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Abstract (WORD COUNT 247) 

Decompensation is a major pre-hospital threat to survival from trauma/hemorrhage shock (T/HS) after 

controlling bleeding. We recently showed higher than expected mortality from a combat-relevant rat 

model of T/HS (27 ml/kg hemorrhage) with tourniquet (TQ) and permissive hypotensive resuscitation 

(PHR) with Plasmalyte. Mortality and fluid requirements were reduced by resuscitation with 25% 

albumin pre-saturated with oleic acid (OA-sat) compared to fatty-acid (FA)-free albumin or 

Plasmalyte. The objective of this follow-up study was to analyze the role of decompensation in those 

outcomes. We observed two forms of decompensation: slow (accelerating fluid volumes needed to 

maintain blood pressure) and acute (continuous fluid administration unable to prevent pressure drop). 

Combined incidence of decompensation was 71%. Acute decompensations caused 21 of 22 total deaths 

observed by 3 h and began as slow decompensations. Prior to transition from slow to acute, acute 

decompensators were distinguishable from stable animals by their diastolic pressure response to fluids. 

Decompensation was not due to loss of cardiac performance. Acute decompensators had significantly 

lower heart rate and diastolic blood pressure variability and high-frequency spectral power. Colloid 

administration (FA-free albumin) to increase oncotic pressure added to vascular volume but only 

delayed the need for high fluid volumes to maintain pressure. In contrast, OA-sat albumin rats 

maintained pressure with less fluid, in line with decreased decompensation. Our findings suggest acute 

decompensation may be common after trauma and severe hemorrhage treated with TQ and PHR and 

that OA-sat albumin may benefit early survival and reduce transfusion volume by preventing 

decompensation.  
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Introduction 

Most military deaths in recent US conflicts occurred during the pre-hospital phase, and 91% of 

the deaths from potentially survivable injuries occurred as result of hemorrhage, of which 24% were 

deemed potentially survivable (1). Investigation into the causes of these potentially survivable deaths is 

vital to the development of new treatments and technologies to prevent them. The most immediate 

threat to survival in the pre-hospital setting is uncontrolled bleeding and we have made considerable 

strides in hemorrhage control through improved use of tourniquets (TQ), hemostatic dressings, and 

damage control resuscitation strategies including permissive hypotensive resuscitation (PHR) (2-4). 

However, casualty transport times to medical treatment facilities are projected to increase in future 

conflicts associated with multi-domain operations. Despite the improvements in temporary hemorrhage 

control, these scenarios may increase the fatalities resulting instead from decompensation after 

hemorrhage.  

Decompensation is the failure of the body’s compensatory mechanisms for handling blood loss. 

These mechanisms include: 1) increasing cardiac heart rate and/or contraction strength to improve 

cardiac output and oxygen delivery, 2) adjusting arterial constriction to shunt more of the remaining 

blood to heart and brain, 3) increasing venous constriction to mobilize blood reserves (5), and 4) 

autotransfusion to shift extravascular fluid into the intravascular space. Except for autotransfusion, 

these mechanisms are active compensatory responses governed by the sympathetic nervous system 

(SNS) (6). Death in the first few hours of shock from controlled hemorrhage or gut ischemia appears to 

be more closely related to cardiovascular failure (i.e. decompensation) than failure of other organs (7, 

8). Despite this, few studies attempt to parse out the effects of treatments on different compensatory 

mechanisms, even when early death is a primary outcome of the study.  
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Recently, we created a rat model of trauma plus hemorrhagic shock (T/HS) with TQ at time of 

injury and PHR with Plasmalyte, to model injury and early treatments in pre-hospital combat casualty 

care (8). We tested restoration of the albumin lost in hemorrhage with a 25% albumin bolus given prior 

to PHR,. Since albumin is the primary source of oncotic pressure in plasma, hyper-oncotic albumin 

should have increased fluid auto-transfusion from extravascular compartments, reducing the overall 

fluid requirements needed to maintain the hypotensive pressure goal (9). This would reduce fluid 

overload (10, 11) and the weight in medics’ packs (2). We also investigated the effect of non-esterified 

fatty acids (NEFAs) attached to albumin by comparing NEFA-free to NEFA-saturated albumin.  

The findings were somewhat unexpected. First, the mortality was unusually high and early for 

the degree of hemorrhage (27 ml/kg; 45% of blood volume) and experiment duration (3 h) (8). 15% of 

the animals died before receiving treatment and an additional 47% of the animals that received vehicle 

bolus died before the end of experiment. Second, the rate of decompensation was unusually high. A 

large proportion of animals began losing blood pressure and dying despite continuous fluid 

resuscitation. Of 22 deaths, 21 were due to this acute decompensation. Third, NEFA-saturated albumin 

was overwhelmingly beneficial since death and fluid requirements were significantly reduced. In 

contrast, oncotically-equivalent NEFA-free albumin provided only a short-term (1st hour) benefit to 

fluid requirements, with no benefit to total fluid requirements.  

Clearly, high and early death was attributable to acute decompensations. Fluid requirements are 

also directly tied to decompensation, because PHR uses pressure drop as a trigger for fluid 

administration.  Unfortunately, acute decompensations are poorly studied. This may be due to the 

difficulty of collecting pre-hospital data, especially on the battlefield. There may also be a tendency to 

assume, regardless of evidence, that any pre-hospital drop in blood pressure must be due to further 

blood loss, either from a trauma that was “missed” in initial evaluation or from re-bleeding triggered 
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by resuscitation. It may also be due to the tendency in animal studies to either exclude subjects that 

acutely decompensate or from failure to recognize them as distinct events, lumping them with deaths 

caused by other mechanisms.  

The goals of this follow-up analysis were to 1) characterize the acute decompensators, 

determining what traits, if any, set them apart from the slow decompensators and non-decompensating 

subjects and 2) determine the relative contribution of different compensatory mechanisms to the initial 

compensation and decompensation, and how these mechanisms were affected by the treatment groups. 

 

Methods 

T/HS + TQ + PHR Procedure 

Research was conducted in compliance with the Animal Welfare Act, the implementing 

Animal Welfare Regulations, and the principles of the Guide for the Care and Use of Laboratory 

Animals, National Research Council. The facility’s Institutional Animal Care and Use Committee 

approved all research conducted in this study. The facility where this research was conducted is fully 

accredited by AAALAC. The surgical procedure has been described in-depth previously (8). In brief, 

isoflurane anesthetized rats (male; Sprague-Dawley; 275-350 g body weight, BW) were cannulated in 

the carotid artery for continuous blood pressure recording, femoral artery for controlled hemorrhage, 

and the femoral vein for blood sampling and resuscitation fluids. Rats received a trauma (transverse 

laparotomy) immediately before hemorrhage (2 ml/min/kg). Hemorrhage continued at this rate until 

mean arterial pressure (MAP) dropped to 35 mmHg (designated as time t = 0). At this time, 

corresponding to “first aid”, a pneumatic TQ was inflated around the right hind limb, and hemorrhage 

rate was reduced to 0.6 ml/min/kg. Rate was adjusted to maintain MAP = 35 ± 3 mmHg until 45% of 

the estimated blood volume (6% of BW) had been removed. The time from t = 0 – 1 h is referred to as 
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the Ischemic phase. If the MAP dropped below 34 mmHg after completion of hemorrhage but before 

the end of the Ischemic phase, we administered Plasmalyte A (Baxter Healthcare Corporation, 

Deerfield, IL) at 0.5 ml/min until MAP reached 37 mmHg. 

