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ABSTRACT—Acute normovolemic hemodilution (ANH) is associated with low oxygen carrying capacity of blood and
purposed to cause renal injury in perioperative setting. It is best accomplished in a perioperative setting by a colloid such as
hydroxyl ethyl starch (HES) due its capacity to fill the vascular compartment and maintain colloidal pressure. However,
alterations of intra renal microvascular perfusion, flow and its effects on renal function and damage during ANH has not been
sufficiently clarified. Based on the extensive use of HES in the perioperative setting we tested the hypothesis that the use of
HES during ANH is able to perfuse the kidney microcirculation adequately without causing renal dysfunction and injury in
pigs. Hemodilution (n = 8) was performed by stepwise replacing blood with HES to hematocrit (Hct) levels of 20% (T1), 15%
(T2), and 10% (T3). Seven control animals were investigated. Systemic and renal hemodynamics were monitored. Renal
microcirculatory perfusion was visualized and quantified using contrast-enhanced ultrasound (CEUS) and laser speckle
imaging (LSI). In addition, sublingual microcirculation was measured by handheld vital microscopy (HVM). Intrarenal mean
transit time of ultrasound contrast agent (IRMTT-CEUS) was reduced in the renal cortex at Hct 10% in comparison to control
at T3 (1.4 +£0.6 vs. 2.2+ 0.7 seconds, respectively, P < 0.05). Although renal function was preserved, the serum neutrophil
gelatinase-associated lipocalin (NGAL) levels was higher at Hct 10% (0.033 + 0.004 pg/j.g protein) in comparison to control
at T3 (0.021 +0.002 pg/.g protein. A mild correlation between CO and IRMTT (renal RBC velocity) (r—0.53; P=0.001) and
CO and NGAL levels (r 0.66; P=0.001) was also found. Our results show that HES induced ANH is associated with a
preserved intra renal blood volume, perfusion, and function in the clinical range of Hct (<15%). However, at severely low Hct
(10%) ANH was associated with renal injury as indicated by increased NGAL levels. Changes in renal microcirculatory flow

(CEUS and LSI) followed those seen in the sublingual microcirculation measured with HVM.

KEYWORDS—Acute normovolemic hemodilution,
microcirculation, sublingual microcirculation

INTRODUCTION

Acute normovolemic hemodilution (ANH) is a technique
used to reduce the need for allogeneic blood transfusions in the
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hydroxyethyl starch, renal

perioperative setting. Dilutional anemia associated with ANH,
however, has been identified as an important risk factor in the
development of acute kidney injury (AKI) among patients
undergoing cardiopulmonary bypass (1, 2). Although albumin
can be used for this purpose its scarcity and costs make
synthetic colloids such as hydroxyl ethyl starch (HES) and
attractive alternative in the perioperative setting (3).
Recently, it has been reported that using 30 mL/kg of 6%
hydroxyethyl starches (HES) 130/0.4, but not lower doses, for
cardiopulmonary bypass and intraoperative fluid therapy may
be associated with a greater risk of AKI (4, 5). However, the
discontinuation of HES only reduced hospital length of stay but
not hospital mortality rate or requirement for dialysis in a
retrospective analysis of 2,170 patients with bypass surgery (6).
On the other hand a recent propensity matched clinical study in
surgical patients it has been shown that % 6 HES 130/0.4 was
not associated with the severity and incidence of AKI and
resulted in a reduction in the need for renal replacement therapy
(RRT) (7). In addition a randomized controlled trial in surgical
patients comparing the use of albumin to HES, found no
differences with regards to renal dysfunction between the

Copyright © 2022 by the Shock Society. Unauthorized reproduction of this article is prohibited.
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use of these two colloids (8). Even though HES is a better
plasma volume expander than crystalloids and is more readily
available than albumin, no information regarding the nature of
intra-renal microcirculatory alterations in the kidney and
whether such alterations are present in other more accessible
microcirculatory beds such as the sublingual area during HES-
induced ANH.
In the present study, we tested the hypotheses that;

1. HES used as a colloid in perioperative setting for inducing
acute normovolemic hemodilution is effective in maintain-
ing adequate renal microcirculatory perfusion and function
down to clinically acceptable hematocrits,

2. that intrarenal microcirculatory perfusion can be measured
using contrast-enhanced ultrasound (CEUS) imaging and

3. that HES-induced ANH changes in renal microcirculatory
hemodynamics can be followed by hand held vital micros-
copy in a clinically more accessible location such as the
sublingual area.

