
March 2020 • Volume 130 • Number 3 www.anesthesia-analgesia.org 599

DOI: 10.1213/ANE.0000000000004453

KEY POINTS
• Question: Does individualized goal-directed fluid therapy (IGDT) improve early renal function in 

pigs subjected to renal transplantation?
• Findings: IGDT did not improve early renal function but may reduce tissue inflammation and 

lead to better preservation of the glycocalyx.
• Meaning: IGDT takes resources, and its introduction in the clinic should be preceded by 

further studies on long-term renal graft function because our primary end point early graft 
function was not positively affected.

BACKGROUND: Insufficient fluid administration intra- and postoperatively may lead to delayed renal 
graft function (DGF), while fluid overload increases the risk of heart failure, infection, and obstipation. 
Several different fluid protocols have been suggested to ensure optimal fluid state. However, there is 
a lack of evidence of the clinical impact of these regimens. This study aimed to determine whether 
individualized goal-directed fluid therapy (IGDT) positively affects the initial renal function compared 
to a high-volume fluid therapy (HVFT) and to examine the effects on renal endothelial glycocalyx, 
inflammatory and oxidative stress markers, and medullary tissue oxygenation. The hypothesis was 
that IGDT improves early glomerular filtration rate (GFR) in pigs subjected to renal transplantation.
METHODS: This was an experimental randomized study. Using a porcine renal transplanta-
tion model, animals were randomly assigned to receive IGDT or HVFT during and until 1 hour 
after transplantation from brain-dead donors. The kidneys were exposed to 18 hours of cold 
ischemia. The recipients were observed until 10 hours after reperfusion, which included GFR 
measured as clearance of chrom-51-ethylendiamintetraacetat (51Cr-EDTA), animal weight, and 
renal tissue oxygenation by fiber optic probes. The renal expression of inflammatory and oxida-
tive stress markers as well as glomerular endothelial glycocalyx were analyzed in the graft using 
polymerase chain reaction (PCR) technique and immunofluorescence.
RESULTS: Twenty-eight recipient pigs were included for analysis. We found no evidence that IGDT 
improved early GFR compared to HVFT (P = .45), while animal weight increased more in the HVFT 
group (a mean difference of 3.4 kg [1.96–4.90]; P < .0001). A better, however nonsignificant, 
preservation of glomerular glycocalyx (P = .098) and significantly lower levels of the inflammatory 
marker cyclooxygenase 2 (COX-2) was observed in the IGDT group when compared to HVFT. COX-2 
was 1.94 (1.50–2.39; P = .012) times greater in the HVFT group when compared to the IGDT group. 
No differences were observed in outer medullary tissue oxygenation or oxidative stress markers.
CONCLUSIONS: IGDT did not improve early GFR; however, it may reduce tissue inflammation 
and could possibly lead to preservation of the glycocalyx compared to HVFT.  (Anesth Analg 
2020;130:599–609)
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GLOSSARY
51Cr-EDTA = chrom-51-ethylendiamintetraacetat; ANOVA = analysis of variance; ANP = atrial natri-
uretic peptide; ARRIVE = Animal Research: Reporting In Vivo Experiments; cDNA = complementary 
deoxyribonucleic acid; Ch8 = Chariére 8; CI = confidence interval; CO2 = carbon dioxide; COX-2 = 
cyclooxygenase 2; DBA = Dolichos biflorus agglutinin; DGF = delayed graft function; ELISA = enzyme-
linked immunosorbent assay; FITC = fluorescein isothiocyanate; GalNAc = N-acetylgalactosamine; 
GFR = glomerular filtration rate; GSH = glutathione; GSSG = glutathione disulfide; HE = hematoxylin 
and eosin; HO-1 = heme oxygenase 1; HVFT = high-volume fluid infusion therapy; IGDT = individual-
ized goal-directed fluid therapy; IL-6 = interleukin 6; MAP = mean arterial pressure; MCP1 = mono-
cyte chemoattractant protein 1; NE = norepinephrine; NGAL = neutrophil gelatinase–associated 
lipocalin; PAS = periodic acid–Schiff; QPCR = quantitative polymerase chain reaction; RNA = ribo-
nucleic acid; SD = standard deviation; SV = stroke volume; SVV = stroke volume variation; TNFα = 
tumor necrosis factor α; tPo2 = renal tissue oxygenation in the outer medulla

