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Introduction
Objective: The role of full enteral feeding (FEF) methods in preterm infants who are at risk for inadequate regulatory mechanisms supporting 

nutritional requirements for intestinal oxygen supplies is not well understood. In this study, we aimed to determine how the FEF method affects 
mesenteric tissue oxygenation parameters in fully enterally fed very preterm neonates. We also assessed whether the changes in mesenteric tissue 
oxygenation during and after feeding in these infants are influenced by hemodynamic and feeding-associated parameters.

Methods: We conducted a study to examine the effects of different feeding methods (gavage feeding for 30 or 60 minutes, and bottle feeding for 
30 minutes) on mesenteric tissue oxygenation (rSO2-%M) and fractional tissue oxygen extraction (FTOE-M) in 30 premature infants born at 24-32 
weeks of gestational age. We used near-infrared spectroscopy (NIRS) to measure rSO2-%M values before, during, and after the feeds, and linked 
these values to oxygen saturation (SpO2%) to calculate FTOE-M. We used the prior-to-feeding measurements as a reference point for the estimation 
of the changes in collected parameters rSO2%-M, FTOE-M, SpO2%, HR (beats/min), and RR (breaths/min) during and after feeding in each infant 
and overall, in each feeding group.

Results: During feeding, infants showed a consistent decrease in rSO2-%M and an increase in FTOE-M, which lasted for 30 minutes after a 
30-minute feeding via bottle/gavage and for 60 minutes after a 60-minute gavage feeding. The changes in rSO2%-M and FTOE-M during feeding 
were exacerbated by higher respiratory rates and the use of preterm formula, but not feeding rate, gestational age, systemic oxygenation, or heart 
rate.

Conclusion: Regardless of the method, providing full enteral feeding to very or highly preterm neonates is associated with decreased oxygen 
levels and increased oxygen consumption in the mesenteric tissue. Higher respiratory rates and the use of preterm formula worsen the effect of 
feeding on mesenteric tissue oxygen levels.
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Introduction

There is compelling evidence that full enteral feeding (FEF) 
in very/extremely preterm neonates could predispose them 
to intestinal ischemia due to inadequacies in the regulatory 
mechanisms for maintaining oxygen required for nutrient  

 

absorption [1-4]. The attainment of FEF in these infants is 
associated with an increased risk for necrotizing enterocolitis 
(NEC) [5-8], where intestinal ischemia is the primary underlying 
factor for the development of this prematurity-related devastating 
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inflammatory bowel disease [9,10-12]. For that reason, optimizing 
the FEF strategies is a priority in neonatal medicine [13]. 

Near-infrared spectroscopy (NIRS) technology has been used 
to assess the role of different methods of enteral feeding in the 
alteration of intestinal oxygenation in immature infants. Studies 
have reported inconsistent findings showing increased splanchnic 
oxygenation after a 10-minute bolus [14,15] and either decreased 
[14] or no change [15] after 3 hours of continuous feeding. Sirota 
GL et al. [16] identified lower splanchnic oxygenation in preterm 
infants after 5 hours of continuous feeding than after 20-minute 
bolus feeding [16]. A randomized study did not show any difference 
in the NIRS-detected splanchnic tissue oxygenation after a 
10-minute bolus feed as opposed to 3 hours of continuous feeding 
[17]. There is still a need for a better understanding of the role of 
different methods of FEF in the oxygenation of mesenteric tissue 
oxygenation in very preterm infants. 

In the present study, we determined if and to what extent the 
FEF method, such as bottle or gavage feeds over 30 minutes or 
gavage over 60 minutes, altered the mesenteric tissue oxygenation 
parameters in fully enterally fed very preterm neonates. 
Additionally, we assessed whether the hemodynamic and feeding-
associated parameters influence the changes in the mesenteric 
tissue oxygenation during and after feeding in the studied infants. 
Our study could contribute to the existing knowledge about feeding 
methods associated with deoxygenation of mesenteric tissue in 
immature infants at risk for NEC.

