 and the

amount of CBF change was different between them.

7.3.3 Comparison between techniques

∆rCBF and ∆rCBFV results are shown in Figure 7.4. The breath-hold challenge

showed an agreement between the ∆rCBFV and ∆rCBF measured (p=0.325),

as well as the head-of-bed position challenge recovery back to supine position

(p=0.743). The head-of-bed to 30◦ showed a statistical disagreement (p<0.001),

obtaining bigger ∆rCBFsupine1 to 30◦ decreases than ∆rCBFVsupine1 to 30◦ . Also,

acetazolamide stimulus showed a statistical disagreement (p<0.034) and lower

∆rCBF increases than ∆rCBFV were obtained.

The variance of the responses was statistically significant between DCS and TCD

techniques on the two head-of-bed position challenges (supine (0◦) to 30◦, and

recovery back to supine position) (p<0.001), but not for the rest (p>0.05).

7.3.4 Effect of the degree of stenosis

When comparing the control group versus the ICA stenosis group, no differences

were observed in general, except from the results presented below.

The breath-hold challenge on the ∆rCBFV response in patients with stenosis was

statistically significantly lower than the controls response (p<0.001) (Figure 7.5),

but not for ∆rCBF (p=0.876).
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Figure 7.4: General ∆rCBF and ∆rCBFV respones to the different challenges for all
subjects measured. Symbols indicate a statistically significant difference from baseline
(∗), between ∆rCBF and ∆rCBFV (†) and between the variance of ∆rCBF and ∆rCBFV

(‡).

7.4 Discussion

We wanted to study if the HOB position challenge could be a good alternative to

hypercapnic (breath-hold challenge) and ACZ injection for the evaluation of the

CVR at the microvasculature level in patients with ICA stenosis. Even though no

correlations between the different challenges have been found, an interesting result

related to the head-of-bed position challenge has been observed. Microvascular

∆rCBFsupine1 to supine2 (Table 7.3) did not recover to baseline after the first HOB

position change, but did recover for controls. It is not the first time that an
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∆rCBFV/duration 
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Figure 7.5: Breath-hold index challenge differs between controls and patients measured
by TCD. (*) indicates statistically significant difference between groups.

orthostatic challenge based on mild HOB alterations led to an alteration of the

supine CBF upon returning to the initial HOB supine position depending on the

pathological degree. In obstructive sleep apnea (OSA) patients, we have found

that this alteration was related to OSA severity. And, interestingly, that long-term

treatment ameliorated this alteration [127] (Chapter 5). This result suggests that

patients with OSA, or with damaged autoregulation, might need a longer time

period than five minutes in each HOB position to stabilize their hemodynamic

response. This is assuming that healthy cerebral auto-regulation would, given

enough time, normalize the ∆rCBFsupine1 to supine2 .

Moreover, we have found that the distinct response of ∆rCBFsupine1 to supine2 in the

presence of a severe carotid stenosis correlated with the response of ∆MAP in the

stenosed (ρSpearman=0.75), but not on the non-stenosed hemisphere, suggesting an

impairment of cerebral autoregulation. Interestingly, this correlation was not ob-

served by cerebral blood flow velocity by TCD in our study. This result reinforces

the idea that this correlation is due to damaged CVR, and also, that DCS during

a HOB position change may be superior to TCD in being able to measure the gen-

eral well-being of the brain. Moreover, it is not the first time that this asymmetry

between damaged and non-damaged hemispheres is observed in pathological sub-

jects. On an unpublished study with a similar protocol but on ischemic stroke

patients [122] (Chapter 10), again, ∆rCBFVsupine1 to supine2 was found to correlate



111

with ∆MAP only in the ipsilesional hemisphere of twenty (n=20) ischemic stroke

patients, but not on the contralesional hemisphere.

When comparing the different techniques used in the three different challenges,

ACZ/BHI/HOB, TCD and DCS were not correlated for any challenge. For the

ACZ challenge this was already described by our group in patients with ICA steno-

sis [142]. The ∆rCBF response has been found to be lower than the ∆rCBFV

response (Figure 7.4, third raw). According to our results, Müller et al [199]

also found lower ∆rCBF (measured by stable xenon-enhanced computed tomog-

raphy) results respect to ∆rCBFV (27 ± 24% vs 43 ± 21%), where, similarly,

we have obtained changes of 20 ± 14.1% vs 31.3 ± 16.7 for CBF vs CBFV, re-

spectively. However, in contrast, on healthy subjects, Zirak et al [194] found that

∆rCBFV and ∆rCBF were not correlated but were in agreement. Unfortunately,

in our protocol we did not perform the ACZ challenge on the control group. For

the breath-hold challenge, ∆rCBFV and ∆rCBF responses were found to be in

agreement (Figure 7.4, first raw). However, no correlations were found, so the

physiological meaning of this result remains unclear. About the head-of-bed po-

sition manipulation challenge, ∆rCBFV and ∆rCBF responses were not found to

be in agreement (Figure 7.4, second raw) and the variance was found to be statis-

tically different between them (p<0.001). These results are according to Favilla et

al [119] study, where they also found different ∆rCBF results respect to ∆rCBFV

after a HOB position change with a similar protocol.

Another interesting result of this study is that we have found differences between

controls versus patients but this time with TCD technique and the breath-hold

challenge. The breath-hold challenge on the CBFV response in patients with steno-

sis was statistically significantly lower than the controls response (p<0.001) (Fig-

ure 7.5), but not for the microvascular CBF. This result has already been found by

Müller et al [199] on seventy-four (n=74) patients, considering each hemisphere as

a separate unite, and using acetazolamide injection and breath-holding challenges,

where both challenges similarly indicated significantly reduced vasomotor reactiv-

ity with increasing degree of internal carotid artery lesions (p≤0.01). However, the

acetazolamide challenge differentiated more accurately between the various groups

of ICA findings. On the contrary, De Bortoli et al [200] found a low concordance

between breath-hold and ACZ to assess CVR (k = 0.371). These result are in

contrast to our results, where acetazolamide injection has not been able to differ-

entiate between the different degrees of stenosis by TCD nor DCS, and breath-hold
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has been shown to be superior to the ACZ injection. These discrepancies may be

due to the differences in the protocols.

Table 7.1 shows that controls were younger than patients. However, aging is

not expected to affect our results according to Edlow et al [118]. No differences in

gender distribution or in smoking habits were found between groups. As expected,

patients presented more cases of diabetes, hypercholesterol and hypertension than

controls [186, 201].

We acknowledge that our study has several limitations. First, the lack of assess-

ment of the baseline collateral circulation on the time of the measurement. This

should be included in the protocol of future studies. Second, our findings corre-

spond to a group of patients with asymptomatic ICA stenosis, which implies that

these results are not necessarily extrapolated to the different ICA types. How-

ever, at the same time, it strengthens the validity of our results for patients with

asymptomatic ICA stenosis.

The head-of-bed recovery back to the initial supine position with the measurement

of microvascular ∆rCBF (by DCS) may be a new biomarker to tell us about the

status of CVR in these patients. More studies are needed to understand these

results.



Chapter 8

Monitoring brain reperfusion

after thrombolysis for acute

ischemic stroke

Hypotheses:

-Hybrid diffuse optics can reliably be employed in the emergency unit environment

and utilized during treatment and intensive care.

-Hybrid diffuse optics show a change during to the restoration of the microvascular

cerebral hemodynamics due to the recanalization therapy after ischemic stroke.

8.1 Background and motivation

Early reperfusion is a relevant predictor of early recovery and favorable functional

outcome in acute ischemic stroke (AIS) [202, 203]. In the every day clinical prac-

tice, perfusion imaging with magnetic resonance and computed tomography (CT)

are increasingly used to triage patients for reperfusion therapy. However, these

methods are rarely applied to assess the reperfusion therapy success due to dif-

ferent associated complexities, such as the need to transport the acute patient

and the expense. Because of this, the monitoring of the treatment efficacy in

these patients has mainly focused on the evidence of structural damage and arte-

rial patency rather than on perfusion (microvascular cerebral blood flow (CBF))

113
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restoration. Partly, this is because of the unavailability of monitoring techniques

suitable for repeated microvascular CBF measurement in these patients. Instead

of looking at the reperfusion, it is common to look at the recanalization of the

occluded artery as a surrogate [204, 205]. However, the recanalization does not

necessarily lead to the reperfusion of the distal region, and, contrarily, reperfusion

can sometimes occur despite the persistence of an occlusion [206]. The continuous

quantification of microvascular hemodynamic changes, in particular, microvascu-

lar CBF, with a noninvasive modality, at the bed-side, during the acute period,

could improve our understanding of the relationship between reperfusion, recanal-

ization and clinical recovery. Moreover, it could allow personalized treatment and

management strategies.

Previously, it has been shown in a single-case report that DCS/near-infrared diffuse

optical spectroscopy (NIRS-DOS) measurements correlated with the recanalization

of the middle cerebral artery (MCA) measured by transcranial Doppler ultrasound

(TCD) during intravenous thrombolysis [207].

In this study, we have aimed to confirm the feasibility of using DCS/NIRS-DOS

as a bedside method for real-time monitoring of local microvascular hemody-

namic changes in response to intravenous recombinant tissue plasminogen activator

(RtPA) treatment in a small cohort of patients with AIS, and their relationship

with the recanalization and the clinical recovery. The results of this study are

published in Delgado-Mederos et al [208].

8.2 Methods

8.2.1 Study design

We have prospectively identified acute ischemic stroke patients AIS admitted to

the emergency unit before 4.5 hours from the stroke onset and that were eligible

for intravenous thrombolysis treatment. The protocol was approved by the local

Ethics Committee (EC/09/066/980).

The inclusion criteria for this study were: symptoms attributable to MCA territory

ischemia affecting the frontal lobe (motor aphasia, contralesional motor deficit

or gaze deviation), demonstration of MCA occlusion on angio-CT or TCD prior
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to treatment with intravenous rtPA, and optical monitoring being able to start

before or within the first fifteen minutes of the start of rtPA treatment. We note

that during the study period (2011-2012), mechanical thrombectomy was not yet

approved in the hospital. Written inform consent was obtained from the patients

or their relatives.

As it is routinely performed in the clinics on admission, the stroke severity of these

patients was assessed on admission (baseline) with the National Institute of Health

Stroke Scale (NIHSS) [209]. Other baseline examinations included a medical his-

tory (demographics and vascular risk factors) and a physical examination. Clinical

outcome at three months was evaluated by the modified Rankin Scale (mRS) [210].

A score > 2 has been considered indicative of an unfavorable outcome. Moreover,

all patients underwent a cranial CT scan and vascular imaging either by angio-CT

or TCD before rtPA treatment.

In order to know if recanalization was positive, it was assessed at 24 hours by a

TCD measurement, in some cases, additionally during the rtPA perfusion.

8.2.2 Optical methods and instrumentation

Optical monitoring was performed by the hybrid DCS/continuous-wave NIRS-

DOS device as described in Sections 4.1.1 and 4.1.2.

Two optical probes were made of custom built fibers consisting of a source fiber and

a detector fiber bundle with four single-mode fibers with 2.5 cm source-detector

separation (Figure 8.1).

For this study, the reduced scattering coefficient of the tissue at 785 nm was

assumed to be constant (µ′s = 8.5 cm−1) [47]. The continuous absorption coefficient

(µa) changes at 785 nm from their baseline value (µa = 0.14 cm−1) [47] were

measured by continuous-wave NIRS-DOS to improve the accuracy of the DCS

measurements [7]. The percent relative CBF change (∆rCBF) was calculated from

the BFI as ∆rCBF = ((BFI/BFIbaseline)-1)*100, where BFIbaseline was calculated

from the cerebral BFI of the first five minutes of the recording.
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Figure 8.1: (Left) The schematic of the source-detector separation of the optical probe.
The area in the brain of highest probability signal origin is shown in blue. (Right) The
placement of the optical probes bilaterally on the frontal lobes. Figure adapted from

[208].

About the continuous-wave NIRS-DOS analysis, a modified Beer-Lambert law

[211] was used (as explained in Section 3.1.4.1). Furthermore, the data was cor-

rected for pathlength and partial volume effects as explained in previous stud-

ies [211, 212]. Changes of oxy-hemoglobin concentration (∆HbO2) and deoxy-

hemoglobin concentration (∆Hb) were calculated as ∆HbO2(t)=HbO2(t)-HbO2

baseline and ∆Hb(t)=Hb(t)-Hbbaseline. Again, the baseline was calculated from the

first five minutes of recording. Total hemoglobin concentration changes (∆THC)

were then calculated as the sum of ∆HbO2 and ∆Hb. Data was collected from

both hemispheres every 14.2 ± 5.7 (mean ± standard deviation) seconds. Further

clarification of the protocol for each technique is shown in Figure 8.2.

Lasers
ON

DCS laser right

CW NIRS-DOS 
laser 690 nm right

CW NIRS-DOS 
laser 830 nm right

DCS laser left 

CW NIRS-DOS 
laser 690 nm left

CW NIRS-DOS 
laser 830 nm leftTime

~14.2 seconds

Figure 8.2: The protocol for the operation of the lasers of the two diffuse optical
techniques.
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8.2.3 Statistical analysis

The average baseline values for CBF, THC, HbO2 and Hb were obtained by aver-

aging the first five minutes of the data, as mentioned, after fifteen minutes from

the start of rtPA. This was used to derive the changes of each variable relative to

their baseline values at each time point. In this study, the time interval between

fifteen minutes from rtPA bolus up to hundred and fifty minutes of monitoring

(when available) has been used for analysis.

We have expressed quantitative variables as a mean and a standard deviation

(mean ± standard deviation) and analyzed the data by performing linear mixed-

effect models [176] for each individual patient and also for the group. Linear

mixed-effect models were needed due to the longitudinal nature of the data (lack

of independence of the response variable) when considering each patient indepen-

dently. When analyzing the patients as a group, these models were needed due to

both the longitudinal nature of the data and for correcting for the different patients

in the group. The two types of analyses started with a null model that included a

continuous dependent variable (CBF, THC, HbO2 or Hb) for each hemisphere (ip-

silesional and contralesional). Patients (only when modeling as a group) and time

(when modeling as a group and also when considering each patient independently)

were the random factors. The predictor variable time was added to the null model

as a fixed effect to see whether this new model, with the predictor variable time,

improved the null model. The model fit was assessed using chi-square tests on the

log-likelihood values to compare the new model versus the null model. If the new

model with the predictor variable time 1) improved over the null model signifi-

cantly, in other words, if the p value of the chi-square test between the two models

was <0.05, and 2) the null hypothesis stating that the slope of the new model

was equal to zero was rejected, the slope of this model would tell us about the

time evolution (rate of increase or decrease over time) of the continuous dependent

variable. Residuals plots of this model were tested for the inspection of deviations

from normality or homoscedasticity. Instead, if the model with the predictor vari-

able time did not improve the null model significantly, the null hypothesis stating

that the slope of the new model was equal to zero was not rejected. Then, the

continuous dependent variable was considered constant over time (slope≈0).

