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Association between intravenous fluid 
administration and endothelial glycocalyx 
shedding in humans: a systematic review
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Abstract 

Introduction  Several studies have demonstrated associations between greater rate/volume of intravenous (IV) fluid 
administration and poorer clinical outcomes. One postulated mechanism for harm from exogenous fluids is shedding 
of the endothelial glycocalyx (EG).

Methods  A systematic review using relevant search terms was performed using Medline, EMBASE and Cochrane 
databases from inception to October 2023. Included studies involved humans where the exposure was rate or volume 
of IV fluid administration and the outcome was EG shedding. The protocol was prospectively registered on PROSPERO: 
CRD42021275133.

Results  The search yielded 450 articles, with 20 articles encompassing 1960 participants included in the review. 
Eight studies were randomized controlled clinical trials. Half of studies examined patients with sepsis and critical 
illness; the remainder examined perioperative patients or healthy subjects. Almost all reported blood measurements 
of soluble EG components; one study used in vivo video-microscopy to estimate EG thickness. Four of 10 sepsis 
studies, and 9 of 11 non-sepsis studies, found a positive relationship between IV fluid rate/volume and measures of EG 
shedding.

Conclusions  A trend toward an association between IV fluid rate/volume and EG shedding was found in studies 
of stable patients, but was not consistently observed among studies of septic and critically ill patients.
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Introduction
Intravenous (IV) isotonic crystalloid fluid resuscitation 
is a first-line intervention in the hemodynamic resuscita-
tion of the patient with critical illness. There is increas-
ing awareness of the potential adverse effects of IV fluid 
administration [1–3]. For example, in septic shock, pre-
clinical and clinical studies have suggested that liberal IV 
fluid therapy may exacerbate the shock state and result in 
worse outcomes [4–7]. This has led to variation in prac-
tice [8], and a fluid-sparing management strategy is the 
subject of recently published and ongoing clinical trials in 
critical and perioperative care [9–12].

One mechanism by which IV fluid may cause harm is 
by inducing shedding of the endothelial glycocalyx (EG) 
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[13]. The EG is a negatively charged mesh-like structure 
of proteoglycans and glycosaminoglycans, housed within 
an immobile plasma layer coating the luminal surface of 
the vascular endothelium [14]. It forms a barrier between 
endothelial cells and circulating blood, which is essential 
to the maintenance of hemostasis and vascular perme-
ability in health. In critical illness such as septic shock, 
there is shedding of the EG [15]. Consequently, exposure 
of endothelial cells to circulating mediators of inflamma-
tion, both at the site of local tissue injury and more gen-
erally, is believed to result in leucocyte adhesion, fluid 
extravasation, and propagation of the systemic acute 
inflammatory response.

Evidence from preclinical models supports the hypoth-
esis that rapid administration of exogenous IV fluid can 
exacerbate shedding of the EG [16–19]. Possible mecha-
nisms include hemodilution, shear stress, and the effect 
of myocardial stretch releasing natriuretic peptides, 
which may activate matrix metalloproteinases at the EG 
surface [20–22]. The clinical implications of any adverse 
effects of rapid IV fluid administration on the endothelial 
surface in critical illness, in which endothelial shedding is 
likely already established, are uncertain.

Assessing real-time EG shedding in  vivo is challeng-
ing [23], however, there are generally two methods for 
indirect assessment. Firstly, the in  vivo thickness of the 
endothelium surface may be inferred by side-stream dark 
field microscopy, which estimates the difference between 
the edge of a capillary and that of a transiting erythro-
cyte, the so-called perfused boundary region (PBR) 
or cellular exclusion zone [24]. This assumes that EG 
responses in different vascular beds are similar to the vis-
ualized area, e.g., sublingual mucosa [25, 26] The second 
method involves measurement of soluble components 
of the EG circulating in blood. This may include cleaved 
ectodomains of proteoglycan molecules such as synde-
can-1 (Syn-1), and glycosaminoglycan components such 
as heparan sulphate (HS) and hyaluronan. This method 
assumes that the measured biomarker concentrations 
correspond to the degree of EG shedding, and that this is 
uniformly distributed.

The aim of this review is to critically assess the clini-
cal evidence supporting the hypothesis that exogenous 
IV fluids administered at higher volumes, and/or rates, is 
associated with increased shedding of the EG in people, 
compared to lower volumes and/or rates.

Methods
This systematic review followed the Preferred Report-
ing Items for Systematic reviews and Meta-Analyses 
(PRISMA) guideline and was registered on the Interna-
tional Prospective Register of Systematic Reviews (PROS-
PERO: CRD42021275133). Two reviewers (SS and SM) 

independently performed the title and abstract screen, 
full-text review, data extraction, and risk of bias assess-
ment. Discrepancies were resolved by consensus with 
involvement of a third reviewer (LS), if required.

Search strategy
The Medline, Embase, and Cochrane databases were 
searched from inception to 19 November 2023 using the 
following keywords: “vascular endothelium”, “glycocalyx”, 
“endothelial surface layer”, “fluid therapy”, “intravenous 
fluid”, and “IV fluid” (see Additional file 1 for full search 
strategy). No language or other restrictions were applied. 
Authors’ own knowledge of the literature and snowball-
ing of references were further used to identify relevant 
publications.

Eligibility criteria
The following inclusion criteria were applied: (1) inter-
ventional studies; (2) prospective and retrospective 
observational studies of any duration; (3) studies that 
examined rate or volume of IV fluid administration of 
any type; (4) studies that assessed EG shedding by any 
method, including biomarker(s) and imaging.

The following exclusion criteria were applied: (1) 
in vitro and animal studies; (2) review articles, case series 
and reports, protocols, abstracts, letters, commentar-
ies/editorials; (3) studies assessing fluid balance without 
assessing fluid regime via rate or volume.

Data extraction and quality assessment
The following data items were collected using an extrac-
tion form as per the study protocol: year of publication, 
population (including baseline characteristics), sam-
ple size, study design, inclusion and exclusion criteria, 
intervention/exposure, outcome measure(s), principal 
findings, source of funding. Where required, missing or 
incomplete data were sought from the corresponding 
authors.