Fluid management during renal transplantation is 
important for optimal organ perfusion. It reduces 
the risk of renal graft thrombosis, delayed graft 

function (DGF), and postoperative complications such 
as pneumonia and heart failure.1 Sufficient intravascular 
fluid is required for maintenance of an adequate cardiac 
output, blood pressure, and thus initial graft perfusion 
during anesthesia. Conversely, fluid overload may not 
only cause heart failure but also affect the microcircula-
tion due to damage of the vascular endothelium leading 
to increased permeability and transport of fluids from 
the vascular bed to the interstitium.2 The vascular endo-
thelium is lined with the glycocalyx, which plays a fun-
damental role in the regulation of vascular endothelial 
permeability, coagulation, and leukocyte adhesion and 
inflammation.3–5

In renal transplantation, the glycocalyx is dis-
rupted through various mechanisms, including 
ischemia–reperfusion injury and the presence of pro-
inflammatory cytokines. Inflammatory changes in 
the glycocalyx disrupt the microcirculation causing 
edema and loss of antioxidative properties.3 In addi-
tion, disturbance in the microcirculation can affect the 
tissue oxygenation.6 The complex interactions of these 
mechanisms, however, are poorly understood, and it 
is not clear whether more restrictive fluid therapies 
affect these parameters.

Fluid infusion during kidney transplantations has 
previously been done using a continuous high-vol-
ume fluid infusion therapy (HVFT) 10–15 mL/kg/h. 
Recently, individualized goal-directed fluid therapy 
(IGDT) is suggested to be the preferred method for 
optimizing the fluid infusion during various surgi-
cal procedures such as pancreaticoduodenectomies7 
and colorectal cancer surgery.8 Interestingly, IGDT 
has recently been suggested to reduce the incidence 
of DGF and the level of serum creatinine after 7 and 
30 days when compared to HVFT.9

IGDT is defined as an individually targeted fluid 
therapy, where fluid is administered depending 
on hemodynamic parameters, such as stroke vol-
ume (SV), SV variation (SVV), and cardiac output. 

Administration of norepinephrine (NE) has also been 
investigated as a strategy to optimize renal blood 
flow; however, there is no clear evidence of any ben-
eficial effects on graft function.10–14

Using a porcine renal transplantation model, we are 
able to study both interventions in a vascular system 
that is comparable to humans. Our hypothesis is that 
IGDT improves early glomerular filtration rate (GFR) 
in pigs subjected to renal transplantation. The aim of 
this study was to evaluate the potentially beneficial 
effect of IGDT versus a HVFT used intra- and post-
operatively on early GFR posttransplantation. We also 
evaluated kidney tissue oxygenation as well as vas-
cular glycocalyx integrity and markers of oxidative 
stress and inflammation.

METHODS
Design
This is a randomized controlled experimental study 
which is investigating pigs receiving a kidney from 
a brain-dead donor and comparing 2 different 
fluid regimens for intra- and posttransplantation 
use: IGDT and HVFT with or without NE infusion. 
Randomization was achieved by drawing a fluid regi-
men and NE regimen randomly. Randomization was 
always for the right kidney. The left kidney would 
receive the opposite fluid regimen but the same NE 
regimen.

An overview of the experiment is presented on the 
time line in Supplemental Digital Content, Figure 2, 
http://links.lww.com/AA/C941.

Animals and Experimental Procedures
Ethical conditions and all animal procedures for 
this study were approved by the Danish Animal 
Experiments Inspectorate (protocol no. 2014-15-0201-
00378). This manuscript adheres to the applicable 
Animal Research: Reporting In Vivo Experiments 
(ARRIVE) guidelines.16 The study was performed 
using female Danish landrace pigs weighing approxi-
mately 60 kg. They were kept at a standard diet with 
free access to water before transport to the facility. On 
day 1, both kidneys were explanted from a brain-dead 
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donor, and on day 2, the kidneys were transplanted 
into 2 recipients.

