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Abstract

Background: Traumatic hemorrhagic shock (THS) is a leading cause of preventable
death following severe traumatic injury. Resuscitation of THS is typically targeted at
blood pressure, but the effects of such a strategy on systemic and microcirculatory
flow remains unclear. Failure to restore microcirculatory perfusion has been shown
to lead to poor outcomes in experimental and clinical studies. Systemic and
microcirculatory variables were examined in a porcine model of complex THS,

in order to investigate inter-individual variations in flow and the effect of
microcirculatory perfusion on reversal of the shock state.

Methods: Baseline standard microcirculatory variables were obtained for 22 large
white pigs using sublingual incident dark field (IDF) video-microscopy. All animals were
subjected to a standardised hind-limb injury followed by a controlled haemorrhage of
approximately 35 % of blood volume (shock phase). This was followed by 60 min of
fluid resuscitation with either 0.9 % saline or component blood products and a target
SBP of 80 mmHg (early resuscitation phase). All animals were then given blood
products to a target SBP of 110 mmHg for 120 min (mid-resuscitation phase), and a
further 100 min (late resuscitation phase). IDF readings were obtained at the midpoint
of each of these phases. Cardiac output was measured using a pulmonary artery
catheter. Animals were divided into above average (A) and below average

(B) perfused vessel density (PVD) groups based on the lowest recorded PVD
measurement taken during the shock and early resuscitation phases.
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Results: There was minimal inter-individual variation in blood pressure but wide
variation of both systemic and microcirculatory flow variables during resuscitation.
During shock and early resuscitation, group A (n=10) had a mean PVD of 10.5

(SD +2.5) mm/mm? and group B (n=12) 5.5 (SD + 4.1) mm/mm?. During the later
resuscitation phases, group A maintained a significantly higher PVD than group B.
Group A initially had a higher cardiac output, but the difference between the groups
narrowed as resuscitation progressed. At the end of resuscitation, group A had
significantly lower plasma lactate, higher lactate clearance, lower standard base deficit
and smaller mixed venous-arterial CO, gradient. There was no significant difference in
blood pressure between the two groups at any stage.

Conclusion: There was a wide variation in both macro- and microcirculatory flow
variables in this pressure-targeted experimental model of THS resuscitation. Early
changes in microvascular perfusion appear to be key determinants in the reversal of the
shock state during resuscitation. Microcirculatory flow parameters may be more reliable
markers of physiological insult than pressure-based parameters and are potential targets
for goal-directed resuscitation.

Keywords: Haemorrhagic shock, Microcirculation, Traumatic injury, Sublingual
video-microscopy, Lactate clearance, CO, gap, Blood products, Perfused vessel density

. J

Background

Traumatic hemorrhagic shock (THS) is a leading preventable cause of death following
severe traumatic injury [1-3], and timely reversal of the shock state is essential in
reducing post-injury morbidity and mortality.

Resuscitation from THS is invariably conducted with reference to a pressure-based
paradigm that currently emphasises so-called "permissive hypotension". This strategy is
based on the hypothesis that excessive blood and fluid administration, given with the
goal of achieving normotension, may lead to clot disruption and increased bleeding.
This is seemingly well supported by experimental [4] and clinical [5] evidence and
recommended by expert authorities [6, 7]. Crucially, however, the effects of pressure-
targeted resuscitation upon blood flow, especially microcirculatory blood flow, are less
well defined.

The microcirculation is a collective term for the network of small blood vessels that
perform the final role in the delivery of cellular oxygen and substrate and is therefore of
paramount importance during shock and resuscitation. Small animal studies have shown
that the ability to maintain microcirculatory perfusion is critical to outcome following
THS [8]. However, these studies utilised models of simple haemorrhage and may have
limited translation into clinical practice. To date, only one published clinical study has
examined the effects of microcirculatory impairment on end-organ function following
THS [9], finding that there was an association between microcirculatory impairment and
organ failure. However, this study examined the microcirculation in the period after
haemodynamic stability had been restored, not during the shock phase itself.