Quality of individual studies was independently 
assessed by two reviewers (SS and SM) using the 
Cochrane Risk of Bias tools, with involvement of a third 
reviewer (LS), if required [25, 26]. For randomized con-
trolled trials, the RoB 2 tool was used; for observational 
studies, the ROBINS-I tool was used. For the included 
studies authored by LS and SM, SS performed this assess-
ment independently.

Statistical analysis
Descriptive statistics were used to summarize the find-
ings of the review. Given the clinical heterogeneity of 
participants between studies, and the variety and non-
standardized quantification of outcome measures, a 
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pooled meta-analysis was not planned a priori and, 
instead, a narrative synthesis presented.

Results
The search yielded a total of 450 results, of which 17 
duplicates were removed. An additional six records were 
identified by citation searching. Of the articles screened 
on the basis of title and abstract, 21 underwent full-text 
review, of which 20 studies including 1960 participants 
met our eligibility criteria [27–46]. Figure 1 summarizes 
the selection of articles.

The majority of included studies (n = 15; 75%) were 
published from 2018 onwards. Five papers originated 
from Australia, four from China, two from the United 
States, two from Germany, and one each in Croatia, the 
Czech Republic, Finland, Latvia, Russia, Sweden and 
Thailand. Eight studies used a randomized controlled 
trial design comparing fluid regimes by volume or 
infusion rate; seven were prospective observational 
studies examining 24-h fluid administration; five were 
non-randomized before-and-after trials involving an 
interventional fluid bolus. Assessment via the ROBINS-I 
and RoB-2 tools revealed that six studies were at low risk 
of bias, 13 studies were at moderate risk, and one was at 
serious risk (Fig. 2).

Half of the studies (n = 10) examined patients with sus-
pected sepsis in the emergency department (ED) and/
or intensive care unit (ICU) settings [27–36]. Most of 
the remainder (n = 8) were conducted in the periopera-
tive setting [36–44], with one additional study including 
both sepsis and perioperative patients [36]. Two stud-
ies examined burns patients and healthy volunteers [45, 
46]. All but one study included isotonic crystalloid fluid 
administration, although many studies stated the use of 
other fluid types: three studies included a combination 
of isotonic crystalloid and colloid (type not always speci-
fied), two studies included isotonic crystalloid and blood 
products, and five studies included isotonic crystalloid, 
colloid (type not always specified) and blood products. 
The use of synthetic colloid appeared minimal across 
most studies, although three studies in surgical patients 
included liberal use of hydroxyethyl starch solution [38, 
42, 43]. Nine studies did not specifically clarify all fluid 
types administered during the study period.

Almost all studies reported measurement of EG 
components in blood as the method of assessment of 
shedding. In five studies, serial biomarker measures were 
adjusted for the effect of hemodilution using hematocrit 
or albumin [37, 38, 42, 44]. Syndecan concentration 
was measured as a marker of EG shedding in all but 
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two studies. Eight studies measured HS concentration 
and eight measured hyaluronan concentration. Only 
one study employed sublingual side-stream dark field 
microscopy to measure EG thickness [36]. Table  1 
summarizes the characteristics of included studies.

Studies assessing patients with sepsis 
Ten studies examined sepsis populations, enrolling a 
total of 1360 participants. Four studies were randomized 
controlled trials [31, 33, 35, 36] and the remainder were 
prospective, observational studies [27–30, 32, 34]. The 
definition of sepsis varied. The Sepsis-3 criteria were 
used by three studies [31, 33, 34], Sepsis-2 or Systemic 
Inflammatory Response Syndrome (SIRS) criteria by five 
studies [27, 29, 30, 32, 35, 47], and in one, sepsis was not 
defined [36]. In general, participants were in late midlife, 
with the majority being male. A range of disease severi-
ties was represented. Two potential confounding vari-
ables, invasive ventilation and use of vasopressors, were 
variably reported among the studies. A summary of the 
sepsis studies is shown in Tables 2 and 3.

Overall, six of the 10 studies concluded no significant 
relationship between IV fluid administration and 
measured biomarkers of EG shedding in patients 
with sepsis or shock (Table  3). Of the nine studies that 
measured Syn-1 levels, only two found an association 
with administered fluid volume; one reported a positive 
correlation with fluid balance [27], and one reported 

a negative association with volume of fluid [35]. 
Hyaluronan was reported in six and HS in four studies, 
yielding mixed results for both biomarkers. All three 
studies that recruited a non-sepsis comparator group 
found higher levels of circulating EG markers in people 
with sepsis, compared to other groups [27, 28, 30]. EG 
shedding had either a neutral or positive relationship 
with poorer clinical outcomes. One study found higher 
Syn-1 levels in people admitted to the ICU, as opposed to 
those who were not [29]. Two studies found higher levels 
of Syn-1 [29] and HS [30] in non-survivors, compared 
to survivors. Conversely, one small study found no 
association between the measured EG biomarkers 
and ICU admission, mortality, or length-of-stay [27]. 
Smart et  al. reported significant positive associations 
between Syn-1 and hyaluronan with Sequential Organ 
Failure Assessment (SOFA) score but not mortality 
[28]. EG biomarkers were not correlated with atrial 
natriuretic peptide (ANP) in either study that assessed 
this association [30, 32]. There was a moderate risk of 
confounding among the studies, owing to design and 
statistical factors.