Wilcoxon rank-sum test was used to assess the difference between the slopes of
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the two hemispheres with the alternative hypothesis “ipsilesional change > con-

tralesional change”.

All analyses were carried out in the R programming language and environment

[135] using the “nlme” software package. A p-value <0.05 was considered to be

statistically significant.

8.3 Results

Thirteen patients have been identified with the needed inclusion criteria during

a 14-month period. However, six were excluded due to late onset of the optical

monitoring, mainly due to logistic reasons (late arrival of trained personnel or late

consent); and other two patients were also excluded due to technical problems

with the optical recording. Finally, five patients (three female, mean age 81 years)

were included in the study analysis (Table 8.1).

About the main clinical baseline examinations, the mean baseline NIHSS was

19 ± 3 and the MCA occlusion (four proximal, one distal) was diagnosed by

angio-CT in four patients and by TCD in one patient. Also, all patients were

hemodynamically stable and none received vasoactive drugs. The mean time from

the stroke onset to the rtPA treatment was 144 ± 47 minutes. Relevantly, rtPA

treatment administration was not delayed due to this study.

In Figure 8.3, the time course of ∆rCBF, ∆THC, ∆HbO2 and ∆Hb can be ob-

served in all patients from fifteen minutes of treatment onset in each hemisphere

using linear mixed-effect models. The slopes of these models are shown in Table

8.2. These slopes are the change of the optical variables as a function of time in

both hemispheres for each individual patient and also for the whole group. On

a group basis, a statistically significant increase with time for frontal ipsilesional

(p<0.001) and contralesional (p=0.018) ∆rCBF, for ipsilesional (p<0.001) and

contralesional (p=0.014) ∆THC and for ipsilesional and contralesional ∆HbO2

(both p<0.001) was found. But no statistically significant change was found for

∆Hb in any hemisphere. Interestingly, an asymmetrical time evolution of the

optical variables between hemispheres was observed. A statistically significant

faster increase (greater slope) was found in the ipsilesional hemisphere for ∆rCBF

(p=0.031), ∆THC (p=0.032) and ∆HbO2 (p=0.030) compared to the contrale-

sional hemisphere.



119

Case
Age (years),
Sex (M/F)

MCA
occlusion

NIHSS
pre-rtPA

NIHSS
post-rtPA

NIHSS
24h

Recanalization
mRS at
90 days

1 80, F
Left

(distal)
15 - 3 Unknown 1

2 58, M
Right

(proximal)
16 14 8

Yes
(complete)

2

3 93, F
Left

(proximal)
22 5 2

Yes
(complete)

3

4 80, M
Left

(proximal)
21 13 4

Yes
(complete)

1

5 92, F
Right

(proximal)
19 9 1

Yes
(complete)

1

All 8 ± 14 19 ± 3 10 ± 4 4 ± 3 2 ± 1

Table 8.1: Clinical variables of each individual patient and all group. M, male; F, female; MCA, middle cerebral artery; NIHSS, National
Intitute of Health Stroke Scale; rtPA, intravenous recombinant tissue plasminogen activator; mRS, modified Rankin Scale. Mean ± standard

deviation. Table adapted from [208].
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Case
∆rCBF
(%/min)

∆THC
(µM/min)

∆HbO2

(µM/min)
∆Hb

(µM/min)

Ipsilesional
hemisphere

Contralesional
hemisphere

Ipsilesional
hemisphere

Contralesional
hemisphere

Ipsilesional
hemisphere

Contralesional
hemisphere

Ipsilesional
hemisphere

Contralesional
hemisphere

1 0.17† 0.085 0.023† -0.0051 0.046† 0.0006 -0.023† -0.0057

2 0.54† 0.33† 0.035† 0.0023 0.053† 0.026† -0.018† -0.024†

3 0.45† 0.32† 0.063† 0.030† 0.059† 0.031† 0.0031† -0.0015

4 0.23† 0.013 0.030† 0.029† 0.026† 0.019† 0.0042† 0.010†

5 0.023 -0.0008 0.055† 0.041† 0.050† 0.047† 0.005 -0.0063†

All 0.29† ‡ 0.16† 0.041† ‡ 0.019† 0.047† ‡ 0.025† -0.0056 -0.0053

Table 8.2: The slopes of the linear mixed models for the optical variables of each individual patient and all group. (∆) indicates a change
of each optical variable from the baseline (within fifteen minutes from rtPA bolus) to the end of the monitoring (∼ 2.5 hours). (†) indicates a
statistically significant slope. (‡) indicates a statistically significant difference of ipsi- over contra-lesional hemisphere as a group. rCBF, relative
cerebral blood flow; THC, total hemoglobin concentration; HbO2, oxy-hemoglobin concentration; Hb, deoxy-hemoglobin concentration. Table

adapted from [208].
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At 24 hours from the hospital admission, all patients improved by eight or more

points in the NIHSS score. About recanalization, complete arterial recanalization

was documented in all but one patient (due to insufficient acoustic window) at 24

hours. Moreover, in two patients recanalization was documented at thirty minutes

and at the end of rtPA treatment by continuous TCD.

About functional outcome due to the stroke event, at three month-follow up, four

out of five patients were functionally independent (mRS<3), and one had moderate

disability (mRS=3).

8.4 Discussion

In this pilot study, we have found that DCS/NIRS-DOS can be used at the bedside

in the emergency unit without any effects on the clinical treatment.

On a group basis, DCS/NIRS-DOS detected an increase in frontal CBF, THC,

and HbO2 in both hemispheres, which was significantly faster in the ipsilesional

hemisphere in a series of AIS patients with a clinical improvement after rtPA-

associated recanalization. We were able to obtain real-time optical data in five

out of thirteen (38%) patients who fulfilled the clinical criteria, and the rest of the

patients were excluded due to the logistics and technical reasons. Consequently,

due to the small number of subjects in this proof-of-concept study, we have avoided

a discussion of each individual’s data.

Overall, these results support the potential role of diffuse optical technology for

continuous cerebral perfusion monitoring during therapeutic interventions in pa-

tients with AIS.

Currently, TCD is the only available tool for routine clinical use for the non-

invasive and real-time monitoring of cerebral hemodynamics after reperfusion ther-

apy [193]. TCD measures blood flow velocities in the major intracranial arteries,

which correlates with CBF only as long as the vessel diameter remains constant

[213]. It is well-known that its main limitations are that it is operator dependent

and requires training and experience to perform and interpret the results [193].

Also, an insufficient acoustic bone window limits its application in 20% to 30% of

the patients [214]. Furthermore, TCD can directly insonate only proximal vascular
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Figure 8.3: Frontal microvascular relative cerebral blood flow (rCBF), total
hemoglobin concentration (THC), oxy-hemoglobin concentration (HbO2), and deoxy-
hemoglobin concentration (Hb) changes over time are shown for the ipsilesional hemi-
sphere (left column) and the contralesional hemisphere (right column) for all five patients
(each patient in different color). (∆) indicates a change of the optical variable from the
baseline. Black line shows the fitted linear model of all the measurement points plotted.
The time, x-axis, shows the time elapsed from the rtPA (intravenous recombinant tissue
plasminogen activator) treatment onset. (*) indicates a statistically significant positive

slope (p<0.05). Figure adapted from [208].
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segments of large arteries and only indirectly provides information about more dis-

tal vascularity [159]. As mentioned previously, TCD is suitable for the monitoring

of the large artery recanalization, but not for the microcirculatory reperfusion as

in DCS.

Previously, different studies of single case reports or small series have evaluated the

potential of NIRS-DOS-based cerebral oximetry to estimate the cerebral perfusion

in AIS [215–217]. Recently, Hametner et al reported a large cohort of sixty-three

patients monitored with commercial NIRS-DOS during mechanical thrombectomy,

of whom forty-three had valid data [218]. During the procedure, regional oxygen

saturation peaks were observed in fourteen (32.6%) patients and a sustained in-

crease after recanalization in only two patients (4.7%). Although some regional

oxygen saturation indices were reported to be associated with the reperfusion

status and clinical outcome, the authors concluded that the ability of the current

commercial NIRS-DOS monitors to probe local reperfusion is limited. Others have

used indocyanine green as a tracer to demonstrate CBF reductions with NIRS-

DOS in patients with AIS, showing a good correlation with perfusion weighted

imaging measurements [216, 219]. However, the need of an exogenous contrast

agent limits their use for continuous monitoring purposes.

Relevantly, previous studies have shown that DCS can successfully track autoreg-

ulatory changes of CBF without the need of contrast agents in patients with cere-

brovascular disease by using vasoactive stimuli [119, 142]. In this Chapter, we

have described a real-time ∆rCBF increase measured by DCS after rtPA treat-

ment. DCS-derived ∆rCBF measurements were in agreement with the simulta-

neously NIRS-DOS-measured THC and HbO2, as previously suggested in a sin-

gle case report [207]. Furthermore, DCS parameters showed a different response

between the ipsilesional and contralesional hemispheres in agreement with NIRS-

DOS, demonstrating the potential of DCS to detect early changes in cerebral per-

fusion caused by the rtPA treatment. This asymmetric response found between

both hemispheres adjusts for possible systemic circulatory or respiratory disorders

as potential confounders.

The main difference of DCS over NIRS-DOS is that it provides a direct measure

of cerebral perfusion, which is the goal of most interventions in AIS. In contrast,

NIRS-DOS is normally used as an indirect measure of cerebral perfusion based on

changes in blood oxygenation or volume which has been shown to differ from CBF

in brain-injured patients [121]. Furthermore, the combination of both techniques
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can be used to assess the cerebral metabolic rate of oxygen extraction (CMRO2) if

absolute Hb and HbO2 changes can be tracked. CMRO2 is a potentially sensitive

biomarker of brain injury [7, 220]. Thus, the combination of DCS and NIRS-DOS

offers a more complete view of brain health than any of the techniques alone.

The increase observed in CBF during rtPA treatment may reflect the restoration of

downstream flow not only by the recanalization of the occluded artery, but also by

the increase of collateral circulation. We have documented arterial recanalization

on TCD in four patients at 24 hours. And, in two of them, by using continuous

TCD monitoring, we have showed that the arterial recanalization coincided with

CBF increase during rtPA infusion. We note that leptomeningeal collateral flow

may also contribute to cortical CBF changes detected by DCS, as suggested by

previous studies, in which CBF variations correlated with changes in MCA veloc-

ities on TCD in healthy volunteers but diverged in patients with severe carotid

artery stenosis who had activated compensatory flow sources [83, 142]. However, in

order to avoid delays in the administration of intravenous rtPA, our neuroimaging

protocol did not include the measurement of the collateral circulation to support

this hypothesis.

In conclusion, this study shows that continuous diffuse optical monitoring of cere-

bral hemodynamics at the bedside in AIS patients treated with rtPA treatment

is feasible. Our study supports further research in larger populations with the

improved setups for the emergency unit.

8.4.1 Future work

Future work should include absolute numbers to be able to measure the CMRO2

and a control group (patients with no recanalization). Instead, for this study the

contralesional hemisphere has been used as control.



Chapter 9

Early microvascular cerebral

blood flow response to

head-of-bed elevation is related to

functional outcome in acute

ischemic stroke

Hypothesis:

The blood flow response to an orthostatic challenge in ischemic stroke patients

correlates with the clinical outcome at three months from the stroke onset.

9.1 Introduction

There are no highly effective treatments for acute ischemic stroke (AIS) where

current clinical approaches have a limited efficacy to the removal of the throm-

bus [221]. Therefore, it is still crucial to pick the most appropriate management

strategies.

Flat head-of-bed (HOB) positioning is a management strategy that has often been

used as a widely available method to promote increased cerebral perfusion in the

clinics [222]. The specifics of cerebral blood flow (CBF) changes due to HOB po-

sitioning after AIS related brain injury have been studied by transcranial Doppler

125



126

ultrasound (TCD) and optical studies [119, 120, 133, 223–225]. A systematic

review and meta-analysis of TCD studies found that mean cerebral blood flow

velocity (CBFV) increased in the side of the affected major cerebral arteries when

the patients were positioned in the lying-flat (supine) HOB position [226]. How-

ever, the clinical benefits are uncertain and contradictory [227, 228] which could

be due to individual variability.

Recent research with diffuse correlation spectroscopy (DCS) has provided evidence

that the cerebral hemodynamic response to HOB positioning is heterogeneous

among individuals after brain injury [119–122], and is otherwise relatively homo-

geneous [118]. In patients with AIS, an inter-hemispheric asymmetry was observed

including a paradoxical response (no change or change in the opposite expected

direction) identified in ≈ 25% of the cases [119, 120]. This paradoxical response

was not detected in simultaneous TCD monitoring, suggesting that DCS may be

superior for monitoring collateral blood flow dynamics during posture changes

[119]. Similarly, the cerebral hemodynamic response to HOB position alterations

was shown to be a biomarker of clinical status in obstructive sleep apnea patients

[127] (Chapter 5) and in internal carotid artery stenosis patients [117] (Chapter

7).

Therefore, we have hypothesized and tested that this method may detect abnor-

malities in the cerebral autoregulation and its changes in response to a therapy.

In particular, this method may be a biomarker of the functional outcome after

AIS as the role of collateral flow is linked to the recovery of penumbra. If so, this

protocol can be used for individualization of therapies including the selection of

earlier optimal positioning to improve the benefits of postural and mobilization

therapies on functional outcome. The results of this study have been submitted

and are under review [123]. Partial results of this study are also in Igor Blanco’s

thesis [124]. Furthermore, they have also been utilized in the pooled data reported

in Chapter 10, which is under preparation for submission [122].

9.2 Aims

In this study, we investigated the relationship between the cortical CBF response

to HOB changes measured by DCS at different times after the symptom onset

and the functional outcome of patients with AIS. We have hypothesized that
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the cortical CBF response to HOB changes during the earlier phases of AIS is

a biomarker of CBF autoregulation, and, therefore, is associated with functional

outcome after stroke.

9.3 Methods

This study was conducted at the Stroke Unit of Hospital de la Santa Creu i Sant

Pau (Barcelona, Spain) from 2015 to 2017, whose protocol was approved by the

Ethical Committee (EC/15/130). The participants or their legal proxies gave

written consent to participate.

Patients with an acute non-lacunar AIS in the anterior circulation of less than 48

hours from the symptom onset were recruited for bilateral monitoring of CBF in

the frontal lobes during a HOB elevation from supine (0◦) to 30◦. The inclusion

criteria were being older than 18 years, National Institute of Health Stroke Scale

(NIHSS) [209] of more than three at admission and pre-stroke modified Rankin

Scale (mRS) [210] of less than three. The exclusion criteria were resting heart

rate less than 40 or greater than 110 beats per minute, peripheral arterial oxygen

saturation less than 92% with supplementation, diagnosis of transient ischemic

attack, minor stroke, or posterior circulation AIS.

