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Abstract

Sleep apnea-hypopnea syndrome (SAHS) is a chronic and highly prevalent disease cor
sidered a major health problem in industrialized countries. The gold standard diagnos -
tic methodology is in-laboratory nocturnal polysomnography (PSG), which is complex,
E e ¢d1S—ele' - Z1E " —@Z-"—¢*i1l —175¢751"1"YZ>E"-21
diagnostic alternatives are demanded. Sleep scientists carried out an exhaustive researc
during the last decades focused on the design of automated expert systems derived from
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—SeZe1™SA47Z5—1>ZE " e—"e'""—1e7ZE'—'§22081S>+’ E'S+1-—
®e>SeZele" 12172 ®' Z—+1S—e1SEE7>SeZ1See™> e ~@1l' —
diagnosis systems aimed at assisting physicians in the management of SAHS. In thi
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ment are thoroughly reviewed.
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1. Introduction

—1¢'72'5>1¢S’e¢1™>SEEZIL™ ¢’ E’'S—el-Z2@ele>728727Z—«-
suitable treatment using several variables from multiple clinical data sources, which is a
CeteC1ET-—™eZi1eS@"i1l 1'2¢721S-"72—1"01YSe7S<eZ1'ZSes"E"
available, from symptoms reported by the patient and details stored in their clinical history
to biochemical data and outcomes from biomedical recordings or medical images. In this
context, machine learning methods are essential to maximize the usefulness of medical dat:
in order to expedite decisions and avoid misdiagnosis. In the last decades, the increasing
¢ZNVZe"™M_7 01"l E" -™2e7>01S—+1Ss>e’ E'Sel’ —eZee’e7 (.
Zi™MZreloetmeZ-0el —1¢'Z1E ——"—1E+'— ES*1™>SE'EZ1"
number of studies published in the context of biomedical engineering during the last years
clearly shows this trend.

S¢Z®e’'S—1+'Z"5¢1 Sl —Z1"«1'Z2Z1 >@e1-Se'Z-Se’ESe1+>S-
7™M ™M el ce¢eeZ—0il ZeSse’'—el1e¢'Z1E+sSee’ ES+'"—1"+18
rule, the predicted class must be the one that maximizesa posterioriprobability in order to
' £71«'7Z1E*See’ ESe'"—17>>">i1 1-S“">1«"Sel’ele"1-"
™3 ceZ—12—9Z2>1e722C81eZSe’ —ele"1Z{™Z>eleteeZ-e1SceZ
™y EZeeZeil —"—e1 ™MS47>—15ZE e—"e""—1See"5’e'— 231 CE
SeleeE> - —S—e1S—Se¢e’'elyYpl rle e'me' El>Ze>ZE’"
3§01 — 7+ ">"e10 ULY[pBLSYZ1<Z7—1 'eZe¢18E™M ™ Zajl 7
Seez-Z1«'Sele'Z1E+SemrleZ—c’ 17 —adrof-Assimptions™Suchlas
normal distribution, homoscedasticity, linearity, independency, or stationarity decrease the
E"-—™eZi'e¢1 0le'Z1ESee’ Z2>81-"—"—"£Z21+'Z1E+Scee’ ES:
ZYZ>+'ZeZ®®edle'ZeZ1Serez-™e«"—®1S>21—"+1Ss SC®el1E"
™ " ceZ-@O1Z™ZE SeeCl ‘Z—1 ">" —el 'e'le’'—"eZeleSeSeZe
assumptions are made about the probability density functions of input features and the train -
'—eleSeS1'®@170 21> ZEeeCle” 1 ™' "£7 1 Z1eZE @' ~“—1>2~
"£7¢1<¢1S1E " —™eZjloeZe'e—10eeSeZil "¢‘leeSe’ e’ ES+1S—
and limitations. However, the ability to model complex nonlinear problems, which are very

E" ——"—1"—1< "¢ o' ESe1eCe+Z-0001'SYZ1-S+Z1 @l 'eZ+¢1;

‘Z1 >@e1S47Z-™ele "1 _"eZel ' —e"5_Se' " _1M™M,"EZe®' —e1l'—1.
Sel1ES>>’'Ze1771¢¢1 E Ze¢ " E'1S—e1l '421’—1W_ZY1ly]lpil "’
®'e—" ES—eeC1ZY oYZe1S—el1e'7'51720@2Z1" —1e'21 Zesl e1-27-
e 'EZ7eS>e¢le’ —EZ1'Z1¢SeZ1W_ Vil "—Z1E " —™7e751 ™5,
Se>ZSe¢1 ' —Ee722Z1 ©1S-"—ele'Z'51e7—Ee"—Se'e'Z®dl ‘'(
70Z1'—1-2"ES*1>20ZS>E"' i1 ZYZ>+'ZeZ2®ed]l —27>Se1—127+
¢+ 51-S—C¢1'ZSee  ES>Z,52SeZ1572@72ZS>E ' Z>@il ‘Z1'-™e7_7—
<¢01-72S—017e1SeYS—EZeloe s S>Z21S—el® -Z212Zi™Z>+'e’Z1
dependent input parameters. However, once designed, they are reliable and easy to use tools
even by nontrained personnel. In addition, once optimized, the computational time is small,
CE1'001S8S1-S“">1e728e7>721"'—1">e751"1@™ZZ17™M1eZE ®&'"
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S™MM™Me' ESe’ —17e1S7¢"-SeZe1™S475—1>7ZE e—"¢""—1See"5"s".
the last years due to the need for automating their complex diagnostic processes. Particularly
challenging is the management of sleep apnea-hypopnea syndrome (SAHS). The gold stan
¢SreleZE ' —'8727217>1 l1e’Se—"®'®l'el —,*S<1—"E+2>—S-1
eZYZ>Se1l—72>"-720@E2S551S—¢1ES>e" >Z@™'>Se">5¢1e’'s—S:
—"—e">7e1S—elee 7l >l 0202877 —e1l —eZ>™>7eSe’" _1¢
E" —™eZil1S—ele' -7 E —07Z-"—e1S®’1y"pil —1See’e’ " —_51!
‘e le’—"eZele771e" 1l ' —7 E'Z—e1>Z@ " 72>EZ®d1<+1'2-5—14d
E'Se’'£Zel®@eZZ™17—"2@iUd1l “"E'L'SYZ1eZele"1+S50721 S’e’-
computer-aided diagnosis systems have emerged as very useful tools to deal with complex
rules involving several biomedical recordings simultaneously, in order to expedite diagnosis
S—ele>7Se—7—e1yWV. WXpPil —"—e1Seele'7Z1-SE"'—712S>—"’
applied in the context of SAHS and merit a thorough analysis.

— 17507517 1S—SeCE£Z1e'Z17®2Ze2e—Z0e1"+1 eankxhaustivé levibw
of the studies published during the past decade has been carried out. The review is structured
Sceleee” @il '>eedle'Zl1-"ceel>Z2e2YS—eleSe"l1>Z2+5>¢"—>1
'—1 ZEe T —1Xil —1e®@l>Z2S>e8le"-Z2120w7Z>,2™Z—eZ—-"1
—S*H>1'ee?2Z@1IE" —EZ>—'—el1e' 2158 — " —e1S—eleZ@e —-1
' Z1-"@el>Z¢ZYS—e1S™MM™MeESe’"—@l™el ®©1S>Z1S—Se¢£Z
staging, and treatment monitoring.

X711 >’ E'Sel1—Z772>Sel1—Z7¢ 5"

©1S>7Z1-Se¢'Z-Se'ESel—"eZeel —@™’'>7Ze¢]1' —1e'Z1" —e">_Se!
Y 2loeteeZ—1eZ0's—7¢1e"1SEE" —-™e' ‘'1S1™>Ze7e75-"— 7«
Z>71<2'00le” 1 ' —™eZ7_7 ol 7072%2°1 S —1e7—Ee"—0l —e":
Sel1™S>SeeZel ™" EZeoe —edle’ee>'<7e7¢1-7-">¢&0@*">S+7d.
E'S>SEeZ>'£721<¢1S1S0eel1S—el17Z ZE'YZ1™>"EZoee —+31

75 —el1e'Z1¢7S>—"—e1751>S"—'—e10+Se7281S1 'eZ1®@Ze1 1"
order to model the statistical properties of the problem under study and accordingly compose
e'Zlee>7@Ee2>Z1 «1FiglfedPee 28 >SeZ@1S1E —-"—1—Z¢ ">"1¢
nected nodes arranged in layers simulating **Z21<>S’'— ®©1—Z7%7>"—Se+l®¢—ST™
‘Z1e e ' —e1Se¥YS—eSeZ®@1ES—1<Z17¢sS'—7+1 ‘Z—1 1S
™5 e Z—fA10'U1—"1™>"">1SeezZ-™¢"—@1Sc7e¢1+'Z1SeS1