Material and Methods 

For this study, we used a convenience sample of infants born 
at 32 or fewer weeks of gestational age to assess the changes in 
mesenteric tissue oxygenation parameters during and after FEF at 
a target volume of 140 to 160 mL/kg/day via bottle or gavage over 
30 versus 60 minutes via an infusion pump. Infants with congenital 
anomalies, mechanical ventilation, diagnosis of NEC, sepsis, 
hemodynamically significant patent ductus arteriosus (PDA), or 
intraventricular hemorrhage (IVH) grade III-IV were excluded. 
Rutgers Robert Wood Johnson Medical School’s Institutional Review 
Board (IRB) approved the study, which required parental informed 
consent for participation. Participation of infants in this study did 
not influence their routine care. The feeding methods assigned by 
the practicing neonatologist included nasogastric tube feeding via 
gavage over approximately 30 minutes or with an infusion pump 
over 60 minutes, or bottle feeds with paced sucking for an average 
of 30 minutes.

We used the INVOS 5100B NIRS monitor and neonatal sensors 
(Somanetics Corporation, Michigan, USA) to record the rSO2-
%M, which reflects a combination of intravascular oxygenated/ 
deoxygenated venous, arterial, and capillary hemoglobin (Hb) in 
approximately a 75:20:5 ratio [18-20].  The sensor was applied 
to the skin surface in the midline just below the umbilicus and 
secured with bio-occlusive dressing to prevent sensor movement/
detachment and artifacts during the feeding. The INVOS system 
utilizes light-emitting diodes (wavelength 730 and 810 nm). It 

uses the modified Beer-Lambert law to measure tissue oxygen 
saturation and eliminate the contribution of superficial tissue 
by utilizing the principle of spatial resolution (depth of photon 
penetration proportional to the source-detector separation). The 
neonatal sensor, which is approved for use in patients <5 kg, has 
source-detector distances of 3 and 4 cm. The maximum reading is 
95% and the minimum is 15% [21].

We started rSO2-%M monitoring 30 minutes before the infant 
was due to be fed (T0) and continued during the feeding (T1) and 
post-feeding for at least 60 minutes (T2). The rSO2-%M values were 
recorded at 1-minute intervals. The measurements of the oxygen 
saturation (SpO2%), heart rate (HR beats/min), and respiratory 
rate (RR breaths/min)] were obtained using the GE DASH 4000 (GE 
Healthcare, Waukesha, WI, USA) and logged at 1-minute intervals 
corresponding to the timing of the NIRS measurements. The 
timetable of the NIRS and vital sign monitoring was collected for 
each study participant. The DASH 4000 monitor displays newborn 
SpO2% ranges from 50% to 100% and HR from 30 to 200 beats/
min. The rSO2-%M and SpO2% were used to calculate the fractional 
tissue oxygen extraction in the mesenteric tissue (FTOE-M) as 
follows: [SpO2% - rSO2%-M] × 100/SpO2% [22,23]. During this 
study, the target oxygen saturation (SpO2%) for preterm infants 
receiving oxygen in the unit was 88–94%.

We used the electronic health records to collect the following 
variables: gender, gestational age and weight at birth (weeks, 
grams), age and weight at the time of NIRS monitoring (day of life 
[DOL, days], postmenstrual age [PMA, weeks], weight [grams]. The 
type of procedures and diagnosis documented within 24 hours of 
the NIRS monitoring such as hematocrit [Hct %], blood transfusion, 
use of oxygen through a nasal cannula or continuous positive 
airway pressure [CPAP], caffeine, and any neonatal morbidities 
were also collected. We obtained feeding data, including the type of 
feeding (mother’s own milk [MOM] or preterm formula [PF]) and 
volume of feeding per feed from the bedside nursing flow sheet, 
and calculated the rate of feeding per minute (mL/min).

