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ABSTRACT 

Healthy physiologic systems exhibit marked signal variability and complexity while diseased systems 
generally show a loss of variability, decreased complexity (“decomplexification”), and increased 
regularity.  The goal of this study was to evaluate the uncoupling and recoupling phenomenon in children 
with septic shock by following serial changes in heart rate variability metrics.  Data was collected from 7 
children with septic shock using the computer system in the Complex Systems Laboratory at Oregon 
Health Sciences University.  Heart rate time series were constructed and analyzed using the Hales 
Research System at intervals of 6 hours during PICU hospitalization.  These power spectral values were 
then plotted versus time.  Six of seven patients demonstrated an increase over time in low-frequency heart 
rate power and the low-/high-frequency ratio, while high-frequency heart rate power decreased.  We also 
compared the change in mean heart rate, heart rate standard deviation, and power spectral values during 
the first 24 hours of PICU hospitalization versus the remainder of the PICU stay (for the 5 patients with a 
PICU LOS > 48 hours).  Compared to the initial 24 hours in the PICU, low-frequency power and the low-
/high-frequency ratio increased while high-frequency power decreased over the course of the illness.   
This report demonstrates the potential value of monitoring the uncoupling and recoupling phenomenon in 
patients with septic shock.  Our results are in agreement with other investigators who report evidence of 
decomplexification both in experimental models of sepsis and in clinical studies and provide direction for 
further work.   

Key Words: heart rate variability, power spectral analysis, complex nonlinear systems, autonomic 
nervous system, systemic inflammatory response syndrome, sepsis, multiple organ dysfunction syndrome 
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ABBREVIATIONS  

SIRS  systemic inflammatory response syndrome 

MODS  multiple organ dysfunction syndrome 

PICU   pediatric intensive care unit 

SDN    serial data network 

LAN    local-area computer network 

PDS   patient data server 

ECG   electrocardiogram 

LOS    length of stay 

nLFP   normalized Low Frequency Power 

nHFP    normalized High Frequency Power 

Dop   dopamine 

Dob   dobutamine 

Epi    epinephrine 
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INTRODUCTION 

The systemic inflammatory response syndrome (SIRS) is a life-threatening condition that affects 
thousands of children and adults each year (1).  A subpopulation of patients with SIRS goes on to develop 
septic shock, multiple organ dysfunction syndrome (MODS), and death. The progression from SIRS to 
death may result, in part, from an alteration in the interconnectivity of organ systems (2).  Despite 
advances in antimicrobial therapies and intensive care, new paradigms are needed if we are to improve 
the outcome from this disease state.    

Uncoupling has been defined as the loss of interorgan communication (2).  This loss of communication 
can be the result of multiple, varied processes, including the loss of anatomic connections (e.g. following 
a heart transplant (3) or a surgical parasympathectomy (4)), the loss of autonomic nervous system input 
(e.g. brain death (5,6)), the effect of pharmacologic autonomic nervous system blockade with atropine or 
propranolol (7), and other pathophysiologic processes including congestive heart failure (8,9), chronic 
renal failure (10), diabetes mellitus (11), sepsis (12) and experimental endotoxemia (13).  Investigators 
have shown that all of the above phenomena are associated with a loss of low frequency heart rate 
variability power.  Healthy systems exhibit marked physiologic signal variability and complexity while 
diseased systems generally show a loss of variability, decreased complexity (“decomplexification”), and 
increased regularity (14, 15).   It has therefore been suggested that the net effect of all these processes (i.e. 
a loss of communication or uncoupling) may be evaluated with measures of variability. 