Induction of Brain Death in the Donors
Brain death was achieved as described previously.15 
After 4 hours of brain death, the kidneys were 
removed. Before removal, heparin (15,000 IU) was 
administered and kidneys were flushed in situ with 
4°C Custodiol (bridge to life) and stored in a fridge at 
4°C for 18 hours.

Anesthesia
On arrival at the operation facilities, initial sedation 
was achieved using intravenous ketamine (5 mg/kg) 
and midazolam (0.05 mg/kg). The pigs were weighed, 
intubated, and ventilated using 40% oxygen, a respi-
ratory tidal volume of 600 mL, and kept at expiratory 
carbon dioxide (CO2) levels between 4.5 and 5.5 kPa. 
Anesthesia was maintained with continuous infusion 
of propofol (3 mg/kg/h) and fentanyl (15 µg/kg/h) 
throughout the study.

All animals received 1 L of Ringer acetate (Baxter 
International, Deerfield, IL) during the first hour to 
compensate for fluid losses during fasting. Cefuroxime 
(750 mg) was administered intramuscularly after 
sedation, and vascular sheaths (Edwards FloTrac; 
Edwards Lifesciences, Irvine, CA) were inserted in 
the carotid artery and in both jugular veins to monitor 
hemodynamic parameters.

Transplantation
The native kidneys were removed from the recipients 
by a retroperitoneal access. The donor kidneys were 
anastomosed end-to-end to the left native renal vessels 
of the recipients. Transplantations were performed 
simultaneously by 2 experienced transplant surgeons. 
A feeding tube Chariére 8 (Ch8) was inserted in the 
ureter for collection of urine and assessment of GFR. 
The pigs were observed for 10 hours after reperfusion 
and the kidneys were removed, weighed, and tissue 
samples were stored in formalin or at −80°C.

Fluid Therapy and Interventions
Ringer acetate was used for fluid infusion at all times. 
The fluid regimens were started immediately after 
sedation and continued until 1-hour posttransplan-
tation. Regimens of the IGDT and HVFT groups are 
shown in Supplemental Digital Content, Figure 1, 
http://links.lww.com/AA/C941. The HVFT regime 
was 10 mL/kg/h with addition of 500-mL bolus 
if mean arterial pressure (MAP) decreased below 
60 mm Hg. The IGDT regime was 2 mL/kg/h with 
SV continuously measured. At the beginning of the 
nephrectomy, a 250-mL fluid challenge was adminis-
tered, and if SV increased by ≥12%, 250-mL bolus was 
administered until the increase was <12%. Whenever 

the new SV decreased >2 mL, another fluid challenge 
was administered. If MAP decreased below 60 mm 
Hg, a 500-mL bolus was administered.

The groups receiving NE were continuously 
infused with a low dose (0.5 ng/kg/min) through-
out the experiment. This dose was unfortunately 
extremely low due to a miscalculation resulting in a 
dose 1/60 of the intended dose.

Management of B-Glucose
Arterial blood samples were taken regularly, and 
blood glucose levels were kept above 3.5 mmol/L 
by infusion of 20-mL 50% glucose if levels were <3.5 
mmol/L.

Measurement of GFR
GFR was measured for 10 hours after graft reperfu-
sion as urinary clearance of chrom-51-ethylendia-
mintetraacetat (51Cr-EDTA). A bolus injection of 0.06 
MBq/kg was administered 3 hours before reperfusion 
of the graft followed by continuous infusion at 0.03 
MBq/kg/h. Blood and urine were collected for iso-
tope measurements as stated below.

Samples
Blood was sampled, and urine output was measured 
every 30 minutes during the first 2 hours, and every 1 
hour for the remaining 8 hours. Blood samples were 
centrifuged, and plasma and urine were stored at 
−80°C.

Samples of renal cortex were collected from the 
transplanted kidneys. Control renal tissue was 
obtained from healthy Danish Landrace pigs weigh-
ing approximately 60 kg (n = 5). All samples were pro-
cessed for pathology, immunofluorescent microscopy, 
and quantitative polymerase chain reaction (QPCR) 
analysis.

