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BACKGROUND: The aim of this study was to develop reference renal saturation (rSrO,) curves in premature infants, depict how
they differ from cerebral saturation (rScO,) curves, and evaluate the effect of blood pressure on these values using near-infrared

spectroscopy (NIRS).

METHODS: This is a prospective cohort study of 57 inborn infants <12 h and <30 weeks gestation. rScO,, rSrO,, fractional tissue
oxygen extraction (FTOE), and mean arterial blood pressure (MAP) were continuously monitored every 30's for 96 h. Quantile
regression was used to establish nomograms, and mean saturation values were evaluated for different MAP ranges.

RESULTS: Median rSrO; at the start of monitoring was ~10% higher than rScO,. rSrO, showed a significant decline over time while
rScO, peaked at 26 h. FTOE demonstrated a similar but inverse trend to their saturation counterparts. rScO, declined as MAP
increased, while rSrO2 showed a peak and decline as MAP increased.

CONCLUSIONS: We provide rSrO, reference curves for the first 4 days of life, which differ in their trajectory from rScO, and from
what has previously been reported for rSrO, in the full-term population. In addition, we observed a peak and decline in renal
saturation with increasing MAP, suggesting a renovascular response to blood pressure changes.

Pediatric Research (2022) 92:1437-1442; https://doi.org/10.1038/s41390-022-01984-2

IMPACT:

® This article depicts reference renal saturation curves during the perinatal transition in preterm infants.
® We show how renal saturation compares to cerebral saturation trends over time.
® We describe a peak and decline in renal saturation with increasing MAP, suggesting a renovascular response to blood pressure

changes.

INTRODUCTION

Hemodynamic assessment and management are particularly
challenging in extremely preterm infants. Currently, there is no
consensus and high variability among centers in defining
normal blood pressure in this population.’? The blood pressure
threshold that would ensure adequate tissue substrate delivery
to prevent ischemic injury is unknown. In addition, blood
pressure in this population has been shown to be a poor
surrogate for assessing cardiac output>* Due to these chal-
lenges, the use of non-invasive monitoring to assess organ
status is increasing.

Near-infrared spectroscopy (NIRS) is a tool used to non-
invasively measure regional oxygen saturation. Given the vulner-
ability of the premature infant to cranial injury during periods of
hemodynamic instability, the majority of research incorporating
NIRS has focused on cerebral monitoring. However, focusing solely
on cerebral monitoring may leave infants vulnerable to silent
ischemia in the mesenteric and splanchnic circulations during
periods of compensated shock.”™’

The renal circulation in premature infants is more sensitive to
episodes of desaturation than the cerebral circulation with
resulting increase in oxygen extraction in the renal tissue as
measured by NIRS.2 Recent studies have shown low renal
saturations in the first day of life to be a predictor of acute
kidney injury in premature infants.”'® Acute kidney injury in this
population has been shown to increase morbidity and mortality.
Renal saturation is also more strongly positively correlated with
rising hemoglobin values and a hemodynamically significant
patent ductus arteriosus than cerebral saturation."'™'* In full-term
post-operative cardiac neonates, the use of two-site NIRS
monitoring (cerebral and renal) is a better surrogate marker for
both mixed venous oxygen saturation and cardiac index than
cerebral saturation alone.'>'®

The combination of simultaneous cerebral and renal monitoring
may prove beneficial in evaluating hemodynamic status in the
premature population. However, data establishing normal values
for renal saturation over time in premature infants are limited and
are a major barrier to using this information clinically in this
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population. The objective of this study was to provide reference
curves for cerebral and renal NIRS measurements in infants
<30 weeks gestation in the first 4 days of life. We also aimed to
evaluate how these measurements relate to blood pressure with
the hypothesis that renal saturation will be more responsive to
fluctuations in blood pressure than cerebral saturations.