' Z-0ZYZ®1le"1e'Z1 ™S>’ E2+S>1™> " «eZ-1E " —®e>S'—@le2>
are universal estimators able to match any function with arbitrary accuracy 1yW\pa&1S —
S>Z1—"—¢'—7S51See75’ ¢ —@1SceZ1e"1-"0Z¢1572Se, "reslE"-™u

“7>721S8>71e "1 -S“ 51 E+sSerZ®el sl ofleZZee"> Ssel_—7ee's
e7—Ee'"—10 Ul—Ze ">"0eil "e‘let™Zel"e1 1S$>Z1ES™S.
o7— Ee' " —Se1-S™M™M'_e1¢¢1-72S—0el”e1®@ZYZ>Sel7z—'"eel0—727
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™MZ7e71e' 71 7¢™7e1 e1Z7ZSE '12—"9011 —1eZZ¢¢"> S>el dle'Z>2
o' —1ez— Ee'"—9d1 ‘Z>72S®1’'—1 1 (©d1le'Z1SE'YSe " —17e17
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'—1e'Z1e>S—-7 ">"1"e1 1-S—SeZ-7—e1yW_.XWpil 1™S>e’EZ7S
'— Y eY'—el SCZ0e’'S—1'—eZ7>7Z—EZ1e7> —ele'71eZS>—"—e1 ™y
eralization ability and allow for relevance analysis of input variables, has demonstrated to be
7eZezel ' —1e’1IE " —eZjelyXXpil '—'¢S>e¢31™>"<Sc’e’ e’ EL1—2
«'71 S¢Z 1¢'Z75¢1" —e 1 71e72S>—"—e1™"EZ0eedl1'SYZ1<Z2Z:
™~ ceZ—1yXYpPil —1See’e’"—31 1 1yXZo1X[pdleZE ‘1Smls:
'e1S1™>ZEZ>0">17el0eZee, >eS—"£ —e1-S™MElioe’' —ele'Z1 Zc’
—77>Sel—7+ 5”@10 U001 "E'L'—EH>™ " >SeZ1e'Z1e7E£E£CL —o7
™, "EZeelyX\81XA31X _poloeZes, >eS—"£ —e1-S™Melld u0lS—
CELS>Z1e’"Ze¢ 1l 71" lE ——"—17—0eZ™Z>Y ' ®Z1l @lyYV
0 0801 “"E'1See” 1eH1Ee 2, " ™MIE " ——ZEe'"—l<Ze 27—
S™M™e 701’ —1e°7Z1e>S—7 ">"17e¢1S7¢"—SeZe1 1-S—SeZ-7—-¢i
Zi*01S—1"YZ>Y'Z 171 ' Z1E " —VYZ—e"—Sel—7ee’eSC7>701—7¢ 571
most important issues regarding the design, training, and validation stages common to all approaches
'—1e'7Z1 ,<SceZele>SFguré2ite’” ©1S1 " 1¢’Se>S—107—-S>'£'—ele'Zck
XTWil Ze 57170 e—A1S>E " eZ@Ee72>21"¢1S1—77>Sel1—7¢ ~>"
‘Z1e” ,ESeeZe1—772>"—1'01'Z2Z1<Se’ E1lZZ-72Z—+1 '*"'—1S—
—Se'7-Se'ESele7—Es"—elyW]pil @1S>Z1E " -™"@Zel el
' Qe Z>Z—eleZYZee1>1e85¢7Z50012Se'—¢1¢"1851-Scee’'YZ1™
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Figure 2. Flow diagram summarizing the training, validation, and test stages, as well as the most important issues
'—Y"eYZel —1e'Z1eZ0’e—1"e1S—1 i
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" TM7e]1eS¢Z>i1l Z7>"—0el' —1e'Z1'—™3e1eS¢Z>1™>"EZecel:.
oZ7Z7e1¢'7Z1 i1 '—'¢S>e¢d1ZSE ‘1" Ze™Zele> " —172YZ>¢1—72>"—1"
o' 710072« Z2827—1S¢7Z>8107Se’ —ele”1S1le’e>'<2e7Ze¢1lE " —™e7
“CeZl—"eZ01™> Y eZ1e'Z1 7e™%0e1%¢1e'7Z1 Ol 0c1@ESeeZels:
—Se1e7ZY7Ze1S>Z1ESeeZel'’eeZ—1eS¢Z>0011 "¢'1e'Z1—2—<7>1"

S>Z1 Zi'«oZ1S—21S>Z1eZ0Z>—"—7Zolez> —ele'Z1eZS>—"—e]l ™
the most widely used, where each neuron in a layer is connected to every neuron on the nex
©SCZ>1<201—2"9'2>1E" ——ZEs'"—@l<Ze ZZ—12—"2®@1 —1e'Z]

allowed. Therefore, data is always moving forward from one layer to the next, i.e., from the
input to the output.

‘2>721'1—"e1S1™7ZeZe75—"—7¢1—27¢ "> 1pridi'thebEtibs any prob-
lem under study in terms of performance. The mathematical operation accomplished by each
—Z22>"—1'®1Se S¢ele'Z21®S-2il 'Z>Z2">281'2Z172—E+'~"—S
S1™Sse’E2eS>1 ™5 ceZ-1'01SesrsZ@eZedl’ ®@leZeZ>—"—7Z+1<¢C
™S '>1%el —Z77>"—@il "oeloee>Z—es'1'®@1E'S>SEeZ>'£Z1<C 1
weights, which are optimized during the training stage. Similar to the process of memory,
Z'ete@1>Z™>Z@Z—e10'Z1 —e">-Se’ " —1@e 201’ —1'21—27Z+ ">
>Z™s7@Z—e@1e'Z1eZ2S>—"—e1l™"EZee1l>1eeSe' e ESe1l —

®1Se™>7Z-7Z—¢'"—781'2Z1>2E+25217+1S—1 1eZ™7 —e@l™ —
ber of neurons per layer, and the connectivity strength among them. Regarding the number of
eZY¥Ze®d1'e1l'@1E —-"—1"1E " —®*>2E*1l @1l '+'1S1le —e2
T—e>SeZele'Sele @IS >ECZE 2521 1SceZ1"1SE Y217~
dependent decision, whereas the number of neurons and the connectivity degree (weights)
are both determined automatically during the learning process. Regarding the number of
nodes in the hidden layer, it is commonly optimized by means of a hold-out or cross-validation
approach using the data in a training dataset. In this regard, it is supposed that the complex
¢ Z1™> e 7281 21 e 2510 21 —7—<Z517e1—775>"— @il "s 'e'@eS
a reduced number of nodes can model complex problems and reach high prediction ability. In
See’e’ " _Jle'Zle ee™ '—eleZ@'e—1'cee7Z®1-70@*1<Z1Sees7@
“Ze™ZelE e —e1@E'Z-2081'2172>>"51e7—Es'"—17207Z1" —1+'71-
tion of neurons in the hidden and output layers. The hyperbolic tangent function is a common
activation function for neurons in the hidden layer since it has been demonstrated that it pro -
Y'eZeleSeelE&E " —YZ>eZ—@EZ1" +1 > SFigute-3.sh@w3 Z>corhmanIsghwnyadof !
single neuron (perceptron) with a sigmoid activation function. Regarding the learning process,
' Z1ESeZ1E " —"72¢SeZ1e5Se’Z—+10 11’ ®@1S1IE —-"—1-Z+'"01
“ele'Z1 10 Z'e'selS—el<’'SeZ®ilez>' —ele'Z1e>S —'—el@eSe

XiWiWil sSceoe’ ESe’"—1S—e15Z2e57Z00e’"—1S™M™,"SE'Zce

EE >0’ —ele 121 -Se'7-Se’'ESel—Se7>57217e1e'Z1 " 2¢™%e51
—S 1" —e@17el ™" (eZ—filEeSer’ ESe’"—1S—el>7e>572®0ce
o' 71e"Sel17el1e'7Z1 1'@le"1Z0e’'—-SeZ1¢'Z1E+Seel-Z-<Z>0‘™
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Figure 3. E'Z—-717¢1S1™Z>EZ™e>"—i1 1 —"—¢'—7S>1SE"'YSe'"—1e7—E+""—15(
features (x ) and the bias term (bj) in order to compute the output (y,).

Zel el ™>7e7 —7ele’@E>7ZZ1ESeZ">'7Z0il "—YZreZ+¢td1’-
to estimate a continuous variable.

—1e'Z1E " —eZiel1 ¢1< —S>¢1E*See’ ES+'"—1™> " e7Z-081S.
—ZZeZ%i1 ZeS>e'—e81+"51 ' —®+*S—EZ31S1X,E+Secel 1€
assigned to one of two mutually exclusive classes: SAHS positive (classC, or positive class)
or SAHS negative (classC or negative class). A possible target coding scheme would be the
following: t 1% 1V 1 positiveZclass andt 1 ¥% 1 W 1 négativeZclass. This architecture can b
used also in regression problems, where the variable to be approximated is unidimensional
S—el1E —e'—72" 72011 —1¢'Z1E " —eZjel "1 1e'Se—"@' 0cd1le":
estimate the apnea-hypopnea index (AHI).