9.3.1 Head-of-bed manipulation protocol

All patients were placed flat (HOB 0◦-15◦) during the first 24 hours except when

being measured according to the local practice. Afterwards, mobilization was

initiated according to the judgment of the clinician.

During the study, first, the patient was placed in supine position (0◦) for at least

thirty minutes. Afterwards, data was acquired for five minutes each at baseline

supine and at 30◦ elevation. Finally, the patient was returned back to the flat

position (0◦-15◦). The protocol is depicted on the top Figure 9.1. The transition

between the HOB positions was recorded and lasted a maximum of thirty seconds.

The protocol was repeated up-to four times at intervals of 48 hours during the first

week of admission if the patient was stable.
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9.3.2 Optical methods and instrumentation

We have used the DCS unit of the hybrid device described in Section 4.1.1. Two

optical probes (the same as shown in Figure 8.1 in Chapter 8) were made of

custom built fibers consisting of a source fiber and a detector fiber bundle with

four single-mode fibers with 2.5 cm source-detector separation. Cerebral blood

flow was monitored continuously every 2.5 seconds and relative CBF changes were

obtained by dividing the continuous blood flow index by this mean baseline CBF.

The change in CBF between 0◦ to 30◦ (∆rCBFsupine to 30◦) is reported as the average

of the first to four minutes at 30◦.

A paradoxical response was defined as an increase of ∆rCBFsupine to 30◦ > 2% or

“no change”, which was defined as the coefficient of variation measured in the

healthy subjects of Chapter 7.

9.3.3 Clinical and imaging evaluation

Baseline examinations included the collection of demographics and vascular risk

factors and a physical examination. The stroke severity was assessed with the

NIHSS at admission, at the moment of the measurement, at 24 and at 48 hours

from stroke onset, and at discharge. Early clinical deterioration was defined as

an increase of at least four points of the 48 hour NIHSS score compared to the

baseline. The etiologic stroke subtype was classified according to the modified

Trial of Org 10 172 in Acute Stroke Treatment (TOAST) criteria [229].

At admission, a cranial computed tomography (CT) and vascular imaging with

either CT-angiography or color-coded duplex sonography were performed. The

extent of early ischemic changes was evaluated by the Alberta Stroke Program

Early Computed Tomography Score (ASPECTS) [230].

If relevant, recanalization was assessed by transcranial duplex before our protocol.

Functional outcome was evaluated at three months by the mRS. A score of >2 was

considered indicative of an unfavorable functional outcome. All the neurological

scales were obtained by experienced clinicians blinded to the optical information.
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9.3.4 Statistical analysis

We have expressed quantitative variables as a median and an interquartile range

(median (Q1, Q3)), and categorical variables as number of cases and percentages.

Wilcoxon rank-sum test was used to assess the difference of the change in cere-

bral blood flow between 0◦ to 30◦ (∆rCBFsupine to 30◦) responses between with

and without good functional outcome (favorable, mRS ≤ 2)) when only the first

measurement for each patient was used. The Wilcoxon rank-sum test (for quan-

titative variables) or the chi-squared test (for categorical variables) were used to

assess differences on the clinical and demographic variables between paradoxical

and non-paradoxical responses; using Bonferroni correction when categorical vari-

ables presented more than two factors. The Wilcoxon signed-rank test was used

to assess the ∆rCBFsupine to 30◦ response between ipsi- and contra-lesional hemi-

spheres and to assess if the ∆rCBFsupine to 30◦ response was different from zero.

We conducted a multivariate linear mixed-effect model to assess clinical and radi-

ological variables associated with ∆rCBFsupine to 30◦ . Also, we conducted a multi-

variate logistic mixed-effect model to assess clinical, radiological and optical vari-

ables associated with the dichotomized mRS at three months. Only variables

showing a significant trend (p < 0.05) in the bivariate analyses were included

in the forward multivariate model. Patient identification number was considered

to be a random factor for the mixed-effect models. Model fit was assessed us-

ing chi-square tests on the log-likelihood values to compare the different models.

Residuals plots were tested for the inspection of deviations from normality and

homoscedasticity.

All analyses were carried out in the R programming language and environment

[135] and “nlme” software package was used. A p-value < 0.05 was considered to

be statistically significant.

9.4 Results

9.4.1 Clinical and radiological findings

We have studied thirty-eight (n=38) patients with an AIS in the anterior circula-

tion. Table 9.1 contains the population demographics and clinical characteristics.
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The median age was 83 (68.75, 88) years. Median NIHSS score at admission was

19 (16, 21). At three months, the median mRS score was 4 (3, 6) and thirty-one

patients (n=31, 82%) were disabled (mRS > 2) or had died.

Age (y) 83 (68.75, 88)
Male sex, n (%) 17 (44.7)
Hypertension, n (%) 33 (86.8)
Dyslipidemia, n (%) 19 (50)
Diabetes mellitus, n (%) 8 (26.7)
Atrial fibrilaltion, n (%) 19 (50)
Time from symptoms onset
to measurement (h)

17.1 (6.7, 23.1)

Extracranial ICA stenosis > 50%, n (%) 9 (23.7)
Thrombolysis, n (%) 25 (65.8)
Thrombectomy, n (%) 3 (7.9)
Intracranial occlusion
(supraclinoid ICA or MCA), n (%)

29 (76)

Recanalization, n (%) 13 (34)
Occlusion in follow-up duplex, n (%) 12 (32)
Recanalization unknown, n (%) 13 (34)
Admission ASPECTS 9 (6.25, 10)
TOAST:

Large artery atherosclerosis, n (%) 5 (13)
Cardioembolism, n (%) 13 (34)
Other etiology, n (%) 2 (5)
Undetermined etiology, n (%) 18 (47)

NIHSS at patient admission 19 (16, 21)
NIHSS at measurement 18 (7, 20)
Early neurological deterioration, n (%) 6 (16)
mRS at three months 4 (3, 6)
Disabled at three months, n (%) 31 (82)
Death, n (%) 9 (24)

Table 9.1: Demographic and clinical variables of the study population (n=38). ICA,
internal carotid artery; MCA, middle cerebral artery; ASPECTS, Alberta Stroke Pro-
gram Early Computed Tomography Score; TOAST, Trial of Org 10 172 in Acute Stroke
Treatment; NIHSS, National Institute of Health Stroke Scale; mRS, modified Rankin

Scale.

9.4.2 Head-of-bed position challenge findings

Median time from the stroke onset to the first optical measurement was 17 (7,

23) hours. In one patient, the three repeated measurements performed in one

hemisphere were excluded due to a frontal subcutaneous haematoma under the
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optical probe. Two additional measurements in one hemisphere each were excluded

due to technical reasons. All patients tolerated HOB elevation and there were no

study related side effects. Finally, a total of seventy-two (n=72) measurements

were analyzed.

Figure 9.1 shows representative typical and paradoxical responses of ∆rCBFsupine to 30◦ .

Time (min)

A)
B)

0º (supine) 30º 30º0º (supine)

Ipsilesional hemisphere
Contralesional hemisphere

ΔrCBF
(%)

A)

0 5 10 100

-50

0

5050

0

-50

Time (min)
5

Figure 9.1: Continuous optical measurement showing A) an expected relative cerebral
blood flow (∆rCBF) response and B) a paradoxical response in one hemisphere (ipsile-
sional hemisphere) for two different patients. Vertical lines indicate the period when

body position was being changed.

Overall, Table 9.2, median frontal ∆rCBFsupine to 30◦ decreased significantly in both

the ipsilesional (-3.1 (-10.7, 3.0)%, p=0.030) and the contralesional hemispheres

(-9.5 (-15.8, -3.5)%, p=0.029) in the first measurement. There were no significant

differences in ∆rCBFsupine to 30◦ after HOB elevation between the ipsilesional and

contralesional hemispheres (p= 0.387).
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mRS 0-2 mRS 3-6 p
∆rCBFsupine to 30◦ (%), ≤48 hours (n=38) n=7 n=31

Ipsilesional -8.8 (-13.5, -5.5)* -2.5 (-8.5, 4.9) 0.1
Contralesional -13.4 (-15.9, -10.5)* -5.1 ( -15.7, 4.9) 0.221

Paradoxical response 2.3, n=2 7.1 (3.0, 12.3)*, n=25 -

∆rCBFsupine to 30◦ (%), ≤12 hours (n=17) n=4 n=13
Ipsilesional -10.4 (-12.7, -7.3) -0.9 (-4.4, 5.0) 0.032

Contralesional -13.9 (-15.6, -7.9) -14.0 (-17.2, 7.4) 0.878
Paradoxical response 5.6, n=1 9.1 (4.2, 27.4)*, n=12 -

∆rCBFsupine to 30◦ (%), >12 hours (n=21)
Ipsilesional -8.3 (-11.9, -4.6), n=3 -5.2 (-23.2, 4.5), n=17 0.690

Contralesional -13.4 (-17.1, -11.0), n=3 -3.5 (-10.3, 3.5), n=15 0.130
Paradoxical response -1.0, n=1 5.7 (2.9, 9.5)*, n=13 -

Table 9.2: Median and interquartile ranges of relative cerebral blood flow responses between 0◦ to 30◦ (∆rCBFsupine to 30◦) are shown grouped
according to the time period of the first measurement and to the three months-modified Rankin Scale (mRS) score. (∗) indicates a statistically

significant difference from zero.
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When the measurements were grouped by time of the measurement, ∆rCBFsupine to 30◦

was comparable between the early (≤ 12 hours) and the late (> 12 hours) phase

for both the ipsilesional and contralesional hemispheres (p=0.357 and p=0.510,

respectively). In patients with serial measurements, there was no statistically sig-

nificant difference between the first and the second measurements in the ipsilesional

(p=0.190) or contralesional hemisphere (p=0.890).

In the first measurement performed, an unilateral or bilateral paradoxical response

was present in twenty-one (n=21, 55%) patients (71% ipsilesional, 19% bilateral),

which is further discussed in the Appendix.

There were no clinical or radiological predictors of the ∆rCBFsupine to 30◦ response

to HOB elevation in the early or late phase measurements or globally. For in-

stance, the ∆rCBFsupine to 30◦ response was not statistically significantly associated

with either the early clinical course (deteriorated (p=0.603) or non-deteriorated

(p=0.587)) or functional outcome at three months (p=0.578). An exception was

the association with the mRS in the early phase, which is discussed below.

9.4.3 Relationship between ∆rCBFsupine to 30◦ and functional

outcome

Figure 9.2 shows ipsilesional ∆rCBFsupine to 30◦ versus the modified Rankin Scale

(n=38). When patients were divided according to the timing of the measurement,

a statistically significant association between the ipsilesional ∆rCBFsupine to 30◦

within the first 12 hours (early phase) from stroke onset and the dichotomized

mRS score at three months (p=0.010) was observed (slope=1.6, see Table 9.2

and Figure 9.2 A)). Figure 9.2 B) shows that patients with a favorable functional

outcome had a higher decrease of ∆rCBFsupine to 30◦ in the ipsilesional hemisphere

during the early phases (≤ 12 hours), compared to those with an unfavorable

functional outcome (-10.4 (-12.7, -7.3) and -0.9 (-4.4, 5.0) respectively, p=0.032).

In contrast, the ∆rCBFsupine to 30◦ response at later phases (> 12 hours) was not

related to functional outcome, p=0.878, as shown in Figure 9.2 D), and no linear

model could be fit (Figure 9.2 C)).

Despite this association, ∆rCBFsupine to 30◦ was not a predictor of functional out-

come at three months of follow-up. Remarkably, NIHSS was the only predictor of

functional outcome at three months (p < 0.001) with a slope of 1.23.
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Figure 9.2: Ipsilesional relative cerebral blood flow responses between 0◦ to 30◦

(∆rCBFsupine to 30◦) versus modified Rankin Scale (mRS) at three months at the early
phase from stroke onset (n=17) A) as a continuous variable and B) dichotomized ac-
cording to functional outcome. Similarly, panels C) and D) correspond to the late phase
(n=21). The shaded region shows the 95% confidence intervals. (∗) and (†) indicate a
statistically significant linear model and difference between groups, respectively. Box-

plots and labels show the median (interquartile range).
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9.5 Discussion

The main finding of our study is the association between the early-phase, ipsile-

sional, microvascular CBF response to the changes of head positioning and the

functional outcome in patients with anterior circulation AIS. The optical moni-

toring of CBF during HOB changes may, therefore, help to individualize future

treatment strategies, including optimal positioning, after AIS.

Functional outcome at three months was related to the response of ∆rCBFsupine to 30◦

to HOB changes occurring in the early phase (<12 hours after symptom onset),

but not at later time points. This is relevant since the AIS morbidity is on the

restoration of the CBF in the penumbra within a time window of cellular viability

that depends on duration and severity of CBF cessation. Here, cerebral collateral

circulation plays a major role in the recovery, and the timing when these collater-

als are activated is important for their clinical effect. Early good collateral status

is a strong predictor of better clinical outcome, while delayed collateral recruit-

ment may indicate worse outcome [231]. Therefore, it could be expected that

the response to collateral-enhancing stimuli, such as HOB positioning, may differ

according to the timing from stroke onset.

Unlike this study, Favilla et al failed to find an association between ∆rCBFsupine to 30◦

within the first 72 hours and stroke functional outcome [119]. This suggests that

the impact of HOB positioning may be relevant during the early critical period,

when potentially salvageable (penumbral) tissue is still present. Also, the higher

stroke severity of our study sample may explain the difference between both stud-

ies.

Although ∆rCBFsupine to 30◦ did not emerge to be the best predictor of functional

outcome in the multivariant logistic model in our study, its association deserves

further research, as it represents a biomarker of a quantifiable effect that may

enable the clinicians to personalize therapeutic strategies. Future studies could

investigate whether any related management strategies may help to optimize cere-

bral perfusion and improve functional outcome. In fact, it has been long recognized

that changes in head and body posture can worsen or improve neurological symp-

toms in occlusive cerebrovascular disease by inducing changes in CBF [232, 233].

The potential mechanisms include a gravitational effect in passively dilated vessels

due to impaired cerebral autoregulation, the cardiovascular and respiratory effects

of the upright position (including a reduction of blood pressure), increased venous
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return, altered cardiac output and postural hypocapnia related to hyperventilation

and improved chest wall compliance [234, 235]. Interestingly, it has been found

that flat HOB positioning increases CBF possibly by improving the efficiency of

passive-pressure dependent collateral flow [225, 236]. Thus, postural tilting has

been proposed as a potential challenge for assessing and enhancing the functional

capacity of collateral circulation [196].

