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Abstract

Purpose Different organs have different autoregulatory capacities for blood pressure changes and/or circulatory volume
changes. This study assessed the autoregulation of the stomach, liver, kidney and skeletal muscle, under baseline, hypovole-
mic, and post-fluid-resuscitation conditions using near-infrared spectroscopy (NIRS).

Methods Ten pigs (bodyweight 24.5 £ 0.5 kg) were anesthetized with 2.5% isoflurane and administered 0.5, 1, 2 and 5 pg
kg~ ! min~! of phenylephrine at 10-min intervals, followed by similar stepwise infusion of sodium nitroprusside (SNP) to
induce a wide range of mean arterial pressures (MAPs). A 600-ml bleed was induced to create the hypovolemic condition,
and only phenylephrine was re-administered. Hydroxyethyl starch (600 ml) was infused to create the post-fluid-resuscitation
condition, and phenylephrine and SNP were re-administered. Average relationships between mean arterial pressure (MAP)
and each tissue oxygenation index (TOI) were assessed, and the individual relationships were evaluated based on the cor-
relation coefficients between MAP and TOI during each vasoactive drug infusion.

Results Based on the evaluation using each TOI as a substitute of blood flow, the kidney autoregulation was robust, similar
to muscle, but had a prominent lower limit. The stomach had weaker autoregulation than the kidney and muscle. The liver
had no autoregulation. The kidney TOI showed 2-fold greater changes in response to volume condition changes than the
stomach and liver TOlIs.

Conclusion In our NIRS-based assessment of autoregulatory capacity, the liver oxygenation is highly blood pressure depen-
dent, and the kidney is highly susceptible and the skeletal muscle is highly tolerable to low blood pressure and volume loss.

Keywords Autoregulation - Near-infrared spectroscopy - Skeletal muscle - Splanchnic organs

1 Introduction Recently, organ autoregulation was assessed by near-

infrared spectroscopy (NIRS) in several studies [2-9].

Autoregulation plays an important role in organ blood
flow homeostasis [1]. The classic concept is that blood
flow is maintained at a constant level within a wide range
of mean arterial pressures (MAPs), while pressure-depen-
dent changes occur when the upper and lower limits are
exceeded. However, different organs have different autoreg-
ulatory capacities [1], and the impact of changes in blood
pressure and/or intravascular volume, and the impact of the
applied interventions differs between organs.
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NIRS measures changes in oxyhemoglobin and deoxyhe-
moglobin in arterial, venous, and capillary blood within the
field of view based on the modified Beer-Lambert law [10,
11], and determines the mixed tissue hemoglobin oxygen
saturation, which is expressed as the oxygenation index.
Therefore, although NIRS does not estimate blood flow,
the oxygenation index could be used as a substitute non-
invasive indicator of blood flow under conditions in which
the oxygen demand, supply, and utilization are stable. Spe-
cifically, organ autoregulation is quantified using the cor-
relation coefficient between the MAP and the oxygenation
index, with low and high correlation coefficients indicating
the presence and absence of autoregulation, respectively [2—
9]. Our previous studies, which investigated cerebral [8, 9],
renal [8] and spinal cord [9] autoregulation under 3 volume
conditions (baseline, hemorrhage-induced hypovolemia
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and subsequent fluid resuscitation), elucidated that kidney
and spinal cord have measurable autoregulation, but not as
robust as the brain [8, 9]. Furthermore, the kidneys were
susceptible to hypovolemia, and fluid resuscitation was
effective for improving renal oxygenation [8], whereas the
impact of circulatory volume alteration on cerebral and spi-
nal cord (central nervous system) oxygenation was minimal
[9]. These previous studies also proved that blood pres-
sure is unreliable as an indicator to maintain microcircula-
tion because the tissue oxygenations were quite different
depending on the conditions, even at similar blood pres-
sure [8, 9]. Although we have examined these organs with
relatively robust autoregulation [1], few studies have used
NIRS to investigate the autoregulation of splanchnic organs
and skeletal muscle.

As a continuation of our previous studies [8, 9], the pres-
ent porcine study assessed stomach, liver and skeletal mus-
cle autoregulation simultaneously, and compared the impact
of blood pressure changes, hypovolemia and fluid resusci-
tation on oxygenation of each tissue. We also re-assessed
kidney autoregulation, for comparison. Based on our previ-
ous studies performed using the same protocol [8, 9], the
present study might be able to evaluate the lower but not
the upper limit of autoregulation by inducing a wide range
of blood pressures using phenylephrine and sodium nitro-
prusside (SNP) infusions in a stepwise fashion up to 5 pg
kg™ ! min~".