We investigated the effects of ANH to hematocrit levels
beyond that used clinically to a Hct of 10% to identify levels
where alterations in microcirculatory and functional parame-
ters are apparent.

MATERIALS AND METHODS

Experiments were conducted on 15 female pigs (crossbred Landrace x York-
Yorkshire, 3—4 months old) with permission of the local animal experimental
committee (EMC3379 142-14-01) and in strict accordance with the Directive
2010/63/EU of the European Parliament and National Guidelines for Animal
Care and Handling. The animals were randomly divided into two groups: with
(ANH group, n =8) or without ANH (control group, n=7). The mean =+ stan-
standard deviation (SD) body weight of the animals was 27.2 +1.6kg.

Animal preparation

After overnight fasting with free access to water, all animals were pre-
medicated with an intramuscular injection of tiletamine (5 mg/kg), zolazepam
(5 mg/kg) (Zoletil, Virbac Laboratories, Carros, France) and xylazine (2.25 mg/
kg) (Sedazine ® 2%, AST Farma B.V. Oudewater, the Netherlands). Intrave-
nous access was achieved by cannulation of an ear vein; anesthesia was
maintained with intravenous infusion of midazolam (1.5 mg/kg/h, Actavis,
New Jersey), ketamine (5 mg/kg/h, Alfasan, Woerden, the Netherlands), and
sufentanil (4 pg/kg/h, Sufenta Forte, Janssen Pharmaceuticals, Ltd., USA).
Muscle relaxation was achieved with infusion of rocuronium bromide (4 mg/kg/
h, Fresenius Kabi, Germany). The surgical protocol was described in a previous
study (9). Briefly, all animals were intubated through a midline cervical
tracheostomy using an endotracheal tube (7.0 Fr), which was placed in the
trachea. Via this tube, the animal was ventilated in a pressure-controlled mode
(Servo 300, Siemens-Elema, Solna, Sweden) with a fraction of inspired oxygen
of 0.40, a frequency that achieves normocapnia and a positive end-expiratory
pressure of 5cm H,O. Body temperature was monitored with a temperature
probe in the nose and maintained at approximately 38—40°C with a heating pad.
After establishing intravenous access of the auricular vein, anesthetics and fluid
maintenance (10 mg/kg/h with balanced crystalloid) (Sterofundin® ISO, B.
Braun Melsungen, Germany) were continuously infused throughout the experi-
ment. The left femoral artery was cannulated with a 20-gauge catheter con-
nected to a pressure transducer and used for sampling and continuous
measurements of mean arterial blood pressure (MAP) and heart rate (HR).
While a catheter in the right femoral artery was used for withdrawing the blood,
another catheter in femoral vein was used for HES infusion in order to induce
the stepwise hemodilution. After catheterization of the right external jugular
vein, which was also used to administer drugs and ultrasound contrast agent, a
Swan-Ganz catheter (Edwards Lifesciences, Irvine, CA) was inserted via the
introducer to measure central venous pressure (CVP), mean pulmonary arterial
pressure (MPAP) and thermodilution CO. A midline abdominal incision was
made, and a cystostomy tube was inserted into the bladder with double purse-
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string sutures for the collection of urine samples. The right kidney was exposed
via an incision in the right flank to evaluate renal cortical microvascular
perfusion using CEUS and LSI. When all surgical procedures were completed,
a perivascular ultrasonic transient time flow probe (Transonic Systems, Ithaca,
NY) was placed around the right renal artery and connected to a flow meter
(model T206, Transonic Systems, Elsloo, the Netherlands) for continuous
measurement of renal blood flow (RBF).

Experimental protocol and hemodynamic measurements

Following the surgical procedures, a 45- to 60-minute resting period was
allowed, and BL measurements were taken when the animal’s hemodynamics
had stabilized (MAP > 60 mmHg and HR < 110bpm). After BL, ANH was
induced by the replacement of blood with 6% hydroxyethyl starch 130/0.4—
Ringer acetate (HES-RA) (Volulyte, Fresenius Kabi, Germany) until the
hematocrit value (Hct) reached 20%, 15%, and 10%. For the control animals,
the time between each consecutive time point (BL, T1, T2, and T3) was ~45
minutes. Hemodynamic parameters were monitored continuously throughout
the experiment. In addition to urine, arterial and venous blood samples were
used for the determination of blood gas, electrolytes, and blood variables at the
end of the baseline period (BL) and at each Hct target value. At these specific
time points, we measured microvascular perfusion in two different tissues: renal
microcirculation (measured using CEUS imaging and LSI) and sublingual
microcirculation (measured using Cytocam-IDF). At the end of the experiment,
the animals were euthanized with a 5 mL bolus of potassium chloride.

