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Systolic pressure variation (SPV) and its dDown component have been shown to be sensitive
factors in estimating intravascular volume in patients undergoing mechanical ventilation. In this
study, ventilation-induced changes in pulse oximeter plethysmographic waveform were evaluated
after removal and after reinfusion of 10% estimated blood volume. The plethysmographic
waveform variation (SPV,e;) was measured as the difference between maximal and minimal
peaks of waveform during the ventilatory cycle, and expressed as a percentage of the signal
amplitude during apnoea. dUp, e, and dDown e were measured as the distance between the
apnoeic plateau and the maximal or minimal plethysmographic systolic waveform, respectively.
Intravascular volume was changed by removal of 10% of estimated blood volume and followed
by equal volume replacement with Haemaccel. A 10% decrease in blood volume increased
SPV,jec from mean 17.0 (sD 11.8)% to 31.6 (28.0)% (P=0.005) and dDown. from 8.7 (5.1)%
to 20.5 (12.9)% (P=0.0005) compared with baseline. Changes in plethysmographic waveform
correlated with changes in arterial SPV and dDown (r=0.85; P=0.0009). In the absence
of invasive arterial pressure monitoring, ventilation-induced waveform variability of the
plethysmographic signal measured from pulse oximetry is a useful tool in the detection of mild
hypovolaemia.
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Clinical estimation of intravascular volume is a cruciahssessment, and therefore it is not quantitafivéNot

and common issue in the management of patients duringlike the arterial signal, the plethysmographic signal is
anaesthesia and intensive care. The waveform variability efiaracterized by two waveforms: a fast one, which results
systolic arterial pressure during positive pressure ventilatiodiiom heart stroke volume, and a second, slow frequency
termed systolic pressure variation (SPV), has been showaveform, which is synchronous with respiration. Estima-
to be useful in estimating different haemodynamic condifon of intravascular blood volume using the plethysmo-
tions!~* SPV and its dDown component have been foungraphic signal has been suggested in previous studies;
to correlate well with variables that estimate heart preloaghwever, these studies were not conducted under controlled
(pulmonary artery occlusion pressure (PAOP) and leffaemodynamic conditiorid.2

ventricular end-diastolic volumé)? In addition, SPV and  \We have assessed ventilation-induced variations in the
dDown changes correlated with changes in cardiac outjiflse oximetric plethysmographic waveform signal in
in patients undergoing spinal surgéryhe main limitation patients undergoing controlled intravascular volume

of this method is that it requires the use of an intra'arteri@hangeS, and Compared these findings with those obtained
cannula, an invasive procedure associated with multinlging arterial waveform analysis.

complications’—®
In addition to oxygen saturation values, the pulse oximeter .
displays the plethysmographic waveform of the pulse signilatients and methods
The plethysmographic waveform represents changes We studied 12 anaesthetized patients (eight females, four
blood volume. This waveform has no absolute value fanales, median age 16.6 (range 13-31) yr, median weight
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Pulse oximetric plethysmographic waveform variation

dDown dUp Apnoea

53.2 6D 9.1) kg) with progressive adolescent idiopathic 150 -
scoliosis (ASA I-11) undergoing instrumental posterior spine

fusion involving haemodilution. The study was approved _ 9
by the Institutional Human Investigation Committee, and p’t‘gsesfﬁg E
verbal informed consent was obtained from all patients and g

<

their parents. Patients were premedicated with morphine
0.1 mg kgti.m. and diazepam 0.2 mg Kkprally. Anaesthe- oL
sia was induced with penthotal 5 mg®&@nd vecuronium

0.1 mg kgl and maintained with 050.1% isoflurane and Fig 1 Arterial pressure (AP) waveform analysis. The horizontal line

70% nitrous oxide in oxygen. Patients’ lungs were ventilatéDE'Jd'Cates Sysw"‘f arterial pressure d“”ng apnoea. dDown is the d'ﬁ.erence
etween apnoeic and minimal systolic arterial pressure. dUp is the

with a tidal volume of 10 ml kgl at a frequency of 8-10 difference between maximal and apnoeic systolic arterial pressure. Systolic
bpm adjusted to maintain end-tidal carbon dioxide partiglessure variation (SPV) is the difference between maximal and minimal
pressure at 4.0-4.7 kPa. In addition to standard monitorirsgstolic arterial pressure.

patients were monitored with a radial artery catheter

(Venflon 20G, Ohmeda AB, Heisingborg, Sweden) and a

pulmonary artery catheter (Arrow 7F, Pennsylvania, USA).