Two randomized controlled trials examined rate of 
fluid administration and EG shedding, concluding no 
significant relationship between the two. Saoraya et  al. 
randomized 98 patients presenting to a Thai ED with 
sepsis-induced hypoperfusion to receive either standard 
(30 mL/kg/h; n = 49) or limited (10 mL/kg/h; n = 49) rate 

Studies assessed using ROBINS-I tool for non-randomized studies (n=12)
Bias due to 
confounding

Bias in selection 
of participants

Bias in due 
to deviations 

Bias due to 
missing data

Bias in outcome 
measurement

Bias in selection 
of reported result

Overall 
risk of bias

Ilyina 2022 Serious Low Low Low Low Low Serious
Macdonald 2022 Moderate Low Low Low Low Low Moderate
Tapking 2021 Moderate Low Low Low Low Low Moderate
Nemme 2020 Moderate Low Low Low Low Low Moderate
Hippensteel 2019 Moderate Low Low Low Low Low Moderate
Inkinen 2019 Moderate Low Low Low Low Low Moderate
Li 2020 Moderate Low Low Low Low Low Moderate
Smart 2017 Moderate Low Low Low Low Low Moderate
Wu 2017 Moderate Low Low Low Low Low Moderate
Powell 2014 Moderate Low Low Low Low Low Moderate
Chappell 2014 Moderate Low Low Low Low Low Moderate
Berg 1994 Moderate Low Low Low Low Low Moderate
Studies assessed using RoB 2 tool for randomized studies (n=8)

Bias arising from 
randomization

Bias due to deviations
from intended interventions

Bias due to 
missing data

Bias in outcome 
measurement

Bias in selection 
of reported result

Overall 
risk of bias

Macdonald 2023 Low Low Low Low Low Low
Bihari 2022 Low Low Low Low Low Low
Liu 2021 Low Low Moderate Low Low Moderate
Saoraya 2021 Low Low Low Low Low Low
Wang 2021 Low Low Low Low Low Low
Smart 2019 Low Low Moderate Low Low Moderate
Belavić 2018 Low Low Low Low Low Low
Pouska 2018 Low Low Low Low Low Low

Fig. 2  Risk of bias of included studies (n = 20)
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fluid resuscitation [31]. The initial bolus was performed 
using Ringer’s lactate; for the ensuing six hours, fluid 
type was left to clinician discretion. At 24  h, the total 
volume of fluid administered was significantly higher 
in the standard rate group compared to the limited rate 
group. Syndecan-1 concentrations were not significantly 
different at the end of the 6-h intervention period, 
compared to baseline, for either group, nor were there 
any between-group differences, both before and after 
adjusting for baseline concentration, hemodynamic 
status and vasopressor use. Similarly, Pouska et  al. 
randomized 16 patients admitted to a Czech ICU with 
sepsis to receive a fast (median 47 mL/minute; n = 7) or 

slow (median 11  mL/minute; n = 9) infusion of 5  mL/
kg of isotonic crystalloid [36]. The PBR, as measured 
by sublingual side-stream dark field imaging, was not 
significantly different between groups at either 60 or 
120  min after the infusion. Across both studies, there 
were no meaningful differences in parameters relevant 
to hemodynamic status between fast and slow fluid 
administration groups.

Two randomized controlled trials compared volumes 
of fluid administered. Macdonald et  al. randomized 
ED patients with infection and hypotension to a fluid-
restricted or usual care resuscitation regimen [33]. The 
usual care regime was associated with a slower decline 

Table 2  Characteristics of participants in included sepsis studies (n = 10)

CCI Charlson Co-morbidity Index, SOFA Sequential Organ Failure Assessment
a Measured at enrollment
b Value reported as median (interquartile range)
c Significant difference between intervention/exposure groups. Hippensteel (2019) study reports two separate cohorts

Reference Intervention/
exposure

Group size, n Age, mean 
(SD)

Male, % CCI, mean 
(SD)

SOFA 
scorea, 
mean (SD)

Invasive 
ventilation, 
%

Vasopressor 
use, %

Mortality, % 
(days)

Macdonald 
et al. [33]

Standard fluid 
regimen group

49 65 (52,78)b 62 2 (1,4)b 5 (3,9)b - 78 8 (90)

Restricted fluid 
regimen group

46 66 (45,76)b 63 2 (0,5)b 5 (4,7)b - 53 9 (90)

Ilyina [34] Crystalloid 
fluid bolus 
(7 mL/kg)

18 55, 16 61 – 11 100 - 44 (28)

Macdonald 
[32, 33]

Total fluid 
administration

86 64, 18 60 3 (1,5)b 8, 4 43 64 13 (30)

Saoraya [31] Standard fluid 
regimen group 
(30 mL/kg/h)

48 72, 16 62 5 (4,7)b 5 (2,6)b 42c 42c 25 (28);
31 (90)

Limited fluid 
regimen group 
(10 mL/kg/h)

48 70, 18 60 5 (3,7)b 4 (2,5)b 23c 17c 17 (28);
19 (90)

Hippensteel 
[30] (A)

Total fluid 
administration

56 59, 15 54 3, 3 7, 4 – – 9 (in-hospital)

Hippensteel 
[30] (B)

Total fluid 
administration

100 61, 3 66 4, 3 4, 4 – – 11 (in-hospital)

Inkinen [29] Total fluid 
administration

619 66 (55,75)b 64 – 8 (6,10)b 65 71 29 (90)

Pouska et al. 
[36]

Fast fluid bolus 
(5–10 min)

25 61, 18 43 – 10 (7,14)b – 86 –

Slow fluid 
bolus 
(25–30 min)

9 57, 19 67 – 8 (8,12)b – 89 –

Smart [35] 10 ml/kg 0.9% 
NaCl

34 45 (39,52)b 58 0 (0,1)b 0 (0,1)b – 3 3 (30)

5 ml/kg 3% 
NaCl

36 41 (35,47)b 62 0 (0,1)b 0 (0,1)b – 0 3 (30)

Smart [28] Total fluid 
administration

86 59 (52,66)b 59 2 (1,4)b 4 (3,6)b – – 19 (30)

Wu [27] Total fluid 
administration

15 65, 10 73 – 6, 3 – – 27 (in-hospital)
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in hyaluronan and syndecan-4 (Syn-4) concentrations 
compared to the fluid-restricted regime, but no effect 
was observed on Syn-1 or HS. Smart et  al. randomized 
patients with sepsis to receive either 5 mL/kg of 3% saline 
or 10 mL/kg of 0.9% saline for initial fluid resuscitation in 
the ED [35]. Syndecan-1 and hyaluronan concentration 
increased over 24  h in both groups; however, only a 
minor difference in Syn-1 was detected between groups 
immediately after the fluid bolus.