The ∆rCBFsupine to 30◦ was found to be paradoxical or reduced in patients with

unfavorable outcome, where some patients did not respond to the HOB position

change. The reason of this decreased ∆rCBFsupine to 30◦ could be that these patients

suffered from cerebral autoregulation impairment [30]. Recently, in non-stroke pa-

tients, Lam et al studied the cerebral autoregulation, the critical closing pressure,

the mean arterial pressure and the CBFV during a similar protocol [134]. As hy-

pothesized before [237], the cerebral autoregulation remained intact after the HOB

position change, but the critical closing pressure, the mean arterial pressure and

the CBFV were decreased. CBFV changes were -4.5 ± 3.3%, which are lower to

our results of patients with a favorable outcome (∆rCBFsupine to 30◦ of -10.4 (-12.7,

-7.3)% and -8.8 (-13.5, -5.5)% for early and late phases).

The HOB position change as an alternative stimuli in order to derive a biomarker

for cerebrovascular reactivity/cerebral autoregulation is attractive, because, com-

pared to other stimuli, it is non-invasive, easy to perform and does not require

subject collaboration. As reported in previous studies in both brain injured and

healthy subjects [118–121, 127, 133] HOB angle manipulation was well tolerated

and no changes in the stroke severity were observed.

The latest advances in DCS have provided a better insight into the behavior of

CBF dynamics during these mentioned HOB changes by monitoring microvascular

CBF in the frontal cortex at the bedside and without the need of an exogenous

contrast [7]. In agreement with previous DCS studies [117, 119–122, 127] (including

Chapters 5, 7 and 10), we have observed a substantial inter-individual variation

in CBF responses to HOB changes. In contrast, a more homogeneous response

to HOB manipulation among individuals has been described in healthy subjects

[118]. This is consistent with the presence of different degrees of collateral flow

and cerebral autoregulation impairment after AIS. Unfortunately, in our study no

collateral scores have been assessed.
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We acknowledge that our study has several limitations. The high admission NIHSS

score limited our findings to patients with large hemispheric strokes. Also, our re-

cruitment at the early phase was limited, which should be improved in the future

with the recent emergence of commercial user-friendly systems (e.g. HemoPho-

tonics S.L. and ISS). An intervention randomized controlled study is underway to

determine whether CBF variation during position changes is a risk factor or only

a biomarker of worse functional outcome.

In conclusion, microvascular CBF response to an increase of the HOB during

the early phase of stroke has been related to the functional outcome. The HOB

response could be related to the functional capacity of collateral circulation. How-

ever, further studies are needed to elucidate if this information could be used to

individualize management for the patients in the Stroke Unit for improving the

functional outcome after AIS.

9.6 Appendix

In line with prior studies [117, 119, 120, 122, 127, 133, 238] (including Chapters

5, 7 and 10), we have also observed paradoxical responses to HOB changes.

Table 9.3 shows the clinical and radiological characteristics of the study population

according to the presence of an expected (non-paradoxical) or paradoxical response

of CBF to the head-of-bed elevation.
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Non-paradoxical (n=12) Paradoxical (n=26) p
Age (y) 75.5 (65.5, 85.25) 84.5 (74.25, 88.75) 0.258
Male sex, n (%) 3 (25) 18 (69) 0.028
Hypertension, n (%) 2 (17) 3 (13) 1
Atrial fibrilaltion, n (%) 6 (50) 13 (50) 1
Extracranial ICA stenosis >50%, n (%) 4 (33) 5 (19) 0.576
Thrombolysis, n (%) 8 (67) 17 (65) 1
Thrombectomy, n (%) 2 (17) 1 (4) 0.474
Intracranial occlusion (ICA or MCA), n (%) 12 (100) 17 (65) 0.055
ASPECTS 8 (5.5, 9) 9 (7,10) 0.201
ASPECTS close to the measurement 7 (3.75, 9) 9 (2.75, 9.75) 0.713
TOAST: 0.047

Large artery atherosclerosis, n (%) 4 (33) 1 (4) 0.719
Cardioembolism, n (%) 2 (17) 11 (42) 0.049
Other etiology, n (%) 0 (0) 2 (8) 0.629
Undetermined etiology, n (%) 6 (50) 12 (46) 0.629

NIHSS at measurement 16 (6.5, 21) 18 (8.25, 20) 0.950
mRS at three months 4 (3, 5) 4 (3, 6) 0.760
Death, n (%) 6 (24) 3 (23) 1

Table 9.3: Demographic and clinical results for n=38 acute ischemic stroke patients divided in to non-paradoxical or paradoxical relative
cerebral blood flow responders. ICA, internal carotid artery; MCA, middle cerebral artery; ASPECTS, Alberta Stroke Program Early Computed
Tomography Score; TOAST, Trial of Org 10 172 in Acute Stroke Treatment; NIHSS, National Institute of Health Stroke Scale; mRS, modified

Rankin Scale.
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Eight (n=8, 89%) uni-/bi-lateral paradoxical responders (n=9) in the early phase

(n=17) had an unfavorable functional outcome, and also in six (n=6, 67%) non-

paradoxical responders (n=8). But no significant interaction was found between

being or not paradoxical in the early phase and unfavorable or favorable outcome

(p=1). Considering all the measurements, twenty-two (n=22, 85%) of the uni-/bi-

lateral paradoxical responders (n=26) and nine (n=9, 75%) of non-paradoxical

responders (n=12) had an unfavorable functional outcome. Again, no significant

interaction was found (p=0.794).

In our study, 55% ((n=21) patients (71% in the ipsilesional hemisphere and 19%

in both hemispheres)) of our patients showed a paradoxical response in the initial

measurement. This percentage was higher (68%, n=26) during the first week after

stroke onset. However, we did not find a significant change of ∆rCBFsupine to 30◦

response over time. Interestingly, a gender effect was observed between patients

with paradoxical and non-paradoxical ∆rCBFsupine to 30◦ responses (p=0.028), with

males showing a higher rate of paradoxical responses. Although the mechanism

remains unclear, differences between sexes in relation to cerebral blood flow au-

toregulation have been previously found, suggesting that women have a stronger

cerebral blood flow response than men [239]. Edlow et al. [118] previously re-

ported a smaller CBF response to HOB manipulation for females in the healthy

population, but this was not previously reported for acute ischemic stroke patients

[119, 120]. Also, we found a paradoxical response more frequent in patients with

cardioembolic stroke (p=0.049). In our serie, atrial fibrillation was the cardioem-

bolic stroke subtype in all this group of patients (n=13), and, according to previous

studies [240, 241], this could be linked to underdeveloped collateral circulation.





Chapter 10

A mild orthostatic challenge

shows cerebral autoregulation

impairment on the ipsilesional

hemisphere of ischemic stroke

patients

Hypothesis:

The blood flow response to an orthostatic challenge in ischemic stroke patients

correlates with the mean arterial pressure response to the same orthostatic chal-

lenge.

10.1 Introduction

As presented already in the previous Chapters (5, 7 and 9), a transient alteration

of the patient head-of-bed position has been considered as a stimuli to test cere-

bral vasoreactivity (CVR; the response to a stimulus that dilates or contracts the

cerebral vasculature [4]) [117–121, 123, 127, 133, 134, 196]. I refer to this as a

“head-of-bed (HOB) challenge”, as in the previous Chapters 5, 7 and 9. This

challenge is attractive for many reasons because, when compared to other stimuli,

it is non-invasive (no need to inspire gases or inject drugs), is easy to perform and

141
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does not require subject collaboration. As reported in previous studies in both

brain injured and healthy subjects [118, 119, 121, 127, 133], HOB angle manip-

ulation was well tolerated and did not cause any pathological alterations in the

subject status.

In general, microvascular CBF has been found to be inversely correlated to the

HOB angle change. In other words, it shows an increase/decrease after a de-

crease/increase of the HOB angle. The precise details of this hemodynamic re-

sponse after a HOB positioning are complex and are believed to be a combina-

tion of cerebral autoregulation involving alterations in venous blood return to the

heart, changes in intracranial pressure, in blood volume, and in mean arterial pres-

sure (MAP), and other neuroreflex mechanisms [134, 196, 242–244]1. Moreover, a

paradoxical response (no change or change in the opposite expected direction) was

observed in around a quarter of the ischemic stroke patients that were measured

[119, 120], and, was routinely observed in other brain injury subjects [121]. I have

also observed paradoxical response in my studies on obstructive sleep apnea and

internal carotid artery stenosis patients [117, 127] (Chapters 5 and 7). Interest-

ingly, the paradoxical response was not detected in simultaneous TCD monitoring

in most cases, suggesting that DCS may provide different information over TCD

for monitoring the blood flow dynamics during posture changes [119].

In general, neither the simple head-of-bed challenge going from supine (0◦) to 30◦

nor from 30◦ to supine (0◦), during five minutes approximately in each position,

have provided a general specificity in different pathologies including ischemic stroke

and obstructive sleep apnea (OSA) [119, 120, 127, 133] (also Chapters 5, 9 and

10). Only Kim et al [121] found a higher CBF response in controls than in brain-

injured patients in a HOB from 30◦ to supine (0◦). However, another interesting

finding, and relevant to this work, is in the ability of CBF to recover back to

its original levels after starting at a supine position, followed by approximately

five minutes of HOB elevation, and after returning back to the original supine

position. This was originally considered as a minor side-effect of the lengthier

and more disruptive protocols [118, 120]. However, later on in a study on OSA

patients [127] (Chapter 5), we have found that this alteration was related to OSA

severity. And, interestingly, that long-term treatment ameliorated this alteration.

This result suggests that patients with OSA, or with altered CVR, might need

1Special thanks for Dr James Munis of Mayo Clinic, Rochester, USA for his discussion on the
HOB positioning
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a longer time period than five minutes in each HOB position to stabilize their

hemodynamic response. This is assuming that healthy cerebrovasculature, would

normalize the CBF, if given enough time.

As mentioned, the microvascular cerebral blood flow response to changes in HOB

position has been shown to be variably altered in acute ischemic stroke (AIS) mea-

sured by diffuse correlation spectroscopy (DCS) [119]. However, the relationship

between CBF and associated systemic MAP changes has not been evaluated. After

acute stroke, it has been hypothesized that the arterial hypertension that devel-

ops immediately after stroke represents a pathophysiological response to enhance

perfusion of the reversible penumbra of the infarct, where the perfusion passively

follows the variations in MAP since normal autoregulatory mechanisms are im-

paired [143, 245]. But relatively little is known about it and its measurements at

early hours after stroke have been elusive.

However, it is well-known that the efficacy of reperfusion therapies is related to the

time from stroke onset, since ischemia in the brain is a reversible process dependent

on the restoration of the CBF in the penumbra within a time window of cellular

viability that varies on duration and severity of CBF cessation [246]. Cerebral

collateral circulation plays an important role in extending this time window by

perfusing the penumbra [231]. Then, it could be expected that the response to

collateral-enhancing stimuli, such as head-of-bed positioning, may differ according

to the timing from stroke onset.

In this study, we sought to evaluate the relative cerebral blood flow (∆rCBF)

recovery back to supine position, measured by DCS, after different HOB position

changes, and also to evaluate the relationship between ∆rCBF and associated

systemic blood pressure changes to HOB position changes of patients with AIS. We

have hypothesized that the individual profile of cortical CBF and MAP responses

to HOB changes during the earlier phases of AIS may be a biomarker of CBF

autoregulation. In order to achieve this, we have aggregated data from three

studies from two countries.
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10.2 Methods

10.2.1 Study population

For this work, data has been aggregated from three different studies. In chrono-

logical order: The first and the second studies were conducted at the Hospital of

the University of Pennsylvania from 2006 to 2007 [120] and from 2009 to 2011

[119], respectively. The third study was conducted at the Stroke Unit of Hospital

de la Santa Creu i Sant Pau (Barcelona, Spain) from 2015 to 2017 [123] (Chapter

9). The three protocols were approved by the corresponding local review boards,

and the participants or their legal proxies gave written consent to participate.

The general inclusion criteria included patients admitted to the stroke service

with radiographic evidence or clinical suspicion of anterior acute ischemic stroke

and being older than 18 years. The general exclusion criteria were intracranial

hemorrhage on initial computed tomography, or magnetic resonance imaging, and

inability to lie supine for fifteen minutes. The specific inclusion and exclusion

criteria for each study can be found on the different publications of these three

studies [119, 120, 123] and are described below.

Inclusion and exclusion criteria for each study

• UPENN 2006-2007 [120] & UPENN 2009-2011 [119]:

Inclusion: patients admitted to the stroke service with radiographic evidence

or clinical suspicion of acute ischemic stroke involving the frontal lobe cortex.

Exclusion: intracranial hemorrhage on initial computed tomography (CT)

or magnetic resonance imaging (MRI) scan and inability to lie supine for 15

minutes.

• ICFO 2015-2017 [123] (Chapter 9):

Inclusion: being older than 18 years, a National Institute of Health Stroke

Scale (NIHSS) score [209] of more than three at admission, pre-stroke modi-

fied Rankin Scale (mRS) score [210] of less than three, and written informed

consent.



145

Exclusion: resting heart rate less than 40 or greater than 110 beats per

minute, peripheral arterial oxygen saturation less than 92% with supple-

mentation, diagnosis of transient ischemic attack or minor stroke and acute

ischemic stroke in the posterior territory.

10.2.2 Head-of-bed manipulation protocol

All patients were placed flat with the HOB between 0◦ and 20◦ during the first

twenty-four hours (with the exception of the time where they were being measured

with our protocol) according to the different local clinical practice guidelines. Af-

terwards, mobilization was initiated according to the judgment of the attending

clinician.

The three different mild HOB orthostatic challenge protocols, one for each study,

to induce CBF changes are shown in Figure 10.1. All three protocols involved

orthostatic challenges in different HOB positions, including, and relevant to this

work, repeated supine positions (as shown in yellow in Figure 10.1). Data was

acquired for five minutes at each position. The transition between HOB positions

was noted as event markers in the data.

For the UPENN studies [119, 120], the study protocol was planned for three sep-

arate days and the first measurement was performed as soon as the patient was

available. For the ICFO study [123], the study protocol was initiated <48 hours

after symptom onset. The protocol was repeated up-to four times at intervals of

48 hours during the first week of admission if the patient was stable.

10.2.3 Optical methods and instrumentation

For the three studies, two non-invasive, optical probes were placed on the forehead

bilaterally on both hemispheres, as lateral as possible trying to avoid the sinuses.

Previous studies by other methods [25] and by DCS [7] have shown that the frontal

cortical area a is valid area of measurement when studying the bulk CVR at a

cerebral hemisphere level. These probes consisted of a detector fibre set at a 2.5

cm from a source fibre providing mostly information about the cerebral cortex

hemodynamics as previously validated [7, 8, 24].
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Figure 10.1: The three different protocols with the supine positions used for this
analysis are selected with a circle.