METHODS

Population and data collection

This was a prospective cohort study of newborns 24°-29° weeks gestation
admitted to the University of Maryland Medical Center Neonatal Intensive
Care Unit (NICU) who had continuous intra-arterial blood pressure
monitoring within the first 12h of life. Subjects were excluded if they
had known congenital heart disease, genetic syndromes, multiple
anomalies, or if parents declined study participation. Patients were
removed from analysis if they had <12h of continuous monitoring or
died within the monitoring period. This study was approved by the
University of Maryland School of Medicine Institutional Review Board, and
informed parental consent was obtained per IRB guidelines. Obstetric and
neonatal demographic and clinical data were obtained from the medical
record for each patient.

Continuous data monitoring and processing

Cerebral and renal saturations were evaluated with the NIRS device (INVOS
5100C Regional Saturation Monitor, Covidien, Mansfield, MA) for 96 h or
until the intra-arterial line was removed, whichever came first. Neonatal
sensors were placed in a uniform fashion over the forehead (cerebral) and
posterior flank between T10 and L1 (renal) by a limited number of trained
providers. Any movement or replacement in the sensors was noted. The
skin under the sensors was checked twice daily to monitor for skin
irritation or breakdown. NIRS saturations (cerebral, rScO, and renal, rSrO5),
SpO, (Nellcor, Medtronic, Minneapolis, MN) and mean arterial blood
pressure (MAP) via an indwelling umbilical arterial or peripheral arterial
catheter were continuously recorded and time-synchronized every 30s
using a data aggregation device (Vital Sync, Covidien, Mansfield, MA).
Fractional tissue oxygen extraction (FTOE) (SpO,-rSO,)/SpO, was calcu-
lated for each data point for both cerebral (FTOE-C) and renal (FTOE-R)
saturations. Clinicians were blinded to NIRS data by using the monitor in a
research mode that displayed only signal strength, not numbers. The data
were retrospectively reviewed and artifacts in MAP and rScO, such as
those due to blood sampling and movement were removed manually prior
to analysis. Epochs that contained measurements with significant
hypoxemia, SpO, < 80%, were removed from analysis to avoid inclusion
of events affecting the stability of organ tissue metabolic rate similar to
previous methodology.”

Statistical analysis
Statistical analysis was performed using SAS 9.3 software (SAS Institute,
Inc,, Cary, NC).

Univariate analysis of baseline characteristics was conducted. Contin-
uous data were presented as mean (standard deviation) or median (range)
depending on the distribution. Categorical data were presented as
numbers (%).

Quantile regression modeling (a regression method that can provide a
more complete picture of the overall distribution of data)'® was used to
construct reference curves over time for rScO,, rSrO,, FTOE-C, and FTOE-R.
To allow flexibility in the estimated curves, we modeled these quantities as
functions of multiple different functions of time.'® We used this method to
estimate the 5th, 10th, 25th, 50th, 75th, 90th, and 95th percentiles of the
distributions.

The study period was divided into 60 min epochs starting from the time
of birth. Based on previously published data,'® it was decided, a priori, to
include factors that may affect regional saturations including birth weight
(BW), gestational age, small for gestational age status defined as BW <10%
ile, and vasopressor exposure in the model. To assess the relationship of
regional saturation over blood pressure ranges, MAP and rSO, values were
time synchronized and averaged in 60 min epochs. We then divided MAPs
into range bins, and for each bin, the mean rSO, and SE were estimated
from a mixed effect model to account for repeated measures. Comparisons
between both time points and MAP ranges were completed using linear
mixed-effect modeling to account for repeated measures, within-patient
clustering and controlled for potential covariables.
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Table 1. Demographic and clinical variables.
Population characteristic Study population
(n=57)
Gestational age (weeks), mean + SD 264+1.6
Gestational age 227 weeks gestation, 22 (39)
n (%)
Gestational age <27 weeks gestation, 35 (61)
n (%)
Birth weight (g), mean + SD 866 + 230
Male gender, n (%) 29 (51)
Apgar 5 min, median (range) 7 (1-10)
Chorioamnionitis, n (%) 6 (11)
Small for gestational age, n (%) 9 (16)
Type of ventilation support, n (%)
None/LFNC 0 (0)
HFNC/CPAP 6 (10)
Conventional ventilator 22 (39)
High-frequency ventilator 29 (51)
Vasopressor use, n (%) 18 (32)
Intraventricular hemorrhage (IVH), n (%) 23 (40)
Grade 3 or 4 IVH, n (%) 5 (9)
Necrotizing enterocolitis, n (%) 6 (11)
Chronic lung disease, n =54, n (%) 43 (80)
Retinopathy of prematurity, n =51, n (%) 35 (69)