Global oxygenation

Arterial oxygen content (CaO,) was calculated using the following equation:
(1.34 x Hb x S,0,) + (0.003 x P,0,), where Hb represents hemoglobin (mmol/
L), SaO; (%) arterial hemoglobin oxygen saturation and PaO, (mm Hg) arterial
partial oxygen pressure. Central venous oxygen content (CvO,) was calculated
as (1.34 x Hb x S,0,) 4 (0.003 x P,O,), where SvO, represents mixed venous
hemoglobin saturation and PvO, represents venous partial oxygen pressure.
Global oxygen delivery was calculated as DO, (L/min) = CO x CaO,. Global
oxygen consumption was calculated as VO, (L/min) = CO X (CaO, — CvO,).
The oxygen extraction ratio (ERO,) was calculated as (VO,/ DO,) x 100.

Blood gases, electrolytes, lactate, and creatinine

Arterial blood samples (0.5mL) were taken from the femoral artery at
baseline (BL) and at the three time points of Het levels. The samples were used
for determination of blood gas values, as well as for determination of the
hemoglobin oxygen saturation and hemoglobin, lactate, sodium, and potassium
concentrations (ABL 800 flex blood gas analyzer: Radiometer, Copenhagen,
Denmark). The serum samples were used for evaluation of serum creatinine
levels (Cobas 80000 ¢ 502 Roche Diagnostic, IN).

Renal function

Creatinine clearance (C.,) was measured as an index of the glomerular
filtration rate and calculated with the following formula: C. (mL/min)=
(Uerea X VYIPereq. Additionally, the excretion fraction of Na* [EFNa® (%)]
was calculated and used as a marker of tubular function in the following
formula: EFNa" = (UNa" x Peeo)/(PNa, x Ugeq) X 100, where UNa™ was the
Na™ concentration in urine and PNa™ was the Na+ concentration in plasma.
The total amount of sodium reabsorbed (TNa™, mmol/min) was calculated
according to (C., x PNa") — UNa™ x V. Serum neutrophil gelatinase-associ-
ated lipocalin (NGAL) levels were measured in both the H (n =7) and C groups
(n=15) using an enzyme-linked immunosorbent assay (ELISA) kit (KIT 044,
BioPorto Diagnostic, Hellerup, Denmark).

Contrast-enhanced ultrasound imaging of the kidney

Contrast-enhanced ultrasound (CEUS) imaging using a Vevo2100 high-reso-
lution ultrasound scanner (Fujifilm VisualSonics, Toronto, ON, Canada) was
performed in the hemodilution and control groups at BL and after each Hct target
was achieved (Fig. 1). Ateach time point, a 0.4-mL bolus of Definity ®) ultrasound
contrast agent comprised of microbubbles with a mean diameter of 1.1 to 3.3 wm
(Lantheus Medical Imaging, North Billerica, MA) was manually injected into the
jugular vein followed by a 10-mL saline flush. To suppress ultrasound contrast
agent-induced pseudoallergic reactions leading to pulmonary hypertension,
dipyridamole (Persantine®), Boehringer Ingelheim, Alkmaar, the Netherlands)
was administered at a rate of 10 pg/kg/min for 30 minutes prior to the first
ultrasound contrast agent bolus at BL, and a 0.5-mL bolus of 0.8 mg/mL sildenafil
(Revatio, Pfizer, New York City, NY) was administered a few minutes before each
injection of ultrasound contrast agent (9—11).

Copyright © 2022 by the Shock Society. Unauthorized reproduction of this article is prohibited.
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detection of renal microcirculatory perfusion, interlobar arteries (blue lines) and two regions of interest in the renal cortex (red solid and red dashed lines) were
identified in the CEUS images and quantified in those regions of interest. AU, arbitrary units; CEUS indicates contrast-enhanced ultrasound; ROI, region of

interest.