At the start of the Pre-Hospital care phase (t = 1 h), rats were resuscitated with 2.69 ml/kg BW 

of 250 mg/ml bovine serum albumin (BSA) or vehicle (“Plasmalyte”, N=17),corresponding to the 

estimated albumin lost in hemorrhage (assuming 42% hematocrit and 43 mg/ml albumin in plasma). 

BSA was either NEFA-free (“FA-free BSA”, N=15) or was saturated (“OA-sat BSA”, N=13) with 

oleic acid as previously described (8, 12). Following bolus treatment, PHR was initiated with MAP < 

50 mmHg as the trigger for Plasmalyte administration (1 ml/min; ceasing at MAP > 53 mmHg).  

At start of the In-Hospital phase (t = 2 h), the TQ was removed and the threshold for 

Plasmalyte administration was increased to 60 mmHg (ceasing at MAP > 63 mmHg). Total Plasmalyte 

infusion in all phases was limited to 4 times the HV. At t = 3 h, surviving animals were euthanized by 

intravenous administration of 0.2 ml of Fatal Plus (390 mg/ml sodium pentobarbital; Vortech 

Pharmaceuticals, Dearborn, MI), while under anesthesia. Venous blood samples in heparin (0.5 ml 

each) were collected at baseline and at the end of each phase.  

 

Blood analysis 

Hematocrit (Hct) was measured by capillary tube centrifugation before spinning the remaining 

blood to obtain plasma (stored -80 ºC until analysis). Vascular volume was calculated from Hct 

assuming that the only change in blood volume occupied by red blood cells was due to hemorrhage 

and blood sampling. Plasma samples were assayed for albumin concentration by bromocresol purple 

assay, performed with a kit (Sigma-Aldrich) using reconstituted rat serum albumin (Sigma-Aldrich) for 

calibration. Additional assays (blood gases, electrolytes, NEFA concentration and binding capacity, 
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Syndecan-1 concentration, and alanine transaminase activity) using blood and plasma were performed 

and reported previously (8). 

 

Decompensation Analysis 

Animals were divided post-hoc into 3 categories based on their responses to fluid therapy. In 

animals defined as acute decompensators, the blood pressure dropped resulting in death despite 

continuous fluid administration to achieve the target MAP. The remaining animals were grouped based 

on the final fluid administration rate. Stable animals needed less than 50% of their HV (13.5 ml/kg) in 

a 20 min period, while animals needing 50% HV or more were classed as slow decompensators. To 

better understand events leading to acute decompensation, we analyzed the 20 min period prior to the 

point those animals ceased responding positively to fluids and compared it to the final 20 min that 

animals could receive fluid (i.e. prior to reaching the maximum allowed or to t = 3 h) for slow 

decompensators and stable animals. We examined MAP, diastolic arterial pressure (DAP), systolic 

arterial pressure (SAP), and heart rate (HR) during that entire period and while the animals were 

receiving fluid (i.e. response to fluid administration). 

 

Heart Rate and Blood Pressure Variability 

To approximate the degree of autonomic changes that may be involved in decompensation, we 

analyzed heart rate variability (HRV) and arterial pressure variability (APV) in time and frequency 

domains. Pressures (mean, diastolic, and pulse) and peak-to-peak intervals (i.e. heart period) were 

extracted and processed for 2-min intervals at indicated time points from arterial pressure data using 

commercial software (Acqknowledge, Biopac, Goleta, CA; Excel, Microsoft Corp, Redmond, WA). 

Missed beats and double-counted beats were interpolated. Time domain variability is described by the 
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standard deviation of the signal in the 2-min interval. For frequency domain measures, time domain 

data was first re-sampled at 5 Hz (suitable for catching the entire spectrum in rats) and the mean value 

of each series was subtracted from each interval measure to remove trend (13). Power spectrum was 

determined by fast Fourier transform (Matlab, MathWorks; Natick, MA). High frequency spectral 

power is synchronous with respiration and may quantitatively evaluate respiratory arrhythmias, 

therefore serving as index of vagal (i.e. parasympathetic) activity (14). The baseline respiratory rate in 

this study was approximately 60-70 breaths/min (1.0 – 1.2 Hz). Therefore, we defined high frequency 

(HF) power as power > 0.75 Hz up to the Nyquist frequency of 2.5 Hz (13). Mayer waves 

corresponding to SNS efferent activity can be detected at ~0.4 Hz in APV (but not HRV) in conscious 

rats (15), however, similar to sinoaortic baroreceptor denervated rats (15), we found no evidence for a 

peak corresponding to Mayer waves at any time point. Possibly, Mayer waves were greatly diminished 

and/or shifted by the anesthesia into the very low-frequency range (15) where they would be concealed 

within the fast Fourier transform artifact (Supplemental Figure 1). As a consequence, we only report 

HF spectral power findings. 

 

Statistics 

Results are described as mean ± standard deviation or as median (interquartile range). 

Continuous measures were analyzed by ANOVA (repeated measures ANOVA in cases where both 

time and group comparisons were made) followed by post-hoc Student’s t-test or, for non-normally 

distributed data, by Kruskal-Wallis test followed by post-hoc ranked Tukey or Dunn’s multiple 

comparison test. Categorical data were analyzed by Chi-square analysis. Significance was set to p < 

0.05 for the non-parametric tests. To correct for multiple comparisons in the t-tests and Chi-square 

analysis, significance was set to p < 0.025. 



NEFA saturation affects resuscitation with albumin 9 

 

Results 

Compensatory Mechanisms 

 Previously (8), we reported data related to cardiac and arterial compensatory mechanisms. For 

this analysis, we extracted information on the other two compensatory mechanisms, venous 

constriction and autotransfusion, using estimates of vascular volume (venous capacity being the largest 

contributor) and albumin concentration (a surrogate for oncotic pressure).  

Plasma albumin concentration dropped by the end of the ischemic phase compared to baseline 

in all groups (p < 0.0001, Figure 1A). As expected, groups that received albumin treatment maintained 

or increased albumin concentrations between 1 and 2 h, and their concentrations at 2 h were greater 

than the Plasmalyte group, which continued to decrease. By the final time point (3 h), however, 

Plasmalyte and FA-free BSA groups’ survivors appear to have equilibrated to the same albumin 

concentration, which was lower than baseline and the final concentration in the OA-sat BSA group 

(Figure 1A). These results suggest that the OA-sat BSA group was able to maintain a higher plasma 

oncotic pressure. 