Among the five observational studies, three reported 
a significant relationship between 24-h fluid volume, or 
fluid balance, and biomarkers of EG shedding [27, 28, 
30]. Due to the design of the studies, it was not possible 
to control for fluid type; a mix of crystalloids, synthetic 
colloids and blood products was used as per local proto-
col. Hippensteel et al. included 156 sepsis patients across 
two centers in the United States, finding that cumulative 
IV fluid volume was positively associated with HS, after 
adjusting for age and sepsis severity [30]. Smart et  al. 
found similar results among 86 patients recruited from 
an Australian ED, citing a direct association between 
cumulative IV fluid volume and hyaluronan concen-
tration that was maintained after adjusting for sepsis 
severity and cytokine concentration; however, this did 
not apply to Syn-1 or Syn-4 [28]. Wu et al. found a posi-
tive association between Syn-1 and fluid balance among 
15 participants [27]. By contrast, a multicentre study of 
86 patients recruited in the ED concluded no signifi-
cant relationship between IV fluid administration and 
Syn-1 or hyaluronan, adjusted for age, sex, mean arte-
rial pressure, lactate, co-morbidities, sepsis severity, 
infection source, and recruitment site [32]. This finding 
was supported by a large Finnish study of 619 sepsis and 
non-septic ICU patients, which found no relationship 
between Syn-1 and tertile of IV fluid volume, although 
no adjustment for baseline confounders was made [29]. 
In addition, a Russian study involved administration of 
a 7 mL/kg IV crystalloid bolus to 18 patients with septic 
shock [34]. The authors concluded no significant change 
in Syn-1 or HS after fluid loading at any time point, 
compared to baseline, and no intergroup differences in 
biomarker concentration were detected between fluid 
responders and non-responders.

Studies assessing non‑sepsis patients
Nine articles examined perioperative and clinically stable 
populations, encompassing 600 participants. Five stud-
ies were randomized controlled trials [36, 39, 40, 43, 44], 
three were observational studies [37, 41, 42], and one had 
an unspecified method of group allocation [38]. Types of 
surgery included abdominal (general surgery; cholecys-
tectomy; hepatectomy; colorectal; retroperitoneal tumor 
resection), pelvic (hysterectomy; cesarean section), and 

neurosurgical (brain; spinal). Only one study included 
non-elective surgery [37]. All surgical participants were 
subject to general anesthesia with IV fluid administered 
post-induction, except for one trial which examined the 
effects of fluid bolus prior to spinal anesthesia [37]. Most 
patients were relatively healthy with an American Society 
of Anesthesiologists (ASA) grade of I–II. A summary of 
these studies is shown in Tables 4 and 5.

Overall, seven studies concluded a significant change in 
circulating EG markers in association with fluid admin-
istration [36–40, 42, 43], comprising either a positive 
relationship with fluid volume or a significant increase 
in biomarker concentrations after fluid administration. 
Eight studies measured syndecan levels; of these, three 
studies reported a positive association between Syn-1 
and IV fluid volume [38, 39, 43], and three studies, an 
increase in Syn-1 after fluid administration, relative to 
baseline [37, 40, 42]. Two studies found no significant 
relationship [41, 44]. Five studies assessed HS, with one 
study showing increased HS after fluid loading com-
pared to baseline [37], and the rest showing no associa-
tions with fluids [38, 41, 43]. Two out of three studies 
that assessed hyaluronan found either a positive associa-
tion with IV fluid volume or an increase in concentration 
after fluid administration [38, 39]. Of the five studies that 
measured natriuretic peptide concentration, two stud-
ies demonstrated an increase in natriuretic peptide after 
fluid loading [38, 43], while two did not [37, 41], and one 
showed a positive association with fluid volume [39]. One 
study showed a positive correlation between ANP and 
EG biomarkers [43].

Among the five randomized controlled trials, four com-
pared higher- versus lower-volume IV fluid regimes over 
1–3  days [39, 40, 43, 44], while one compared fast ver-
sus slow rate of IV fluid bolus administration [36]. Two 
studies compared effects of a fixed fluid volume per hour 
based on patient body weight [39, 44], and two compared 
goal-directed stroke volume variation targets to guide 
ultimate fluid volume (SVV%) [40, 43]. A higher volume 
of fluid was used to maintain a lower SVV% target. Two 
trials, involving a total of 144 patients, found that patients 
that received a higher volume of fluids had higher con-
centrations of Syn-1, hyaluronan and ANP, compared to 
patients that received lower volumes [39, 43], while three 
trials found no differences in biomarker concentrations 
between groups [36, 40, 44]. Apart from minor differ-
ences found in hemodynamic parameters [36, 39, 43] and 
length of hospitalization between groups [43], no trials 
identified any major differences in clinical outcomes.

Among the four observational trials, three found 
a significant relationship between rapid fluid 
administration and EG biomarker levels. Li et  al. 
performed fluid loading of 15 mL/kg hydroxyethyl starch 
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Table 4  Characteristics of participants in included non-sepsis studies (n = 11)

Reference Intervention/
exposure

Group size, n Age, mean (SD) Male, % ASA I–II, % ASA III–IV, % Duration of 
surgery, mean 
(SD)

Mortality, % (days)

Bihari [44] Restrictive fluid 
regime at induc-
tion, intra-operative 
and post-operative

75 65, 13 32 34 66 132 (90,168)a 0 (90)
4 (365)

Liberal fluid regime 
at induction, intra-
operative and post-
operative

86 67, 14 45 27 73 150 (102,204)a 0 (90)
2 (365)

Liu [43] High-volume fluid 
(LR/HES) regime, 
post-induction

14 52, 8 50 100 0 181, 45 –

Medium-volume 
fluid (LR/HES) 
regime, post-induc-
tion

17 51, 7 41 100 0 169, 49 –

Low-volume fluid 
(LR/HES) regime, 
post-induction

16 50, 9 75 100 0 171, 54 –

Tapking [46] Total fluid adminis-
tration

39 45, 21 82 N/A N/A N/A 8 (in-hospital)

Wang [40] Higher-volume fluid 
regime (LR) targeted 
at SVV 9%, intra-
operative

40 49, 13 55 100 0 325, 78 5 (365)

Lower-volume fluid 
regime (LR) targeted 
at SVV 14%, intra-
operative

39 47, 13 49 100 0 349, 90 8 (365)