If it could be demonstrated that individuals with THS who were able to maintain
higher systemic and microcirculatory blood flows during resuscitation had improved
outcomes, then this could potentially identify avenues for the development of novel

end points of resuscitation based on flow-based parameters.
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The current study presents data on macro- and microcirculatory blood flow collected
from a porcine experimental model of THS. The aims of the study are to investigate (i)
inter-individual variations in systemic and microcirculatory blood flow, (ii) the
relationship between systemic and microcirculatory blood flow and (iii) to examine
whether animals which maintained a higher degree of microcirculatory perfusion during
shock and resuscitation had more effective and timely reversal of the shock state.

Methods

Study design

This is an opportunistic prospective observational study that investigates the haemo-
dynamic and microcirculatory variables for some of the subjects of a previously pub-
lished porcine experimental study. The original experimental study was undertaken to
address the effects of different initial resuscitation fluids on the development of
trauma-induced coagulopathy, the results of which have been published elsewhere [10].
Data were obtained from experiments conducted with the presence of an investigator
trained in the acquisition of microcirculatory images.

Animal preparation
The whole experiment was approved and conducted under license from the Home
Office Animals (Scientific Procedures) Act 1986.

The full animal preparation is described in detail elsewhere [10]. In summary, female
large white pigs (43-56 kg) were terminally anaesthetised and allowed spontaneous
respiration following tracheal intubation. The left femoral artery and left common
carotid arteries were cannulated to allow the withdrawal of blood and infusion of
resuscitative fluid, respectively. Cardiac output monitoring was performed using a
pulmonary artery catheter (Vigilance Volumetrics CEDV; Edwards Lifesciences Ltd).
The bladder was catheterised. A midline laparotomy and splenectomy was performed,
and the abdomen was closed.

Experimental protocol

The full experimental protocol is detailed previously [10, 11] and was designed to
replicate battlefield injury, shock and subsequent resuscitation. The experiment was
designed to keep all animals alive until the end of resuscitation. A proportion of
animals received a controlled blast injury, and all animals received a controlled hind-
limb injury from a captive bolt gun as described elsewhere [10]. Following the haemor-
rhagic shock phase, animals were assigned to receive initial resuscitation with either (a)
0.9 % saline or (b) component blood therapy consisting of leucodepleted porcine red
blood cells and plasma (delivered in a 1:1 ratio). The sampling, storage and preparation
of these blood products are described in detail elsewhere [10].

Data was collected at five time points as follows:

(a) Baseline (pre-injury)

(b)Shock (30 min after controlled haemorrhage and injury)

(c) Early (hypotensive) resuscitation (30 min after commencement of resuscitation)
(d)Mid-resuscitation (90 min after commencement of resuscitation)
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(e) Late resuscitation (170 min after commencement of resuscitation)

In accordance with currently accepted trauma shock resuscitation protocols, the
target systolic blood pressure was set at 80 mmHg for the early resuscitation phase and
110 mmHg during subsequent resuscitation phases. Animals were given boluses of fluid
to achieve these pressure targets. During early resuscitation, animals were treated with
either 0.9 % saline or blood products. During mid- and late resuscitation, all animals
exclusively received blood products.

Microcirculatory monitoring

The microcirculation was assessed using incident dark field (IDF) video-microscopy
(Cytocam, Braedius Medical B.V), which has been recently validated against a precursor
device in this setting [12]. Video clips of the microcirculation were acquired from the
sublingual area at each of the five time points. Images were acquired by three operators
but reviewed for quality by a single experienced operator. At least three (and ideally
five) video sequences, of at least five seconds duration, were recorded at each time
point, in accordance with the current consensus for assessing the microcirculation [13].
Quality assessment criteria were used to optimise image quality according to standard
practice [14]. Each video sequence was assigned a five-digit random number when
saved to digital media. Images were therefore de-identified with respect to animal,

treatment and time point.

Analysis of microcirculation video clips

Analysis was conducted offline by a single operator (S.H.) using semi-automated
software (Automated Vascular Analysis v. 3.0, Microvision Medical, NL). All vessels
were identified and traced by hand. Only small vessels (<20 pm diameter) were
included in the analysis. Results were obtained for the following variables:

(i) Total vessel density (TVD); the total numbers of vessels in the visual field.

