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Abstract
The coronavirus disease 2019 (COVID-19) pandemic has had a major impact on 
pediatric surgery. The infection is often asymptomatic and atypical in children, 
while overlapping presentations with other infectious diseases generate 
additional diagnostic challenges. The high probability of missed pediatric cases 
and the invasive nature of surgery generate great concern for widespread 
transmission in this setting. Current guidelines suggest that triage of cases should 
be made on a case-by-case basis by a multidisciplinary team of experts. Decision-
making can be assisted by classifying cases as elective, urgent, or an emergency 
according to the risks of delaying their surgical management. A workflow 
diagram should ideally guide the management of all cases from admission to 
discharge. When surgery is necessary, all staff should use appropriate personal 
protective equipment, and high-risk practices, such as aerosol-generating tools or 
procedures, should be avoided if possible. Furthermore, carefully designed 
organizational protocols should be established to minimize transmission while 
ensuring the uninterrupted operation of pediatric surgery units. For example, 
surgical teams can be divided into small weekly rotating groups, and healthcare 
workers should be continuously monitored for COVID-19 symptoms. 
Additionally, team protocols in the operating room can optimize communication 
and improve adherence to personal protective equipment use. Isolated operating 
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rooms, pediatric intensive care units, and surgical wards should be specifically 
designed for suspected or confirmed COVID-19 cases. Finally, transportation of 
patients should be minimal and follow designated short routes. All these 
measures can help mitigate the effects of the COVID-19 pandemic on pediatric 
surgery units.

Key Words: Pediatric surgery; COVID-19; SARS-CoV-2; Coronavirus; Emergency 
surgery; Personal protective equipment
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Core Tip: The coronavirus disease 2019 (COVID-19) pandemic has had a major impact on 
pediatric surgery. The diagnostic challenges in the pediatric population and the invasive 
nature of surgery generate concern for widespread transmission. Each case should be 
assessed individually, categorized by urgency and managed according to a predesigned 
workflow diagram. All staff should use appropriate personal protective equipment and 
high-risk practices should be avoided. Protocols for organization of the surgical team and 
hospital infrastructure should be established to maximize safety and efficiency, while 
minimizing transmission. All these measures can help mitigate the effects of the COVID-
19 pandemic on pediatric surgery units.
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CORONAVIRUS DISEASE 2019: A WORLDWIDE PANDEMIC
Several pneumonia cases of unknown etiology were reported on December 31, 2019 in 
the city of Wuhan, China. A novel coronavirus was soon identified to be the causative 
agent[1,2]. The virus was provisionally named 2019-nCoV and was later renamed as 
severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) by the International 
Committee on Taxonomy of Viruses[3]. On January 30, 2020, the World Health 
Organization declared the outbreak a “Public Health Emergency of International 
Concern” following rapid transmission in multiple countries and named the disease 
“coronavirus disease 2019” (COVID-19) 12 d later[4,5]. By March 11, 2020, COVID-19 
was officially declared a pandemic[5]. This outbreak has affected multiple aspects of 
healthcare and patient populations, including children requiring a surgical procedure.

DIFFERENCES IN COVID-19 BETWEEN CHILDREN AND ADULTS
Although some patients are asymptomatic[6], the presentation of COVID-19 typically 
includes fever, cough, myalgia and fatigue, while some patients may also experience 
dyspnea, productive cough, gastrointestinal symptoms, and thrombotic 
complications[7-10]. The disease is mild in most cases (> 80%), but severe disease 
develops in a considerable number of patients (approximately 14%), while nearly one-
third of patients with severe disease are in a critical condition. The overall case-fatality 
rate was initially estimated to be 2.3% by the Chinese Center for Disease Control and 
Prevention, although a precise determination of the case fatality rate still cannot be 
made[6,11-13]; However, this rate is estimated to be approximately 50% in patients 
diagnosed with severe COVID-19[6]. Increasing age and underlying comorbidities are 
thought to be associated with inferior outcomes, including severe disease, admission 
to the intensive care unit (ICU), and death[7,14]. Transmission of the virus mainly occurs 
via contact of mucosal surfaces with infectious respiratory droplets, similar to other 
respiratory viruses[15,16]. Wölfel et al[17] reported that although throat and lung-derived 
samples showed signs of infectious SARS-CoV-2, fecal samples yielded only viral 
RNA, but not an infectious virus. Also, the virus was not detected in blood and 
urine[17]. However, the possibility for fecal-oral, parenteral, or aerosol transmission 
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cannot be excluded[16,18,19]. Recent data have shown that the transmission potential of 
the virus might be much higher than previously estimated[20].

Based on the first few pediatric case series, it was speculated early on that COVID-
19 affects children differently compared to adults[21,22]. These assumptions were later 
confirmed by a large epidemiological study on Chinese pediatric patients; the 
proportion of cases in a critical condition was much lower (< 6%) compared to the 
general population, and only one death was documented among 2143 children[23]. In 
another report from China, 15.8% of pediatric patients with COVID-19 had an 
asymptomatic infection (27 out of 171), compared to 1% in the general population, as 
reported by the Chinese Center for Disease Control[6,24]. In addition, less than half of 
the children experienced fever at any time during the course of their illness, while 12 
of 171 had imaging findings consistent with pneumonia but were asymptomatic[24]. 
The high number of asymptomatic cases and the frequent absence of classic symptoms 
indicate that COVID-19 has a predilection for atypical presentation in children. In the 
same study, only three children – all of whom had underlying comorbidities – were 
admitted to the ICU, confirming the previous reports of decreased COVID-19 severity 
and improved outcomes in the pediatric population[24]. The differences between 
pediatric and adult patients might be explained by immaturity of the immune system 
and differences in the expression of the viral cell receptor in children[23,25]. Despite the 
lack of widespread testing for COVID-19, early reports showed a disproportionately 
low prevalence of the disease in children compared to adults[6,7]; this could potentially 
be attributed to the lower overall exposure of children to infected individuals rather 
than to potential resistance to the virus[26]. In addition, younger children show less 
severe symptoms than adolescents[27]. However, this low prevalence and lack of typical 
clinical manifestations raise concerns about the potential role of the pediatric 
population in the widespread transmission of the virus[28].

A number of upper respiratory infections are prevalent among children, with 
symptoms resembling COVID-19. It is essential to suspect other viral or bacterial 
infections as well and perform tests, in order to identify possible alternative 
explanations for their symptoms, or even cases of coinfection[29,30]. Differential 
diagnosis might include viral disease from influenza virus, parainfluenza virus, 
adenovirus, respiratory syncytial virus, rhinovirus, other SARS viral infections, but 
also bacterial infections, which include Mycoplasma pneumoniae, Chlamydia pneumoniae, 
and other bacterial-related pneumonias. In addition, the co-infection of SARS-CoV-2 
and other respiratory pathogens should not be excluded[30] Therefore, a diagnostic 
challenge is apparent in pediatric patients. The present guidelines suggest that all 
children should be screened for possible symptoms of COVID-19 infection upon 
arrival at the hospital[31].

IMPACT AND RESPONSE OF THE SURGICAL COMMUNITY
Due to their invasive nature, surgeries may facilitate widespread disease transmission 
between patients and healthcare workers. Super-spreading events of SARS-CoV-2 
have also been described in surgical departments[32]. Apart from the high risk of 
transmission, it has been hypothesized that operation-associated stress may 
predispose COVID-19 patients to worse clinical outcomes through immune 
dysregulation[33]. The surgical community has promptly responded to this imminent 
danger by taking decisive measures. More specifically, the American College of 
Surgeons (ACS) has issued guidelines suggesting that all elective procedures should 
be postponed or performed in an ambulatory surgery center if feasible. The only 
exceptions are most of the oncological and high acuity surgical procedures[34]. Non-
operative management should also be considered when appropriate. Decision-making 
during triage of elective surgeries should ideally be guided by a multidisciplinary 
team of experts[34,35]. When operations are deemed to be non-elective, healthcare 
workers should use appropriate personal protective equipment (PPE), and the number 
of medical professionals involved in patient care should be minimized. Additional 
protection should be used if the operation involves a patient suspected of having 
COVID-19 or if it generates an aerosol (e.g., intubation)[36]. However, the liberal use of 
specialized PPE, such as N95 masks, may quickly lead to a shortage of supplies[37]. The 
Center for Disease Control has introduced a step-wise optimization strategy for the 
use of facemasks, aiming to counterbalance any potential shortage of supplies[38]. 
Various individual surgical centers have implemented additional administrative 
measures in an effort to further decrease transmission; these include segregating 
healthcare workers into working groups (e.g., weekly rotating teams of attending and 
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resident physicians), increasing surgical turnaround times, implementing technology 
for communication purposes, and designing isolated operating rooms (ORs) for 
COVID-19 patients[29,39-41].

SPECIFIC CONSIDERATIONS FOR PEDIATRIC SURGERY
Classification of cases by surgical acuity
The pediatric surgery community has been affected to a similar degree. Apart from the 
previous general recommendations that apply to all surgical subspecialties, the ACS 
has also issued guidelines pertaining specifically to pediatric surgery[42]. Common 
diagnoses have been classified into three main categories according to the urgency of 
their surgical management. Cases are categorized as emergency, urgent, or elective 
according to the risk of delaying their surgical management, which is life-threatening, 
detrimental, or negligible, respectively. Examples from every category are presented in 
Table 1. As for all surgeries, the ACS emphasizes that decision-making for pediatric 
cases should not solely depend on this classification. Rather, it should be the result of 
careful clinical judgment, ideally guided by a multidisciplinary panel of experts. In 
general, surgeries should not be postponed if their delay may cause harm to patients, 
prolong their hospitalization, or predispose them to re-admission. Emergency cases 
and many urgent cases, according to the previous classification, are examples where 
postponement of surgical management would have adverse outcomes for the vast 
majority of patients. Aside from assessing the risks and benefits for the patients, 
clinicians should also consider the risk of disease transmission to themselves and the 
impact on hospital resources[42]. Healthcare workers, including pediatric surgeons, are 
considered a high-risk population for COVID-19[43,44]. An assessment on a per case 
basis seems to be necessary when taking into account the complex interplay between 
all these parameters and the unique characteristics of COVID-19 in the pediatric 
population.

In many cases, surgeons are called to alter their management of acute surgical cases, 
according to the available resources. One such case is acute uncomplicated 
appendicitis. A recent meta-analysis showed that appendectomy not only has a higher 
success rate but also a reduced length of hospital stay compared to conservative 
treatment with antibiotics; in fact, about 10% of the children undergoing a non-
operative treatment will eventually require appendectomy before discharge[45]. 
Therefore, during the COVID-19 pandemic, earlier discharge achieved with surgery 
minimizes the risk of virus transmission in healthy children, and increases the 
availability of beds and healthcare personnel. In some cases, same-day discharge could 
even be considered postoperatively[46]. However, the non-surgical approach presents 
some important advantages as well, as it reduces the chance of infection in physicians 
and patients in the OR and during aerosol-generating procedures, such as 
intubation[47]. PPE and ORs are not utilized, and therefore are available for other 
emergent procedures[48]. In such debatable cases, each hospital should provide its own 
protocol based on the availability of PPE, wards, Pediatric Intensive Care Units 
(PICU), ORs, and specialized personnel.