727217181 7e'et¢]l Zi'<eZ1S>E 'eZEe2>7201-"0eel1 171 1ES
o’"—1S—el1s57e57@0E’"T—1™> " eZ—elc<tl1"“70el—"e"e¢' —el1EZ>+S’
o' 757 —E®Z1<Ze Z2Z—1E+See’ ESe'"—1S—el57¢37Z0ce’"—1 ce:
¢"1¢Z18™M ™" _SeZejl ‘Z1"7e™7017e1S—1 1'01™>"Y'eZel —:
e'"—1eS0e"l ‘"eZ1'¢1' 1S —170¢'—-SeZ717«1S1E"—«' —2"201YS"
"TMe' P ESe T ] ™My EZez>Z01e’ Z>1e> " —1"—7Z1S™MM™M,"SE 1715 —
approach, the activation function of the output neuron could be a nonlinear function with out -
™7e1YSe77Z001>S—e'—elyVAIWpPSLZieidle'e—""ele7—E+s"—oelc
—1e'@1>ZS5001e'Z1—7Z¢ ">"1772e™M7e1ES—1<Z1" —eZ>™>7e7¢1



60HHS $SQHD 5HFHQW 8SGDWHYV

™MS4Z>—1<Ze " —e@le”1l"—Z1E*Seel1™>1S—"¢'Z>1SEE " >e'—ele"
S1>Ze>7Z0e@'"—1¢Se"d1l¢'Z1—27Z+ >"172e¢™2e1YSe7701-201<Z1
o' —7S51SE’YSe " —1e7—Ee " —1>S—e —elyVI1EUL “Zeel<Z1l0e}

Regarding the error function governing the learning process, the cross-entropy error function
'eel 'eZe¢lzeZel —1e'Z1E " —eZjel 1< —S>¢1ESee’ ES+'™
" —1'l1IE " ——"—eC1l70Zele 157570 @' " —1™7> ™M " eZel1yW]}

XiWiXil ¢eS—eSse’£Se’"— 171’ —™7e]™MS475— e

">—Se’E£Se’ T — 1701 —™7e1e7Se7521YSe77201'®1S—1"-™">eS—
—Z+' "e@1lyYZpil "7Z—eZele’' —¢S>1'—™3e]1 _Se__"e7e7®@1S571—
e’ SeTE£Se T 1 — ™71 ™MS475—@1S>Z1E-™"Zs1 e1+ZS
Tele'Z1™ s ceZ—17—9e75100022¢8 1727010121 — 22— EZ1"+1>2E
ES>e’>7Z@™'>Se™5¢1e’'e—Seeil ®2See¢d1ZYZ>Se1eZ2Se757c¢
to obtain as much information as possible, e.g., sociodemographic, anthropometric, clinical,
and/or variables from automated feature extraction algorithms. Therefore, their values may
o Zs1le'e—"' ES—eeC1S—ele'7ele'ZCl-7@e1<Z1—"5-Se £Z¢il
can be used to standardize (zero mean and unit variance) the magnitudes of each input fea
ture by subtracting its mean and dividing by its standard deviation.

XiXil ‘Z1e>S' —"—e1™,"EZeefleZS>—"—ele'Z1™ o7 _-17—-s,

>SS — —e1’@1e'Z1-"0ee1l =™ eSS —eleeSeZ1l ‘Z—1 ">" —el 'e‘1
'@1e"1SeS™ele'Z1 1e71e'Z1™> " ceZ-17—eZ51@e2°CLlcC1IE"-™
The training or learning process can be (i) supervised, in which the learning process is guided
<¢01S1®@eSeEL-S™M™’' _e]cZe Z7Z—1'—™7e1™S475—©1S—el"—
¢« H>-S—EZ1lez7—E+*""—1Se®eZereZel'Z1SEEZ>SECL1 +121C
©S>02¢1YSe72Z®@01S—+10"""012—0@2z2™Z>Y' ®Z81'—1 "E'1l cel
— 717 —e1"e1eZ77e«SE"1IYY[Pil —1e¢'Z1E —eZjel el -7 ESeley
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ing the learning stage is referred to as the training set. According to this training input-output
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that the training set would be large enough to represent fairly the problem under study.
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order to minimize the error. This procedure is repeated throughout several iterations, which are
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dataset. In this regard, it is noteworthy that the goal of the training stage must be to build a
general statistical model of the problem under study rather than to learn data samples from
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characteristics and thus the best generalization is obtained when a compromise between the
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A way to reduce both bias and variance simultaneously is to increase the number of train-
ing samples. As a result, model complexity increases, which minimizes the bias. At the same
time, constrains imposed by the training data will be more rigorous, thereby also reducing
variance. As mentioned earlier, to achieve this goal the size of the training set should increase
"—1SEE > S—EZL o'l -—"eZelE —™eZi'eC1yW]pil ZYZ>e'ZeZ1
SE''ZYZel —152Se, ">eelS™MMe ESe' " —@1«ZESZ®Z1l'Z1®"
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smoothing mapping is needed to prevent from poor generalization 1yWYd1W]pil -
52979S5> £Se’ " —1eZE'—'82Z®@1See” 121 1e"1E " —e>"ele'Z1
by reducing the number of adjustable parameters during the training set. Weight decay and
early stopping are common approaches of regularization. Weight decay is probably the most
widely used, consisting on adding a penalty term to the error function in order to penalize
complex mappings.
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An additional issue regarding the training sample size is called the course of dimensionality
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sion of the feature space, i.e., the number of variables in the input feature vector. The course @
dimensionality states that the number of training samples needed to characterize the under-
lying problem grows exponentially as the number of input features increases. Therefore, the
size of the training dataset must also increase according to the input space dimension in order
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completeness, or accuracy, among others) is used to obtain the optimum feature subset. Ther
are several feature selection methodologies but principal component analysis and stepwise
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performance assessment stages must be carried out using independent datasets, i.e., the so-call
training, validation, and test datasets. The goal of model selection is to obtain the optimum net -
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design parameters, i.e., number of neurons in the hidden layer and usually the regularization
parameter. The hold-out method is commonly used for this purpose because it avoids a biased
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formance metric for model selection from the validation set is averaged across all the repetitions.
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It is worth to notice that, unfortunately, several studies from the literature do not implement
a suitable validation of their proposed methodology, providing biased overoptimistic results
YY]pil —1e'Z17¢'Z51'S—edloe™—Ze' —Z0le'Z1 —'e’'SeleSeSe’e
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training and validating the models in the same training set without biasing the selection of
¢'Z1"™e 7 _1-"eZeil "Teqee>S ™1 KZBIY EoSs-valigationdateScemrion algo -
rithms to deal with small populations under study.
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also used to implement automated sleep staging and arousal detection, which are very useful
functionalities incorporated in current commercial software applications for sleep analysis. In
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studies have been carried out to estimate the AHI using a regression approach (continuous
function).
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increasing research in the context of biomedical signal processing allows physicians to derive
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nasal pressure, abdominal and chest movements, snoring sounds, and EEG have been als
studied. Alternatively, in order to avoid sleep studies, automated signal processing of speech
recordings and even image analysis for facial recognition have been also assessed as an alte
native to PSG-derived signals to assist in the detection of SAHS.

The main goal of computer-aided tools for SAHS management is to simplify and speed up the
diagnostic methodology, in order to alleviate large waiting lists and increase accessibility of
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portable devices. Therefore, powerful tools are needed to obtain as much information as possible
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features derived from the signals under study and thus they are suitable and reliable tools to
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ent automated signal processing methods have been applied, such as common statistics (meai
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transform, bispectrum), and/or nonlinear methods (entropy measures, Poincaré plots, complex -
ity measures), among others, both individually or jointly.
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Recent studies have built updated predictive models based on anthropometric and clinical data,
since characteristics of patients referred nowadays to sleep units have changed compared to thos
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in order to classify patients into normal subjects or mild, moderate, or severe SAHS patients.
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metric and clinical variables have been used marginally.

—1e'Z1@e7e¢1cC1 "eSel1Ze¢1SeilyX pdle Z>Z—e1Zi™Z>elce
with suspicion of SAHS using clinical features derived from in-lab polysomnography,
including the arousal index and the AHI. A 1 1>ZSE‘Z+1WVV-1eZ—c



8VHIXOQHVV RI $UWLILFLDO 1HXUDO 1HWZRUNV LQ WKH 'LDJQRVLYVY DQG 7UHD
KWWS G[ GRL RUJ

e™MZE' E'*¢0l [IWX-1SEEZ2>SECO1S—-1Vi_\1 0loee’
S1 ,<SeZ+1E<See’ Z>10_Wil]-1eZ—ae’+'Y'«¢d1 \i[[-1c¢

Uil el ">"1SceeZeeZele'ZliwlZeie—Zeoel 1l 757
SAHS, although using input variables computed from the whole PSG study limits its abil -
'e¢1S®eleE>ZZ—"—eleZoeele ™ >1e'Z1e’®@ZS®Zil '—'+S>+¢81

1e"1E+Ser’'*¢t1™MSe’'Z—s@leze™ZE+Ze1"s1l®z Z>' —sle
and severe categories using PSG-derived and anthropometric variables. The proposet
See™s'e' _157ZSE'Ze1l_ZiX-1eZ—ce’'*’'Y’'+¢d1 _ ]i"r-1le™ZE’ &
ther validation nor test stages were described.