(ii) Microcirculatory flow index (MFI), originally described by Boerma et al. (27) rates
each quadrant of the image in terms of the most appropriate flow rating (0 = no flow;
1 = intermittent flow; 2 = sluggish flow; 3 = continuous flow). To improve the accuracy
of this measurement, we ascribed MFI values to each individual vessel segment and
the mean value for each video sequence was calculated.

(iii) Perfused vessel density (PVD); the total number of vessels in the visual field with
either sluggish or continuous flow.

Microcirculatory perfusion

Animals were divided ex priori into two groups classed as having above average (group
A) and below average (group B) microcirculatory perfusion based on their lowest PVD
values. PVD was selected as the discriminator as it is a composite marker composed of
both vessel density and flow data. Firstly, the lowest PVD during the shock and early
resuscitation phases was calculated for each of the 22 animals. Then the mean of all
these PVD values (for all animals) was selected as the reference point above and below
which groups A and B were, respectively, divided.
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End points of resuscitation

Since the experimental protocol was designed for all animals to survive, we chose
endpoints reflective of the degree of shock reversal. The primary measure of shock
reversal was lactate clearance (% change between early and late resuscitation time points).
Lactate concentration, standard base excess and the gradient between mixed venous and
arterial PCO, (CO, gap) at the late resuscitation time point were selected as secondary
endpoints. Urine output was used as a surrogate marker of renal perfusion.

Statistical analysis

Data analysis was performed using Prism version 6.0 (GraphPad). Data was
assessed for normality using D’Agostino-Pearson omnibus normality test. Repeated
t tests or Mann-Whitney U tests with Holm-Sidak correction for multiple compari-
sons were used to assess for differences between groups. A p value of <0.05 was

considered significant.

Results
Data was collected on twenty-two animals which survived to the end of resuscitation.
During initial resuscitation, 12 animals received blood products and ten 0.9 % saline.

Ten animals were exposed to blast.

Inter-individual variation in macro- and micro-haemodynamic variables
Macro-circulatory flow and pressure variables and microcirculatory perfusion variables
showed a similar trend during shock and resuscitation (Fig. la—c). However, although
blood pressure, as the targeted parameter, showed little variation between animals
(Fig. 1a), there was a wider variation in both cardiac output (Fig. 1b) and PVD (Fig. 1c).
During the shock and early resuscitation phases, the mean of the lowest recorded PVD
for all animals was 6.2 mm/mm? and this value was used to divide animals into groups
with above average (group A) and below average (group B) microcirculatory perfusion.
Ilustrative IDF video sequences from these two groups are provided in the supplementary
electronic information (Additional file 1: Video 1 and Additional file 2: Video 2).
Expectedly, there was no difference in blood pressure between animals in groups A
and B (Fig. 2a). PVD in animals with above average perfusion during shock and early
resuscitation returned to baseline by the end of the experiment in contrast to those in
the below average perfusion group in whom it remained depressed (Fig. 2b). The
cardiac output fell sharply following haemorrhage in both groups, but the difference
between the groups was less pronounced and became non-significant as resuscitation
progressed (Fig. 2c). Animals in group A had significantly lower systemic vascular
resistance during the shock and early resuscitation phases than those in group B (group
A 1086 + 296, group B 1503 + 319 dyn s cm > p = 0.002). By the end of the experiment,
there was no difference in cardiac output between the two groups but a persisting gap

in microcirculatory perfusion.

Effect of microcirculatory perfusion on shock reversal
Data on shock reversal variables are presented in Table 1. Group A had a significantly
higher lactate clearance than group B. At the end of the experiment, group A also had
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Fig. 1 Changes in mean arterial pressure (MAP) (a), cardiac output (CO) (b) and perfused vessel density
(PVD) (c), during shock and resuscitation. Values shown as mean (SD) of all animals at each time point

a lower standard base deficit, lower final lactate concentration and a reduced CO, gap
compared to group B. There was a trend to higher urine output in group A, but this
did not reach significance.