All haemodynamic variables and waveforms were obtained  Pulse oximeter

A D E Apnoea C

il

L

li

i

!

from a Datex AS-3 monitor and printer (Datex, Helsinki, plemsg}g?éaph mm . Wi

Finland). Cardiac output was measured by thermodilution LERLAN TR B

in triplicate, and all thermodilution curves were checked o S

before the cardiac output value was obtained. The mean " 10s

value of three measurements with a variability of less th% 2 Plethysmographic waveform analysis. A: dDgyis the distance
15% was accepted. between the minimal peak to the apnoeic plateau. B: Signal amplitude

Patients were in the supine position with the arms aiiring apnoea. C: Apnoeic plateau. D: djdpis the distance between the
axillary level. Baseline variables were recorded 30—-60 mingximal peak to the apnoeic plateau. E: $BMs the distance between
after induction of anaesthesia and then 10% of the patienft'@Ximal and minimal waveform peaks.
estimated blood volume was drained passively into a blood
donation bag over 10 min. After 5 min, a further set odred during five consecutive mechanical breaths before
recordings were made. Haemaccel (3.5% gelatin solutiGiPnoea, and the mean value was obtained for analysis. All
Behringwerke AG, Marburg, Germany) was then given igther variables were measured in the last ventilatory cycle
a volume equal to shed blood over 10 min. After aRefore apnoea (so that SPV is not the sum of dUp and
additional 5 min, a third set of measurements and wavefori@®0wn). During the study, the gain of the plethysmographic
were recorded. No vasoactive drugs were used during t@veform signal remained unchanged, as the Datex AS-3

entire study. Autologous blood was re-transfused |atgponitor enables a choice between manual and automatic
during surgery. gain control.

Waveform analysis Statistical analysis

All waveforms and variables were calculated using pap¥glues after blood donation were compared with baseline

records obtained from the Datex AS-3 recorder. Arteriylues, and the variables after infusion of Haemaccel

SPV was measured as the difference between maximal avere compared with values obtained after blood donation.

minimal systolic arterial pressure. dUp and dDown wereomparison of values was performed using the Wilcoxon

measured as the difference between maximal inspiratdi@ned rank test. The plethysmographic waveform changes

and minimal expiratory systolic arterial pressures relativgere compared with corresponding changes in the arterial

to systolic arterial pressure during short apnoea (Fig. 1).waveform using the Spearman correlation test. Statistical
The plethysmographic SPV (SBM) was measured as significance was determined@s.0.025. Data are presented

the vertical distance between maximal and minimal peaR§ mean<p).

of waveforms during the ventilatory cycle and expressed

as a percentage of the amplitude of the plethysmograpfResults

signal during apnoea (Fig. 2). The plethysmographic dU .

(dUpye) and plethysmographic dDown (dDoyyg) were lood volume reduction

measured as the vertical distance between the apnoBm percent loss of estimated blood volume resulted in

plateau and the maximal or minimal plethysmographiocreased heart rate without changes in mean arterial pres-

systolic peaks, respectively. Because the plethysmographice (Table 1). Central venous pressure and PAOP decreased

waveform has no units, we calculated the plethysmograplatter blood donation. Although cardiac output did not

waveform variables (dUp and dDownye) as a percentage decrease, stroke volume decreased significantly (Table 1).

of apnoeic amplitude height. SPV and SRMvere meas- Values of SPV and dDown, in both arterial and plethysmo-
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Fig 3 Arterial and plethysmographic waveform change. An example of arterial and plethysmographic waveform changes secondary to hypovolaemia.
The horizontal line indicates the plethysmographic systolic signal during apnoea and apnoeic arterial pressure. Baseline: SPV 5.9 mm Hg, dDown
0 mm Hg, SPYjet 15.8%, dDowpe; 5.3%. Hypovolaemia (after removal of 10% of estimated blood volume): SPV 8.26 mm Hg, dDown 5.3 mm Hg,
SP\jjet 33%, dDowRjer 22%.

Table 1 Haemodynamic variables during haemodilution (measD)(  did not change significantly. Packed cell volume remained

Hypovolaemia=After removal of 10% of estimated blood volume; h d after blood d ti
Replacementafter Haemaccel infusion; C\central venous pressure; unchanged arter bloo onaton.

PAOP=pulmonary artery occlusion pressure; PEpacked cell volume; SP¥

systolic pressure variation; SBM=plethysmographic systolic pressure

variation; dDowpe=plethysmographic dDown; dp=plethysmographic Blood volume replacement

dUp. *P<0.025, hypovolaemia compared with baseline, and replacemepffter volume rep|acement with HaemacceL heart rate

compared with hypovolaemia decreased while arterial pressure remained unchanged

Variable Baseline  Hypovolaemia Replacement (Table 1). Although volume replacement with Haemaccel
9y © o 67067 740 ©5) 650 (7.0 was equal in volume to donated blood, central venous
eart rate (beat m . . . .6)* . A)* . .

