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Abstract

Background Crystalloid-based fluid resuscitation has long been a cornerstone in the initial management of trauma-
induced hemorrhagic shock. However, its benefit is increasingly questioned as it is suspected to increase bleeding
and worsen coagulopathy. The emergence of alternative strategies like permissive hypotension and vasopressor

use lead to a shift in early trauma care practices. Critical appraisal of current evidence is necessary to guide clinicians
and outline research perspectives.

Main text Current guidelines for managing trauma-induced hemorrhagic shock suggest titrating fluids and using
vasopressors to achieve minimal blood pressure targets until hemorrhage is controlled. In case of traumatic brain
injury with severe hemorrhage, blood pressure target increases. The scientific literature supporting these recom-
mendations is limited, and several aspects remain the subject of ongoing scientific debate. The aim of this review

is to evaluate the existing evidence on low-volume fluid resuscitation during the first hours of trauma management,
with an emphasis on its integration with permissive hypotension, vasopressor use and cerebral perfusion pres-

sure in traumatic brain injury. The review also highlights the limitations of current guidelines, particularly the lack

of robust evidence supporting specific type of fluid, volumes and administration protocols tailored to specific trauma
scenarios and populations. Emerging technologies such as point-of-care diagnostics, integrated monitoring sys-
tems, and machine learning hold promise for enhancing clinical decision-making in trauma care. These innovations
could play a crucial role, ultimately helping clinicians address critical unanswered questions in trauma management
and improve patient survival.

Conclusions Crystalloid-based resuscitation remains relevant in early trauma care, but its application must be reas-
sessed considering recent evidence and evolving practices. Further research is essential to refine fluid resuscitation
guidelines, particularly in defining safe fluid volumes and the role of vasopressors. The integration of advanced moni-
toring technologies may offer new opportunities to optimize trauma care and improve outcomes.

Keywords Trauma-induced hemorrhagic shock, Fluid resuscitation, Crystalloid fluids, Permissive hypotension,
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Introduction
Despite major growth and improvements in trauma
systems, circulatory shock remains a leading cause
of trauma deaths worldwide [1, 2]. The highest mor-
tality rates in severe hemorrhage have been observed
in the first hours following trauma giving prehospi-
tal care a significant role [3]. By decreasing intravas-
cular blood volume, severe hemorrhage can lead to a
state of shock defined as inadequate tissue perfusion
due to decreased cardiac output [4]. Aimed at restor-
ing intravascular volume and therefore cardiac out-
put, fluid resuscitation is a cornerstone of prehospital
trauma care [5]. Its clinical benefit remains however
insufficiently characterized and documented harm
stems from excessive fluid resuscitation [5, 6]. Indeed,
aggressive fluid resuscitation has been suspected of
exacerbating acute bleeding by increasing hydrostatic
pressure and decreasing clot firmness [7]. Permis-
sive hypotension based on maintaining blood pres-
sure at lower-than-normal levels to ensure minimal
organ perfusion emerged to address such concerns [8].
Restrictive fluid expansion strategies combined with
vasopressor use could represent an alternative [9].
Current recommendations suggest for traumatic
hemorrhagic shock without severe head injury, to
titrate fluids and use vasopressors to maintain per-
missive hypotension (target systolic blood pressure
80-90 mmHg) until hemorrhage control [9]. If trau-
matic brain injury is associated to severe hemorrhage,
guidelines recommend targeting a systolic blood pres-
sure>110 mmHg. Isotonic crystalloid solutions are
recommended as first line for fluid expansion. The
level of evidence for these recommendations is how-
ever weak and several aspects remain a matter of sci-
entific controversy. The aim of this perspective is
to review the available evidence on low volume fluid
resuscitation in the first six hours of trauma manage-
ment and its articulation with permissive hypoten-
sion, vasopressor use and cerebral perfusion pressure
in traumatic brain injury (TBI). Although they repre-
sent exciting alternatives, this review will not address
the use of blood products. Further evidence is required
to establish their benefit or harm in early trauma
resuscitation [10]. Blood products are also not imme-
diately available in all systems, and in consequence
fluids remain a first line treatment. This perspective
will focus on the evidence and rationale of crystalloid
fluids in humans in the first hours of trauma induced
hemorrhagic shock. A structured search of literature
was conducted and restricted to human studies only.
The supplementary material details the search and
selection strategy.
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Low volume resuscitation