Glomerular Glycocalyx Assessment
Paraffin-embedded tissue sections were labeled for 
glycocalyx glycoproteins using Dolichos biflorus 
agglutinin (DBA) lectin. DBA lectin binds α-linked 
N-acetylgalactosamine (GalNAc). GalNAc is present in 
all tissue but to a much greater density in areas with gly-
cosylated proteins such as the glycocalyx. Sections were 
deparaffinized and incubated with DBA lectin (VEC-B-
1035; VectorLabs, Burlingame, CA) and further incuba-
tion with fluorescein isothiocyanate (FITC)-conjugated 
streptavidin. The labeled sections were photographed 
using a Leica TCS SL Spectral Confocal Microscope 
(TM Leica Microsystems, Wetzlar, Germany). Three 
glomeruli from each tissue sample were randomly 
selected and photographed. The fluorescent labeling 
was quantitated using ImageJ (National Institutes of 
Health, Bethesda, MD). The operator was blinded to 
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the origin of the sections throughout both microscopy 
and image analysis.

Quantitative Polymerase Chain Reaction
Ribonucleic acid (RNA) was isolated from renal cortex 
with a Nucleospin RNA II mini kit (Macherey Nagel, 
Düren, Germany). Complementary deoxyribonucleic 
acid (cDNA) synthesis and QPCR analysis were per-
formed as previously described.17 β-actin was used 
as a control gene. Primer sequences used are given in 
Supplemental Digital Content, Table 1, http://links.
lww.com/AA/C941.

Hematoxylin and Eosin and Periodic Acid–Schiff 
Staining
Sections from paraffin-embedded kidney cortex were 
deparaffinized by immersion into graded alcohol 
solutions. The sections were stained using Mayer 
hematoxylin and eosin (HE) or periodic acid–Schiff 
(PAS) to assess the following parameters: tubular and 
glomerular injury, casts, inflammation, glomerular 
dilation, and edema. Assessment of the histology was 
done by an experienced pathologist, who was blinded 
to treatment, using a semiquantitative scoring system. 
For each section, the pathologist would score for each 
parameter on a scale 0–4 based on how much of the 
section was affected: 0 if <1% was affected, 1 (1%–5%), 
2 (6%–25%), 3 (25%–50%), and 4 (51%–100%).

Neutrophil Gelatinase–Associated Lipoprotein 
Excretion in Urine
Urinary neutrophil gelatinase–associated lipocalin 
(NGAL) concentration was measured by enzyme-
linked immunosorbent assay (ELISA; BioPorto 
Diagnostics, Hellerup, Denmark) and the excretion 
expressed as NGAL excretion rate.

Glutathione Assay
Glutathione (GSH) levels in renal cortical tissue were 
measured using a total GSH (glutathione disulfide 
[GSSG]/GSH) assay kit (OxiSelect assay kit; Nordic 
Biosite, Copenhagen, Denmark). Cortical samples 
were assayed in triplicates and analyzed at 405 nm. 
The results are expressed as the total GSH levels 
(µM)/µg of tissue.

Renal Oxygen Tension
Tissue oxygenation was measured using NX-BF/
OFT/E fiber optic probes (Oxford Optronix, Oxford, 
UK). The probes were used in conjunction with 
the OxyLite monitor (Oxford Optronix, Abingdon, 
UK) to enable continuous renal tissue oxygenation 
in the outer medulla (tPo2) measurements. Data 
were collected using the WinDaq software (DATAQ 
Instruments, Akron, OH). The probes were inserted 
in renal outer medulla through a venflon guided by 

micro-ultrasound imaging. Measurements were con-
ducted for 10 minutes at each hour. The mean value of 
the period was used to cancel momentary fluctuations.

Termination of the Experiment
At the end of the 10-hour observation period, the 
transplanted kidney was removed for weighing and 
sample collection. The animals were then euthanized 
by administration of an overdose of pentobarbital.