Availability of personnel, facilities, and equipment
Although guidelines have been published aiming to guide planning and operational 
protocols in children during the COVID-19 pandemic[49,50], each hospital should 
establish and follow an internal contingency plan, based on variables such as the 
COVID-19 status of the local population at each given moment, the available 
infrastructure and the proximity of other pediatric hospitals that serve the same 
population.

Infrastructure and logistical preparedness play a pivotal role in order for a tertiary 
hospital to become a surgical referral center for children with suspected and confirmed 
COVID-19. Negative-pressure ORs[51,52] and isolated recovery rooms, PICU beds, and 
wards are required[49]. Furthermore, designated transportation routes are warranted 
from the ambulance bay or dedicated entrance to the OR, and from there to the 
isolated recovery room, PICU bed or ward. This planned itinerary should be isolated 
from high-traffic areas of the hospital and should not traverse the general, non-
COVID-19 ORs[52,53].

Another important issue that challenges all healthcare operations during the 
pandemic is the availability of healthcare personnel. Surgical teams present at the 
hospital should be smaller, with only a percentage of pediatric surgeons, 
anesthesiologists, and specialized nurses covering the emergency shift, with a second 
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Table 1 Classification of common diagnoses and procedures in pediatric surgery according to their urgency by the American College 
of Surgeons

Emergency Urgent Elective

Testicular/ovarian torsion Any abscess requiring incision and 
drainage

Anorectal anomaly after 
diversion

Ischemia

Limb-threatening ischemia Biliary atresia Hirschsprung disease 
after diversion

Trauma with uncontrolled bleeding Symptomatic cholelithiasis IBD after diversionTrauma

Penetrating trauma Most oncologic surgeries

Reconstruction

Chest wall

Hypertrophic pyloric stenosis Acute IBD exacerbation requiring 
resection

Enterostomy closure

Intussusception non-responsive to radiographic 
reduction

Any diagnosis requiring 
gastrostomy for hospital discharge

Removal of an uninfected vascular access 
device

Intestinal malrotation Insertion of a vascular access device Orchiopexy

Acute intestinal 
obstruction

Incarcerated inguinal hernia Symptomatic inguinal hernia Asymptomatic inguinal hernia

Anorectal anomalies or Hirschsprung disease 
requiring intestinal diversion

Splenectomy for hematologic disease

Intestinal atresia Excision of a breast lesion

Esophageal atresia with tracheoesophageal 
fistula

Fundoplication

Congenital 
malformations

Congenital diaphragmatic hernia 
(symptomatic)

Bariatric surgery

Upper airway/GI foreign body ingestion Cholecystectomy for biliary colic

Acute appendicitis Asymptomatic choledochal cyst repair

Intestinal perforation Branchial cleft cyst/sinus excision

Any diagnosis requiring ECMO Thyroglossal duct cyst excision

IBD: Inflammatory bowel disease; GI: Gastrointestinal; ECMO: Extracorporeal membrane oxygenation.

backup team on stand-by at home[54]. In areas with high COVID-19 prevalence, two 
separate surgical teams can be formed, one for children with COVID-19 and a second 
one for healthy children requiring surgery. In that instance, each team should be 
isolated as much as possible from the other to minimize cross-transmission and 
maximize operational continuity[53]. Reasonable shift implementation is also required 
to ensure the safety of healthcare workers and prevent burnout[55]. All healthcare 
workers should be monitored daily prior to their shift, and are encouraged to monitor 
themselves throughout the day for the presence of fever or other COVID-19-related 
symptoms, such as cough or fatigue[49,53]. An organized “sick leave” policy should also 
be established in case a health care worker presents with symptoms suggestive of 
COVID-19[31].

Because children commonly present with mild or no symptoms – as mentioned 
above[53] – SARS-CoV-2 transmission from children to healthcare workers has been 
reported[21]. Therefore, PPE is suggested in all cases of healthcare workers interacting 
with children. In cases of a potential or confirmed COVID-19 patient needing surgery, 
the responsible surgical team should use disposable N95/FFP2 respirators, double 
gloves, goggles or visors, surgical caps, shoes, and full-body gowns[48]. Additional 
Powered Air-Purifying Respirators are required for the anesthesia team to minimize 
aerosol exposure during intubation and extubation[48,53]. Healthcare workers are 
explicitly required to use N95 respirators according to the United States[38], Chinese[56], 
and Spanish guidelines[57].

To ensure effectiveness in prevention, training of healthcare workers is of the 
utmost importance and mask fittings and PPE training should be arranged on a 
regular basis for all personnel. In addition, simulations of surgical scenarios while 
wearing all PPE equipment (“dress rehearsals”) should be applied to familiarize the 
teams with appropriate PPE protocols and troubleshooting in advance[47,52]. An issue 
that presented in a simulation scenario was the noise reduction by Powered Air-
Purifying Respirators worn by the anesthesia team, which impaired effective oral 
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communication. This was circumvented by the use of a whiteboard for communicating 
essential information during the operation[53]. It was shown that physicians were more 
likely to become infected during the donning and doffing procedures than when 
actually taking care of infected patients[58]; Thus, the designation of a colleague as a 
“provider” who can help and oversee the donning and doffing procedures not only 
reduces the likelihood of contamination of healthcare workers[50,51] but also reduces the 
anxiety around a possible infection[48].

Workflow organization for suspected and confirmed cases
Standardized protocols[53] have been published for adult operations and should be 
adapted to pediatric surgery as well. If possible, all pediatric patients with respiratory 
symptoms or those undergoing high-risk procedures should be assessed for their 
COVID-19 status prior to the operation[50]. Each patient can be tested for the SARS-
CoV-2 RNA via rapid reverse transcription-polymerase chain reaction (RT-PCR) of an 
oropharyngeal swab or sputum sample, with a turnover time of 2 to 4 h[47]. However, 
early intervention is crucial in urgent or emergency cases for the survival of the child. 
If the RT-PCR results are not accessible soon enough, the surgery team should proceed 
as if the child has COVID-19[52]. In such cases, an early assessment for COVID-19 can 
be made based on contact history, clinical symptoms, or findings on chest imaging[47].

The equipment and surgical personnel inside the OR should be kept to a minimum 
to reduce potential exposure to and transmission of SARS-CoV-2[53]. The use of 
electrocautery and high-speed tools, such as ultrasonic scalpels, should be limited as 
much as possible because there are reports of aerosol viral spread[31,59] from viral 
particles present in the smoke produced by electrical cauterization[21,60,61]. On the other 
hand, the extensive use of a suction machine is advised to limit smoke and aerosol 
production[49,61]. These practices have already been reported in case series, where 
laparotomy was preferred over laparoscopy for the management of acute abdomen to 
minimize operating time and decrease the risk of contamination through airborne 
aerosol transmission, by relieving the pneumoperitoneum[52]. Despite concerns, 
minimally invasive procedures are considered safe, as the risk of transmission from 
intraoperative aerosolization is minimal, and the pneumoperitoneum could be 
evacuated through a protective filtration system[62,63]. Nevertheless, the safest approach 
in terms of aerosol spread is the one that the surgeon is most comfortable with, and 
can operate for a shorter period and in the safest possible way[48,49]. At the end of the 
operation, any unused drugs and consumables should be considered as “potentially 
contaminated” and thus should be discarded[49]. If a negative-pressure OR is not 
available, COVID-19 suspected or positive cases should be planned as the last cases of 
the day if possible, whereas in emergent situations, an adequate period of time 
(approximately 30 min) should be set for air exchange after the procedure[48].

After the operation, children with confirmed COVID-19 should be transferred to an 
isolated ICU or ward designated for COVID-19 cases, where a dedicated COVID-19 
team takes care of infected patients[31,52]. The designated team should not travel to other 
in-hospital places to minimize the possible spread of the disease and should perform 
close follow-up of the pediatric patients, considering that children positive for SARS-
CoV-2 have a higher postoperative mortality rate[52]. If transportation of a patient is 
required, it is advisable that the patient is accompanied by security personnel to 
ensure that the route is clear of other patients, visitors, or personnel[53].

In patients suspected of having COVID-19, the patient should not be transported to 
the designated COVID-19 ward or ICU immediately during the postoperative period 
but should remain in an isolated recovery room, while awaiting the final RT-PCR 
results for COVID-19. After a positive or negative result, the pediatric patient will then 
be transported to COVID-19 or non-COVID-19 units accordingly.

Τhe hospital should limit visitors to only one person at a time, essential for the 
pediatric patient’s physical or emotional well-being and care, such as one parent, 
guardian, or primary caregiver[31,64]. In some tertiary hospitals, a “parent pass” is 
provided to one parent at a time, to accompany their inpatient child[64]. All visitors 
should actively be assessed prior to their entrance to the hospital for fever and other 
COVID-19 signs and symptoms[31,53], and should be advised to wear a protective face 
mask while in the hospital[31]. It should be noted that in order for the visitor to be 
allowed into the hospital, they must not show any COVID-19 symptoms[64].

After departure from the hospital, postoperative follow-up should preferably be in 
the form of a video-call – provided that the postoperative course is normal – to 
minimize unnecessary exposure, or the follow-up can be rescheduled to a future date. 
Such options have been previously suggested in the follow-up of surgical and 
pediatric patients[29,65,66]. A specialized team could visit patients at home for suture 
removal and wound treatment. Postoperative wound management can also be 
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performed by parents in some cases, following an adequate “home skills program”[67]. 
In surgical cases, the use of absorbable sutures could even be considered to avoid the 
pediatric patient returning to the hospital for their removal. Nevertheless, the final 
decision on the follow-up lies with the pediatric surgeon and is decided on a case-by-
case basis. In case any atypical symptoms or complications occur, the child’s family 
should contact the surgeon without hesitation.

CONCLUSION
In conclusion, COVID-19 has had a major impact on pediatric surgery. The diagnostic 
challenges of COVID-19 in children have generated great concern for widespread 
transmission. The surgical community has responded by establishing guidelines to 
ensure the continued operation of pediatric surgery units and minimize transmission 
in this setting. All cases should be assessed individually and managed according to 
pre-established protocols. Management can be assisted by classifying cases as elective, 
urgent, or an emergency based on the risks associated with delaying surgical 
treatment. Surgical teams should be organized in a way that maximizes safety, and 
hospital infrastructure should be appropriately modified to accommodate the needs of 
COVID-19 patients. These measures can mitigate the effects of this pandemic by 
minimizing transmission and adverse outcomes, while also safeguarding the 
appropriate management of pediatric surgical cases.
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Abstract
BACKGROUND 
Critically ill neonates and pediatric patients commonly require multiple low flow 
infusions. Volume limitations are imposed by small body habitus and co-
morbidities like cardiopulmonary disease, renal failure, or fluid overload. 
Vascular access is limited by diminutive veins. Maintenance fluids or parenteral 
nutrition in conjunction with actively titrated infusions such as insulin, fentanyl, 
prostaglandins, inotropes and vasopressors may necessitate simultaneous 
infusions using a single lumen to maintain vascular catheter patency. This 
requirement for multiple titratable infusions requires concentrated medications at 
low flows, rather than more dilute drugs at higher flows that in combination may 
volume overload small infants.