Experts recommend the initiation of fluid expansion
strategies in trauma induced circulatory shock [9, 11].
Circulatory shock can be suspected in the prehospital
setting if there is an absence of radial pulse and/or hypo-
tension (SBP <90 mmHg). Indeed, presence of a radial
pulse is believed to be a reliable indicator of a SBP over
80 mmHg [12]. It is critical to underline that only a small
proportion of trauma patients present signs of circula-
tory shock in the first six hours. Indeed, a recent analy-
sis of the UK-TARN and German-DGU database showed
that only 3,5% of trauma patients in the UK received
prehospital fluids [13]. Furthermore, this study showed
a reduction of fluid volumes over the last decade with
median volumes of < 1000 ml administered in both coun-
tries. Indeed, serious concerns about fluid expansion
safety arose in the last decades. Potential harm stems
from amplification of coagulopathy through dilution
and hypothermia, endothelial dysfunction from hyper-
chloremic acidosis, renal dysfunction, increased infec-
tions and ARDS and abdominal and limb compartment
syndrome in excessive fluid use [6, 14, 15]. Overzealous
fluid expansion is suspected of bleeding intensification
through an increase in vascular hydrostatic pressure. This
concept is based on fragile evidence from vascular sur-
gery suggesting that increased pressure could result in
clot dislodgement [7].

Low volume resuscitation aims to maintain some per-
fusion while limiting the risk of adverse effects. The ben-
efit of restrictive fluid expansion strategies on mortality
has been confirmed by prospective observational stud-
ies and many randomized controlled trials [16—18]. The
pooled external validity of these studies is limited due
to heterogenous study populations and administered
fluid volumes [5]. Recent data suggest potential harm of
overly restrictive fluid strategies, since they might fail
to maintain tissue perfusion. One observational study
demonstrated increased mortality after a prehospital
fluid volume of less than 250 ml or more than 1250 ml
in shocked trauma patients [19]. Prospective estima-
tion of the safe amount of fluid expansion remains to be
established.

Current guidelines advocate for goal directed fluid
administration with repeated 250 ml fluid boluses until
recuperation of radial pulse and/or specific blood pres-
sure levels (80-90 mmHg SBP and/or 50-60 mmHg
MAP) before bleeding control [9]. These strategies have
however never been assessed in prospective interven-
tional studies. Recent data suggests that the elderly could
benefit from higher blood pressure goals and whether
more fluid would be the appropriate tool to obtain these
pressure levels remains unknown [20]. We also do not
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know whether penetrating and blunt trauma differ with
respect to the effect of fluid resuscitation.

Normal saline was the historic first line fluid but seems
to increase kidney injuries through chloride overload
[21]. Randomized control trials have shown that balanced
crystalloids improve survival after high volume fluid
expansion beyond 1500 ml [21].

A summary of the scientific evidence cited above on
low volume resuscitation is provided in Table 1.

Permissive hypotension

During permissive hypotension, clinicians tolerate lower
arterial blood pressures until hemorrhage control. The
rationale is to avoid the “pop the clot” phenomenon and
harm from excessive fluids [22]. This strategy is advo-
cated by several guidelines [9, 23].

Bickel et al. performed the first randomized controlled
trial (RCT) in 1994 and demonstrated a lower mortal-
ity in the group managed with permissive hypotension
in penetrating trauma [24]. Since then, two RCTs [18,
25] found no difference in mortality comparing permis-
sive hypotension and normotension; two other RCTs
[16, 26] and one meta-analysis combining all five RCTs
[8] indicate a survival benefit of permissive hypotension.
Two meta-analyses pooled prospective and retrospec-
tive studies and suggest a lower mortality with permissive
hypotension [27, 28]. Owattanapanich et al. [28] pooled
24 studies with weak to moderate heterogeneity (I12: 27%;
p=0.11). This meta-analysis points towards a decrease
in mortality, transfusion of red blood cells concentrates,
fluid volumes and incidence of multi-organ dysfunction
syndrome (MODS) and ARDS with no impact on the
incidence of acute kidneys injury (AKI) [28].