Mean arterial pressure (mm Hg) 62.0 (9.0)  62.8 (13.0) 66.7 (14.0) Pressure, PA.OP, stroke volume and cardiac output increased
CVP (mm Hg) 7.0(3.9) 5.7 (4.0 9.0 (5.0 above baseline values (Table 1). SRY dDowrye, SPV
PAOP (mm Hg) o 8.8 (4.0) 6.1 (400 10.8 (5-11* and dDown decreased (Table 1), although the changes in
Sarclac output ((r']'flrf mir) 2'18.2((2'192.9) 3 5(0('16‘)1.0)* >0 él('gglﬁ)* these two waveforms did not correlate well (Table 2). There
PCV (%) 34.3(4.3) 34.7(3.7) 307 (4.0  were no significant changes in dUp and gllas a result

SPV (mm Hg) 6.7(27) 96 (3-2): 6.0 (2-2): of volume replacement. Packed cell volume decreased
gggvzfnémﬁ?g? ? ifg 83)) gfg ((251,; 411'_:—, (é% significantly after volume replacement with Haemaccel
SPVpier (%) 17.0 (11.8) 316 (28.0* 127 (7.9 from 34.3 (4.3)% to 30.7 (4.0)%P&0.0034).

dDoWmye (%) 8.7 (5.1) 20.5 (12.9)* 7.3 (6.3)

dUpyer (%) 9.9 (10.1) 6.8 (9.4) 6.9 (6.4)

Discussion

Table 2 Spearman correlation coefficient between the change in arterial aﬂ—che _pUIse_ oximeter is a_s_tandard mon_itor in a_naeStheSia
plethysmographic waveforms. Hypovolaemiahanges after removal of 10% and intensive care. In addition to monitoring arterial oxygen
of estimated blood volume compared with baseline; Replaceswhanges saturation, the pulse oximeter displays the plethysmographic

after Haemaccel infusion compared with baseline; gR¥plethysmographic R . ? K
systolic pressure variation; dDowg=plethysmographic dDown; dyp—= Waveform of the signal. In this group of patients, mild

plethysmographic dUp; SP¥systolic pressure variation deliberate hypovolaemia caused a significant increase in
. SPVjerand its dDowpe; component. Although the mechan-
Hypovolaemia Replacement . . . L .
Variable r P r P ism of the ventilation-induced variability in plethysmo-
graphic signal is unclear, changes after blood loss were
Sg;’wn Sg}xt 8-*732 8-8229 g-j’g g-i; seen similarly in both plethysmographic and arterial wave-
dUp dUnﬂe?'et 021 052 —049 012 forms. The increase in both SPV and SRMvas mostly a

result of the increase in the dDown components of the
curves. This supports previous experimental and clinical
graphic waveforms, increased significantly after blood wittdata that showed that the SPV increase during hypovolaemia
drawal (Table 1, Fig. 3). Changes in the plethysmographicas caused only by the dDown compon&stSPV and its
waveform after blood withdrawal correlated well withdDown component of the arterial waveform give an accurate
corresponding changes in the arterial waveform. The castimation of cardiac prelodd® Both arterial and plethys-
relation was significant for both SR and its dDowge; mographic waveforms express stroke volume, and their
component (Table 2). The dUp component of both curvessual similarity is so obvious that there have been several
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attempts to estimate haemodynamic changes by analysadglition, we have studied only young healthy individuals
changes in plethysmographic wavefotn!? The main and our results refer to this population only.
problem in the analysis of the plethysmographic waveform In summary, we have demonstrated that decreased preload
is quantification of the signal. There are no units bgesulted in waveform variation of the plethysmographic
which to measure the plethysmographic sigdPartridge signal similar to the variation observed in the arterial
measured SP).; (in mm) from the printed output, but waveform. Studies to assess ventilation-induced plethysmo-
the scale of the signal was adapted automatically whigiaphic waveforms during volume replacement, and in
complicated signal analyst$ We used the amplitude of thedifferent haemodynamic conditions, are needed. Respir-
plethysmographic signal during apnoea as a standard &ory-induced waveform variability of the pulse oximetric
calculating waveform variability. All plethysmographic vari-plethysmographic signal is a useful measurement in the
ables were expressed as a percentage of this value (Fig.dgtection of mild hypovolaemia.
This allowed us to measure ventilation-induced variability
relative to the most stable signal amplitude (one record&eferences
during a short apnoeic period) and thus to compare values Perel A, Pizov R, Cotev S. Systolic pressure variation: a sensitive
between patients despite the lack of units. indicator of hypovolemia in ventilated dogs subjected to graded

The mechanism of the increased dDown during hypo- hemorrhage. Anesthesiology 1987; 67: 498-502
volaemia has been explained by increased sensitivity of Pizov R, Ya'ary Y, Perel A. Systolic pressure variation is greater
heart stroke volume to respiratory-induced fluctuations in 9uring hemorrhage than during sodium nitroprusside induced