All statistical analyses were conducted using STATISTICA 
13.2 (TIBCO Software Inc., Palo Alto, CA, USA). We compared the 
demographic, clinical, and feeding characteristics in the three 
feeding groups using chi-square for categorical and the analysis 
of variance (ANOVA) followed by the Tukey honest significant 
difference test for the continuous variables. We used the prior-to-
feeding measurements as a reference point for the estimation of 
the changes in rSO2%-M, FTOE-M, SpO2%, HR (beats/min), and RR 
(breaths/min) during and after feeding in each infant and overall, 
in each feeding group. The Kruskal-Wallis ANOVA and Median Test 
for three independent groups and the Mann-Whitney U Test for 
two independent groups were used to analyze the nonparametric 
distributed continuous variables. To obtain a better understanding 
of the duration of postprandial changes in the mesenteric tissue 
oxygenation, the rSO2%-M (T2) and FTOE-M (T2) were analyzed in 
two periods for approximately 30 minutes each (T2/1 and T2/2). 
We also calculated the percent change of rSO2%-M and FTOE-M 
during and after the feeding as compared to T0. The percent change 
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represents the absolute difference of rSO2%-M (T2) and FTOE-M 
at T0 to that during (T1) and after (T2/1 and T2/2) the feeding 
divided by the T0 values multiplied by 100 [24]. We constructed 
regression models to control the changes in the mesenteric tissue 
oxygenation parameters recorded during the feeding for systemic 
oxygen saturation, respiratory and heart rates, and relevant clinical 
data. We used stepwise linear regression models to select the large 
effect size factors [25] to predict the degree of percent change of 
rSO2%-M and FTOE-M during the feeding and in the postprandial 
stage.

Statistical findings are presented as mean with +/- standard 
deviation (SD), median with inter-quartile range (IQR) if required, 
to analyze the non-parametric data and regression coefficient 
(β) with a 95% Confidence Interval (95%CI). The statistical 
significance of the comparison measurements (T0-T1, T0-T2/1, T0-
T2/2) obtained by the NIRS and GE DASH 4000 monitoring at one-
minute intervals were defined at a P value of <0.001. A p-value of 
<0.05 was considered statistically significant for the comparison of 
the clinical, and feeding parameters, and group-based comparison 
of the percent change of rSO2%-M and FTOE-M.  

Results

Thirty preterm infants born with a gestational age of 32 or 

fewer weeks were studied. The birth gestational age of the infants 
fed with 30-minute gavage was 26-32 weeks (n=10), 60-minute 
gavage was 24-27 weeks (n=10), and via bottle was 30-32 weeks 
(n=10). Infants in Group 2 were more likely to have been diagnosed 
with IVH, and PDA and had received a blood transfusion, mechanical 
ventilation/CPAP, and caffeine (Table 1). MOM was the primary 
nutrition for 70% of the infants in each feeding group. As shown in 
Table 1, the volume and rate of feed delivery (mL/min), were lower 
in the infants fed via 60-minute gavage as compared to those fed 
with 30 minutes of gavage or bottle. We recorded a decrease of the 
rSO2%-M and an increase of the FTOE-M during the feeding, which 
continued after the feeding for up to 30 minutes in infants fed via 
30 minutes of gavage or bottle and up to 60 minutes in infants fed 
via 60 minutes of gavage (Table 2). However, the feeding groups 
were comparable for the percent change of rSO2%-M and FTOE-M 
during the feeding and at two points in the postprandial stage (Table 
3). As shown in Table 2, there were changes in the simultaneously 
recorded vital signs, including an increase of HR and RR during the 
feeding in the infants fed with 30 and 60 minutes of gavage, and a 
decrease of the SpO2% in infants fed via a bottle. The postprandial 
levels of HR, RR, and SpO2% were comparable to the baseline in 
each infant feeding group.

Table 1: Feeding method-based comparison of infants’ clinical and feeding characteristics.

Characteristics 

Type of feeding method

Gavage
Bottle 30 min (n=10)

30-min (n=10) 60-min (n=10)  

GA (wks) Mean +/-SD 28.9+/-2.0* β 26.1+/-1.1 α 31.3+/-0.68

BW (g) Mean+/-SD 1336+/-212* β 915+/-237 1667+/-131

DOL (days) Mean+/-SD 20.5+/-4.6* β 17.4+/-3.3 23.0 +/-3.0

PMA (wks)*Mean+/-SD 32.7+/-1.0* β 28.5+/-0.8 35.3+/-1.4

Weight (g)*Mean +/-SD 1508+/-187* β 910+/-185 1866 +/-98

Hct (%) * Mean +/- SD 32.2+/-2.9* 35.2+/-0.2 α 30.7+/-2.5

Blood transfusion * % (n) 20.0% (2)* 80.0% (8) α 10.0% (1)