AIM 
To determine whether carrier fluid reduces variability that variability of low flow 
drug infusions is proportional to syringe size in pediatric critical care.

METHODS 
We assessed concentrations of orange “drug” in a 0.2 mL/h low flow clinical 
model with blue dyed carrier fluid at 5 mL/h, using 3-, 10-, or 60-mL syringes. A 
graduated volumetric pipette was used to measure total flow. Mean time to target 
concentration was 30, 21, and 46 min in 3-, 10-, and 60-mL syringes, respectively (
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P = 0.42). After achieving target concentration, more dilute drug was delivered by 
60-mL (P < 0.001) and 10-mL syringes (P = 0.04) compared to 3-mL syringes. Drug 
overdoses were observed during the initial 45 min of infusion in 10-and 60-mL 
syringes. Total volumes infused after target concentration were less in the 60-mL 
condition compared to 3-mL (P < 0.01) and 10-mL (P < 0.001) syringes.

RESULTS 
Linear mixed effects models demonstrated lesser delivered drug concentrations in 
the initial 30 min by 3-mL compared to 10-and 60-mL syringes (P = 0.005 and P < 
0.001, respectively) but greater drug concentrations and total infused drug in the 
subsequent 30-60 and 60-90 min intervals with the 3- and 10-mL compared to 60-
mL syringes.

CONCLUSION 
With carrier fluid, larger syringes were associated with significantly less drug 
delivery, less total volume delivered, and other flow problems in our low flow 
drug model. Carrier fluid should not be used to compensate for inappropriately 
large syringes in critical low flow drug infusions.

Key Words: Infusion pumps; Intensive care; Neonatal; Nursing research; Patient safety; 
Spectrophotometry; Syringes

©The Author(s) 2020. Published by Baishideng Publishing Group Inc. All rights reserved.

Core Tip: Infusions of critical drugs in infants frequently require low flow rates. We 
previously observed errors in low flow infusions that were directly proportional to syringe 
size. Because low flow infusions in clinical practice are essentially always co-infused with 
a primary carrier fluid, we now use a similar model to test whether carrier fluid improves 
accuracy and flow continuity of low flow drug from large compared to smaller syringes. 
We report that despite carrier fluid, larger syringes were associated with less overall drug 
and fluid volumes delivered, worse flow continuity, and other flow problems in low flow 
infusions compared to smaller syringe sizes. Carrier fluid should not be used to 
compensate for errors introduced by syringe size in critical low flow drug infusions. 
Syringe size should be matched to the rate of infusion.

Citation: Madson ZC, Vangala S, Sund GT, Lin JA. Does carrier fluid reduce low flow drug 
infusion error from syringe size? World J Clin Pediatr 2020; 9(2): 17-28
URL: https://www.wjgnet.com/2219-2808/full/v9/i2/17.htm
DOI: https://dx.doi.org/10.5409/wjcp.v9.i2.17

INTRODUCTION
Critically ill neonates and pediatric patients commonly require multiple low flow 
infusions. Volume limitations are imposed by small body habitus and co-morbidities 
like cardiopulmonary disease, renal failure, or fluid overload. Vascular access is 
limited by diminutive veins. Maintenance fluids or parenteral nutrition in conjunction 
with actively titrated infusions such as insulin, fentanyl, prostaglandins, inotropes and 
vasopressors may necessitate simultaneous infusions using a single lumen to maintain 
vascular catheter patency. This requirement for multiple titratable infusions requires 
concentrated medications at low flows, rather than more dilute drugs at higher flows 
that in combination may volume overload small infants.

Drug flow rates may commonly reach as low as 0.1-0.2 mL/h (100-200 
microliters/h) in infants and small pediatric patients[1-3]. At low rates, flow variability 
is proportional to syringe size[1,3-5]. Larger syringes exhibit increased friction and 
variable compliance of the syringe plunger tip, hindering the necessary precision to 
displace their plungers in short increments[1,3-5]. However, competing safety 
considerations encourage pharmacy equipment standardization to the largest common 
syringe size within a hospital. Unit dosing, prefilled syringes, pre-programmed drug 
libraries, and pharmacy standardization[6-12] seek to minimize equipment options and, 
thus, avoid errors in calculations, drug preparation and dispensing, pump 
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programming, and drug administration.
We previously demonstrated that syringe size is directly proportional to variability 

of low flow infusions[1]. However, as low flow drug infusions are generally found in 
clinical practice only with a primary infusion fluid, it is necessary to investigate the 
possible benefits or harms introduced by primary fluid combined with low flow 
infusions. To our knowledge, the influence of carrier fluid on low flow variability 
associated with syringe size has not been previously investigated. One might 
hypothesize that carrier fluid improves syringe-associated low flow drug variability 
by flushing drug from tubing dead space during start-up or drug interruptions[13] and 
diluting concentrated drug in dead space[14]. If verified, then use of carrier fluid would 
allow streamlining of options using larger common syringe sizes and simplified 
infusion pump libraries within institutions. In contrast, we hypothesized that carrier 
fluid might exacerbate low flow errors via perturbations attributable to the carrier fluid 
delivery system. We report here the results of our study of an in vitro low flow drug 
and carrier fluid model.

MATERIALS AND METHODS
As this study did not require patient participation or patient data, the study was 
granted exemption from review by the Institutional Review Board of the University of 
California, Los Angeles.

Equipment
All medical devices and equipment used in this study were standard equipment in our 
pediatrics care units. All infusions were performed with a Medfusion 4000 smart 
pump (Baxter; SIGMA, Medina, NY, United States). Disposable sterile BD syringes 
(Becton-Dickinson, Franklin Lakes, NJ, United States) sized 3-, 10-, and 60-mL were 
used. Blue (BL) food coloring (McCormick Culinary, Santa Rosa, CA, United States) in 
0.9% normal saline was used as carrier fluid and diluent for orange (OR) (Chefmaster 
Liqua-Gel, Fullerton, CA, United States) low flow drug. For real time 
spectrophotometry, absorbances of colored fluids were measured directly through 
clear intravenous tubing (Intensive Care Unit Medical Extension Set 60 Inch Tubing 0.4 
mL Priming Volume B2020) using a Public Lab Desktop Spectrometry Kit 3.0 
(Publiclab.org).

Infusion simulation:
Carrier fluid was infused from a smart infusion pump (Baxter Sigma Spectrum 
Infusion Pump 35700BAX) via a valveless burette (Baxter Buretrol Clearlink System 
2H8865) connected to an infusion tubing set with 2 Luer activated valves and a 
backcheck valve above the upper Y-site (Baxter Clearlink Continu-Flo UC8519). Per 
Food and Drug Administration recommendations[3], the lowest Y-site closest to the 
“patient” (in this case, the spectrometer) was used to connect a smart syringe pump 
(Medfusion Syringe Infusion Pump Model 4000) for simultaneous infusion using 
extension tubing. The length of IV tubing from the drug infusion pump to the 
spectrometer (Public Lab Desktop Spectrometry Kit 3.0) was set at 18.5 cm to allow 
complete mixing of drug and carrier fluids. Spectrometry was measured inline 
through the tubing. To simulate patient-side intravenous catheter resistance and 
perform volume measurements, the end of the tubing after the spectrometer was 
connected via 5 cm of extension tubing (cut from a Smiths Medical MX451FL extension 
set) to drain into the narrow end of a 1 mL glass pipette with 0.02 mL volumetric 
gradations.

Flow rate for the carrier fluid pump was set at 5 mL/h. This rate is commonly used 
in the neonatal clinical setting[5] and was used in our previous study[1]. Flow rate for 
the low flow drug was set at 0.2 mL/h for the same reasons. This rate was 
programmed into the smart pump as the drug model for all infusions: Epinephrine 
with standard neonatal drug concentration of 40 mcg/mL (our institutional practice) 
at a dose of 0.027 mcg/kg/min in a 5 kg infant, which yields a flow rate of 0.2 mL/h. 
For purposes of our experiments, we used OR food dye for “drug” diluted in BL dyed 
carrier fluid as our drug model. Changes in 433 nm BL λ peak transmittance were used 
to determine drug concentrations. Concentration curves were established in 
calibration studies by assessing 433 nm transmittance for 10 replicates at each 
concentration, averaging the results, and fitting to a power-law function. For each trial 
of 3-, 10-, and 60-mL syringe sizes (Becton-Dickinson Luer Lok), 5 spectrometry 
measurements per time point were recorded and the replicate determinations 
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averaged. Spectrometer readings were recorded in 5 min intervals until either target 
concentration (determined by concentration curve studies of OR drug in BL carrier 
fluid) was reached and maintained or more than 90 min had elapsed. Total volume 
infused was measured using a 1-mL volumetric pipette with 0.02 mL gradations, 
which was connected directly to the end of the IV tubing for all experiments. A 
schematic of the experimental apparatus is diagrammed in Figure 1.

The same normal saline calibration was used for all calibrations and spectral 
analyses. Multiple factors that could affect spectral analysis, such as light source, 
ambient lighting, distance from the spectrometer, and alignment, were kept constant. 
Heights of the infusion pumps, spectrometer, infusion tubing, and volumetric 
collection pipette were kept constant.

Statistical analysis
Single factor ANOVA and Student’s t-test were used to compare continuous data 
where appropriate. In our initial analyses, start-up effects were censored by analyzing 
data after target concentration was achieved. Subsequently, we included start-up data 
in our linear mixed effects analysis of different time intervals during the infusions. To 
account for effects of different syringe sizes and time, we used linear mixed effects 
models of log-transformed dilution and amount of drug delivered to estimate 
percentage differences between syringe sizes at three 30 min time intervals, with the 
lesser dilution value as denominator. For infusion trials that reached and maintained 
target concentration before 90 min had elapsed, a series of the last recorded dilution 
values recorded at target concentration were repeated forward in order to make 
statistical comparisons with the infusions that required the full 90 min to reach target 
concentration. Models were also used to estimate within-infusion variances and 
compare these between syringe sizes. To account for excessive drug concentrations 
caused by flow variability of our syringe pump and carrier infusion pumps resulting 
in oversaturation of the spectrometer, we replaced oversaturated values with the 
highest detectable concentration of OR drug, which was 20-fold dilution based on 
calibration experiments. P values less than 0.05 were considered statistically 
significant.

RESULTS
Concentration curve calibrations
Absorbance at 433 nm was recorded at 12 different OR drug dilutions of 40-, 50-, 80-, 
100-, 160-, 200-, 250-, 320-, 400-, 500-, 640-, and 800-fold. The curve was fitted to the 
power-law function, Absorbance433nm = 87.732 (fold-dilution)-1.059 and is demonstrated 
in Figure 2 (R2 = 0.9378). Based on this concentration curve and with a goal to 
maximize the range of measured absorbance vs fold-dilution in our experimental set-
up, we set the target OR drug dilution at 100-fold in steady state flow. This translated 
to a flow of OR drug at 0.2 mL/h diluted by carrier flow at 5 mL/h.

