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Acute kidney injury is a common complication of trauma and hemorrhagic shock. In a porcine model
of hemorrhagic shock, resuscitative endovascular balloon aortic occlusion (REBOA) and hemodilution,
we hypothesized that invasive kidney oxygen concentration measurements would correlate more
strongly with noninvasive near infra-red spectroscopy (NIRS) oxygen saturation measurements
when cutaneous sensors were placed over the kidney under ultrasound guidance compared to
placement over the thigh muscle and subcutaneous tissue. Eight anesthetized swine underwent
hemorrhagic shock 4 of which were resuscitated with intravenous fluids prior to the return of shed
blood (Hemodilution protocol) and 4 of which underwent REBOA prior to resuscitation and return
of shed blood (REBOA protocol). There was a moderate correlation between the NIRS and kidney
tissue oxygen measurements (r=0.61 p<0.001; r=0.67 p<0.001; r=0.66 p <0.001for left kidney,
right kidney, and thigh NIRS respectively). When the animals were separated by protocol, the
Hemodilution group showed a weak or nonsignificant correlation between NIRS and kidney tissue
oxygen measurements (r=0.10 p<0.001; r=0.01 p=0.1007; r=0.28 p <0.001 for left kidney, right
kidney, and thigh NIRS respectively). This contrasts with the REBOA group, where left and right
kidney as well as thigh NIRS were moderately correlated with kidney tissue oxygen (r=0.71 p<0.001;
r=0.74 p<0.001; r=0.70 p<0.001; for left kidney, right kidney, and thigh NIRS respectively). There
was a strong correlation between both kidney NIRS signals and thigh NIRS measurements (r=0.85
p<0.001; r=0.88 p<0.001;for left kidney vs thigh and right kidney vs thigh respectively). There was
also a strong correlation between left and right kidney NIRS (r=0.90 p <0.001). These relationships
were maintained regardless of the resuscitation protocol. These results suggest that kidney NIRS
measurements were more closely related to thigh NIRS measurements than invasive kidney tissue
oxygen concentration.

Trauma is the leading cause of death for Americans under the age of 46 and is the third leading cause across all
ages, accounting for approximately 100,000 deaths per year"?. Hemorrhage is responsible for 30-40% of trauma
mortality in the United States®. Hemorrhage that does not immediately lead to the death of a trauma victim, how-
ever, often results in acute kidney injury (AKI). This complication occurs in 43% of critically injured individuals
and is associated with significant increases in mortality*. Reduced oxygen delivery to the kidneys secondary to
bleeding and hypovolemia is the cornerstone of AKI after critical injury.

Resuscitative Endovascular Balloon Aortic Occlusion (REBOA) is a potential therapy to treat patients with
severe injuries and profound blood loss due to non-compressible torso hemorrhage. A balloon-tipped catheter
is inserted through the femoral artery and positioned in the aorta. The balloon can then be inflated to maintain
blood flow to the major organs of the upper body, such as the heart and brain, at the expense of blood flow to
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other organs below the balloon, such as the kidneys. While a life-saving measure, the impact of prolonged bal-
loon inflation on kidney hypoxia may be profound. REBOA also provides a unique opportunity to provide a
translational model of survivable and profound renal ischemia-injury with direct clinical correlates. A real-time
bedside monitor of kidney oxygenation during hemorrhage and REBOA might improve the care of critically ill
trauma patients by allowing for early diagnosis of kidney hypoxia.