The vascular volume was estimated using hematocrit, hemorrhaged volume, blood sample 

volume, and the estimated starting blood volume. Hct for all groups was ~43% at baseline and dropped 

to the same levels at 1 and 2 h (Figure 1B). By 3 h, Hct stabilized in Plasmalyte and OA-sat BSA 

groups but continued to drop in the FA-free BSA group to 25%, on average. Total blood volume 

decreased after hemorrhage (Figure 1C), though by 1 h it was at 63% of starting volume, compared to 

the 55% we assume was left immediately after 45% hemorrhage. This difference corresponds to a 4.8-

ml/kg autotransfusion of fluid, which almost exactly accounts for the observed drop in albumin 

concentration (calculated plasma albumin concentration at T = 1 h is 39.2 mg/ml versus the measured 
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value of 39.4 mg/ml; see Supplement for details). Survivors continued to increase their blood volume 

to the same extent during the Pre-Hospital phase. The Plasmalyte group showed no further change at 

the final time point, suggesting that all fluid given in the In-hospital phase (see (8)) leaked out again. 

The FA-free BSA group continued to expand its vascular volume until it was nearly equivalent to pre-

hemorrhage (Baseline) levels, however the volume increase was still less than the fluid volume given, 

suggesting the rest also leaked out. The OA-sat BSA group, like Plasmalyte, showed no further change 

at the final time point, yet most of these animals needed no fluid.  

 Total albumin in the vasculature was calculated by multiplying albumin concentration by the 

estimated plasma volume (Figure 1D). The OA-sat BSA group had a slightly greater amount of 

albumin than other groups before resuscitation (1 h). The FA-free BSA and OA-sat BSA groups 

increased their total vascular albumin after albumin bolus, but did not return to baseline. This is due in 

part to the difference between baseline starting concentrations (48.6 ± 6.5 mg/ml) and the literature 

value of 43 mg/ml, used for our dosage calculation. The total vascular albumin in Plasmalyte and FA-

free BSA groups remained constant between 2 and 3 h, suggesting that the vasculature was not more 

permeable than normal to large molecules (or at least that the rate of albumin exiting the vasculature 

was equal to albumin return via lymph). In contrast, total vascular albumin fell in the OA-sat BSA 

group in that period (p = 0.006), though it remained significantly elevated compared to the Plasmalyte 

group (Figure 1D), suggesting that vascular permeability to large molecules may have been affected. 

 

Decompensation 

In models where fluid is used to maintain target blood pressures, decompensation must be 

tracked by measuring fluid requirements rather than pressure. Once our animals’ MAPs dropped to the 

point that fluids were required, we observed three patterns of fluid administration corresponding to 
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decompensation outcome types (acute decompensation, slow decompensation, and stable) described in 

Methods (Figure 2). Decompensating animals typically showed an accelerating need for fluid 

compared to stable animals. This acceleration is especially apparent in acute decompensators, prior to 

the point they become unresponsive (indicated by the final, long, uninterrupted period of fluid 

administration). Prior to unresponsiveness, every animal that acutely decompensated had already met 

or exceeded the rate of fluid administration that defines slow decompensation. After unresponsiveness, 

the drop in pressure was rapid (time between unresponsiveness and death: 6.1 ± 6.5 min, N = 21). Of 

the 53 animals, 21 were acute decompensators, 9 were slow decompensators, and 23 were stable 

(Table 1). Eight animals acutely decompensated prior to treatment bolus (15% decompensation rate 

prior to start resuscitation). Table 1 shows the distribution of decompensation outcomes in each 

treatment group. Significantly fewer animals decompensated after OA-sat BSA (15%) than following 

FA-free BSA (60%) or Plasmalyte (65%) (p<0.02). 

 

Fluid Requirements 

Total fluid requirements were 26% (IQR 10-77%) of HV (7 ml/kg) for stable animals, 275% 

(193-405%) of HV (74 ml/kg) for slow decompensating animals, and 135% (60-147%) of HV (36 

ml/kg) for acutely decompensating animals (stable animals significantly different from slow and 

acutely decompensating animals; N = 23 stable, 9 slow, and 21 acute). Total fluid requirements for 

acute decompensators are skewed downwards by their early death, however. Examination of fluid 

requirements in each phase shows a trend for more fluids needed by acute than slow decompensators in 

every phase (Figure 3). Stable animals required significantly less fluid than acute decompensators in 

every phase and less fluid than slow decompensators in the In-Hospital phase. The median stable 

animal needed no fluid other than the treatment bolus. 
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Pressure Response to Fluids 

Figure 4 shows a representative example of the arterial blood pressure trace for each type of 

fluid response. Prior to becoming unresponsive to fluid, a common feature of acute decompensators 

(and some slow decompensators) was decreased DAP with increased pulse pressure (PP) as fluids were 

added, suggesting early differential response to fluids (Figure 4B). To test this, we determined the 

change in DAP and PP for each outcome type while they were receiving fluids. Fluids increased PP but 

had almost no effect on DAP in acute decompensators, compared to stable animals that increased PP 

and DAP in response to fluid (Figure 5). Slow decompensators had an intermediate pressure response 

to fluid.  

 

Vascular versus Cardiac Decompensation 

Typically, PP (closely related to stroke volume (16)) and HR are associated with cardiac 

function, while in relation DAP (i.e. the residual pressure when the heart is not shifting blood into the 

arterial vasculature) is associated more with vascular function. To help determine whether the 

decompensation was more likely due to cardiac or vascular decompensation, we compared DAP, PP, 

and HR. At t = 3 h, slow decompensators had significantly higher HR and PP, and lower DAP, 

compared to stable animals (Figure 6). Acute decompensators were all dead by t = 3 h, but in the 20 

min prior to becoming unresponsive, DAP decreased (32±11 to 27±5 mmHg, N=20, p=0.025) and PP 

tended to increase (43±19 to 51±18 mmHg, p=0.036), with essentially no change in heart rate (443±55 

to 433±47 BPM, p=0.35). In contrast, stable animals in the final 20 min showed no trend for change in 

DAP (47±8 to 45±7 mmHg, N=22, p=0.2), PP (52±11 to 50±12 mmHg, p=0.5), or heart rate (423±57 
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to 422±60 BPM, p=0.77). These results suggest that the failure to compensate is vascular rather than 

cardiac in origin for both acute and slow decompensators. 

