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in the critical care setting and may provide useful informa-
tion about IDH onset.
Aim To evaluate whether short- and medium-term varia-
tions in the SO2 signal (ST-SO2var, MT-SO2var,) during dialy-
sis are a predictor of IDH.
Methods In this 3-month observational cohort study, 51 
hypotension-prone chronic hemodialysis (HD) patients, 
with	 vascular	 access	 by	 arteriovenous	 fistula	 (AVF)	 or	
central	venous	catheter	(CVC),	were	enrolled.	Continuous	
non-invasive blood SO2 was monitored (fc = 0.2 Hz) by an 
optical sensor on the arterial line of the extracorporeal cir-
culation; blood pressure (every 30 min), symptoms and their 
time of appearance were noted. Predictive power of IDH 
was expressed by the area under curve (AUC) sensitivity 
and	specificity	based	on	intradialytic	variations	in	SO2.
Results A total of 1290 HD sessions were analyzed. Over-
all, off-line ST-SO2var analysis proved able to correctly 
predict IDH in 67 % of the sessions where IDH occurred. 
The best predictive performance was found in the presence 
of	highly	 arterialized	AVF	 (SO2 > 95 %) (75 % sensitivity; 
AUC 0.825; p < 0.05). On the contrary, in sessions with 
CVC,	IDH	prediction	proved	more	efficient	by	MT-SO2var 
(AUC 0.575; p = 0.01).
Conclusions Intradialytic SO2 variability could be a valid 
parameter to detect in advance the hemodynamic worsening 
that precedes IDH. Appropriate timely intervention could 
help prevent IDH onset.

Keywords Dialysis hypotension · Oxygen saturation · 
Hemodialysis · Monitoring · Blood pressure · Oxygen

Abstract
Background Intradialytic hypotension (IDH) has a dra-
matic impact on the main outcomes of dialysis patients. 
Early warning of hemodynamic worsening during dialysis 
would enable preventive measures to be taken. Blood oxy-
gen saturation (SO2) is used for hemodynamic monitoring 
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centers in Italy. The study lasted 3 months for each patient, 
and no changes in the usual dialysis prescription were 
introduced.

Patients

Hypotension-prone chronic HD patients (IDH events in 
at least 20 % of the sessions in the month before the study 
started) were considered eligible if they had been on a 
thrice-weekly standard bicarbonate dialysis for at least 6 
months, and were aged between 18 and 85 years. Patients 
with	both	well-functioning	arteriovenous	fistula	(AVF)	and	
central	venous	catheter	(CVC)	were	included.

IDH	 was	 defined,	 as	 previously	 reported	 [21], as one 
of the following three situations: (1) for patients starting 
the dialysis session with systolic arterial pressure (SAP) 
≥100 mm Hg, a SAP value ≤90 mm Hg, even in the 
absence of any typical low blood pressure symptom; (2) in 
the case of patients with pre-dialysis SAP <100 mm Hg, a 
SAP reduction of at least 10 % % of the pre-dialysis value, 
accompanied by characteristic symptoms (nausea, vomit-
ing, sweating, dizziness, yawning); (3) any SAP reduction 
≥25 mm Hg compared to the pre-dialysis value, in the pres-
ence of the typical symptoms accompanying hypotension, 
requiring an immediate therapeutic maneuver (Trendelen-
burg position, saline infusion, etc.).

Exclusion criteria were: chronic obstructive pulmonary 
disease	 with	 documented	 functional	 respiratory	 deficit	 or	
needing oxygen supplementation during dialysis; hemoglo-
bin levels lower than 10 gr/dl; poor vascular access requir-
ing	 single-needle	 HD;	 routine	 use	 of	 any	 profiling	 and/
or	 biofeedback	 system	 aimed	 to	 influence	 cardiovascular	
stability.

The authors acted as the treating physicians for the par-
ticipants of the study. Patients did not undergo any change 
in their treatment. The study was illustrated to the patients 
by the treating physician involved in the study in each Dial-
ysis Centre. Data were collected prospectively and were 
collected	 specifically	 for	 this	 study.	 Data	 treated	 by	 the	
persons in charge of the statistical analysis were rigorously 
anonymous.