ZeSre’—e1 1¢’Se—"’ el«tl-7ZS— ocgdignal froneenddturnalloxitetry is
™>%¢SceCle'Z1-"00el 'eZeClZ®Zel<' "—Z¢e'ES*1S*S1le™"2>EZi
S™MM™,™ 1" —SeZ1Z—e>"™¢10 ™ —(181EZ—>SeleZ—eZ—EC1-2€
Z>Z1S™ ™o Zelelba "Rl —Sel™>™ ¢Z1e" 17200 —=SeZ1'>>Z2%2S>
'eCd1>Z@®™ZE'YZeCil ‘ZeZ1l—"—e —72S51-72S®i>Ze1E -

1 1751 1<—S>¢1ESer’ ES*'"—il leZ—or'*«'Y'¢c1"
SEEZ>SECL o1 A[i[-1 Z>21 " <e8 " —Z7¢1'—1S—1"—eZ™MZ7 o7
diagnostic performance of conventional oximetric indices. The same authors reached similar
’Se—"®e'EL™Z>e">-S—EZ170'—1S1 1 1'—1«'Z1@®S-7
MIWILItIWIiW-10" 7Z121Wil-1eZ—ae’ 'Y’ +¢d1 "WiZ111Wi]-1lce
AWT _111XiIV-1ee™ZE E'«¢id1S—e1A[i[11VIV-10"_i7r121Vi)
achieved using k-means, fuzzy E—72S—®@81S—e1">¢"¢"—SeleZSeel®s’
—1 1 1 S®elSee"l1SereZeonrZsl —1+'Z1loesz¢1ctl +—SE£S
EeSee’ ES*'"—il ‘Z1 1 SoeleZ+l '¢'1«'Z1E —YZ—""—S
0 YUOL1le'Z1leZeoeS1' —eZid1S—ele'Z1 1> =1"VZ>—"0'el"j" =
®eZ—@ 'Y e ¢td1IWVV-1e™ZE' E +¢81S—+1 YiY-1SEEZ>S
‘¢ oo’ dakaset.

S¢Z@’'S—1¢>85"—" —e1'S0e1«ZZ—18™™e'7ele 1751 'e'1°V7Z:
'—e7>7—EZ1See"1See” ®@1le'Z17@7Z>1 1 -72S0e72>2187S—¢'+Se
"—1e'Z1"7e™Zel el e Z1—"0Z0i1l ‘Z17Z ZE'YZ—Z0@0el el 1S
S>E"001Z71S*ilyXXpil 1eeZ—ce’s’'Y'e¢1"¢17]i]\-01le™ZE’ E’
»ZSE Zedle’s—' ES—ee¢l —™5 "Y' —ele'Z1™Z75¢7",_S__EZ1SE"
V7 TN el E>'eZy " —10MIZX-1®Z—0e’'’Y e ¢td1\XIAY-10™ZE’
0 —E'ZE, ">'ee"17¢1SeilyZ]p1lS™™e’Ze1S1eZZ0e™> Sre1™57¢S.
SAHS negative or SAHS positive using time, stochastic, spectral, and nonlinear features from
— " Ez2>—S§RIZE e —eeil 100Z—0 'Y 'e¢1 el XiZX-810™Z(

YT _W=1 Z571>ZSE‘Z+1'—1S1e’—eeZ1e>S’'—'—eleZelioe —-:
eZ7e¢1<t1l 7S—e172+1SeilyX\pd1e'Z1S7e¢"-Se7¢1S—Sete’el”
0 ZUle>"—1"j'=Z+>¢1<¢1-72S—01"¢1S1 1 Sel™>," ™M " eZ«lSa
CE>Z7Z—"—ei1l —1e’1l ">"81'Z1S7¢" >e1ScerZenlZeleZYZ

—SeZele’Se—"@'®@I1L'—EeZze'—el®e -Z1 ®d1ezE'1SelE~—
SeS™e'YZ1 —Z7¢ 5" «S@Zel1e72££¢1' —eZ57Z—EZ1letmeZ-110

eZ—o’'e’Y’'e¢d1 Vi\]lee™ZE’ E'+¢d1S—+1 Zi\]-1SEEZ>S E(
®eZ—a@'s’Y '+ ¢d1_YiYY-1e™ZE’ E'+¢d1 _Vi\]l-1SEEZ>SECHd1



60HHS $SQHD 5HFHQW 8SGDWHYV

AMIYY-1SEEZ>SECUdLIS—e1l 107Vi\]-1leZ—ae’+'Y’'+¢d1]_iYY-
ct'eleezeCd1E"—Y ZknedrestDeiphbrS (e i1 E"—<'—Zel 'e'1eZ—7¢
0 ®U1IS—e1™Sse’EeZloe S>—1"™e'—"£Se’"—10 (1Se@ ™17 7™,

1>ZE">e’—ee1'SYZ1<2Z72Z—1See™1 'eZetl7wZ+1"1Sme®r’ e
‘S —e""7517+¢1SeilyXYpdle'Z1loe™MZE+>Se1E " —eZ—e1"e1 1€
seriesfromloe’—eeZ ,eZ2Se1 1>7ZE">e' —eel Z>71S—SetEfZe1ct1-
‘2187 >@1™>" ™M " ®7e¢151¢ —S>¢1 1 51E+See’ ES'"—1
™75 S —EZ1 KRe'101B41 i1 ‘Z1™>"™M " ®@Zel 1E+See’ -
»SECL1 —1e'Z1eZeeloeZ+dl ‘'Z>ZSele'Z1l 1a'~ Ze1™M " >1E-«¢
'e¢d1I[V-1™ZE’ E’'+¢d1S—1]V-1SEEZ>SECUL™>"¢Sce¢ 1l
parameter (—841~+1¢'Z1 SZ70e®@’'S—1e¢7Z—E+'"—il —1S1 ™72V "7l
S7¢"5®@1S—SeCEZe1l le‘"se,eZ>—17Z™ " E'®®le> —1—"E+7>—S-
sition to classify segments into normal breathing, obstructive apnea, and central apnea using
S1eZZee™s Ssel i1 'Z1S7+" >®@1>Z™ >eZe1SEEZ>SE ' Ze1™+1_
S—el1—">-S8S¢1¢3ZSe"" —e17Z™M " E‘@ILIANYTIZV-1"—1e¢'Z1eZe7ZE+" "-
ESe’ " —17e17c@e>72E*’'YZ1IS—e1EZ—>Se1S™ __7Smeil '—'¢«S>«

17’ —el—"—e¢'—7S51-72Se7>Z®le>"—-1'21 10 ™ —51le>S
'~ —81leSs>eZ0eel ¢S™MZ _"Y1Z7Zi™M"—7—e31S—e1 Z500¢17Z;™"-
—"5—Sel1>7ZSe''—eleZe—Z—e@il ‘Z1™>"™M"@Zel 1>ZSE'Z-1
WVV-1le™MZE E’'«¢id1 \iI[-1SEEZ>SECL10iV-1eZ—0 '\
0rViV-leZ—ce'*«'Y'e¢d1” i[-1e™ZE E'<¢il —1«'Z1E+S
‘¢C™"™M _7S®d1>Z@™ZE'YZeCil ZZe"C1Z1Seily[VpRawaendt
«'71 1'—175¢751e71271S—1 1S’ —7¢1Sele@EZ>—"'—e1<Zs
‘2187 >@1>Z™ >e7¢1 ViV-l®eZ—o'«'Y’'e¢d1l ZiX-1e™ZE&
"7eleezeC1<Cl - —eZE1Z1Seily[Wpd1c o'1le’'—71 RtoR M
(RR)1S—e1 1S5>7Z81«'—Z1ceZ>'2cl 72>Z1%07+185e1’ —™7e0e1l-
'—el<Ze 77Z—1S™M__7"E1S—el1—"—S™M_7"EloeZe-7Z—e @il 1
SEEZ>SECL 1M1 Z>21>ZSE'Z+1’—1S8S1-"—77,<¢,—"—7e71
Sel1SE 'ZYZel ‘Z—1'7Z1 ‘“eZ1>7ZE >e’'—el' el E+Soee’ Z+1¢
©7¢7—171Seily[Xp1™> ™M~ 7e¢1S81<'—S>¢1 1" 1e’ Z5Z—+'S
S1'ZS>1>SeZ1E " -™eZi’e¢1-2Swe72>21<¢1-2S—@1 +1'Z1>72ZE
>Z@E ">’ —eeil —1See’e’ " —31S1 1E+Scee’ Z>1S—+1S—17Z—o0
'—S>¢1ESee’ Z>®@1¢«¢t1-72S—0e17«1S1E~"— ¢Z—EZ1eE">Z
Seel ' —S>¢1E*See’ Z>ell 72>218¢e"1SeeZewzZil ‘Z17
OMiY]-1e@Z—ce’'*'Y’'+¢d17YiZ]-1e™ZE’ E'«¢d1 [iX\-1SE E;
’e’'Y' e¢d1] 1V -1™ZE’ E’'+¢31*"YIXY-1SEEZ>SECU1S—-
E'*¢Cd1"ZIWZ-1SEEZH>SECULIE*S®EeE’ Z>®1>ZSE ' Zelas'e's
eZ—@ e’Y'e¢,e™ZE’ E’'+¢1™S i

