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Abstract

Background:  Premature neonates are exposed to numerous 
SDLQIXO� SURFHGXUHV�� 3K\VLRORJLF� ÀXFWXDWLRQV� LQ� KHDUW� UDWH� �+5���
UHVSLUDWRU\�UDWH��DQG�R[\JHQ�VDWXUDWLRQ�DUH�W\SLFDOO\�XVHG�WR�GH-
termine the response to pain. Neurally assisted ventilatory assist 
�1$9$��GHOLYHUV�LQVSLUDWRU\�SUHVVXUH�LQ�SURSRUWLRQ�WR�WKH�HOHFWULFDO�
DFWLYLW\�RI�WKH�GLDSKUDJP��(GL����6LQFH�1$9$�DOORZV�VHOI�UHJXODWLRQ�
RI� SHDN� LQVSLUDWRU\� SUHVVXUHV� �3,3��� WKHUH� LV� DSSUHKHQVLRQ� WKDW�
painful stimulus may increase respiratory drive and result in ex-
FHVVLYH�3,3��7KLV� VWXG\�HYDOXDWHG�FKDQJHV� LQ� UHVSLUDWRU\�GULYH��
PHDVXUHG�E\�(GL��LQ�UHVSRQVH�WR�D�SDLQIXO�SURFHGXUH��KHHO�VWLFN��
WR�GHWHUPLQH�LI�WKHUH�ZDV�H[FHVVLYH�3,3�GHOLYHUHG�IURP�WKH�YHQ-
tilator. 
0HWKRGV��3URVSHFWLYH�� VLQJOH�FHQWHU� VWXG\�� VXEMHFWV� ����ZHHNV�
RQ�1$9$�1,9�1$9$�UHTXLULQJ�URXWLQH�EORRG�ZRUN�YLD�KHHO�VWLFNV��
9LWDO�VLJQV�ZHUH�PHDVXUHG�HYHU\����VHFRQGV�IRU�WKH�¿UVW���PLQ-
XWHV��3,3��(GL�SHDN��DQG�PLQ�ZHUH�FROOHFWHG�IRU�WKH�¿UVW�WHQ�EUHDWKV�
DQG�WKHQ�DYHUDJHG�DW���DQG���PLQXWHV��6WDWLVWLFV�ZHUH�UHSHDWHG�
PHDVXUHV�$129$��
5HVXOWV�� )RXUWHHQ� VXEMHFWV� ZLWK� JHVWDWLRQDO� DJH� ������� ZHHNV�
DQG�ELUWK�ZHLJKW���������JUDPV��$W�VWXG\��WKH�DYHUDJH�DJH�ZDV�
������GD\V��DQG�ZHLJKW�ZDV���������JUDPV��)ROORZLQJ�WKH�KHHO�
VWLFN��WKH�¿UVW�EUHDWK�VKRZHG�DQ�LQFUHDVH�LQ�3,3�DQG�(GL�SHDN�EXW�
UHWXUQHG�WR�EDVHOLQH�E\�WKH�VHFRQG�EUHDWK��3,3�LQFUHDVHG�DJDLQ�
E\�WKH��WK�EUHDWK�DQG�DW���DQG���PLQXWHV��+5�LQFUHDVHG�DIWHU�KHHO�
stick and remained elevated through the remainder of the study. 
7KHUH�ZHUH�QR�FKDQJHV�LQ�WRQLF�(GL��(GL�PLQ�RU�RWKHU�YLWDO�VLJQV��
&RQFOXVLRQ�� $OWKRXJK� WKH� LQFUHDVH� LQ� 3,3� DQG� (GL� SHDN� LQ� UH-
VSRQVH�WR�KHHO�VWLFN�SDLQ�ZDV�EULHI�DQG�OLPLWHG��LW�LV�LPSRUWDQW�DO-
ZD\V�WR�VHW� WKH�3,3�DODUP�OLPLW�DSSURSULDWHO\� WR�SURWHFW� WKH� OXQJ�
from excessive pressures that may be generated during painful 
procedures.
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Introduction:

Premature neonates experience recurrent painful procedures 
during their treatment course in the Neonatal Intensive Care Unit. 
Repeated invasive procedures occur routinely in these neonates, 
causing pain at a time when it is developmentally unexpected. 
(1)  They can experience an average of 141 procedures during 
hospitalization with an average of 16 procedures per day, pre-
dominantly heel sticks. (2)  Heel sticks have been shown to be 
more painful compared to traditional venous blood sampling (3) 
The neonatal physiologic response to pain consists of changes 
in endocrine (cortisol and catecholamine release), autonomic (in-
creases in heart rate (HR), respiratory rate (RR), blood pressure, 

oxygen saturation (Sat)), and/or behavioral responses (facial ac-
tion, body movement, and cry). (1,4,5) Neonates are hypersensi-
tive to pain and touch, and their behavioral response is altered 
compared to older infants. (6,7) Although both facial responses 
and body movement increase with gestational age, neonates at 
younger gestational ages display more body movement and less 
facial responses. (4,8) Endocrine responses to pain, especially 
catecholamine release, contribute to the autonomic pain response 
observed in neonates. This is evident through increases in HR 
and blood pressure Sat and RR. (5,9-13) 

'HVSLWH�DOWHUDWLRQV�LQ�55�DQG�6DW��LW�LV�XQNQRZQ�ZKDW�HႇHFW�SDLQ-
ful stimuli have on the respiratory drive. It is possible to measure 
the respiratory drive through the electrical activity of the dia-
phragm (Edi).  Neurally adjusted ventilatory assist (NAVA) uses 
the respiratory drive (Edi peak) and tonic activity of the diaphragm 
(Edi min) to provide synchronized proportional assist ventilation. 
(14) A specialized nasogastric catheter is positioned at the level 
of the diaphragm, and embedded electrodes continuously detect 
the Edi. The instantaneous tonic Edi (Edi peak – min) is multi-
plied by a proportionality constant, the NAVA level, to calculate the 
delivered peak inspiratory pressure (PIP) every 16 milliseconds. 
Patients can, therefore, determine the amount of PIP delivered 
by the ventilator, breath to breath, by varying the size of the Edi 
signal. (15) Various authors have expressed apprehensions about 
premature neonates’ ability to safely and appropriately direct their 
own ventilation.(16-18) It is, therefore, possible that an increase in 
the respiratory drive from a non-respiratory cause (such as pain) 
may result in excessively high Edi signals and subsequent inap-
propriate PIP delivery while on NAVA.  

The purpose of this study was to correlate the change in respi-
ratory drive, as measured by Edi peak, in response to a painful 
procedure, such as a heel stick, in preterm neonates. 

Methods: 

This was a prospective, single-center observational study. The 
study size was a convenience sample enrolling subjects <32 
weeks on NIV NAVA (Servo-I ventilator, Getinge, Germany) who 
required routine blood work via heel sticks. IRB approval and in-
formed consent were obtained. Exclusion criteria for this study 
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included the use of analgesia, sedation, or the presence of brain 
injury (HIE, IVH grade 3 & 4). 

Baseline measurements were taken 5 minutes before the heel 
stick prior to the subject being disturbed. HR, Sat, and RR were 
PHDVXUHG�HYHU\����VHFRQGV�IRU�WKH�¿UVW���PLQXWHV�DIWHU�WKH�KHHO�
stick. PIP, Edi peak, and min were recorded and downloaded from 
the ventilator 5 minutes before the heel stick as a baseline, at the 
WLPH�RI�WKH�KHHO�VWLFN��IRU�WKH�¿UVW�WHQ�EUHDWKV�DIWHU�WKH�KHHO�VWLFN��
and then averaged over a minute at 1 minute and at 2 minutes. 
Tonic Edi was calculated (Edi peak minus Edi min) as this is how 
the ventilator calculates the amount of PIP to deliver. 