The ∆rCBF changes considered for this work were obtained by calculating the

mean blood flow index in the first supine (0◦) position, and, using this mean, the

continuous blood flow index was normalized for the second supine position. After

explaining the general features of the devices used, the three devices for the three

different protocols are explained below with more details.

For the UPENN 2006-2007 study [120], a portable custom-built instrument was

employed as described in Refs. [220, 247]. Near-infrared diffuse optical spec-

troscopy (NIRS-DOS) was also implemented, even though this data will not be

used for this analysis. The data acquisition was interleaved between NIRS-DOS

and DCS. For each probe, first NIRS-DOS data was acquired for half a second

on one hemisphere, then, DCS data was acquired for three seconds. This gives a

total of seven seconds of measurement time per data point since one hemisphere

was measured at a time. The first minute in each position was discarded from the

analysis of ∆rCBF changes due to possible movement artifacts and for avoiding

systemic instabilities for this dataset. No MAP measurements were acquired for

this study.
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For the UPENN 2009-2011 study [119], data were collected from both hemispheres

every three seconds using the same instrument as in the previous study [120].

Again, the first minute in each position was discarded from the analysis of ∆rCBF

changes. For the continuous MAP measurements, the first and last minutes from

the analysis were discarded and the rest were used to calculate a mean of each

HOB position. For this study, continuous non-invasive blood pressure monitor

Finapres (Finapres Medical Systems, Arnhem, the Netherlands) device was used

to measure the arterial blood pressure in a sub-set of patients.

For the ICFO 2015-2017 study [123] (Chapter 9), the custom build device used

is described in Section 4.1.1. Data were collected from both hemispheres every

2.5 seconds. The first and last minutes from the analysis of ∆rCBF changes were

discarded. In this study, a manual sphygmomanometer (Omron BP785 IntelliSense

Automatic Blood Pressure Monitor, Omron, Osaka, Japan) at 2.5 minutes from

each HOB change was used to measure the arterial blood pressure.

10.2.4 Clinical and imaging evaluation

Baseline examinations included the collection of demographics and vascular risk

factors and a physical examination. The stroke severity was assessed with the

NIHSS at admission.

The neurological scales were obtained by certified neurologists or senior residents

under supervision blinded to the optical information.

The specific clinical and imaging evaluations for each study can be found in pre-

vious publications [119, 120, 123] and are briefly described below.

• UPENN 2006-2007 [120]:

Baseline examinations included the collection of demographics and vascular

risk factors from verbal history and available medical records. The stroke

severity was assessed with the NIHSS at admission. Stroke etiology was

classified according to the Trial of ORG 10172 in Acute Stroke Treatment

(TOAST) criteria [248]. A neurologist reviewed all available head CT and

brain MRI data to determine stroke (or infarct) laterality, vascular territory,

and region(s) of the brain involved. The primary indicators for radiographic

evidence of stroke were hypodensity on CT and/or diffusion restriction on
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diffusion MRI sequences. CT and magnetic resonance angiographic data

were also used to support the assessment of vascular territory involvement

when being available. Vessel involvement was characterized as middle cere-

bral artery or anterior cerebral artery. Brain region involvement was char-

acterized as frontal, temporal, parietal or occipital.

• UPENN 2009-2011 [119]:

Baseline examinations included the collection of demographics and vascular

risk factors. The stroke severity was assessed with the NIHSS at admission,

at the moment of the measurement and at discharge. Stroke cause was

recorded. The extent of early ischemic changes was evaluated on noncontrast

CT by the Alberta Stroke Program Early Computed Tomography Score

(ASPECTS) [230]. Functional outcome was evaluated by the mRS.

• ICFO 2015-2017 [123] (Chapter 9):

Baseline examinations included the collection of demographics and vascular

risk factors and a physical examination. The stroke severity was assessed

with the NIHSS [209] at admission, at the moment of the measurement, at

24 and at 48 hours from stroke onset, and at discharge. The etiologic stroke

subtype was classified according to the modified TOAST criteria [229]. At

admission, a cranial CT was performed on all patients and also a vascular

imaging with either CT-angiography or color-coded duplex sonography. The

extent of early ischemic changes was evaluated on noncontrast CT by the

ASPECTS. Recanalization was assessed by transcranial duplex before the

HOB protocol. Functional outcome was evaluated at three months by the

MRS.

10.2.5 Statistical analysis

We have expressed quantitative variables as a median and an interquartile range

(median (Q1, Q3)), and categorical variables as number of cases and percentages

(cases (percentages)). The Lilliefors test was used to assess for normality. The

Kruskal-Wallis test (for quantitative dependent variables) or the chi-squared test

(for categorical dependent variables) were used with three-way pairwise compar-

isons with a Bonferroni correction. The Wilcoxon signed-rank test was used to

compare related samples or to check if a response was different from zero. The

Wilcoxon rank-sum test was used to assess the differences between two groups.
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Spearman correlation was used to assess the correlation between quantitative vari-

ables.

Linear models were used when the first measurement was considered, and linear

mixed-effect models were used when all measurements were considered for the two

different protocols (due to lack of independence of the response variable). The

independent variable was the ∆MAP and the dependent variable was the ∆rCBF.

Residuals plots of these models were tested for the inspection of deviations from

normality or homoscedasticity. For the linear mixed-effect models, patients and

databases were the random factors. The “nlme” software package was used for

the linear mixed-effect models implemented by R [135].

The correlations and the linear models were accepted to be valid, if and only if,

when extracting all patients one by one and repeating the same test (bootstrap-

ping), every subtest (considering n-1 data points) was statistically significant. p

< 0.05 was considered as the threshold for the rejection of the null hypothesis for

all statistical tests. All statistical analyses were performed with R [135].

10.3 Results

Seventy-two (n=72) AIS patients from three different studies were recruited in two

countries (USA, Spain) and have been aggregated in the dataset. All the three

protocols involved DCS measurements during orthostatic challenges in different

HOB positions, including, relevant to this work, repeated supine positions within

the same series in a total of one hundred thirty-five (n=135) measurements. The

mean arterial pressure (MAP) was measured continuously (n=9) or at mid-way

through each HOB position (n=17) in a total of fifty-two (n=52) measurements

of twenty-six (n=26) patients (see Table 10.1 for clarification).

None of the patients from any of the three studies suffered from worsening or

improvement of the neurological condition of the subjects.

As shown in Table 10.2, the severity of the patients on arrival was similar (NIHSS

=13.5 (6, 20), p=0.188), but ICFO 2015-2017 study patients were older than the

rest (p=0.008 and p=0.045, for UPENN 2006-2007 and UPENN 2009-2011 studies,

respectively). Also, UPENN 2006-2007 study patients were measured later from

the stroke onset than the rest (p=0.027 and p<0.001, for UPENN 2006-2007 and
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Patients considered
(measurements considered)

UPENN,
2006-2007

UPENN,
2009-2011

ICFO,
2015-2017

Total

Total 17 (42) 17 (21) 38 (72) 72 (135)

Supine1 to supine2
CBF data

15 (35) 14 (16) 38 (72) 67 (123)

Supine1 to supine2 CBF
ipsilesional vs contralesional
hemisphere analysis

15 (35) 11 (13) 36 (65) 62 (113)

Mean arterial pressure data 0 9 (13) 17 (39) 26 (52)

Ipsilesional CBF data
+ MAP data

0 6 (8) 14 (35) 20 (43)

Contralesional CBF data
+ MAP data

0 9 (11) 13 (31) 22 (42)

Table 10.1: Number of patients and total number of measurements included in each
analysis. CBF, cerebral blood flow; MAP, mean arterial pressure.

ICFO 2015-2017 studies, respectively). No other differences were observed between

the three studies.

UPENN,
2006-2007

(n=17)

UPENN,
2009-2011

(n=17)

ICFO,
2015-2017

(n=38)
p

Total
(n=72)

Age
(y.)

59 (53, 55) 62 (60, 64) 83 (68.75, 88) 0.002* 74.5 (60, 85)

Females,
n (%)

10 (59) 7 (41) 21 (55) 0.94 38 (53)

NIHSS
admission

15 (6, 20) 9 (5, 13) 18 (7, 20) 0.188 13.5 (6, 20)

Days from
stroke onset

2 (2, 3) 1 (1, 1) 1 (0.5, 1) <0.001† 1 (0.5, 2)

Table 10.2: Demographic and clinical variables available for the three datasets. NIHSS,
National Institute of Health Stroke Scale. Symbols indicate a statistically significant
difference between the studies versus the ICFO 2015-2017 study (∗) and between the

studies versus the UPENN 2006-2007 study (†).
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10.3.1 Head-of-bed challenge from the first supine position

to the next supine

Some patients did not complete the protocol up-to the second supine position

and, then, have been discarded for this section (see Table 10.1). For this reason

and for movement artifacts, five patients (n=2, 12%, UPENN 2006-2007; n=3,

24%, UPENN 2009-2011) have been discarded. Repeated measurements have

been included. For the same reasons above, twelve repeated measurements have

been excluded (n=7, 17%, UPENN 2006-2007; n=5, 24%, UPENN 2009-2011).

A systematic ∆rCBF increase was observed from the first supine position to the

next supine (p<0.001) when all patients were considered, i.e. the patients did

not recover upon returning back to supine position as shown in Figure 10.2. The

∆rCBF in each hemisphere for the different studies did not recover back to supine

position (p<0.05), except for the ipsilesional hemisphere on the UPENN 2006-2007

study (p=0.385).

Moreover, no ∆rCBF interhemispheric difference was observed considering the

data of each study separately (p>0.05), or when considering the data of the three

studies together (p=0.646). Only subjects with optical data available for both

hemispheres have been included in this subanalysis (see Table 10.1).
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Figure 10.2: Cerebral blood flow response (∆rCBF) from the first supine to the second supine for each hemisphere, for each study and for all
patients is shown. Classic boxplots and the mean ∆rCBF data point color-coded for each patient are shown. Text labels below each panel show
the median (interquartile range) for each hemisphere. Number of patients and total number of measurements are also shown. (*) indicates a

statistically significant difference from baseline. Contra.=contralesional hemisphere. Ipsi.=ipsilesional hemisphere.
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10.3.2 Relative cerebral blood flow changes versus relative

mean arterial pressure changes

As mentioned, the mean arterial pressure was measured continuously (n=9, UPENN

2009-2011 study) or at mid-way through each HOB position (n=17, ICFO 2015-

2017 study) in a total of twenty (n=26) patients and fifty-two (n=52) repeated

measurements. Due to the artifacts either on the MAP or on the optical data

during the HOB positions of interest, data has been discarded in the analysis

differently between hemispheres. Table 10.1 details the total number of subjects

included.

When measurements in all times from stroke onset up-to one week were considered

for each hemisphere, a linear mixed model could not be fit on the contralesional

hemisphere (p=0.575). For the ipsilesional hemisphere, the fit was not considered

valid, even though the p value was smaller than 0.05 (p=0.022), since it failed

after bootstrapping as explained in methods (see Figure 10.3).

ΔrCBF
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2
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1
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2
(mmHg) ΔMAP supine

1
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2
(mmHg)

p
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=0.575

n=42 p
lme

=0.022X

n=43

Figure 10.3: Cerebral blood flow response (∆rCBF) from the first to the second
supine position versus relative mean arterial pressure change (∆MAP) in the contrale-
sional hemisphere (left), and in the ipsilesional hemisphere (right) for all measurements
performed. Linear model fit and confidence intervals (in grey) are plotted. (x) indicates

that the linear mixed-effect model failed after bootstrapping.

Interestingly, in the first measurement for each patient (within 48 hours of stroke

onset), a statistically significant correlation between ∆rCBF and ∆MAP from

the first to the second supine position was observed in the ipsilesional hemi-

sphere (p=0.002, ρSpearman=0.65, see Figure 10.4), but not on the contralesional

hemisphere (p=0.976, ρSpearman=0.01). The ICFO 2015-2017 study alone showed
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a correlation between the supine-to-supine ipsilesional ∆rCBF and ∆MAP that

failed after bootstrapping for all patients (see Figure 10.5). UPENN 2009-2011

study, with less subjects available in the ipsilesional hemisphere (n=6), showed

a statistically significant correlation that prevailed after bootstrapping (p=0.005,

ρSpearman=0.94). When the same subanalysis was considered for the contralesional

∆rCBF, no statistically significant correlations were found (see Figure 10.6).
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Figure 10.4: Cerebral blood flow response (∆rCBF) from the first to the second
supine position correlates to the relative mean arterial pressure change (∆MAP) in the
ipsilesional hemisphere (right), but not on the contralesional hemisphere (left) in the first
measurement (<48 hours) for each patient. Linear model fit and confidence intervals (in

grey) are plotted. (*) indicates a statistically significant Spearman correlation.
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Figure 10.5: Cerebral blood flow response (∆rCBF) from the first to the second supine position correlates to the relative mean arterial pressure
change (∆MAP) in the ipsilesional hemisphere for the two studies with both optical and MAP data available (n=20). Linear model fit and
confidence intervals (in grey) are plotted. (*) indicates a statistically significant difference from baseline. (†) indicates a statistically significant

Spearman correlation that prevails after bootstrapping.
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Figure 10.6: Cerebral blood flow response (∆rCBF) from the first to the second supine position does not correlate to the relative mean arterial
pressure change (∆MAP) in the contralesional hemisphere for the two studies with MAP data available (n=22). Linear model fit and confidence

intervals (in grey) are plotted.



157

10.4 Discussion

In this work, data from seventy-two AIS patients from three different studies, from

two different countries, were aggregated in order to study the CBF and MAP re-

covery upon returning back to supine position after orthostatic challenges involv-

ing different HOB positions. Once a systematic increase of CBF was observed

upon different orthostatic challenges alongside a change in mean arterial blood

pressure, a further detailed analysis revealed that CBF changes in the ipsilesional

hemisphere correlated with the MAP changes in less than forty-eight hours after

stroke. This was a hemispheric effect, which was not detected on the contralesional

hemisphere. Overall, this study suggests that AIS causes hemispheric alterations

in cerebral autoregulation which disappear with time (i.e. greater than forth-eight

hours after stroke onset).

This study was motivated by our previous finding, in which the CBF recovery

upon returning back to supine position was a biomarker of disease severity in

obstructive sleep apnea (OSA) [127] (Chapter 5).

A first result presented in this work is that a systematic ∆rCBF increase was ob-

served from the first supine position to the next supine (p<0.001). As mentioned,

it is not the first time that this result over a HOB protocol is reported in the litera-

ture. Patients diagnosed with moderate and severe obstructive sleep apnea (OSA)

also showed an alteration (i.e., increase) of the supine CBF upon returning to the

initial HOB supine position in previous studies [127] (Chapter 5). Interestingly,

this alteration was related to OSA severity and long-term treatment ameliorated

this alteration.