Nemme [41] Rapid-rate crystalloid 
bolus (LR) at 25 mL/
kg, post-induction

24 47, 5 0 – 0 – –

Li [42] Fluid loading 
(HES) at 15 mL/kg 
over 30 min, post-
induction

40 47, 8 70 100 0 229, 77 –

Pouska [36] Fast fluid bolus 
over 5–10 min, post-
induction

25 60, 13 44 56 44 – –

Slow fluid bolus 
over 25–30 min, 
post-induction

25 62, 15 40 72 24 – –

Belavić [39] High-liberal 
fluid regime (LR) 
at 10-15 mL/kg/h 
intra-/postopera-
tively

30 57 (41,63)a 23 100 0 55 (50,70)a,b –

Low-liberal fluid 
regime (LR) at 5 mL/
kg/h intra-/postop-
eratively

30 61 (41,70)a 30 100 0 58 (50,81)a,b –

Restrictive fluid 
regime (LR) at 1 mL/
kg/h intra-/postop-
eratively

30 48 (40,62)a,b 27 100 0 58 (50,67)a,b –
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(HES) over 30 min to 40 anesthetized patients, observing 
a significant rise in hematocrit-corrected Syn-1 
compared to baseline, but no significant changes in HS 
[42]. The studies by Chappell et al. [38] and Powell et al. 
[37] found significant increases in some EG biomarkers, 
compared to baseline, following administration of HES 
and Ringer’s lactate, respectively. This change occurred 
prior to surgical incision. The participants in the latter 
study were not anesthetized and there was no significant 
change in brain natriuretic peptide (BNP). Notably, 
Chappell et al. found that hypervolemic fluid loading was 
associated with a significant increase in ANP, compared 
to baseline, whereas acute normovolemic hemodilution 
was not [38]. By contrast, Nemme et  al. found minimal 
changes in Syn-1, HS, and BNP within an hour of rapidly 
administering 25  mL/kg Ringer’s lactate to 24 patients 
undergoing elective hysterectomy [41].

Two studies examined patient populations that were 
neither critically ill nor preoperative. The study by Tap-
king et  al. recruited 39 patients admitted to the burns 
unit of a German hospital [46]. The authors concluded 
that Syn-1 was significantly associated with 24-h IV fluid 
volume, after adjusting for burn surface area. It is unclear 
whether this relationship was maintained at other time 
points. Likewise, an older study of 12 healthy volunteers 
receiving a 1000 mL bolus of Ringer’s lactate over 40 min 
found that this was associated with an increase in hyalu-
ronan at each 10-min interval, up to 70  min post-bolus 
[45].

Discussion
This systematic review identified 20 clinical studies that 
assessed the relationship between IV fluid administration 
and indicators of EG shedding in people. Across ten 
studies involving 1360 patients with sepsis or critical 
illness, it was found that EG markers were significantly 
elevated at baseline, but not consistently associated with 
rate or volume of IV fluid administration. Conversely, 
among nine studies of 600 stable and perioperative 
participants, there was a more consistent association 
between volume/rate of fluid administration and 
measures of EG shedding. These patterns were most 
evident when examining plasma Syn-1 concentration. 
Measurement of other biomarkers (e.g., Syn-4, 
hyaluronan and HS), as well as other methods of 
estimating EG thickness, were less frequently studied. 
The studies did not demonstrate a consistent relationship 
between rate/volume of fluid administration and 
natriuretic peptides, hemodynamic outcomes, or clinical 
outcomes such as length-of-stay and mortality.

To the best of our knowledge, this is the first review 
to synthesize evidence on rate/volume of IV fluid 
therapy and EG shedding from human clinical trials. 
Previous research, including a recent review by Hahn 
et  al. has established a link between EG shedding and 
severity of critical illness such as sepsis, hemorrhagic 
shock, trauma and severe inflammatory states, with 
the aim of understanding how resuscitative strategies 
may better protect the EG [23, 47]. A review by Smart 
et  al. explored evidence from preclinical and animal 
studies that suggested restrictive and/or slow fluid 
administration may be beneficial in these states, for 

Table 4  (continued)

Reference Intervention/
exposure

Group size, n Age, mean (SD) Male, % ASA I–II, % ASA III–IV, % Duration of 
surgery, mean 
(SD)

Mortality, % (days)

Chappell [38] Fluid loading 
(HES) at 20 mL/kg 
over 15 min, post-
induction

9 57, 4 – – – – –

Acute normovolemic 
hemodilution (HES) 
at 60 mL/min, post-
induction

9 55, 2 – – – – –

Powell [37] Fluid bolus 750 mL 
(warmed LR) 
over 15 min, pre-
induction

29 – – – – – –

Berg [45] Fluid bolus 1000 mL 
(LR) over 40 min

12 26, 4 67 N/A N/A – –

ASA American Society of Anesthesiologists physical status classification, LR lactated Ringer’s solution, HES hydroxyethyl starch, SVV stroke volume variation
a Value reported as median (interquartile range)
b Significant difference between intervention/exposure groups



Page 13 of 17Sukudom et al. Intensive Care Medicine Experimental           (2024) 12:16 	

Ta
bl

e 
5 

Su
m

m
ar

y 
of

 fi
nd

in
gs

 in
 in

cl
ud

ed
 n

on
-s

ep
si

s 
st

ud
ie

s 
(n

 =
 1

1)

Re
fe

re
nc

e
In

te
rv

en
tio

n/
ex

po
su

re
G

ro
up

 s
iz

e,
 n

To
ta

l fl
ui

d 
vo

lu
m

e 
ad

m
in

is
te

re
d 

(m
L)

G
ly

co
ca

ly
x 

m
ea

su
re

(s
)