CEUS data analysis

First, correction for tissue motion in the imaging plane was applied as
described elsewhere (12, 13). Three regions of interest (ROIs) were chosen for
each DICOM recording: an ROI for the arteries (0.31 mm in diameter) in the
deeper cortex (>8mm depth) and two ROIs for the microcirculation in the
cortex, from just below the surface of the kidney to a depth of 1.5 to 2.5 mm. The
intensities of all pixels in the ROI were summed and divided by the area of the
ROI for each frame, resulting in a time-intensity curve (TIC) for each ROI.
Next, the semiquantitative parameters of interest were obtained from these
filtered TICs: slope (SL), peak enhancement (PE), full width at half maximum
(FWHM), arrival time of microbubble contrast from the injection side to the
renal cortex, wash-in time (WiT), and area under the curve (AUC) during wash-
in (WiAUC) (14, 15). In addition to these predefined parameters, another
parameter that we previously defined as the intrarenal mean transit time
(IRMTT) was assessed (9): the difference in arrival time of microbubbles in
the arteries and the renal cortex (dTyrery—dTrors), Which may be used to
determine the renal microvascular heterogeneity and distribution of perfusion at
the different time points. No spatial differences were present in the data from
two ROIs in the cortex just below the kidney surface, allowing for treating the
data as one ROI. Our previous research also clearly showed that the two ROIs in
the cortex were almost identical (9).

Laser speckle imaging of the kidney

LSI was used to visualize the spatiotemporal changes in renal cortical
perfusion in the control group and during ANH at the BL, T1, T2, and T3 time
points using the settings described in our previous work (9). Briefly, for LSI
measurements, a commercially available system was used (Moor Instruments,
Devon, UK), in which a near-infrared laser source operating at 785nm
illuminated the renal cortex with a penetration depth of approximately 1 mm
(16).

Sublingual microcirculation

Sublingual microcirculation was measured using the Cytocam system
(Braedius Medical, Naarden, the Netherlands), which is based on hand held
vital microscopy, and IDF was performed only in the hemodilution group (17,
18). The microcirculatory parameters were described as total vessel density

(TVD) and perfused vessel density (PVD) and red blood cell velocity (RBCv)
(9). Details of the analysis can be found elsewhere (17).

Statistical analysis

Normal distributed data are expressed as the mean £ SD. Repeated measures
2-way analysis of variance (ANOVA) (2 factors: time as a related sample factor
and group as an independent sample factor) with post hoc Sidak’s and Tukey’s
correction tests for multiple analyses were used to determine inter- and/or
intragroup differences in hemodynamic parameters, oxygenation, renal func-
tion, perfusion, biochemistry, CEUS-derived parameters, and RBC velocity.
Standard one-way ANOVA with Bonferroni’s correction was used for the
analysis of sublingual microcirculation and NGAL. Person’s correlation coef-
ficient was used to determine the relationships among IRMTT, NGAL, and HR.
Statistical analyses were performed using GraphPad Prism version 7.0a for Mac
(GraphPad Software, La Jolla). A P-value < 0.05 was considered significant.
Gxpower software (Heinrich Heine University Dusseldorf, Germany) was used
to calculate the sample size.

RESULTS

Systemic hemodynamics, electrolytes, and blood gas
parameters

Data on the systemic macrohemodynamics, electrolytes, and
blood gases are summarized in Table 1 and Supp. Table 1,
http://links.lww.com/SHK/B365. Although MAP gradually
decreased during hemodilution at Hct 15% and Hct 10% with
respect to BL (P < 0.05), HR and CO were significantly higher
at Hct 10% than at BL, Hct 20%, and Hct 15% in the
hemodilution group and significantly higher than that in the
control group at T3. CVP was lower in the hemodilution group
at Hct 10% than in the control group at T3. SVR was decreased
at Het 10% with respect to the hemodilution group at BL, Hct
20%, Hct 15%, and with respect to the control group at T3. No

Copyright © 2022 by the Shock Society. Unauthorized reproduction of this article is prohibited.
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TasLE 1. Systemic hemodynamics