Power spectral analysis of beat-to-beat heart rate variability is a non-invasive method to assess autonomic 
nervous system regulation of cardiovascular activity, or the degree of interconnectivity and coupling 
between these two organ systems. Thus, power spectral analysis of heart rate variability and other time 
series analysis techniques have the potential for improving the monitoring of disease progression and 
recovery.  We have previously shown that loss of heart rate variability and decomplexification are 
inversely related and negatively correlated to severity of illness and outcome in critically ill and injured 
children, including a small sub-population of patients with septic shock (16).  We hypothesized that septic 
shock results in an uncoupling of organ system interconnectivity and that the uncoupling phenomenon 
can be quantified as a loss in heart rate variability.  Furthermore, we suggest that recovery from septic 
shock is characterized by recoupling with an increase in heart rate variability.  The goal of this study was 
to evaluate the uncoupling and recoupling phenomenon in children with septic shock by following serial 
changes in heart rate variability metrics. 

MATERIALS AND METHODS 

Informed Consent 

This study was reviewed and approved by the Institutional Review Board at Oregon Health Sciences 
University, and the requirement for informed consent was waived.   

Patient Population 

We studied seven patients with septic shock as defined by the 1992 American College of Chest 
Physicians and the Society of Critical Care Medicine consensus statement of definitions for the systemic 
inflammatory response syndrome and the continuum of disease states to septic shock (17). 

General Patient Management 

Patients were managed according to the standards of care in the pediatric intensive care unit (PICU) at 
Doernbecher Children’s Hospital and according to previously reported practice parameters (1). 

Data Collection 
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We used the computer system in the Complex Systems Laboratory to build a library of 
physiologic signals characterizing the sepsis continuum in children (18).  The computer system is based 
on four components: (a) 16 Hewlett-Packard (HP; Palo Alto, CA) Merlin monitors located in each patient 
room and connected via a Serial-Data-Network (SDN) to (b) an HP Patient Data Server (PDS) computer 
located in a telecommunications room connected through a local-area computer network (LAN) to (c) an 
HP-UX workstation and HP Vectra computer located in the Complex Systems Laboratory within the 
PICU.  All software and workstation programming and maintenance are done over the Internet through 
(d) the Laboratory for Computational Neuroscience, Dept. of Neurological Surgery, at the Univ. of 
Pittsburgh Medical Center (Figure 1).  

Briefly, the HP Patient Data Server is a computer configured with specialized hardware and software that 
provides a digital programmable interface to the HP Merlin Bedside Monitors connected to the SDN.  
Attached to both the SDN and to the Complex Systems Laboratory LAN, the patient data server provides 
a gateway allowing local computer systems access to waveform and parameter data produced by the 
bedside ICU monitors for real-time display and acquisition.  Standard network communications protocols 
extend this capability via the Internet to the Laboratory for Computational Neuroscience, Dept. of 
Neurological Surgery, Univ. of Pittsburgh Medical Center. 

A program running on the remote computer system from the Complex Systems Laboratory HP-UX 
workstation communicates with the PDS to learn the status of each bedside monitor and dynamically 
identifies the physiological data available on each channel.  Using this information, the program requests 
the PDS to capture desired data and forwards it for processing.  Two types of physiological data are 
available through the PDS: parameter data that is sampled at a rate of 0.98 Hz; and, continuous 
physiologic signal waveform data that is sampled at either 500 Hz (electrocardiogram, ECG) or 125 Hz 
(pressure, respiration, oximetry).  Data is transmitted by the PDS at a rate of 0.98 Hz.  Therefore, each 
transmission consists of 1, 125, or 500 data points.  In addition, subject identification, alarm text, and alert 
status information are captured. 

All data is dynamically stored in an ASCII file format.  The system captures data on a 24-hour x 7-day 
schedule for each bed selected.  The data is compressed and archived to CD-ROM each weekday from 
which it is accessible according to date, subject, and bed number. 

