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Pediatric minimally invasive surgery

Part I. Implementation into current surgical 
practice 
Nowadays, an ever-growing number of operative procedures in neonates and infants are 
performed with minimally invasive techniques. Indications for these surgical procedures 
are congenital defects such as esophageal atresia, tracheomalacia, diaphragmatic 
hernias, duodenal atresia, intestinal duplications, choledochal cysts, Hirschsprung 
disease, or anorectal malformations. Minimally invasive surgical strategies have also 
evolved to provide treatment for conditions that require surgery later in the life of 
young infants and children, such as hypertrophic pyloric stenosis, Meckel’s diverticula, 
or gastrostomy tube feeding requirement. Many studies so far have focused on the 
technical feasibility of the aforementioned applications and for many other diagnoses, 
minimally invasive approaches have become the first choice in pediatric surgical centers. 
Some centers have even evolved into centers of excellence in this field. Although there 
seems to be a growing adaptation towards minimally invasive approaches, literature on 
their physiological effects or neonatal tolerance of this surgery is limited. Interestingly, 
comparisons between minimally invasive techniques with open surgery, especially in 
the form of randomized trials, are rarely available.

In the first part of this chapter, studies that describe feasibility and clinical comparison 
of laparoscopic pyloromyotomy surgery and thoracoscopic esophageal surgery in 
neonates and young infants are reviewed.

Laparoscopic pyloromyotomy
In 1991 Alain et al. published the first series of 20 patients treated for hypertrophic pyloric 
stenosis through a laparoscopic pyloromyotomy [1]. The first series that followed showed 
that the technique was feasible, but that the initial complication rates were relatively high 
[2].It was the improved cosmesis, the apparent decrease in postoperative discomfort, and 
the expectation that complication rates and operative times would decrease by gaining 
more expertise that kept surgical centers involved in further applying this technique. 
Many reports subsequently confirmed that there was a significant learning curve for this 
procedure. Ford et al. studied 31 patient cases that were operated laparoscopically and 
noted longer operating times (41 min) and more severe complications, as compared to open 
surgery, including 2 duodenal perforations, one pyloric perforation, and one incomplete 
pyloromyotomy [3]. All of these patients were subsequently operated via a laparotomy. 
Furthermore, there were two omental extrusions through the umbilical incision and one 
wound abscess. No further complications were observed after changing the operative 
protocol. In another study by Van der Bilt et al., it was found that after 15 operations 
complications per surgeon decreased [4]. When comparing cohorts of patients that were 
either operated earlier or later in time, they found that in the later group of patients the 
mucosal perforation rates decreased from 8.3% to 0.7%, insufficient myotomy dropped 
from 8.3% to 2.7%, and operative times dropped significantly to approximately 25 minutes. 
It was later reported that laparoscopic pyloromyotomies have a steep learning curve during 
the first 15 cases, this was especially apparent when operative times were observed [5] 
Operative times became more consistent after 30 cases, when approximately 20 minutes 
was required. Subsequent studies by Harichahan et al. in 500 consecutive patients revealed 
complication rates for incomplete myotomy at 1.2%, mucosal perforation or duodenal 
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perforation at 1.6%, and wound complications at 1.4% [6]. The authors further report 
a 5.4 fold increased risk of complications when general surgery residents performed 
laparoscopic pyloromyotomies as compared to pediatric surgical residents. In another 
study consisting of 185 infants that underwent laparoscopic pyloromyotomy, it was found 
that in the last 60 patients, operative times dropped to approximately 21 min and total 
complication rates declined to less than 1.6% (i.e. incomplete myotomy, duodenal or 
pyloric perforation, and wound infections combined) [7]. Recently, a group of 70 pediatric 
patients operated laparoscopically were split into two consecutive groups; in the later 35 
patients the total complication rate dropped from 31.5% to 11.4%, with only one mucosal 
perforation observed in the latter group [8].