Near-infrared spectroscopy (NIRS) is a noninvasive technology used to determine regional tissue oxygen satu-
ration. NIRS relies on a sensor attached to the skin that emits light in the near-infrared spectrum (700-900 nm).
This wavelength of light can penetrate underlying tissues and is within the range of absorption of oxygenated
and deoxygenated hemoglobin. While pulse oximetry measures arterial hemoglobin saturation, NIRS measures
a mixture of arterial and venous capillary oxygenation, making it well-suited to determine tissue oxygen delivery
and perfusion®. NIRS is routinely used to measure the capillary oxygen saturation of the brain’s frontal lobe when
patients are undergoing cardiac or vascular surgery. The NIRS sensor consists of a single light emitter and two
light sensors at various distances from the emitter. The depth of penetration of NIRS is related to the distance
from the light emitter to the detector. Subtracting the closer detector signal from that of the far detector, in theory,
allows for measurements that are specific to the underlying brain tissue rather than the superficial skin or the
skull®’. Cerebral oximetry measured with NIRS correlates with jugular venous oxygen saturation suggesting that
this noninvasive technology reflects tissue oxygenation®. A large body of literature describes the use of NIRS in
neonates and infants both as a systemic perfusion monitor and a regional monitor of kidney perfusion®*-'*. The
maximum depth of penetration of NIRS, however, is thought to be only 2.5 cm, thereby limiting the use of NIRS
as a kidney perfusion monitor in adults'*%. Recently, however, two studies in adult cardiac surgery patients using
ultrasound guided placement of NIRS sensors over the kidney found that intraoperative regional tissue oxygen
desaturations were associated with the subsequent development of AKI'”'8. A third study found a correlation
between NIRS oxygen saturation measurements over the kidney and renal venous oxygen saturation in adult
cardiac surgery patients'. In all three studies, patients were excluded for body mass index >30 kg/m? or if the
surface of their kidney was >4 cm from the skin.

We have developed a porcine model of hemorrhage and REBOA in which we measure kidney oxygen con-
centration directly by placing an oxygen sensor in the renal medulla®. Using this oxygen sensor, we can detect
renal hypoxia during the hemodynamic changes that occur with hemorrhage and REBOA. We designed the
current study to determine whether invasive kidney tissue oxygen concentration correlates with noninvasive
NIRS oxygen saturation when these sensors are placed on the skin over the kidney using ultrasound guidance.
REBOA creates a profound ischemic condition, leading to severe vasodilation and hemodynamic instability even
after resuscitation with whole blood*' 2. We, therefore, created a second model of hemorrhage and hemodilution
to assess the relationship between invasive and noninvasive kidney oxygen monitoring in the setting of more
subtle hemodynamic changes that may apply to a broader patient population. We hypothesized that measure-
ments from NIRS sensors placed on the skin over the kidney would correlate more strongly with direct medullar
kidney oxygen measurements than those obtained from NIRS sensors placed on the skin over the thigh. We also
hypothesized that this relationship would hold true under both the extreme hemodynamic instability that occurs
with REBOA and the less severe changes that occur with hemorrhage and hemodilution.

Methods

Overview

The animal research: reporting of in vivo experiments guidelines (ARRIVE) were used to prepare this manu-
script. The Institutional Animal Care and Use Committee at the University of Utah approved this study (Protocol
number 00001819; Approved 10/28/2021) and all experiments were performed in accordance with the Guide for
the Care and Use of Laboratory Animals and the Animal Welfare Act Regulations and Standards. An overview
of the experimental protocols can be seen in Fig. 1.

Animal preparation

Ten castrate male Yorkshire swine or non-pregnant females weighing 53-60 kg and 6-8 months old were accli-
matized in temperature- and light-controlled enclosures with given access to environmental enrichment for at
least 7 days. Animals were fasted overnight but allowed free access to water prior to induction of anesthesia.
Anesthesia was induced with a combined intramuscular injection of ketamine (2.2 mg/kg, Vedco, Saint Joseph,
MO) and xylazine (2.2 mg/kg, Vedco, Saint Joseph, MO) and after endotracheal intubation, anesthesia was
maintained at 1-2.5% isoflurane (Dechra, Northwich, United Kingdom) in 2 L/min of oxygen. Animals were
mechanically ventilated with a positive end-expiratory pressure of 4 cm H,O and a fraction of inspired oxygen
between 40 and 100% to maintain pulse oximetry >95%. Tidal volumes of 6-8 ml/kg were used with the respira-
tory rate adjusted to maintain end-tidal CO, of 35-45 mmHg. Balanced isotonic fluids (Plasmalyte 148, Baxter,
Deerfield, IL) were administered at 5 ml/kg/hr intravenously as maintenance fluid. Ionized calcium, potassium,
and glucose were monitored throughout the experiment and treated as needed. Warming blankets were used to
maintain normothermia.