Flow characteristics after target concentration achieved
OR drug concentrations during 0.2 mL/h low flow infusions with different syringe 
sizes and a 5 mL/h carrier fluid are demonstrated in Figure 3A-C. One infusion failed 
to reach 1:100 target concentration by 90-min in the 60-mL syringe size (Figure 3C). No 
differences were observed in time to reach target drug concentration (Figure 3D). 
Times to target concentration were 30 ± 7, 21 ± 19, and 46 ± 55 min (mean ± SD, P = 
0.42) for 3-, 10-, and 60-mL syringes, respectively. Only 3-mL syringes maintained 
target concentration after start-up (Figure 3A). Both the 10- and 60-mL syringe sizes 
(Figure 3B-C) were associated with under- and over-dosing after rapid achievement of 
1:100 target concentration. In the 10-mL syringes, average OR drug dilutions after 
reaching target concentration were 73 ± 25, 137 ± 209, and 176 ± 146 for 3-, 10-, and 60-
mL syringes, respectively (P < 0.001 for 3- vs 60-mL and P = 0.04 for 3- vs 10-mL 
syringes, Figure 3E).

Observed infusion inaccuracies
By design, a leading edge of visible color change in the infusion tubing was observed 
as OR drug traversed the tubing. OR drug mixed with BL carrier fluid into a green 
color (Figure 4A). This drug-containing green column ceased advancing shortly after 
achieving target concentration despite ongoing pump operation in three out of seven 
10-mL syringes, three out of four 60-mL syringes, and none of the 3-mL syringes 
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Figure 1  Experimental set-up.

(Figure 4B). This interruption of steady state drug flow ranged from 15 to 40 min for 
trials of affected 10-mL syringes and at least 90 min for 60-mL syringe trials (Figure 4B 
and C). Despite careful and repeated priming of the drug infusion and carrier fluid 
lines using standard nursing practices, air bubbles were frequently observed entering 
the infusion system from the buretrol of the carrier infusion set (Figure 4B-D). 
Backward flow of OR drug into the proximal BL carrier fluid tubing was seen mainly 
in 60-mL syringes and to lesser degrees in smaller 3- and 10-mL syringes. In contrast to 
the green forward column of mixed OR and BL dyes, the fluid columns of backward 
flows maintained an OR color and persisted for unpredictable periods of time 
(Figure 4D).

Based on carrier flow of 5 mL/h and drug flow of 0.2 mL/h, expected volume of 
fluid per 5 min interval was 0.43 mL. To avoid errors introduced from start-up effects, 
we measured volumes after achieving 1:100 target concentration. Total infused 
volumes per 5 min period were 0.44 ± 0.02 mL, 0.44 ± 0.01 mL, and 0.43 ± 0.02 mL for 
3, 10, and 60-mL syringes, respectively (P < 0.01 for 60- vs 10-mL and 60- vs 3-mL 
syringes).

Mixed model analysis
Based on the experimental run curves in Figure 3A-C, we observed that most infusions 
reached 1:100 target concentration within 30 min and all the 10-mL syringes 
maintained 1:100 concentration by 60 min. Therefore, we analyzed the infusions in 30 
min intervals up to 90 min in linear mixed effects models to compare overall drug 
delivery and variance, including the start-up periods. For total infused volumes, no 
mean differences were observed over each 30 min period.

Significant differences by syringe size were observed in OR drug concentration over 
time. In the initial 0-30 min period, 3-mL syringes delivered more dilute OR drug by 
51% vs 10-mL (P = 0.005) and 83% vs 60-mL syringes (P < 0.001). Drug over-flows 
occurred in the 10- and 60-mL conditions, as noted above (Figure 3B-C). In subsequent 
time periods, no differences in concentration were observed between 3- and 10-mL 
syringes, but 60-mL syringes delivered more dilute OR drug in carrier fluid by more 
than 50% to a maximum of 106% greater dilution than 3- and 10-mL syringes in 30-60 
and 60-90 min periods (P < 0.01 for each comparison). No differences in overall 
dilution variances were observed between syringe sizes.

Total drug delivered was calculated by multiplying volume times concentration (the 
inverse of dilution). Significant differences were observed only in comparisons of 60- 
vs 3- and 10-mL syringes. 60-mL syringes delivered less drug by 98% (P = 0.031) and 
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Figure 2  433 nm absorbance vs fold dilution of orange drug in blue carrier fluid.

115% (P = 0.039) vs 3-mL syringes in the 30-60 min and 60-90 min time periods, 
respectively, and 111% (P = 0.012) greater dilution vs 10-mL syringes in the 60-90 min 
time period.

DISCUSSION
Carrier fluid, or primary infusion fluid, is a common pediatric intervention. Stable, 
infrequently titrated solutions for carrier flow include maintenance fluids or parenteral 
nutrition. These fluids maintain vascular access device patency[15], reduce drug 
delivery onset or offset times[13], and facilitate administration of multiple titratable 
drug infusions[16]. To our knowledge, our report is the first to demonstrate an 
interaction between carrier fluid and low flow infusion inaccuracies related to syringe 
size.

Ours and others’ previous work demonstrated significant variability of low flow 
infusions related to syringe size. Methods used in syringe-only studies include linear 
fluid displacement in our previous study [1] and gravimetry in others[17]. These methods 
are largely incompatible with carrier flow studies, in which spectrophotometry is most 
frequently used[15,18]. Hence, direct comparisons of low flow infusions from syringe 
pumps alone vs with added carrier fluid are not readily accomplished. However, by 
using our previously established experimental low flow syringe model[1] to investigate 
carrier fluid interactions, we revealed unanticipated issues. We previously found 
deviations from steady state of two-fold in 10-mL and six-fold in 60-mL syringes at 0.2 
mL/h[1]. With the same drug infusion rate but added carrier flow, we observed similar 
six to nine-fold deviations in 10-mL syringe flow and up to five-fold deviations with 
no clear steady state pattern in 60-mL syringe flow up to 90 min after start-up.

Carrier flow comprised 96% of total flow in our model. We observed < 5% 
variability in total flow per 5 min period, consistent with stable carrier flow. A small 
but statistically significant difference of lesser total flow was observed in the 60- 
compared to 3- or 10-mL syringe conditions, which may be accounted for by syringe 
flow. We observed multiple infusion anomalies occurring in interactions between 
larger syringes and carrier flow. Problems included introduction of air bubbles, 
backward drug flow at the carrier fluid connector, and lack of mixing.
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Figure 3  Low flow drug delivery at 0.2 mL/h with carrier fluid at 5 mL/h. A-C: Orange drug dilution over time; D: Time to target orange drug 
concentration of 100-fold dilution or less (no significant differences, P = 0.42). Average minutes shown with standard deviation error bars; E and F: Box and whiskers 
plots with outliers of (E) measured dye dilutions after target concentration achieved (ANOVA P = 0.0067) and (F) volumes infused per 5 min interval after target 
concentration achieved (ANOVA P = 0.00006).

The buretrol was a frequent source of air bubbles, which in microfluidic systems 
contribute flow instability, increased compliance, and increased resistance[19]. While air 
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Figure 4  A leading edge of visible color change in the infusion tubing was observed as orange drug traversed the tubing. A: Green leading 
edge of admixed orange drug and BL carrier fluid seen after drug under-infusion during a 60 mL syringe trial; B: Trailing edge of green admixed drug and carrier 
solution during an under-infusion event with a 60 mL syringe, with BL carrier fluid proximally; C: Air bubbles introduced from the carrier line into the infusion set 
(arrows), which are also seen in (B) and (D); and D: Backward flow of orange drug into the proximal BL carrier fluid line in a 60-mL syringe trial. Note the orange color 
in the backward fluid column, suggesting lack of drug-carrier fluid mixing, as would be indicated by a transition to green color.

introduction in carrier tubing is independent of drug syringe size, bubble effects may 
exacerbate syringe size-related anomalies. Flow variability resulting from stiction and 
compliance of a larger plunger[20] may add to flow inconsistencies caused by air 
bubbles in the infusion tubing. Because pressure drop across gas bubbles is inversely 
proportional to channel radius[19], smaller radius microbore tubing as recommended 
for low flow infusions[3] may exacerbate bubble effects.

Backwards flow at the carrier fluid connector occurred inconsistently at the start of 
infusions with larger syringes despite ongoing carrier flow and persisted for many 
minutes, leading to below target drug delivery. Rapid initiation of syringe flow is a 
feature of modern syringe pumps[21] and is used to overcome problems of mechanical 
slack[22] or “breakfree force” of the plunger[20], both of which are proportional to syringe 
size. While this rapid startup would generally exert minimal clinical effect if infused 
directly into the patient, addition of a connector to carrier fluid allows for backward 
flow and, thus, unpredictable drug delivery. We observed persistence of OR color 
(instead of green from the mixture of BL carrier and OR drug) and delayed clearance 
of drug from the proximal carrier tubing, both of which suggest lack of mixing. This 
offers indirect evidence of fluid layering and laminar flow, which contrasts with 
previously described Plug Flow and Well Mixed models of fluid flow[14,22]. In laminar 
flow conditions, the fluid edge may flow at a slower rate than the center and maintain 
distinct fluid compositions[13]. Hence, drug entering from the edge of tubing may travel 
slower than faster carrier fluid in the center. To our knowledge, this observation is 
previously undescribed in the clinical literature.

Limitations of our methods include an emphasis on readily available and low-cost 
experimental equipment to encourage reproducibility testing in other institutions. We 
found a nonlinear relationship between food dye concentration and absorbance, which 
may be due to additives. For future studies, we would use pure dyes that conform to 
the Beer-Lambert Law. Due to changes in our hospital equipment, the smart syringe 
pump in our current study was different from our previous publication[1]. We 
observed different syringe infusion characteristics, notably a more rapid start-up in the 
larger syringe sizes. This improved uniformity of time to target concentration, but in 
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larger syringe sizes was associated with drug overdose, backward flow at the carrier 
fluid connector, and subsequent reductions in drug delivery. As backward flow was 
unanticipated and noted after trials of 3-mL syringes were completed, our study did 
not include spectral analysis proximal to the connector. We had no method to quantify 
air bubbles.

Despite the above limitations, our findings are qualitatively similar to previous 
publications on syringe size effects[1,3,4,17,23,24] while adding previously unreported 
problems of carrier fluid interactions with low flow infusions by syringe size. 
Importantly, our study provides no evidence to suggest that carrier fluid might reduce 
variability associated with low flows from larger syringes. This has important clinical 
implications for neonatal and small pediatric patients requiring critical short acting, 
high potency drug infusions such as epinephrine in settings where pharmacy 
standardization using prefilled or standardized syringes[10,12] may tend toward larger 
volume syringe sizes. Rather, we continue to recommend that syringe size be matched 
appropriately to the rate of infusion. In our health system, we now match syringe size 
to critical low flow pediatric infusions by using the smallest syringe capable of 
providing 12 h of infusion, or one nursing shift. Future studies will be needed to 
determine optimal carrier fluid to syringe flow ratios, the effects of tubing dead space 
on accuracy of low flow drug delivery with or without carrier fluid, and architecture 
of tubing connectors to reduce gas bubble introduction, improve mixing and reduce 
drug backflow.