Construction of Heart Rate Variability Time Series 

For this study, the ECG was downloaded from archived CD-ROM using the Hales Research System 
(Boston Medical Technologies, Boston, MA).  A raw 128 second ECG time series was constructed every 
6 hours during PICU hospitalization using R wave detection and filtering techniques embedded in Hales 
as well as visual inspection for artifact.  No time series epoch with > 1% artifact was used.  Time series 
data were linearly detrended and analyzed using a modification of the methodology described by Saul et 
al. (19) for determining mean values, standard deviation, and power spectral density. 

Calculation of Linear, Frequency-Domain Power Spectral Metrics 

Power spectral analysis, which reveals the relative frequency-specific contributions of strong periodic 
signals on the heart beat and provides information about autonomic regulation of heart rate (20), was also 
calculated within Hales.  Spectral analysis of heart rate variability time series derived from the ECG 
waveform detects and quantifies periodicities in cardiovascular oscillations and deconvolutes the original 
time series into a sum of component sinusoidal functions of different frequencies (21). Standards defining 
specific frequency bandwidths commonly used to characterize and study power spectral analysis of heart 
rate variability in adult humans were followed and normalized power spectral values were calculated and 
reported for this study (22). 
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We used total power from the bandwidth between 0.15-1.0 Hz (to allow for the faster respiratory rate 
observed in children) as a measure of parasympathetically mediated respiratory sinus arrhythmia.  While 
the combined neural control at lower frequencies makes it difficult to separate specific sympathetic and 
parasympathetic influences in a given subject, if the effects of one or the other autonomic inputs are 
absent, then the short-term heart rate fluctuations that remain are caused primarily by the other autonomic 
branch.  During stressful conditions, as we have documented in PICU patients, low-frequency heart rate 
oscillations are predominately mediated by sympathetic input (23). Therefore, we used both low-
frequency bandwidth (0.04-0.15 Hz) and the ratio of low-/high-frequency power to provide information 
about sympathetic modulation of heart beat (16).  

RESULTS 

Table 1 shows the patient’s age, gender, survival, PICU length of stay (LOS), diagnosis and maximum 
vasoactive drug dose. 

In order to evaluate the uncoupling/recoupling phenomenon, we calculated the normalized low-frequency 
and high-frequency heart rate power for a 128 second segment every six hours for the duration of the 
PICU stay.  These power spectral values were then plotted versus time and trends in the data were 
illustrated by lines of best fit for each patient.  Figures 2 a-c shows the results.  Six of seven patients 
demonstrated an increase over time in low-frequency heart rate power and the low-/high-frequency ratio, 
while high-frequency heart rate power decreased. 

The plot of low-/high-frequency heart rate power ratio for the one patient who did not survive is shown in 
greater detail in Figure 3. 

We also compared the change in mean heart rate, heart rate standard deviation, and power spectral values 
during the first 24 hours of PICU hospitalization versus the remainder of the PICU stay.  This was done in 
the 5 patients with a PICU LOS > 48 hours.  The results are summarized in Table 2 and demonstrate that, 
compared to the initial 24 hours in the PICU, low-frequency power and the low-/high-frequency ratio 
increased while high-frequency power decreased over the course of the illness. 

DISCUSSION 

This study specifically evaluated serial changes in heart rate variability in order to more carefully 
examine the time course of uncoupling and recoupling in children with septic shock.  Our main finding 
was that evidence of recoupling following an acute uncoupling phase was found utilizing serial measures 
of heart rate variability.  Normalized low-frequency heart rate power and low-/high-frequency heart rate 
power ratio increased over time in 6 of the 7 patients studied. The seventh patient was cared for only 
briefly in the PICU and it is possible that the trend was not observed due to the small number of data 
points.  These results suggest significant uncoupling and decomplexification between the sympathetic and 
cardiac systems during the acute phase of septic shock with recoupling during recovery.  

