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Abstract

Dynamic estimates of mean systemic pressure based on a Guytonian analog model (Pmsa) appear

accurate under baseline conditions but may not remain so during septic shock because blood

volume distribution and resistances between arterial and venous beds may change. Thus, we

examined the effect of acute endotoxemia on the ability of Pmsa, estimated from steady-state

cardiac output, right atrial pressure, and mean arterial pressure, to reflect our previously validated

instantaneous venous return measure of mean systemic pressure (Pmsi), derived from beat-to-beat

measures of right ventricular stroke volume and right atrial pressure during positive pressure

ventilation. We studied 6 splenectomized pentobarbital-anesthetized close chested dogs. Right

ventricular stroke volume was measured by a pulmonary arterial electromagnetic flow probe.

Instantaneous venous return measure of mean systemic pressure and Pmsa were calculated during

volume loading and removal (±100-mL bolus increments ×5) both before (control) and 30 minutes

after endotoxin infusion (endo). Cardiac output increased (2628 ± 905 vs 3560 ± 539 mL/min; P

< .05) and mean arterial pressure decreased (107 ± 16 vs 56 ± 12 mm Hg; P < .01) during endo.

Changes in Pmsi and Pmsa correlated during both control and endo (r2 = 0.7) with minimal bias

by Bland-Altman analysis (mean difference ± 95% confidence interval, 0.47 ± 5.04 mm Hg). We

conclude that changes in Pmsa accurately tracts Pmsi under both control and endo.
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1. Introduction

The accurate assessment of cardiovascular state in the critically ill is difficult because easily

measured hemodynamic variables, such as blood pressure and cardiac output (CO), can

coexist with different levels of ventricular pump function, vasomotor tone, and effective
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circulating blood volume. Although fluid resuscitation therapy is important in the

management of unstable patients, excessive fluid resuscitation can be harmful in acute lung

injury [1], head injury [2], and postoperative patients [3]. Thus, a measure of effective

volume status and its change in response to therapy is useful to avoid volume overload

because even volume-overloaded patients may remain volume responsive.

Mean systemic pressure (Pms) is a direct measure of the effective circulating blood volume,

being dependent on absolute blood volume, systemic vascular compliance, and unstressed

vascular volume, all of which may change rapidly in the critically ill patient. Operationally,

Pms is the pressure anywhere in the circulation during circulatory arrest and is the upstream

pressure driving venous return [4]. We have previously shown that Pms can be measured in

ventilator-dependent animals during positive pressure breathing plotting right ventricular

stroke volume (SVRV) to right atrial pressure (Pra) extrapolating to zero SVRV [5] and in

patients using inspiratory hold maneuvers defining Pra/CO data pairs extrapolating to zero

CO [6]. This calculated Pms parameter accurately follows changes in intravascular volume

in dogs under baseline and endotoxic conditions [5,7] and in postoperative cardiac surgery

patients [6]. Unfortunately, beat-to-beat measures of SVRV require accurate measures of

instantaneous pulmonary blood flow, and inspiratory hold technique maneuvers require

several minutes to complete the multiple steps in a sedated and ventilated patient. Thus,

these techniques are not readily applicable to frequent sequential measures in critically ill

patients.

Other more simple methods have been proposed to estimate Pms at the bedside. Anderson

[8] hypothesized that the circulation of the arm behaves similar to total systemic circulation

during steady-state conditions with venous flow behaving as if its upstream pressure is Pms.

Accordingly, transient stop-flow forearm arterial and venous equilibrium pressure was

referred to as arm equilibrium pressure (Parm). This technique has the advantage of being

simpler than the inspiratory hold technique but still can be measured only intermittently.