BL T1 (Hct 20%) T2 (Hct 15%) T3 (Hct 10%)
MAP (mmHg)
Control 82+7 72+7 68+5" 66+5"
Hemodilution 83+ 11 74+10 71+8" 6846
HR (BPM)
Control 79+6 86+17 87 +14 85+ 16
Hemodilution 80+ 11 7947 86+10 106 +187+*8
CVP (mmHg)
Control 8+3 9+2 8+3 9+2
Hemodilution 62 6+2 7+1 6+1°%
CO (L/min)
Control 3.7+05 35+05 3.5+05 3.5+0.4
Hemodilution 41+0.6 3.94+0.6 46+0.9° 6.7+£1.1"+*8
MPAP (mmHg)
Control 1842 20+2°% 21+3 21+4
Hemodilution 17+3 16+3 17+2 18+2
SVR (dynes.s.cm™®)
Control 1630 + 159 1425+ 416 1287 +213 1319+ 371
Hemodilution 1509 + 330 1383+ 262 1104 +314 704 4 128%#8$

CO indicates cardiac output; CVP, central venous pressure; HR, heart rate; MAP, mean arterial pressure; MPAP, mean pulmonary arterial pressure; SVR,
systemic vascular resistance. Values are presented as the mean + SD.

"P<0.05 vs. BL.

*P<0.05vs. T1.

#P<0.05 vs. T2.

$P<0.05 vs. the control group at the same time point.

significant differences were observed in the plasma Na*, K+,
pH, etCO,, PaO,, and SvO, values. However, low base excess
was observed in the hemodilution group at Het 10% compared
to BL and Hct 20% and with respect to the control group at T3.

Global oxygen delivery and consumption

Data on global oxygen delivery and consumption and lactate
levels are summarized in Table 2. CaO, gradually and

significantly decreased over time in the hemodilution group
at Het 20%, 15%, and 10% and significantly differed from that
in the control group at the same time points, for example, T1,
T2, and T3, respectively (P <0.05). CvO, significantly
decreased from BL to Hct 15% and Hct 10% and was also
significantly lower than that in the control group at the same
time points (P < 0.05). Despite systemic DO, and VO, being
marginally depleted, ERO, and plasma lactate were stable in

TasLE 2. Systemic perfusion variables

BL T1 (Hct 20%) T2 (Hct 15%) T3 (Hct1 0%)

Ca0, (mL/dL)

Control 6.26+0.58 6.57+0.68 6.59+0.64 6.57+0.33

Hemodilution 6.18 £0.41 5.25+0.28"% 4.22+£0.47% 3+£0.3"H*8
CvO, (mL/dL)

Control 4.01+0.8 3.984+0.77 3.934+0.69 4.05+0.61

Hemodilution 3.82+0.70 3.18+0.49 2.48+0.58"% 1.7440.36"+%
DO, (mL/min)

Control 23.73+4.85 23.17+£3.73 23.384+3.72 23.44+£3.55

Hemodilution 25.70+5.19 20.40 +3.40 19.70 £ 4.64 20.28+5
VO, (mL/min)

Control 8.35+1.72 9.20+£1.75 9.35+£1.45 9.10+£2.37

Hemodilution 9.69+1.43 8.15+1.86 7.98+1.37 8.42+2.18
ERO; (%05,)

Control 36+9 4046 4147 39+8

Hemodilution 39+8 40+7 42+9 42+8
Lactate (mmol/L)

Control 15+0.2 1.5+0.9 0.9+0.1 1.0+£0.2

Hemodilution 1.14+0.3 11+0.4 0.9+0.3 0.9+0.4

CaO. indicates arterial oxygen content; CvO,, venous oxygen content; DO,, oxygen delivery; ERO,, O, extraction ratio; VO,, oxygen consumption.
Values are presented as the mean + SD.

"P<0.05 vs. BL.

*P<0.05 vs. T1.

#P<0.05 vs. T2.

$P<0.05 vs. the control group at the same time point.
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Fic. 4. Results of the contrast-enhanced ultrasound analysis in the microcirculation of the renal cortex. (A) slope (SL); (B) peak enhancement (PE); (C)
area under the wash-in curve (WiAUC); (D) wash in time (WiT); (E) full-width half maximum (FWHM), and (F) intrarenal mean transit time (IRMTT). Values are presented
asthemean+ SD, P < 0.05vs. BL, "P< 0.05vs. Hct20% (T1), *P < 0.05 vs. Het 15% (T2), and $P < 0.05 vs. the control group at the same time points. FWHM indicates
full width half maximum; IRMTT, intrarenal mean transit time; PE, peak enhancement; SL, slope; WIAUC, area under the wash-in curve; WiT, wash in time.
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Fic. 5. Correlations among the IRMTT, HR, and plasma NGAL levels, P< 0.05. HR indicates heart rate; IRMTT, intrarenal mean transit time; NGAL,

neutrophil gelatinase-associated lipocalin.