Hemodialysis equipment and prescription

A Formula Therapy dialysis monitor (Bellco srl, Miran-
dola, MO, Italy), equipped with an optical sensor for oxy-
gen saturation, was used in all patients. The Hemox sensor 
(Datamed srl, Milan, Italy) is placed just below the arte-
rial drip chamber and before the dialyzer inlet. It measures 
hematocrit, oxygen saturation, and relative changes in blood 
volume.	Its	functioning	has	been	described	elsewhere	[20].

Bicarbonate-buffered HD was administered to all 
patients.	 Low-flux	 PES	membrane	 dialyzers,	 1.7–2.2	 m2, 

Introduction

Preventing intradialytic hypotension (IDH) remains one 
of the most pressing clinical targets for the fragile uremic 
population	[1–3]. Death risk for hypotension-prone patients 
is	higher	than	for	the	hypotension-resistant	[4, 5]. The com-
plexity of the pathophysiologic mechanisms involved in 
the cardiocirculatory, hormonal and neurologic response 
to	hemodialysis	 (HD)	 [6–8] is the main reason why valid 
preventative measures cannot be implemented during each 
session.

During the last 20 years many innovative devices able 
to assess, more or less continuously, some of the factors 
involved in the IHD genesis, such as blood volume changes 
[9, 10],	 ultrafiltration	 and	 sodium	 profiles	 [11, 12], and 
thermal	balance	[8, 13], have been proposed as a means to 
mitigate the incidence of IDH. However, the availability of 
devices	providing	a	true	IDH	prediction,	i.e.	early	identifi-
cation of precise forewarning signs of IDH, is still a long 
way off. Since IDH is a hemodynamic phenomenon, the 
only way is to look for a physiological parameter in some 
way related to the cardiocirculatory changes occurring dur-
ing the dialysis session. Moreover, given that most chronic 
HD patients are outpatients, non-invasive measurement is 
mandatory, and the cost must not weigh too heavily on the 
dialysis	treatment	overall	cost	[14].

Oxygen saturation (SO2) is one of the most important 
hemodynamic parameters measured in critically ill patients 
in	 intensive	 care	 units	 [15–18]. It is affected by cardiac 
output, hemoglobin concentration, blood oxygenation and 
oxygen delivery to tissues. Thus, it can be taken as a sur-
rogate marker of the hemodynamic stability. However, apart 
from	some	isolated	papers	[19], there is no large study dem-
onstrating the validity of measuring this parameter during 
the	HD	session.	We	previously	conducted	a	pilot	study	[20] 
that	suggested	 the	specific	value	of	continuously	monitor-
ing this parameter. Given the possible warning role of SO2 
changes in IDH onset, a rigorously conducted larger study 
was needed in order to decide whether measurement of SO2 
is worthwhile or not.

The aim of the present study was to evaluate the chang-
ing pattern of SO2 during HD in a large number of chronic 
hypotension-prone dialysis patients, thus verifying the SO2 
predictive power with regard to IDH episodes.

Materials and methods

Study design

This	 multicenter	 trial	 (ClinicalTrials.gov	 Identifier:	
NCT01759641) was conducted according to an observa-
tional, prospective, open-label design in 18 public dialysis 
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Occurrence of typical low pressure symptoms (muscular 
cramps, headache, dizziness, vomiting, nausea, sweating), 
their	time	of	appearance,	as	well	as	any	fluid	infusion	(saline,	
plasma expanders, sodium), was recorded on a case report 
form. Data downloaded by the dialysis monitors were stored 
and analyzed in a PC equipped with Matlab 7.8 and NCSS.

Data analysis

Arterial pressure and symptoms were analyzed off-line in 
order	 to	correctly	define	acute	hypotension	episodes.	Ses-
sions	with	at	least	one	hypotensive	episode	were	classified	
as “positive”, while dialysis sessions with no IDH episodes 
were	classified	as	“negative”.	Two	methods	were	developed	
to extract information from the SO2	signal:	the	first	evalu-
ates the short-term variability of SO2 (ST-SO2var), while the 
second one is based on SO2 variations in the medium term 
(MT-SO2var). ST-SO2var	was	quantified	by	computing	every	
minute the SO2 standard deviation (SO2SD) over a 5-min- 
long window. MT-SO2var	was	quantified	every	minute	as	the	
difference	(∆SO2) between the current mean SO2 (computed 
over	a	30-min	long	window,	according	to	Cordtz	et	al.	[19]) 
and the initial mean SO2	[22].

were	 used.	 Blood	 flow	 (QB) was set as usual for each 
patient;	dialysate	flow	(QD) was set to 500 ml/min and the 
prescribed	dialysis	length	was	240	min.	Total	ultrafiltration	
volume was set according to individual requirements. Dial-
ysate sodium, bicarbonate, potassium, calcium, magnesium, 
chloride glucose and acetate concentrations, as well as the 
dialysate temperature, were kept as in the usual dialysis 
prescription. Any relevant intervention during the treatment 
was recorded.