Patients with cerebral pathologies might need a longer time period than five min-

utes in each HOB position to stabilize their cerebral hemodynamics. Urbano et

al [112] measured (by TCD) the effect of a strong orthostatic challenge (stand-

ing to squatting position) in twenty-six patients with moderate or severe OSA

and twenty-eight control subjects. Patients with OSA had a significantly slower

rate of recovery of blood pressure, cerebral blood flow velocity and cerebrovascu-

lar conductance than the control group, showing that patients with moderate or

severe OSA presented an impaired compensatory response to a strong orthostatic

challenge. On an unpublished study with a similar protocol but on twelve healthy

subjects, we have recently measured microvascular ∆rCBF at supine position for
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30 minutes, and for 30 minutes more after a HOB change from supine to 30◦. In-

terestingly, ∆rCBF did not stabilize for any period of 30 minutes, in other words,

CBF measured by DCS was found not stable over 30 minutes.

Not only CBF has been found to increase after different HOB changes in the

literature, Aries et al [133] also found increases in MAP. In their protocol on

stroke patients with different HOB angles for 3 to 5 minutes each, they found that

MAP increased slightly during the course of the experiment for patients (mean

5%, 95% confindence intervals: 2% to 7%) and also for healthy controls (mean

2%, 95% confindence intervals: -1% to 6%) [133]. These changes are on the order

of our ∆MAP change findings of 2.6 ± 6.9 % from the first supine to last supine

with different HOB angle positions in between.

It is interesting to note here that the changes of an apparently basic parameter

such as MAP are not reported in a uniform manner in the literature. Some authors

have found no changes on MAP during different HOB positions on the angle ranges

from supine up-to 30◦ in stroke patients [225, 249]. However, Aries et al [133] found

MAP decreases due to a stronger HOB change from supine to 90◦ in both healthy

and stroke subjects. On healthy subjects, Edlow et al [118] found MAP increases

due to the same HOB change from supine to 90◦ and back to supine. And more

recently, and contrary to Edlow et al , Lam et al [134] found MAP decreases

with a similar protocol to the ICFO study but in healthy subjects. This may be

attributed to methodological differences in measuring MAP, for example, to height

reference level.

A second finding of this study related to these mentioned MAP changes is the

correlation between the response of the ipsilesional microvascular CBF from supine

to the next supine position and the response of the MAP to the changes of head

positioning, in patients with anterior circulation AIS in less than 48 hours after

stroke. Apparently, supine (0◦) to a higher angle and back to supine (0◦) is a more

potent stimulus in eliciting hemispheric differences between MAP and CBF than

just supine (0◦) to a higher angle. Interestingly, this correlation was observed in the

ipsilesional hemisphere (p=0.002, ρSpearman=0.65), but not on the contralesional

hemisphere (p=0.976, ρSpearman=0.01).

As mentioned, ischemia in the brain is a reversible process dependent on the

restoration of the CBF in the penumbra within a time window of cellular viability

[246]. The timing when collaterals are activated is important for their clinical
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effect on penumbra recovery, where delayed collateral recruitment can be futile

or even result in worse outcome [231]. Thus, it may be expected that during the

early hours after stroke, specially, the affected hemisphere may present a damaged

CAR, a pathological phenomenon which has already been observed in different

cardiovascular diseases, such as ischemic stroke, brain injury and trauma [4]. The

asymmetry observed in this work between hemispheres during the early hours after

stroke could be a biomarker of damaged autoregulation.

It is not the first time that this asymmetry between damaged and non-damaged

hemispheres is observed in pathological subjects. Yew et al [250] estimated cere-

bral vasoreactivity index (CVRi) as the ratio of mean arterial pressure to re-

gional cerebral blood flow (measured by arterial-spin-labeling functional MRI) in

amyloid-positive, amyloid-negative and Alzeimer disease subjects finding that the

CVRi was significantly elevated in amyloid-positive versus amyloid-negative cases,

with additional elevation in patients with Alzheimer’s disease. According to this

result, another study with Alzheimer’s disease, mild cognitive impairment and

healthy subjects and using similar measurement techniques, found that vortical

and subcortical CVRi was more elevated in Alzheimer’s disease [251].

On an unpublished study with a similar protocol but on internal carotid artery

patients [117] (Chapter 7), supine-to-supine ∆rCBF was found to correlate with

∆MAP only in the stenosed (≥ 70%) hemisphere of fourteen (n=14) unilateral

stenosis patients, but not on the non-stenosed hemisphere. Interestingly, this

correlation was not observed by cerebral blood flow velocity by TCD. This result

reinforces the idea that this correlation is due to damaged cerebral autoregulation,

and also, that DCS during a HOB challenge may be superior to TCD to be able

to measure the general well-being of the brain.

We acknowledge that our study has several limitations. First, the different proto-

cols for each study may have increased the variability in our results; specifically,

considering that the UPENN protocols pre-selected large vessel cortical anterior

circulation infarcts, while the ICFO 2015-2017 study only pre-selected large vessel

anterior circulation infarct (not only cortical). Second, MAP was not assessed in

one protocol, in another protocol it was assessed continuously and in the third pro-

tocol it was assessed only at mid-way through each HOB position. The fact that

two different devices and methods are used to measure MAP may have increased,

again, the variability of our results. Third, data from different protocols and clin-

ical settings was gathered, but future multi-center studies with common protocols
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and similar clinical management at the point-of-care should be considered for im-

proving the reliability of the data. Finally, the time courses of these responses are

longer than dynamic CVR, so it could be plausible that both cerebral and sys-

temic mechanisms are involved. Future studies measuring cerebral hemodynamics

together with systemic variables with a protocol involving different HOB angles

and durations would help to understand these results.

In conclusion, microvascular CBF versus MAP responses to an increase of a brief

HOB during the acute phase of stroke may provide cerebral autoregulation infor-

mation in AIS. However, further studies are needed to elucidate if this information

could be used to individualize management for the patients admitted to the Stroke

Unit after AIS.



Chapter 11

Microvascular cerebral blood flow

fluctuations in association with

apneas and hypopneas in acute

ischemic stroke

Hypothesis:

The unexpected cerebral hemodynamic fluctuations are associated to apneic and

hypopneic events.

11.1 Introduction

Most interventions during the early hours after ischemic stroke onset aim to max-

imize and stabilize cerebral blood perfusion to diminish the neurological damage

and improve the long-term outcome [222]. Furthermore, these patients could be

at risk of possible detrimental CBF fluctuations in the case, for instance, of un-

diagnosed breathing disorders (BDS). Disordered breathing includes a range of

respiratory disorders [252], often during sleep, characterized by repetitive reduc-

tion (hypopneas) or cessation (apneas) of airflow during sleep.

Different types of BDS with different physiological origins have been reported in

association with stroke in 10% to 70% of the patients [101, 253–261]. However,

it is not yet clear if the presence of a breathing disorder is associated with the

161
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long-term outcome. While some works support the idea that BDS are associated

with poor recovery from stroke [101, 262–265], one study reported that BDS in

stroke patients are associated with early neurological worsening but not with long-

term outcome at six months [254]. The reason for the divergence of the results of

these studies could be the physiological origin of BDS (upper airway obstruction,

heart failure, disease or injury involving the brain) [266] but also, the possible vari-

able amount of detrimental impact of these events on the cerebral hemodynamics.

Thus, the diagnosis and the quantification of these respiratory events, and also,

the characterization of their effect on the cerebral hemodynamics may be relevant

for the management of the ischemic stroke patients.

The dynamics of local, microvascular cerebral blood flow (CBF) are particularly

interesting since, hypothetically, they could reveal that large, repeated changes

in the cerebral perfusion could be detrimental when cerebral autoregulation is

damaged in the acute stages of stroke [168]. This is relevant during the acute stages

of stroke since ischemia in the brain is a potentially reversible process dependent on

the restoration of the microvascular CBF in the penumbra within a time window

of cellular viability that varies on duration and severity of CBF cessation [246].

However, if cerebral autoregulation is damaged, CBF can abruptly increase or

decrease without following the needs of the brain and without restoring the needed

CBF in the penumbra. If so, BDS treatment could be used to avoid these unwanted

changes. However, there are no established methods to monitor microvascular CBF

at the bed-side.

In non-stroke subjects, cerebral hemodynamic fluctuations due to apneas or hy-

popneas have been extensively studied and characterized previously by several

groups with the measurement of the cerebral blood flow velocity (CBFV) in the

middle cerebral artery by transcranial Doppler ultrasound (TCD) [113, 155–158].

However, macrovascular CBFV is only an indirect measurement of what happens

in the distal microcirculation.

Fluctuations of microvascular cerebral hemodynamics have previously been ob-

served in acute stroke patients. A study of nine patients with acute stroke [267]

reported arterial oxygen desaturations from unknown origin that correlated with

cerebral hemodynamics measured with near-infrared diffuse optical spectroscopy

(NIRS-DOS), and showed an asymmetry of the changes in the two cerebral hemi-

spheres. Pizza et al [268] observed, in seven patients, with acute/subacute middle

cerebral artery stroke that obstructive and central apneas were linked to cerebral
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oxygenation changes by NIRS-DOS. Asymmetrical patterns of cerebral hemody-

namic changes were again found with significantly larger changes on the unaffected

hemisphere compared to the affected one. However, neither NIRS-DOS nor TCD

provide a direct measure of microvascular CBF.

In this pilot study, we have utilized diffuse correlation spectroscopy (DCS) to non-

invasively monitor local, microvascular CBF [5, 7, 64]. In a previous study [123]

(Chapter 9), we have observed unexpected fluctuations of microvascular CBF,

heart rate, arterial oxygen saturation and end-tidal carbon dioxide in three (18%)

of seventeen acute ischemic stroke patients during the first week from stroke on-

set, which has motivated the design of this study to investigate the origin of

these fluctuations. Here, we have aimed to test the hypothesis that these cerebral

and systemic fluctuations were associated with apneic and hypopneic events after

stroke. The results of this study have been submitted and are under review [269].

11.2 Methods

This study was conducted at the Stroke Unit of Hospital de la Santa Creu i Sant

Pau, in Barcelona, Spain between August 2016 to March 2017. The study protocol

was approved by the local ethical committee (EC/15/130). Either the patients or

their relatives gave their written informed consent.

The inclusion criteria were being older than 18 years old, confirmed ischemic stroke

in the anterior circulation, measurement time less than seven days from the stroke

onset, and informed written consent. The exclusion criteria were resting heart

rate less than 40 or greater than 110 beats per minute, arterial oxygen saturation

less than 92%, use of oxygen therapy, symptomatic lacunar stroke, previous diag-

nosis of breathing disorders, previous transient ischemic attack, minor stroke or

intracranial hemorrhage.

The study included two different parts (see Figure 11.1 for a flow-chart of the

procedure). First, patients who fit the clinical inclusion criteria were screened with

a pulse oximeter for a minimum of four hours between 8 am to 2 pm. Afterwards, if

the pulse oximeter showed periodic decreases of ≥ 3% in arterial oxygen saturation

(SpO2), the patients were measured in the afternoon with DCS and also with a

respiratory polygraphy device simultaneously for one hour in the most comfortable

head-of-bed position for the patients.
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Figure 11.1: Methodology of the two parts of the study. The subjects included in each
part are depicted in grey. SpO2, arterial oxygen saturation.

11.2.1 Neurological evaluation

Baseline examinations included the collection of a summary of the medical history

from patient records (demographics and vascular risk factors) and a clinical ex-

amination. The stroke severity was assessed with the National Institute of Health

Stroke Scale (NIHSS) [209] on admission and right after the measurement. Indi-

rect ischemic signs were evaluated by the Alberta Stroke Program Early Computed

Tomography Score (ASPECTS) [230]. Long-term outcome was evaluated at three

months by means of the modified Rankin Scale (mRS) [210], where a score of mRS

>2 was considered indicative of an unfavorable outcome.

The extent and location of the ischemic area along with the site of arterial oc-

clusion were evaluated on admission by a cranial computed tomography scan and

vascular imaging either by angio-computed tomography or by TCD. If patients

were eligible, reperfusion theraphy (thrombolysis or thrombectomy) was applied

[222]. Recanalization (either spontaneous or by revascularization treatment) was

assessed with TCD within 24-48 hours.

The neurological scales were scored by a neurologist or a senior neurology resident

blinded to the optical information.
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11.2.2 Optical methods and instrumentation

We have used the DCS unit of the hybrid device described in Section 4.1.1. Two

optical probes were placed on the forehead bilaterally on both hemispheres as

lateral as possible, avoiding the sinuses. These probes consisted of a bundle of

four detector fibers set at 2.5 cm from a source fiber. These probes were the same

as the ones presented in Figure 8.1 in Chapter 8. We have measured the blood

flow index (BFI) continuously with a 2.5 second temporal resolution. The relative

CBF changes were obtained by normalizing the calculated continuous BFI with the

mean BFI of the first five minutes (baseline) of the measurement. Also the CBF

changes per apnea/hypopnea have been calculated as explained in the statistical

analysis section.

Pulse oximetry and respiratory polygraphy

A standard pulse oximeter (CMS-50D Plus, CONTEC Medical Systems CO, Qin-

huangdao, China) was used for the screening of the stroke patients. If these pa-

tients were eligible, then, they were enrolled for the full study which, in addition

to DCS, included a respiratory polygraphy monitoring (Embletta MPR PG, Natus

Medical, Middleton, USA).

The respiratory polygraphy included the recording of the oronasal flow (by a ther-

mistor and a nasal cannula), the thoracic and the abdominal movements (by a

respiratory inductance plethysmography band), the SpO2 and the heart rate (HR;

both by pulse oximetry), among others. The respiratory polygraphy data was fur-

ther post-processed by a pulmonologist to determine the following variables; the

start and end time points of each event, the event type (obstructive apnea, hypop-

nea, mixed apnea, or central apnea), the number of times where arterial oxygen

saturation decreases 3% due to an apnea or hypopnea (ODI3) and the number of

apneic and hypopneic events per hour of study (AHI) [130].

11.2.3 Statistical analysis

In order to calculate the percent CBF change (∆rCBF) due to each apneic or

hypopneic event, we have estimated a basal blood flow index (BFIbl) as the average

of the cerebral BFI from thirty seconds before the apnea/hypopnea start up to
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thirty seconds after the apnea end. This was considered to correct for slight

changes in the probe position during the measurement. Afterwards, the CBF

changes were calculated as ∆rCBF = ( BFI
BFIbl

− 1) × 100. Similarly, ∆HR was

defined as ∆HR = HR − HRbl and ∆SpO2 was defined as ∆SpO2 = SpO2 −
SpO2bl. In all cases, the subscript bl indicates an average over the same period.