Similarly, Parkin and Leaning [9] proposed to estimate effective circulatory volume based

on an electrical analog simplification of Guytonian circulatory physiology estimating mean

circulatory pressure (Pmsa) from directly measured Pra, mean arterial pressure (MAP), and

CO. We recently compared the measures of Pms using inspiratory hold, Parm and Pmsa, to

each other in 16 postoperative surgical patients [10]. We saw that inspiratory hold–derived

Pms and Parm were similar but that Pmsa displayed a systematic bias, which could be

corrected for. Importantly, Pmsa changes faithfully tracked Pms changes in response to fluid

challenges independent of this bias. Because Pmsa can be calculated continuously if CO,

MAP, and Pra are continuously monitored, it offers the potential to have a continuous online

assessment of effective circulatory blood volume, cardiac performance, and vasomotor tone,

the 3 primary determinants of cardiovascular state.

We hypothesized that Pmsa would accurately track instantaneous venous return measure of

mean systemic pressure (Pmsi) under baseline conditions but may become imprecise

following the induction of endotoxic shock because of the recently documented changes in

peripheral vascular compliance during the induction of acute endotoxic shock [11]. Thus, we

compared the ability of Pmsa to track Pmsi using our previously acquired and validated data

Lee et al. Page 2

J Crit Care. Author manuscript; available in PMC 2014 June 30.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



from an intact canine model during fluid volume and removal before and after the endotoxin

of acute endotoxemia.

2. Methods

We performed a retrospective analysis of the high-quality hemodynamic data from a subset

of 6 mongrel dogs used in a previous publication from our group [7]. Those data sets

allowed the calculation of Pmsi and Pmsa during each volume loading/removal step and

before and during acute endotoxemia. The details of the surgical procedure and data

collection have been previously described and validated by us [5,7]. Briefly, after approval

by our Institutional Animal Care and Use Committee, 6 mongrel dogs were anesthetized

with intravenous pentobarbital sodium (30 mL/kg) and intubated with a 9.0-mm ID cuffed

endotracheal tube equipped with a distal port to measure airway pressure. Intermittent

positive pressure ventilation was accomplished by a constant volume (10 mL/kg) ventilator

(Harvard Apparatus, Cambridge, MA) with enriched inspired O2. Following a midline

sternotomy, a calibrated electromagnetic flow probe (Carolina Medical, East Bend, NC) was

placed around the main pulmonary artery to measure SVRV. Fluid-filled arterial, left atrial,

and pulmonary artery catheters and a pleural air-filled balloon catheter were inserted

allowing continuous measures of all vascular pressures both absolute and relative to pleural

pressure (transmural pressure). The pericardium and chest were then closed in multiple

layers. Following a 30-minute recovery period during which time there were no episodes of

cardiovascular instability, arrhythmias, or excessive blood loss through the bilateral chest

tubes (ie, <50 mL/h), the protocol was started.

2.1. Protocol

The protocol consisted of noting the effects of intermittent positive pressure ventilation

(tidal volume, 10 mL/kg) on dynamic changes in SVRV and Pra values across conditions as

well as end-expiratory steady-state MAP, CO, and Pra values 5 minutes after each volume

challenge or removal. Intravascular volume (0.9 N NaCl) was loaded in 100-mL increments

up to a total administration of 500 mL and then removed as whole blood in 100-mL

decrements. This maneuver was performed during the hemodynamically stable

postoperative state (control) and after induction of a stable endotoxic state (endo). Acute

endotoxemia was induced by an infusion of Escherichia coli lipopolysaccharide (endotoxin)

(1 mg/kg) (single lot, 055:B5; Sigma Laboratories, St. Louis, MO) over a 5-minute period

through the left atrial catheter. Fluid resuscitation with dextran (6% wt/vol) in 50-mL

boluses was performed as necessary if end-expiratory SVRV decreased to less than 50%

control or MAP decreased to less than 50 mm Hg. Postendotoxin fluid requirements during

this acute resuscitation interval varied widely across animals. All animals were stable

following this resuscitation before starting the endo volume challenges.

2.2. Data analysis

Airway pressure, pleural pressure, and all vascular pressures and SVRV were simultaneously

recorded (Gould, Cleveland, OH). Right ventricular stroke volume was displayed as the

integrated flow signal zeroed with each QRS allowing display of beat-to-beat SVRV. For

construction of the instantaneous venous return curves, multiple SVRV and Pra data pairs
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were collected over 3 breaths for data associated with changing SVRV from apneic baseline.