 

Heart Rate and Blood Pressure Variability Analysis 

 Variability in the time domain of the heart period (HP) dropped during the hemorrhage, hitting 

the low end of its range just prior to resuscitation (Figure 7A). Resuscitation improved HP variability 

in stable animals significantly more than animals that would later decompensate, on whom it had little 

effect. DAP variability decreased in all groups with hemorrhage, but recovered and was elevated by 

the end of the ischemic phase in stable animals compared to animals that would later decompensate 

(Figure 7B). Slow decompensators recovered DAP variability by the end of the Pre-Hospital period, 

but acute decompensators did not recover. Pulse pressure variability roughly paralleled PP itself 

(Figure 6), all groups recovering some variability during the ischemic period and slow decompensators 

eventually achieving higher variability by T = 3 h (Figure 7D). Unsurprisingly, MAP variability 

behaved like a blend of DAP and PP variability (Figure 7C). HF spectral power was qualitatively 

similar to the variability in the time domain (Figure 8). Particularly, we observed greater HP and DAP 

power in stable animals compared to acute decompensators and saw that slow decompensators had 

large increases in PP power (not significant) as resuscitation continued. MAP power behaved, again, 

like a blend of DAP and PP power. 

 

Discussion 

We previously reported a rat model of T/HS + TQ + PHR with greater mortality than similar 

models without either TQ or TQ + PHR (8). We eliminated organ damage, continued bleeding, and 

potassium as causes of mortality, and deduced that mortality was likely due to decompensation. 
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Treatment with OA-sat BSA reduced mortality and fluid requirements (8). For this report, we 

investigated the connections among decompensation, mortality, fluid requirements, fluid response, 

HRV, APV, and treatment. Though the experiment was not originally designed to study compensation, 

we will demonstrate how the compensatory mechanisms can still be qualitatively accessed using 

measurements of hemodynamics, hematocrit, and albumin concentration, and how this can lead to a 

more complete interpretation of findings. 

 

Compensatory Mechanisms  

Cardiac compensation can be assessed via HR and PP, which correlates to stroke volume (16). 

We had shown previously that HR increased similarly for all groups (8). Grouping animals by 

decompensatory outcome revealed that cardiac compensations as approximated by HR and PP were 

stronger in animals that were decompensating. This supports the argument that decompensation is not 

cardiac in this model. It also argues that arterial compensation has not failed, since the purpose of 

arterial compensation is to shunt blood towards the heart and brain, and clearly the heart was 

functioning well. We previously reported that DAP was significantly improved by OA-sat BSA 

treatment (8), however we cannot say that this is due to increased arterial constriction, because arterial 

pressure is affected by both arterial constriction and venous constriction (through the latter’s effect on 

cardiac output, see below). OA-BSA treatment did not increase lactate or base deficit relative to the 

other treatments (8), which suggests equivalent tissue perfusion and supports the argument that it is 

venous constriction, not arterial constriction, that is improving DAP. 

Autotransfusion can be assessed by serial measurement of vascular volume, which for 

controlled hemorrhage can be calculated using hematocrit and the assumptions that red blood cells 

neither enter nor leave the vasculature and stay the same size (a limitation of this study is that we did 
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not measure mean corpuscular volume with a complete blood cell count). In this study, autotransfusion 

only restored 8% of the starting blood volume, prior to treatment. In the hour after treatment, all groups 

recovered additional vascular volume in excess of the 4% of starting volume provided by the bolus. 

The Plasmalyte group received more than enough fluid to account for the volume increase (8) (most of 

what was given leaked out again), but since the albumin groups did not need exogenous crystalloid in 

that hour, the extra volume must have come from additional autotransfusion. 

To understand why adding albumin increases autotransfusion, to explain the group effects on 

volume in the final hour, and to qualitatively assess systemic venous constriction, we make use of the 

Starling principle. In its simplest form, the Starling principle describes the flow of fluid across the 

capillary wall using the equation J = k * (ΔP – ΔΠ), where J = flow of fluid from the vasculature, k = 

permeability, which is positive and non-zero for most capillaries, ΔP = the hydrostatic transmural 

pressure gradient, and ΔΠ = the oncotic pressure gradient. When there is sufficient hemorrhage to drop 

ΔP below ΔΠ, the normal outward leak of fluid ceases and fluid instead enters from the extravascular 

space and continues entering from the lymph (i.e. autotransfusion) (9). Because the incoming fluid has 

lower concentrations of albumin and other plasma proteins than plasma (17), the plasma oncotic 

pressure will drop. Autotransfusion will end when oncotic pressure drops to meet hydrostatic pressure. 

Therefore, autotransfusion is limited by the plasma protein concentration, of which albumin is the 

prime component (18). Adding albumin therefore increases autotransfusion. In our study, the albumin 

concentration calculated for T = 1 h, based solely on dilution from autotransfusion, matched the 

measured concentration, suggesting that prior to resuscitation there is no significant movement of 

albumin into or out of the vasculature. Low albumin concentration on admission has previously been 

associated with poor outcome after trauma (19, 20), but the reasons were not well understood. Our 
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results suggest that equilibrium of fluid flux would have been fast enough to attribute the low albumin 

directly to low capillary hydrostatic pressure. 

Because venous resistance is small compared to the resistance in arterial vessels and capillaries, 

changes in capillary hydrostatic pressure are more dependent on changes to venous pressure than 

changes to arterial pressure. Venous pressure, in turn, is determined by the “stressed volume”. Stressed 

volume refers to the blood volume in excess of the volume needed to fill the vasculature without 

stretching it (i.e. the “unstressed volume”). The elastic recoil of the vessels, particularly the veins 

where the majority of blood volume resides (21), provides the venous pressure that is then converted 

by the heart into venous return/cardiac output (5). This pressure therefore determines the upper limit of 

cardiac output. The body can convert unstressed volume into stressed volume by increasing venous 

constriction, essentially redefining the volume at which the vasculature is full (21). As a result, there is 

a surprisingly direct qualitative relation between venous constriction and albumin concentration 

(Figure 9). 

We can use these relations to interpret our findings. In the Plasmalyte-only group, albumin 

concentration dropped even further after resuscitation, suggesting venous constriction was dropping. 

Though vascular volume expanded with the incoming fluid, the drop in venous constriction suggests 

the fluid increased unstressed volume, but not the hemodynamically critical stressed volume. In the 

surviving animals, a steady state was eventually reached (no further drop in albumin). After that point, 

when fluid was added to try to maintain PHR, it no longer increased vascular volume, suggesting 

albumin was diluted to the point that oncotic pressure was dropping below capillary hydrostatic 

pressure, forcing the fluid to extravasate. Essentially 100% of that fluid went to edema. This is the 

main reason crystalloids are only useful as short-term solutions for hypovolemia. In the FA-free BSA 

group, we replaced the majority of the albumin lost to hemorrhage. This increased autotransfusion as 
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discussed above, and eventually restored the vascular volume in survivors (actually more than 

expected, considering the volume of hemorrhaged red blood cells was also replaced). However, with 

that volume came a drop in albumin, suggesting that, like the Plasmalyte group, the fluid became 

unstressed volume. This is consistent with the observation that decompensation was not better with 

FA-free BSA than it was with Plasmalyte alone. At some point in the final hour, albumin concentration 

dropped to the same point as the Plasmalyte group, explaining why the fluid requirement also 

increased to match the Plasmalyte group in that hour (8). In contrast, after the OA-sat group received 

its albumin bolus, it increased volume to the same degree as the Plasmalyte group, but needed no 

exogenous volume, and its albumin concentration remained high. This means that hydrostatic pressure 

was high and only a small amount of autotransfusion was needed to bring oncotic pressure down to it. 