Many pediatric surgical groups compared open and laparoscopic pyloromyotomy 
series, after they had gone through the initial learning curve. In six publications a total 
of 568 laparoscopic procedures were compared with 621 open procedures [9-13]. In 
all studies complication rates were comparable. Three randomized controlled trials 
showed similar results in a total of 400 patients that were randomized [14-16]. All 
previously published surgical results were assessed in four reviews with meta-analysis 
[17-20]. Benefits of the laparoscopic approach included shorter postoperative time in 
the hospital, faster time to full feed, less postoperative pain, better cosmesis, and fewer 
wound infections. Any difference that was seen in mucosal perforations or incomplete 
myotomies never reached significance due to the low incidence of these complications. 
In 2014, Hall et al. published a large multicenter study that included 2830 patients, of 
which 1802 were operated laparoscopically [21]. The reported frequencies of incomplete 
myotomy was 0.29% in the open group versus 1.16 % in the laparoscopic group and 
mucosal perforation was 0.29% in the open group versus 0.83% in the laparoscopic 
group. From the same investigation by Hall et al. it was reported that only the increased 
chance of incomplete myotomy was significantly different between the two groups; 
considering the low incidence of these complications, the authors conclude that this is 
not a reason to advise against the laparoscopic approach.

In summary it can be concluded that laparoscopic pyloromyotomy has benefits with 
regards to wound healing and cosmesis. Complications are comparably within the range of 
open surgical approaches when the surgical team has undergone an initial learning curve.

Esophageal atresia
The thoracoscopic approach to esophageal atresia was first introduced in 1999-2000 
[22,23]. Soon hereafter feasibility studies corroborated the applicability of this approach 
[24-34]. Minimally invasive thoracoscopic-based approaches affords several advantages, 
one of which is the excellent visualization of the operating field due to the magnification of 
the video system and the proximity to the operative field in the thorax. Another advantage 
is less operative pain analgesic requirement [35], and shorter postoperative neonatal 
intensive care unit (NICU) and/or hospital stay [36]. Also, thoracoscopic approaches seem 
to cause less thorax deformity, in comparison to open surgical approaches, via a muscle 
sparing posterolateral thoracotomy [37-39]. Furthermore, there is less asymmetry of 
the thorax, fewer grade I scoliosis, less patients with narrower intercostal spaces, and 
better cosmetics in patients treated by thoracoscopy [40].

It is to be expected that newly introduced techniques will and should be compared 
to the previous open surgical techniques. Unfortunately there are no prospective 
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randomized trials that address the pairing up of these techniques for comparison [41]. 
The underlying reasons for the scarcity of these investigational reports could be due to 
the relative rarity of the disease incidence, the lengthy learning curve associated with the 
thoracoscopic procedure, and the limited amount of centers that have both techniques 
available. Recently some retrospective comparative studies became available, comparing 
thoracoscopic procedures with open surgical repair. Al Tokhais et al. compared 23 
thoracoscopic (TS) vs. 22 open surgery (OS) patients[42]. Leakage rate was comparable 
in both groups (17% vs. 14%), stricture rate also (8% vs. 18%), and operative times 
however did not differ. In another study by Lugo et al. 7 TS vs. 26 OS patients were 
compared; leakage rates were comparable (14% vs. 19%), stricture rates were higher 
in the open group (14% vs. 50%), and operative times were longer in the TS group [36]. 
Also another study compared 14 TS with 14 OS patients, the report reveals that there 
was no leakage in any patient of either groups, stricture rates were comparable (21% vs. 
24%), and analgesia usage and hospital stay were shorter in the TS group.[43] Recently, 
25 TS vs. 32 OS patients were compared, the leakage rates were again comparable (4% 
vs. 3%), with no strictures in either group, operative times were longer in the TS group, 
and there was no difference in postoperative ventilation times [44]. A meta-analytical 
investigation on thoracoscopic interventions retrospectively compared several studies 
and found no differences in leakage rates and strictures [45]

Although there appears be possible benefits to the thoracoscopic approach, its 
technical challenges that come with a substantial institutional learning curve remain a 
burden preventing wider acceptance [46-49]. However, despite selective mainstream 
acceptance, some authors postulate that thoracoscopic esophageal surgery should be 
concentrated in a limited number of centers comprising of skilled minimally invasive 
surgeons [50].

Part II. Physiological effects of minimally 
invasive surgery in animal models
Although many studies have shown the technical feasibility of minimally invasive 
procedures in neonates and small infants, little is known regarding their physiological 
effects. Some studies sought to study this in small and young animal models. Minimally 
invasive surgical research has focused mainly on the impact of pneumoperitoneum (PP) and 
pneumothorax (PT) on intestinal anastomosis healing properties, their cardiorespiratory 
effects in general, and their systemic and local immunological responses.