Surgical preparation

Lidocaine was used for local infiltration. Percutaneous vascular access was established with ultrasound guid-
ance and the Seldinger technique in the following locations. A 6 Fr carotid artery catheter was placed for upper
body blood pressure monitoring. A 7 Fr brachial artery catheter was placed for controlled hemorrhage and
blood sampling. A 12 Fr femoral artery catheter was inserted to introduce a custom-made 7 Fr REBOA catheter
(Custom-made, Certus Critical Care). This femoral artery catheter was also used for lower body blood pres-
sure monitoring. In 4 animals, a REBOA balloon was positioned immediately superior to the diaphragm. This
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Figure 1. (a) Description of the Hemodilution protocol. Each animal underwent surgical instrumentation
followed by 3 separate periods of hemorrhage where 250 ml of blood was removed from the brachial artery.
Each hemorrhage period was followed a 500 ml bolus of balanced IV fluids. At the end of the 3 hemorrhage
periods, all 750 ml of shed blood was returned to the animal. This was followed by a resuscitation period in
which mean arterial pressure was maintained > 65 mmHg with fluid boluses and norepinephrine as needed.
(b). Description of the REBOA protocol. Each animal underwent surgical instrumentation followed by a single
hemorrhage period when 750 ml of blood was removed from the brachial artery. This was followed by a 30-min
period of anemia. Resuscitative endovascular balloon occlusion of the aorta (REBOA) was then maintained
for 45 min followed by gradual balloon deflation and simultaneous return of shed blood. This was followed

by a resuscitation period in which mean arterial pressure was maintained > 65 mmHg with fluid boluses and
norepinephrine as needed.

placement was confirmed with fluoroscopy. A 9 Fr introducer catheter was placed in the internal jugular vein to
deliver fluids and autologous blood and then a triple-lumen catheter was inserted through the sheath for central
venous pressure monitoring and medication infusions. A 9 Fr introducer sheath was placed in a femoral vein
for fluid bolus administration. A midline laparotomy was performed, and 20 Fr Foley catheter was placed in the
bladder via a cystotomy. A splenectomy was performed to prevent auto-transfusion.

The left kidney was dissected, a 20 g IV catheter was then placed in the renal medulla under ultrasound
guidance, and a fiberoptic probe was threaded through the catheter until it was visualized in the renal medulla
(Fig. 2a). This probe is a luminescent oxygen sensor and a Doppler-based flow sensor designed for oxygen and
perfusion monitoring (Oxford Optronix, Abington, UK). The probe and IV catheter were then glued in place
(Vetbond, 3 M, St Paul, MN). The left kidney was then returned to the retroperitoneal space. The abdomen was
then closed until the end of the experiment. The surgical set-up described for this model has been previously
published by our group®.

Surface ultrasound was used to locate both kidneys, skin-to-kidney surface measurements were recorded,
and NIRS sensors (Foresight, Edwards Lifesciences, Irvine, CA) were placed on the skin directly over the kidneys
bilaterally (Fig. 2b). A NIRS sensor was also placed over the left thigh. These were Large ForeSight NIRS sensors
(model number FSESL) and were connected to a Foresight Elite monitor (CAS Medical Systems, Branford, CT).
The source-detector distances for these sensors are 15 mm and 50 mm for shallower and deeper tissue measure-
ments respectively. Flank mode was used on the monitor for NIRS sensors placed on the skin over the left and
right kidney and thigh mode was used for the NIRS sensors placed on the skin over the thigh.

Hemorrhage and resuscitation protocols

Before starting the experimental procedure, there was a stabilization period of at least 10 min. During this time,
mean arterial pressure (MAP) was maintained at > 65 mmHg. If below that threshold, 5/ml/kg boluses of bal-
anced isotonic crystalloid were given. After 2 boluses, an infusion of norepinephrine (starting dose 0.02 mcg/
kg/min) was titrated until target MAP was achieved. Animals were then randomly allocated into one of two
hemorrhage and resuscitation protocols.
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Figure 2. (a). Ultrasound image acquired by placing the linear transducer directly over surface of the left
kidney. The 20 g IV can be seen in long axis with the tip of the oxygen sensor extending out into renal medullary
tissue. (b). Ultrasound image acquired by placing the linear transducer over the skin of the left flank just below
the last rib. Subcutaneous muscle and fat are seen overlying the surface of the kidney. This area was marked and
a near infra-red spectroscopy sensor was placed on the skin in this location.