Based on the findings of previous studies investigating
splanchnic autoregulation [1, 8, 12—19], we hypothesized
that: stomach and liver autoregulation are weak (sloped
plateau, lower limit poorly identifiable, and a strong cor-
relation between MAP and the oxygenation index across a
wide range of MAPs); and that kidney and skeletal muscle
autoregulation are robust (flat to minimally sloped plateau,
prominent lower limit, and a weak correlation between
MAP and the oxygenation index above the lower limit). As
the impact of volume changes on tissue oxygenation is dif-
ferent to the robustness of autoregulation, we also hypoth-
esized that the kidney is more susceptible to hypovolemia
than skeletal muscle, stomach, and liver.

2 Methods
2.1 Animal preparation

This study was approved by the Ethical Committee of the
Animal Research Division at Hamamatsu University School
of Medicine (approval number 2,020,036 was allocated on
29 July, 2020 by President Hiroyuki Konno). All the experi-
ments in this study were conducted in accordance with
the Animal Research: Reporting of In Vivo Experiments
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(ARRIVE) guidelines on 10 swine (2 males and 8 females,
mean + standard deviation (SD) body weight 24.5+0.5 kg,
range 23.8-25.5 kg, approximately 2 months old) from
26 August to 28 October 2020, and all methods were per-
formed in accordance with the relevant guidelines and
regulations. All animals were sheltered with an unrestricted
water supply, but were fasted for 15 h before the experi-
ments. General anesthesia was induced by the inhalation of
5% isoflurane and oxygen using an animal face mask, and
tracheostomy was performed. Anesthesia was maintained
with 2.5% isoflurane (approximately 1.2 minimum alveo-
lar anesthetic concentration (MAC)) [20] with an oxygen-
air mixture (fraction of inspiratory oxygen=0.6) through
mechanical ventilators. An IntelliVue G5-M1019A (Philips
Medical Systems, Eindhoven, the Netherlands) was used
to analyze the exhaled gases. The end-tidal carbon dioxide
partial pressure was confirmed to be 3545 mmHg during
the animal preparation period, and the ventilator setting was
continued throughout the experiment. Three cutaneous elec-
trodes were used to monitor electrocardiographic lead II. A
14-gauge double-lumen catheter and 5 F pulmonary artery
catheter (Nihon Kohden, Tokyo, Japan) were inserted via
the right jugular vein, and a 16-gauge catheter was inserted
into the right femoral artery for the measurement of arte-
rial blood pressure. All sensors were connected to IntelliVue
MX800 monitoring system (Philips Japan Medical Systems,
Tokyo, Japan) to record macrohemodynamic data. Recorded
data were downloaded and processed through RS232 USB
port. All processes from tracheostomy to catheter insertions
were executed using local anesthetics, under general anes-
thesia. Saline (100 ml h™!') was instilled for maintenance.
An electric heater and air conditioning were used to main-
tain the body temperature at 38.0—39.0 °C (normothermia of
the pig) throughout the study.

The pigs were initially placed in the prone position to
expose the right kidney. The kidney was surgically exposed
via a 10-cm incision in the costovertebral angle, in prepa-
ration for positioning the NIRS probe (NIRO-200; Hama-
matsu Photonics, Hamamatsu, Japan) [8]. Then the pigs
were placed back in the supine position. The stomach and
liver were surgically exposed via a 15-cm incision in the left
subcostal mammillary line. The NIRS probe was placed on
the surface of each organ (gastric corpus, hepatic left lobe
and center of the right kidney) and fixed using a clothespin
applied with light pressure; this fixation method prevented
the NIRS probe from slipping off the viscous surface of each
organ without affecting the NIRS measurement (Fig. 1). The
skeletal muscle probe was positioned on the surface of the
left quadriceps muscle. As the NIRO-200 system has only 2
NIRS probes, we used 2 different NIRO-200 systems. The
NIRO-200 system uses the modified Beer-Lambert law to
measure changes in oxyhemoglobin and deoxyhemoglobin
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Fig. 1 The position of each near-infrared spectroscopy (NIRS) probe.
NIRS probes were placed on the center of the right kidney, the left lobe
of the liver, the gastric corpus and the surface of the left quadriceps
muscle, and were affixed using a clothespin between the probe and
each organ, except for the quadriceps muscle (the clothespin is not

concentrations and uses spatially resolved spectroscopy to
measure the absolute tissue hemoglobin oxygen saturation
expressed as the tissue oxygenation index (TOI) [10, 11].
Because we used a probe with a distance of 30 mm between
the emitter and receiver (Fig. 1), the depth of the oxygen-
ation measurement site was approximately 20 mm (i.e.,
approximately 30x0.7 mm) [21]. We confirmed that the
thickness of each organ was more than 20 mm, and placed
each probe in a similar position on each organ in all animals.
Each TOI was continuously monitored and was recorded at
10-s intervals throughout the study.