CONCLUSION
Our study provides no evidence to suggest that carrier fluid might reduce variability 
associated with low flows from larger syringes. This has important clinical 
implications for neonatal and small pediatric patients requiring critical short acting, 
high potency drug infusions such as epinephrine in settings where pharmacy 
standardization using prefilled or standardized syringes[10,12] may tend toward larger 
volume syringe sizes.

ARTICLE HIGHLIGHTS
Research background
Critically ill neonates and pediatric patients frequently require drug delivery via low 
flow infusions below 0.5 mL/h. The use of carrier fluid has become common in clinical 
practice to facilitate delivery of these low flow drug infusions.

Research motivation
Flow continuity problems of low flow infusions are known to be related to syringe 
size. However, competing safety considerations encourage pharmacy standardization 
to the largest common syringe size. As such, in clinical practice, carrier fluids are 
commonly used to reduce variability of drug delivery from larger syringe sizes.

Research objectives
To evaluate whether carrier fluid improves continuity in low flow drug delivery.

Research methods
We simulated pediatric low flow infusions using dyed fluids in a drug infusion model. 
In-line spectrometry was used to measure drug concentrations. Administered fluid 
was determined volumetrically.

Research results
Low flow continuity errors were associated with larger syringe sizes and exacerbated 
by interactions with carrier fluid. Drug over- and underdosing, backward flow at the 
tubing connector, and frequent air bubbles from carrier fluid were observed.

Research conclusions
Our study provides no evidence to suggest that carrier fluid might reduce variability 
associated with low flows from larger syringes.
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Research perspectives
Our study provides empiric data to suggest that continuity errors of low flow 
infusions are associated with larger syringes and not improved by carrier fluid. 
Syringe size should be matched to the rate of infusion. In our health system, we now 
match syringe size to critical low flow pediatric infusions by using the smallest syringe 
capable of providing 12 h of infusion.
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Abstract
BACKGROUND 
Esophageal atresia (EA) is the most common congenital anomaly of the 
gastrointestinal tract. Gastroesophageal reflux disease (GERD) is a frequent and 
lifelong problem in these patients. GERD can be asymptomatic and the incidence 
of esophageal gastric and intestinal metaplasia (Barrett’s esophagus) is increased 
in adults with EA compared with the general population. Timely and accurate 
diagnosis of GERD is important to reduce long-term problems and this may be 
achieved by pH-impedance testing.

AIM 
To assess symptoms and pH-impedance data in children after EA, in order to 
identify their specific features of GERD.

METHODS 
This study was conducted from November 2017 to February 2020 and involved 37 
children who had undergone EA via open surgical repair (51.35% boys, 48.65% 
girls; age range: 1-14 years, median: 4.99 years). GERD diagnosis was made based 
on multichannel intraluminal impedance/pH study and two groups were 
established: EA without GERD, n = 17; EA with GERD, n = 20. A control group 
was established with 66 children with proven GERD (68.18% boys, 31.82% girls; 
median age: 7.21 years), composed of a nonerosive reflux disease (referred to as 
NERD) group (n = 41) and a reflux esophagitis group (n = 25). Upper 
gastrointestinal endoscopy with a mucosal esophageal biopsy was performed on 
all patients.
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RESULTS 
The most frequently observed symptom in EA patients with GERD and without 
GERD was cough (70% and 76.5% respectively). The number of patients with 
positive symptom association probability in the EA groups was significantly 
larger in the EA without GERD group (P = 0.03). In the control reflux esophagitis 
group, prevalence of gastrointestinal symptoms was significantly higher than in 
the NERD group (P = 0.017). For both EA groups, there was strong correlation 
with index of proximal events (IPE) and total proximal events (EA with GERD: 
0.96, P < 0.001; EA without GERD: 0.97, P < 0.001) but level of IPE was 
significantly lower than in GERD patients without any surgical treatment (P < 
0.001). Data on distal mean nocturnal baseline impedance were significantly 
different between the EA with GERD group (P < 0.001) and the two control 
groups but not between EA without GERD and the two control groups.

CONCLUSION 
Mean nocturnal baseline impedance may have diagnostic value for GERD in EA 
children after open surgical repair. IPE might be an additional parameter of pH-
impedance monitoring.

Key Words: Esophageal atresia; Gastroesophageal reflux disease; pH-impedance testing; 
Mean nocturnal baseline impedance; Proximal reflux; Reflux esophagitis; Nonerosive 
reflux disease; Pediatric
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Core Tip: Esophageal atresia (EA) is the most common congenital anomaly of the 
gastrointestinal tract. Gastroesophageal reflux disease (GERD) is a frequent and lifelong 
problem after EA repair. pH-impedance testing makes assessment of pH and other 
parameters of GERD possible, aiding disease diagnosis and management. Even 
asymptomatic patients should undergo monitoring of GERD to confirm the absence or the 
persistence of reflux, and the need to continue treatment. We analyzed data of children 
with EA open surgical repair to determine the features of GERD among them and propose 
some important issues for consideration in the follow-up program for these patients.

Citation: Aksionchyk M, Marakhouski K, Svirsky A. Gastroesophageal reflux disease in 
pediatric esophageal atresia: Assessment of clinical symptoms and pH-impedance data. World J 
Clin Pediatr 2020; 9(2): 29-43
URL: https://www.wjgnet.com/2219-2808/full/v9/i2/29.htm
DOI: https://dx.doi.org/10.5409/wjcp.v9.i2.29

INTRODUCTION
Esophageal atresia (EA), with or without trachea-esophageal fistula, is the most 
common congenital anomaly of the gastrointestinal tract and, given the increasingly 
successful surgical outcomes, it currently represents a lifelong issue[1-3]. Other than 
respiratory problems, nutritional and gastrointestinal issues are prevalent, not only in 
the first years of life but also in adolescence and adulthood. Gastroesophageal reflux 
disease (GERD), peptic esophagitis, esophageal gastric and intestinal metaplasia 
(known as Barrett’s esophagus), anastomotic strictures, feeding disorders, dysphagia, 
and esophageal dysmotility are the most frequent gastrointestinal short-term and 
long-term complications encountered in children and adolescents with EA[4]. The 
incidence of esophagitis and Barrett’s esophagus is increased in adults with EA 
compared with the general population[4].

The current gold-standard tests for the diagnosis of GERD are pH probe testing and 
pH-impedance testing, both of which measure the esophageal reflux burden[5]. 
Multichannel intraluminal impedance (MII) is an additional procedure for measuring 
the movement of fluids, solids and air in the esophagus. When combined with MII, pH 
recording is able to detect liquid reflux, independent of its pH, and gas episodes[6]. 
Twenty-four-hour measurement of esophageal MII combined with pH-metry (known 
collectively as MII/pH) makes possible the assessment of pH and other parameters of 

http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/
https://www.wjgnet.com/2219-2808/full/v9/i2/29.htm
https://dx.doi.org/10.5409/wjcp.v9.i2.29


Aksionchyk M et al. GERD in EA children

WJCP https://www.wjgnet.com 31 September 19, 2020 Volume 9 Issue 2

gastroesophageal reflux together with disease symptoms and the diagnosis of 
GERD[6-7].

There remains a critical need for an effective way to diagnose and monitor reflux. 
pH-metry is able to quantify acid burden, ensure that acid suppression is adequate 
during long-term follow-up, and correlate acid reflux to symptoms. pH with 
impedance is additionally able to detect non-acid reflux as well as volume clearance, 
both of which correlate with patient symptoms. It is also able to correlate extra-
gastrointestinal symptoms to reflux, which may help guide treatment. pH-impedance 
is also useful in quantifying the proportion of reflux reaching up to the proximal 
esophagus, referred to as “high reflux.” EA patients frequently experience 
extraesophageal symptoms, and pH-MII has the unique ability to determine if these 
symptoms correlate with reflux episodes, regardless of whether they involve acid or 
non-acid[8].

Many children with EA with chronic GER have no troublesome symptoms. Results 
from pH-impedance (pH-MII) studies as well as endoscopic evaluations in children 
with EA show that asymptomatic children can have severe abnormalities[7,9]. These 
data indicate that patients with EA should be evaluated regularly by a 
multidisciplinary team (pulmonology, gastroenterology and otolaryngology), even in 
the absence of GERD-related symptoms. Therefore, the European Society for Pediatric 
Gastroenterology, Hepatology, and Nutrition (known as ESPGHAN)-North American 
Society for Pediatric Gastroenterology, Hepatology, and Nutrition (known as 
NASPGHAN) Guideline (2016) recommends that all EA patients (including 
asymptomatic patients) should undergo monitoring of GERD (impedance/pH-metry 
and/or endoscopy) at time of discontinuation of anti-acid treatment and during long-
term follow-up[4].

One of the limitations of pH-impedance testing in patients with esophagitis or 
esophageal motility disorders (both of which are commonly found in patients with 
EA) is that baseline impedances are 75% lower than in control patients[7]. This is 
important to realize, and manual revision of pH-MII tracings should be considered for 
all EA patients, especially in cases of unexplained symptoms or persistent growth 
impairment[9].

We designed this study to assess the clinical symptoms and pH-impedance data in 
children who underwent EA open surgical repair, with comparison to a control group 
of children with proven GERD[10], to find specific features of GERD in the group of EA 
patients and to provide data that will aid in the development of an effective and 
efficient national follow-up program for the EA patients.

MATERIALS AND METHODS
Study population and data collection
The study comprised 43 children with EA, ranging in age from 1 to 14 years (average: 
5.09 years), treated within the first days of life via open surgical repair. All children 
were operated on in the Department of Pediatric Surgery of The National Centre of 
Pediatric Surgery. This study was approved by the ethics committee of the National 
Centre of Pediatric Surgery and registered in The National Centre of Pediatric Surgery 
Trial Registry. Written informed consent was obtained from the parent(s) or guardian 
of each patient on the day of the procedure. The National Centre of Pediatric Surgery 
is located in Minsk (Republic of Belarus) and serves a pediatric population (up to 18 
years of age) of approximately 1865000, including treatment and follow-up of EA 
cases. The average number of children born with EA in Belarus is 15-17 per year. The 
total number of children with EA in Belarus over the last 5 years is 102.

Patient selection
All surgical repairs were carried out by thoracotomy in the early postnatal period 
(days 1-2), using primary direct anastomosis of the esophagus “end to end”. There 
were no cases of gastric/colonic pull-ups in the group of studied EA patients. All 
patients were treated with proton pump inhibitors (PPIs) for at least 6 mo after the 
open surgical EA repair.