Statistics: 

The dependent variables were HR, Sat, RR, PIP, Edi peak and 
min, and Tonic Edi. The independent variable was the heel stick 
event. The examination of data included the calculation of sum-
mary statistics for continuous data for each group. Based on the 
clinical rationale, each observation was viewed as independent; 
therefore, the statistical analysis was conducted on the full set of 
observations. The repeated measure ANOVA was conducted to 
DVVHVV�LI�WKHUH�LV�DQ\�GLႇHUHQFH�DFURVV�WLPH�SRLQWV�IRU�HDFK�RI�WKH�
groups and, if found, a post hoc analysis, using Bonferroni correc-
WLRQ��ZDV�FDUULHG�RXW�WR�FKHFN�ZKLFK�WLPH�SRLQW�ZDV�VLJQL¿FDQWO\�
GLႇHUHQW� WR� WKH� EDVHOLQH��'DWD�ZHUH� ORJ�WUDQVIRUPHG� WR� DFKLHYH�
better normality and constant variance. Statistical analyses were 
completed using “lmertest” package of R-version R-3.4.4 (GNU 
General Public License, Free Software Foundation, Inc.).  All test-
ing was two-tailed and evaluated at the Type I Error Rate of al-

SKD �����OHYHO�RI�VWDWLVWLFDO�VLJQL¿FDQFH��

Results:

Fourteen study subjects (10 females) were enrolled. The ges-
tational age was 26.9+2 weeks (range 24-31 weeks), and birth 
weight was 994+318 grams (range 500-1340 grams). At the time 
of the study, the age was 4.6+5 days (range 0-17 days), and 
weight was 948+305 grams (range 450-1690 grams). All subjects 
received prenatal steroids, and 93% received surfactant. Median 
Apgar scores were 4 and 7 at 1 and 5 minutes, respectively. Me-
dian ventilator settings at the time of the studies were: NAVA level 
of 1 (range 0-2) cmHO/mcV, peak pressure limit 35 (range 30-
35) cmHO, apnea time 2 seconds, peep 8 (range 6-10) cmHO, 
backup pressure control 20 (range 18-23) cmHO, RR 40 (range 
30-50) breaths per minute. All subjects were in various stages of 
UHVROYLQJ�5'6��WUHDWHG�ZLWK�FDႇHLQH��DQG�XVHG�WKH�5$0�FDQQXOD�
as the interface system (Neotech, California). 

Table 1 shows the repeated measure ANOVA which demonstrated 
VLJQL¿FDQW�GLႇHUHQFH�RYHU�WLPH�IRU�(GL�SHDN�DQG�3,3��S���������EXW�
no changes for tonic Edi or Edi min. Tables 2 and 3 show the post 
hoc analysis, using Bonferroni correction, to determine which time 
SRLQWV�ZHUH�GLႇHUHQW�IURP�EDVHOLQH�IRU�(GL�SHDN�DQG�3,3��%RWK�(GL�
SHDN�DQG�3,3�VKRZHG�VLJQL¿FDQW�LQFUHDVHV�ZLWK�WKH�¿UVW�EUHDWK�DI-
ter the heel stick, but only PIP continued to show these increases 
at the 10th breath and at 1 and 2 minutes after the heel stick.

Figure 1 demonstrates the breath-to-breath responses to the heel 
stick for PIP, tonic Edi, and Edi peak and min. The data was not 
normally distributed, so it is shown as mean, median, interquar- 

 

Figure 1:  Respiratory response to pain (heel stick). The first 10 breaths after the heel stick are designated as ti+1 to ti+10, t+1 and 
t+5 min refers to 1 and 5 minutes after the heel stick. The red solid circles are the mean values. The boxplots show the median and 
first and third quartiles. The whiskers are the minimum and maximum values. The first breath following the heel increased for PIP 
and Edi peak followed by a return to baseline. PIP increased again at breath 10 and at 1 and 2 minutes. There were no changes in 
tonic Edi and Edi min throughout the study. * = p <0.05 compared to baseline. 
  