These studies and trials face criticism. The findings
from the Bickel trial significantly contribute to the out-
comes of the meta-analyses. Since 1994 trauma manage-
ment and case-mix have considerably changed and the
results apply strictly to penetrating trauma. All men-
tioned RCT share issues with regarding blinding, incom-
plete protocol reporting and external validity and a high
percentage of penetrating trauma. All trials report incon-
sistent and heterogenous SBP and MAP targets and a
small or no difference in target systolic blood pressure
between the two groups, raising doubt about the rigor-
ous application of permissive hypotension. For instance,
Schreiber et al. [16] observed a lower mortality in the
permissive hypotension group; yet the SBP in the inter-
ventional group was not different from the control group
(105 vs 99 mmHg; 95% CI —3 to 16, p>0.05). The same
observation applies to the Bickell trial.

Despite this weak level of evidence, permissive hypo-
tension remains one the best studied components of
trauma resuscitation. Guidelines advocate to aim for
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permissive hypotension until hemorrhage control is
obtained. Retrospective data indicate an association
between prolonged permissive hypotension and organ
hypoperfusion and multiorgan failure [29]. One retro-
spective study in patients with severe trauma found an
association between the duration of hypotension in the
resuscitation period and myocardial injury [30]. Permis-
sive hypotension seems to increase mortality in elderly
patients and should be carefully considered [20]. The
safety of permissive hypotension among patients with
chronic arterial hypertension remains to be investi-
gated. Further randomized data is required to under-
stand the maximum duration and the place of permissive
hypotension.

A summary of the scientific evidence cited above on
permissive hypotension is provided in Table 2.

Vasopressors

The physiologic response to hemorrhagic shock tran-
sitions from an initial sympathoexcitatory and vaso-
constrictive phase to a sympathoinhibitory phase
characterized by uncontrolled vasodilation and endo-
theliopathy, both facilitators of multi-organ failure [31].
The negative reinforcement of an exhausted sympatho-
excitatory response provides the rationale to adminis-
ter vasopressors in traumatic shock [32]. Vasopressors
could prevent or counteract this late-stage vasodilation
yet might cause a dilemma [33, 34]. Restoration of a vas-
cular tone and perfusion pressure may exacerbate tis-
sue hypoperfusion and organ dysfunction and raises the
question of vasopressor efficacy and safety in traumatic
shock [32].

Unfortunately, available observational evidence paints
a complex picture. Early investigations into vasopres-
sors in trauma highlighted potential risks. One study
associated the use of various vasoactive agents within
12 h post-injury like phenylephrine, norepinephrine,
or vasopressin and indicated increased mortality [35].
Collier et al. observed increased mortality risk among
trauma patients given vasopressin within 72 h of hospi-
talization [36]. Analysis of trauma patients exposed to
any vasoactive drug within the first 24 h post-admission
revealed significantly higher mortality rates compared to
unexposed patients. Several retrospective studies ech-
oed these findings [37, 38]; one study reporting quadru-
pled risk of anastomosis failure after vasopressor use in
post-damage control laparotomy [39]. A 2017 systematic
review on the early administration of vasopressors con-
cluded to an increased mortality but, as discussed by the
authors, these results carry a high risk of bias because of
prognostic imbalance and selection bias [40].

First, these studies are characterized by a high risk of
bias, insufficient confounder control, very heterogeneous,
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non-routine use of various vasoactive agents as late last-
line therapeutic and varying blood pressure thresholds.
Second, the mechanism of traumatic injury (blunt vs
penetrating) is associated with different patterns of tis-
sue damage and inflammation and may condition the
response to vasopressors [32]. Yet numerous observa-
tional studies do not differentiate between these trauma
mechanisms. Studies with a more robust methodology
and better confounder control such as propensity score
or inverse probability weighting paint a more nuanced
picture. One recent propensity score study from the
Japanese registry aligns with historic findings with an
increased mortality after vasopressor use [41]. One
French propensity score cohort study [42] did not dem-
onstrate a higher mortality after norepinephrine, nor did
a US cohort exploring the mortality of patients undergo-
ing emergency surgery with vasopressor administration
except for epinephrine [43]. A US-French retrospec-
tive study applying an inverse probability weighting and
doubly robust approach to a cohort of 2164 patients with
blunt trauma and hemorrhagic shock did not observe
any effect of norepinephrine administration on mortality
[44].

Further evidence in favor of vasopressor use in hem-
orrhagic shock stems from two recent randomized con-
trolled trials (RCTs). One small (n=78) study found
early low-dose vasopressin administration resulted in
a reduced total 24 h fluid requirement compared to
the no-vasopressin group. The rates of adverse events,
organ dysfunction and 30-day mortality were similar
[45]. Another RCT revealed that continuous vasopres-
sin infusion reduced total blood product consumption,
the primary outcome criterion, without increasing mor-
tality [46]. In summary, vasopressors could play a role in
management of shocked trauma patients, but further evi-
dence from randomized studies is required.