Measurements and data collection

SO2 and hematocrit signals were acquired during the treat-
ment with a frequency of 1 sample per 5 s (12 samples per 
minute) by means of the Hemox sensor. An example of  
the different behavior of SO2 during sessions is reported in 
Fig. 1.

Systolic and diastolic arterial pressures (SAP, DAP) were 
measured before dialysis and every 30 min during treat-
ment (automatic oscillometric sphygmomanometer). More-
over, blood pressure was measured also at any moment the 
patient felt unwell, or whenever there was a decreasing blood 
pressure trend according to the standard clinical practice. 

Fig. 1 Examples of the SO2 signal trend recorded during 3 different 
dialysis	sessions	involving	patients	with	AVF	(a, b)	and	CVC	(c). In 
the 3 examples the SO2 signal shows different values (around 90 % in 
a, between 90 and 100 % in b, and lower, 50−40 % in c) and different 

trends: stable in a,	with	more	or	less	frequent	fluctuations	in	b and c. 
SO2 blood oxygen saturation, AVF	arteriovenous	fistula,	CVC central 
venous catheter
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value obtained from the ROC curves, and the z test was used 
to	compare	two	areas	under	the	curve	(AUCs)	[24].

Results

Fifty-one out of 90 screened patients from 18 dialysis units 
were admitted to the study according to the inclusion and 
exclusion criteria (Table 1). Out of 1580 dialysis sessions 
recorded, 290 (18 %) were discarded due to incomplete 
data collection, resulting in a total number of 1290 sessions 
analyzed.

Blood	 flow	 (QB) was 292 ±	16	 ml/min,	 dialysate	 flow	
(QD) 500 ml/min, dialysate temperature 36.5 ± 0.4 °C; dialy-
sis session length was 230 ±	10	min.	The	total	ultrafiltration	
volume proved to be 3.0 ± 0.8 l per session, correspond-
ing	to	an	ultrafiltration	rate	of	751	± 202 ml/h. The average 
dialysate total conductivity was 14.1 ± 0.3 mS/cm, bicar-
bonate conductivity 3.0 ± 0.1 mS/cm, K+ 2.9 ± 0.2 mmol/l, 
Ca++ 1.45 ± 0.15 mmol/l, Mg++ 0.6 ± 0.1 mmol/l, Cl− 
109 + 0.1 mmol/l, Na+ 139.9 ± 0.9 mmol/l, CH3COO− 
3 mmol/l, glucose 1 g/l.

On the basis of off-line analysis of the arterial blood pres-
sure,	 273	 (21	%)	 sessions	 were	 classified	 as	 positive	 (i.e.	
complicated by hypotension) and 1017 (79 %) as negative 
(no hypotension). The SO2 signal time course was found 
to be affected by the patients’ hemodynamic behavior. Dur-
ing sessions with hypotension two different patterns were 
observed (Fig. 2): either an increase in the SO2 SD or a slow 
decrease	 in	 the	 ∆SO2. In sessions without hypotension, 
instead, the SO2 signal was found to be substantially sta-
tionary (Fig. 2).

To evaluate the predictive potential in terms of sensitiv-
ity	and	specificity	of	SO2 changes, ROC curves were used. 

In the ST-SO2var	 analysis,	 the	first	10	min	of	 each	 ses-
sion were discarded, as generally done in studies concerning 
hemodynamics during hemodialysis in order to avoid arti-
factual oscillations related to connecting the patient to the 
extracorporeal circuit or initial instabilities (see, for exam-
ple, artifactual very low SO2 starting values in Fig. 1, panels 
a	and	b).	To	define	the	SO2 short-term variability the stan-
dard deviation (SD) was computed. During the course of the 
session, SD was calculated over short time series composed 
of 60 SO2 values (5 min). Each time series was extracted 
from the overall signal by means of a shifting window pro-
ducing epochs overlapping by 80 % (1 min time-shift). As 
a result, an SD value is computed every minute based on 
the 5-min interval ending in that minute. In each epoch, the 
outliers	were	identified	and	discarded	according	to	the	“box	
and	whisker”	scheme	[23].