Studies on the effect of the pneumoperitoneum on intestinal anastomosis healing
Application of CO2 PP raises intra-abdominal pressure (IAP). A moderate increase in 
IAP can cause a significant decrease in splanchnic perfusion [51-53]. The application 
of CO2 might counteract decreases in splanchnic perfusion as CO2 was proven to be a 
potent vasodilator of the mesenterics [54]. Experimental research has tested the effect 
of these phenomena on intestinal anastomosis healing. These studies focus mainly on 
the application of a PP followed by an intestinal anastomosis through a laparotomy. 
In general, higher pneumoperitoneal pressures seem to impair intestinal anastomosis 
healing. Research that studied pressure effects showed a correlation of applied IAP 
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and impaired anastomotic strength at 5 to 7 days; Kologlu et al. found this effect after 
applying IAP >6 mmHg for 4 days [55]. Polat et al. tested the effects of pressures >14 
mmHg applied for 1 h [56]. Similarly, it was found that impaired anastomotic healing was 
evident when applied pressures were >12 mmHg for 3 h [57]. Interestingly, no influence 
on anastomotic healing was found if low pressures such as 3 or 6 mmHg were applied 
for two sequential periods of 15 min before and after performing the anastomosis [58]. 
Although these studies support the hypothesis that increased abdominal pressure might 
impair anastomotic healing, these results should be cautiously interpreted. Some of the 
applied pressures were substantially higher than pressures that would normally be used 
or are recommend for laparoscopy in children and to a lesser extent in adults. Moreover, 
all animals in the above-depicted experimental investigations underwent open surgery via 
laparotomy after a period of abdominal insufflation; the actual surgeries on the intestines 
were not performed during PP or under the influence of an elevated CO2 environment. 
Furthermore, the rats were not intubated and were not mechanically ventilated with 
sufficient end-expiratory pressures to prevent pulmonary failure that can be caused 
by the PP. Also, PP with pressures >10 mmHg can cause respiratory acidosis when the 
rats are breathing spontaneously [59]. Studies have shown that with intubation, this 
ventilation regime can maintain arterial blood pressure and arterial oxygenation for a 
prolonged time in rodent models [60-62].

In chapter 4 of this thesis an animal study is described in which intestinal anastomosis 
healing was tested when performed through laparotomy or laparoscopy with different 
CO2 PP pressures.

Studies on the effect of the pneumoperitoneum and pneumothorax on physiology
Pneumoperitoneum 
IAP is increased during PP. The effects of raised pressures on physiology were studied in 
animal models. Sumpelmann et al. developed a rabbit model in which IAP was gradually 
increased by infusion of saline (total 1000 mL) [63]. With the increasing IAP, the inferior 
caval vein pressure rose more than the superior caval vein pressure. There was no change 
in mean arterial blood pressure (MAP), while cardiac output (CO) increased initially but 
dropped with prolonged elevated IAP. Rosenthal et al. studied CO2 PP pressures up to 
30 mmHg in a swine model and found that increased IAP correlated with increased 
central venous pressure (CVP), MAP and intra cranial pressure [64]. Interestingly, 
cerebral perfusion remained unchanged. In another swine investigation, physiological 
responses were evaluated during laparoscopic colon resection, it was reported that caval 
vein pressures rose and that heart rate (HR) and MAP remained unchanged while CO 
was significantly increased [65]. Others also report fluid redistribution to the thoracic 
compartment when IAP was increased in pigs by abdominal banding [66].

Pneumothorax
Polis et al. insufflated CO2 into the left hemithorax with an intrapleural pressure (IPP) 
of 2-5 mmHg in dogs [67]. Arterial blood pressures, cardiac index, stroke index, left 
and right ventricular stroke work index, arterial hemoglobin saturation, arterial oxygen 
tension, and systemic vascular resistance decreased significantly during hemithorax 
insufflation, whereas HR, right atrial pressure, mean, systolic and diastolic pulmonary 
arterial pressure, pulmonary capillary wedge pressure, pulmonary vascular resistance, 
and arterial carbon dioxide tension significantly increased during IPP elevation. Different 
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pneumothorax pressures in dogs were studied in which it was found that CO and systolic 
and diastolic arterial pressure decreased at 3 mmHg IPP [68]. A significant increase in 
CVP was noted at 6 mmHg IPP. HR decreased significantly at 5-6 mmHg IPP but was not 
decreased above 6 mmHg IPP. A significant decrease in SpO2 was seen at 10 mmHg IPP. 
Jones et al. studied thoracoscopy in pigs [69]. He reports that IPP of >5 mmHg resulted 
in significant decreases in cardiac index, MAP, stroke volume, and left ventricular stroke 
work index, whereas CVP increased, there were no significant changes in HR observed.

