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Abstract—Adults with obstructive sleep apnea syndrome 
(OSAS) are known to have impaired autonomic function but 
the corresponding effects in children appear to be more subtle. 
Model-based analysis of the cardiovascular response to cold 
face test (CFT) was used to quantify daytime autonomic 
dysfunction. The increase in transfer gain between respiration 
and RRI was not different between controls and OSAS. 
However, the transfer gain between “surrogate cardiac output” 
(pulse pressure ÷ R-R interval) and systolic blood pressure 
(SBP) and the transfer gain between cardiac output and SBP 
both increased significantly in controls but not in OSAS during 
CFT. These findings suggest that the parasympathetic function 
remains relatively normal in pediatric OSAS, but  
cardiovascular sympathetic reactivity is impaired.  
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I. INTRODUCTION

The diving reflex, elicited by face immersion or cold face 
stimulation, leads to both parasympathetically-mediated 
bradycardia and sympathetically-mediated increases in 
peripheral resistance [1,2,3]. We hypothesized that careful 
analysis of the cardiorespiratory responses to autonomic 
challenges, such as the cold face test, may provide a more 
sensitive means of detecting autonomic abnormality in 
pediatric OSAS. An existing closed-loop minimal model of 
cardiovascular variability [4], modified to incorporate time-
varying parameter changes, was used to estimate the transfer 
relations among respiration, beat-to-beat systolic blood 
pressure (SBP), surrogate cardiac output (SCO) or cardiac 
output (CO), and R-R interval (RRI) before and during CFT.  

II. METHODOLOGY 

A. Participants 
Ten pediatric patients with moderate-to-severe OSAS 

(apnea-hypopnea index = 21± 5.3/hour) before treatment of 
tonsillectomy and ten normal control were recruited. The 
average age of the OSAS group was 11.4 ± 0.5 yrs with a 
mean BMI of 25.7 ± 2 kg m-2, and the average age of the 
control group was 11.5 ± 0.9 yrs with a mean BMI of 18.3 ± 
0.8 kg m-2. None of them had history of lung disease, cardiac 
arrhythmia, congestive heart failure, or diabetes. The study 
was approved by the institutional review board of Childrens 
hospital Los Angeles. Written, informed consent was 
obtained from each subject before participation in the study. 

B. Experiment 
After 3 minutes of resting in supine wakefulness, a gel 

pack (cooled to 0° C) was placed on the subject’s forehead 
for 1 minute. During the experiment; noninvasive arterial 
blood pressure (arterial tonometer), electrocardiogram 
(ECG), CO (by impedance cardiography), and respiration air 
flow (pneumotachometer) were measured continuously. 

C. Preprocessing 
R-R intervals (RRI) were extracted from the ECG. SBP 

and Diastolic blood pressure (DBP) were extracted on a beat 
by beat basis. Instantaneous lung volume (ILV) was 
calculated from   respiration air flow. The thoracic 
impedance Z0 and its rate of change dZ/dt were measured 
continuously. From these parameters, stroke volume was 
estimated using the Kubicek equation [5], and CO was 
computed on a beat to beat basis by dividing stroke volume 
by RRI. Finally, each signal was detrended and uniformly 
resampled at 2 Hz. 

D. Model 
To characterize the interrelationships among respiration, 

RRI and SBP, a time-varying closed-loop model was used.  

Fig. 1. Model of the circulatory control system.  

In this model, fluctuations of RRI are influenced by SBP via 
the arterial baroreflex (ABR) mechanism and respiration via 
direct respiratory-cardiac coupling (RSA). Fluctuations in 
SBP are assumed to be influenced by changes in 
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intrathoracic pressure that result from respiration (DER), and 
by variations in cardiac output governed by the Frank-
Starling and Windkessel runoff effects (CID). In fact, if the 
peripheral resistance remains unchanged during each beat, 
the pulse pressure is roughly linearly correlated with stroke 
volume [6]. On this basis, we defined a new variable, the 
“surrogate cardiac output” (SCO), in the following way:  
at beat n,  

SCO(n) = PP(n) / RRI(n)                       (1) 

Changes in the gain of the CID transfer function (Fig.1) 
were assessed in two ways: (a) ΔSCO was used as the input 
to derive “CIDSCO gain”, (b) ΔCO was used as the input to 
the same transfer function to estimate “CIDCO gain”. 
Changes in CIDSCO gain and CIDCO gain were taken to 
reflect changes in peripheral resistance. Thus, both 
parameters were used as indices of sympathetic activity. 
From the model, variables are related by the following 
equations: 

            (2) 

            (3) 

where  M is the length of each impulse response, TRSA ,
TABR, and TCID are the latencies associated with the RSA, 
ABR, and CID, respectively, RRI(n) and SBP(n) represent 
residuals not accounted for by the model. 

The estimation of impulse responses of the two-input one-
output model was improved by computationally increasing 
the orthogonality between the respiration and other input. 
This was achieved by using an autoregressive model with 
exogenous input (ARX model) to "filter" out the respiration-
correlated component from other input before it was used as 
an input to the model [7].  

E.  Impulse response estimation 
The time-varying RSA and CID impulse responses were 

estimated using a technique that employs the Meixner 
expansion of kernel functions [8] and an algorithm based on 
the Recursive Least Squares (RLS) method [9]. Finally, the 
time-courses of the impulse response features - peak, LF 
gain (0.04-0.14 Hz), HF gain (0.15-0.4 Hz) and overall gain 
(0.04-0.4) - were calculated.    