Death outside the monitoring period, 6 (11)

n (%)

RESULTS

Patient population

During the study period from June 2013 through January 2016,
62 subjects were enrolled in the study. Five subjects were
removed secondary to death within 96 h of monitoring or <12 h of
continuous monitoring, leaving 57 subjects for analysis. Twenty-six
percent of subjects were enrolled by 6 h of life, and <1% of the
data were removed in processing. Study characteristics are shown
in Table 1.

Trends over time
Table 2 presents model estimates and 95% confidence intervals
for the 50th quantile for all parameters. A model-based sample
reference curve for a 26-week, 850 g AGA infant not exposed to
vasopressors is shown for rSO, and FTOE over time in Fig. 1a-d.
Cerebral saturations were noted to peak at 26 h with a statistically
significant increase of 4.7% from 12 to 26 h (p < 0.0001). For the
50th quantile, each week increase in gestation increases rScO, by
2% (p < 0.0001) and vasopressor exposure increases rScO, by 1%
(p =0.0004). In the lower quantiles, SGA status was noted to
decrease the saturation by up to 4% (p<0.001). FTOE-C
demonstrated an inverse distribution with a decrease of —0.06
from 12 to 26 h. For the 50th quantile, every week increase of GA
decreases FTOE-C by 0.02 (p < 0.0001) and vasopressor exposure
decreases FTOE-C by 0.02 (p<0.0001). SGA status increased
estimates at the higher quantiles up to 0.03 (p < 0.003).
Compared to cerebral, renal distribution had a wider 95%
confidence interval at 96 hours of life. The 50th quantile for renal
saturations was approximately 10% higher than cerebral at the
start of monitoring but was similar to cerebral measurements by
96 hours of life. In addition, we show that while the cerebral
saturation peaks at 26 h of life, renal saturation shows a steady
decline of 15% from 12 to 96 h (p <0.0001). Similarly, FTOE-R
steadily increases by 0.19 from 12 to 96 h (p < 0.0001). For the 50%
quantile, each gram of BW increases the rSrO, estimate by 0.004%
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Table 2. Model estimates for rSO, and FTOE.
rSrO, rScO, FTOE-R FTOE-C
Estimate 95% ClI Estimate 95% ClI Estimate 95% ClI Estimate 95% Cl
Intercept 69.6 58; 81*** 13.8 8; 20*** 0.23 0.1;0.36*** 0.75 0.68; 0.82**
Hour® 0.026 —0.24; 0.29 0.41 0.26; 0.56*** —0.0005 —0.003;0.002 —0.005 —0.007; —0.003**
Hour? —0.009 —0.014; —0.01 —0.01; 0.0001 0.0000; 0.0001** 0.0001 0.0001; 0.0002**
—0.003** —0.007***
Hour® 0.0001  0.0000; 0.0001  0; 0.0001*** —0.0000 —0.0000; —0.0000** —0.0000 —0.0000; —0.0000**
0.00017***
GA (weeks) 0.36 —0.12; 0.85 2.06 1.8; 2.3%** —0.004 —0.01; 0.01 —0.018 —0.021; —0.015**
BW (g) 0.004 0.0006; 0.008* 0.0004 —0.0015; 0.002 —0.0000 —0.0000; 0.0000 0.0000 —0.0000; 0.0000
SGA 4.48 2.2; 6.8%** —0.55 —1.6; 0.52 —0.05 —0.08;—0.03*** 0.0073  —0.0055; 0.02
Vasopressor -1.35 —2.5; —0.24* 0.94 0.42; 1.47%** 0.02 0.01; 0.03*** —0.024 —0.03; —0.017**
exposure

BW birth weight, C/ confidence interval, GA gestational age, SGA small for gestational age.

*p < 0.05; **p < 0.01; ***p < 0.001.
®Hour is defined as 60 min epochs from the time of birth.