0l1'SYZ1<2Z—1See™1' —Y"eYZel' —1e'Z1¢7¢ZE«'"—1S—-14d
Sce’egl1'—1 1¢’Se—"@’'®il —1e¢'Z1lcee7e¢1c¢1l '£171Seily]
>7877Z—EC1e =S —e10—7—-<Z>1"¢le—">21Z2™ '@~ eZed1SY2Z>
™SS _ZeZ>U1 2521720715001l —™Z7e0el1e”1S1 1 il 1leZ—«



8VHIXOQHVV RI $UWLILFLDO 1HXUDO 1HWZRUNV LQ WKH 'LDJQRVLYVY DQG 7UHD
KWWS G[ GRL RUJ

Z>Z1SE''ZYZ*1720'—*1S1 1E2+” 17+1[12&'81 ‘Z>ZSe1rV-!
»ZS@E 21 >1S1EZe™ 17«1W[1Z2&'T11 —1S1>7ZEZ—e10eeZz¢d1 o
»>ZeSe’"—Sel ee751 10e, Ule le'ee’ —e2''l—">-Se¢1¢>7ZSe""-
7> '—eleeZZ™il “"oel 1'—-™eZ_-7—e@1S1E >>Z¢Se’"—Sel oo,
"—1S1 >eel’eeZ—1¢S¢Z751S ' —Z¢1Se1’'—™> Y —ele'Z1e’@E> -’
" TMZ7e]1 ™MSA47>—@dle ee” Ze1<¢1S1@ZE —eleZZee™> Srel ‘e
»Z™ 36701 e'Sele'Z1e, 1EeScee’ Z>1>ZSE‘'Z¢1S—1SYZ>S7:
E"—VYZ—e¢'"—Sel 1S™MM,"SE‘10rX-1SYZ>S*Z1SEEZ>SECU

lee’'e—Seele>"—-1—"Ee*72>—Se1 1S—el 01'SYZ1<Z2Z—1S-:
Seily[[plZoee’ —SeZ¢1¢°721872Se>Se’E1™'S@ZIE"2™e —e1"e1
>SS —7e¢1S1 1 le"leZeZE+e1™Se’'Z—0eel '¢'1 il —1~YZ>S
S®1>ZSEZeil —1e'Z1leze¢1<¢1l '717¢1SeilyYWpd1lc e'le'y
™7™ el e’£721 7572172071801’ —™Z7e0e1¢"1S5S—1 1S'-7¢1S-1
S—el1'ZSee'¢1lez«“ZEs@il ‘Z1S7e'  H>m®1>Z™ >¢7¢1 W-1"YZ>Se
>"7™@Eeil '—'eS>e¢d1 —1e'Z10eeZzeC1lc<C1l '—17Z1SeilyX pdle‘Z]
37877 —E¢1<S—e0e1eZe0S31¢'7¢S851Se™‘S31S—e1¢Z+S1 75721,
>S—eeH>—10 Ul1lS—ele7c@Z827Z—eetl720Z1 1>S"—1S1 -
e"eZeil 1eeZ—o’*’Y'e¢1 1\ i\Z-1S—+1S1e™ZE’ E'+¢1 1,
«ZZ—1Se@™172®@Ze1*"1E*Sere’'+¢1S™ __7S17Y7Zahinethl.comduied
71t —E>"—"£S8¢' " —10E"'Z>Z—EZ21S—e1-7¢78e1’—e">-8s’
Y, XU1S—eleZele's271e" Z>7Z—e1 ,«SeZ¢lc—S>¢1E+Scec’
eoee>’<ZeZele’—7,07S¢10 U1 oely[\pil ‘Z1E —VYZ—+'"—S.
™70 > S—EZ1 —1eZ>—0@17¢1¢'721-72S—1>7¢Se’YZ1Sce"e2+71.

2Se757@1e>"—1¢"e'1e >SE E1S—e1Sce"—"—Se17 “rele'«e—S
©eZZ™18S™ _7S8S@l —e 17 <@e>ZE'YZI1IEZ—>Sed1S—el1—"jZ-
“—757171Seil1y[]pd1eZ1 SYZeZ1E"Z E'Z—ele>"—1e'71

S1 S¢Ze’S—1eZ7+¢"> S>e1 81 “"E'1SE"'Z2YZ2+.151-725S—1SE
See77172¢1Seily["plS—Set¢£Z¢1¢'Z1Sce”"—"—Sel>Z@™’5Se’"—1c¢
and fed a 1 1S -7Z¢1Se1E*See’'st’'—e1S™M _Z7"E1ZYZ—eel -
‘Z1 ™" M e Zel 7' " e e e ¢ 1SE 'ZYZe1S—1"YZ>Se+1SEEZ2>SC
>Sefil ZiXY-01-"jZ+A1\\IW\=(11l —1S1>ZEZ—e1loeeze¢1<t1
Z “>eloe’e—Sel SelZzeZele 1>ZSE '1+°'Z10S—-21+"Seil1 ‘Z1 1
E~—eZ—el1"ele'Z1 @' s—Seil ‘Z1 SYZeZ1E"Z ' Z—e1E"-T
“el @31 "E'LISE'ZYZe1S—1"YZ>Seel1SEEZ>SECECL1 el ViX]
[i1Z]1-01-"jZ<A1_ViZ[-Ui

—1e'Z1eZe¢1<t1l Z'—>7Z"E'1Z21Sily\Vpodle'Zle™ZE+>Se1.
E~"—eZ—e1"01S'> " 1>ZE >0 —e@1S—e1e77¢1S—1 1e>S"'—7«
7" 70e1>7Z00™ S 8518 —e1—">-Se1<>ZSe'"—ejl —1"YZ>See]
E+Scee’ ESe’"—17¢1S8'> " 1™MS475— el —+ "1 <re>72E*'YZ1S
»Z8et —elezy'—el—"—  10eeZZ™il '—'eS>¢¢81 v>Se¢1Z1Sei
eZeZE1S™ 7" E1ZYZ—eelZzoe’'—el1>7Z0e™'>Se"5¢1’ s—Seceil



60HHS $SQHD 5HFHQW 8SGDWHYV

eS—(EZ1™eZe'Ce—"9>S™‘¢1 Z>Z17200Z*1Sel —™Z7e@le™1e‘Z1 -
oZ>—el Z>7Z1E ™ >>7ZEe**¢C1E+Scee’ Ze1l'—e"1—"5-8S¢318™_78
performed.

®1'SYZ1<ZZ—1See™172@Ze1+ " 1E —<'—Z21Z2Se75Z@1e>" =1’
e7C1<¢C1 ZeSe1Z¢1Seily\XpO1e'Z1E ™ >>2Se'"—1E"Z E'Z—-=
»SeZ10 031 Ssigndls Were computed to detect apnea events in preterm infants in real
' —Zil1l > —E ™MSe1lE"-™M"—Z—e1S—SeCe’'eld U1 SelS™™.
E"-™"—7—e@1SEE 72— —ele 51 Z1]V-1"01e¢'Z1e7eS5e1YS>'E
C'Zee’ —el "Wir[-1lZ—0’'+'Y'e¢d1][i"Y-1e™ZE’ E'+¢81S—-1

el’ @1 —"eZ ">e'¢le'Sel_"eelmeze’Ze]l —1'Z1E —eZjel e1-
™~ eZedl ‘Z>72S5we1"—e¢1S1eZ loeeze’Z01S™M™Me¢1>Ze57 00" "-
E SeeZ—e' —el1eS®”"1<72¢1See™1S1-"5721707Z2¢1S™M™,"SE‘J1
parameter widely used by physicians to assess SAHS severity and to decide whether the

1e>72Se—7—e1l E " 2001<2172 ZE&'YZil —1'21Se" 572 -7—¢""—
authors compared the agreement of two automated regression approaches with the actual