Caffeine (5-8mg/kg/d) * % (n) 70.0% (7) β 100% (10) α 10.0% (1)

Nasal cannula/CPAP * % (n) 40.0% (4)* 100.0 (10) α 10.0% (1)

PDA % (n)  10.0% (1)* 80.0% (8) α 10.0% (1)

IVH % (n) 11.1% (1) 80% (8) α 0 (0)

Mother’s own milk % (n) 70.0% (7) 70.0% (7) 70.0% (7)

Feeding (ml/kg/day) Mean +/-SD 154.0+/-7.0* 145.0+/-5.3 α 156.0+/-7.0

Each feed (ml) Mean+/-SD 29.9+/-4.2*β 16.5+/-3.8 α 36.2+/-3.1

Feeding rate (ml/min) Mean +/-SD 0.64+/-0.03* β 0.30+/-0.01 α 0.65+/-0.03

GA: birth gestational age; DOL: day of life at the time of testing; PMA: postmenstrual age at the time of testing; Hct: hematocrit; PDA: pattern ductus 
arteriosus (small or medium); IVH: intraventricular hemorrhage (grade 1/2) at time of testing. Tukey honest significant difference (P value of <0.001-
0.00001) between groups of infants on 30 and 60-minute gavage (*), between 60-minutes of gavage and bottle feedings (α), and between 30-min-

utes of gavage and bottle feeds (β).
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Table 2: Characteristic of changes in tested parameters from before to during and after feeding within each feeding group.

Type of feeding 
Tested parameters

rSO2%-M FTOE-M SpO2% HR RR

30 min gavage      

T0 (N=315) 60.8+/-3.8 0.363+/-0.042 95.4+/-2.0 138.9+/-4.7 44.5+/-5.9

T1 (N=304) 58.1+/- 4.3* 0.390+/-0.047* 95.3+/-2.1 144.2+/-7.3* 46.3+/-5.8*

T2/1 (N=370) 59.5+/-5.7 α 0.374+/-0.042 α 95.3+/1.8 141.9+/-5.4 45.5+/-5.7

T2/2 (N=379) 60.3+/-3.5 0.365+/-0.038 95.1+/-1.9 140.6+/-5.7 45.2+/-6.6

60 min gavage      

T0 (N= 313) 57.4+/-2.7 0.389+/-0.029 93.9+/-1.2 147.4+/-7.5 48.1+/-5.4

T1 (N=621) 55.2+/-2.8 * 0.414+/-0.031* 94.2+/-1.3 147.8+/-9.0 48.7+/-4.5

T2/1 (N=401) 56.9+/-2.3 α 0.398+/-0.025 α 94.5+/-1.2 147.8+/-6.7 48.3+/-4.5

T2/2 (N=401) 56.9+/-2.4 β 0.395+/-0.027 β 94.0+/-1.3 146.9+/-6.9 48.3+/-4.1

30 min bottle      

T0 (N=311) 62.5+/-3.8 0.354+/-0.038 96.6+/-1.7 134.9+/-4.9 39.9+/-4.9

T1 (N=310) 60.1+/-4.0 * 0.359+/-0.043 93.7+/-2.2* 143.6+/-6.9* 43.4+/-6.8*

T2/1 (N=368) 60.7+/-4.1 α 0.369+/-0.044 α 96.1+/-1.8 137.2+/-5.2 40.1+/-4.9

T2/2 (N=364) 61.9 +/-4.4 0.357+/-0.047 96.1+/-1.6 134.3+/-4.1 39.6+/4.7

N-represents the group-based number of records in one-minute intervals; rSO2%-M: mesenteric tissue oxygenation; FTOE-M: fractional oxygen 
extraction in mesenteric tissue; Tukey honest significant difference (P value of <0.001-0.00001) between T0 –T1 (*), T0-T2/1 (α), T0-T2/2 (β).