(p=0.01), SGA status increases the rSrO, estimate by 4.5% (p <
0.0001), and vasopressor exposure decreases the estimate by 1.4%
(p = 0.01). The effect of GA on the estimate was significant only at
the lower quantiles with a decrease of up to 2% for every week of
gestation gained (p <0.03). For FTOE-R, only SGA status and
vasopressor exposure had a significant effect on the estimate in
the 50th quantile with SGA status decreasing the estimate by 0.05
(p <0.0001) and vasopressor exposure increasing the estimate by
0.02 (p <0.0001).

rSO,, FTOE, and blood pressure

Figure 2 depicts regional saturation and FTOE trends over blood
pressure ranges using mixed-effect modeling to account for
repeated measures. All comparisons between blood pressure bins
control for gestational age and vasopressor exposure. r5cO,
decreases by 5% (p < 0.0001) from a MAP range of <25 mmHg to a
MAP of >50 mmHg. Inversely, we note a significant increase in
FTOE-C of 0.05 (p <0.0001) from the lowest to the highest MAP
bin. For rSrO,, there is a significant increase of 4% from the
<25mmHg to the 25-29 mmHg bin (p <0.0001), a subsequent
significant decline of 13.5% from the 25-29 mmHg bin to the
45-49 mmHg, and then an increase of 3.8% as the map increases
from the 45-49 mmHg bin to the highest MAP bin (p =0.03).
Inversely, FTOE-R decreases by 0.05 from the <25 mmHg to the
25-29 mmHg bin (p < 0.0001) then subsequently increases by 0.1
from the 25-29 mmHg bin to the > 50 mmHg bin (p < 0.0001).

DISCUSSION

To our knowledge, this is the largest cohort of preterm infants
<30 weeks GA to provide reference curves of renal saturation over
time in the first 96 h of life. We demonstrated that the relationship
between cerebral and somatic saturation is different in preterm
infants than what has been reported in adults and older children.
As compared to values in an older population where somatic
values are higher than cerebral values,'' we found that in this
population, while rSrO, was initially higher than rScO,, by day of
life 4, the values were similar. In addition, the median value of
rSrO, at 24 h of life of ~80% is also lower than what has been
reported for full-term infants where the value is closer to 90%.%%*'
This may be a reflection of decreased renal perfusion, increased
metabolic demand, or a combination of both. We also note that,
unlike cerebral metrics, gestational ages does not have a
significant effect on the 50th quantile estimates of either renal
saturations or FTOE-R, which is similar to previous findings."

Pediatric Research (2022) 92:1437 - 1442

The preterm infant is undergoing a dramatic transition from
intrauterine to extrauterine life in the first 4 days of life. It cannot
be assumed that the metabolic activity in the cerebral and somatic
tissue will behave in the same manner. In fact, we noted a steady
decline in renal saturation with a concomitant increase in FTOE-R
over time. This may be explained by the diuretic phase of the
preterm infant suggesting an increase in renal metabolic activity
during this time period.?*?* In addition, the percentage of cardiac
output the fetal kidneys receive is just a fraction of the adult
amount and increases dramatically over the first week after
birth* A study in 14 preterm infants 29-33 weeks gestation
noted decreased renal saturation over time; however, the slope
was not as steep and may be explained by the more mature
population.'” Similar to what we observed, Richter et al?
demonstrated an increase in FTOE-R from day 1 to 5, which
coincides with an increased glomerular filtration rate of nearly
eightfold noted in the first week of life.?*

We noted a significant effect of growth restriction on renal
saturations with an increase of 4% in the median value of rSrO,
and a decrease of 0.05 in the FTOE-R, similar to a small cohort
previously published.?® We speculate that the impact of growth
restriction may be secondary to delayed renal maturation and
lower function leading to decreased oxygen extraction or
alternatively, could be secondary, in part, to increased renal blood
flow. The latter explanation is supported by previous work that
demonstrated that growth-restricted infants maintain similar renal
blood flow to their appropriate-sized counterparts despite their
smaller size.?® In addition, growth-restricted infants often show
accelerated erythropoiesis resulting in elevated levels of hemo-
globin which may also contribute to elevated saturations.?” We
also noted that size was a more important covariable than
gestation in predicting the renal saturation trajectories. It may be
that smaller infants have a lower nephron mass which may be
exacerbated in situations of growth restriction.?® In contrast to
other studies,'®?® we did not note a significant effect of SGA
status on cerebral saturations. We potentially attribute this
difference to different modeling methods and accounting for
BW within our model.