1e> =1 11 Zee’™eZ1e' —7S>5157Ze>7Z@@’'"—10 11S—1S1>7
0] S—e "M _7e'EL1S—e1Ee — ESe1YS>'SceZedl Z>Z21S0e
Se1>ZSE'Zel70’ —e1le'Z1 1 10Vir[X1YeeilVi[V_iil —1«"
E™MZE>Se1S—el—"—e'—7S5>12S 70 o»" Ao 1E*T » 2554115

il el —e>SE*SEEIE™>>Z+Se’"—1E"Z E'Z—+1 Sel>Z™" >«
o' Z1E"—YZ—+e'"—Se1 1S™MM,"SE‘1I0 1%IVirVUil '—eS>e¢
Ze1SeilyX[pdlsZe>Zee’'~—1 1S—el1 1 el Z>Z1>S’ —7Ze1-
eSe’ e’ ESed1E™MZE*>Sed1S—el—"—e' —7S5172Se7>57017>
Zee' —SeZel 1e>"—1e¢'Z1 1—7Ze¢ “>"1>7ZSE Zel1e'Z1" ¢ Zeel1Se

10 1%1VitZ _111VIiVVXU81 =™ Y —elc el 71 1S—ele';

SEe+2Se1 1e>7"-1 i1 ZSe75Z01e> " —1'Z1S7¢"~SeZe1S—Se¢ce’
¢ >—S—e31S—e1e'7Z1872S—e’ Ze1>7ZE75>Z—EZ1™> " <Sc’e’etleZ-
encewereused asinputstoa 1 1e"1™;7Ze¢' Eele'Z1 i1 YZ>SeZe¢1 W1
AN 111[-1e™ZE’ E'e¢1 Z57217«eS’'—Zel7@'—e1S1EZz" 17«1W][1
T 17elYV1Z&'S1IMI1L —1eZ—@’'e’'YV e 01S—e1”MM111[-1e™ZE"’ (
eZ7eCd1eZ1 'e¥YS1Ze1Seily\[pLl™> "™ " @Zele ' @1l —Ze "o e el
®“7Z—e@lezZ1e " 1e72—e751S—elSe®ZeeZesl' sl — 2Z2—EZ1
RE>ZZ—"—el-—"eZ¢il @' —e1lS—1"7e™Z7ele'57Z0 ' el " e1W[1Z&"¢
sZ@zesZe1l’'—1" —E>ZSeZel®Z—@'s’Y’'e¢10z™1e"1]-1""e"Z>0"
E"—™S>7el 'e'dle'Z1eZ—075,—77>Sel—"e7eil —1e'Z1lceezeC1c(
used to predict the current value of the breathing sound signal using the preceding samples,
i.e., the target output is the current sample, whereasthe o, ¢’ -7 —0e’ " —Sel’ —™ 7]
is composed by the preceding *1 e S—™e¢Ze1 el 7Z1¢>ZSe''—ele’'e—Sei:
S™MT™e Zele " le' e’ —e72' ®@'le—">"'—e1ZYZ—e@le>"—1—">-Selc
with an optimized threshold. The proposed method reached an average sensitivity and speci -
E'e¢1YSe7Z@17e1" iX1S—elr]iZ-01>Z@™ZE'YZeCi



8VHIXOQHVV RI $UWLILFLDO 1HXUDO 1HWZRUNV LQ WKH 'LDJQRVLYVY DQG 7UHD
KWWS G[ GRL RUJ

YIXT1l Ze"—SeZe1lS—SeCe’' 11 NloeeZZ™1leeSe'—e1S—elce

— 175075171 'eZ—e'e¢1S—e1872S—e'e¢le'Z1l—7—<Z>1"e1>70™
derive the AHI, several neuromuscular and cardiorespiratory recordings from the overnight

PSG have to be analyzed. However, the interpretation of a PSG is a complex and laboriou:
eS®e"1ZYZ—1"51e>S'—Ze1™750"——Z7¢i1l —1e"’®@1>Z+S>+81 o
as accurate tools to analyze both the macrostructure (automated sleep staging) and the micre
©e>7E2>210>S—@'Z—21™S47Z5—1e72¢ZEe"—lil1"eleeZZ™1-
72S>1¢¢—S—"E1-2S®z>Z®@1le>"=1 1"—1E - —Se’"—1 "et1™E
eZ-"—®e>SeZe1 e 1>ZSE'1Es'—" ESeeCloe’'e—" ES—el1s>Z0@Ze"
— ey —e31S—ele>7e17Z ESEC1ISe®ZeE-Z—1y\ pil —1.S
EZ>>Z—e0Cl ' —™eZ 7 o701’ —e"1E ——Z>E'Se’'£Ze1l @ 0 S>71¢«
¢ 'Z1™Z75¢"5 S (EZ1701S7¢"—SeZe1™S475—1>7ZE e—"0""—1See"
—7—<Z>17e1l®@eSeZel —Y oY¥Ze1l —1+'Z1E+Se®r’ ES+'"—1+Sc
W, Yile+sSeZeli\1ESerZrel's1e'Z1E —YZ—+'"—S+1 ZE"
See’ e’ " —31'Z1SEEZ2>SECL1'®1See™l’'— 22— EZ+1<¢1e'21—7
«'Z1E+Scemr’ ESe'"—1eSe”10 03 D8 marideSthe méiii tharacteristics
“ele'e—' ES—eleezeZele T EZ®Z1T—1S™M™Me ESeT —el”el
§72S—+¢" ESe'"—081S—eles” ®'—ZeleZeZE+s "—i

1

—1e'Z1ceez°¢1<¢1l ZEE1Z1Seily\ _pdleZ15ZSe’YZ1 ™" 751
10 Y, Xid1Soel Zee1Sme1¢'Z1°YZ>See1YS>’S—EZ1"+1 18
,EeSeel 1 il 'Z1™M> ™M @eZel-Z¢"e157ZSE'Ze1kZ1BFk
SEZY —e1XM111X-175>"5>1>SeZ11 Z—"72>Se1Z1Seily]Vple>!
7o' —e1S1<S—e™Seml seZ>7¢1 1E'S——Z+10 £01 "¢~ 7e1e7Z¢
AViX—1eZ—oe'«'Y ' e¢1S—el [iV-10™ZE’ E’'«¢1’ —1+'721 ‘"e71
S—"—el'—eZ™7 o7 el E " >Z>0i1 —1e'Z1lmezet¢1c¢1l S S>7Z«
“ee S$57170"—1S10e’ —eeZ E'S——7Z1 10 £, Wil SelSc:
7¢7°—807¢15—¢1-S—7Se10cE ">’ —+1 Sel>72Se'Y7Z+¢1kipd-Ll¥y
S—ele’e'eet1¢Z247>1'—1S1X,E Kappakh EV S0Z el iE S+151126S >
Ze1Seily]Xpd1l SYZeZeleZE —™ "’e'"—1S—el el Z>Z1720Z-
«'Z1 1@’'e—Seil —1°YZ>SeeleZ—oe’'«' Y’ e¢1 e17rZiX111Yi_-81
YiV111ZiV—-1 Z>7Z15Z™"se7ei1l SYZeZe1E " Z ' Z—ele>"—1e'Z

1 72>21See™ 17071’ —1e'Z1e2e¢C1ES>>'Ze1721<¢1 '—*S1ly
el \iNZ—-81 Yi\r—81S—el [iI[X=1"—1e‘Z1eZeZ@Ee'~"—1"0loee’Z7
»Z@M™MZE'YZeCil ">Z1>2ZEZ—e¢81 ©21Z21SeilyYXplE~"—™7

1E'S——710 ™ME, £U1le"1e2721S1>72E2>>2Z—1—77>S1E-S
SEEZ>SEC1 +17]iX-1"—1S1[,E+Se®el1E+*Ser’ ES+'"—1Sc

—

N

3

w

se’ —ele7Se757Z01e> =1See’e’ " _Selc¢'"—7Ze'ESelm'e—Se®1Se
™Y Z1le'e— ES—eeCle'Z1ESer ESeT—1M™MZ>¢"5-S—E,
a commercial wireless device for automated sleep staging based on the combined activity of

81 81S—e1 1'elSeeZeelZeil ‘Z1 2712V EZ1' -™eZ—.
Se>Z7—-7—ele"51e’e'eleeZZ™I1IYZ@72012ZZ™1eZZ™1E+S®Ea
®zel S"Z1ESeere’ ES+'"—1 ‘Z—1e¢'Z1l+ sel@sS—eSrel el



60HHS $SQHD 5HFHQW 8SGDWHYV

Zo"“)l 2)TM~(EZ

E+SeeiZeli

1—"e7e

o

¢ZS>uly Ze«ip

$>eZM321VE»"S<«o&

Z>e > —

ZES1Z+1S«ilaXVV[ily\ p

E*Seere' EEM"— variance, relative

power)

EMG (overall

variance)
Z—e"72>S®1Z1S-i1l '—Ss>¢1 Sleep spindle Single channel EEG
OXVVI[uly]Vvh E-Sceoe’ EStetlion 0 £0

S S§>7¢1718«7110XVV\U1Z, EeScee
yIWp

S"78&e’e el ZANE&E, Wi

X,Ee+Scece deep sleep/REM
§"Z1YoeiloeeZZ™

>S9 ="1718«i10XVVAILZ, EeSeel $"2&

y1Xp E+See’ ES.W— &
X &

Wavelet
decomposition of
single channel EEG
—S10XVVArUlylYp Y ,Seep spinelles
E+Ser’ EE-T& & S’#omEEG