(Gastric corpus)

Near-infrared spectroscopy
(NIRS) probe

Liver
(Left lobe)
Stomach L
30 mm

Skeletal muscle
(Quadriceps)

shown in the figure). The probe of the NIRO-200 system consisted of
an emitter and a receiver, arranged in 2 parallel photodetectors, which
were set in a rubber holder to ensure a receiver-emitter distance of
30 mm

2.2 Experimental protocol (Fig. 2)

After animal preparation, 0.5 pug kg~' min~! of phenyl-
ephrine was infused for 10 min, increased to 1, 2 and 5 pg
kg™! min~! at 10-min intervals, and stopped after the 5 pg
kg! min~! infusion. After 30 min, SNP was infused at
0.5 ug kg™' min~! for 10 min, increased to 1, 2 and 5 pg
kg™! min~! at 10-min intervals, and stopped after 10 min.
Heart rate (HR), mean arterial pressure (MAP), mean pul-
monary arterial pressure (MPA), and central venous pres-
sure (CVP) were continuously monitored and recorded at
the end of exhalation before and at the end of each infu-
sion dose as one-off values. Only MAP was recorded at 10-s
intervals for the assessment of autoregulation. The CO was
measured four times using 5 ml of cold 5% glucose injected
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Fig. 2 Experimental protocol. Five stepwise vasoactive drug infusions were conducted during the experiment. HES, hydroxyethyl starch; NIRS,

near-infrared spectroscopy

into the right atrium, and the mean of the last three values
was recorded before and at the end of each infusion dose.
After baseline measurements, the hypovolemic condition
was induced by removing 600 ml (approximately 35% of
the estimated total blood volume) of blood over 15 min.
After hemodynamic stabilization (defined as <10% varia-
tion in HR and MAP during a 5-min period), phenyleph-
rine infusion was re-started as described for the baseline
condition. SNP infusion was not performed for the hypo-
volemic condition to avoid lethal hypotension. Finally, the
hypovolemic condition was reversed by the infusion of 600
ml of hydroxyethyl starch in 15 min, creating the post-fluid-
resuscitation condition. After hemodynamic stabilization,
phenylephrine and SNP were re-infused as per the baseline
condition. Arterial blood gases and hematocrit were mea-
sured before the phenylephrine infusion in each condition.
After the completion of the experiment, animals were eutha-
nized with a lethal dose of propofol (500 mg).

2.3 Assessment of each organ’s autoregulation

Each organ’s autoregulation was quantified using Spear-
man’s correlation coefficient between the MAP and each
TOI [2-9], calculated by recording the MAP and each TOI
every 10 s for 10 min during each infusion dose, generat-
ing 60 paired samples for each TOI. When autoregulation
is intact, each correlation coefficient value approaches zero,
whereas in a pressure-passive relationship, the coefficients
approach+ 1. Conversely, when there is a paradoxical
response (TOI inversely related to MAP), correlation values
approach — 1. In previous studies [2—5], the correlation coef-
ficient thresholds to distinguish between the presence and
absence of autoregulation were arbitrarily selected by the
authors and were in the range of 0.25 to 0.5. In the present
study, a threshold of 0.36 was chosen in accordance with
our previous swine studies [8, 9]; we defined the following
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states: Spearman’s correlation coefficient>0.36 (pressure-
passive); 0.36>Spearman’s correlation coefficient>—0.36
(intact autoregulation); and Spearman’s correlation coeffi-
cient<—0.36 (paradoxical response).

2.4 Statistical analysis

Data are shown as the mean+SD. A repeated-measures
1-way analysis of variance (ANOVA) was used to analyze
differences in hemodynamic and arterial blood gas variables,
and differences in the organ TOlIs at each infusion dose and
for each condition. If the ANOVA indicated significant dif-
ferences, a Scheffe F-test for multiple comparisons was
executed. Differences in the correlation coefficient between
each organ during each vasoactive drug infusion were also
analyzed using ANOVA, and a Bonferroni/Dunn test was
used for multiple comparisons. The linear regression equa-
tions for the correlation between the MAP and each TOI
during phenylephrine or SNP infusion in each condition
were calculated by simple linear regression analysis using
the least squares method. P values of < 0.05 were considered
to indicate statistical significance.