In the hemodilution protocol (Fig. 1a.), 250 ml of whole blood (approximately 7% of blood volume estimated
as 60 mL/kg x body weight in kg) was removed from the brachial artery catheter over 15 min. Drawn blood
was collected in citrated blood collection bags under constant agitation. Blood was stored in a warm water bath
at 38 °C. At the end of each hemorrhage period, a 500 ml bolus of balanced isotonic crystalloid was given over
5 min. This procedure was repeated 3 times. After the third bolus of balanced isotonic crystalloid, all 750 ml
(approximately 21% of blood volume) of shed blood were returned, and the animal was observed for 20-30 min.

In the REBOA protocol (Fig. 1b), all 750 ml of blood were removed over 30 min. Animals then remained
untreated for an additional 30 min, after which they were then subjected to 45 min of REBOA. At the end of the
REBOA period, the balloon was slowly deflated over 10 min as the animals were transfused their shed blood. A
critical care period ensued during which animals were resuscitated with intravenous balanced crystalloids and
vasopressors (norepinephrine) according to a pre-specified algorithm (Supplemental Fig. 1) for 255 min until
the end of the experiment. At the end of each experiment, the animal was euthanized.

Data collection

Upper body (carotid) and lower body (femoral) MAP were calculated from the continuous arterial blood pressure
traces which were resampled to 1 Hz throughout the experiment. Renal medullary tissue oxygen concentra-
tion was recorded using the Oxford Optronix luminescent oxygen probe and Doppler blood flow sensor. Data
from these sensors were sampled every second (PowerLab data acquisition platform, ADInstruments, Colorado
Springs, CO). Regional tissue oxygen saturation using NIRS was recorded over the kidneys bilaterally and the
left thigh (CAS Medical Systems, Branford, CT). Data from the NIRS sensors was sampled every 2 s.

Serum analysis

Arterial whole blood was sampled at baseline, after each hemorrhage period in the Hemodilution protocol, and
every 30 min in the REBOA protocol. Plasma lactate concentration, hemoglobin concentration, blood gases and
electrolytes concentrations were measured at these intervals (iStat, Abbott, Chicago, IL).

Statistics

Descriptive statistics were reported as mean (standard deviation). Mean arterial pressure data were collapsed to a
single mean value for each animal for the three time periods reported (baseline, hemorrhage, and resuscitation).
For the baseline and resuscitation characteristics, a Student’s t-test was used for continuous data and a Fisher
exact test for categorical data. Our primary comparison was between direct kidney tissue oxygen concentration
and the three NIRS measurements (left kidney, right kidney, and thigh). These data were compared using a
“within subjects” correlation coefficient, which accounts for the lack of independence among repeated measures
by removing the variation between subjects*. A mixed-effects linear regression was also used to model the rela-
tionship between NIRS oxygen saturation measurements and direct kidney medullary oxygen concentration.
This also accounts for lack of independence of repeated measurements within the same animal. A Bland-Alt-
man analysis for clustered data was performed for comparison of measurements with the same units in order to
determine the mean difference and 95% limits of agreement. All significance tests were two-tailed, with p <0.05
considered statistically significant. The analysis used STATA version 17.0 (Statcorp, College Station, TX).
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Results

In all animals, the surface of the kidney was between 1.5 and 2.0 cm from the skin. One animal in the REBOA
protocol suffered a cardiac arrest immediately after surgical instrumentation and data could not be obtained.
A second animal in the Hemodilution group was excluded from the analysis because the kidney oxygen sen-
sor malfunctioned. The individual NIRS saturation and kidney oxygen concentration data for all 8 animals are
presented in Fig. 3. One animal in the Hemodilution group only underwent two hemorrhage periods because
the hemoglobin concentration decreased to 5.0 mg/dL after the second hemorrhage, and it was thought that a
third hemorrhage might be fatal. Animals 1 and 4 in the hemodilution protocol appeared to have a temporal
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Figure 3. Left kidney, right kidney, and thigh near infra-red spectroscopy (NIRS) are compared to direct
kidney tissue oxygen measurements over time for 4 animals undergoing the Hemodilution protocol. The red
line marked “H” represents the start of each hemorrhage. The gray line marked “F” represents the end of each
hemorrhage and the start of a bolus of balanced crystalloid. The orange line marked “BR” represents the time
when shed blood was returned to the animal. For the resuscitative endovascular balloon aortic occlusion
(REBOA) protocol, the red line marked “H” represents the start of the hemorrhage period. The gray line marked
“AO” represents the start of aortic occlusion. The blue line marked “AR” represents the end of aortic occlusion
when the aortic balloon was gradually released. For all graphs, the red solid and dashed lines indicate left and
right kidney NIRS respectively and the blue solid line indicates thigh NIRS. The black solid line represents
kidney tissue oxygen concentration. NIRS data were sampled every 2 s and kidney tissue oxygen was sampled
every second.
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relationship between invasive kidney oxygen concentration and NIRS measurements. In animals 2 and 3 how-
ever, there appeared to be very little variation in NIRS measurements despite large changes in kidney oxygen
concentration. In the REBOA protocol, animals 5, 6, and 7 had abrupt decreases in kidney oxygen concentration
and NIRS measurements with balloon inflation and these were followed by increases in oxygenation after release
of the balloon. In animal 8, kidney oxygen concentration initially remained elevated after balloon inflation. This
was thought to be due to an incomplete occlusion of blood flow to the renal arteries rather than a measurement
artifact. The aortic balloon was then hyperinflated and subsequently, kidney oxygen concentration decreased.