(Fig. 3). However, in the renal cortex, SL. was steeper in the
hemodilution group at Hct 10% than at BL, indicating a faster
inflow of microbubbles, consistent with the finding that FWHM
that was significantly lower at Het 10% than at BL (P < 0.05).
At Het 10%, FWMH was also significantly lower than at Hct
20% and Hct 15% (P < 0.05). In addition, FWHM was signifi-
cantly lower at Hct 15% and Hct 10% in the hemodilution
group than in the control group at T2 and T3 (P <0.05),
respectively. The WiT significantly decreased, also indicating
faster inflow, at Hct 10% with respect to the other time points of
the hemodilution group, as well as with the control groups at T3
(P <0.05). The constant PE and WiAUC throughout the hemo-
dilution process suggest that the concentration of microbubbles
flowing through the kidney after every bolus injection remained
constant. The IRMTT, the difference in arrival time of micro-
bubbles between the renal small arteries and the microcircula-
tion in the renal cortex, was significantly lower at Het 10% in
the hemodilution group than at T3 in the control group
(P<0.05), also indicating an increase in blood velocity
(P <0.05) (Fig. 4). In addition, the IRMTT was negatively
correlated with HR (r=0.3548, P =0.0463) (Fig. 5).
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Sublingual microcirculation

No significant microcirculatory alterations were found in
TVD and PVD throughout the hemodilution process (Fig. 6).
However, the RBC velocity in the sublingual area was signifi-
cantly elevated at Het 20%, 15%, and 10% (Fig. 7).

Renal function and injury

Renal blood flow (RBF), plasma urea, urine output, and urine
osmolality values are summarized in Table 3. RBF and urine
output were significantly higher in the hemodilution group at
Hct 10% than in the control group at T3 (P < 0.05). Addition-
ally, urine osmolality was significantly lower in the hemodilu-
tion group at Hct 10% than in the control group at T3
(P <0.05). Renal functional parameters are represented in
Figure 8. Although creatinine clearance, TNa® and EFNa™
were stable through the hemodilution process (Fig. 8A—C), the
serum NGAL levels were higher at Hct 15% and Hct 10% than
at BL, and the NGAL concentration at Hct 10% was signifi-
cantly higher than that in the control group at T3 (P < 0.05)
(Fig. 8D). There was also a negative correlation between
NGAL levels and IRMTT (r=-0.3763, P=0.047) and a
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Fic. 6. Sublingual microcirculatory parameters. (A) TVD; (B) PVD. Values are presented as the mean & SD. PVD indicates perfused vessel density; TVD,

Total vessel density.
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positive correlation between NGAL and HR (r=0.5485,
P=0.0017) (Fig. 5).

DISCUSSION

In the present study, we found that

1. HES-induced ANH was associated with a sustained renal
microcirculatory perfusion which could be successfully
assessed by CEUS with maintained systemic hemodynamic
and oxygenation parameters

2. that HES induced ANH at clinically acceptable levels of Hct
(>15%) did not cause renal dysfunction and injury, and

3. that microcirculatory alterations such as RBC velocity
observed in the kidney using CEUS and LSI parallel those
measured  sublingually measured using hand-held
vital microscopy.

In this study, we confirmed in a pig model that hemodilution
in the range used clinically (>15%) could maintain hemody-
namic and oxygenation parameters such as MAP, HR, CO,
DO,, and ERO,. Similar findings have been reported by Konrad
et al., who showed that compared to colloids, where HES was
used as the colloid, crystalloids led to more perturbations of

RENAL MicrocIrRcuLATION DurING HEmobpiLuTioN with HES IN Pies 463

systemic hemodynamics, renal microvascular oxygenation and
function in pigs than did HES (19). Importantly, in our previous
study, we had demonstrated a divergent effect between the
macro- and microcirculation as well as between sublingual
(measured by HVM) and intrarenal microcirculation (measured
by CEUS) in resuscitated pigs with septic shock (9). In contrast
our present study showed that such a divergence between
macro- and microcirculatory did not exist in ANH and that
instead there was a coherence between the macro- and micro-
circulation, which suggests that systemic hemodynamic vari-
ables (CO and HR) can support the microcirculation
(sublingual), maintain adequate oxygen supply to the paren-
chymal cells (RBF) and sustain organ function (lactate, urine
output, and C,,).