A summary of the scientific evidence cited above on
vasopressor use is provided in Table 3.

Traumatic brain injury

Current doctrine focuses on the reduction of secondary
tissue injury in traumatic brain injury (TBI) [47]. Resto-
ration of cerebral perfusion pressure (CPP) in circulatory
shock is critical to ensure oxygen delivery to the brain.
Guidelines advocate in favor of an initial systolic blood
pressure target over 110 mmHg in patients with severe
TBI and advise against permissive hypotension strate-
gies [9]. Clinicians must therefore prioritize between two
conflicting clinical strategies of either neuroprotection
or hemorrhage limitation. Furthermore, in traumatology
shock can arise from multiple causes that do not neces-
sarily involve severe hemorrhage (tension pneumotho-
rax, neurogenic hypotension, pericardial effusion). Such
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differential diagnoses highly complexify the clinician’s
dilemma if TBI is suspected.

The evidence underlying current guidelines in favor of
increased blood pressure targets consists unfortunately
of observational studies suggesting increased mortal-
ity rates among patients with prehospital or admission
hypotension with TBI [48, 49]. Fuller et al. in 2013, esti-
mated odds of death to be doubled for an admission SBP
below 100 mmHg and tripled below 90 mmHg among a
population of patients with AIS head scores above 2 [48].
Observational studies indicate a U-shaped relationship
between prehospital blood pressure and in hospital mor-
tality in TBI suggesting that hypertension could be also
detrimental to survival [50, 51]. Recent observational
data suggests that elderly patients could benefit from
higher blood pressure levels highlighting the existence of
potential high-risk subgroups [20]. The body of evidence
supporting the existence of a unique lower threshold
defining critical hypotension is limited. Spaite et al. for
instance observed a linear association between SBP and
mortality [52]. In their cohort, two patients with a SBP
difference of 10 mmHg differed in their odds of death by
18.8%.

Despite the low level of evidence, hypotension appears
to be a major secondary insult among patients with TBI
that must be avoided at all costs. However, safe blood
pressure levels as well as the definition of specific sub-
groups of patients at higher risk remain unclear and must
be addressed by future RCTs.

Treatment of hypotension among patients with TBI
can be achieved through fluid expansion strategies.
Hypotonic crystalloids must be avoided as they maxi-
mize vasogenic oedema and have been shown to increase
mortality [53]. Hypertonic solutions have failed to show
increased survival rates and improvements in neurologic
outcomes after severe TBI [54, 55]. Current guidelines
therefore recommend the use of 0,9% sodium chloride as
it is easily accessible and more cost effective. The safety
and efficacy of vasopressor use in combination to fluid
expansion strategies in TBI remains uncertain and must
be assessed by future RCTs.

A summary of the scientific evidence cited above on
cerebral perfusion pressure in traumatic brain injury is
provided in Table 4.

Perspectives

Robust evidence has shown that crystalloid fluid expan-
sion is beneficial to patients in circulatory shock in the
first 6 h of their trauma. However, central clinical ques-
tions yet remain to be answered:

+  Which clinical and/or paraclinical parameters should
guide fluid initiation?
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+ In which context should crystalloid fluids be admin-
istered? In the prehospital setting? Which crystal-
loids should be used? Should they be continued upon
hospital admission?

+ How much fluids should be administered? Which
sub populations could benefit from higher/lower
fluid expansion volumes? Which clinical and/or para-
clinical parameters should stop fluid expansion?

Point of care biology and imagery, integrated devices
and machine learning models integrated into patients’
monitor could help answer such clinical questions
(Fig. 1).

Integrated devices

Devices integrated into patients’ monitors could help
identify patients with the most severe conditions and
guide their fluid expansion. Such devices must be easy to
interpret for clinicians and reflect spontaneous or treat-
ment induced changes in patients’ vitals.

For instance, a dynamic noninvasive index, the com-
pensatory reserve index (CRI), was designed to dynami-
cally assess intravascular volume loss [56]. This device
derived from pulse oximetry waveform analysis computes
a score between 0 (no intravascular volume loss) and 1
(severe hypovolemia at high risk of decompensation). A

HOW
"
a2 MUCH?

WHEN TO
STOP?