3 Results

All 10 pigs survived to the end of the experiment. Through-
out all volume conditions, phenylephrine decreased the HR
and increased the MAP and MPA, and SNP increased the
HR and decreased the MAP and MPA in a dose-dependent
manner (Table 1). Phenylephrine increased the CO during
hypovolemia, but decreased the CO after fluid resuscitation.
SNP decreased the CO. A 600-ml bleed increased the HR
and decreased the MAP, MPA, CVP, and CO, while subse-
quent hydroxyethyl starch infusion decreased the HR and
increased the MAP, MPA, CVP, and CO. Compared with
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Table 1 Hemodynamic variables during each dose of phenylephrine and sodium nitroprusside (SNP) infusion (0, 0.5, 1, 2 and 5 pg kg™! min~1)

in each condition

Baseline (n=10)

Phenylephrine
HR (beats min~")
MAP (mmHg)
MPA (mmHg)
CVP (mmHg)
CO (Imin~1)
SNP

HR (beats min~ ")
MAP (mmHg)
MPA (mmHg)
CVP (mmHg)
CO (Imin~ 1)
Hypovolemia (n=10)
Phenylephrine
HR (beats min™ ')
MAP (mmHg)
MPA (mmHg)
CVP (mmHg)
CO (Imin™h)
Fluid resuscitation (n=10)
Phenylephrine
HR (beats min~1)
MAP (mmHg)
MPA (mmHg)
CVP (mmHg)
CO (Imin~1)
SNP

HR (beats min~")
MAP (mmHg)
MPA (mmHg)
CVP (mmHg)
CO (Imin™ )

0 0.5 1 2 5 P

136 +36 133+37  126+35 118+29 10821 P<.0001
68+5 74+6 80+9 87+11 113+21  P<.0001
19+1 19+2 20+2 2142 24+1 P<.0001
4+1 5+1 5+1 6+1 7x1 P<.0001
29+0.3 29+04 29+03 29+04 3.0+03 P=.4011
0 0.5 1 2 5 P

112+24 116+25 123+30 13135 141+£37 P<.0001
69+6 62+7 57+7 50+6 41+7 P<.0001
18+1 171 161 151 14+1 P<.0001
5+2 5+2 4+1 4+1 3+1 P=.0019
2.6+0.4 24+0.5 24405 23+06 2.1+0.6 P<.0001
0 0.5 1 2 5 P

225427 % 222429  213+32 205+38 187438 P<.0001
45+10* 47+10 50+10 53+11 63+12 P<.0001
15+2 % 17+1 18+1 19+1 22+1 P<.0001
242 * 2+2 2+2 3+2 3+2 P<.0001
14+04* 15+0.5 15+05 1.6+04 1.7+05 P=.0083
0 0.5 1 2 5 P

155221 15021 144+19 13316 115+13  P<.0001
74+11 F 77+11 80+ 12 87+ 14 103+17  P<.0001
2142 % 2242 22+1 24+1 25+1 P<.0001
617 7+1 7+l 7+1 9+2 P<.0001
42+04% 39+03 3.7+03 3.6+03 33+04 P<.0001
0 0.5 1 2 5 P

121+19 121+21  124+22 13125 142+33 P=.0005
64+11 50+8 43+7 3616 315 P<.0001
18+2 1612 14+1 13+1 12+1 P<.0001
5+1 4+1 4+1 4+1 3+1 P<.0001
2.7+0.5 24+05 22405 2.1+£06 20+0.6 P<.0001

Data are expressed as mean values + standard deviation. CO, cardiac output; CVP, central venous pressure; HR, heart rate; MAP, mean arterial

pressure; MPA, mean pulmonary arterial pressure
*P<.05 vs. each baseline. TP<.05 vs. each hypovolemia

before the start of the phenylephrine infusion, oxygen deliv-
ery and arterial carbon dioxide partial pressure (40062
ml min~! and 40+3 mmHg, respectively) decreased dur-
ing hypovolemia (198 + 52 ml min~' and 36+ 5 mmHg) and
returned after fluid resuscitation (363+50 ml min~! and
40+4 mmHg) (P<.0001 and P=.01, respectively). Arte-
rial oxygen partial pressure did not differ between condi-
tions (P=.863). Hematocrit did not change from baseline
after the 600-ml bleed but decreased after fluid resuscitation
(P<.0001;30+2,31+2 and 19 £2%, respectively).