Su
m

m
ar

y 
of

 s
tu

dy
 fi

nd
in

gs

Bi
ha

ri 
[4

4]
Re

st
ric

tiv
e 

flu
id

 re
gi

m
e

75
33

50
 (2

72
0,

 4
00

0)
a,

b  (t
 =

 2
4 

h)
Sy

n;
 in

tr
a-

op
er

at
iv

e,
 p

os
t-

op
er

at
iv

e,
 

t =
 2

4 
h

Th
er

e 
w

as
 n

o 
si

gn
ifi

ca
nt

 in
te

rg
ro

up
 d

if-
fe

re
nc

e 
in

 S
yn

 a
t b

as
el

in
e 

or
 o

ve
r t

im
e 

th
ro

ug
h 

D
ay

 1
–D

ay
 3

 p
os

t-
su

rg
er

y
Li

be
ra

l fl
ui

d 
re

gi
m

e
86

60
53

 (5
38

2,
 7

42
5)

a,
b  (t

 =
 2

4 
h)

Li
u 

[4
3]

H
ig

h-
vo

lu
m

e 
flu

id
 re

gi
m

e
16

–
Sy

n-
1,

 H
S,

 h
ya

lu
ro

na
n;

 p
re

-in
du

ct
io

n,
 p

os
t-

in
du

ct
io

n,
 p

os
t-

op
er

at
iv

e
Co

llo
id

 a
dm

in
is

tr
at

io
n 

an
d 

ur
in

e 
ou

tp
ut

 
w

er
e 

hi
gh

er
 in

 th
e 

hi
gh

-v
ol

um
e 

gr
ou

p;
 

co
nv

er
se

ly
, c

ry
st

al
lo

id
 a

dm
in

is
tr

at
io

n 
w

as
 h

ig
he

r i
n 

th
e 

lo
w

-v
ol

um
e 

gr
ou

p.
 A

t 
th

e 
po

st
-o

pe
ra

tiv
e 

tim
e 

po
in

t, 
Sy

n-
1 

an
d 

H
S 

w
er

e 
hi

gh
er

 in
 th

e 
hi

gh
-v

ol
um

e 
gr

ou
p 

th
an

 m
ed

iu
m

- a
nd

 lo
w

-v
ol

um
e 

gr
ou

ps

M
ed

iu
m

-v
ol

um
e 

flu
id

 re
gi

m
e

17
–

Lo
w

-v
ol

um
e 

flu
id

 re
gi

m
e

18
–

Ta
pk

in
g 

[4
6]

To
ta

l fl
ui

d 
ad

m
in

is
tr

at
io

n
39

–
Sy

n-
1,

 H
S;

 t 
=

 0
 h

, t
 =

 8
 h

, t
 =

 2
4 

h,
 t 

=
 4

8 
h

Sy
n-

1 
w

as
 s

ig
ni

fic
an

tly
 a

ss
oc

ia
te

d 
w

ith
 to

ta
l 

flu
id

 v
ol

um
e 

ad
m

in
is

te
re

d 
at

 t 
=

 8
 h

 
af

te
r b

ur
n 

(p
 <

 .0
5)

. A
 s

ig
ni

fic
an

t l
in

ea
r e

ffe
ct

 
w

as
 o

bs
er

ve
d 

of
 b

ur
n 

si
ze

 a
nd

 c
um

ul
at

iv
e 

flu
id

 a
dm

in
is

tr
at

io
n 

in
 fi

rs
t 2

4 
h 

on
 S

yn
-1

 
at

 t 
=

 4
8 

h 
(p

 =
 .0

11
)

W
an

g 
[4

0]
H

ig
h-

vo
lu

m
e 

flu
id

 re
gi

m
e

40
41

91
, 1

42
5b  (i

nt
ra

-o
pe

ra
tiv

e)
Sy

n-
1;

 t 
=

 0
 h

, t
 =

 1
 h

, t
 =

 4
 h

, t
 =

 2
4 

h,
 

t =
 7

2 
h

Sy
n-

1 
in

cr
ea

se
d 

in
 b

ot
h 

flu
id

 re
gi

m
en

 
gr

ou
ps

 d
ur

in
g 

su
rg

er
y 

an
d 

de
cl

in
ed

 
po

st
op

er
at

iv
el

y.
 N

o 
si

gn
ifi

ca
nt

 in
te

ra
ct

io
n 

be
tw

ee
n 

gr
ou

p 
an

d 
tim

e 
fo

r S
yn

-1

Lo
w

-v
ol

um
e 

flu
id

 re
gi

m
e

39
32

84
, 1

14
5b  (i

nt
ra

-o
pe

ra
tiv

e)

N
em

m
e 

[4
1]

Ra
pi

d-
ra

te
 fl

ui
d 

bo
lu

s
24

–
Sy

n-
1,

 H
S;

 t 
=

 0
 h

, t
 =

 0
.5

 h
, t

 =
 1

 h
, t

 =
 1

.5
 h

, 
t =

 2
 h

Th
er

e 
w

as
 o

ve
ra

ll 
m

in
im

al
 v

ar
ia

tio
n 

in
 S

yn
-1

 
an

d 
H

S 
fo

llo
w

in
g 

flu
id

 b
ol

us
, s

ug
ge

st
in

g 
in

si
gn

ifi
ca

nt
 g

ly
co

ca
ly

x 
sh

ed
di

ng
. P

la
sm

a 
Sy

n-
1 

an
d 

H
S 

in
cr

ea
se

d 
be

tw
ee

n 
t =

 1
.5

 h
 

an
d 

t =
 2

 h
. U

rin
ar

y 
Sy

n-
1 

de
cr

ea
se

d 
du

r-
in

g 
su

rg
er

y

Li
 [4

2]
Fl

ui
d 

lo
ad

in
g

40
–

Sy
n-

1,
 H

S;
 p

re
-in

du
ct

io
n,

 t 
=

 0
.5

 h
, p

os
t-

op
er

at
iv

e
Sy

n-
1 

le
ve

ls
 in

cr
ea

se
d 

si
gn

ifi
ca

nt
ly

 a
ft

er
 fl

ui
d 

lo
ad

 c
om

pa
re

d 
to

 b
as

el
in

e,
 a

ft
er

 c
or

re
ct

in
g 

fo
r h

em
at

oc
rit

H
S 

le
ve

ls
 (a

ft
er

 h
em

at
oc

rit
 c

or
re

ct
io

n)
 