In the MT-SO2var	method,	after	discarding	the	first	10	min,	
epochs 30-min in length (1 min time-shift) were selected. 
The	mean	value	in	the	first	epoch	was	assumed	as	the	refer-
ence value (initial SO2). In each epoch, the mean value of 
SO2	was	 computed	 and	 a	 difference	 (∆SO2) between that 
value and the initial SO2 was calculated.

For	both	methods	a	binary	classifier	was	then	elaborated,	
assuming SO2SD	or	∆SO2 as the test variable and compar-
ing it with a threshold value throughout each session.

In “positive” sessions, the analysis was truncated when 
a hypotension episode occurred; if more than one episode 
occurred	in	one	session	the	analysis	was	truncated	at	the	first	
of such episodes. All the 12 SO2 measurements in the minute 
corresponding to a hypotension episode were discarded. In 
“negative” sessions, the last 30 min were discarded because 
the indexes could predict a possible instability that does not 
occur simply because the session ends leading to an over-
estimation of false negative sessions. In each session com-
plicated	by	hypotension,	 the	alarm	 time	(AT)	was	defined	
as	the	time	from	the	first	threshold	crossing	(SO2_first) to the 
actual time of hypotension occurrence (IDH_onset).

Finally, in order to examine the impact of the different 
vascular accesses on the predictive power of the SO2 tem-
poral	 variations,	we	 stratified	 sessions	on	 the	basis	of	 the	
patients’	vascular	access,	i.e.	AVF	or	CVC.

Statistical analysis

Receiver operating characteristic (ROC) curve analysis 
was	run	 to	define	 the	predictive	power	of	 the	SO2 tempo-
ral variations and to identify a threshold leading to a good 
compromise	between	sensitivity	and	specificity	in	the	IDH	
prediction. To evaluate SO2SD	 and	 ∆SO2	 specificity	 and	
sensitivity, it was necessary to assess the number of correct 
and	 incorrect	 classifications	 by	 comparing	 the	 test	 results	
with	the	off-line	classification.	Contingency	tables	and	con-
fidence	intervals	were	calculated	for	any	discrete	threshold	

Table 1 Main demographic and clinical variables of the patients

Patients (n) 51 (35 M, 16 F)

Age (years ± SD) 73 ± 11
Dialysis vintage (months ± SD) 60 ± 33
Vascular	access:	AVF/CVC 33/18
Underlying	nephropathy	[n	(%)]
Nephrosclerosis 14 (27.4)
Diabetic nephropathy 11 (21.6)
Glomerulonephritis 10 (19.6)
Other nephropathies 16 (31.4)
Comorbidity	[n	(%)]
Arterial hypertension 33 (64.7)
Ischemic heart disease 12 (23.5)
Diabetes mellitus 10 (19.6)

Ideal dry body weight (Kg ± SD) 72 ± 16
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In order to assess if the choice of excluding from the 
analysis the last 30 min of data in the sessions without 
hypotension	significantly	affected	 the	 results,	we	 repeated	
the analysis including the last 30 min of data. The results 
did	 not	 change	 significantly;	 the	AUC	 for	 ST-SO2var and 
MT-SO2var were, respectively, AUC = 0.65 (CI95 %	 0.613–
0.685) and AUC = 0.622 (CI95 %	 0.58–0.66).	Moreover,	 in	
order	to	exclude	that	different	fistula	blood	flow	rates	could	
influence	 the	 values	 of	 the	 SO2-derived parameters (SO2 
SD	and	∆SO2), we analyzed a subset of dialysis sessions in 
which	the	blood	flow	rate	was	changed	during	the	session	
(range	150–400	ml/min)	and	we	did	not	find	any	correlation	
(p > 0.05, R2 < 0.2).