In the sublingual microcirculation, we did not observe any
prominent changes in the perfused vessel density (or changes in
TVD) following titration of red blood cells with HES solution.
This result might be explained by the fact that the colloidal
solution can preserve the intravascular volume and perfusion in
peripheral tissues. Similarly, Funk et al. showed that in contrast
to Ringer lactate, colloid solution (dextran) did not cause any
significant alteration of systemic hemodynamics, capillary flow
velocity, or functional capillary density in isovolemic hemodi-
lution model of hamsters (20).

The kidney is one of the most sensitive organs to hemody-
namic instability and hypoxia due to the complexity of the renal
microvasculature, functional discrepancy of different regions,
and workload (1/4 of CO) (21). Konrad et al. demonstrated that
ANH with HES preserved renal cortical and inner medullar
oxygenation compared to hemodilution using crystalloids at
Hct 15% (19). Despite the fact that we do not have specific
renal oxygenation results, we showed that ANH with HES is
accompanied by

1. an increase in renal blood flow,
2. an increase in intrarenal blood velocity, and
3. high urine output during the hemodilution process.

Moreover, even if systemic vascular resistance is low, high
urine output shows efferent arteriolar vasoconstriction as a

TasLe 3. Results of RBF, plasma urea, urine output and urine osmolality

BL T1 (Hct 20%) T2 (Hct 15%) T3 (Hct 10%)

RBF (mL/min)

Control 261 +52 218+27 218+24 209+ 36

Hemodilution 255+55 255+70 272 +31 289 + 46°
Urea (mmol/L)

Control 23+04 29+0.9 3.2+0.8 34+0.8

Hemodilution 26+04 29+0.6 3.1+0.7 3.2+0.8
Urine output (mL/h)

Control 22+37 13+4 13+4 12+5

Hemaodilution 26+13 22+12 23+8 27+9°
Urine osmolality (mOsm/kg H20)

Control 643+ 136 753+148 772+177 806+ 183

Hemodilution 572+135 692+ 192 697 +172 585+ 92°

Cc,, creatinine clearance; RBF, renal blood flow. Values are presented as the mean + SD.

P <0.05 vs. the control group at the same time points.
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result of renal autoregulation. A study conducted by Ghatanatti
et al. in cardiopulmonary bypass patients demonstrated that
although Hct < 21% correlated with a greater risk of AKI than
Hct > 21% due to a significant reduction of the glomerular
filtration rate (GFR) and Cc¢,, only 4% of patients required
dialysis (22). However, in our study on pigs, we did not find a
reduced C., even though Hct was decreased to 10%. In
accordance with the KDIGO plasma creatinine criteria (23),
HES-RA resuscitation did not cause AKI as a short-term effect
of ANH, but the result of plasma NGAL levels clearly indicated
renal damage following ANH. However, similar to colloids,
crystalloids can also cause renal damage in perioperative
settings. Konrad et al., demonstrated that ANH with crystalloid
is associated with higher renal tissue edema and expression of
hypoxia-inducible factor-1a (HIF-1 o) in comparison to colloid
(19). Additionally, Baranauskas et al. showed that postopera-
tive AKI measured by NGAL after cardiac surgery was directly
correlated with perioperative hemodilutional anemia mediated
by crystalloid priming solution (24). Briefly, we found that
regardless of using a colloid, ANH was associated with renal
injury, as shown by a gradual increase in serum NGAL levels
despite preserved renal function, although this effect was found
to be statistically significant only at a Hct of 10%. Another
important finding in this study is that alteration of serum NGAL
levels during the hemodilution process was correlated with CO.
Thus, CO and HR seem to be important parameters possibly
related to renal damage during perioperative fluid management.