These findings indicate that venous constriction remained high in the OA-sat BSA group. Since this 

was the group that showed significantly higher survival, it supports the argument that, at least in this 

model, venous compensation is the key mechanism. While cardiac compensation can increase oxygen 

delivery and arterial compensation makes sure the heart and brain get a sufficient share of that, it is the 

venous compensation that directly corrects for hypovolemia (autotransfusion will not even begin until 

venous compensation can no longer correct, and capillary pressure starts to drop). We propose that this 

is why low albumin concentration is associated with poor outcome (19, 20). 

This analysis identifies improved venous constriction as the means by which OA-sat BSA 

improves survival and fluid requirements, but it makes no judgments as to how it does this. In our 

previous report, we made a case that the NEFA caused hemolysis and the released hemoglobin 

scavenged just enough nitric oxide to make veins easier to constrict without affecting arteries enough 

to worsen tissue perfusion (8). This is consistent with reports stating that changes in nitric oxide affect 

the venous system prior to affecting the arterial system (22-24). However, it is also possible that 
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venous constriction is affected by oleic acid through some other mechanism, e.g. prevention of 

catecholamine refraction.  

It is worth emphasizing that permeability to water is not the same thing as permeability to large 

molecules like albumin. Literature suggests albumin resuscitation increases albumin leakage into the 

extravascular space, resulting in edema (25). However, total albumin in the vasculature did not 

decrease in either Plasmalyte or FA-free BSA groups, suggesting that the vasculature did not become 

leaky to larger molecules from hemorrhagic shock alone or from albumin resuscitation. In contrast, a 

net decrease in total albumin suggests leakage did occur in the OA-sat BSA group, despite the lower 

fluid extravasation. Possibly, fatty acids damaged the vasculature, increasing the permeability to large 

molecules. These findings suggest that fatty acids on pharmaceutical albumin could lead to 

permeability increase.  

 

Decompensation Analysis 

In this model, all acute decompensations were lethal, i.e., no animal became unresponsive to 

fluids and then later recovered. Prior to becoming unresponsive, all 21 acute decompensators had 

already met the definition for slow decompensation. Therefore, acute decompensators are a subset of 

slow decompensators. Of the 9 slow decompensators that did not transition to acute, only 1 died within 

the 3-hour post-injury period. Together, these imply that high and early mortality was a consequence 

of the large number of transitions to acute decompensation. 

After determining their incidence, we characterized the decompensatory outcomes. 

Qualitatively, decompensation appears to accelerate over time based on fluid requirements to reach the 

target MAP. Also, acute decompensators needed more fluid than stable animals and as much fluid per 

phase as slow decompensators. While PP increased with fluid administration regardless of outcome 
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type, the DAP response to fluid administration had some predictive power, as it was lower than stable 

animals in acute decompensators before they transitioned to unresponsiveness. In general, stable 

animals maintained a higher DAP than slow decompensators and slow decompensators maintained a 

higher DAP than acute decompensators. This suggests that the drops and recoveries in the group 

analysis were mostly due to the pressure drops and deaths of acute decompensators. Since MAP was 

held constant and HR was similar in both the stable subjects and the acute decompensators, our 

findings suggest that DAP may be the most useful of the standard hemodynamic vital signs for 

predicting decompensation. 

 

Acute decompensation and the sympathetic nervous system 

Acute decompensations have been rare in our previous hemorrhagic shock models (26, 27). 

However, we frequently observed similar acute pressure drops in a prolonged splanchnic arterial 

occlusion (SAO) model (7). The complete ischemia of the small intestine in SAO triggers a strong 

response from the SNS, resulting in hypertension (7, 28). This response was unsustainable, however. 

Frequently, blood pressure would drop by 80 mmHg or more in just a few minutes without any change 

in HR or PP, suggesting a sudden loss of venous return due to sympathetic signaling failure. Sudden 

drops in sympathetic signaling occur after hemorrhage in rabbits, supporting this hypothesis (7, 29, 

30). After 2-3 hours of occlusion, rats that had not died from spontaneous, acute pressure drop would 

start slowly decreasing pressure until death, suggesting that the sympathetic signal was still present but 

that the vasculature was slowly losing the ability to respond. The incidence of acute death in SAO was 

significantly increased in groups with parasympathetic activators (7, 13) and inhibited by a 

parasympathetic inhibitor or sub-diaphragmatic vagotomy, leading us to hypothesize that 
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parasympathetic activity was forcing the SNS to increase its signal output to compensate, causing 

subsequent SNS exhaustion and signal lapses.  

Those outcomes were similar to the acute and slow decompensations observed here, and may 

share similar underlying mechanisms. In a pilot study using 50% HV, 6 of 8 animals acutely 

decompensated in the Ischemic phase before treatment bolus (p=0.002 vs 8 of 53 with 45% HV), 

suggesting incidence of acute decompensation is increased by greater ischemia. This fits our argument 

because the SNS responds to ischemia with increased activity. The increased ischemia caused by TQ 

and PHR, on top of a 45% HV, may be the reason acute decompensation was prevalent in this model. 

TQs are needed to stop hemorrhage and improve survival (1), so even if humans are also subject to this 

effect, forgoing TQ use is not an option. We need, however, to develop ways to achieve earlier 

conversions to hemostatic dressing, identify casualties at the greatest risk of decompensation, and 

develop treatments that specifically target decompensation. Oleic acid saturated albumin may be one 

treatment option.  

Unlike the parasympathetic inhibitors in the SAO study that only prevented slow 

decompensations from becoming acute, OA-sat BSA reduced the total incidence of decompensation. 

By aiding venous constriction, OA-sat BSA may have conserved the vasculature’s ability to respond to 

the SNS signal, reducing slow decompensations. Since a lower SNS signal is then needed to achieve 

the same output, acute decompensations are also avoided.  

 

Frequency Analysis 

We hypothesized that since tourniquets increase ischemia and blood pressure (31), we would 

detect increased SNS efferent activity after TQ inflation in APV analysis. Unfortunately, the lack of 

Mayer waves prevented this analysis. This left us with only variability in the time domain and HF 
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power in the frequency domain. Variability in the time domain is associated with better compensation 

and outcome (7, 32, 33). We saw significantly increased HRV in the stable outcome subjects at early 

time points compared to decompensators, but this did not last, decreasing enthusiasm for HRV as a 

predictive tool. In contrast, variability in arterial pressure, particularly DAP, recovered early in stable 

outcome subjects and stayed elevated compared to acute decompensators, which never recovered. DAP 

variability in slow decompensators behaved like acute decompensators early on but looked more like 

stable subjects later, suggesting high variability indicates an acute decompensation is unlikely, but 

does not ensure a good outcome. HF spectral power was qualitatively similar to the variability in the 

time domain (not surprising considering that essentially the entire measured spectral power was in this 

frequency range).  

