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Abstract— We describe a novel algorithm to estimate the
pulse pressure variation index (PPV) from arterial blood
pressure signals (ABP). PPV has been shown to be one of
the best predictors of fluid responsiveness in mechanically
ventilated subjects. Our PPV algorithm uses a non-linear
technique for envelope estimation, eliminating the need for
automatic beat detection. Additionally, the algorithm makes use
of nonparametric spectral techniques to extract the respiratory
rate, and a median filter for artifact removal. The algorithm
was validated against the continuous PPV output obtained
from the commercially available PiCCO R© system and gold
standard expert PPV manual annotations. The data consists
of ABP taken from subjects who experienced rapid changes
in hemodynamics. This data comprised over six hours of
continuous ABP monitoring.

Index Terms— Pulse pressure variation index (PPV), stroke
volume variation index (SVV), PiCCO R© , pulse contour anal-
ysis, hemodynamic monitoring, fluid responsiveness.

I. INTRODUCTION

WE describe a new algorithm for PPV estimation from

ABP signals. PPV has been shown to have strong

correlation to fluid responsiveness in mechanically ventilated

subjects with acute respiratory failure related to sepsis [1].

Another study indicated that PPV was a good predictor of

change in stroke volume index related to fluid replacement in

subjects before off pump coronary artery bypass grafting [2].

Numerous other studies have indicated that PPV is one

of the most reliable predictors of fluid responsiveness in

mechanically ventilated subjects [3]–[11].

Currently, there are few algorithms publicly available

for PPV estimation. In [12] a method is proposed, but

this algorithm was validated only on synthetic signals. In

addition, this method was based on automatic beat detection

algorithms. The other available options for PPV estimation

are commercial devices that offer pulse contour analysis

and continuous hemodynamic monitoring. Unfortunately, the

algorithms used in these devices are proprietary and lack the

capability of analyzing data that has been prerecorded.

In this paper we describe an algorithm that avoids the use

of automatic beat detection algorithms [13]. We compare

our algorithm against both ”golden-standard” data points

annotated by trained experts and the continuous PPV output

of the PiCCO R© system. We show that during periods of

static hemodynamics, the PiCCO R© output and the proposed

algorithm are in agreement. However, during periods of rapid

hemodynamic changes, the commercially available system
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fails to correctly track PPV. Our algorithm is shown to remain

effective during periods of abrupt hemodynamic changes and

robust to artifacts.

II. ALGORITHM DESCRIPTION

In this section we provide a detailed description of the

proposed PPV estimation algorithm.

A. Step 1: Envelope Extraction

The ABP signal is preprocessed to remove the mean and

shift the signal according to the following relationships,

y1(n) = x(n) −
∑L

k=l x(k)
(L − l)(1 − α)

(1)

y2(n) = x(n) −
∑L

k=l x(k)
(L − l)(1 + α)

(2)

where w = L−l is the user–specified window and 0 ≤ α < 1
is a user specified parameter, corresponding to a shift about

the x-axis. After the mean is removed, a nonlinear filter is

applied to extract the envelopes. This nonlinear filter ζ{·} is

specified as follows,

eu(n) =

⎧⎪⎨
⎪⎩

0 if y(n) ≤ 0
y1(n) if y(n) ≥ y(n − 1)
y1(n − 1) otherwise

(3)

el(n) =

⎧⎪⎨
⎪⎩

0 if y(n) ≥ 0
y2(n) if y(n) ≤ y(n − 1)
y2(n − 1) otherwise.

(4)

This nonlinear operation has many applications. It can be

used to eliminate the dependence on automatic beat detection

algorithms in situations where the exact time location of

the detection point is not required. In our case, we used

this nonlinear operation to estimate the upper and lower

envelopes without automatic beat detection. The peak and

trough values in the ABP signal are detected indirectly,

removing the dependence on beat detection. This is because

our algorithm does not require knowledge of the exact time

indices corresponding to these points. Fig. 1 illustrates the

application of this nonlinear operation. The next step involves

adding the local mean according to:

eu(n) = eu(n) +
∑L

k=l x(k)
(L − l)(1 − α)

(5)

le(n) = le(n) +
∑L

k=l x(k)
(L − l)(1 + α)

. (6)

Proceedings of the 28th IEEE
EMBS Annual International Conference
New York City, USA, Aug 30-Sept 3, 2006

ThBP14.11

1-4244-0033-3/06/$20.00 ©2006 IEEE. 1391



36 37 38 39 40 41 42
−20

−10

0

10

20

30

40
A

rt
er

ia
l P

re
ss

ur
e,

 M
ea

n 
R

em
ov

ed
(m

m
H

g)

Time (s) 

Fig. 1. Result of applying the non-linear operation ζ{·} to extract the
upper(dotted) and lower(dashed) envelopes.