Table 1 summarizes the baseline and resuscitation data for the animals in each experimental protocol. Baseline
characteristics were similar between the two groups. Peak plasma lactate concentration in the REBOA group was
significantly higher than in the hemodilution group, otherwise resuscitation characteristics were also similar
between the two groups.

The relationship between NIRS oxygen saturations and direct kidney tissue oxygen measurements is shown
in Fig. 3. Pooled data from all 8 animals in both groups showed a moderate correlation between the kidney
NIRS and kidney tissue oxygen measurements (r=0.61 p <0.001; r=0.67 p <0.001; for left and right kidney
NIRS respectively). The correlation between thigh NIRS and kidney tissue oxygen, however, was similar (r=0.66
p<0.001). When the animals were separated by protocol, the Hemodilution group showed a weak or nonsignifi-
cant correlation between left or right kidney NIRS and kidney tissue oxygen measurements (r=0.10 p<0.001;
r=0.01 p=0.1007; left and right kidney NIRS respectively). The correlation between thigh NIRS and kidney tissue
oxygen was also poor (r=0.28 p <0.001). This contrasts with the REBOA group, where left and right kidney as
well as thigh NIRS were moderately correlated with kidney tissue oxygen (r=0.71 p<0.001; r=0.74 p<0.001;
r=0.70 p<0.001; for left kidney, right kidney, and thigh NIRS respectively).

Figure 4 shows the comparison of kidney NIRS to thigh NIRS measurements when data are pooled from
all 8 animals. There was a strong correlation between both kidney NIRS signals and thigh NIRS measurements
(r=0.85 p<0.001;r=0.88 p <0.001;for left kidney vs thigh and right kidney vs thigh respectively). There was also
a strong correlation between left and right kidney NIRS (r=0.90 p <0.001). These relationships were maintained
regardless of the resuscitation protocol (Hemodillution group r=0.89 p<0.001; r=0.83 p <0.001; for left kidney
vs thigh and right kidney vs thigh respectively and REBOA group r=0.86 p <0.001; r=0.88 p <0.001; for left vs
thigh and right vs thigh respectively) Left and right kidney NIRS were also highly correlated regardless of protocol
(Hemodillution group r=0.82 p <0.001 and REBOA group r=0.93 p <0.001) (Fig. 5).

Supplemental Fig. 2 shows the Bland-Altman analysis for the comparison of NIRS measurements with each
other. The mean difference and limits of agreement of left kidney NIRS vs thigh NIRS and right kidney NIRS vs
thigh NIRS were 0.02% (—20.42, 20.45) and — 1.24% (- 15.26, 12.79) respectively. The mean difference and limits
of agreement when comparing left and right kidney NIRS were 1.25% (- 17.64, 20.14).