Statistics
Baseline data are shown as mean ± standard devia-
tion (SD). Treatment effect is shown as mean ± 95% 
confidence interval (CI). All continuous data and data 
on glycocalyx were analyzed using a linear mixed 
regression effects model. The linear mixed regres-
sion effects model was used to allow for repeated 
measures, taking the study design into account and 
to allow for analysis of parameters containing miss-
ing data. The model was used to compare outcome 
between intervention groups with intervention group 
and time as fixed effects and donor as random effect. 
Adjustment for multiple comparisons was done using 
Scheffe method. P value < .05 was considered statisti-
cally significant. Data on inflammatory markers were 
analyzed using 1-way analysis of variance (ANOVA) 
with a Scheffe post hoc test. Data on oxidative stress 
were analyzed by paired t test. Data were analyzed in 
Stata/IC 14.2 (StataCorp, College Station, TX).

Power calculation was with GFR as primary end 
point. The power calculation was conducted for a 
2-sided ANOVA for repeated measurements with a 
power of 80% using an α of 1.25% to reduce the risk of 
an overall type 1 error. Number of repeated measures 
set at 12 and a correlation between measurements on 
0.4. From prior experiments conducted at our facili-
ties, we expect a variance explained by the GFR to be 
approximately 0.44 and the variance of the error to be 
approximately 1. This gives a sample size of 6 in each 
of the 4 groups.

RESULTS
A total of 16 donor pigs and 32 recipient pigs were 
included in the experiment. Two recipients (both 
with no-NE infusion, 1 receiving IGDT and 1 receiv-
ing HVFT) were excluded due to surgical complica-
tions. One donor was excluded because of incidental 
hydroureter. This leaves a total of 28 full transplan-
tations with completed follow-up (n = 7 per group). 
Some parameters include missing data due to tech-
nical malfunctions during sampling. There were no 
significant differences in baseline parameters neither 
between the recipient groups nor the donor animals 
(Supplemental Digital Content, Table 2, http://links.
lww.com/AA/C941).
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Data from arterial blood gas tests during the obser-
vation period are presented in Supplemental Digital 
Content, Table 3, http://links.lww.com/AA/C941.

Effects of NE
Administration of NE did not affect the primary end 
point of GFR (Figure 1A) nor did it affect any of the 
other analyzed parameters when compared to no NE 
(data not shown). Hence, and because the dose of NE 
was likely too low to be with any effects, the NE and 
no-NE groups were pooled together leaving 2 groups 
for the final analyses: the IGDT group and the HVFT 
group.

Effects of Fluid Therapy on GFR
Over time we observed a significant rise in GFR in 
both groups (mean increase in GFR of 18.6 mL/min 
[14.1–23.0]; P < .0001) but with no difference between 

IGDT and HVFT (mean difference, −1.72 mL/min 
[−5.11 to 1.67]; P = .29; Figure 1B).

Effect of Fluid Therapy on Animal and Kidney 
Weight
Pigs in the HVFT group received more fluid through-
out the experiment compared to the pigs in the IGDT 
group (10.0 ± 1.93 L vs 6.06 ± 1.70 L; mean difference, 
−3.94 L; P = .0002; Figure 2A). The weight of the HVFT-
treated animals increased significantly more than in the 
IGDT-treated animals (7.6 ± 2.3 kg vs 4.2 ± 1.3 kg; mean 
weight increase of 3.43 kg [1.96–4.90]; P < .0001). Mean 
weight ± SD of the kidneys just after ischemia was for 
the IGDT 112.9 ± 16.7 g and for the HVFT 114.6 ± 13.1 g. 
The mean increase in kidney weight from transplanta-
tion to 10 hours posttransplantion in the IGDT was by 
a factor of 1.92 CI (1.79–2.05) and in the HVFT group by 
a factor of 1.86 CI (1.81–1.91). Between the groups, no 
significant differences were observed in neither initial 

A

B

Figure 1. Effect of fluid therapy 
on GFR. The recovery of renal 
function during follow-up of 10 
h. GFR measured by 51Cr-EDTA. 
A, GFR in all 4 groups; HVFT with 
and without NE and IGDT with 
and without NE. No difference 
was observed after low-dose 
NE; hence, the groups were 
pooled. B, GFR in the HVFT and 
IGDT groups. Error bars repre-
sent SD. 51Cr-EDTA indicates 
chrom-51-ethylendiamintetraac-
etat; GFR, glomerular filtration 
rate; HVFT, high-volume fluid 
infusion therapy; IGDT, individual 
goal-directed fluid therapy; NE, 
norepinephrine; SD, standard 
deviation.
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kidney weight, kidney weight increase nor final kidney 
weight.