 

Limitations 

This analysis demonstrated that valuable information about compensation and decompensation 

can be extracted from measures commonly taken in hemorrhagic shock models. The main limitation is 

that it is qualitative data, based on indirect measures. For example, plasma albumin concentration is an 

indirect indicator of oncotic pressure. Direct measurement would require uncommon, specialized 

apparatus. Likewise, there are logical connections among venous constriction, albumin concentration, 

mortality, and fluid requirements. However, direct measurements of venous diameters or capillary 

pressure were not performed.  

 

Military Relevance 

Our findings may be of particular importance to the military because TQ and PHR are 

recommended combat casualty care treatments and there is currently no way to distinguish pre-hospital 
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deaths from occult hemorrhage from deaths due to acute decompensation. Likewise, there has been a 

recent push to give whole blood or blood products early. While this change should reduce edema and 

improve coagulation, our findings with albumin suggest that in treatment of severe hemorrhage with 

TQ and delayed PHR, volume replacement, even with whole blood, may not be sufficient to prevent 

death, if the blood only increases unstressed volume. Treatment to directly address decompensation 

may also be required. 

 

Conclusions 

The high incidence of early mortality and fluid requirements in a model of T/HS with TQ and 

PHR was prevented by treatment with OA-sat BSA but not FA-free BSA. In this model, mortality was 

due primarily to acute decompensations. Decompensation generally accelerated and was most 

associated with decreased diastolic pressure and variability. Of the cardiovascular compensatory 

mechanisms investigated, the most critical appeared to be venous constriction. Therefore, resuscitation 

strategies for preventing decompensation without inducing organ injury should support venous 

constriction without exacerbating arterial constriction. OA-sat BSA may achieve this, though the net 

loss of albumin from the vasculature suggests it may not be without complications. Future studies of 

resuscitation fluids in shock should consider measurements of vascular volume and albumin 

concentration in addition to tracking hemodynamics and fluid input/output as useful tools in 

interpreting outcomes. Our work here and our previous work with the splanchnic arterial occlusion 

model support a view that, though related, acute decompensations are distinct from slow 

decompensations, and may be the more immediate threat in a prolonged pre-hospital scenario, with the 

odds of a conversion from slow to acute being dependent upon the severity of ischemia (i.e. 

sympathetic stimulation). Our hypothesis that acute decompensation represents exhaustion of 
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sympathetic efferent signaling while slow decompensation represents a progressive failure of the 

venous vasculature to respond to those signals, may change how we look at early-stage death from 

hemorrhage and opens up new targets for intervention for the most severely hypovolemic pre-hospital 

patients. 
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Figure Legends 

 

Figure 1 Resuscitation fluid effects on albumin, hematocrit, and vascular volume in venous 

blood. (A) Albumin concentration in plasma. * p < 0.002 vs. Plasmalyte; # p = 0.002 vs. FA-free BSA. 

(B) Hematocrit. * p = 0.008 vs. OA-sat BSA (p = 0.07 vs. Plasmalyte). (C) Blood volume in the 

vasculature (normalized to the starting volume). * p < 0.027 vs. OA-sat BSA (p = 0.08 vs. Plasmalyte). 

(D) Albumin in the vasculature (plasma volume x albumin concentration, normalized to baseline). * p 

< 0.02 vs. Plasmalyte; # p < 0.02 vs. FA-free BSA. Data expressed as mean ± standard deviation. N = 

15, 15, 13 at Baseline and t = 1 h; 10, 12, 13 at t = 2 h; and 8, 10, 12 at t = 3 h for Plasmalyte, FA-free 

BSA, and OA-sat BSA, respectively, for all four graphs. 

 

Figure 2 Fluid volume, as percentage of hemorrhage volume (HV), administered to each 

animal over time. Treatment bolus and volume given to reach the pressure goal of next phase (MAP 

of 50 mmHg at 1 h or a MAP of 60 mmHg at 2 h) are excluded. I.e. volumes shown are those needed 

by the animal, not volumes received by the animal. To allow comparison among different experiments, 

time is normalized so that the moment each animal first needs fluid is t=0. (A) Stable animals. One 

animal recovered after a high rate of fluid administration (arrow). Eleven animals not shown needed no 

fluid beyond the bolus or what was infused to transition to the next pressure goal. (B) Acute 

decompensators. (C) Slow decompensators. While similar in appearance to acute decompensators, 

these animals have a decreased maximum slope. They also had greater number of on/off cycles of the 

fluid infusion pump, reflecting greater pressure responsiveness to fluids: less fluid was needed to reach 

the threshold for turning the pump off than acute decompensators. 
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Figure 3 Fluid volume required in each phase of the experiment (Ischemia, Pre-Hospital, 

and In-Hospital) for each decompensation category. Data expressed as median ± interquartile range. 

“% of HV” data can be converted to “ml/kg BW” by multiplying values by 27 ml/kg (i.e. the HV). 

Stable animals: N = 23 (all phases). Slow decompensation animals: N= 9 (all phases). Acute 

decompensation: N= 21 (initial), 13 (Pre-Hospital phase), 5 (In-Hospital phase). Kruskal-Wallis test: p 

= 0.007 (Ischemia), p = 0.0003 (Pre-Hospital), p < 0.0001 (In-Hospital). * significant vs. stable by 

Dunn’s test. 

 

Figure 4 Typical blood pressure traces from each decompensation category. (A) Stable 

animal, OA-sat BSA group. No fluid needed after treatment bolus (first arrow) in pre-hospital period 

and only a small amount required in In-hospital period. In the final 20 minutes, a pressure drop 

triggered fluid administration (second arrow), but it likely was not needed, as pressure continued to 

rise even after fluids were stopped (third arrow). (B) Acute decompensator, Plasmalyte group. After 

blood sample, bolus, and initial resuscitation at 60 min (first arrow), pressure begins to fall. Once the 

MAP hits ~49 mmHg (second arrow), Plasmalyte is given until MAP reaches ~53 mmHg. The process 

is repeated as needed, giving the MAP its jagged appearance. DAP decreases, balanced by increasing 

PP, to maintain a constant MAP, until MAP becomes fluid unresponsive (third arrow) when DAP and 

SAP drop precipitously. (C) Slow decompensator, Plasmalyte group. A small amount of fluid (21% of 

HV) was needed prior to resuscitation (first arrow) to avoid further MAP drop. After initial 

resuscitation, little fluid was required until 105 min when the rate of fluid requirement increased. Fluid 

was needed regularly until the maximum allowable was reached at 161 min. After that, DAP 

(previously relatively stable) and PP began to drop. 
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Figure 5 Change in pressure per minute during fluid administration for diastolic and pulse 

pressure from all animals of each decompensation category. Data collected in the 20 min prior to 

becoming unresponsive to fluid for acute decompensators or in the last 20 min that fluid was allowed 

for stable or slow decompensators. Calculated for each animal by adding the total change in pressure 

during each interval that the infusion pump was on and dividing by the total time that the pump was on 

within the 20 min period. Data expressed as mean ± standard deviation. * p = 0.009 vs. acute 

decompensators. N = 13, 9, and 11 for acute decompensators (that survived past the start of 

resuscitation), slow decompensators, and stable animals, respectively. In animals that received no fluid 

in the final 20 min, we used the last time segment after treatment bolus, if any, in which fluid was 

given. 