The two patients with E. coli sepsis had underlying malignancies that resulted in an immunocompromised 
state prior to septic shock and PICU admission.  However, the five patients with meningococcemia were 
all previously healthy within hours of PICU hospitalization and can be assumed to have demonstrated 
normal heart rate variability and coupling.  Thus, we suggest that the uncoupling phenomenon may occur 
rapidly with the onset of septic shock, while the recoupling period may take days or weeks to occur 
concomitant with clinical recovery. Detailed analysis of the only non-survivor showed a positive slope in 
sympathetic activity over time, but this may have resulted from one data point (at 66 hours) that was 
temporally related to a brief clinical improvement or may have simply represented spurious data.  
Interestingly, from that point until the time of death, heart rate variability decreased demonstrating 
recurrent uncoupling.   
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Interpretation of changes in the high-frequency power is difficult as the effects of mechanical versus 
spontaneous ventilation obfuscate the interpretation of the results (24). 

Our results are in agreement with other investigators who report evidence of decomplexification both in 
experimental models of sepsis and in clinical studies.  Experimental studies have demonstrated that 
endotoxin shock adversely affects neuroautonomic cardiovascular regulatory mechanisms, leading to 
decreased heart rate and blood pressure variability (25, 26, 27) and uncoupling.  Evidence suggests that 
shock states result in central and peripheral inhibition of the sympathetic and parasympathetic nervous 
system by a variety of mechanisms, including damaged neuronal transmission, the release of myocardial 
depressant factors, and inhibition of numerous neurohumoral responses, including the response to 
endogenous or exogenous catecholamines and parasympathetic attenuation of the release of cytokines (2, 
28).  Signaling compounds and molecules that appear to affect the inflammatory process may also affect 
the mathematical physics of the system.  Thus, there is evidence that at various neuroanatomic and 
biochemical levels, the autonomic and cardiovascular systems appear to lose interconnections and 
uncouple during sepsis. 

A growing number of clinical studies have reported specific dynamic characterizations of sepsis, septic 
shock and recovery states.  Clinical studies have demonstrated decreased variability, or 
decomplexification, in physiologic dynamics during critical illness (29, 30) and in sepsis syndromes.  
Listeria sepsis reduced normal heart rate variability in 20 maternal-fetal dyads and was associated with 
poor outcome (31).  In 17 patients with sepsis, sympathetically mediated heart rate variability was 
significantly lower during the sepsis syndrome and showed an inverse correlation with disease severity 
(32).  Using frequency domain metrics, decreased low-frequency heart rate and blood pressure variability 
was found in 12 patients with septic shock.  Variability increased by the time of discharge for patients 
who recovered (33).  Godin and colleagues performed a prospective, randomized crossover trial in which 
human volunteers injected with endotoxin served as a model of clinical sepsis (13).  Using linear and 
nonlinear metrics, this study demonstrated uncoupling between the neuroautonomic and cardiovascular 
systems as evidenced by decreased heart rate variability.  A recent report demonstrated that the onset of 
septic shock is characterized by impaired sympathetic modulation of heart and blood vessels, suggesting 
that central autonomic regulatory impairment contributes to circulatory failure (34).  Finally, we recently 
reported a prospective case series study to evaluate the degree of uncoupling in sepsis and septic shock in 
30 PICU patients (12).  We found evidence of uncoupling of the autonomic and cardiovascular systems 
over both short- and long-range time scales during sepsis using heart rate variability metrics.  Results 
from this current study extend these findings and suggest that the degree of uncoupling may help 
differentiate between septic shock and recovery states. 