Table 3: Feeding method-based comparison of percent change of rSO2%-M and FTOE-M during and after feeding *

Percent Change 

Type of feeding method

P valueGavage
Bottle 30 min (n=10)

30 min (n=10) 60 min (n=10)

rSO2%-M        

T0-T1 -4.8% (-6.9, -1.4) -3.7% (-6.6, -2.2) -3.7% (-6.6, -0.64) 0.75

T0-T2/1 -1.2% (-2.3%, 0.34) -0.17% (-3.3, 0.54) -0.77% (-1.9, 0.34) 0.62

T0-T2/2 0.26% ( -1.6, 1.3%) -0.09% (-3.1, 1.3) -0.63% (-6.4, 0.68) 0.48

FOE-M     

T0-T1 7.5% (0.30, 11.8) 6.8% (5.4, 9.0) 1.9% (-5.7, 8.3) 0.67

T0-T2/1 0.73% (-0.79, 3.9) 2.2% (-0.25, 4.4) -0.40% (-3.1, 8.9) 0.7

T0-T2/2 -0.83% (-4.8, 7.6) 0.83% (-0.99, 3.1) 0.31% (-2.4, 8.9) 0.87

*Kruskal-Wallis ANOVA &Median Test, presented as Median and IQR

We constructed stepwise linear regression models (Table 4) 
where the percent change of rSO2%-M and FTOE-M were dependent 
variables. Predictive variables in Model 1 included the HR, RR, and 
SpO2% recorded before the feeding, Model 2 included the HR, RR, 
and SpO2% recorded during the feeding, and Model 3 included the 
GA (weeks), feeding rate (mL/min), type of feeding (MOM vs. PF), 
and the method of feeding (gavage vs. bottle). As shown in Table 
4, Model 1 indicates the effect of the higher RR recorded at the T0 
point on the prediction of a greater percent reduction of rSO2%-M. 
Furthermore, Models 1 and 2 revealed the association of higher RR 

at T0 and T1 points with a greater risk for the percent increase of 
FTOE-M.  Except for the type of feeding (PF vs. MOM), none of the 
factors included in Model 3, were predictive of the magnitude of 
change in the mesenteric tissue oxygenation parameters (Table 4). 
Feeding with PF predicted a higher level of rSO2%-M reduction and 
an increase of FTOE-M as compared to feeding with MOM. Figure 1 
presents a subgroup analysis showing a significantly higher median 
percent reduction of rSO2%-M and a higher percent increase of the 
FTOE-M in the infants fed with PF compared to those receiving 
MOM.  
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Table 4: Factors predicting the percent change of rSO2%-M and FTOE-M during feeding.  

Models
Beta (β) with 95%Confidence Interval (95%CI)

rSO2%-M FTOE-M

Model 1 (baseline)   

HR 0.417 (-0.082, 0.916) -0.383 (-0.852, 0.086)

RR -0.701 (-0.189, -0.211) ** 0.827 (0.367, 1.287) **

SpO2% -0.316 (-0.756, 0.123) 0.114 (-0.299, 0.528)

Model 2 (during feeding)   

HR -0.039 (-0.516, 0.438) -0.207 (-0.627, 0.214)

RR -0.174 (-0.649, 0.301) 0.605 (0.186, 1.024) **

SpO2% -0.153 (-0.546, 0.241) 0.098 (-0.249, 0.445)

Model 3   

GA (weeks) -0.041 (-0.888, 0.970) -0.085 (-1.99, 0.833)

Feeding rate (mL/min) -0.325 (-1.182, 0.531) 0.212 (-0.635, 1.059)

PF (0) vs. MOM (1) * -0.440 (-0.819, -0.061) ** 0.449 (0.074, 0.824) **

Bottle (0) vs. gavage (1) 0.191 (-0.283, 0.666) -0.289 (-0.0758, 0.180)

* PF: preterm formula; MOM; maternal own milk; **P<0.03-0.01

Figure 1: Mother’s own milk (MOM) versus preterm formula (PF) in percent change of rSO2%-M and FTOE-M level during feeding.
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Discussion 

The main findings from our study were recording a similar 
level of rSO2%-M reduction and FTOE-M increase during feeding 
that sustained for 30 minutes after a bottle or 30-minute gavage 
feeding but extended up to the end of the observation in the infants 
fed via 60-minute gavage. Constructed regression models revealed 
the association of increased RR and use of preterm formula with 
worsening changes of rSO2%-M and FTOE-M during the feeding, 
irrespective of the method and rate of feeding, gestational age, 
heart rate, and oxygen saturation.  