©7172¢1Si10XVWYUlyYKHEE*«Seel $"2& W & Energy features from
E+Ser’ ES.'X& & single-channel EEG

REM
Shambroom et al. —Ss¢1 SleepYitd S$"Z ~“—<—Z+1 &
OXVWXu1ly]Zp E+Seae’ ESe"¢aeed EMG activity by a
sleep single lead

0 '»ZeZeowel 2~

Griessenberger et al. &elete =’ —Z7e1 &

Scee’ ESE"2&
AXVWYa1ly][p z

, E * S ce cesleep/deep sleep &
a single lead

e

§'FE&Se®,Z& 10 Y, XU10"YZAG %1111 X—

AVIX=1 Z81_[1

k1%21ViYV]
k1%1VizZZ_

NZiX-1 281 _2Zi
_Yiv-1 EE

SYZe7:1E"7Z E’ IiN¥{eell EELD"

\irzZ-1 EE1la
_Yi\r—1 EE10Q
_[i[X-1 EE10

AiX=1"YZ>See1
AWITW-=1"YZ>8e
AWTA—1"YZ>See

&Yi\-1 EE
"Wiw-1 ECE

i

IXi\=1"VZ>8ee1

1SE'YV'et1ct1

0 '»ZeZoewl 270

"eeZ5701
EMG

See7717¢18i10XVWVULl *Soee’ ESe'"2W1"1Z&
y1\p 0[,E+S e eBEM

‘S ™~e"e]1 S — 1 EASEHle
aXVV_iu1y]lp

+See’ ESE7Z& W1+"1 St&istical, spectral,
0\, E S e e REM/Movement  nonlinear features
from EEG and EMG

S’ ESE"Z& W&
0[, E«Sceeci X& &
REM

“S>¢«"——"7>17 Ehsemitdle
OXVWWiuly]~p

Time and spectral

(Fourier analysis)

features from EEG,
81S—-1

1S—}Zi]-1"YZ>See1

1Xi\-1 EE1a
1YiY-1 EE1la
1"iV-1 EE1Q
1XiY-1 EE1a
11iY-1 EE10

Y\L1IW[-1Z>>"
ViZA11kViWAL
YZ-1 EE10 S
ZY-1 EE10 W
[W=—1 EE10 Xi
AX-1 EE1L10 YU
AX—1 EEL0
wWY-1 EE10

Ai[-1"YZ>S8ee1
1"iW-1 EE1Q
\Zir-1 EE1a
Mi_ -1 EE1LQ
_Zir-1 EE1LQ
] iY-1 EE1Q



8VHIXOQHVV RI $UWLILFLDO 1HXUDO 1HWZRUNV LQ WKH 'LDJQRVLYVY DQG 7UHD
KWWS G[ GRL RUJ

Z¢">10¢Z2S>01y Zeip 1-"eZe 2>™M @7 S>eZM3¥1VYE»"S& e 257> —
E+SeeiZel
Alvarez-Estevez and +Seae’ € Nolsal detection Energy in common ViW_\111ViVWw
“>Ze, T—’ee”10XVV_U1l (binary) bands of EEG Viw_[111ViVW
vi_b (Fourier analysis) VIWZV1t1ViVW\
ViV_X1t1ViVvW
SeZe¢171S«i10XVWWIULlyA[p Alert ¥3fegigae E Spectral power V-1 EE
(binary) (Fourier analysis) of
'—1Z1Si10XVV\i1ly~\pRegression »’YZ> el Spectral power of Pearson correlation:
drowsiness level 1S5—-1 Vi _WY1t1ViVvX
estimation
7501721S«i10XVV_l1y~]p +S'tE &> E & ¢ Ravelet 1. . A=1"YZ>Seu
Y, E-S ce osleep decomposition of
81 1S—-1
chin-EMG
S>E - 017218« i10XVWZiurSoece’' ESAlEHY.ce Time, spectral, and AiZ-1 Z2817Yi0\
y~rh b (binary) drowsiness wavelet

decomposition of

single-lead EEG
“eZ@fil filZ>>">1>5¢701 ZfAloeZ —kekapphl«E6Z EVl-eeM2EE S eidl ESe’"—1S
C™ZE' Z¢01 fil-Z2ee'eS¢Z>1™Z>EZ™e>"—01 filoee” 1 SYZ1loeeZZ™01 fileZ.
Al>ZEZ>>Z2—-e1 01 ALl™>"«Sc'e’@e' E1l—272%>Se1—7Z¢ “>"01 Al 'ce‘'Z> ;ele’'—72
Aloez™M™ el YZE«H>1-SE""—27201 Alez££¢1 01 Al —eZ™Z o7 —el1E " —-™"

SceZ1X%3">—S—EZ1S—e1¢'Z1-"el1>22YS—«1E'S>SE+Z>’e’ E@l ele'Zlae?
arousal detection, and drowsiness monitoring.

Zi™ZseleE ™ H>Z>eil —1S1ez<eZ82Z—+1e’'—'+S>1lmezetly][pd
Seel1Se>77-7—21"e1]XiI\-1"—1S1Z,E*SeelS™M™,"SE*10 S"Z
Seily]\plZeZelcS—e™Seeel *¢Z>7Z¢1 1S—el 1>ZE >e'—sc
'—1S1[,E*SeelE+Skeer’ ESe"—1S®”"d1SE"’'ZY’'—+1S—1"Y
statistical, spectral, and nonlinear features from EEG and EMG signals and an ensemble clas
®' Z>1<SeZel”"—1—-7¢e'™e71 1 @OI\Z-1"VZ>Seel™Z5¢">5_S_

"YZ-7Z—e831S—el1'—eZ7>5-7¢'SeZ1leeZZ™1eZeZE+'"—081 “eZ1N;
™S5Se” " ESel@eZZ™1eZeZEe'"—1y]]pil —1e'Z1oesze¢1ES>>
"YZ5See1SEEZ>SECL Sel1>ZSE'Ze17’—1 ,81 ,01S—-1
Z—®Z—-<+2171Z1 1 1 H>1[,E+Sem®@l1S7e " —SeZeleeZZ™1lce-""

—1e'Z10ee7eC¢1<C1l «eYS>ZE, eZYZELS—e1 ">7Ze, "—'ee”1y] pd1
and the submental EMG channel were analyzed to automatically detect arousals in the con
eZjel"e1 1E*Sceme’ ESe’"—il ">1e'ZeZloe’'s—Seedle'Z717—
was computed by means of the Fourier transform and four automated expert systems were
>SS’ —Zefil '0@'Z> 01’ —7551S5—1387Se>Se’Ele'eE>' — —S—-

1>ZSE Zele'Z1" e Zeel™7Z>¢"5-S _EZILISE"'ZY —+1 X-1SC

Zoe'eZel @dl'cl’'el—"9e7 ">¢'¢1e'Sel1eZYZ>Se1E " —™Ze" —
S7e"—SeZeleeZZ™1leeSe'—edlez2E'1Sel SZoee’'S—1-"j%>7



60HHS $SQHD 5HFHQW 8SGDWHYV

,<SeZelUlyrVpdle eE>ZeZ1 'eeZ—1 S>" Y1 -"eZel O [IX_-
& ,<S@ZeUly "Wpole' —ZS>10]Yi]-1"YZ>S««1SEEZ>SECH
0\Yi]-1"YZ>See1SEE?>SECS1Z,E+Sceedl ,<SceZelilecE>
& & & ,<SeZeUly~r"Xd17Ypd1 10~ 7Y -1SEE7>SEC¢1
O]XI\-1SEEZ>SECIL[,E*Scedl & 1w —eeZleZSeiil —1-
are characterized by variable performance.
YiXTWil >’YZ> celes” ;@' —ZcemleZeZE"—
1>Z2¢7ZYS—e1S™ ™M ESe’ —17e1 el —1¢'Z1E —eZjel1" 1 1'c
“>lex” @' —Zemedl "TE'1’elS—1'-™" eSS _el'e@zZ1le>1 ™S’ 7 —
Z—e1™‘Coe’' e e ESele’'s—Se®@1'SYZ1<ZZ—17@7Z+1+"1-"—"+">18S
V-1SEE7?>SECU1yr[p1S—e1 10Vi_WYL11VIiVX]LIE >>ZSe’"
«ZYZelUi1YyM\pd1l SYZeZelE® " Z &' Z—eel1™ 1l 1E - —Zel o'l
Y, EeSemel“YZ>Seel1SEEZ>SECU1Yy " ]pd1S—ele'—Z81™ZE>Se
272>"—-7@E72+S>10 81 081 01S—e1ES>’SELQN Uloe’'e—Sece
— S — o1’ —1"5e7>10"1eZeZEele>" @' —Z@@OLe " 7e'1See’ e’ " _Se]
E"—e7E+S—EZU01™'¢e’ESe1-72S0e?>20102¢21-"YZ-7Z—<&<*’
™Z50"5-S—EZ1-2Scez>ZellceeZZ>'—el ‘272¢1-"YZ-7Z—ecciil1'SY-
Z—e1™S47>—1>7ZE e—"o""—1-7¢""e@dle™ZE’ See¢l S¢Z0e’'S—
E.Scew’ Z>elyr . Wpil ‘Z1-S" —1e¢' —eSe’"—17e1e'Z®@Z21S7"=S
eSeS1'1—77¢Z1¢"1™Z75¢"5_1S—1SEE7>SeZ1e>S" —' —el1"ele'7
alertness monitoring systems are already incorporated in many high-end vehicles.