The liver TOI was lower than the other organ TOlIs
(P<.0001) in the baseline condition before drug infusion
(Table 2). With increasing blood pressure, the stomach, liver,
and kidney TOlIs increased in a dose-dependent manner in
all conditions; in contrast, the muscle TOI increased during

the baseline and hypovolemic conditions, but decreased
during the post-fluid-resuscitation condition. With decreas-
ing blood pressure, the liver and kidney TOIs decreased dur-
ing both the baseline and post-fluid-resuscitation conditions
and the stomach TOI decreased during the post-fluid-resus-
citation condition. There was no change in the stomach TOI
during the baseline condition and no change in the muscle
TOI during either the baseline or post-fluid-resuscitation
conditions. The 600-ml bleed decreased the stomach, liver
and kidney TOlIs; the stomach and kidney TOls increased
after fluid resuscitation, but liver TOIs did not. The 600-ml
bleed did not change the muscle TOI, but fluid resuscitation
increased that TOI above baseline.

Figure 3 shows the percentage changes in each organ
TOI, with each baseline value set to zero. The decrease in

@ Springer
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Table 2 Mean arterial pressure (MAP) and each tissue oxygenation index (TOI) (%) during each dose of phenylephrine or sodium nitroprusside

(SNP) infusion (0, 0.5, 1, 2 and 5 pg kg™' min~") in each condition

Baseline (n=10)

Phenylephrine 0 0.5

MAP (mmHg) 68+5 74+6
Stomach TOI 59.9+3.1 60.7+3.9
Liver TOI 46.9+3.4 47.7+3.4
Kidney TOI 60.0+3.1 60.6+2.6
Muscle TOI 61.5+6.8 63.7+£8.2
SNP 0 0.5

MAP (mmHg) 69+6 62+7
Stomach TOI 61.1+£3.5 60.4+3.9
Liver TOI 47.1+£3.6 45.4+4.5
Kidney TOI 62.5+4.0 61.3+4.5
Muscle TOI 62.0+7.4 60.8+6.8
Hypovolemia (n=10)

Phenylephrine 0 0.5

MAP (mmHg) 45+10 47+10
Stomach TOI 53.8+3.5* 53.6+3.4
Liver TOI 40.4+59 * 40.8+6.0
Kidney TOI 42.2+10.7 * 44.1+12.2
Muscle TOI 60.2+8.3 60.7+9.1
Fluid resuscitation (n=10)

Phenylephrine 0 0.5

MAP (mmHg) 74+11 77+11
Stomach TOI 59.9+3.8 F 60.2+3.6
Liver TOI 44.5+4.9 449+5.2
Kidney TOI 57.1+£2.7F 57.5+2.7
Muscle TOI 70.0+6.2 * 68.8+6.1
SNP 0 0.5

MAP (mmHg) 64+11 50+8
Stomach TOI 59.3+3.6 58.3+4.0
Liver TOI 46.4+5.3 44.6+4.3
Kidney TOI 58.7+3.0 53.5+8.4
Muscle TOI 64.0+6.6 63.9+7.0

1 2 5 P

80+9 87+x11 113+21 P<.0001
62.2+3.6 63.4+3.9 65.3+3.9 P<.0001
49.0+3.9 50.1+£3.8 52.9+43 P<.0001
61.6+£2.6 62.6+£2.8 63.6+3.5 P<.0001
64.1+£7.1 65.2+7.1 66.6+8.5 P=.0006
1 2 5 P

577 50+6 41+7 P<.0001
60.2+4.3 60.1£4.6 59.3+43 P=.1020
44.2+52 43.2+4.9 41.6£3.3 P<.0001
59.4+6.3 56.7+7.2 49.7+12.1 P<.0001
60.4+6.5 62.0£8.1 63.8+9.4 P=.0667
1 2 5 P
50+10 53+11 63+12 P<.0001
54.1+3.7 53.9+39 54.9+4.1 P=.0505
41.0£6.1 41.5+£5.7 42.6£5.5 P=.0008
45.2+12.9 47.0£13.9 49.0+£13.7 P=.0001
61.7+8.5 62.5+8.1 63.2+8.1 P<.0001
1 2 5 P
80+12 87+14 10317 P<.0001
60.4+3.5 61.0£3.2 61.3+3.5 P=.0009
45.9+5.1 474+£52 50.2+5.3 P<.0001
58.4+2.8 59.2+3.0 59.8+£3.6 P=.0003
68.5+5.7 68.1+5.5 67.9+5.6 P=.0199
1 2 5 P