Discussion

In our animal model of hemorrhage, hemodilution, and REBOA, we showed a moderate correlation between
kidney tissue oxygen and regional NIRS oxygen saturations but this relationship was only apparent during the
extreme hemodynamic changes that occurred with balloon occlusion of the aorta. The correlation was poor
or insignificant during more subtle changes, such as hemorrhage and hemodilution. Moreover, in all animals,
the strongest correlations found were between the NIRS measurements themselves (kidney vs thigh and left vs
right kidney) regardless of the experimental protocol. Taken together, these data suggest that regional NIRS
measurements made with sensors carefully placed over the kidney with ultrasound were more closely related to

All Animals | Hemodilution Protocol | REBOA Protocol

®) 4) 4) P
Weight (kg) 56.4 57.2 55.7 0530
Mean (SD) (3.0) (2.9) (3.2) :
Male 3/8 2/4 1/4
n (%) (37.5) (50) ©25) >0.999
Baseline MAP (mmHg) 85 82 89 0.296
Mean (SD) (10) 9) 9) ;
Baseline Hgb (mg/dL) 10.1 10.4 9.6 0.508
Mean (SD) (1.5) (1.8) (1.1) .
MAP during hemorrhage (mmHg) 68 70 66 0.633
Mean (SD) (12) 8) (15) .
Nadir Hgb (mg/dL) 6.6 59 7.3 0.058
Mean (SD) (L.1) (0.6) (L.1) )
MAP after return of blood (mmHg) | 82 90 74 0.121
Mean (SD) (14) (17) (5) )
Peak Lactate (mmol/L) 7.7 35 11.8
Mean (SD) 47) (1.8) (0.6) <0.001

Table 1. Baseline and resuscitation data. Hgb =hemoglobin; IQr = interquartile range; kg =kilograms;
MAp = mean arterial pressure; n=number of observations in the comparison; REBOA = resuscitative
endovascular balloon aortic occlusion; SD = standard deviation. Significant values are in [bold].
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Figure 4. Left kidney, right kidney, and thigh near infra-red spectroscopy (NIRS) are compared to

direct kidney tissue oxygen measurements for all 8 animals (grey symbols), the 4 animals undergoing the
Hemodilution protocol (maroon, orange, bright red, dark red) and the 4 animals undergoing the REBOA
protocol (green, teal, light blue, dark blue). In graphs d- i, each individual animal is represented by a different
color. The mixed effect linear regression model is plotted as a solid black line and the equation of that line is

reported. The within group correlation coefficient is reported as “r”. NIRS data were sampled every 2 s and
kidney tissue oxygen was sampled every second.

thigh NIRS than invasive kidney oxygen concentration, even when the surface of the kidney was between 1.5
and 2 cm from the skin.

Components of biological tissues, including hemoglobin and water, can absorb near-infrared light. Hemo-
globin, for instance, exhibits strong absorption peaks within the near-infrared range?. This allows NIRS sensors
to assess tissue capillary hemoglobin concentration and oxygenation saturation. Light scattering occurs when
near-infrared photons interact with cellular and subcellular structures, causing deviations in the photons’ tra-
jectories that are challenging to predict and lead to variations in the light’s penetration depth. As a result, the
measured signal is a weighted average of oxygen levels in the various tissues beneath the skin’s surface.

Absorption and scattering of light by tissues also limits the maximum penetration depth of the near-infrared
light employed by NIRS sensors. Moreover, the NIRS measurement is made through diffuse reflectance rather
than direct transmission, further limiting the depth of tissues that can be measured. The manufacturer of the
NIRS sensor used in this study states that the maximum depth of penetration is 2.5 centimeters®. The depth of
penetration of NIRS measurements, however, likely depends on the optical properties of the tissue being meas-
ured, the size and type of sensor used, the source-detector separation, and the specific algorithm used”?. Patil
et al. modeled NIRS experimentally and found a nonlinear relationship between source-detector separation and
depth of penetration such that a source-detector separation of 20 mm resulted in a depth of penetration of 10 mm
but a source-detector separation of 40 mm resulted in a depth of penetration of 15mm’. The sensors we used
had one emitter and two detectors with source-detectors distances of 15 mm and 50 mm. If the results of Patil’s
experimental model can be applied to our sensors and the optical properties of subcutaneous and kidney tissue,
then extrapolating from their data, the range of penetration for our study should have been between 8 and 17 mm.