This study was a retrospective chart review involving 43 children with EA who 
attended The National Centre of Pediatric Surgery. All EA open surgical repair 
patients (ages 1-18 years), who were bothered with troublesome symptoms and 
contacted our clinic, underwent combined impedance-pH testing and upper 
gastrointestinal endoscopy (with histological study of biopsied mucosa samples), and 
were considered eligible for study enrollment. For all, acid suppression therapy had 
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been discontinued for at least 7 d before the impedance-pH testing. Between the 
enrollment dates of November 2017 and February 2020, the 43 children considered 
eligible included 23 boys (53.5%) and 20 girls (46.5%).

Exclusion criteria
Patients were excluded according to MII/pH monitoring carried out < 18 h (n = 2), 
eosinophilic esophagitis diagnosis (n = 2), esophageal replacement therapy (gastric 
pull-up, jejunal/colonic interposition; n = 0), and receipt of fundoplication (n = 2). 
Thus, a total of 37 patients with EA were enrolled in the study, including 19 boys 
(51.4%) and 18 girls (48.6%).

Diagnosis of GERD was established based on the result of the MII/pH study and 
according the recommendation of guidelines on pediatric gastroesophageal reflux 
clinical practice[10-12]. Depending on the result of the pH-impedance testing, the EA 
patients were divided into groups of those with GERD (n = 20, 54.1%) and those 
without GERD (n = 17, 45.9%). The clinical and demographic features of both EA 
groups are listed in Table 1.

Control group
At the same time, we retrospectively evaluated 66 patients with proven GERD (acid 
exposure time > 7%, total number of retrograde bolus movement > 70), sex- and age-
matched to the EA group, who were enrolled in the study to serve as a control group. 
These patients were selected from among children with GERD-related symptoms, who 
had undergone pH-impedance testing for suspected GERD (with indications to 
confirm the diagnosis of GERD[10-12]) and who had undergone upper gastrointestinal 
endoscopy. Patients were excluded based on history of any abdominal surgery.

Based on the results of the 24-h MII/pH monitoring and endoscopies, control 
patients with proven GERD were divided into groups of those with reflux esophagitis 
(RE) (n = 25, 37.9%) and those with nonerosive reflux disease (NERD) (n = 41, 62.1%). 
The clinical and demographic features of both control groups are listed in Table 2.

Clinical assessment
We used the Gross classification system to define the type of EA, whereby long-gap 
EA was defined as any distance (> 2 vertebral bodies) between the esophageal (pouch) 
ends in a newborn too wide for a primary anastomosis[13-14].

A detailed clinical history and parental reported symptoms in all patients were 
analyzed. Patient data on GERD-related symptoms were collected via a study-specific 
questionnaire that queried the frequency, strength/intensity, relationship with 
mealtimes and body position related to GERD symptoms, the previous treatment(s) (
i.e., PPIs, alginates, antacids, histamine 2 receptor antagonists, prokinetics), the history 
of atopy, the birth history, and any accompanying illnesses. Also evaluated were 
predominant symptom(s) at presentation, timing of symptom(s) onset after EA repair, 
and type of EA. Parents were instructed to fill out the questionnaire and then, 
throughout the study period, to maintain a diary of written descriptions of any GERD-
related symptoms, body position (prone and supine), and mealtimes (beginning and 
end). Patients and their parents were instructed to avoid extremely hot or ice-cold 
drinks and food, “acid” foods, and carbonated beverages.

pH-impedance monitoring
The study was performed in all patients while off PPI therapy, using a Digitrapper MII 
ambulatory system (Medtronic, Dublin, Ireland) and disposable MII/pH catheters 
adjusted for age and height. The study was performed according to standardized 
protocol and, therefore, correct catheter position was confirmed by X-ray or under 
visual endoscopic inspection[15]. A single patient-length appropriate catheter with at 
least 6 impedance and 1 pH channel was used to perform the MII/pH monitoring. 
Depending on the age of the patient, the pH channel was placed 2 cm to 5 cm above 
the lower esophageal sphincter. The MII-pH catheters used were of 2.13 mm (6.4 Fr) 
diameter. All refluxes were then registered via the Digitrapper pH/ZÔ.

The following pH-impedance parameters were analyzed in the study: acid exposure 
time (AET), as percentage; longest acid exposure, in min; total number of retrograde 
bolus movements (RBM); number of proximal events; symptom association probability 
(SAP); and, distal mean nocturnal baseline impedance (MNBI). The impedance data of 
all patients with EA and GERD were subject to automatic analysis by the Medtronic 
software but also reviewed manually.
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Table 1 Demographic and clinical characteristics of esophageal atresia patients, n (%)

Characteristic EA with GERD, n = 20 EA without GERD, n = 17 P value

Age in yr, as median 4.93 (95%CI: 2.78 to 7.08; SD: 4.59); P < 0.001 5.06 (95%CI: 3.49 to 6.62; SD: 3.05) 0.444

Male/female, n 12/8 7/10 0.26

Gross type of EA Type C-20 (100) Type C- 17 (100)

Dysphagia 6 (30) 2 (11.8) 0.186

Vomiting 2 (10) 2 (11.8) 0.862

Heartburn 1 (5) 1 (5.9) 0.905

Cough 14 (70) 13 (76.5) 0.662

Recurrent pneumonia 2 (10) - 0.186

Recurrent bronchitis 2 (10) 2 (11.8) 0.862

Asymptomatic 2 (10) 1 (5.9) 0.653

History of atopy 5 (25) 2 (11.8) 0.314

Esophagitis 9 (45) 7 (41.2) 0.819

Previously treated with PPIs 8 (40) 9 (52.9) 0.606

Data are presented as n (%), unless otherwise noted. CI: Confidence interval; EA: Esophageal atresia; GERD: Gastroesophageal reflux disease; PPIs: Proton 
pump inhibitors; SD: Standard deviation.

Table 2 Demographic and clinical characteristics of control patients, n (%)

Characteristic RE, n = 25 NERD, n = 41 P value

Age in yr, as median 8.68 (95%CI: 6.5796 to 10.7804) 5.74 (95%CI: 4.4583 to 7.0295) 0.0113

Male/female, n 19/6 26/15 0.276

Gastrointestinal symptoms 10 (40) 6 (14.6) 0.017

Respiratory symptoms 7 (28) 16 (39) 0.366

Combined symptoms 8 (32) 16 (39) 0.569

Asymptomatic - 3 (7.4) 0.167

Data are presented as n (%), unless otherwise noted. CI: Confidence interval; NERD: Nonerosive reflux disease; RE: Reflux esophagitis.

Distal mean nocturnal baseline impedance
MNBI is considered an accurate method for characterizing esophageal baseline 
impedance[16-17]. Its measurement consists of determining the baseline impedance at 3 
cm or 5 cm above the lower esophageal sphincter during overnight rest, which 
represents the mean of values obtained during three 10-min time intervals in a period 
of no swallowing[16]. Even in EA patients without esophagitis, baseline impedances are 
known to be 44% lower than in control patients with esophagitis[18]. Low baseline 
impedances impair bolus detection, resulting in an underestimation of the reflux 
burden in EA patients. This is a major limitation of MII/pH in EA patients[7,9].

We determined distal MNBI in all patients at the same distance of the esophagus 
depending on age (1 year to 10 years: 3 cm above the lower esophageal sphincter; 
older than 10 years: 5 cm above the lower esophageal sphincter) and automatically 
calculated when neither reflux episodes nor swallowing were present, using a specific 
software function[16,17].

Proximal events
All of the reflux events were evaluated manually for their proximal extent. Retrograde 
bolus movements that reached at least channel 2 (the second most proximal channel) 
in the upper esophagus were considered high refluxes[7].
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Index of proximal events
The index of proximal events (IPE) was calculated as the ratio of the number of 
proximal refluxes to the total number of refluxes per day.

Upper gastrointestinal endoscopy
The endoscopy procedure was performed using the Evis Exera III imaging platform 
(Olympus Corp., Tokyo, Japan) under pharyngeal anesthesia or deep sedation. 
Mucosal biopsies were taken from the esophagus (a minimum of at least four samples 
from various parts of the esophagus), the stomach, and the duodenum. RE was 
diagnosed based on the Los Angeles classification system[19].

Statistical analyses
Statistical processing of the results was carried out using MedCalc Statistical Software, 
version 19.2 (MedCalc Software Ltd., Ostend, Belgium; https://www.medcalc.org; 
2020). Descriptive statistics included the arithmetic mean and median [both with 95% 
confidence interval (CI)], standard deviation, and standard error of the mean. Analysis 
of consistency of signs’ distribution type to the normal distribution law was carried 
out using the Shapiro-Wilk test; the sign distribution was considered a departure from 
normality at P < 0.05. Depending on the consistency/inconsistency of the distribution 
of the analyzed signs to the normal distribution law, the parametric Student’s t-test 
and the nonparametric Mann-Whitney U-test were used to evaluate differences 
between the groups.

For regression analysis, the type of regression equation was chosen according to the 
highest F-ratio and lowest P value, with maximum of P < 0.01. Measures of central 
tendency and data dispersion were subjected to one-way analysis of variance 
(ANOVA) to test the difference between the means of several subgroups of a variable; 
when the test was positive, post hoc testing (i.e. Student-Newman-Keuls) was 
performed. The Kruskal-Wallis test was used to analyze the effect of a classification 
factor on ordinal data; if the test resulted in a P ≤ 0.05, post hoc testing (i.e., Dunn’s 
test) was performed.

The diagnostic performance of data or the accuracy of a test to discriminate diseased 
cases from normal cases was evaluated using receiver operating characteristic (ROC) 
curve analysis. The ROC method used was based on Delong et al[20] with binominal 
extracted CI for the area under the curve (AUC).

RESULTS
Esophageal atresia group
A little over one-half (20/37, 54.1%) of the EA patients were diagnosed with GERD. 
The EA patients with GERD and those without GERD showed similar clinical 
characteristics, history of atopy, and upper endoscopy data.

Endoscopic analysis of the upper part of the gastrointestinal tract demonstrated 16 
EA patients had esophagitis grade A (according to Los Angeles classification) (43.2%), 
1 patient had gastric metaplasia (2.7%), and 6 patients had chronic gastritis (16.2%). 
The upper endoscopy data revealed no significant differences between the EA patients 
with GERD and those without GERD (P = 0.819) (Table 1).

There were 8 children in the EA with GERD group (40%) and 9 children in the EA 
without GERD group (52.9%) that had been previously treated with PPIs (1-3 mo 
prior). After therapy, clinical improvement was observed in only 47.05% of patients in 
both EA groups who had received therapy. The PPI therapy was discontinued in all 
patients for at least 7 d before the impedance-pH testing.

Only 3 out of 37 patients with EA did not experience any symptoms during pH-
impedance monitoring. Before pH-impedance testing their parents reported 
extraesophageal symptoms (cough and recurrent bronchitis) spontaneously. Thirty-
four patients reported symptoms during pH-impedance testing. Positive symptom 
association was defined in children who had a symptom association probability (SAP) 
over 95%. SAP was positive in 3/20 (15%) in the EA with GERD group and in 8/17 
(47.06%) in the EA without GERD group. The most frequently reported symptom for 
the EA patients was cough, for both groups.