 

Figure 6 (A) Mean arterial pressure, (B) diastolic arterial pressure, (C) pulse pressure, and 

(D) heart rate at baseline (BSL), start of hemorrhage (SH), and from t = 0 (mean arterial 

pressure equal to 35 mmHg) until t = 180. Data expressed as mean ± standard deviation. * p < 0.025 

Stable vs. Slow Decompensators, ^ p < 0.025 Slow vs. Acute Decompensators, # p < 0.025 Stable vs. 

Acute Decompensators for all graphs. N=23, 9, and 13 for Stable, Slow Decompensators, and Acute 

Decompensators, respectively, through t = 60 min (analysis excludes 8 Acute Decompensators that 

died prior to treatment bolus). N decreases as animals die, to final values of 23, 8, and 0 for Stable, 

Slow Decompensators, and Acute Decompensators, respectively, at t = 180 min. 

 

Figure 7 Heart period (HP) variability (A) and diastolic (B), mean (C), and pulse pressure 

(D) variability in the time domain. The standard deviation of each parameter measured over a 2-min 

period starting at the indicated time was used as an index of variability. For clarity, values are 
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expressed as mean ± standard deviation. MAP = Mean arterial pressure; DAP = Diastolic arterial 

pressure; PP = Pulse pressure. * p<0.025 acute vs stable; ^ p<0.025 acute vs slow; # p<0.025 slow vs 

stable. Nstable = 20. Nslow  = 8, then 7 @ t=175. Nacute = 20 at t≤5; 16 at t=55; 12 at t=65; 6 at t=115; 5 at 

t=125; and 0 at t=175. 

 

Figure 8 High Frequency (HF, 0.75 – 2.5 Hz) spectral power of two-minute segments of 

heart period (HP) (A) and diastolic (B), mean (C), and pulse (D) pressure starting at the times 

shown. Values are expressed as mean ± standard deviation. MAP = Mean arterial pressure; DAP = 

Diastolic arterial pressure; PP = Pulse pressure. * p<0.025 acute vs stable; ^ p<0.025 acute vs slow; # 

p<0.025 slow vs stable. Nstable = 20. Nslow  = 8, then 7 @ t=175. Nacute = 20 at t≤5; 16 at t=55; 12 at 

t=65; 6 at t=115; 5 at t=125; and 0 at t=175.  

 

Figure 9 Schematic of the connection between venous constriction, albumin concentration, 

and maximal cardiac output. Because fluid flux into or out of the vasculature takes time, changes in 

osmotic pressure may lag behind changes in capillary pressure. However, once steady state has been 

reached, a change in venous constriction will be reflected by a change in albumin concentration. 
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Main Figures and Tables  

 

 

Figure 1 Resuscitation fluid effects on albumin, hematocrit, and vascular volume in venous 

blood. (A) Albumin concentration in plasma. * p < 0.002 vs. Plasmalyte; # p = 0.002 vs. FA-free BSA. 

(B) Hematocrit. * p = 0.008 vs. OA-sat BSA (p = 0.07 vs. Plasmalyte). (C) Blood volume in the 

vasculature (normalized to the starting volume). * p < 0.027 vs. OA-sat BSA (p = 0.08 vs. Plasmalyte). 

(D) Albumin in the vasculature (plasma volume x albumin concentration, normalized to baseline). * p 

< 0.02 vs. Plasmalyte; # p < 0.02 vs. FA-free BSA. Data expressed as mean ± standard deviation. N = 

15, 15, 13 at Baseline and t = 1 h; 10, 12, 13 at t = 2 h; and 8, 10, 12 at t = 3 h for Plasmalyte, FA-free 

BSA, and OA-sat BSA, respectively, for all four graphs. 
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Figure 2 Fluid volume, as percentage of hemorrhage volume (HV), administered to each 

animal over time. Treatment bolus and volume given to reach the pressure goal of next phase (MAP 

of 50 mmHg at 1 h or a MAP of 60 mmHg at 2 h) are excluded. I.e. volumes shown are those needed 

by the animal, not volumes received by the animal. To allow comparison among different experiments, 

time is normalized so that the moment each animal first needs fluid is t=0. (A) Stable animals. One 

animal recovered after a high rate of fluid administration (arrow). Eleven animals not shown needed no 

fluid beyond the bolus or what was infused to transition to the next pressure goal. (B) Acute 

decompensators. (C) Slow decompensators. While similar in appearance to acute decompensators, 

these animals have a decreased maximum slope. They also had greater number of on/off cycles of the 

fluid infusion pump, reflecting greater pressure responsiveness to fluids: less fluid was needed to reach 

the threshold for turning the pump off than acute decompensators. 
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Table 1: Decompensation Categories by Treatment Group 

 
N 

Death before 

bolus 

Treatment Group 

Plasmalyte FA-free BSA OA-sat BSA 

Stable 23 0% [0] 35% [6] 40% [6] 85%^ [11] 

Slow Decompensation 9 0% [0] 24% [4] 27% [4] 8% [1] 

Acute Decompensation 21 100% [8] 41% [7] 33% [5] 8% [1] 

^ p < 0.02 higher incidence of Stable outcome vs. both Plasmalyte and FA-free BSA. 
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Figure 3 Fluid volume required in each phase of the experiment (Ischemia, Pre-Hospital, 

and In-Hospital) for each decompensation category. Data expressed as median ± interquartile range. 

“% of HV” data can be converted to “ml/kg BW” by multiplying values by 27 ml/kg (i.e. the HV). 