B. Step 2: Respiratory Rate Estimation

After the envelopes have been extracted, a pulse pressure

signal pi(n) is constructed through an iterative process

according to the following relationships:

pi(n) =

{
eu(n) − el(n) for eu(n) �= el(n) �= 0
0 otherwise

(7)

and

p(n) =

{
pi(n) if pi(n) �= 0
pi(n − 1) otherwise.

(8)

An example of the pulse pressure signal p(n) obtained after

this operation is shown in Fig. 2 for illustration purposes.

After obtaining the pulse pressure signal p(n), the algorithm

estimates the respiratory frequency according to:

fr =
fs

N
arg max

0≤k≤N
2 −1

∣∣∣∣∣
L−1∑
n=0

(
p(n) −

∑L−1
l=0 p(l)

L

)
e−j( 2π

N )kn

∣∣∣∣∣
(9)

where L is the length of the user specified window, fs is

the sampling frequency, and N corresponds to the number

of points to evaluate the frequency (user-specified).

C. Step 3: Pulse Pressure Variation Estimation

A pulse pressure matrix P = (p1,p2, . . . , pN ) is created

by segmenting the vector p, where:

pi = (p(i), p(i + 1), . . . , p(i + m)) (10)

with m = fs

fr
− 1 and N equal to the number of segments

in the signal. PPV is calculated from P according to:

Δpj = 2
maxpj − minpj

maxpj + minpj
. (11)

Finally, the proposed algorithm uses a median filter of length

wl to smooth the Δpj estimates and remove outliers due to

artifacts.
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Fig. 2. Example of pulse pressure signal p(n) during two respiratory
cycles(bottom) and the corresponding ABP signal segment(top).

III. ALGORITHM DEVELOPMENT AND VALIDATION

The proposed algorithm was applied prospectively to 6

hours of ABP data obtained from subjects in the Animal

Laboratory at the Oregon Health and Science University

(Portland, OR, USA). These subjects experienced abrupt

changes in hemodynamics due to severe blood loss. The

algorithm was compared to the resulting PPV output from

the PICCO R© system (Pulsion Medical Systems, Germany)

on the same subjects. Five “gold–standard” data points were

manually annotated by trained experts. These gold–standard

PPV calculations were annotated as follows: 1 immediately

before the abrupt hemodynamic change corresponding to

injury, 3 during the intermediate region between hemody-

namic changes, and one following the hemodynamic change

corresponding to subject recovery.

IV. RESULTS AND DISCUSSION

Figs. 3 and 4 show the results of the proposed algorithm

versus the commercially available PiCCO R© system. Each

figure shows the ABP signal from the subject (top), the

PiCCO R© system PPV output in light gray, the proposed

algorithm results in dark gray, and the ”golden-standard”

points in black (bottom). As shown in both figures, during

periods of relatively static hemodynamics, both the proposed

algorithm and the PiCCO R© system PPV estimates match.

Note that the during the period of abrupt hemodynamic

changes, the proposed algorithm tracks the PPV value much

better than the commercially available device. In subject one

(fig. 3), every ”golden-standard” point was matched by the

estimated value of the proposed algorithm. In subject two

(fig. 4), four of the five “gold-standard points” were correctly

estimated. Also, the single under-estimation was much closer

than the PiCCO R© system estimate. In addition, the artifacts

present in the ABP signals in each subject tend to cause

a failure in the commercially available system. Figs. 3 and

4, clearly show the proposed algorithm is more robust to
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Fig. 3. Arterial Blood Pressure reading from subject 1 (top). PiCCO R©
PPV output in light gray, proposed algorithm PPV output in dark gray, and
”golden-standard” points in black (bottom).

artifacts, and also provides a more accurate estimation of

PPV. Finally, since the PiCCO R© algorithm is proprietary, the

proposed algorithm presents the advantage of being publicly

available.

V. CONCLUSION

We provided a detailed description of a novel algorithm

for PPV estimation. The algorithm was assessed on over six

hours of ABP data, both against a commercially available

system for hemodynamic monitoring and against “gold-

standard” points annotated by trained experts. The results

provided strong evidence to support the robustness and

efficacy of the proposed algorithm. In addition, the ability

of this algorithm to accurately estimate PPV during periods

of drastic changes in hemodynamics was illustrated. This

is in contrast to the inability of the commercially available

system to track PPV during abrupt hemodynamic changes.