113 . . hypotension in ventilated dogs. Anesth Analg 1988; 67: 170—4
preload: ** Whether the same explanation can be app“eq Coriat P, Vrillon M, Perel A, et al. A comparison of systolic pressure
to the plethysmographic curve is unclear. The plethySmo- yariations and echocardiographic estimates of end diastolic left
graphic signal was found to be very sensitive to vasocon- ventricular size in patients after aortic surgery. Anesth Analg 1994;
striction, which makes it a less accurate expression of 78: 46-53
changes in stroke volume than the arterial wavefétrA. 4 Rooke GA, Schwid HA, Shapira Y. The effect of graded
more accurate analysis of the changes in p|ethysmographichemorrhage.ar?d ihtravascular v?lume replécement on systolic
signal was beyond the scope of our study. pres§ur.e variation in humans during mechanical and spontaneous
o . ventilation. Anesth Analg 1995; 80: 925-32

The degree of hypovolaemia induced in our study Caly Marik PE. The systolic blood pressure variation as an indicator of
be defined as milét! Although our patients were anaesthet- pulmonary capillary wedge pressure in ventilated patients. Anaesth
ized, this mild hypovolaemia caused an increase in heart intensive Care 1993; 21: 405-8
rate that kept cardiac output at the same level, although Pizov R, Segal E, Kaplan L, et al. The use of systolic pressure
stroke volume and PAOP decreased significantly. Statist- variation in hemodynamic ~monitoring during deliberate
ically there was a change in central venous pressure aftg;rgYF;‘;’tezsw}: '"éP'"elfursieW-J Cf”” Anesth 1990; 2: 9‘(’;"00
blood donation, but the change was not clinically important, - oo, " ~omplications of percutaneous radial artery

. . . . . . cannulation. An objective prospective study in man. Anesthesiology

and this haemodynamic variable is still considered less |973. 38. 22836
sensitive than arterial waveform variability in diagnosings Gillies ID. The nature and incidence of complications of peripheral
mild hypovolaemid. & artery puncture. Anaesthesia 1979; 34: 506-9

Our study supports previous observations which foun@ Jones RM. The effect of method of radial artery cannulation on
that volume replacement with Haemaccel resulted in a Post cannulation blood flow and thrombus formation.
haemodynamic condition very different from baseling ﬁl”f“hesm"’gy 1981; 55: 76-8 _ ,

L. . . ijpoer JA, Dorlas JC, Mahieu HF. Photoelectric
COI’IdItIOf?S,' a phenom,enon known as acute isovolaemic plethysmographicy—some fundamental aspects of the reflection
haemodilution> ¢ Cardiac output, central venous pressure  anq transmission method. Clin Physiol Measurement 1981; 2: 205
and PAOP increased to values greater than baseline. Til€Partridge BL. Use of pulse oximetry as a noninvasive indicator of
arterial waveform recovered to baseline values as a result intravascular volume status. J Clin Monit 1987; 3: 263-8
of infusion of Haemaccel. Although volume replacemeri2 Dorlas JC, Nijboer JA. Photoelectric plethysmographicy as a
returned SPMet and dDOWfﬂlet to values similar to baseline, monitoring device in anaest.hesia. Br | Anaesth 1985; 573 524-30
there was no correlation between the magnitude of chand@sRoPotham JL. Cherry D, Mitzner W, et al. A re-evaluation of the
in the arterial and plethysmographic waveforms after volume hem.Ody.nam's it c.)f "fterm'ttent positive pressure

ventilation. Crit Care Med 1983; I 1: 783-93
replacement with Haemaccel (Table 2). This may bgy sym Ping ST, Stene JK, Grande CM. Anesthesia for trauma. In:
explained by the high sensitivity and variability of the Rogers MC, Tinker JH, Corino BG, Longlecker DE, eds. Principles
plethysmographic signal to humoral and neurogenic and Practice of Anesthesiology. Missouri: Mosby Year Book, 1993;
factors!? 2221 .
Although Sp\élet and dDOW'BIet are defined in a fashion 15 Spahn DR, Lepne BJ, Reves .JG, Pasc.h T. Cardlc?vascular fmd
comparable with the definition of arterial SPV, the two SPV coronary physiology of acute isovolemic hemodilution: A review

R . of nonoxygen-carrying and oxygen carrying solutions. Anesth Anal,
components are not truly comparable. The difference in |gg4. 78?%000_2?' & 8 e ¢

their calculation could influence the ability of SRMt0 16 Feldman JM, Roth JV, Bjoraker DG. Maximum blood saving by
predict arterial SPV or the presence of hypovolaemia. In acute normovolemic hemodilution. Anesth Analg 1995; 80: 108—13
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