Effect of Fluid Therapy on Blood Pressure, Urine 
Output, Urinary NGAL, and Tissue Oxygenation
Both the accumulated fluid infusion and urine output 

A

B

C

D

E

Figure 2. Effect of fluid therapy on hemodynamic param-
eters, urine output, urinary NGAL, and tissue oxygenation. 
A, Diuresis and accumulated fluid intake in the HVFT and 
IGDT groups. B, Stroke volume (B) and MAP (C) in the 
HVFT and IGDT groups. D, Urinary NGAL excretion from 
the HVFT and IGDT groups. E, tPo2 from the HVFT and 
IGDT groups (HVFT n = 9 and IGDT n = 10). HVFT indi-
cates high-volume fluid infusion therapy; IGDT, individual 
goal-directed fluid therapy; MAP, mean arterial pressure; 
NGAL, neutrophil gelatinase–associated lipocalin; tPo2, 
renal tissue oxygenation in the outer medulla.
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were increased to a greater extent in the HVFT-treated 
animals compared to IGDT (Figure  2A). MAP and 
SV did not differ between the 2 groups and showed 
no change in either of the groups during the experi-
mental follow-up (Figure  2B–C). No difference was 
observed in the urinary NGAL excretion concentra-
tion between the 2 groups (Figure 2D). tPo2 did not 
change during follow-up and showed no significant 
difference between the groups (Figure 2E).

Indexed parameters of SV, GFR, and diuresis can 
be found in Supplemental Digital Content, Figure 3, 
http://links.lww.com/AA/C941.

Effect of Fluid Therapy on Renal Endothelial 
Glycocalyx
Fluorescent staining for GalNAc revealed a strong 
staining of the glomerulus (Figure 3A). Quantitation 
of the fluorescent label revealed reduced labeling in 
the HVFT group compared to IGDT-treated animals 
although it did not reach significance (mean difference 

in fluorescence, 9.2 mean fluorescent intensity [−1.98 
to 20.5]; P = .098; Figure 3B). There was no difference 
in the staining of glomeruli within the same kidney 
(data not shown).

Effects of Fluid Therapy on Renal Inflammation 
and Oxidative Stress
Cyclooxygenase 2 (COX-2) expression was signifi-
cantly increased in the HVFT group compared to the 
IGDT group (mean expression of COX-2 increased 
with a factor of 1.94 [1.50–2.39]; P = .012; Figure 4A). 
An increased expression of tumor necrosis fac-
tor α (TNF-α), monocyte chemoattractant protein 1 
(MCP1), and interleukin 6 (IL-6) group was also iden-
tified in the HVFT group when compared to the IGDT 
group although this was not significant (Figure 4B–
D). Both the HVFT and IGDT groups revealed a 
higher expression of all inflammatory markers com-
pared to the control pig kidneys. No difference was 
observed between groups in the expression of heme 

Figure 3. Effect of fluid therapy on glycocalyx preservation. Representative immunofluorescent staining of the glomeruli using DBA lectin in 
the HVFT group (A) and the IGDT group (B). C, Mean fluorescent intensity of the glomeruli after staining with DBA lectin in the HVFT (n = 14) 
and IGDT groups (n = 14). Error bars represent SD. DBA indicates Dolichos biflorus agglutinin; HVFT, high-volume fluid infusion therapy; IGDT, 
individual goal-directed fluid therapy; MFI, mean fluorescent intensity; SD, standard deviation.
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oxygenase 1 (HO-1) and GSH (Figure 4E–F), suggest-
ing no difference in oxidative stress levels.

Effects of Fluid Therapy on Renal Histology
Histological assessment of tubular damage, casts, 
inflammation, glomerular damage, and edema showed 
no difference between the HVFT and IGDT groups 
(Figure 5; Table).

DISCUSSION
With our established porcine model of renal transplan-
tation after brain death, this study did not show any 
effect of IGDT on the immediate renal graft function 
assessed by GFR, histology, and urinary NGAL. GFR 
and MAP did not differ between IGDT and HVFT, as 
shown previously by Byrne et al18 and Lima et al,19 pro-
viding further support of the challenge that is IGDT. 