Controls (patients with proven GERD)
The NERD and RE patients in the control group were subcategorized by their 
symptoms (Table 2), namely gastrointestinal (heartburn, vomiting and abdominal 
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pain), respiratory (cough and recurrent bronchitis), and combined (gastrointestinal 
and respiratory symptoms in the same patient). Only the gastrointestinal symptoms 
showed a significant difference between the two groups, with RE patients having 
significantly higher prevalence of these symptoms than the NERD patients (P = 0.017).

Only 3 out of the 66 controls did not experience any symptoms during pH-
impedance monitoring. Their previously reported symptoms, from before pH-
impedance testing, were respiratory (cough and recurrent bronchitis).

GERD features in groups
The EA without GERD group had significantly more patients with positive SAP (> 
95%) compared to the EA with GERD group [3/20 (15%) vs 8/17 (47.06%), P = 0.03] 
(Table 3).

А comparison of the pH-impedance parameters showed significant differences (P < 
0.001) in AET, number of RBM, and duration of the longest reflux event between the 
EA with GERD group and EA without GERD group. However, Mann-Whitney test 
(independent samples) indicated no differences in either the number of proximal 
events (P = 0.151) nor in the IPE (P = 0.939) (Table 3).

Comparison of the MNBI data was carried out using the t-test since the distribution 
in the groups was normal (Figure 1).

ROC curve analysis used GERD as a classification variable (presence: 1; absence: 0) 
and MNBI as a variable, and the subsequent results were: AUC = 0.806, P < 0.001 with 
criterion – 1.69 kOhm, sensitivity 80.0% and specify 76.5% (Figure 2). It should be 
noted, pairwise comparison of ROC curves for AET (%) and MNBI in the EA group on 
GERD diagnosis did not show a reliable difference (AUC AET (%) = 0.89). The 
difference between two areas (calculated as AET~MNBI = 0.0838; 95%CI:  -0.101 to 
0.269; P = 0.3743) revealed a similar diagnostic value for AET (%) and MNBI, in 
relation to GERD.

Comparisons between groups (EA with GERD, NERD, and RE) were performed in 
order to identify specific GERD features. The pH-impedance parameters of the 
comparison groups are presented in Table 4. The NERD and RE groups were found to 
share some specific features; in particular, both groups showed a relationship between 
MNBI and AET, with the NERD group having Spearman's coefficient of rank 
correlation of -0.46 [P = 0.002; AET(%) = 206364 + -306169 Log(MNBI), P < 0.001] and 
the RE group having Spearman's coefficient of rank correlation of -0.68 [P < 0.001; 
AET(%) = 164401 + -243143 Log(MNBI), P = 0.002].

The Kruskal-Wallis test showed absence of difference in AET (%) (P = 0.776) and 
total number of RBM (P = 0.697) between the groups of EA with GERD, NERD, and 
RE. However, a significant difference was found in MNBI and the IPE (Figure 3). For 
the analysis of MNBI, we decided to increase the degree of freedom up to 3-times in 
the Kruskal-Wallis test, due to the introduction of the EA without GERD group. We 
based this approach on the fact that the data of MNBI from this group also has great 
scientific and practical interest when comparing to a group of patients with non-
operated esophagus (Figure 4). The ANOVA gave an F-ratio of 6.69 (P < 0.005), and 
Scheffe test for all pairwise comparison (mean) confirmed the difference between 
NERD and EA with GERD groups (P < 0.05).

DISCUSSION
Limitations
First of all, the main limitation of our study is its high dispersion by age. We included 
children from 1-year-old to 14-years-old. Second, our institute has no follow-up 
program for EA open surgery repair patients. We currently examine patients with any 
GERD-related symptoms, and for this study only 11.7% of the eligible patients with 
EA open surgical repair were enrolled and included in the analysis. One more 
limitation of our study is the inability to rule out laryngopharyngeal reflux, because 
we use probes with one pH-sensor located in the distal part of the probe. This group of 
patients commonly complain of throat issues, such as chronic cough, throat clearing, 
or sore throat. Some of our patients had similar complaints. The most common tests in 
patients suspected of reflux-related laryngeal symptoms or laryngopharyngeal reflux 
are endoscopy and pH monitoring but these tests have poor sensitivity. The most 
popular examination of this pathology is proximal or hypo-pharyngeal pH 
monitoring, but these two probes have sensitivities of only 40%-50% at best, limiting 
their utility. Thus, there is a need for a better test with increased sensitivity for patients 
suspected of having laryngopharyngeal reflux[21].
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Table 3 pH-impedance data of esophageal atresia patients

pH-impedance parameter EA without GERD EA with GERD P value

AET (%) 2.59, 95%CI: 1.68 to 3.5 11.62, 95%CI: 7.54 to 15.7, P = 0.0066 < 0.001

Number of RBM 40.3, 95%CI: 34.3 to 46.3 67.3, 95%CI: 55.27 to 79.32 < 0.005

Longest acid exposure in min 9.37, 95%CI: 5.26 to 13.5, P = 0.0104 46.8, 95%CI: 28.39 to 65.26, P = 0.0061 < 0.001

Proximal events 6.59, 95%CI: 3.1 to 10.1, P = 0.0249 10.95, 95%CI: 6.24 to 15.56, P = 0.0089 0.151

Index of proximal events1 0.17, 95%CI: 0.09 to 0.27, P = 0.0052 0.16, 95%CI: 0.1 to 0.22 0.939

Distal MNBI in kOhm 1.99, 95%CI: 1.72 to 2.26 1.44, 95%CI: 1.21 to 1.67 < 0.005

SAP (> 95%/< 95%) 8/17 3/20 0.03

1In 4 cases in the group of EA without GERD, proximal events were not registered. Data are presented as mean with 95%CI by Shapiro-Wilk test. EA: 
Esophageal atresia; GERD: Gastroesophageal reflux disease; CI: Confidence interval; AET: Acid exposure time; MNBI: Mean nocturnal baseline impedance; 
RBM: Retrograde bolus movements.

Table 4 pH-impedance data of patients with nonerosive reflux disease, reflux esophagitis and esophageal atresia with 
gastroesophageal reflux disease

NERD, RE, EA with GERD Kruskal-Wallis test
Parameter

AM (95%CI) AM (95%CI) AM (95%CI) P value

AET (%) 10.50 (8.05-12.95) 10.06 (7.33-12.79) 11.62 (7.53-15.7) 0.776

Longest acid exposure in min 21.8425 (17.14 to 26.55) 25.8560 (18.47 to 33.24) 46.8 (28.39 to 65.26) < 0.05

Total number of RBM 74.61 (63.37 to 85.85) 82.28 (63.89 to 100.67) 67.30 (55.28 to 79.32) 0.697

Total number of proximal reflux 35.36 (20.76 to 29.97) 32.91 (21.35 to 44.48) 10.95 (6.23 to 15.66) < 0.001

Index of proximal reflux 0.35 (0.29 to 0.4) 0.37 (0.29 to 0.46) 0.16 (0.1 to 0.22) < 0.001

Distal MNBI in kOhm 2.25 (2.03 to 2.48) 1.95 (1.64 to 2.27) 1.44 (1.21 to 1.67) < 0.001

AET: Acid exposure time; AM: Arithmetic mean; CI: Confidence interval; MNBI: Mean nocturnal baseline impedance; NERD: Nonerosive reflux disease; 
RBM: Retrograde bolus movements; RE: Reflux esophagitis.

In addition, this was a study, where in not all patients were included but only those 
who were treated for troublesome symptoms after applying the exclusion criteria and 
among patients who had contacted our clinic over the past 3 years. Controls were 
chosen from sex- and gender-matched children with proven GERD in order to find 
specific features GERD in EA patients. In Belarus, a national follow-up program for EA 
patients has not yet been developed. So, these patients come to our clinic for 
examination when they have symptoms. Some of them did not experience any 
symptoms during pH-impedance monitoring. Before pH-impedance testing their 
parents reported symptoms spontaneously. The research was carried out at a single 
institution and as a retrospective study. Further accumulation of study data is needed 
for a better comparison of data in EA with GERD patients and patients with GERD 
with nonoperative esophagus. Surely, these data should be evaluated and confirmed 
with a prospective multicenter study.

Clinical data
Detailed clinical history and parental reported symptoms were analyzed for all 
patients. Symptoms in study groups were recorded during the study as events and by 
means of a questionnaire prepared specifically for this study for patients with GERD-
related symptoms. We asked parents of children (usually younger than 8 years) to fill 
out this questionnaire so that we could find out what worries parents of children who 
cannot explain the symptoms that bother them. Thus, one of the most common 
symptoms in children younger than 5-6 years are the symptoms noted by their 
parents, such as coughing, vomiting, feeding difficulties, recurrent bronchitis, and 
pneumonia. Evaluation of the patient’s and/or parental questionnaires showed that 
the most frequently observed symptom in EA patients with GERD and without GERD 
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Figure 1  Differences in distal mean nocturnal baseline impedance values (kOhm) among the esophageal atresia study groups. Study 
groups are EA with GERD and EA without GERD. P = 0.0024 by t-test (assuming equal variances). EA: Esophageal atresia; GERD: Gastroesophageal reflux 
disease.

Figure 2  Mean nocturnal baseline impedance capabilities for gastroesophageal reflux disease diagnosis in patients with esophageal 
atresia. A: Area under the curve is 0.806, with P < 0.001; B: Diagnostic cut-off is 1.69 kOhm, with sensitivity of 80.0% and specificity of 76.5%. EA: Esophageal 
atresia; GERD: Gastroesophageal reflux disease; MNBI: Mean nocturnal baseline impedance.

in our groups was cough. We also found that EA patients in our study groups rarely 
had the typical GERD symptoms of heartburn, regurgitation, and belching. For all 
symptoms, the comparisons between the EA patients with GERD and those without 
GERD found no statistical relations.

An intriguing finding in our study was that the number of patients with positive 
SAP was significantly larger for the EA without GERD group. As such, these children 
are revealed to have more episodes of symptoms despite the normal data produced 
upon their pH-impedance testing. This fact can be very important for the accurate 
evaluation of GERD in symptomatic EA patients before prescribing antireflux 
medication and especially proceeding fundoplication. On the other hand, we found 
pathological pH-impedance data in 10% of the asymptomatic patients, meaning that 
we have to follow-up these patients correctly. Collectively, these results confirm the 
importance of pH-impedance testing in EA patients in order to evaluate GERD and to 
individualize the treatment to each patient.

The most frequently observed symptoms in our patients with RE were 
gastrointestinal (heartburn, vomiting, and abdominal pain). In the group of patients 
with NERD, respiratory (cough, recurrent bronchitis, and pneumonia) and combined 
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Figure 3  Kruskal-Wallis test (P < 0.001) with post hoc analysis (Dunn’s test) of index of proximal events in study groups. Study groups are: 
(1) NERD; (2) RE; (3) EA with GERD. aP < 0.05. nr: MedCalc numbers the factors. In the output you see a list of factors, with factor label, n and average rank. The 
factor label is preceded with a number between brackets. The "nr" in "Different (P < 0.05) from factor nr" refers to that number. NERD: Nonerosive reflux disease; RE: 
Reflux esophagitis; EA: Esophageal atresia; GERD: Gastroesophageal reflux disease.

gastrointestinal and respiratory symptoms were more frequently observed. A 
statistically significant difference was found when the clinical data on gastrointestinal 
symptoms were compared between the RE patients and NERD patients – showing a 
significantly higher rate in the former.

pH-impedance data
The prevalence of GERD in EA patients in our study was high (> 50%). Our results 
were similar to those from other studies of EA patients with pH-impedance 
monitoring[7,22-24]. The patients in our study were off PPI therapy for several weeks 
before examination (minimum being 1 wk).