 Sum of 
Squares 

Mean 
Sum of 
Sq. 

Numerator 
DF 

Denominator 
DF 

F Value P-value 

PIP 1.4906 0.12421 12 156 2.9596 0.000969 
Edi Peak 7.3157 0.60964 12 156 1.9744 0.0299 
Edi Min 6.3877 0.53231 12 156 0.8154 0.6343 
Tonic Edi 6.6484 0.55403 12 156 1.0767 0.3833 

 
Table 1: Repeated Measure ANOVA results. Type III Analysis of Variance Table with Satterthwaite’s method. Only 
PIP and Edi peak showed significant differences over the study period (p < 0.05). 
 

Edi Peak Estimate Standard 
Error 

Z Value P-value CI 
Estimate 

Lower Upper 

Baseline-ti+1  -0.8295 0.21 -3.95 0.00094 0.436 0.244 0.78 
Baseline-ti+2  -0.1977 0.21 -0.941 1.00 0.821 0.459 1.467 
Baseline-ti+3  -0.1702 0.21 -0.811 1.00 0.843 0.472 1.508 
Baseline-ti+4  -0.4504 0.21 -2.144 0.3841 0.637 0.356 1.14 
Baseline-ti+5  -0.2784 0.21 -1.326 1.00 0.757 0.423 1.354 
Baseline-ti+6  -0.2552 0.21 -1.215 1.00 0.775 0.433 1.385 
Baseline-ti+7  -0.4624 0.21 -2.202 0.3323 0.63 0.352 1.126 
Baseline-ti+8  -0.5167 0.21 -2.460 0.1666 0.596 0.334 1.067 
Baseline-ti+9  -0.5082 0.21 -2.420 0.1864 0.602 0.336 1.076 
Baseline-ti+10  -0.29 0.21 -1.381 1.00 0.748 0.418 1.338 
Baseline-t+1 min -0.5093 0.21 -2.425 0.1838 0.601 0.336 1.075 
Baseline-t+2 min -0.4185 0.21 -1.993 0.5558 0.658 0.368 1.177 

 
Table 2: Post hoc analysis for Edi peak using Bonferroni correction. Significant increases are bolded 
 
 
PIP Estimate Standard 

Error 
Z Value P-value CI 

Estimate 
Lower Upper 

Baseline-ti+1  -0.42975 0.07743 -5.55 3.43e-07 0.651 0.525 0.806 
Baseline-ti+2  -0.19987 0.07743 -2.581 0.11816 0.819 0.661 1.015 
Baseline-ti+3  -0.20430 0.07743 -2.638 0.09994 0.815 0.658 1.01 
Baseline-ti+4  -0.14637 0.07743 -1.89 0.70458 0.864 0.697 1.07 
Baseline-ti+5  -0.16142 0.07743 -2.085 0.44522 0.851 0.687 1.054 
Baseline-ti+6  -0.15687 0.07743 -2.026 0.51339 0.855 0.69 1.059 
Baseline-ti+7  -0.2135 0.07743 -2.757 0.06995 0.808 0.652 1.001 
Baseline-ti+8  -0.19953 0.07743 -2.577 0.11966 0.819 0.661 1.015 
Baseline-ti+9  -0.16765 0.07743 -2.165 0.36452 0.846 0.683 1.048 
Baseline-ti+10  -0.22639 0.07743 -2.924 0.04151 0.797 0.644 0.988 
Baseline-t+1 min -0.26334 0.07743 -3.401 0.00806 0.768 0.62 0.952 
Baseline-t+2 min -0.23884 0.07743 -3.085 0.02446 0.788 0.636 0.976 

 

Table 3: Post hoc analysis for PIP using Bonferroni correction. Significant increases are bolded 
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tile ranges, maximum and minimum. Following the heel stick, the 
¿UVW�EUHDWK�VKRZHG�DQ�LPPHGLDWH�LQFUHDVH�LQ�ERWK�(GL�SHDN�DQG�
PIP, but both decreased by the second breath. Only PIP increased 
again by the tenth breath and at 1 and 2 minutes after the painful 
VWLPXOXV��7KHUH�ZHUH�QR�VLJQL¿FDQW�FKDQJHV�LQ�WRQLF�(GL�RU�(GL�PLQ�
throughout the study. 