Although somatic data are still limited in the preterm popula-
tion, there is accumulating information on cerebral saturation
alone. In agreement with a large single-center study of nearly 1000
neonates <32 weeks that was conducted to establish normal
values in this population,’® we noted similar results with cerebral
perfusion related to gestational age and increasing with time to a
peak, then slowly declining. These normative values served as the
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Fig. 1 Reference curves for regional saturations and FTOE. Model estimated quantiles of regional saturations and FTOE for a 26-week, 850 g,
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target range for intervention in the SafeBoosC Phase Il randomized
clinical trial2® In this trial, the addition of cerebral NIRS targeted
therapy reduced the burden of cerebral hyperoxia and hypoxia.
This improved cerebral oxygenation stability showed a trend
towards reduction in secondary outcomes of severe brain injury
and mortality. We speculate that focusing on cerebral saturation
alone may have limited the ability to identify the period of
compensated shock prior to the development of cerebral hypoxia,
and incorporating renal monitoring may better identify infants at
risk for severe IVH and death.

The addition of renal monitoring to cerebral monitoring may
allow the provider to better recognize compensated shock.
Though this study was designed to detect longitudinal trends in
regional perfusion, we noted that the rSrO, showed higher
variability than rScO,. This variability is likely a result of tissue
circulation vulnerable to fluctuations of blood flow, pressure, and
oxygenation.?'? This increased variability increases the utility of
utilizing renal saturations as a trend monitor with often the renal
saturation showing a more stark change than cerebral satura-
tion.>* We also show that as blood pressure rises, renal saturation
increases to a peak in the 25-29 mmHg bin then falls to a nadir in
the 45-49 mmHg MAP bin, where the peak may indicate the
blood pressure with optimal renal function. Cerebral saturation,
however, shows a steady decline as MAP increases. We speculate
that this decrease in regional saturation in response to elevated
blood pressure may be due to vascular reactivity. Heightened
renal vascular resistance response may be secondary to higher
levels of angiotensin Il, upregulation of alpha receptors, or a
combination of factors.?* A previous study®* used the point of
maximal cerebrovascular activity to determine optimal blood
pressure in preterm infants. Similar to what we note with renal
saturations, the reactivity described by da Costa et al** is U shaped
and worsens on either side of the optimal blood pressure. Further
studies will be needed to determine if the renal saturation alone
or the cerebral to renal tissue oxygen ratio can be used in a similar
manner.

This study is not without limitations. As this was a single-center
study, there may be some limitations to generalizing this data
given that treatment strategies such as targeted oxygen satura-
tion, ventilation strategies, and blood pressure therapy may differ
between institutions. Also, as a referral center, there may have
higher rates of maternal pathologies such as pre-eclampsia that
may affect the neonate postnatally. Though we controlled for
multiple co-morbidities, there may be factors affecting renal
saturation that were not accounted for. Though the sensors were
placed by a limited number of providers in a uniform fashion to
decrease positional variability, the kidney is small, and minor
positional differences may affect the accuracy of measurement.
There was a very high level of variability noted in the renal
saturation measures which should be approached with some
caution when drawing conclusions. It has also been shown in
animal models that renal saturations may underestimate signals,
especially during times of acute hypoxia.®

In conclusion, this study provides reference values for renal
saturation in premature infants in the first 4 days of life. Similar to
cerebral saturation, renal saturation is affected by postnatal age
but is less influenced by gestational age. We also depict the
relationship between blood pressure and regional saturation with
a peak and subsequent decline as blood pressure increases. Future
studies should focus on the incorporation of two-site NIRS
monitoring to determine whether real-time indices can be
identified to augment clinical management.
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