In our animal model, the surface of the kidney was between 1.5 and 2 cm (15-20 mm) below the skin. The
weighted average of tissue oxygen measured by NIRS, therefore, was likely to be substantially more affected
by subcutaneous tissue than kidney tissue. In addition, the anatomy of the porcine and adult human kidney is
such that the medullary tissue is 1-2 cm from the surface of the kidney. This makes it even less likely that any
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Figure 5. Left kidney, right kidney, and thigh near infra-red spectroscopy (NIRS) are compared to each other
for all 8 animals (grey symbols), the 4 animals undergoing the Hemodilution protocol (maroon, orange, bright
red, dark red) and the 4 animals undergoing the REBOA protocol (green, teal, light blue, dark blue). In graphs
d-i, each individual animal is represented by a different color. The mixed effect linear regression model is

plotted as a solid black line and the equation of that line is reported. The within group correlation coeflicient is

« »

reported as “r”. NIRS data were sampled every 2 s and kidney tissue oxygen was sampled every second.

significant component of the weighted average of tissue oxygen measured by NIRS was due to medullary tis-
sue oxygenation and thus may explain why the NIRS measurements we obtained over the kidney were more
closely related to thigh NIRS than direct medullary tissue oxygen concentration. Any correlation we found likely
represents a relationship of kidney perfusion and global perfusion determinants such as mean arterial pressure
and cardiac output.

Clinical studies placing NIRS sensors on the skin over the kidney in adult cardiac surgery patients have shown
an association of NIRS oxygenation measurements and the subsequent development of AKI'”*%, In these stud-
ies patients were excluded if the surface of the kidney was >4 cm from the skin by ultrasound. The distance of
the kidney from the skin in these adult human studies was therefore greater than in our animal model and the
contribution of medullary tissue oxygen to the weighted average of their NIRS measurements was likely even
less than in our model. The relationship these studies found between regional tissue oxygen measured using
NIRS and outcome therefore may be related to the ability of NIRS to monitor global perfusion and capillary
tissue oxygenation of the subcutaneous tissue in these patients. Indeed, a study in adult cardiac surgery patients
showed that NIRS sensors placed over the thigh predicted subsequent AKI with receiver operator characteristic
analysis suggesting an optimal cut-off of 67% and an area under the curve of 0.84%, It is therefore possible that
regional oxygen saturation measurements of subcutaneous tissue are good predictors of global malperfusion,
whether they are placed over the subcutaneous tissue of the kidney or the thigh.

Several studies have compared NIRS measurements to either direct tissue oxygen measurements or venous
oxygen saturation. Skowno et al. compared transcutaneous hepatic tissue oxygen saturation using NIRS to direct
hepatic tissue oxygen measurements in juvenile pigs and found that in animals weighing 15-20 kg, hepatic
artery clamping was associated with an 84% decrease in direct hepatic oxygen concentration compared to a 6%
decrease in NIRS measurements®. In 37 children undergoing cardiac catheterization, Ortmann et al. found that
measurements from NIRS sensors placed over the flank in children < 10 kg were strongly correlated with renal
vein oxygen saturation (r=0.821; p=0.002) but in children > 10 kg there was no significant correlation®. In
contrast, Tholen et al. found a statistically significant correlation between kidney NIRS and renal venous oxygen

Scientific Reports |

(2024) 14:2646 | https://doi.org/10.1038/s41598-024-51886-y nature portfolio



www.nature.com/scientificreports/

saturation in 13 adult cardiac surgery patients with a continuous cardiac output pulmonary catheter placed in
the renal vein'. The correlation coefficients found in this adult study, however, ranged from 0.51 to 0.75 and so
were similar to the results we found between NIRS and direct kidney tissue oxygen measurements regardless of
whether NIRS sensors were placed over the kidney or over the thigh. If it is true that thigh NIRS monitoring may
be as effective at predicting poor perfusion and AKI as placing sensors over the kidney, then NIRS monitoring
could be used in adult patients regardless of their BMI. Future studies are needed to ascertain whether or not
changes in clinical management based on these subcutaneous tissue oxygen measurements can improve kidney
oxygenation or reduce the incidence of AKI in critically ill patients.