Our study results correspond with the existing evidence that 
in neonates, oxygen demand during and after feeding is reliant 
on increased oxygen extraction [1,26]. Extreme prematurity-
associated risk for the maximization of the baseline level of oxygen 
extraction [1,27] could predispose to the prolongation of the 
postprandial alteration of mesenteric tissue oxygenation in studied 
infants fed via gavage for 60 minutes. Moreover, the lack of HR 
acceleration during and after feeding in these infants reflects the 
insufficiency of the sympathetic system to mediate the increase 
of cardiac output to support the adequacy of the during-nutrition 
mesenteric tissue oxygenation [28,29]. Like the study by Poets et al. 
[30], we too recorded systemic desaturation during bottle feeding, 
which did not affect the degree of the mesenteric tissue oxygenation 
and extraction and did not extend to the postprandial stage. The 
study by Massa-Buck et al. [31] supports our findings, presenting 

a negative correlation of RR with oxygenation in the cerebral and 
somatic tissue in neonates born at 22 to 42 weeks of gestation. Some 
reports discuss the role of MOM, showing no impact of a 20-minute 
bolus feed with MOM but a persistent reduction of mesenteric tissue 
oxygenation in very preterm infants fed with the preterm formula 
[32]. Besides, exclusive feeding with human milk decreases the odds 
of developing NEC by 77% [5]. We could not assess the role of MOM 
in the risk reduction for NEC, but our data support the advantage of 
MOM over the preterm formula regarding the possible prevention 
of hypoxic injury to the mesenteric tissue. However, it is unclear 
why human milk is linked to a lower incidence of NEC or why some 
infants fed exclusively human milk develop NEC [2]. A recent study 
by Özkan H et al [33] did not find any worsening of oxygenation 
in the mesenteric tissue after the first bolus feeding but reported 
reduced oxygenation prior to feeding in very preterm infants who 
developed NEC at age 12.3±5.3 days as compared to infants who did 
not. Other investigators reported that decreased mesenteric tissue 
oxygenation and increased oxygen extraction within twenty-four 
hours after the onset of NEC symptoms predicted the progression 
of NEC to bowel perforation or death [34]. 

To date, no study has identified and validated the level of 
deoxygenation in the mesenteric tissue before the onset of NEC 
[35]. We could not assess the clinical value of the alteration in the 
mesenteric tissue oxygenation recorded during and after feeding 
because none of the enrolled infants developed NEC. Moreover, NIRS 
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monitoring conducted for one feeding period/epoch is insufficient 
to make any clinical recommendations. However, identifying the 
factors that increase the risk for deoxygenation in mesenteric 
tissue could be crucial for further understanding the pathogenesis 
of NEC and developing an appropriate intervention to reduce the 
occurrence and severity of NEC.

We want to acknowledge several limitations of our study, 
including the use of a non-random sample, which increases the 
risk of selection bias, and the small number of participants even 
though the pre-post design permits the use of fewer participants 
as compared to a group-based comparison [36]. Furthermore, the 
observational design did not allow for the identification of the 
causal inference of the feeding methods on the tested parameters. 

Conclusion

This study identified quantitatively similar reduction of 
oxygenation and increased oxygen extraction in the mesenteric 
tissue during feeding via bottle or gavage for 30 minutes or gavage 
over 60 minutes in the studied very/highly preterm neonates. 
Higher respiratory rates and the use of preterm formula are factors 
that worsen the magnitude of alterations in mesenteric tissue 
oxygenation during the feeding, regardless of the feeding method, 
gestational age, heart rate, and systemic oxygen saturation. We 
speculate that selective and continuous NIRS monitoring could be 
beneficial for the early recognition of abnormal intestinal perfusion 
in extremely preterm-born infants, especially those who are 
exclusively formula-fed.  
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