This report, while limited in its scope, demonstrates the potential value of monitoring the uncoupling and 
recoupling phenomenon in patients with septic shock.  There are a number of limitations in this study, and 
our laboratory is prepared to address these in future work.  Clearly a larger number of patients needs to be 
evaluated to confirm and extend our findings.  For this study, we limited the analysis of the data to 6-hour 
intervals although raw data was continuously collected.  We are currently developing algorithms that will 
allow analysis in a continuous fashion utilizing a moving window, and will utilize both linear and 
nonlinear metrics.  The use of nonlinear metrics will overcome problems with non-stationarity of the data 
and may provide additional insight into pathophysiological mechanisms.  Finally, the question remains 
whether variability and regularity metrics are legitimate measures of organ system coupling in both the 
mathematical and physiological sense.
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TABLES 

Table 1.  Patient summary. 
Maximum 
Vasoactive Drug 
Dose (mcg/kg/min) 

Subject Age 
(years) 

Gender Survival 
vs. Non-
survival 

PICU 
LOS 
(hours) 

Diagnosis 

 
Dop 
 

 
Dob 
 

 
Epi 
 

1 3.5 F Survival 102 Meningococcemia 20 7 0.2 
2 21 F Survival 318 E. coli 15 5 0.15 
3 5 F Survival 36 Meningococcemia 20 5 -- 
4 2 F Survival 24 Meningococcemia 5 10 -- 
5 1.5 M Survival 210 Meningococcemia 20 20 0.4 
6 0.5 F Non-

survival 
198 E. coli, Candida 

albicans 
40 20 2.0 

7 17 M Survival 204 Meningococcemia 15 10 0.2 
(Dop - dopamine, Dob - dobutamine, Epi - epinephrine) 
 

Table 2.  Heart rate and hear rate variability during the initial 24 hours in the pediatric intensive care unit 
versus the subsequent ICU stay.  (nLFP – normalized Low Frequency Power,  nHFP – normalized High 
Frequency Power) 

 

 Initial 24 hours Subsequent PICU Stay p value* 

Heart rate (bpm) 149 + 7 119 + 9 0.02 

Heart rate SD 2.46 + 0.83 2.02 + 0.21 0.59 

nLFP 35.0 + 5.8 51.7 + 5.4 0.01 

nHFP 65.0 + 5.8 47.9 + 5.7 0.01 

nLFP/nHFP Ratio 0.60 + 0.37 1.22 + 0.66 0.02 

* Paired t test 



Shock, Vol. 16, No. 4, pp. 274-277, October 2001.  Page 9 

REFERENCES 

1. Ibsen LM, Bratton S, Goldstein B: Decision trees in the management of pediatric septic shock. In: 
Seminars in Pediatric Infectious Diseases, Stein F (Guest Ed.) 11:43-52, 2000. 

2. Godin PJ, Buchman TG: Uncoupling of biological oscillators: A complementary hypothesis concerning 
the pathogenesis of multiple organ dysfunction syndrome. Crit Care Med 24:1107-1116, 1996. 

3.  Sands KEF, Appel ML, Lilly LS, Schoen FJ, Mudge GH Jr, Cohen RJ: Power spectrum analysis of 
heart rate variability in human cardiac transplant recipients. Circulation 79:76-82, 1989. 

4.  Randall DC, Brown DR, Raisch RM, Yingling JD, Randall WC: SA nodal parasympathetectomy 
delineates autonomic control of heart rate power spectrum. Am J Physiol 260:H985-988, 1991. 

5.  Goldstein B, DeKing DE, DeLong D, Kempski MH, Cox C, Kelly MM, Nichols DD, Woolf PD: The 
autonomic cardiovascular state following severe brain injury and brain death. Crit Care Med 21:228-233, 
1993. 

6.  Goldstein B, Kempski MH, DeKing D, Cox C, DeLong DJ, Kelly MM, Woolf  PD: 

Autonomic control of heart rate after brain injury in children. Crit Care Med.  24:234-40, 1996. 

7.  Akselrod S, Gordon D, Ubel FA, Shannon DC, Barger AC, Cohen RJ: Power spectral analysis of heart 
rate fluctuation: A quantitative probe of beat-to-beat cardiovascular control.  Science 213:220-22, 1981. 

8.  Saul JP, Yutaka A, Berger RD, Lilly LS, Colucci WS, Cohen RJ: Assessment of autonomic regulation 
in chronic congestive heart failure by heart rate spectral analysis.  Am J Cardiol 61:1292-1299, 1988. 