We further analysed each group of animals based on the type of initial resuscitation
fluid and the state of microcirculatory perfusion. Although the numbers in each of
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Fig. 2 Differences in mean arterial pressure (MAP) (a), perfused vessel density (PVD) (b) and cardiac output
(CO) (c), between animals with above average and below average perfusion recorded during shock and
early resuscitation

Table 1 Markers of shock reversal at the end of resuscitation in animals with above and below
average perfused vessel density (PVD) recorded during shock and early resuscitation

Group A Group B p value
(Above average PVD) (Below average PVD)
n=10 n=12
Tissue perfusion variables, mean (SD)
Lactate at late resuscitation (mmol/I) 49 (2.5) 86 (3.7) 0.02*
Lactate clearance during resuscitation (%) 73.1(11.9) 40.7 (32.3) <0.001*
Standard base deficit at late resuscitation 13 (4.3) -48 (5.7) 0.01*
(PvCO,-PaC0,) at late resuscitation (kPa) 1.3 (0.6) 2.1 (0.7) 0.03*
Urine output (ml)? 260 (163) 168 (152) 0.25

*Significant using two-tailed t test
“Cumulative between shock phase and end of experiment
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these four groups was too small for statistical significance, the impact of impaired
microcirculatory perfusion can be observed within each group of identically treated

animals (Fig. 3).

Effect of initial resuscitation fluid and blast exposure

Animals treated with 0.9 % saline as the initial resuscitation fluid had significantly lower
PVD prior to treatment than those that received blood products. Although there was a
suggestion that animals initially treated with 0.9 % saline continued to have a lower
PVD throughout subsequent resuscitation (Fig. 4), further meaningful analysis was
precluded by this lack of homogeneity prior to treatment. Examining the effects of
administration of initial resuscitation fluid on PVD in each individual animal also failed
to reveal a uniform trend (Fig. 5). There were no discernable differences in lactate
clearance or final lactate concentration based purely on the type of initial resuscitation
fluid used (Additional file 3).

Ten out of twenty-two animals were exposed to blast injury. There were no apparent
differences in either macro- or microcirculatory variables between animals attributable
to blast exposure, nor in the lactate profile, although further analysis was confounded
by the heterogeneity of fluid treatments applied (Additional file 4).

Discussion

The main finding of this study is that in a large animal model of complex traumatic
injury and haemorrhagic shock, with resuscitation targeted at systolic blood pressure,
there is wide inter-individual variations in both macro- and microcirculatory flow
variables. Furthermore, animals which were able to maintain flow, both at the systemic
and microcirculatory level, had more timely reversal of the shock state during
resuscitation.

Our study adds to the previous work conducted by Dubin and co-workers [15] who
showed that microcirculatory flow fell in line with cardiac output during the early
phases of haemorrhage in an ovine model. Our study supports these findings but
further shows that there is a group of animals in whom the reduction in microcircula-

tory perfusion appears less marked and that these animals exhibit a more rapid reversal
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Fig. 3 Differences in lactate concentration at the end of resuscitation between animals with above and
below average microcirculatory perfusion recorded during shock and early resuscitation. Animals are
grouped by initial resuscitation fluid
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Fig. 4 Changes in perfused vessel density (PVD) in animals initially resuscitated with 0.9 % saline (n=10)
or blood products (n=12). Values shown as mean (SEM) of all animals at each time point

of the shock state during subsequent resuscitation. Although microcirculatory flow did
initially follow cardiac output in our experimental model, the coherence between
macro- and microcirculatory flow was, to some extent, lost during late resuscitation.

A feasible physiological explanation of our study findings is that those animals with
below average microcirculatory perfusion during shock and early resuscitation have
responded to a fall in cardiac output with excessive vasoconstriction compared to
animals with above average perfusion. Such excessive vasoconstriction, above that
required to maintain organ perfusion pressure, may lead to microcirculatory impair-
ment and consequent tissue hypo-perfusion, leading to the reduced lactate clearance
observed in this group. Precisely why some animals responded to an equivalent insult
with differing degrees of vasoconstriction remains unexplained, and further investiga-
tive work is required to elucidate the exact mechanistic processes involved.

In the clinical setting, the identification of patients who have poor microcirculatory
flow during shock and early resuscitation may potentially lead to important changes in
management. Such an approach could see the introduction of more individualised
therapy, and this would have a better physiological rationale than a blanket ‘one size fits
all’ pressure-targeted resuscitation strategy. Xu and co-workers elegantly demonstrated
that targeting microcirculatory perfusion rather than blood pressure leads to less fluid
administration with no detriment to outcome in a porcine model of THS [16]. The use
of hand-held video microscopes combined with a point-of-care assessment tool for
bedside video analysis may allow the introduction of such a strategy into clinical
practice. There are early indications that this may be feasible [17]. Adoption of such
systems into clinical practice may allow the development of new resuscitation protocols
for THS based around flow rather than pressure targets.