43+7 36+6 31£5 P<.0001
56.9+£3.9 56.7+4.3 55.4+4.2 P<.0001
43.4+44 42.5+4.7 41.7+52 P=.0003
48.3+10.7 423+104 322+75 P<.0001
63.7+7.0 64.7+7.4 66.9+9.2 P=.248

Data are expressed as mean values + standard deviation. "P<.05 vs. each baseline. TP <.05 vs. each hypovolemia

the kidney TOI in response to the 600-ml bleed was 2-fold
greater than the decrease in the stomach TOI (P=.0045)
and liver TOI (P=.0023), and the subsequent 600-ml
hydroxyethyl starch infusion was 2-fold more effective at
restoring the kidney TOI than the stomach TOI (P=.043)
and liver TOI (P=.0200). The effect of SNP on the muscle
TOI was biphasic; SNP decreased the muscle TOl at <1 ng
kg™ ! min~! doses but increased the TOI at doses of more
than 2 ug kg™! min~! during the baseline and the post-fluid-
resuscitation condition. The kidney TOI decreased the most
with decreasing MAP in the post-fluid-resuscitation condi-
tion (P <.0001 vs. other organs).

The stomach, liver, and kidney TOIs showed positive
correlations between MAP and the TOI in all conditions
(Fig. 4), whereas the muscle TOI showed positive corre-
lations only during phenylephrine infusion in the baseline
and hypovolemic conditions. The stomach and liver TOIs
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showed linear relationships with MAP across a wide range
of MAPs, whereas the kidney TOI had a threshold around
60 mmHg (lower limit of autoregulation). The relationship
between MAP and muscle TOI did not show the typical
autoregulation shape.

Table 3 shows the mean values of the Spearman’s cor-
relation coefficients between MAP and each of the TOlIs,
and the autoregulation patterns. The correlation coefficient
of the liver was higher than those of the other organs and
pressure-passive patterns were most frequent in the liver.
Whereas, during decreasing blood pressure after fluid resus-
citation, the correlation coefficient of the kidney was higher
than those of the other organs and pressure-passive patterns
were most frequent in the kidney. Negative correlation coef-
ficients and paradoxical responses were most frequently
observed in the muscle.
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4 Discussion

The present study continuously monitored stomach, liver,
kidney, and skeletal muscle oxygenation using NIRS, and
compared the impact of vasoactive drug-induced blood
pressure changes on the oxygenation of each organ under
baseline, hemorrhage-induced hypovolemic, and subse-
quent fluid-resuscitation conditions, which are commonly
encountered in the clinical setting. The effects of vasoactive
drug infusion, a 600-ml bleed, and subsequent hydroxyethyl
starch infusion on the hemodynamic variables were similar
to the effects observed in our previous studies [8, 9]. Vaso-
active drug infusion also had a similar effect on the CO, and
the effect of phenylephrine on the CO differed depending
on the volume condition [8, 9]. We proved that the impact
of blood pressure and/or circulatory volume changes was
different between organs, and that each organ’s oxygenation
differed depending on the conditions even when MAP was
similar, indicating that blood pressure is an unreliable index

for maintaining microcirculation [22]. We also confirmed
that vasopressor administration did not decrease oxygen-
ation even with increasing dosage under any condition in
any splanchnic organ, but rather improved liver and kidney
oxygenation even during hypovolemia. To our knowledge,
this is the first study to investigate the autoregulation of

splanchnic organs and skeletal muscle using NIRS in sev-
eral volume conditions.

4.1 Autoregulation of each organ

Based on the Spearman’s correlation coefficients, the cor-
relation coefficient of the stomach was lower than that of
the liver, but higher than those of the kidney and muscle in
the baseline condition, indicating that the autoregulation of
the stomach is better than that of the liver, but not as robust
as that of the kidney and muscle. Previous studies demon-
strated that gastric blood flow is not autoregulated in sympa-
thetically innervated stomach [12, 13], although significant
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Fig. 4 Averaged relationships between the mean arterial pressure
(MAP) and each tissue oxygenation index (TOI). All linear regression
lines were statistically significant (all P values<0.0001 to 0.0128).

autoregulation was observed after sympathetic denervation,
which indicates that sympathetic influences may override
the intrinsic function of the stomach to regulate the gastric
blood flow. We assessed organ autoregulation under 2.5%
isoflurane, and the depression of sympathetic activity due to
isoflurane [14] might have helped reveal the intrinsic stom-
ach autoregulation.