Concerning the predictive performance of SO2 accord-
ing	 to	 vascular	 access	 (AVF	or	CVC),	 ST-SO2var analysis 
(Fig. 4a) slightly increased the AUC value when applied 
to	 the	 AVF	 group	 vis-à-vis	 all	 patients,	 though	 without	
reaching	 significance	 (AUCAVF = 0.664, NS). On the con-
trary,	 predictive	 power	 was	 reduced	 in	 the	 CVC	 group	
(AUCCVC = 0.575, p = 0.01). Moreover, in patients with 

The	 efficacy	 in	 correctly	 predicting	 hypotension	 events	
based on ST-SO2var as well as on MT-SO2var is reported in  
Fig. 3 (panels a and b, respectively). In panel a, the total area 
under	 the	curve	(AUC)	was	0.652	[95	%	confidence	inter-
val (CI95 %)	0.615–0.687],	indicating	a	significant	prediction	
power of ST-SO2var. The binary test based on a threshold 
equal to 1.95 % (circle in Fig. 3, panel a) correctly recog-
nized 182/273 sessions with hypotension (sensitivity 67 %, 
CI95 %	 61–73)	 and	 618/1017	 hypotension-free	 sessions	
(specificity	 61	%,	 CI95 %	 58–64).	 The	 hypotension	 onset	
time was 130 ± 46 min and the alarm time (AT), calculated 
by ST-SO2var, was 89 ± 51 min. The MT-SO2var predictive 
power	 was	 also	 significant,	 as	 shown	 by	 the	 ROC	 curve	
in Fig. 3, panel b, with AUC equal to 0.625 (CI95 %	0.587–
0.663). Upon choosing a threshold for MT-SO2var variations 
equal to −1.14 %, 155/273 sessions with hypotension (sen-
sitivity 57 %, CI95 %	 51–63),	 and	627/1017	stable	 sessions	
(specificity	 62	%,	 CI95 %	 59–65)	 were	 correctly	 predicted.	
AT was shorter than that previously obtained by ST-SO2var 
and equal to 66 ± 43 min.

Fig. 2 Exemplifying cases of dialysis sessions complicated by intra-
dialytic acute hypotension (panels a and b) and an example of a ses-
sion with stable blood pressure (panel c). Each column depicts sys-
tolic and diastolic blood pressure (BP), SO2 signal, SO2	SD	and	∆SO2, 
as indexes of short-term variability and medium-term variations. An 
arrow and a diamond marker are placed at the point of hypotension 

onset. In a and b, hypotension is preceded, respectively, by a marked 
increase in SO2	 SD	 and	 a	 slow	decrease	 in	∆SO2. On the contrary, 
in the session without hypotension (panel c) the SO2 signal remains 
stationary, with a minimal short-term variability (SO2 SD around zero) 
and	restrained	medium-term	variations	(∆SO2)
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basis of slight clinical changes (paleness, drowsiness, yawn-
ing). However, elderly and comorbid patients, with blunted 
cardiovascular	 and	 neurohormonal	 reflexes,	 may	 present	
sudden hypotension without any warning signal, even at a 
modest	ultrafiltration	volume	[25].	Very	early	 information	
about worsening in the cardiocirculatory response to dialy-
sis would be of great value, making it possible to carry out 
preventive measures. Even continuous intra-dialytic blood 
volume	(BV)	monitoring,	initially	proposed	as	a	useful	vari-
able	for	predicting	blood	pressure	(BP)	 instability	[9, 10], 
may provide contradictory information, because of its not 
univocal	behavior	[26, 27].

In this cultural wasteland surrounding IDH prevention, 
by way of looking for a meaningful “new” hemodynamic 
parameter, we decided to study and continuously measure 
SO2, partly because of the availability of a dedicated sensor 
measuring O2	saturation	directly	in	the	blood	[20]. Cardio-
vascular instability and decreasing BP may negatively affect 
both	macro-	 and	micro-circulation	 [28] and consequently 
the gas exchanges at a tissue level, thus resulting in a varia-
tion in SO2. In the critical care setting, the so-called “mixed 
venous oxygen saturation” (SvO2), is a crucial parameter 
for	hemodynamic	monitoring	[15–18]. However, its use is 
limited because of the need for a pulmonary artery catheter. 
A good correlation has been demonstrated between SvO2 
and SO2	measured	in	blood	from	a	central	vein	[29]. Thus, 
SO2 measured on central venous blood sampling may rep-
resent	 a	 surrogate	marker	 of	 cardiac	 output	 [18]. Moving 
to	the	specific	context	of	dialysis,	continuous	non-invasive	