We found the most robust relationship between NIRS oxygen monitoring (whether over the kidney or the
thigh) and kidney tissue oxygen was during aortic occlusion and release with REBOA. This relationship was
likely because of the extreme decrease in blood flow to all regions distal to the aortic balloon. REBOA creates
precise and reproducible aortic occlusion. While it is a useful tool to evaluate renal tissue perfusion across a wide
range of renal blood flows, it is also a technique with direct clinical applicability. Many studies have established
that REBOA is best performed by partially deflating the balloon after a brief period of full occlusion®-*. Partial
REBOA prevents both total lower-body ischemia and the deleteriously high blood pressure in the upper extremity
that occur with complete REBOA. A porcine hemorrhage and REBOA study demonstrated a reduction in serum
lactate concentration and less duodenal necrosis with 50% occlusion compared to complete REBOA*!. Our data
suggest that thigh NIRS might be a noninvasive and clinically available surrogate for lower body perfusion dur-
ing REBOA. Future studies will evaluate the efficacy of titrating partial REBOA to maximize upper and lower
body oxygen delivery using NIRS guidance.

One limitation of our study is that we only compared NIRS oxygen saturations to medullary kidney tissue
oxygen concentration. While the surface of the kidney was only 1.5-2 cm from the skin in all of our animals,
the medulla was often 1-2 cm deeper than this. Therefore, if we had measured kidney tissue oxygen in the more
superficial cortex tissue, we might have found a closer relationship with NIRS oxygen saturation measurements
from sensors placed immediately above the kidney. We measured medullary oxygen because this kidney region
has the lowest oxygen reserve and is thought to be responsible for most AKI caused by hypoperfusion®*. A
second limitation relates to the methodology of comparing two different technologies for measuring tissue
oxygenation. Measurements using the same technology are subject to similar errors and therefore are likely to
show a higher correlation compared to measurements from differing technologies. This may have contributed
to the closer correlation when the various NIRS measurements were compared to each other rather than when
each NIRS measurement was compared to invasive kidney oxygen concentration. A third limitation of the
study is that we had such an abundance of data (collected every 1-2 s for hours in each animal) that statistical
significance was easily obtained even when the correlation between variables was poor. This large dataset also
precluded a statistical comparison between correlation coefficients because all the relationships were statistically
significantly different even when the correlation coefficients differed by 0.01 (a clinically insignificant difference).
In addition, the variability in NIRS measurements between animals was sometimes as large or larger than the
variation over time within an individual animal. This large variability in NIRS measurements between animals
might be partially explained by the two very different resuscitation protocols. Subtle differences in NIRS sensor
placement might have also been a factor. This inter-subject variability was accounted for statistically by using
a “within-subject” correlation coeflicient that removes the variation between subjects, and by using a mixed
effect linear regression which accounts for the lack of independence among repeated measures when mak-
ing between-subjects comparisons. Nonetheless, the correlations we found between NIRS measurements and
invasive kidney oxygen concentration, at best suggest that NIRS could be used as a trend monitor suggesting
changes in kidney oxygen rather than a precise indicator of kidney oxygen concentration. Finally, our study only
assessed the correlation between invasive kidney oxygen measurements and noninvasive NIRS monitoring. We
did not evaluate the ability of noninvasive NIRS monitoring to predict actual kidney injury, nor did we ascertain
whether hemodynamic management based on NIRS monitoring could prevent AKI. Even if NIRS placed over
the kidney is only a subcutaneous tissue monitor, skin and muscle are highly vascular organs, and maintaining
their perfusion may ensure the perfusion of other vital organs, such as the kidney. Future work should focus on
whether an intervention based on regional oxygen monitoring with NIRS can reduce the incidence or severity
of AKI in critically ill and injured patients.

Conclusion

In our porcine model of hemorrhage, hemodilution, and resuscitation, NIRS measurements from sensors placed
on the skin over both the kidney and the thigh showed a moderate correlation with invasive kidney oxygen
concentrations during extreme hemodynamic changes such as aortic occlusion. During the more mild hemody-
namic changes of hemodilution the correlation was poor or insignificant. Furthermore, kidney NIRS and thigh
NIRS measurements were closely related suggesting that both might reflect subcutaneous tissue oxygenation
even when the surface of the kidney is 1.5-2 cm from the skin. These data shed light on other human studies of
kidney NIRS which have shown association with renal vein oxygen saturation and outcome. Further studies are
needed to determine whether this subcutaneous tissue oxygen monitoring with NIRS can be used to guide adult
hemodynamic management or the implementation of partial REBOA.

Data availability
The datasets during and/or analyzed during the current study are available from the corresponding author upon
reasonable request.
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