9.  Poon C-S, Merrill CK: Decrease of cardiac chaos in congestive heart failure. Nature 389:492-495, 
1997. 

10.  Axelrod S, Lishner M, Oz O, Bernheim J, Ravid M: Spectral analysis of fluctuations in heart rate: An 
objective evaluation of autonomic nervous control in chronic renal failure.  Nephron 40:202-206, 1987. 

11.  Lishner M, Akselrod S, Mor Avi V, Oz O, Divon M, Rvaid M: Spectral analysis of heart rate 
fluctuations: A noninvasive, sensitive method for the early diagnosis of autonomic neuropathy in diabetes 
mellitus.  J Auton Nerv Syst 19:119-125, 1987. 

12. Toweill D, Sonnenthal K, Kimberly B, Lai S, Goldstein B: Linear and nonlinear analysis of 
hemodynamic signals during sepsis and septic shock. Crit Care Med 28:2051-2057, 2000.  

13. Godin PJ, Fleisher LA, Eidsath A, Vandivier RW, Preas HL, Banks SM, Buchman TG, Suffredini 
AF: Experimental human endotoxemia increases cardiac regularity: Results from a prospective, 
randomized, crossover trial. Crit Care Med 24:1117-1124, 1996. 

14. Goldberger AL, Rigney DR, West BJ. Chaos and fractals in human physiology. Sci Am 262:42-49m, 
1990. 

15. Goldberger AL: Applications of chaos to physiology and medicine.  In:  Kim JH, Stringer J (Eds.) 
Applied Chaos  321-331, 1992. 

16. Goldstein B, Fiser D, Kelly MM, Mickelsen DM, Ruttimann U, Pollack MM: Decomplexification in 
critical illness and injury: The relationship between heart rate variability, severity of illness, and outcome. 
Crit Care Med 26;352-357, 1998.  



Shock, Vol. 16, No. 4, pp. 274-277, October 2001.  Page 10 

17. Bone RC, Balk RA, Cerra FB, and the ACCP/SCCM Consensus Conference Committee: Definitions 
for sepsis and organ failure and guideline for use of innovative therapies in sepsis.  Chest 101:1644-1655, 
1992. 

18. McDonald BA, Goldstein B, Lai S, Krieger D, Sclabassi RJ:  A real-time, continuous physiologic data 
acquisition system for the study of dynamical disease in the intensive care unit (abstract). Crit Care Med 
27:A88, 1999.  

19. Saul JP, Berger RD, Albrecht P, Stein SP, Chen HM,  Cohen RJ:  Transfer function analysis of the 
circulation: unique insights into cardiovascular regulation.  Am J Physiol 261:H1231-H1245, 1991. 

20. Kitney RI, Rompelman O:  The Study of Heart Rate Variability. Oxford, UK. Oxford University 
Press, 1980. 

21. Saul JP: Beat-to-beat variations of heart rate reflect modulation of cardiac autonomic outflow. News 
In Physiol Sci  5:32-37, 1990. 

22. Task Force of the European Society of Cardiology and the North American Society of Pacing and 
Electrophysiology. Heart rate variability.  Standards of measurement, physiological interpretation, and 
clinical use. Circulation 93:1043-1065, 1996. 

23. Toweill D, Goldstein B: Nonlinear dynamics and the pathophysiology of shock. In: New Horizons.  
Goldstein B, Zimmerman JJ (Eds.). Williams & Wilkins, 6:155-168, 1998. 

24. Yli-Hankala A, Porkkala T, Kaukinen S, Hakkinen V,  Jantti V:  Respiratory sinus arrhythmia is 
reversed during positive pressure ventilation.  Acta Physiol Scand 141:399-407, 1991. 

25. Koyama S:  Central impairment of sympathetic outflow during hemorrhagic shock and endotoxin 
shock. Prog Clin & Biol Res  264:181-190, 1998. 