AVF	and	a	high	percentage	of	arterial	blood,	witnessed	by	
initial values of SO2 ≥95	%,	the	improvement	was	signifi-
cant in comparison to the whole data set (AUC≥ 95 = 0.739, 
p = 0.03, Table 2). In this case, the best compromise between 
sensitivity	 and	 specificity	 resulted	 in	 a	 SO2SD threshold 
equal to 1.67 % (SS = 71 % CI95 %	59–83,	Sp	= 67 % CI95 % 
61–73).	 The	 resulting	AT	 was	 102	± 53 min. In sessions 
with the highest SO2 initial values (≥97 %), the ST-SO2var 
predictive power further increased (Table 2; Fig. 4a): at an 
SO2SD	cut-off	value	of	1.68	%	both	sensitivity	and	specific-
ity reached 75 % (CI95 %	58–92	and	68–82,	respectively).	In	
this case, the AT decreased to 93 ± 55 min.

On applying MT-SO2var	 analysis	 to	 the	AVF	 and	CVC	
subgroups, hypotension prediction proved better in the 
CVC	than	in	the	AVF	group	(Fig.	4b).	In	the	CVC	group,	
setting a threshold equal to −2.78 %, sensitivity was 62 % 
(CI95 %	 54–70)	while	 specificity	was	 62	%	 (CI95 %	 57–67),	
AT further reduced to 58 ± 40 min.

Discussion

This study shows that the variations in the SO2 signal mea-
sured on the extracorporeal blood during HD are asso-
ciated with IDH and could have predictive value for its 
onset,	 especially	 in	 patients	with	 a	 highly	 arterialized	fis-
tula (SO2 > 95 %). Intradialytic acute hypotension events 
are often sudden and unpredictable, although in clinical 
practice skilled nurses may sometimes predict IDH on the 

Fig. 3 ROC curves for hypotension detection based on short- (panel a)  
and medium-term (panel b) SO2 variability. In the short-term vari-
ability analysis, the area under the curve (AUC) was 0.652 (CI 95 % 
0.615–0.687).	To	obtain	a	good	compromise	between	sensitivity	 (S)	
and	specificity	(Sp),	the	threshold	value	was	chosen	equal	to	1.95	%.	
In the medium-term variation analysis, the AUC was 0.625 (CI 95 %, 
0.587–0.663)	and	the	threshold	chosen	as	a	good	compromise	between	

sensitivity	and	specificity	was	−1.14	%.	Sensitivity	(S)	and	specificity	
(Sp) are shown for SO2 SD (expression of short-term variability) and 
∆SO2 (expression of medium-term variations) threshold values equal 
to 1.95 and −1.14 %, respectively (grey circles). ROC receiver operat-
ing characteristic, AUC area under the curve. For other abbreviations, 
see	previous	figures
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cause a rapid change in SO2 when hypovolemia appears. 
In this situation, an analysis like SO2 short-term variability 
is probably the kind that may best capture the rapid hemo-
dynamic phenomena. Thus, the sensitivity of ST-SO2var 
improves with the O2 concentration increase, an expression 
of the degree of arterialization.

Instead,	in	pure	venous	blood	from	a	CVC,	SO2 changes 
are slower and belated, probably because central SO2 suf-
fers the consequences of peripheral O2 extraction. The slow 
reduction in SO2	 might	 reflect	 a	 progressive	 intradialytic	
decrease in cardiac output, leading to acute hypotension and 
tissue hypoperfusion, with consequent high O2 extraction 
by the tissues and a decrease in central SO2.