Instantaneous venous return measure of Pms was estimated as the Pra value of the SVRV to

Pra relation, as previously described and validated by us in this model as the zero SVRV Pra

intercept from a linear regression of the SVRV to Pra relation. In this study, we found the

95% confidence interval for the x-axis intercept to be less than 1 mm Hg for all volumetric

conditions except the maximal fluid load where it increased to 2 mm Hg. An example of the

raw data and the calculation of Pmsi for 1 animal during volume loading for control and

endo is illustrated in Fig. 1. The Pmsa estimate [9] uses a mathematical model of the

systemic circulation comprising compliant arterial and venous compartments and resistances

to blood flow. The model parameters are adjusted to match those of the patient’s current

measured variables, such that Pmsa = a × Pcv + b × Pa + c × CO, where a and b are

dimensionless constants (a + b = 1, typically a = 0.96, b = 0.04) and c has the dimensions of

resistance and is function of subject’s height, weight, and age.

We assumed the animal’s age to be equal to 15 human years and height to 250 cm. Weight

was measured immediately before surgery. These arbitrary age and height values were taken

from the initial studies of Parkin and Leaning [9] in similar canine models.

Continuous variables are reported as mean ± SD. Comparisons were made between Pmsi

and Pmsa across subjects; volume loading and control to endo by a repeated-measures

analysis of variance and stepwise changes in Pms estimates with volume loading and

removal were compared by analysis of covariance. Agreement between Pmsi and Pmsa for

both control and endo was also analyzed by Bland-Altman analyses.

3. Results

All 6 animal studies had complete data sets allowing calculation of both Pmsi and Pmsa with

volume loading before (control) and after (endo) endotoxin infusion. Table 1 summarizes

the individual animal data at baseline before volume infusion for both control and endo

conditions. Right ventricular stroke volume is the ratio of CO to heart rate (HR). As

expected, endo induced a lower MAP and higher CO than control (P < .05). Volume loading

increased both Pmsi and Pmsa above baseline values (P < .01); however, the absolute values

and their increases were similar. Endo resulted in lower overall Pmsi and Pmsa values than

control (P < .01). Individual Pmsi to Pmsa relations during volume loading and removal

were tightly correlated across animals (Fig. 2) (r2 = 0.7; P < .01). Although, by Bland-

Altman analysis, no systematic bias was observed (Pmsi-Pmsa, mean ± 95%, 0.47 ± 5.04

mm Hg) (Fig. 3), pooled data demonstrated that Pmsa slightly underestimated Pmsi during

volume challenges (P < .05, pooled SE, 3.5 mm Hg) (Fig. 4).

4. Discussion

This study demonstrates that estimates of Pms derived from direct extrapolations of the

Guytonian model (Pmsa) reflect Pms estimates made using the instantaneous venous return
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curve (Pmsi) approach under both baseline and endotoxic shock conditions. These findings

support the previous study by Maas et al [10] in postoperative cardiac surgery patients. That

study demonstrated similar differences in absolute Pmsa values and tight correlation in

changes in Pmsa values with changes in Pms estimated by varying venous return by a series

of end-inspiratory hold maneuvers. The present study extends those observations to include

validation during acute endotoxemia and over a much larger range of fluid loading states.

Importantly, the variances in paired measures of Pms were similar in both the study of Maas

et al [10] and this one. These data suggest that Pmsa can be used as a continuously

monitored measure of changes in Pms as intravascular status is altered by volume infusion

and removal and during systemic disease states such as sepsis.