F.  Statistical tests 
The percent change of each feature from “pre-CFT”, an 

average of one minute of feature before the test, was 
calculated. Subsequently, 2 minutes of the percent change of 
each feature was averaged every 5 seconds. Then two-way 

repeated measures ANOVA were performed where one 
factor was subject group (control vs OSAS) and the other 
factor was time from start of CFT.  

III. RESULTS

Mean SBP significantly increased during CFT in both
subject groups (Table 1). RRI in OSAS group significantly 
increased but was unchanged in control group. The 
consequences of CFT were that CIDSCO and CIDCO overall 
gain increased in controls but remained unchanged in OSAS, 
while RSA gain of both controls and OSAS increased (Table 
2 , Figure 2 and 3). 

TABLE I 
Summary of cardiovascular measures.

OSAS Control Cardiovascular 
Measure Mean ± SE Mean ± SE 
SBPPre (mmHg) 99.4±6.4 105.7±4.9 
SBPPost (mmHg) 102.3±6.5* 110.5±5.4*

RRIPre (ms) 797.6±37.6 787.0±38.2 
RRIPost (ms) 817.5±38.2* 798.9±30.9 

     Pre=1 min before CFT, Post= 1 min during CFT and 1 min after CFT,  
     * P<0.05 from Pre. 

TABLE II 
Estimates of percent change of model parameters and spectral indices 

OSAS Control P-values Features 
Mean± SE Mean±SE Group Time 

LF -1.1±3.3 33.0±5.7 0.086 0.182 
HF 0.8±3.9 40.8±7.2 0.042* 0.899 CIDSCO 

OA -1.1±3.1 35.7±5.7 0.041* 0.518 
LF 0.6±4.6 51.6±8.2 0.052 0.432 
HF -9.8±4.3 29±7.4 0.098 0.708 CIDCO 

OA -5±3.9 39±6.9 0.04* 0.342 
LF 84.0±11.9 94.2±16.0 0.842 0.010*

HF 30.5±6.9 50.1±10.1 0.554 0.086 RSA 
OA 56.3±8.8 68.1±12.2 0.767 0.020*

RRI HF 22.4±3.6 28.1±4.9 0.782 0.23 
RRI LHR -28.1±2.9 -17.9±3.6 0.512 <0.001*

SBP LF -32.5±3.8 -6.9±5 0.137 <0.001*

      OA= Overall Gain, * P<0.05. 
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Fig. 2. Mean and SE of percent change of RSA overall gain 
in control and OSAS group. 
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Fig. 3. Mean and SE of percent change of A) CIDSCO overall 
gain, and B) CIDCO overall gain in control and OSAS group. 

IV. DISCUSSION 

RSA gain, the index of parasympathetic activity, 
significantly increased in both groups. However, the 
sympathetic index, CID gain, significantly increased in 
control group but remained unchanged in OSAS. These 
findings suggest that parasympathetic function remains 
normal in pediatric OSAS, but the cardiovascular 
sympathetic response is impaired. 

We conclude that model-based analysis of the 
cardiovascular response to CFT is useful as a noninvasive 
tool for quantifying daytime autonomic dysfunction in 
children with OSAS. Moreover, assessment of CID transfer 
gain using CIDSCO and CIDCO gains led to similar results, 
suggesting that it is possible to perform this test without the 
need to directly measure cardiac output.  

REFERENCES

[1] J.P. Finley, J.F. Bonet, M.B. Waxman, "Autonomic pathways 
responsible for bradycardia on facial immersion," J. Appl. Physiol.: 
Respirat. Environ. Exercise Physiol., vol. 47, no.6, pp.1218-1222, 
1979.

[2] D.D. Heistad, F.M. Abboud, J.W. Eckatein, "Vasoconstrictor response 
to simulated diving in man," J. Appl. Physiol., vol. 25, no.5, pp.542-
549, 1968. 

[3] Y. Kawakami, B.H. Natelson, A.B. Dubois, "Cardiovascular effects of 
face immersion and factors affecting diving reflex in man," J. Appl 
Physiol., vol. 23, no. 6, pp.964-970, 1967. 

[4] V. Belozeroff, R. B. Berry, C. S. H. Sassoon and M. C. K. Khoo, 
"Effects of CPAP therapy on cardiovascular variability in obstructive 
sleep apnea: a close loop analysis", Am J Physiol Heart Circ Physiol,
vol. 282, pp. H110-H121, 2002. 

[5] W. G. Kubicek, J. N. Karnegis, R.P. Patterson, D.A. Witsoe, J.W.  
Labree, W. Remole, T.E. Layman, H. Schoening, and J. T. Garamela, 
"The Minnesota impedance cardiograph-Theory and application," 
Biomed. Eng., vol. 9, pp. 410-416, 1974. 

[6] R.F. Rushmer, Cardiovascular dynamics, W.B. Saunders Company,
1961. 

[7] M. C. K. Khoo, T. S. Kim, and R. B. Berry, “Spectrum indices of 
cardiac autonomics function in obstructive sleep apnea”, Sleep, vol. 
22, pp. 443-451, 1999. 

[8] M. H. Asyali, M. Juusola, "Use of Meixner functions in estimation of 
Volterra Kernels of nonlinear systems with delay," IEEE transactions 
on biomedical engineering, vol. 52, pp. 229-237, 2005. 

[9]  A. Blasi, H. Jo, E. Valladares, B. J. Morgan, J. B. Skatrud and M. C. 
K. Khoo, "Cardiovascular variability after arousal from    sleep:time-
varying spectral analysis", J Appl Physiol, vol. 95, pp. 1394-1404, 
2003. 

A

B

3571


	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