Afterwards, the events were parametrized for the characterization of the induced

∆rCBF, ∆HR or ∆SpO2 for each event. The goal was to study if individual apneic

or hypopneic events caused significant increases or decreases in these variables as

it was hypothesized. This step consisted in considering each event as a function

dependent on time (∆rCBF(t), ∆HR(t) and ∆SpO2(t)), and then, the extrema

of these functions along a specific time interval were calculated. The reference

time (time zero) was considered as the end of each event. The time windows to

find these extrema were considered from -5 to 15 seconds for the first extrema

on ∆rCBF, from 0 to 15 seconds for the ∆HR, and from 5 to 35 seconds for the

∆SpO2. These time windows were chosen by visual observation of all the apneas

and hypopneas plotted together from -30 seconds to 60 seconds and according to

the literature [113, 175]. These analysis methods have been verified in nocturnal

measurements of chronic obstructive sleep apnea patients [170] (Chapter 6).

Averages and standard deviations have been performed considering all apneic and

hypopneic events for each patient and also for the population. The Wilcoxon

signed-rank test was used to assess the difference between ipsilesional and con-

tralesional ∆rCBF responses. The same test was used to assess if the apneic/hy-

popneic response of different variables was significantly different from zero. All

analyses were performed with Matlab (Mathworks, MA, USA). A p-value < 0.05

was considered to be statistically significant.

11.3 Results

During the eight month period, we have screened twenty-eight ischemic stroke pa-

tients with pulse oximetry, of whom five (n=5, 18%) presented fluctuations (≥ 3%)

in SpO2 and were then included in the second part of the study. Table 11.1 shows

the clinical characteristics of these five patients. Four were male, had an age of 81

± 6 years (mean ± standard deviation), an admission NIHSS of 8 (2, 16) (median
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(first quartile, third quartile), and a time from stroke onset to measurement of 4

(3, 5) days.

Table 11.2 shows the results of the DCS and the respiratory polygraphy measure-

ments. In all five patients, the respiratory polygraphy confirmed the presence of

altered breathing patterns; two presented periodic breathing (clusters of breaths

separated by intervals of apnea (no breathing) or near-apnea), two presented a

predominance of obstructive events (the airflow is ceased or partially ceased due

to upper airway obstruction) and one of central apneas (the airflow is ceased or

partially ceased due to diminished or absent effort to breath).

Figure 11.2 shows a representative trace (from Case 4) of ten minutes of con-

tinuous oronasal flow, abdominal and thoracic movements, HR, SpO2 and CBF

changes. Both apneic (four obstructive apneas, green shading) and hypopneic

(three, gray shading) events are visible and the simultaneous monitoring showed

time correlated variation of microvascular CBF, HR and respiratory variables.

From the respiratory polygraphy recording, oronasal flow is reduced during the

hypopneas and ceased during the obstructive apneas, while abdominal and tho-

racic movements are reduced during these events. Heart rate does not follow a

general pattern for this trace. SpO2 shows a drop with a delay relative to the

apneic/hypopneic event. In this time period with frequent events, as commonly

observed, the SpO2 drop of the previous event is overlapped with the next event.

It can also be observed that the CBF starts to rise close to the end of an event.

Finally, for this specific interval, periodic breathing is diagnosed but the rest of

the acquisition is dominated by obstructive apnea events as shown in Table 11.2.

For completeness, Figure 11.3 shows ten minutes of similar traces where neither

fluctuations nor apnea/hypopnea events were found. This patient (Case 3) was

the only one with no apneic/hypopneic events during ten minutes.

From the five patients, two hundred and nineteen (n=219) apneic/hypopneic

events were analyzed. In all patients, the CBF changes were bi-phasic. In other

words, significant bilateral CBF increases of 27.1 ± 17.7% (p<0.001) for the ip-

silesional, and, 29.0 ± 17.4% (p<0.001) for the contralesional hemisphere were

followed by decreases of -19.3 ± 9.1% (p<0.001) for the ipsilesional, and, -21.0 ±
8.9% (p<0.001) for the contralesional hemisphere due to each apneic/hypopneic

event. There were no interhemispheric differences between the maximum increases
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Figure 11.2: A ten minute trace of systemic fluctuations of physiological variables
alongside fluctuations of cerebral blood flow. Hypopneas (grey) and obstructive apneas
(green) are shown from the measurements of an 89 year-old male with a left middle
cerebral artery ichemic stroke (Case 4). The patient presented a left middle cerebral
artery stroke with insular, temporal and basal ganglia ischemic areas. The National
Institute of Health Stroke Scale was 16 when measured. The patient died after 24 hours

of the measurement.
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(p=0.189) or the maximum decreases (p=0.053). Also, as expected, HR increased

(p<0.001) by 6.5 ± 6.8 bpm and SpO2 decreased (p<0.001) by -4.9 ± 16.8%.

The two patients (Cases 4 and 5) with the highest AHI, one with predominance

of an obstructive apnea pattern and the other of central apnea pattern, had the

two highest NIHSS both on admission and after the measurement and the lowest

ASPECTS. Unfortunately, both had an mRS of six, i.e. they have died during

the three months after stroke onset. Among these two patients, the one with

the highest AHI (Case 5) also presented the lowest left ventricular ejection frac-

tion. However, none of these two patients presented the highest physiological or

cerebral hemodynamic changes in response to the respiratory events. One of the

characteristics of the remaining three patients (Cases 1, 2 and 3) with lower stroke

severity is that they have presented mainly hypopneic events, in comparison to the

obstructive and central apneas found in the two most severe patients (Cases 4 and

5). We note that given the small population, these are just anecdotal statements

and should not be considered generalizable.
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Case 1 2 3 4 5
Age (y), gender (M/F) 83, F 73, M 82, M 89, M 76, M
Smoking Former Former Former Former Former
Arterial hypertension Yes Yes No No No
Dyslipidemia Yes Yes No No No
Diabetes No No Yes No Yes
Ipsilesional ICA stenosis > 70% Yes No No - No
Coronary disease No No Yes No Yes
Atrial fibrillation No No No No No
Left ventricular ejection fraction (%) > 50 40-50 40 - 25

Arterial occlusion Left MCA Left MCA Right ACA Left MCA Right MCA
NIHSS admission 7 7 3 20 21
NIHSS after the measurement 2 1 8 16 21
Reperfusion theraphy Yes Yes No No No
Recanalization Yes No Yes No No

Infarct location Insular and
frontal

Insular and
frontal Frontal

Insular,
temporal and
basal ganglia

Insular,
temporal

and parietal
ASPECTS 8 8 10 6 6
Days from stroke to measurement 7 4 3 5 0
mRS at 3 months 2 1 4 6 6

Table 11.1: Demographics, pre-stroke (top) and post-stroke clinical characteristics (bottom) of the five ischemic stroke patients. M, male; F,
female; ICA, internal carotid artery; MCA, middle cerebral artery; ACA, anterior cerebral artery; NIHSS, National Institute of Health Stroke

Scale; ASPECTS, Alberta Stroke Program Early Computed Tomography Score; mRS, modified Rankin Scale.
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Case 1 2 3 4 5
AHI (n./hour) 45.6 13 24.8 45.8 63.8

ODI3 (%) 46.3 15.7 17.4 48.1 10

Obstructive
apneas, n

0 0 1 31 1

Central
apneas, n

1 0 2 0 82

Mixed
apneas, n

0 0 1 0 0

Hypo-
pneas, n

37 13 20 30 0

Event duration
(sec)

21 ± 7 24 ± 4 27 ± 8 30 ± 11 19 ± 5

Breathing disorder
Periodic

respiration
Hypopneas

Periodic
respiration

Obstructive
events

Central
apneas

Max. increase induced ∆rCBFipsi (%) 30.0 ± 12.7 37.4 ± 13.0 22.4 ± 8.9 31.0 ± 10.1 21.9 ± 23.9

Max. increase induced ∆rCBFcontra (%) 32.9 ± 21.4 27.6 ± 11.0 29.7 ± 15 36.1 ± 11.2 21.7 ± 18.3

Max. decrease induced ∆rCBFipsi (%) -19.2 ± 7.0 -33.3 ± 12.1 -16.1 ± 8.2 -24.2 ± 6.6 -13.6 ± 5.8

Max. decrease induced ∆rCBFcontra (%) -17.8 ± 7.4 -25.4 ± 11.1 -19.9 ± 8.1 -28.0 ± 8.1 -16.3 ± 5.3

Max. increase induced ∆HR (bpm) 2.8 ± 1.6 14.8 ± 8.0 16.0 ± 6.8 10.6 ± 4.3 1.1 ± 0.7

Max. decrease induced ∆SpO2 (%) -2.2 ± 1.0 -1.6 ± 0.7 -1.5 ± 9.3 -9.9 ± 24.6 -0.9 ± 0.8

Table 11.2: Polygraphic characteristics (top) and maximum relative cerebral blood flow change (∆rCBF), heart rate change (∆HR) and
arterial oxygenation saturation change (∆SpO2) due to each apnea/hypopnea event (bottom) of each patient. AHI, apnea-hypopnea index;
ODI3, number of times where arterial oxygen saturation decreases 3% due to an apnea or hypopnea; Max., maximum; n, number of events

detected; ipsi = ipsilesional hemisphere; contra = contralesional hemisphere. Mean ± standard deviation.
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11.4 Discussion

In this study, we have followed up on our previous observation of unexpected bi-

lateral fluctuations in microvascular cerebral blood flow in patients with anterior,

cerebral ischemic stroke that were observed during different protocols with DCS

measurements [123] (Chapter 9). We have hypothesized that these fluctuations

were due to breathing disorders, in particular, due to apneic and hypopneic events.

Therefore, a protocol based on pre-screening for these events with a pulse oxime-

ter was introduced to enroll patients without a previous diagnosis of breathing

disorders for a follow-up study combining respiratory polygraphy and DCS. A

careful evaluation was carried out to identify the origin of these fluctuations and

to characterize their details by combining this recording of different respiratory

variables, arterial oxygen saturation and heart rate. Apneic and hypopneic events

were determined to be the cause and their effect on cerebral hemodynamics was

characterized.

By the respiratory polygraphy, HR, and SpO2 changes were found during these

events. These HR and SpO2 changes followed the apneic/hypopneic dynamics

expected by the literature in patients with BDS [160, 161, 175, 178].

In non-stroke patients with BDS, several studies have reported CBF velocity

(CBFV) changes measured by TCD as showing an increase close to the end of

the apnea [113, 157, 158]. Our findings are similar, we have observed a CBF in-

crease of 27.1 ± 17.7% and 29.0 ± 17.4% for the ipsilesional and contralesional

hemisphere, respectively, and a decrease of -19.3 ± 9.1% and -21.0 ± 8.9%, for the

ipsilesional and contralesional hemisphere, respectively, close to end of the apne-

ic/hypopneic events. This increase is similar to the CBF increase of 30 ± 17% and

the decrease of -20 ± 12% described previously by us using DCS in obstructive

sleep apnea events [170] (Chapter 6). It is also consistent with the CBFV 22% to

42% increase found by Alex et al [157] and also to the 14.6 ± 14% increase right af-

ter the apnea end by B̊alfors et al [113]. However, other authors have found larger

CBFV increases [155, 158]. These results show that there is a decrease in cerebral

perfusion due to an apnea event. If these intermittent decreases lead to ischemia,

they can cause hypoxic/ischemic brain injury, especially if cerebrovascular reactiv-

ity and regulation are impaired, which is often the case in ischemic stroke patients

[30, 108]. Consequently, this could lead to a worsened prognosis, which may call

for interventions such as continuous positive airway pressure (CPAP) therapy. We
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note that, to date, no direct link between a degree of microvascular CBF changes,

the long-term outcome, and, the use of CPAP therapy has been studied.

Several works have studied the general effect of CPAP therapy, mainly in obstruc-

tive disorders (OSA), or adaptive servoventilation (ASV) treatment for central

disorders to avoid apneas and hypopneas [270–272]. In stroke patients, while some

authors support the benefits of the CPAP treatment on BDS [264, 273–278], oth-

ers claim that these benefits are not clear [279, 280] or that there is no benefit at

all [281]. Nevertheless, as mentioned earlier, BDS diagnosis and CPAP or ASV

treatment are not the common practice in the stroke units.

Future work with a larger sample size to investigate if the CPAP or ASV could

be effective in those patients who show the presence and/or large fluctuations in

CBF (for example above a threshold) in relation to apneic/hypopneic events is

warranted. Additionally, it would be of interest to study if all ischemic stroke

patients with apneic/hypopneic events show similar CBF fluctuations, or, instead,

if there is an interindividual variability in the response to apneas or hypopneas,

and, consequently, the response to treatment may be different.

In our cohort, the two patients (Cases 4 and 5) with the highest AHI were those

with the worse stroke severity (higher NIHSS score) at the moment of the measure-

ment. This has been previously reported in patients with stroke showing central

BDS [262]. Similarly, the ASPECTS score of these two patients were the lowest of

the group, which is compatible with the idea that large acute cerebral hemispheric

lesions are associated to BDS [257, 282]. One of these two severe patients (Case

5; Case 4 had no information available) presented heart failure (low left ventric-

ular ejection fraction (< 40%)) and mainly central events, as it has been found

in stroke patients in association with central BDS [256]. The breathing disorder

present in this patient could be related to it. Insular and frontal ischemic regions

were present in our cohort and, interestingly, these regions have already been as-

sociated to BDS of central origin [262, 282, 283]. However, other works support

the idea of the lack of an association between the presence of BDS of central origin

and the location of stroke [255, 259, 260]. Nevertheless, more patients are needed

to clearly identify clinical associations.

Our proof-of-concept study has some limitations including the small number of

patients included in the final analysis, the different types of possible breathing

disorders with different physiological origins and the short recording time of DCS
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simultaneously with respiratory polygraphy. Future studies will add more subjects,

and will measure these subjects during several hours continuously in order to be

able to better identify the type of breathing disorder, and moreover, to link it

to the degree of the cerebral hemodynamic responses, among other previously

mentioned goals.

Another limitation is that only one measurement per patient was performed for

this study, so we could not track the start and cessation of the fluctuations to-

gether with the clinical stroke evolution. Anecdotally, in our previous protocols

[120, 123] (Chapter 9) the physiological fluctuations observed prevailed in the dif-

ferent measurements performed in each patient during the first week after stroke.

Accordingly, it is expected that BDS could be present during the first week after

stroke in the case of patients with BDS of central origin, since BDS have been

found to resolve after several weeks [283]. Future studies should include daily

measurements to track when these fluctuations cease and to relate them to clini-

cal parameters.

Due to the small number of subjects considered for this analysis, we have avoided

a group analysis. Finally, two important parameters to understand CBF changes

are the blood pressure and the end-tidal carbon dioxide, future studies should

include their simultaneous measurement with DCS.