Stable animals: N = 23 (all phases). Slow decompensation animals: N= 9 (all phases). Acute 

decompensation: N= 21 (initial), 13 (Pre-Hospital phase), 5 (In-Hospital phase). Kruskal-Wallis test: p 

= 0.007 (Ischemia), p = 0.0003 (Pre-Hospital), p < 0.0001 (In-Hospital). * significant vs. stable by 

Dunn’s test. 
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Figure 4 Typical blood pressure traces from each decompensation category. (A) Stable 

animal, OA-sat BSA group. No fluid needed after treatment bolus (first arrow) in pre-hospital period 

and only a small amount required in In-hospital period. In the final 20 minutes, a pressure drop 

triggered fluid administration (second arrow), but it likely was not needed, as pressure continued to 

rise even after fluids were stopped (third arrow). (B) Acute decompensator, Plasmalyte group. After 

blood sample, bolus, and initial resuscitation at 60 min (first arrow), pressure begins to fall. Once the 

MAP hits ~49 mmHg (second arrow), Plasmalyte is given until MAP reaches ~53 mmHg. The process 

is repeated as needed, giving the MAP its jagged appearance. DAP decreases, balanced by increasing 
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PP, to maintain a constant MAP, until MAP becomes fluid unresponsive (third arrow) when DAP and 

SAP drop precipitously. (C) Slow decompensator, Plasmalyte group. A small amount of fluid (21% of 

HV) was needed prior to resuscitation (first arrow) to avoid further MAP drop. After initial 

resuscitation, little fluid was required until 105 min when the rate of fluid requirement increased. Fluid 

was needed regularly until the maximum allowable was reached at 161 min. After that, DAP 

(previously relatively stable) and PP began to drop. 
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Figure 5 Change in pressure per minute during fluid administration for diastolic and pulse 

pressure from all animals of each decompensation category. Data collected in the 20 min prior to 

becoming unresponsive to fluid for acute decompensators or in the last 20 min that fluid was allowed 

for stable or slow decompensators. Calculated for each animal by adding the total change in pressure 

during each interval that the infusion pump was on and dividing by the total time that the pump was on 

within the 20 min period. Data expressed as mean ± standard deviation. * p = 0.009 vs. acute 

decompensators. N = 13, 9, and 11 for acute decompensators (that survived past the start of 

resuscitation), slow decompensators, and stable animals, respectively. In animals that received no fluid 

in the final 20 min, we used the last time segment after treatment bolus, if any, in which fluid was 

given. 
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Figure 6 (A) Mean arterial pressure, (B) diastolic arterial pressure, (C) pulse pressure, and 

(D) heart rate at baseline (BSL), start of hemorrhage (SH), and from t = 0 (mean arterial 

pressure equal to 35 mmHg) until t = 180. Data expressed as mean ± standard deviation. * p < 0.025 

Stable vs. Slow Decompensators, ^ p < 0.025 Slow vs. Acute Decompensators, # p < 0.025 Stable vs. 

Acute Decompensators for all graphs. N=23, 9, and 13 for Stable, Slow Decompensators, and Acute 

Decompensators, respectively, through t = 60 min (analysis excludes 8 Acute Decompensators that 

died prior to treatment bolus). N decreases as animals die, to final values of 23, 8, and 0 for Stable, 

Slow Decompensators, and Acute Decompensators, respectively, at t = 180 min. 
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Figure 7 Heart period (HP) variability (A) and diastolic (B), mean (C), and pulse pressure 

(D) variability in the time domain. The standard deviation of each parameter measured over a 2-min 

period starting at the indicated time was used as an index of variability. For clarity, values are 

expressed as mean ± standard deviation. MAP = Mean arterial pressure; DAP = Diastolic arterial 

pressure; PP = Pulse pressure. * p<0.025 acute vs stable; ^ p<0.025 acute vs slow; # p<0.025 slow vs 

stable. Nstable = 20. Nslow  = 8, then 7 @ t=175. Nacute = 20 at t≤5; 16 at t=55; 12 at t=65; 6 at t=115; 5 at 

t=125; and 0 at t=175. 

  



NEFA saturation affects resuscitation with albumin 43 

 

Figure 8 High Frequency (HF, 0.75 – 2.5 Hz) spectral power of two-minute segments of 

heart period (HP) (A) and diastolic (B), mean (C), and pulse (D) pressure starting at the times 

shown. Values are expressed as mean ± standard deviation. MAP = Mean arterial pressure; DAP = 

Diastolic arterial pressure; PP = Pulse pressure. * p<0.025 acute vs stable; ^ p<0.025 acute vs slow; # 

p<0.025 slow vs stable. Nstable = 20. Nslow  = 8, then 7 @ t=175. Nacute = 20 at t≤5; 16 at t=55; 12 at 

t=65; 6 at t=115; 5 at t=125; and 0 at t=175.  
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Figure 9 Schematic of the connection between venous constriction, albumin concentration, 

and maximal cardiac output. Because fluid flux into or out of the vasculature takes time, changes in 

osmotic pressure may lag behind changes in capillary pressure. However, once steady state has been 

reached, a change in venous constriction will be reflected by a change in albumin concentration. 
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Supplemental Material 

 

 

Supplemental Figure 1 Mean power spectrum for mean arterial blood pressure of all 

subjects at baseline compared to the power spectrum of a line with slope 5 mmHg/min (i.e. a 10-

mmHg difference between starting and ending pressure in a 2 min period). The Fast-Fourier 

Transfer assumption of repeating data causes an artifact in data segments that end at a different value 

than they begin, resulting in high power at the low frequency range, as demonstrated by the power 

spectrum for the line segment. The absence of peaks in the low frequency range suggests that Mayer 

waves (reported to appear around 0.4 Hz) were either suppressed or shifted into very low or high 

frequency ranges. 
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Supplemental Calculations 

 

Can autotransfusion of fluid alone account for the albumin concentration drop at T = 1 h? 

 

Total starting blood volume (TBV): assumed to be 60 ml/kg body mass 

Hematocrit at Baseline (BL): 0.426 (42.6%) 

Vascular volume (at BL): 1.00 (100% of starting volume) 

Albumin concentration ([Albumin]) at BL: 48.6 mg/ml 

 

Plasma Fraction (PF): 1 – 0.97 * hematocrit 

 

Hematocrit is determined by capillary tube centrifugation method. 

 

Vascular albumin at BL (mg per kg body mass) = [Albumin]BL * PFBL * Vascular volume@BL * TBV 

 

               = 48.6 mg/ml * (1 – 0.97 * 0.426) * 1.00 * 60 ml/kg 

 

               = 1711 mg/kg 

 

Vascular albumin after 45% hemorrhage = 1711 * (1 - 0.45) = 941 mg/kg 

 

If no net albumin enters or leaves vasculature between hemorrhage and resuscitation at T = 1 h (i.e. 

vascular volume change due to autotransfusion is the only reason for change in albumin 

concentration), what would be the calculated [Albumin] at T = 1 h, given the measured changes in 

vascular volume and hematocrit? 

 

Vascular volume (at T = 1 h): 0.63 (63% of starting volume) 

 

Hematocrit (at T = 1 h): 0.376 (37.6%) 

 

Calculated [Albumin] = Vascular albumin / [PF@T=1 * Vascular volume@T=1 * TBV] 

= 941 mg/kg / [ (1 – 0.97 * 0.376) * 0.63 * 60 ml/kg ] 

   = 39.2 mg/ml 

 

Measured [Albumin] (at T = 1 h): 39.4 mg/ml 

 

Conclusion: the measured autotransfusion of fluid is sufficient to account for the change in 

albumin concentration. 