sh
ow

ed
 n

o 
si

gn
ifi

ca
nt

 d
iff

er
en

ce
s 

at
 a

ny
 

tim
e 

po
in

t

Po
us

ka
 [3

6]
Fa

st
 fl

ui
d 

bo
lu

s
25

–
PB

R;
 b

as
el

in
e,

 t 
=

 0
 h

, t
 =

 2
0 

m
in

, t
 =

 4
0 

m
in

, 
t =

 1
 h

Th
er

e 
w

er
e 

no
 s

ig
ni

fic
an

t i
nt

er
gr

ou
p 

di
ffe

r-
en

ce
s 

at
 a

ny
 ti

m
e 

po
in

t a
ft

er
 fl

ui
d 

bo
lu

s. 
In

 
th

e 
sl

ow
 fl

ui
d 

bo
lu

s 
gr

ou
p,

 P
BR

 in
cr

ea
se

d 
af

te
r b

ol
us

 a
t t

 =
 0

 h
, t

he
n 

no
rm

al
iz

ed

Sl
ow

 fl
ui

d 
bo

lu
s

25
–

Be
la

vi
ć 

[3
9]

H
ig

h-
lib

er
al

 fl
ui

d 
re

gi
m

e
30

50
70

 (4
32

0–
57

75
)a,

b  (t
 =

 6
 h

)
Sy

n-
1,

 h
ya

lu
ro

na
n;

 t 
=

 0
 h

, t
 =

 6
 h

, p
os

t-
op

er
at

iv
e

Sy
n-

1 
an

d 
hy

al
ur

on
an

 le
ve

ls
 w

er
e 

si
gn

ifi
-

ca
nt

ly
 lo

w
er

 in
 th

e 
re

st
ric

tiv
e 

flu
id

 re
gi

m
e 

gr
ou

p 
co

m
pa

re
d 

to
 th

e 
hi

gh
-li

be
ra

l fl
ui

d 
gr

ou
p 

(p
 <

 0
.0

01
). 

Th
er

e 
w

er
e 

no
 s

ig
ni

fic
an

t 
di

ffe
re

nc
es

 b
et

w
ee

n 
th

e 
re

st
ric

tiv
e 

an
d 

lo
w

-
lib

er
al

 fl
ui

d 
gr

ou
ps

Lo
w

-li
be

ra
l fl

ui
d 

re
gi

m
e

30
23

70
 (2

19
0–

28
50

)a,
b  (t

 =
 6

 h
)

Re
st

ric
tiv

e 
flu

id
 re

gi
m

e
30

46
5 

(4
20

–5
75

)a,
b  (t

 =
 6

 h
)



Page 14 of 17Sukudom et al. Intensive Care Medicine Experimental           (2024) 12:16 

Ta
bl

e 
5 

(c
on

tin
ue

d)

Re
fe

re
nc

e
In

te
rv

en
tio

n/
ex

po
su

re
G

ro
up

 s
iz

e,
 n

To
ta

l fl
ui

d 
vo

lu
m

e 
ad

m
in

is
te

re
d 

(m
L)

G
ly

co
ca

ly
x 

m
ea

su
re

(s
)

Su
m

m
ar

y 
of

 s
tu

dy
 fi

nd
in

gs

C
ha

pp
el

l [
38

]
Fl

ui
d 

lo
ad

in
g

9
13

26
, 5

0
Sy

n-
1,

 H
S,

 h
ya

lu
ro

na
n;

 t 
=

 0
 h

, t
 =

 0
.5

 h
H

ya
lu

ro
na

n 
an

d 
Sy

n-
1 

in
cr

ea
se

d 
si

gn
ifi

-
ca

nt
ly

 in
 th

e 
flu

id
 lo

ad
in

g 
gr

ou
p 

at
 t 

=
 0

.5
 h

, 
w

hi
le

 re
m

ai
ni

ng
 u

nc
ha

ng
ed

 in
 th

e 
he

m
od

i-
lu

tio
n 

gr
ou

p 
(p

 <
 0

.0
5)

. T
he

re
 w

as
 m

in
im

al
 

va
ria

tio
n 

in
 H

S 
ov

er
al

l. 
A

ll 
va

lu
es

 w
er

e 
co

rr
ec

te
d 

fo
r a

lb
um

in

A
cu

te
 n

or
m

ov
ol

em
ic

 h
em

od
ilu

tio
n

9
12

67
, 6

2 
dr

aw
n 

an
d 

re
pl

ac
ed

Po
w

el
l [

37
]

Fl
ui

d 
lo

ad
in

g
29

75
0

Sy
n-

1,
 H

S;
 t 

=
 0

 h
, p

os
t-

bo
lu

s
Sy

n-
1 

an
d 

H
S 

le
ve

ls
 w

er
e 

bo
th

 s
ig

ni
fic

an
tly

 
in

cr
ea

se
d 

fo
llo

w
in

g 
flu

id
 lo

ad
in

g 
(p

 <
 0

.0
5)

Be
rg

 [4
5]

Fl
ui

d 
bo

lu
s

12
10

00
H

ya
lu

ro
na

n;
 t 

=
 −

0.
5 

h,
 t 

=
 0

 h
, 

t =
 1

0–
70

 m
in

 in
 1

0-
m

in
 in

te
rv

al
s

Pl
as

m
a 

hy
al

ur
on

an
 in

cr
ea

se
d 

si
gn

ifi
ca

nt
ly

 
po

st
-fl

ui
d 

bo
lu

s 
at

 t 
=

 3
0 

m
, t

 =
 4

0 
m

, 
t =

 5
0 

m
, t

 =
 6

0 
m

 a
nd

 t 
=

 7
0 

m
 (p

 <
 0

.0
5)