Vital sign response to the heel stick is shown in Figure 2. Fol-
lowing the heel stick, HR immediately increased and remained 
elevated for the remainder of the study. There were no changes in 
either RR or Sat in response to the heel stick. 

Although there were some increases in PIP and Edi peak, the ma-
jority of the values were within the acceptable clinical range. How-
ever, there were some extreme values, as noted by the maximum 
values. Because of the potential harm from excessive PIP, the 
percent increase of the maximal value from the mean baseline of 
each variable was calculated. Figure 3 demonstrates the percent 
increase above baseline for these extreme values. Although tonic 
Edi, Edi peak and min had percent increases up to 900% over 
baseline, the peak pressure limit (set at 35 cmHO to limit the PIP 
to 30 cmHO) restricted PIP increases to just over 100% increase 
from mean baseline PIP (13.5 cmH2O). 

Discussion:

7KLV�LV�WKH�¿UVW�VWXG\�WR�H[DPLQH�FKDQJHV�LQ�UHVSLUDWRU\�GULYH��DV�
measured by Edi, and PIP in response to a painful stimulus (heel 
stick) in premature neonates. There was an increase in the Edi 
SHDN�DQG�3,3�ZLWK�WKH�¿UVW�EUHDWK�DIWHU� WKH�SDLQIXO�VWLPXOXV�DQG�
then a return to baseline until PIP increased again at 1 and 2 
minutes after the heel stick. The neonates also responded to the 
painful stimulus with an increased HR consistent with previous 

reports of physiological responses to pain. (10,11,13,19,20) There 
was, however, no increase in the respiratory rate for the two min-
utes following the stimulus contrary to previously described pain 
responses in neonates. (11) 

:H�FKRVH�WR�ORRN�DW�WKH�¿UVW�WHQ�EUHDWKV�EHFDXVH�SUHYLRXV�EHG-
side observations suggested that Edi responded rapidly within 
1-2 breaths to various stimuli. We chose to record the variables 
out to 2 minutes because the painful part of the procedure was 
complete, and the neonate most likely had returned to baseline. 
However, both heart rate and PIP continued to be increased at the 
end of the study.  

The increase in HR suggests that neonates responded to the heel 
stick with catecholamine release and resultant tachycardia. Neo-
nates on ventilators, or with increased illness severity scores or 
prior painful procedures, were perceived to have lower pain inten-
sity scores and may explain why there was no increase in RR or 
Sat.(21,22) In addition, premature infants exhibit less behavioral 
responses to pain with younger postmenstrual age at birth, lower 
birthweight, mechanical ventilation, and longer length of stay in 
the NICU. The behavioral indicators that typically increased dur-

  
 

 

Figure 2: Response of RR (breaths/min), HR (bpm), and Sat (%) to the heel stick stimuli. Following the heel stick, HR increased 
within 10 seconds from baseline and remained elevated for the remainder of the two minutes (* = p<0.05). There were no significant 
changes seen in either RR or Sat in response to the heel stick. Data were normally distributed and shown as mean + SD. 
 

 

³7KLV�LV�WKH�¿UVW�VWXG\�WR�H[DPLQH�FKDQJHV�
in respiratory drive, as measured by Edi, 
and PIP in response to a painful stimulus 
(heel stick) in premature neonates.”
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ing heel stick procedure, including crying, arousal state, and facial 
grimace and were not measured in this study. (23)  

NAVA allows self-regulation of PIP raising the concern that painful 
stimuli may increase respiratory drive and result in excessive PIP 
being delivered to the neonate. This study showed that there was 
an increase in Edi peak and the resultant increase in PIP, but this 
lasted for one breath only and then decreased back to baseline. 
The sustained increase in HR and the increased PIP at 1 and 
��PLQXWHV�DIWHU�WKH�KHHO�VWLFN�PRVW�OLNHO\�UHÀHFWV�RQJRLQJ�VWLPXOL�
from the bedside provider completing the blood collection from 
the heel stick. 