A B

C D

E F

Figure 4.  Effects of fluid therapy on inflammatory markers. A, COX-2 mRNA levels in HVFT (n = 14), IGDT (n = 14), and control group (n = 4). 
B, TNFα mRNA levels in HVFT (n = 14), IGDT (n = 14), and control group (n = 5). C, MCP1 mRNA levels in HVFT (n = 14), IGDT (n = 14), and 
control group (n = 5). D, IL-6 mRNA levels in HVFT (n = 14), IGDT (n = 14), and control group (n = 5). E, HO-1 levels in HVFT (n = 14) an IGDT 
groups (n = 14). F, GSH levels in cortex as percentage change in HVFT (n = 11) and IGDT groups (n = 11). mRNA levels were normalized to 
β-actin. Data are presented as means, and error bars represent SD, *P < .05. COX-2 indicates cyclooxygenase 2; GSH, glutathione; HO-1, 
heme oxygenase 1; HVFT, high-volume fluid infusion therapy; IGDT, individualized goal-directed fluid therapy; IL-6, interleukin 6; MCP1, mono-
cyte chemoattractant protein 1; mRNA, messenger ribonucleic acid; SD, standard deviation; TNFα, tumor necrosis factor α.
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However, while not reaching significance, reduced 
glycocalyx labeling in the kidney was observed in 
the HVFT compared to IGDT together with increased 
expression of the inflammatory marker COX-2.

Our model combining brain death with 18-hour 
cold ischemia time15 is suitable to study interventions 
against DGF. IGDT protocols have been shown to 
be beneficial in abdominal surgical procedures7 and 
are widely used to reduce complications like wound 
infection, pneumonia, sepsis, respiratory failure, and 
prolonged mechanical ventilation.20,21 In renal trans-
plantation, a recent study by Cavaleri et al9 showed a 
lower incidence of DGF within the first postoperative 
week when using IGDT. Consistent with the reduc-
tion in DGF incidences, Cavaleri et al9 also observe a 
better 7-day and 30-day serum creatinine in the IGDT 
patients. However, a significant higher serum creati-
nine was observed after IGDT within the first 24 hours 
indicating no effect of IGDT at early time points. Our 
data from a more detailed observation showed no 
difference in early GFR between IGDT and HVFT. 
However, we only observed the pigs for 10 hours. 
Alongside a retrospective study including 404 kidney 
recipients has concluded that restricted management 
of fluid balance did not decrease graft survival.22

Reduced glycocalyx, indicating endothelial dam-
age, was observed in the HVFT group. Suggesting 
that excessive fluid administration negatively affects 
the kidney over time. Increased fluid administration 
leads to a rise in atrial natriuretic peptide (ANP). 
ANP injures the glycocalyx by cleavage of various 
glycocalyx membrane-bound proteoglycans and 
glycoproteins including syndecan-1 and hyaluronic 
acid, which increases the extravasation of fluid from 
the intravascular space23 and negatively impact the 
glycocalyx.24,25 The shown trend toward difference 
in glycocalyx preservation suggests that glycocalyx 
might play a role in the optimization of fluid therapy. 
This is further supported by a study using an experi-
mental porcine model of severe acute pancreatitis 
where IGDT reduced serum levels of heparan sulfate 
components of the endothelial glycocalyx, indicated 
lesser glycocalyx damage,26 an observation further 
supported by Byrne et al18 showing a significant loss 
of glycocalyx after high-volume fluid resuscitation in 
septic pigs.18 Interstitial edema and even “compart-
ment syndrome” can lead to early graft loss.27

A potential advantage of IGDT is indicated by the 
significantly lower COX-2 expression in this group. 
Other inflammatory biomarkers TNF-α, MCP1, and 
IL-6 showed likewise lower values in IGDT pigs, 
although this did not reach statistical significance.26,28 
COX-2 may be more sensitive to fluid therapy in the 
short term. Several studies have demonstrated an 
important role for the regulation of COX-2 in acute 
renal allograph rejection,29–31 indicating that COX-2 
might play a role in the early inflammatory response 
during renal transplantation. We analyzed a broad 
panel of inflammatory markers that are induced 
in response to renal transplantation,29,30 which we 
also observed in our study. Although not all the 