Fig. 1 Crystalloid use in the first hours of trauma induced hemorrhage evidence, uncertainties, and perspectives. Abbreviations: FAST: focused
assessment with sonography for trauma, INR: international normalized ratio, TCD: transcranial Doppler
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low CRI (below 0,6) managed to predict prehospital and
admission blood pressure products in an observational
study. However, the prognostic value of CRI was lower
than that of the shock index and SBP [56].

POC biology

Point of care (POC) biologic assessment could allow
rapid identification of patients in need of an advanced
prehospital management and assessment of their fluid
expansion needs. POC devices measuring hemoglobin,
blood gases and lactate and monitoring coagulation have
been described in observational studies but lack prospec-
tive validation [57-59]. Serum lactate level combined
with blood pressure levels could be of particular interest
as it is a widely recognized marker of physiologic com-
promise that could guide initiation and continuation of
fluid expansion therapies.

POC ultrasound

Recent research has suggested that prehospital FAST
(focus assessment with sonography for trauma) for
trauma could allow swift identification of severe inter-
nal hemorrhage and consequently hasten transfer to the
operating room [60, 61]. Prehospital transcranial Doppler
(TCD) in patients with severe brain injury has also been
addressed by observational studies suggesting feasibility
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and a benefit in the detection of patients with impaired
cerebral perfusion [62]. Prehospital FAST/TCD remains
limited by the high cost and low availability of ultrasound
machines and fully rely on the experience of the operator.
Critics of prehospital POC laboratory assessment devices
and imagery argue that they risk cognitive overload of
prehospital care providers and delays in transport to the
hospital.

Machine learning

The heterogeneity of treatment effect [63] on different
patient profiles and the dynamic nature of traumatic
shock necessitates a tailored approach to treatment.
Artificial intelligence (AI) and Machine Learning (ML)
solutions could help to personalize patient management.
Machine Learning offers the capacity of a standard-
ized analysis of large amount of complex data in a short
amount of time [64—66]. AI/ML based algorithms carry
the potential for enhanced clinician decision-making
in trauma for questions such as: When to start fluids?
Which patient requires fluids? When to stop fluids? [67,
68].

For example, machine-learning enhanced analysis of
heart variability and complexity predicts patient needs
[69, 70]. Such an algorithm could be integrated into a
patient monitor and provide automated decision-sup-
port such as the so-called compensatory reserve index
[71]. Another retrospective study explored ML to guide
intraoperative vasopressor support in TBI patients to
optimize the cerebral perfusion pressure [72]. Reinforce-
ment learning (RL), a form of machine learning that
aims at identifying the optimal set of actions to take in a
given environment to maximize the notion of cumulative
reward, holds promise for optimizing treatment strate-
gies in sepsis [73] (e.g. optimal timing of vasopressor ini-
tiation) and could be implemented in trauma care.

However, currently most AI/ML solutions applied to
trauma science correspond to retrospective algorithm
development and validation studies. Very few studies
attempt prospective validation, work-flow integration or
assess impact on patient outcome [74] to prospective val-
idation and proof-of-concept studies are urgently needed
to assess and prove feasibility and utility, safety and
potential harm of trauma specific AI/ML solutions and
are a matter of ongoing research ([75], Clin Trials Shock-
matrix, NCT06270615). Numerous challenges remain
such as data quality, data granularity and the availability
of reliable continuous data [76].

Conclusion

Crystalloid-based resuscitation remains relevant in early
trauma care. A delicate balance of fluid resuscitation
and vasopressor use is necessary to aim for permissive
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hypotension in trauma induced circulatory shock. Goal
directed therapies must however aim for higher blood
pressure goals in the event of severe traumatic brain
injury (TBI). Further research is essential to refine fluid
resuscitation guidelines, particularly in defining safe fluid
volumes and thoroughly investigate the role of vasopres-
sors. Population based approaches by age, comorbidi-
ties and injury mechanism could help tailor trauma care
and improve survival. Innovations such as integrated
and point of care devices as well as machine learning
enhanced tools could help clinicians further individualize
trauma care.

Abbreviations

Al Artificial intelligence

AlS Abbreviated injury score
AVP Arginine vasopressin

CPP Cerebral perfusion pressure
CRI Compensatory reserve index
FAST  Focused assessment with sonography for trauma
MAP  Mean arterial pressure

POC  Point of care

RCT  Randomized controlled trial
RL Reinforcement learning

T8I Traumatic brain injury

TCD  Transcranial Doppler

SBP Systolic blood pressure
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