26. Lorente A, Landin B, Esteban A:  Role of nitric oxide in the regulation of vascular tone in septic 
shock.  In:  Yearbook of Intensive Care and Emergency Medicine.  Vincent JL (Ed).  New York, 
Springer-Verlag, 75-89, 1994. 

27. Szabo C, Mitchell JA, Thiemermann C, Vane JR:  Nitric oxide-mediated hyporeactivity to 
noradrenaline precedes the induction of nitric oxide synthase in endotoxin shock. Br J Pharmacol 
108:786-792, 1993. 

28. Thiemermann C, Szabo C, Mitchell JA, Vane JR:  Vascular hyporeactivity to vasoconstrictor agents 
and hemodynamic decompensation in hemorrhagic shock is mediated by nitric oxide. Proc Natl Acad Sci  
90:267-271, 1993. 

29. Winchell RJ, Hoyt DB:  Spectral analysis of heart rate variability in the ICU: A measure of autonomic 
function. J Surg Res 63:11-16, 1996. 

30. Yien HW, Hseu SS, Lee LC, Kuo TB, Lee TK, Chan SH:  Spectral analysis of systemic arterial 
pressure and heart rate signals as a prognostic tool for the prediction of patient outcome in the intensive 
care unit.  Crit Care Med  25:258-266, 1997. 

31. Boucher M, Yonekura ML:  Perinatal listeriosis (early-onset): correlation of antenatal manifestations 
and neonatal outcome.  Obstet Gynecol  68:593-597, 1986. 

32. Garrard CS,  Kontoyannis DA, Piepoli M:  Spectral analysis of heart rate variability in the sepsis 
syndrome. Clinical Autonomic Research 3:5-13, 1993. 



Shock, Vol. 16, No. 4, pp. 274-277, October 2001.  Page 11 

33. Piepoli M, Garrard CS, Kontoyannis DA, Bernardi L: Autonomic control of the heart and peripheral 
vessels in human septic shock.  Intensive Care Medicine 21:112-119, 1995. 

34. Annane D, Trabold F, Sharshar T, Jarrin I, Blanc AS, Raphael JC, Gajdos P: Inappropriate 
sympathetic activation at onset of septic shock: a spectral analysis approach. Am J Respir Crit Care 
Med.160:458-65, 1999. 



Shock, Vol. 16, No. 4, pp. 274-277, October 2001.  Page 12 

FIGURES 

 
Figure 1.  Schematic diagram of the design and communication links of the Pediatric Intensive Care Unit 
(PICU), the HP-Patient Data Server (PDS), the Complex Systems Laboratory, and the Laboratory for 
Computational Neuroscience (LCN), Dept. of Neurological Surgery, Univ. of Pittsburgh Medical Center. 
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Figure 2.a. 
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Figure 2.b. 
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Figure 2.c. 

Figures 2 a-c. Low-frequency (a), high-frequency (b), and low-/high-frequency ratio (c – note log scale) 
heart rate power versus time in seven patients with septic shock.  To illustrate trends in the data, lines of 
best fit have been added.  Note the positive slope of the low-frequency and low/high-frequency ratio 
power trend in 6/7 patients while the high-frequency power shows a negative slope.  The one patient with 
the opposite pattern survived and had a very brief PICU stay of only 36 hours (and thus had a limited 
number of time epochs evaluated).  Six of seven patients demonstrated similar patterns of increasing low-
frequency heart rate power, increasing low-/high-frequency heart rate power ratio, and decreasing high-
frequency heart rate power over time. 
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Figure 3.  Detailed plot of low-/high-frequency heart rate power ratio in the one patient who did not 
survive.  Note the increased power ratio at 66 hours into PICU hospitalization that correlated with a brief 
clinical improvement.  This caused the overall slope to be positive which otherwise would have been flat. 

 