Liver TOIs changed linearly with MAP across a wide
range of blood pressures, and the correlation coefficients of
the liver were higher than those of the other organs, except
during SNP infusion in the post-fluid-resuscitation con-
dition. Liver blood flow is controlled by the mechanisms
regulating hepatic arterial blood flow, portal blood flow, and
the interrelationship between the 2 flows (hepatic arterial
buffer response: HABR) [15, 16]. HABR is the ability of
the hepatic artery to produce compensatory flow changes
in response to changes in portal blood flow. When portal
blood flow reduces or increases, hepatic artery dilates or
constricts. However, the portal vein has no compensatory
mechanism to control hepatic arterial blood flow [15]. The
portal blood flow accounts for 70-75% of total hepatic
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Note that the vertical scale in the kidney graph is 40%, whereas those
in the graphs for other organs are 20%

flow and collects deoxygenated blood from the splanchnic
organs. The hepatic arterial blood accounts for the remain-
ing 25-30% [15]. In fact, liver TOIs were significantly
less than the TOIs for other organs. Although some studies
have provided evidence of autoregulation of hepatic arterial
blood flow in sympathetically denervated preparations [17],
the degree of autoregulation is weak. In sympathetically
innervated liver, the hepatic artery and portal venous vascu-
lature show a linear relationship between pressure and flow,
without autoregulation [18]. It was unclear the impacts of
HABR, which might change the blood distribution between
highly oxygenated arterial blood and less oxygenated portal
blood, on our results, but liver TOIs changed linearly with
MAP over a wide range of blood pressures. Our findings
suggested that liver blood flow is not autoregulated, consis-
tent with previous reports.

The present study demonstrated that the degree of auto-
regulation in the kidney may be higher than or similar to that
of skeletal muscle during phenylephrine-induced hyperten-
sion, whereas the kidney becomes pressure-passive during
hypotension. Individual responses indicated that skeletal



Journal of Clinical Monitoring and Computing (2023) 37:899-909

907

Table 3 Mean value of the Spearman’s correlation coefficient between
the mean arterial pressure (MAP) and each organ tissue oxygenation
index (TOI) and the autoregulation patterns during phenylephrine or
sodium nitroprusside (SNP) infusion in each condition

Baseline Hypovolemia Fluid
(n=10) (n=10) resuscitation
(n=10)
Phenylephrine
Stomach 0.42+0.39 0.17+0.29 0.13+0.35
Liver 0.68+0.37 % 0.40+0.37 " 0.66+0.24 %
Kidney 0.14+0.32 " 0.33+0.31 0.11+0.35
Muscle 021+035" 0.14+0.40F -0.04+0.44 "
SNP
Stomach 0.24+0.44 0.51+0.35
Liver 0.70+0.22 % 0.44+0.45
Kidney 0.29+0.46 0.71+035F
Muscle 0.04+0.47 % 0.05+0.53 *

Autoregulation pattern (pressure-passive / intact autoregulation /
paradoxical response)

Phenylephrine

Stomach 23/16/1 11/29/0 11/26/3
Liver 34/5/1 23/17/0 34/6/0
Kidney 9/29/2 20/20/0 8/29/3
Muscle 13/25/2 11/26/3 8/20/12
SNP

Stomach 18/18/4 30/10/0
Liver 37/3/0 20/20/0
Kidney 15/21/4 35/4/1
Muscle 9/23/8 14/17/9

Data are expressed as mean + standard deviation

*P<.05 vs. stomach during each infusion dose. P <.05 vs. liver dur-
ing each infusion dose. *P<.05 vs. kidney during each infusion dose.
#P<.05 vs. all other organs during each infusion dose

In baseline, P<.0001 to 0.0075: liver vs. all other organs, P=.0006:
kidney vs. stomach, and P=.0075: muscle vs. stomach during phen-
ylephrine infusion. P<.0001: liver vs. all other organs, and P=.0073:
muscle vs. kidney during SNP infusion

During hypovolemia, P<.0030: liver vs. stomach, and P<.0008:
muscle vs. liver

After fluid resuscitation, P<.0001: liver vs. all other organs, and
P=.0030: muscle vs. stomach during phenylephrine infusion.
P<.0001: muscle vs. all other organs, and P=.0053: kidney vs. liver
during SNP infusion

Autoregulation pattern was defined as pressure-passive (Spearman’s
correlation coefficient>0.36), intact autoregulation (Spearman’s
correlation coefficient —0.36 to 0.36), or paradoxical (Spearman’s
correlation coefficient < -0.36). The total number of autoregulation
patterns is 40 because there were four infusion doses (0.5, 1, 2, and
5 ug kg™! min!) of phenylephrine or SNP in 10 pigs

muscle produced many paradoxical responses. Paradoxi-
cal responses do not exist in the conventional autoregula-
tion concept but are ordinarily observed, especially in the
brain in animals [8, 9] and humans [5]. As a solid vasomotor
response that suppresses excessive changes in organ blood
flow, arteriolar vasoconstriction or vasodilation occurs in
response to excessive increases or decreases in perfusion

pressure. The resulting alteration in the arteriovenous blood
ratio causes the paradoxical response [23].