Although LSI showed no alteration of renal cortical micro-
vascular perfusion, the perfusion heterogeneity tended to
decrease during hemodilution, indicating that all parts of the

kidney are homogenously perfused. In addition to the sublin-
gual microcirculatory results, CEUS results also showed unal-
tered PE and WiAUC, which indicated that the intrarenal blood
volume was sustained by HES-RA even at the lowest Hct levels.
Interestingly, FWHM, PE, and SL also showed that both blood
velocity and blood volume were not altered in the renal artery,
probably because vasoconstriction does not play a significant
role in the renal artery. In contrast to the renal artery, both
CEUS imaging and sublingual assessments showed a progres-
sive increment of RBC velocity in the sublingual area and in the
kidney (increase in SL, combined with a decrease in FWHM,
WiT, and IRMTT). In parallel, high flow velocity as measured
by the FWHM indicates a reduced arrival time of contrast from
the jugular injection to the renal cortex. Thus, to distinguish the
effect of systemic and renal alterations on blood velocity, we
used IRMTT as an indicator of macro- to microcirculatory flow
transition (dT,yery — dTrors). This showed a substantially
higher intrarenal blood flow velocity, confirming the presence
of intrarenal vascular autoregulation. This autoregulation is
associated with efferent arteriolar vasoconstriction, which
results in an increased intraglomerular pressure, higher glo-
merular filtration rate, and higher urine output. Importantly,
high intra renal velocity might be a specific cause of renal
hypoxia and damage due to diminished oxygen extraction
affected by the short transit times of RBCs. Hence, Presson
et al. measured the entire transit time distribution for RBCs
crossing single subpleural capillary networks in canine lungs
using in vivo fluorescence video microscopy and concluded that
a decrease in transit times of RBCs or high CO also impaired
the complete saturation of red blood cells (25). In the present
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study, we also proved that high CO and HR are correlated with a
decreased intrarenal transit time of RBCs. In addition, Jes-
persen and @stergaard found that oxygen extraction was more
impaired when mean transit times decreased, in combination
with a heterogeneous increase in flow velocities (26). In
addition to the studies mentioned the high RBC velocity
perturbed oxygen release from RBCs, we also observed high
intrarenal RBC velocity and its association with renal damage
during hemodilution. Therefore, it should be noted that a long
exposure to high intrarenal RBC velocity might impair oxygen
extraction and renal function, leading to AKI; the latter was
shown by the preexistence of renal damage with increased
NGAL. However, the reduced oxygen carrying capacity of
blood caused by ANH-induced dilutional anemia could also
underly this effect. We also showed that alteration of sublingual
microcirculatory perfusion was reflected by parallel changes of
the intrarenal perfusion pattern. In contrast to our previous
study on sepsis in pigs (9), in the present study, we did not
detect any plugged vessels or slow flow as a possible cause of
HES-related coagulopathy in either the sublingual or
renal microcirculation.

To conclude, we demonstrated that ANH with HES-RA
maintained systemic and renal hemodynamics, as well as
microcirculation and renal function. We also showed that the
reduced oxygen-carrying capacity of blood by using HES under
certain conditions (Hct 10%) might not impair systemic oxy-
genation and renal function because it promotes adequate
expansion of plasma volume to maintain oxygen delivery
and cardiac output in the short term of hemodilution. In the
kidney, despite that ANH itself can induce tissue hypoxia due to
the low oxygen carry capacity of blood (especially at a Hct of
10%), we found that high intrarenal blood velocity at low Hct
and viscosity could contribute to renal injury following ANH.
Therefore, we conclude that

1. HES induced ANH can preserves renal function and perfu-
sion when used at clinically acceptable levels of Hct
(>15%) but can cause dilutional anemia due to intravascular
volume expansion. In addition to dilutional anemia, high
intra renal RBC velocity might be another factor leading to
hypoxia-related renal injury at longer durations of ANH
induced anemic conditions

2. that alterations of HR or CO and IRMTT assessed by CEUS
may indicate impending renal injury, and

3. that noninvasive sublingual microcirculatory imaging can
be used for assessing the volume status (capillary hemato-
crit) as and together with RBC velocity can be used for
estimating possible renal injury mediated by hemodilutional
anemia.

Limitations

This study has some limitations which should be considered
for further studies:

1. the duration of hemodilution at Hct 10% was too short to
assess the long-term effects of hemodilution on systemic
hemodynamics and renal function,
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2.

11.

13.

15.

16.

17.
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no histological assessment of the kidney was performed to
show possible tubular and glomerular damage, and
no crystalloid group was used.
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