Figure 5.  Histological evaluation of induced kidney damage after fluid therapy. Representative PAS-stained kidney sections demonstrating 
histological changes of fluid therapy A, Cortex of the kidney in HVFT group. B, Cortex of the kidney in IGDT group. Original magnification: ×40 
C: Semiquantitative histological evaluation of renal specimens. Values are presented as means; ranges within each group are shown in paren-
theses. Each sampled was scored as follows: 0, no change (<1%); 1, mild affection (1%–5%); 2, incipient affection (6%–25%); 3, profound 
affection (25%–50%); and 4, severe affection (50%–100%). HVFT indicates high-volume fluid infusion therapy; IGDT, individualized goal-directed 
fluid therapy; PAS, periodic acid–Schiff.

Table. Semiquantitative Histological Evaluation of 
Renal Specimens

HVFT IGDT
Tubular damage 0.64 (0–3) 0.57 (0–2)
Casts 0.50 (0–2) 0.57 (0–2)
Inflammation 0.57 (0–2) 0.42 (0–1)
Glomerular damage 0.29 (0–3) 0.21 (0–3)
Edema 0 (0–0) 0 (0–0)

Abbreviations: HVFT, high-volume fluid infusion therapy; IGDT, individualized 
goal-directed fluid therapy.
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inflammatory markers showed significant changes, 
our data overall suggest that inflammation is less 
after IGDT compared to HVFT during renal trans-
plantation. It is well recognized that an inflammatory 
environment due to parenchymal injury during trans-
plantation makes the graft more prone to acute and 
chronic rejection.32,33 Ischemia–reperfusion injury and 
the response to brain death in the donor will initiate 
an inflammatory response,34 as also evident from our 
results. It is important that all therapy, including the 
initial fluid therapy, minimizes this because it may not 
only cause immediate tissue damage but also initiate 
further immunological and fibrotic processes that will 
potentially shorten graft survival. In our study, the 
observation period after reperfusion was limited to 
10 hours. In animals without any preimmunization, 
we expect any signs of rejection of the transplanted 
kidney to be unlikely within this time frame. Using 
our advanced catheter technique, we found no indi-
cation that microcirculation or oxygenation differed 
between IGDT and HVFT.

Because human kidney transplant recipients have 
various comorbidities and receive several interfering 
medications/drugs including immunosuppressants, 
we believe that studies such as ours using selected 
interventions in a controlled pig model are important 
to reveal effects and complications of new therapies. 
However, the model has limitations: (1) the animals 
were young, unlike the typical kidney transplant 
recipient. Young subjects can compensate for physi-
ological imbalances to a higher degree. However, the 
pig is an excellent model for renal transplantation 
due to the anatomical and physiological similarities 
to human kidneys. (2) Periods of anesthesia lasting 10 
hours are seldomly used in the clinic, but this allowed 
the measurements in the pig and could still imitate 
the complicated patients. There was a decrease in 
MAP from the time of reperfusion and throughout the 
follow-up for both the IGDT and the HVFT groups, 
and MAP reached 60 mm Hg after 7–8 hours, a situ-
ation that is also a challenge in the clinical setting, 
where bolus injection of Ringer acetate is used like we 
did. (3) Our follow-up period was too short to get a 
steady-state GFR. However, graft onset is a reliable 
indicator of the level of acute kidney injury which in 
renal transplantation after brain death is known to 
predict later graft function.35 (4) It is a statistical limi-
tation that the 4 study groups had to be pooled into 2 
due to the miscalculation regarding NE administra-
tion. (5) In addition, the kidneys were instrumented 
for measurements of tissue oxygen, which may have 
influenced the renal function slightly.

In conclusion, no significant difference in early 
GFR was demonstrated comparing IGDT and HVFT, 
indicating that reduced and individualized fluid 

administration does not affect graft onset. Our data 
indicated a better preservation of glycocalyx as well 
as lower levels of inflammatory markers in the IGDT 
group. Taken together this indicate that an IGDT 
might be applicable in renal transplantation; how-
ever, more studies are needed to clarify any benefits 
associated with this. E
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