Although PIP did have increases over the study period, the mean, 
median, and upper quartile values were all within clinically accept-
able ranges, especially for non-invasive ventilation. The ventilator 
determines the amount of PIP to deliver based on the instanta-
neous tonic Edi (Edi peak – min). Therefore, large increases in 
Edi peak and min can result in normal tonic Edi but can also result 
in excessively high values. Edi peak increase was above the nor-
mal Edi peak ranges of 5-15 mcV noted for premature neonates 
but well within previously observed normal ranges, (24) Edi min 
ZHUH�YDULDEOH�DQG��DW�WLPHV��ZHUH�VLJQL¿FDQWO\�HOHYDWHG��7R�SURWHFW�
the neonate from excessively high PIP, the ventilator has a peak 
pressure limit that controls the maximum amount of PIP delivered. 
The peak pressure limit, found in the alarm screen of the Servo I 
ventilator, is the essential setting to protect the lung from potential 
EDUR�RU�YROX�WUDXPD�EXW�VWLOO�DOORZ�UHFUXLWPHQW�RI�OXQJ�IRU�HႇHFWLYH�
ventilation when needed. (15). If this pressure limit is set appro-
priately during physiologic ventilation, any excessive increase in 
Edi secondary to the response to pain will result in the pressure 
SRSSLQJ�Rႇ���FP+O below the set pressure limit and should pro-
tect the lung from excessive pressures. This was shown in Figure 
3, where there were 3-10 fold increase in maximum tonic Edi but 

only a two fold increase in maximum PIP. Setting the peak limit at 
35 cmHO limited the maximum PIP to 30 cmHO. 

This study was limited by the inability to control for variations in 
bedside comforting techniques while administering heel sticks, 
although the NICU nurses were all taught similar calming tech-
niques. In addition, pain from the heel stick itself could not be 
GLႇHUHQWLDWHG�IURP�WKH�UHVSRQVH�IURP�EHLQJ�VWLPXODWHG�DQG�RU�WKH�
heel being squeezed during the subsequent blood draw. However, 
of practical relevance, none of the above issues resulted in sus-
tained increases PIP, most likely due to the appropriate setting of 
the peak pressure limit. Future studies would include evaluating 
WKH�HႇHFWLYHQHVV�RI�YDULRXV�SDLQ�PLWLJDWLRQ�WHFKQLTXHV�RQ�WKH�(GL�
response.  

Conclusion:

NAVA ventilation is gaining wider acceptance as a mode of venti-
lation in neonates, but apprehension exists concerning the prema-
ture neonates’ ability to safely and appropriately direct their own 
YHQWLODWLRQ���������7KLV�VWXG\�DGGV�WR� WKH�VDIHW\�SUR¿OH�RI�1$9$�

 

Figure 3: Percent maximum increase from mean baseline for PIP, tonic Edi, Edi peak and min. Despite large increases in tonic Edi, 
the peak pressure limit prevented excessive PIP increases. 
 

 

 

³7KLV�VWXG\�DGGV�WR�WKH�VDIHW\�SUR¿OH�
of NAVA by suggesting that although 
premature neonates respond to pain 
with increases in their respiratory drive, 
these increases do not trigger sustained, 
excessive PIPs. ”
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by suggesting that although premature neonates respond to pain 
with increases in their respiratory drive, these increases do not 
trigger sustained, excessive PIPs. Bedside clinical management 
of neonates on NIV NAVA must always include appropriate safety 
settings by setting the pressure limit high enough during physi-
ologic ventilation to allow adequate lung recruitment while protect-
ing the lungs from excessive PIP.
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