4.2 Impact of circulatory volume changes on
oxygenation in each organ

The 600-ml bleed decreased the kidney TOI 2-fold more
than it decreased the stomach and liver TOIs, and the sub-
sequent 600-ml hydroxyethyl starch infusion was 2-fold
more effective at restoring kidney TOIs. In our previous
study [9], a similar degree of hemorrhage decreased cere-
bral, thoracic and lumbar spinal cord TOIs by 6%, 12%
and 13%, and fluid resuscitation increased them by 0%,
7% and 7%, respectively. Combining these findings, the
impact of circulatory volume changes on the kidney TOI
is 2-fold greater than on the spinal cord, stomach and liver,
and 4-fold greater than on the brain. Hypovolemia is, thus,
a critical condition for the kidney. These findings are con-
sistent with the clinical setting, as hypovolemia is the most
frequent etiology of acute kidney injury in critical patients
[24]. The kidney has a high oxygen demand associated with
the tubular oxygen consumption necessary for solute reab-
sorption, and requires a high blood flow (oxygen supply) to
maintain organ homeostasis [25], despite having less robust
autoregulation than the brain [8].

We also found that muscle oxygenation was relatively
unaffected by blood loss but showed the greatest impact
of fluid resuscitation. Organ perfusion is determined not
only by blood pressure but also by the distribution of CO
among different organs [26, 27]. In the present study, the
600-ml bleed decreased the CO by 50%, and fluid resuscita-
tion increased the CO by three-fold before fluid infusion.
Although further investigation is required to explore the
mechanism, skeletal muscles (quadriceps) might minimally
lose their share of CO after hemorrhage, in contrast to the
kidney, and maximally increase the oxygenation after fluid
resuscitation (Fig. 3).

4.3 Study limitations

Our study had several limitations. The present study did not
adopt a crossover design to administer phenylephrine and
SNP, and each condition was sequentially induced. There-
fore, the infusion order and/or repeated administration of
vasoactive drugs might have influenced the following mea-
surements. Furthermore, a hyperdynamic state still remained
at the start of the phenylephrine infusion after fluid resusci-
tation because the preceding hypovolemia induced sympa-
thetic nerve stimulation (CO was 4.2+0.4 1 min~! before
phenylephrine and 2.7+0.5 1 min~! before SNP infusion).
Thus, a hemodynamic steady state was not achieved during
the post-fluid-resuscitation condition, and this might have
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influenced the results. In addition, a wide range of MAPs
was induced by phenylephrine and SNP infusion under 1.2
MAC of isoflurane anesthesia. However, the results might
be different if other vasoactive drugs and/or other anesthet-
ics were used, because phenylephrine, SNP and isoflurane
might have direct effect on each organ’s oxygen extraction.
SNP, particularly, can increase skeletal muscle oxygenation
directly, regardless of the systemic blood pressure [28]. Fur-
thermore, in the present study, only Spearman’s correlation
coefficients between the MAP and each TOI were used to
assess each organ’s autoregulation, and the threshold value
to distinguish between the presence and absence of auto-
regulation (0.36) was decided arbitrarily. Finally, the pres-
ent study did not measure actual organ blood flow and used
NIRS as a substitute indicator of blood flow. Therefore,
NIRS might not reflect organ blood flow when the oxygen
demand, supply, and utilization change during the experi-
ments and/or when the distribution of arterial and venous
blood alters such as HABR in the liver. Furthermore, the
results might differ depending upon where on each organ
and/or skeletal muscle the NIRO probe was attached, due to
the heterogeneity in vascular flow.

In conclusion, our assessment of splanchnic organ and
skeletal muscle autoregulation using NIRS indicates that the
decreasing order of autoregulation robustness is: skeletal
muscle, kidney, stomach, and liver. The impact of volume
changes is different from the robustness of autoregulation;
the kidney is most susceptible to volume loss, while skel-
etal muscle is most tolerant to volume loss. These findings
were based on the evaluation using each organ oxygenation
instead of organ blood flow, further investigations might be
required to validate the results.
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