Failure to normalise the microcirculation following resuscitation has significant
effects on organ function [18]. It is common for critically ill septic patients to have a
disjunction between macro- and microcirculatory function, and this has also been
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recently demonstrated in patients following THS [9]. Previous preclinical studies of
experimental haemorrhagic shock have variably demonstrated either recovery [19] or
persistence [20, 21] of microcirculatory dysfunction after systemic haemodynamic
variables have been restored. Whilst our results show that microcirculatory perfusion
broadly follows systemic blood flow in returning to normal levels following resuscita-
tion, there were a group of animals in whom the microcirculation continued to be
disproportionately impaired. Our results suggest that those animals which show very
significant falls in microcirculatory impairment during the shock period never return to
baseline values of perfusion, in contrast to those with more modest initial falls in

Page 10 of 13
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perfused vessel density. Possible explanations for persisting microcirculatory failure
after restoration of systemic blood flow include dysfunction of any or all of the individ-
ual elements that make up the microcirculation, for example, endothelial cell swelling
caused by ischaemia and re-perfusion injury [22], clogging of small vessels with
activated leucocytes [23] and dysfunction of transfused stored erythrocytes leading to
vessel occlusion [24]. Our study was only designed to assess the initial response of the
microcirculation to shock and resuscitation, and further studies are required to answer
these interesting questions relating to the precise mechanisms behind persistent micro-
circulatory dysfunction.

Our study was opportunistic in nature and although we prospectively collected data,
we not unsurprisingly ended up with groups of animals which had received a variety of
heterogeneous injuries and treatments. We did examine the data to determine if there
was any discernible effect of differing fluid administration on microcirculatory
perfusion in animals which received saline and blood products but failed to find a
unifying pattern. In part, this was because animals which received saline had a signifi-
cantly lower PVD during the shock phase prior to initial treatment, precluding subse-
quent analysis. Other studies have appeared to show enhanced microcirculatory
perfusion following the administration of fluids with higher viscosities [25, 26], but
many of these were conducted in small animals with limited translatability into the
clinical setting. Furthermore, of the small number of large animal studies conducted in
this field [27, 28], none examined complex injury as opposed to simple blood loss,
again limiting the potential for translation. The interesting question of which fluid
more effectively resuscitates the microcirculation is still not fully answered, and further
studies specifically designed to address this question in a model of complex THS would
be of value.

Our study has several limitations, the most obvious being the heterogeneity of the
applied treatments. In order to reduce the use of animals, we collected data from an
existing experimental model, whose primary aim was to detect differences in trauma
coagulopathy based on the choice of initial resuscitation fluid. Furthermore, in order to
replicate recent military combat conditions, some animals were exposed to blast injury.
We were unable to control for these variations in our small sample size.

Despite the pre-allocation of animals into 0.9 % saline and blood product groups,
these groups were statistically different, in terms of PVD, even before the start of
resuscitation. This made further detailed comparison of animals based on the type of
fluid difficult.

The authors also recognise the limitation of not having survival as an outcome
measure in this observational study; ideally, this would be a useful translatable outcome
for clinical relevance. However, the experiment was designed for all animals to survive
until the end of the protocol. Therefore, surrogate markers of shock reversal such as
lactate clearance, base excess, and the “CO, gap” [29] were used as measures of
resuscitative ‘success’.

Conclusions
In a large animal model of complex hemorrhagic shock and pressure-targeted
resuscitation, there was a wide variation in both macrocirculatory flow and microcircu-

latory perfusion. Pressure-based monitoring did not discriminate between animals with



Hutchings et al. Intensive Care Medicine Experimental (2016) 4:17 Page 12 of 13

poor and preserved perfusion. Animals with above average microcirculatory perfusion
had more timely reversal of the shock state during subsequent resuscitation. If trans-
lated to the clinical setting, microcirculatory perfusion may represent a useful endpoint
of resuscitation and a potential therapeutic target.
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