The study has several limitations. First, neither Pmsi nor Pmsa was compared with true Pms

measured by stop-flow vascular equilibrium pressure in this study. However, previously, we

showed that Pmsi and stop-flow Pms were the same over a wide range of Pms values in this

same canine model under control conditions [5]. Thus, we suspect that both these measures

are tracking Pms faithfully. Second, Pmsi is estimated as the zero SVRV Pra intercept by

least squares linear regression. Such extrapolations have their own SE of estimate, which

may render the Pmsi values less accurate. This may explain why at the highest intravascular

volume states (+400 mL) under control conditions, Pmsi raises much more than Pmsa. As

illustrated in Fig. 1 (panel B) during the +400 state, both SVRV and Pra values are higher

than the other states and the zero flow intercept point a longer extrapolation distance. Thus,

it is not clear if Pmsi, Pmsa, or both are inaccurate at this volume level. To a large extent,

these measurement errors may contribute to the relatively large absolute variance (±3.5 mm

Hg) between paired Pmsi and Pmsa measures. Third, this study was done in a

splenectomized canine model, which assumed a similar distribution of compliance and

volume between arterial and venous systems as in humans. This may not be the case and

might explain the slight underestimation of Pmsi by Pmsa. Fourth, the calibration coefficient

needed to calculate Pmsa from CO, arterial pressure, and Pra was arbitrarily taken to reflect

a 15-year-old, 250-cm-tall male. This was the calibration suggested by Parkin and Leaning

[9] to result in the most reliable estimates of Pms using their model in canine in their initial

validation studies. If slightly off as a calibration factor, it would cause us to report

systematic difference in Pmsa from Pmsi, although this difference would be small and the

changes in Pms in response to volume loading would be unaffected. Finally, acute

endotoxemia is not an accurate model of human septic shock. For example, myocardial

depression is not seen in acute canine endotoxemia [12]. Thus, repeat studies in septic

patients need to be done to confirm the prior clinical study performed in postoperative

cardiac surgery patients. However, considering the tightness of fit of the endotoxic Pmsi to

Pmsa data, it seems unlikely that major discrepancies in the relation between Pms and Pmsa

will be found in septic patients.

Given these findings and the above limitations, it appears that continuous measures of Pmsa

can be used to track changes in Pms over time as volume status changes and during both

control and acute endotoxic states. Importantly, both Persichini et al [13] and Maas et al [14]

recently used the end-inspiratory hold maneuver to estimate Pms in critically ill patients

noting the effect of reducing or adding norepinephrine in an effort to alter MAP. Both

clinical studies showed that norepinephrine infusions proportionally change Pms and the
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resistance to venous return. Similarly, Geerts et al [15] showed that the vasodilation effects

of dobutamine are offset by its ability to reduce the resistance to venous return. These data

explain many of the observed hemodynamic effects of norepinephrine and dobutamine in

these clinical settings. Potentially, by continually estimating Pmsa and coupling it with other

functional hemodynamic parameters [16], the bedside clinician can not only track but also

predict the hemodynamic response to fluid and cardiovascular pharmacologic therapies.
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Fig. 1.
A, A section of a strip chart recording of the SVRV, pleural pressure, aortic pressure, airway

pressure, and Pra for 1 animal during 2 sequential positive pressure breaths. The vertical

dotted lines and arrows illustrate the phase lag used to match Pra to SVRV with the dotted

line being the Pra point and the subsequent SVRV its corresponding value. B, The summary

SVRV and Pra data pars for a series of volume loading steps and their extrapolated linear

regression lines to zero SVRV for 1 animal during control and acute endotoxin infusion

states. Note that during endo, the HR is higher and the venous return slopes less steep

(increased resistance) than control. Ppl indicates pleural pressure; PAo, aortic pressure; PAW,

airway pressure.
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Fig. 2.
Individual subject plots of Pmsi/Pmsa data pairs during volume loading (open symbols) and

removal (closed symbols) for control (blue circles) and endotoxin (red squares) with least

squared linear regression lines for pooled loading and removal data points.
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Fig. 3.
Bland-Altman analysis of Pmsi and Pmsa data pairs for both control and endotoxin data

pairs for all subjects for all volume states.
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Fig. 4.
Mean Pmsi and Pmsa data for all 6 subjects during volume loading and removal.
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