When we performed investigation into the features of pH-impedance data in our 
study groups with GERD (EA with GERD, NERD, and RE), we found no significant 
difference in the pH-impedance parameters (AET and total number of RBM). There 
were significant differences among all three groups for the longest acid exposure, total 
number of proximal events, and distal MNBI.

The esophagus is permanently compromised in EA patients, even when successful 
repair, sometimes under tension, has been achieved. Extrinsic and intrinsic 
innervations are abnormal and consequently motor function and sphincters are 
defective. The gastroesophageal reflux event is extremely frequent in patients treated 
for EA because of serious structural and functional deficiencies[22].

Mean nocturnal baseline impedance
MNBI, a novel pH-impedance metric, may be a surrogate marker of reflux burden. 
Investigations into the role MNBI in the diagnosis and phenotyping of reflux disease 
are relatively recent undertakings in the field. They have, however, revealed that 
MNBI can distinguish different GERD phenotypes from reflux-unrelated symptoms (
i.e., functional heartburn) and provides a good predictive value for antireflux 
therapy[16,17,25-28].

It is known already that EA patients have a significantly lower baseline impendence 
than normal children with suspected GERD[29,30]. In our study, the EA patients with 
GERD showed a significantly lower distal MNBI than either the EA patients without 
GERD or the patients with RE and NERD. Our results show that MNBI can be used as 
a diagnostic metric for GERD in EA patients after open surgical repair, having 
sensitivity of 80% and a specificity of 76.5%. We also found that distal MNBI at 1.69 
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Figure 4  Kruskal-Wallis test (P < 0.001) with post hoc analysis (Dunn’s test) of mean nocturnal baseline impedance data in the study 
groups. Study groups are: (1) NERD; (2) RE; (3) EA with GERD; (4) EA without GERD. aP < 0.05. nr: MedCalc numbers the factors. In the output you see a list of 
factors, with factor label, n and average rank. The factor label is preceded with a number between brackets. The "nr" in "Different (P < 0.05) from factor nr" refers to 
that number. NERD: Nonerosive reflux disease; RE: Reflux esophagitis; EA: Esophageal atresia; GERD: Gastroesophageal reflux disease.

kOhm is the cut-off for diagnosis GERD in EA patients. These results highlight the 
potential utility/value of distal MNBI for designing a personalized follow-up program 
for EA patients without high AET or high number of RBM but who have level of distal 
MNBI < 1.69 kOhm. Such patients require constant monitoring and early treatment of 
the complications (special follow-up program).

There are many studies in adults and children which have shown a relationship 
between AET and baseline impedance[31-34]. While this result was found in our group of 
GERD patients with non-operated esophagus, our study extended the finding to a 
statistically significant association. However, the statistical analysis indicated the 
absence of a relationship (significant correlation and logistic regression) between any 
of the pH-impedance parameters and distal MNBI. This finding is similar to that from 
a recent study, in which Tong et al[29] proposed that their results could be due to the 
fact that a significant proportion of their EA cohort (87.9%) and controls (40%) were on 
PPI therapy during the study, which would have had an effect on the 
gastroesophageal reflux parameters[29]. In our study, EA patients and patients with 
proven GERD were off PPI therapy.

Proximal events
The role of reflux height in the clinical picture of GERD in general and extraesophageal 
symptoms in particular remains unclear. There are studies in EA patients which have 
shown no relevant correlation of high-reflux events and respiratory symptoms. 
Statistically, there has been no correlation between the amount of high reflux and 
symptom scores or reflux index[7]. Yet, as shown in infants by Wenzl[35], there was 
relevant correlation of high-reflux events with respiratory symptoms.

There was also, in our study, a significant difference between the total number of 
RBM and the number of proximal events in the same patient. So, one patient may have 
100 episodes of RBM and 10 episodes of proximal events, and in another case, the 
patient may have 20 episodes of RBM and 10 episodes of proximal events; when we 
compare these cases, the difference will be significant. The first case has 10% proximal 
events of the total number of RBM, and for the second case it is 50%. We suggest using 
the IPE for estimation of more adequate assessment of proximal refluxes, as it reflects 
the share of proximal events in total number of RBM. We calculated this index as the 
ratio of the number of proximal refluxes to the total number of refluxes per day. Our 
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statistical analysis showed strong correlation with IPE and total proximal events for 
both EA groups, with and without GERD, and indicated that IPE was significantly 
lower in both compared to that in GERD patients with non-operated esophagus. Thus, 
it is obvious that factors other than proximal refluxes are involved in the pathogenesis 
of respiratory symptoms in EA patients. It is generally known that esophagus after 
atresia open surgical repair is restored anatomically, but is it restored functionally? An 
additional question is whether these motility disturbances will disappear with age?

CONCLUSION
GERD is the most common long-term complication of EA. These patients are 
predisposed to GERD as a result of the altered anatomy and motility of the esophagus. 
pH-impedance testing is an effective way to diagnose and monitor for reflux and to 
individualize the treatment strategy for each patient.

Distal mean nocturnal baseline impedance has good diagnostic value for GERD in 
children with EA after open surgical repair, with cut-off of < 1.69 kOhm. The 
difference between two areas (calculated as AUC AET~ AUC MNBI = 0.0838; 95%CI: 
-0.101 to 0.269; P = 0.3743) revealed a similar diagnostic value for AET (%) and MNBI, 
in relation to GERD. Distal MNBI can be used as an indicator to design a personalized 
follow-up program for EA patients.

The index of proximal events (IPE) is calculated as the ratio of the number of 
proximal refluxes to the total number of refluxes per day. There was strong correlation 
with the IPE and total proximal events in each of the EA groups, and our data showed 
that the IPE in both EA groups was significantly lower than in GERD patients with 
non-operated esophagus. IPE might be an additional parameter of pH-impedance 
monitoring.

ARTICLE HIGHLIGHTS
Research background
Esophageal atresia (EA) is the most common congenital anomaly of the 
gastrointestinal tract. Esophageal dysmotility and gastroesophageal reflux disease 
(GERD) are frequent and lifelong problems after repair of EA, even after successful 
surgical repair of the esophagus anatomy. It is important to diagnose and manage 
GERD to reduce subsequent related respiratory and gastrointestinal problems and 
their associated short-term and long-term complications. GERD can be asymptomatic 
and several studies have shown the absence of correlation between symptoms and 
esophagitis in this population. All EA patients (including asymptomatic patients) 
should undergo monitoring of GER (impedance/pH-metry and/or endoscopy) at time 
of discontinuation of anti-acid treatment and during long-term follow-up.

Research motivation
In Belarus, a national follow-up program for EA patients has not yet been developed. 
So, these patients come to our clinic for examination when they have symptoms. Some 
of them did not experience any symptoms during pH-impedance monitoring. Before 
pH-impedance testing their parents reported symptoms spontaneously.

This study was designed to assess clinical symptoms and pH-impedance data in 
children after EA open surgical repair, and to compare with a control group of 
children with proven GERD in order to find specific GERD features in these patients 
and to provide data that will support development of a national program for the 
follow-up of EA patients. This was accomplished via a retrospective chart review of EA 
open surgical repair patients with GERD-related symptoms in our clinic from 
November 2017 to February 2020 using pH-impedance data, upper endoscopy data, 
medical records and clinic letters.

Research objectives
The main objectives of this study were to assess clinical symptoms and pH-impedance 
data in children with EA open surgical repair and to compare with a control group of 
children with proven GERD in order to identify specific features of reflux disease in 
these groups of patients. According to the results, we hope to develop a national 
program for the follow-up of EA patients and to personalize their treatment.
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Research methods
Patients with EA who received open surgical repair and combined impedance-pH 
testing while off proton pump inhibitor therapy and who underwent upper 
gastrointestinal endoscopy with histological study of mucosa biopsy samples were 
involved in the study. Data on patient symptoms were collected via a specially-
prepared questionnaire for our study patients with GERD-related symptoms. We 
asked the parents of children (usually younger than 8 years) to fill out this 
questionnaire so that we could see what worries parents of children who cannot 
explain the symptoms that bother them. We used the index of proximal events (IPE), 
calculated as the ratio of the number of proximal refluxes to the total number of 
refluxes per day. We also determined distal mean nocturnal baseline impedance in all 
patients at the same distance depending on age (1 year to 10 years: 3 cm above the 
lower esophageal sphincter; older than 10 years: 5 cm above the lower esophageal 
sphincter).

Research results
We found a strong correlation with IPE and total proximal event in each EA group (EA 
with GERD: 0.96, P < 0.001; EA without GERD: 0.97, P < 0.001). The level of IPE in both 
EA groups was significantly lower than in GERD patients without any surgical 
treatment of esophagus (Kruskal-Wallis test, P < 0.001). Data on distal mean nocturnal 
baseline impedance in comparison of EA with GERD, EA without GERD, nonerosive 
reflux disease (commonly referred to as NERD) and reflux esophagitis (commonly 
referred to as RE) groups showed significant difference between EA with GERD 
(Kruskal-Wallis test, P < 0.001; one-way analysis of variance: F-ratio 6.69, P < 0.005) 
and the other two control groups but an absence of difference between EA without 
GERD, NERD and RE groups. We also found strong correlation with the IPE and total 
proximal events in each of the EA groups, and our data showed that the IPE in both 
EA groups was significantly lower than in GERD patients with non-operated 
esophagus.

Research conclusions
Distal mean nocturnal baseline impedance has good diagnostic value for GERD in 
children with EA after open surgical repair, with cut-off of < 1.69 kOhm, and can be 
used as an indicator to design a personalized follow-up program for EA patients. The 
IPE might be an additional parameter of pH-impedance monitoring.

Research perspectives
Not all patients were included in this study but only those who were treated for 
troublesome symptoms (after applying the exclusion criteria) and who had contacted 
our clinic over the past 3 years. In Belarus, a national follow-up program for EA 
patients has not yet been developed.

Our results confirm the importance of pH-impedance testing in EA patients in order 
to evaluate GERD and to individualize the treatment strategy for each patient. This 
finding has very important implications for the evaluation of GERD in symptomatic 
EA patients before prescribing antireflux medication and especially in the 
consideration of proceeding to fundoplication.

Although it is generally known that esophagus after atresia open surgical repair is 
restored anatomically, whether it is restored functionally remains unknown. Another 
important unknown for focus of future study is whether these motility disturbances 
will disappear with age? For such, correct and comprehensive follow-up of surgically-
repaired EA patients (such as that designed upon the results of our study presented 
herein) is needed.
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