()

YiYil Z2>Se1—Z7¢ >"®@1S—el1E " —e ' —7"701™"e’'«’'YZ1S’> S¢1

The incorporation of automated decision support systems in the common clinical practice of

1¢’Se—"@’'el ®loes’selYZ>¢1e’ = eZeil "—VYZr@Ze¢d1e'21 -
based expert systems in treatment devices for sleep-related breathing disorders therapy
'— E>ZSmeZele’e—' ES—seClezs —ele'Z1eSeeleZESZil —1
o ZYZe"™M_7 —el1"elE " —e'—72"7@1™ " @®’'e’YZ1S'> S¢C1™>7Ze®ei>”Z
S—Sete’'®el *1:>Z2Se"’—e1™MS47>—©1<C1-72S—@l™e1Z{™Z>e:
7>>Z—eetd1 1’e1e'Z1™5'—S>¢1™>7e7Z>5701e>7Se—7—01"e1-"
'zl el el E " —0'eZ>Z21 21 @+sS—eS>e1 e1ES>Zil 2> —+1
“e1S'>1'@leZe’YZ5Z01e”1e'Z1™Se'Z —o @12™M™Z7,1S’s S¢1e"1
®'-™eZ31S—e1Z ZE'YZB1e'Z1eZY ©Z212'YZ>®1S—17——1
‘“eZ1—'e'el ‘SeZYZ5>1¢'Z1SE+2Se1™Se'7Z—o ®®l—727861 "'E
—~Z—+1E"-™e'S_EZil "el'®ele'Z1-S —1e' —"eSe’" 1701 1-
ments during the last years focused on the modulation of the pressure delivered by the device
'—17>e75171 1 ™Se'7Z—e ®®1l—ZZe®il —1e®15>2S>¢81+'21
¢ Z>8™ME1-S>"72e1' —E " >™"5Se7Zele 10725172V EZ®1S7e " —SeZ-
©'71Z2Se —eleSel1™>Zeoez>2il ZYZ>e'ZeZe®edl-"weel1-S—7
the design and implementation of their automated signal processing algorithms and thus
¢ ZC1S>Z21<sSE"<"jZe1l'S>ele”l’'—eZ>™57e1S—elSeEZE®]



8VHIXOQHVV RI $UWLILFLDO 1HXUDO 1HWZRUNV LQ WKH 'LDJQRVLYVY DQG 7UHD
KWWS G[ GRL RUJ

As aforementioned, determining the optimal therapeutic pressure has been a major goal of
2@ ZS>E 1>72S>0"—e1 1e>72Se—7—eil ' 7Z>7Z—el5Z@™'>Se">¢
©">187e"—SeZe15Z7eSe’ " —1"e1e'Z1 ™ Ve RIS HIZ» €541 H1™" S
vibration, and snoring sounds have been involved in automated algorithms aimed at detect -
"—e18'> T le—"eSe" 18 _—e1>7Z@™ ' >Se">¢1Z2YZ—eceil —"—ele';
'ele'Z1-"0eel 'eZeCl7eZel—Z+'"ely YO1 Zpil —1e’@1>ZS>e
o75 —ele'Z1eS®e1¢Z2S>®@dl “"E'1>Z ZEele'Z1'—E>ZSe’'—1"-
—1¢'Z1™SeZ —01<¢1 ">—S—171Seily Ypd1S1™>7e>S" —71
S'> " 1lme'e—Sel' elzeZele leZeZEele'Z1™57Z0Z—EZ1"+1S">
>ZSe'i1l "e7—0171Seily [ple>S—eZe1S1™Se7Z —e1e"51S7¢" S
20 ™ 8¢5 ¢172YZ—2001S5721e7Z¢ZEeZ+i1l "1SE"'ZYZ1e" ®@1"S
VYS>'SceZeil —1S1>ZEZ—e1e¢>S—eZe1™Se7 _e31 Sj—-S—17<1:
S—el Ze>'ZYSe10 U1 —2Z72>8el—Ze¢ ">71e"1™"EZ®el ™S
to predict breathing events and control the airway pressure level supplied to the user. This
See > e 1578 E ' Zel e 1™>7e Ee'"—1Sc’e’e¢l "o’ —1e'7Z1YVice:
"—eS5e¢81’—1e'Z1™Se7 —e1¢¢1 Ze—75171Seily |pd1e‘Z1S7e
«SeZe1"—1S1™e75Se’e¢1e]l @1S' —Ze1SelE " —e>"ee’—ele'71
'—E>ZS®Z1l'eelZ ZEYZ—Z®em®eil ZSe'—«1E"-™MS—'7Z®dlce
i1 S¢"Ze81 —E " >™ 58070l e'ZZ1See™ > e'—@l’ —e 1751 1
»Z®@ZS>E'1L’celoee’ el —77e701¢ 1e75¢'7Z51Se@Z0oeel ‘Ze'Z>1s"
M,y 71 1S 72>Z—EZi

7o —Se ELleZeZEe'"—1"e1 S"71S—eleeZZ™1eeSeZel’ ®1S1—
e“>ely M31_ _pil —1e'Z1loeezeC1ES>>'Ze1 7 7e1<¢1 ¢S™M™MST 701
077 @Ee1'5>727255>1>Z0™ >SS’ " —_1E‘S>SE+Z> e’ Eel eloeZ?’
T le'e—Se1’®@1I™S> S 77> £701¢¢1-7ZS—0017e1>ZSe"le’ " —o
2877 —eeCleZZe1e'Z1 1’ —17>e751e 177 Eel'>>707¢S551¢>2¢
E —-7Z>E'SeleteZMId1odZSI'iAAl SC¢”Z+81 ZE"+S—+81 Ul —
e ZE>72S0wZ1' 721 Z>S™MZ7e E1™>7Z00@2>721 ‘Z—1'Z1™Se’7 —0o]
“1<Z217Z ZEe'YZ1e 51 @eZZ™1"—@Ze1S—e1S S"7Z—"—eleZ7C
oZ—EZ1®Z™M ™M e’ _e]1’e@1SEe72Sele ™ —e o75-1"— 27—EZ1"—

— 17575171 ¢eS’ —1e'71"™e' _Se1] 1™s7000@2>Z212YZ151S
©7>721° 01 —777Zi1 "1eZE'—'872721° 1S —Z+1Se1Z0e’'—Se’'—-1
71 ™MSe' 7 —e 1 eZZ™1S —e1>ZSe''—elez>'—el’'— «Sc1 d1
S'e’'—ele’eeil ‘'Z>2"°>7281See7>—Se’YZ1-7Z¢""e®@1S>72172-S—
eZ0e'e—715—e1e>5"—7+151 15 —Z+1Se17Z0e’ —Se’ —ele'Z1-"ce"
¢Z—"e>S™M U ELIS—el1S—e " ™M _7e,EL1YS>'SceZ@lle " 00Z1le> 10"

01—ZE®"1E >EZ2-2>2—EZ281S—e1 il ‘'Z1S7«'" " >e1>Z2™ >e7
pressure determined by standard titration during overnight PSG and the pressure predicted by
«'Z1 11 —1S1eSeZ51>S—e"—£7eleze¢d1 o, "¢'1Z1SeilyWVW
o' YZeClZoeZele 1ez’e71 1e’e>Se’"—j1 ‘Z1S7e* " >el0e'” Zele'Se
7oe'—ele’el—Ze¢' e e et 1>7ZSE ' Zele'Z1" ™' —Sel 1™>7Ze0e?>71
to conventional PSG-based titration, as well as lower titration failure.



60HHS $SQHD 5HFHQW 8SGDWHYV

Zil "—Eez0e'"T—

Researchers carried out an exhaustive study during the last decades focused on the desig
“e1S7e"—SeZelZi™ZselebtoeeZ-w1leZ>'YZe1le>"—1S>e’ E'Sel’'-
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been proposed to overcome limitations of the standard diagnostic methodology for SAHS.
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to highlight that, sometimes, researchers try to compose a wide initial feature set in order to
gather as much information as possible, including features from signal processing algorithms
regardless of their relevance or clinical meaning. In this way, feature selection strategies are
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is determined by a subset of the training data samples in a transformed space in which the
margin (the distance between the boundary and the closest samples) is maximized. In this
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databases are limited and most studies are carried out using no publicly available datasets.
which restricts comparisons.
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potential of this approach in the context of SAHS diagnosis.
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