Hence,	when	considering	blood	from	a	CVC,	 the	SO2 
variations may be captured best with an analysis working 
on the slow variation, in agreement with observations by 
Cordtz	et	al.	[19], but with a different mathematical analy-
sis based on the vascular access. Likewise, Solem et al. 
[30], predicted the importance of measuring oxygen satu-
ration in HD. However, this study, carried out on few ses-
sions and patients, is based on a pulse oximetry device, a 
tool which, though non-invasive, is not well tolerated by 
patients	 because	 it	 has	 to	 be	 clipped	 onto	 the	 fingers	 of	
the hand contralateral to the vascular access, thus imped-
ing movements. Moreover, a pulse-oximeter placed on a 
fingertip	 is	highly	affected	by	vascular	stiffness,	and	can	
thus provide unreliable measurements. By contrast, our 
data were obtained by a completely non-invasive optical 
sensor placed on blood lines, not irritating to the patient 
and not affected by signal distortion due to the pathology 
of the peripheral vascular tree. In our analysis we did not 
find	any	patient-specific	factor	 related	 to	failed	measure-
ments by the SO2 sensor. They were only related to some 
offset affecting the sensor/measurement system, which 

monitoring of SO2 in hypotension-prone patients with a 
CVC	might	 be	 a	 convenient	 and	 simple	 way	 to	 evaluate	
the cardiac output dynamics in response to dialysis. By 
contrast, SO2	 measured	 in	 blood	 from	 an	AVF	 is	 mainly	
affected by the mixing of arterial and venous blood which 
determines	the	final	saturation.	Arterialization	implies	that	
SO2	in	an	AVF	is	highly	affected	by	the	respiratory	function.	
In a dynamic situation like the HD session, where biochemi-
cal as well as hemodynamic and respiratory phenomena are 
continuously changing, the instant value of SO2 is likewise 
expected to change frequently in the short term.

In effect, in our study the association with IDH was 
stronger for SO2 short-term variability in sessions with an 
AVF,	and	for	SO2 medium-term variations in sessions with a 
CVC.	About	this	discrepancy,	we	can	only	conjecture,	bear-
ing in mind the different implications of SO2 measured in 
the	arteriovenous	blood	of	an	AVF	or	in	blood	drawn	from	
the	 right	atrium	with	a	CVC.	 In	highly	arterialized	AVFs,	
the presence of a high percentage of arterial blood may 

Table 2 Predictive performance (area under the curve, AUC CI 95 %) 
of SO2	short-term	variability	in	patients	with	AVF	or	CVC

Groups	(AVF/CVC) HD sessions 
(n)

AUC CI95 %

All patients 1290 0.652 0.615–0.687
AVF 721 0.664 0.602–0.718
SO2_I ≥95 % 318 0.739a 0.660–0.803
SO2_I ≥97 % 176 0.825a,b 0.716–0.894
CVC 569 0.575a,b 0.522–0.623

AVF	arteriovenous	fistula,	CVC central venous catheter, SO2_I initial 
SO2
ap < 0.05 versus all patients
bp <	0.05	versus	AVF	group

Fig. 4 ROC curves for hypotension prediction based on SO2 short- (a) and medium-term (b) variations, depending on the vascular access. AVF 
arteriovenous	fistula,	CVC central venous catheter, SO2_I, initial SO2. See Table 2 for AUC values
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Another strength of our study is the large number of 
hypotension-prone patients involved and the high number 
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that even hypotension-prone patients do not present IDH in 
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more clinically relevant target than simple recognition of 
hypotension-prone and hypotension-resistant patients, as 
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Although the estimated global predictive performances 
are	 promising,	 there	 is	 room	 for	 improvement.	 The	 first	
problem to face is striking the most appropriate compro-
mise	between	sensitivity	and	specificity.	In	clinical	practice	
this means the possibility to tune the acceptable rate of any 
false alarms. Obviously, by increasing the alarm threshold it 
would be possible to decrease the total number of unneces-
sary interventions at the cost of reducing the percentage of 
correct predictions.

Inevitably, due to the multifactorial nature of IDH, a 
single parameter could never have absolute predictive 
capacity and an AUC >0.8 is generally required for clinical 
relevance. For this reason, SO2 variability analysis could be 
integrated into a multiparameter control system, managing 
other	variables	as	well,	 such	as	heart	 rate	or	BV	changes,	
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The main limitation of our study is that some important 
measurements like cardiac output and peripheral vascular 
resistance could not be measured.

In conclusion, SO2 variability would seem to stand con-
firmed	as	 a	parameter	 associated	with	hypotension	events	
during	 HD,	 albeit	 with	 specific	 differences	 based	 on	 the	
vascular	access	type	(AVF	or	CVC).	Larger	studies	are	war-
ranted	to	confirm	these	results	and	investigate	the	predictive	
power of SO2 behavior on hypotension onset, reduction of 
which could positively impact on morbidity and mortality.
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