H
ES

 h
yd

ro
xy

et
hy

l s
ta

rc
h,

 H
S 

he
pa

ra
n 

su
lfa

te
, L

R 
la

ct
at

ed
 R

in
ge

r’s
 s

ol
ut

io
n,

 S
VV

 s
tr

ok
e 

vo
lu

m
e 

va
ria

tio
n,

 S
yn

 s
yn

de
ca

n,
 S

yn
-1

 s
yn

de
ca

n-
1,

 S
yn

-4
 s

yn
de

ca
n-

4
a  V

al
ue

 re
po

rt
ed

 a
s 

m
ed

ia
n 

(in
te

rq
ua

rt
ile

 ra
ng

e)
b  S

ig
ni

fic
an

t d
iff

er
en

ce
 b

et
w

ee
n 

in
te

rv
en

tio
n/

ex
po

su
re

 g
ro

up
s



Page 15 of 17Sukudom et al. Intensive Care Medicine Experimental           (2024) 12:16 	

instance, by reducing the deleterious early inflammatory 
response and decreasing subsequent vasopressor 
requirements [22]. It is proposed that restrictive 
regimens avoid fluid-mediated EG injury occurring via 
mechanisms such as release of EG-shedding matrix 
metalloproteinase in response to vascular stretching; 
oscillatory shear stress-induced activation of cathepsin 
L; facilitation of neutrophil-elastase-related EG shedding; 
and release of ANP causing EG degradation [48]. Such 
microcirculatory dysfunction may persist and lead to 
poorer outcomes despite initial improvement in macro-
hemodynamic markers. The balance between micro- and 
macrocirculatory perfusion is termed hemodynamic 
coherence, and it is hypothesized—with supporting 
evidence from animal trials—that restrictive fluid 
regimes are better positioned to achieve this [50].

Despite this, our review found that clinical studies 
examining septic patients tended to observe no signifi-
cant association between IV fluid rate/volume and EG 
shedding, while studies examining stable patients tended 
to observe a positive association. Several hypotheses may 
explain these findings. Firstly, variability may arise from 
differences in methodology between individual studies. 
Markers of EG shedding were measured at varying time 
points, with some studies comparing levels at baseline 
and within the first six hours, while others measured 
shedding at 24–48  h. With limitations on our knowl-
edge of EG biomarker kinetics, it is unclear when plasma 
concentration peaks and when they are eliminated from 
the circulation; thus, there is currently no standardized 
method for measuring them. The same applies to clear-
ance of natriuretic peptides, which were inconsistently 
associated with fluid administration in our review. Fur-
thermore, it is understood that markers such as Syn-1 
are renally excreted, meaning clearance is directly related 
to renal function [50, 51]. This may be significant when 
comparing critically ill and stable participants, given that 
the former are more likely to have acute renal impair-
ment, in addition to higher baseline EG shedding. 
Reaching, and exceeding, steady-state clearance of EG 
biomarkers may affect measured levels in plasma dur-
ing the studies. A similar issue arises when considering 
the effect of hemodilution on measured plasma concen-
tration of biomarkers; in our review, only five studies of 
non-septic patients adjusted for hemoglobin, hematocrit, 
or albumin, acknowledging that any bias introduced by 
failure to adjust would be towards the null.

Physiological mechanisms may also explain the find-
ings, although this remains speculative. Circulating 
levels of EG degradation products were generally ele-
vated at baseline in the sepsis cohorts, consistent with 
previous literature demonstrating that EG shedding 
occurs during states of critical illness and inflammation 

[23]. In this case, a lack of association between IV fluid 
administration and markers of EG shedding may rep-
resent failure of the disrupted EG to respond to fluid 
therapy, regardless of rate or volume. This hypothesis 
was supported by findings from Pouska et al. which was 
the only study to measure EG shedding via PBR. They 
observed that PBR increased then normalized in the 
relatively healthy preoperative cohort, but remained at 
elevated baseline levels in the septic cohort [36]. Inter-
estingly, a subgroup-analysis of the septic group found 
that PBR increased in hemodynamically fluid-respon-
sive patients, but not among fluid non-responders [36]. 
It is possible that extensive EG damage precludes fur-
ther appreciable shedding as measured by plasma bio-
markers, and that this identifies patients at risk of fluid 
unresponsiveness, extravasation, and poorer clinical 
outcomes. Such patterns would underpin a rationale 
for monitoring microcirculatory changes as described 
by Xantus et  al. allowing for a more personalized and 
proactive approach to fluid resuscitation [49]. More 
research is required, however, to understand which EG 
changes are likely to represent clinically meaningful 
information and to develop techniques to more reliably 
measure EG structure and function in clinically impor-
tant vascular beds in humans.

Our findings should be interpreted in context of some 
limitations. Firstly, there was considerable heterogene-
ity between studies. Sources of inter-study variation 
included methods for measuring EG shedding, concur-
rent use of vasopressors, and adjustment for confound-
ers. This resulted in findings that were not amenable to 
meta-analysis. Many studies were single-center stud-
ies with a small sample size, further limiting statistical 
robustness. Secondly, the mix of fluid type used during 
resuscitation was not standardized among sepsis studies; 
previous reviews investigating fluid type and EG shed-
ding have suggested a potential theoretical benefit with 
naturally occurring colloids like albumin and fresh frozen 
plasma [50], however, clinical studies have not demon-
strated benefit [51, 52]. Thirdly, there are limitations to 
using measured biomarkers in blood or urine as tools to 
quantify EG shedding. The molecules concerned are not 
specific to the EG but are widely expressed throughout 
the body; for example, Syn-1 is expressed in the liver, 
while hyaluronan is ubiquitously distributed in the body. 
Measuring PBR via side-stream dark field microscopy is 
more specific, although it is more user-dependent and 
less widely accessible, and only gives information about 
accessible vasculature rather than within vital organs 
[23].

Potential directions for future research include larger, 
randomized controlled trials evaluating the effect of 
restrictive and liberal fluid regimes on EG integrity 
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among critically ill patients and healthy controls. Con-
sideration of confounders arising from the clinical con-
text, alongside closer analysis of EG changes during fluid 
administration and at follow-up, will be useful for inves-
tigating whether microcirculatory changes translate into 
meaningful clinical information.

Conclusion
Despite preclinical studies indicating potential adverse 
effects of more liberal IV fluid therapy on EG integrity, 
there is limited evidence to support this in clinical prac-
tice within the limitations of currently available tech-
niques. Most studies reporting a positive association 
between IV fluid volume/rate and EG shedding were 
in stable preoperative cohorts, rather than critically ill 
cohorts with higher baseline EG disruption. Further 
research is required address heterogeneity between trials 
and determine the clinical significance of these findings.
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