In conclusion, diffuse correlation spectroscopy has successfully revealed bilateral

fluctuations in CBF of ischemic stroke patients with undiagnosed breathing dis-

orders in accordance with systemic fluctuations of physiological variables. These

cerebral hemodynamic fluctuations were related to apneic and hypopneic events

in the five patients tested. Further studies are needed to study the possible detri-

mental impact of the magnitude and presence of these cerebral hemodynamic

fluctuations, specially in the early hours after stroke were the interventions are

more relevant to the outcome, for the recovery of stroke patients.
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Final conclusions
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Chapter 12

Summary and future work

Near-infrared diffuse optical spectroscopy (NIRS-DOS) and diffuse correlation

spectroscopy (DCS), the emerging techniques using near-infrared light in a non-

invasive approach and employing diffuse optical concepts, have been combined for

the different studies presented in this thesis.

It is well-known that our society is aging, and in Spain the Mediterranean diet is

being replaced by fast food, leading to obesity; and that the stress of our daily

lives reduces our quality of sleep. Considered together, all of these lead to an

increased risk of cardio- and neuro-vascular diseases. Unfortunately, I am not

able to radically change our society. However, during my PhD, I was lucky to

have been able to contribute to the diagnosis and prognosis of the neurovascular

disease in different clinical scenarios: obstructive sleep apnea, internal carotid

artery stenosis, and ischemic stroke; as illustrated in Figure 12.1.

Obstructive sleep apnea (OSA) is a sleep syndrome with a frequency in stroke of

30% up-to 80% including both longer time and poorer functional outcome from

rehabilitation after ischemic stroke. On a group basis, previous work from our

group by Igor Blanco [124] showed that possible alterations of the cerebral vasore-

activity (CVR) on these patients could be easily measured through a simple and

easy-to-do head-of-bed (HOB) position challenge. The HOB position change is

presented for the first time in Chapter 5, but has been also studied in Chapters

7, 9 and 10 showing to be a potential simple and easy-to-perform challenge for

testing a biomarker for the CVR in patients with neurovascular risks (i.e. internal

carotid artery stenosis or stroke patients). Even more, in this thesis, on Chapter

5, I have shown that this biomarker of CVR alteration improved with treatment in
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Figure 12.1: Schematic of the different clinical studies according the degree of risk of
stroke and also to the stroke condition. CBF, cerebral blood flow.

a small group of highly compliant patients, suggesting that this impairment may

be reversible, at least in part, with treatment. These results need to be confirmed

in the near future in a large and clinically representative sample of patients with

OSA.

At night, these OSA patients have repeated and numerous apneas. But, what

exactly happens during these detrimental events, in which cerebral blood flow and

oxygenation are found to change? how are these changes? are these changes the

cause of the high risk of stroke and other neurovascular events? In Chapter 6, my

collaborators and I were able to characterize each cerebral blood flow apneic event,

by finding the peak and the following drop of the cerebral blood flow response in

each obstructive sleep apnea. The hybrid device was used simultaneously with
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the standard polysomnography. One of the challenges was to be able to eliminate

possible confounding factors due to, for instance, probe movement and/or apneic

events with a low signal quality by using outlier removing analysis. For future

work, additional parameters can be considered to go deeper into the relationship

between the systemic physiology and microvascular cerebral blood flow changes

such as the effects of different states (i.e. arousals and leg movements).

Some patients suffer from a blockage or narrowing of a major artery, but are

able to go on with their “normal” lives. What if clinicians could perform riskier

interventions if they were identified to be at a higher risk of stroke event? I am

talking about internal carotid artery stenosis patients, which are a well-known

population at risk of damaged cerebral vasoreactivity and with high probability

of neuro- and cardio-vascular risks. In Chapter 7, my collaborators and I used

transcranial Doppler ultrasound (TCD) and DCS technologies on asymptomatic

internal carotid artery stenosis population, and in controls, in order to compare

the HOB position change to two well-known CVR challenges: the acetazolamide

injection and the breath-hold challenge. Interestingly, similar to Chapter 6, the

head-of-bed recovery back to the initial supine position with the measurement of

microvascular relative cerebral blood flow changes (∆rCBF) (by DCS) was found

to be related to the status of CVR in these patients. However, more studies are

needed to understand the cerebral hemodynamic changes due to a HOB position

change and relate these changes to the clinical parameters in patients with different

pathologies.

It is well-known that medicine improves our lives, but even more, it can save

our lives. In this thesis, I present how technology showed us that medicine re-

ally made a difference in live, that treatment had the power to potentially reduce

disability in five patients in danger of death after the most severe neurovascular

condition, ischemic stroke. In Chapter 8, I showed that it is feasible to perform

diffuse correlation spectroscopy measurements on the emergency department dur-

ing reperfusion treatment. My collaborators and I were able to conclude that

the hemodynamic parameters (total hemoglobin concentration, oxy-hemoglobin

concentration and cerebral blood flow) derived from diffuse optical measurements

reflected the reperfusion of the microvasculature after macrovascular recanalization

in a group analysis of five patients. Further measurements adding more patients

to this analysis are needed to better understand this finding.
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So far, my collaborators and I have shown how the treatment could be followed-up

and the effect of it could be observed in order to improve functional outcome and

reduce disability of ischemic stroke patients. But, what happens to these patients

once they leave the hospital and they go back to their daily lives? In another

study with ischemic stroke patients (Chapter 9), my collaborators and I sought

to investigate the relationship between the cortical cerebral blood flow response

to HOB changes (a simple elevation from supine position to 30◦) measured at

different times after the symptom onset and the functional outcome (the capacity

to perform basic activities during the daily living). For this study, I had to be

daily in touch with the clinicians in order to be able to arrive in the hospital as

soon as possible after the admission of the patient, since my collaborators and I

were interested specially on the early hours after the stroke onset. In conclusion,

microvascular cortical cerebral blood flow response to an increase of the HOB

during the early phase of stroke was found to be related to the outcome of stoke.

However, further studies are needed to elucidate if this information could be used

to individualize management for the patients admitted to the Stroke Unit for

improving the functional outcome after acute ischemic stroke. Part of this Chapter

was also presented in the thesis of Igor Blanco [124] as a coauthor of this work.

Results of Chapter 6 showed that HOB recovery back to supine position could

carry CVR information. If so, this manipulation challenge could also be used in

stroke patients showing a biomarker of the severity of the CVR, which could ben-

efit treatment and clinical management of these patients. In order to test this, I

got in touch with experienced researchers from University of Pennsylvania (USA),

and data from two of their studies and from Chapter 9 were aggregated, as shown

in Chapter 10. DCS measurements were acquired during orthostatic challenges

involving different HOB positions including repeated supine positions. As it was

hypothesized, a ∆rCBF increase was observed from the first supine position to the

next supine, in other words, the patients did not recover upon returning back to

supine position. But a second interesting result was found, patients studied within

48 hours of stroke onset (and not later) showed a statistically significant correla-

tion between ∆rCBF and mean arterial pressure changes from the first to the

second supine position in the ipsilesional hemisphere, but not in the contralesional

hemisphere. Again, the HOB position change together with DCS measurements

were found to be a biomarker for the CVR/CAR, being hemispheric dependent.

Further multi-center studies with the same protocol are needed to elucidate if this
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information could be used to individualize management for the patients admitted

to the Stroke Unit after acute ischemic stroke.

The studies during my PhD, as it is in life, were not planned and predetermined

as one expects. One exciting part of research that I discovered during my PhD

was to “bump into” an unexpected line of study. This was the case of the finding

of unexpected fluctuations of cerebral blood flow in the acute ischemic stroke

patients (Chapter 9) described in Chapter 11. Long meetings with neurologists

and pneumologists resulted in a new hypothesis for this new study, suggesting

that these fluctuations could be due to apneic and hypopneic events. For testing

this, a new respiratory polygraphy device was bought and implemented with the

diffuse optical devices. After a first screening, the patients recruited showed that

these fluctuations were associated with sleep events. Further studies are needed

to study the possible detrimental impact of the magnitude and presence of these

cerebral hemodynamic fluctuations, specially in the early hours after stroke were

the interventions are more relevant to the outcome of stroke.

Different advantages of diffuse optical techniques over the modalities that are

currently present in the clinics have been presented in this thesis for the future

implementation of the diffuse optical techniques in the clinics. This ranges from

it being non-invasive, portable, continuous and able to measure at the point-of-

care (Chapter 8) or at the bed-side (Chapters 5 to 11). However, diffuse optical

techniques face different limitations. Based on my personal experience in the

hospital and on long discussions with the clinicians, I have identified different

suggestions towards a better implementation of the technique. First, ideally, the

diffuse optical techniques should be cheaper in order to achieve continuous full

access to its use for all patients in the clinics; second, these techniques should

be of smaller size evolving towards becoming a “wearable” device in order to be

present with the patient through out his/her stay; third, these techniques should

be able to measure in multiple places of the head simultaneously; fourth, these

techniques should be able to measure through hair which is often problematic and

limits DCS measurements to the forehead; fifth, robust real-time data analysis

and presentation are needed; and, finally, predictive cut-points in order to allow

the doctors to decide on the diagnosis of the patients should be provided on-time.

I will briefly speculate about these points.

About the first limitation, the recent emergence of commercial hybrid systems
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(e.g. HemoPhotonics S.L. and ISS) and the results of European projects (Baby-

Lux [284]), where user-friendly neuromonitors combining diffuse optical methods,

should allow us to increase the yield of transcranial optical monitoring in the clin-

ical settings which was lacking in our case. Second, the main goal of the new

device presented in this thesis (Chapter 4) was to fit the device in the crowded-

with-gadgets emergency unit of the hospital; however, the device is still not “wear-

able”, future work needs to focus on this goal. Another diffuse optical technique,

speckle contrast optical spectroscopy (SCOS) [285], is paving the way towards this

end goal of becoming “wearable” with low-cost, robust and battery operated wire-

less device. Not only DCS has become more compact [286], but also, one of the

main advances in the last years has been in improving its sample rate (from ∼1Hz

to ∼100Hz) [287]. The next generation of hybrid diffuse optics for our next clinical

studies will implement this advance by new hardware correlators. About the third

and fourth limitations, so far, due to the cost and size of the device present in the

clinics, only two specific locations of the brain have been measured in this thesis,

one measurement per hemisphere, using four (out of eight) detector channels for

each location obtaining an acceptable signal-to-noise ratio. Moreover, these loca-

tions have been restricted to the frontal lobes, since hair is highly light absorbing

and the signal-to-noise ratio through hair is too poor for obtaining blood flow

measurements. These are important drawbacks to overcome in the coming years;

fast array detectors with good quantum efficiency, and probes avoiding the hair

[288] could be a starting point to improve these drawbacks. Fifth, another goal of

the new device presented in this thesis (Chapter 4) was to implement a real-time

data analysis by a new Java based software (work of Ameer Ghouse), allowing

the blood flow index to be shown on the screen on real time for each hemisphere

separately. Finally, related to the predictive cut-points, an intervention random-

ized controlled study is underway (“Fundació La Marató de TV3” (201709.31)) to

determine whether cerebral blood flow measured with diffuse optics may be used

to guide a therapy decision.

There are other technical limitations from the physics/engineering point of view

to overcome towards the development of diffuse optics. First, cheaper electronics

(specially lasers and detectors); second, to distinguish between the skull and scalp

contribution to the signals; and, third, higher depth sensitivity allowing us to

measure deeper than the brain cortex. Again, I will briefly speculate about these

points.
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LUCA project (LUCA-project, No. 688303) [286] has been paving the way on

the development of a compact hybrid TRS NIRS-DOS and DCS by implementing

an ultrasound device on this hybrid system for thyroid cancer detection. About

the first limitation, in the LUCA project, TRS NIRS-DOS has been advanced

technologically by building cheaper correlators and DCS lasers, and being able to

couple DCS technology with a cheaper TRS NIRS-DOS. About improving the DCS

detection electronics, as a future work, fast array detectors with good quantum

efficiency, leading to a better signal-to-noise ratio, and consequently, allowing a

faster sample rate are needed. About the second limitation, an homogeneous

medium has been assumed in the analysis of DCS and NIRS cerebral data, but,

even though this assumption has been validated [7, 8, 24], finding that the brain-

to-scalp sensitivity is of a maximum of 45% [24] for DCS, this analysis could be

more precise assuming that skull and scalp present different optical properties.

Different groups have tackled the problem of analytical models of different layers

[23, 289–291], but none of them has been extensively applied; using high density

tomography with DCS could be the next step to improve this limitation. And the

third limitation mentioned is the depth sensitivity; a technical approach similar

such as on time domain DCS [292]) would allow us to measure deeper than the

brain cortex, even when hair is present. Evidently, a lot of work needs to be

performed in the future in these directions.

Also, there are key research challenges on this field. A big research challenge is

on building European Conformity (CE)/Food and Drug Administration (FDA)

approved devices. These implies a lot of engineering for finding the most efficient

and cheap components. It also implies big budgets for testing the different possible

components, building the devices, testing them for clinical use and for obtaining

CE/Food and Drug Administration approvals. And, once the devices are ready

to be used for the clinical use, another research challenge is pushing diffuse optics

out from the lab to the clinics. The different projects should not focus only

in one hospital, multicenter studies (3-4) should be designed based on the initial

results, but this is challenging since this should require careful and verified protocol

design, quality control mechanisms, a lot of logistics, many clinicians interested

and involved, and, again, a big budget to fulfill all this mentioned. This could

be the first exercise with these systems going towards a large scale clinical trial

that would last several years, since the ultimate goal is to go into routine clinical

use. The European project BabyLux [284] is a good example of this first exercise,

with two similar devices running in two different clinical centers, using the same
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protocols for the same groups of study, and going into validation tests for CE/FDA

approvals.

I imagine a near future where diffuse optical portable devices will be applied to

the head of the people from the moment they enter the clinics for any standard

check, obtaining a standardized biological biomarker of the cerebral well-being and

of neurovascular risks. I believe that this manuscript is a contribution to this idea,

by applying these techniques to new relevant biological questions at the point-

of-care in the clinics in patients with neurovascular risks and stroke condition,

with the main goal to get closer to this near future. Moreover, I have introduced

diffuse optics together with a promising head-of-bed challenge (non-invasive (no

need to inspire gases or inject drugs), easy to perform and no requirement of sub-

ject collaboration) to demonstrate that this protocol is a promising biomarker to

obtain cerebral vasoreactivity information of mild-to-severe neurovascular condi-

tioned patients.

Let’s see how the future will become.
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treatment of sleep apnea-hypopnea syndrome,” Arch. Bronconeumol. 47(3),

143–1565 (2011).

[130] R. B. Berry, R. Budhiraja, D. J. Gottlieb, et al., “Rules for scoring respira-

tory events in sleep: Update of the 2007 AASM manual for the scoring of

sleep and associated events,” J. Clin. Sleep Med. 8(5), 597–619 (2012).

[131] E. Chiner, J. M. Arriero, J. Signes-Costa, et al., “Validación de la versión

española del test de somnolencia Epworth en pacientes con śındrome de
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