REFERENCES

[1] F. Michard and J.-L. Teboul, “Predicting fluid responsiveness in ICU
patients: a critical analysis of the evidence.” Chest, vol. 121, no. 6,
pp. 2000–8, Jun 2002.

[2] C. K. Hofer, S. M. Müller, L. Furrer, R. Klaghofer, M. Genoni,
and A. Zollinger, “Stroke volume and pulse pressure variation for
prediction of fluid responsiveness in patients undergoing off-pump
coronary artery bypass grafting.” Chest, vol. 128, no. 2, pp. 848–54,
Aug 2005. [Online]. Available: http://dx.doi.org/10.1378/chest.128.2.
848

[3] A. Kramer, D. Zygun, H. Hawes, P. Easton, and A. Ferland, “Pulse
pressure variation predicts fluid responsiveness following coronary
artery bypass surgery.” Chest, vol. 126, no. 5, pp. 1563–8, Nov 2004.
[Online]. Available: http://dx.doi.org/10.1378/chest.126.5.1563

[4] F. Michard, “Volume management using dynamic parameters: the
good, the bad, and the ugly.” Chest, vol. 128, no. 4, pp. 1902–3, Oct
2005. [Online]. Available: http://dx.doi.org/10.1378/chest.128.4.1902

[5] ——, “Changes in arterial pressure during mechanical ventilation.”
Anesthesiology, vol. 103, no. 2, pp. 419–28; quiz 449–5, Aug 2005.

[6] F. Michard, S. Alaya, V. Zarka, M. Bahloul, C. Richard, and J.-
L. Teboul, “Global end-diastolic volume as an indicator of cardiac
preload in patients with septic shock.” Chest, vol. 124, no. 5, pp.
1900–8, Nov 2003.

0 20 40 60 80 100 120 140 160 180 200
0

50

100

150

A
B

P
 (

m
m

H
g)

Time (min) 

0 20 40 60 80 100 120 140 160 180 200
0

20

40

60

80

100

P
P

V
 (

%
)

Time (min) 

Fig. 4. Arterial Blood Pressure reading from subject 2 (top). PiCCO R©
PPV output in light gray, proposed algorithm PPV output in dark gray, and
”golden-standard” points in black (bottom).

[7] F. Michard, S. Boussat, D. Chemla, N. Anguel, A. Mercat, Y. Lecar-
pentier, C. Richard, M. R. Pinsky, and J. L. Teboul, “Relation between
respiratory changes in arterial pulse pressure and fluid responsiveness
in septic patients with acute circulatory failure.” Am J Respir Crit Care
Med, vol. 162, no. 1, pp. 134–8, Jul 2000.

[8] F. Michard, D. Chemla, and J.-L. Teboul, “More respect for respiratory
variation in arterial pressure.” Am J Respir Crit Care Med, vol. 169,
no. 12, pp. 1333–4; author reply 1334, Jun 2004.

[9] F. Michard, A. Schachtrupp, and C. Toens, “Factors influencing the
estimation of extravascular lung water by transpulmonary thermodi-
lution in critically ill patients.” Crit Care Med, vol. 33, no. 6, pp.
1243–7, Jun 2005.

[10] F. Michard and U. Schmidt, “Prediction of fluid responsiveness:
searching for the Holy Grail.” J Appl Physiol, vol. 97, no. 2,
pp. 790–1; author reply 791, Aug 2004. [Online]. Available:
http://dx.doi.org/10.1152/japplphysiol.00021.2004

[11] F. Michard, J.-L. Teboul, and C. Richard, “Influence of tidal volume
on stroke volume variation. Does it really matter?” Intensive Care
Med, vol. 29, no. 9, p. 1613, Sep 2003. [Online]. Available:
http://dx.doi.org/10.1007/s00134-003-1886-9

[12] M. Aboy, J. McNames, T. Thong, C. R. Phillips, M. S. Ellenby,
and B. Goldstein, “A novel algorithm to estimate the pulse pressure
variation index deltaPP.” IEEE Trans Biomed Eng, vol. 51, no. 12, pp.
2198–203, Dec 2004.

[13] M. Aboy, J. McNames, T. Thong, D. Tsunami, M. S. Ellenby, and
B. Goldstein, “An automatic beat detection algorithm for pressure
signals.” IEEE Trans Biomed Eng, vol. 52, no. 10, pp. 1662–70, Oct
2005.

1393


	MAIN MENU
	Go to Previous Document
	CD-ROM Help
	Search CD-ROM
	Search Results
	Print


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 2.00333
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 2.00333
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00167
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents suitable for export to IEEE PDF eXpress. May 2005. PaperCept.)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