All authors conclude from their animal studies that given the degree of CO decrease at 
low intrathoracic pressures, insufflation-aided thoracoscopy should be used with caution 
and at the lowest possible insufflation pressure. Higher pressures can significantly raise 
CVP with a decrease in cardiac index. In chapter 5 a study in piglets is presented in which 
different pressures were applied during thoracoscopic esophageal surgery.

Part III. Physiological effects of minimally 
invasive surgery in neonates and small infants
Studies on the tolerance of laparoscopic procedures in neonates and small infants
Few reports have been published on the effects of laparoscopic surgery on neonatal 
respiration. Li et al. collected blood samples from patients during laparoscopic surgery 
for hypertrophic pyloric stenosis and Hirschsprung’s disease [70]. Pressures between 
8-14 mmHg were applied, HR and MAP significantly increased after PP installation then 
decreased back to baseline after CO2 exsufflation. PaCO2 and etCO2 were significantly 
higher after establishing PP, whereas pH was significantly lower 20 min after PP installation 
compared with baseline. No significant differences were observed in SpO2 and SaO2. 
McHoney et al. found that small children absorb more CO2 during PP than older children 
[71]. Subsequently, Bozkurt et al. assessed the cardiorespiratory effects of laparoscopic 
procedures with maximum pressures of 10 mmHg in children under 1 year of age [72]. 
The pH and paO2 decreased and paCO2 increased by application of the PP, HR and systolic 
blood pressure remained unaltered. Hsing et al. found that younger children show a faster 
increase in etCO2 during the PP than older children [73]. In another study by De Waal et 
al., the effects of a 5 mmHg PP in children younger than 3 years old during laparoscopic 
anti reflux surgery was investigated, they report an increase in etCO2, paCO2, cardiac 
index, HR, and MAP [74]. Gueugniaud et al. investigated the hemodynamic effects of 
laparoscopy (10 mmHg) during surgery for impalpable testis in 12 infants (6-30 months) 
by using esophageal aortic blood flow echo-Doppler monitoring [75]. Their findings 
reveal a decrease in aortic blood flow and stroke volume index to body surface area 
while the systemic vascular resistance increased. In a retrospective analysis comparing 
intraoperative physiological variables during laparoscopic (8-10 mmHg) and open 
pyloromyotomies, no significant differences were found in operative time, temperature 
change, HR, and blood pressure [76]. In the laparoscopic procedures there was an increase 
in etCO2 (not exceeding 6 kPa). Fujimoto et al. performed laparoscopic procedures in 
neonates (2-30 days old) and found that hypercapnia (etCO2 up to 61 mmHg) developed 
unless hyperventilation and a relatively high peak-insufflation pressure was maintained 
during PP [77]. Moreover, no cardiac depression developed and fluid volumes and 
electrolyte balance were identical to patients that required open surgery. 
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In all the above-mentioned studies, the measured physiological parameters all 
returned to preoperative values when the PP was ended. Variations in CO were without 
threatening clinical consequences. No hemodynamic instability in newborns was reported 
when using an insufflation pressure up to 8 mmHg. Therefore it is concluded that 
laparoscopic surgery can be carried out safely, even in neonates.

Studies on the tolerance of thoracoscopic procedures in neonates and small infants
Five studies describe the physiological response to thoracic endoscopic surgery in 
neonates. Bishay et al. studied the impact of neonatal thoracoscopic surgery on blood 
gas, CO2 absorption, and cerebral oxygenation and found that approximately 29% of 
exhaled CO2 originated from thoracic insufflation (versus approximately 13% during PP 
in children) [78]. PaCO2 started at 9.4±1.3 kPa, it was 12.4±1.0 kPa intraoperatively and 
decreased to 7.6±1.2 kPa at end of operation, arterial pH started from 7.19±0.04, was 
7.05±0.04 intraoperatively and recovered to 7.28±0.06 at end of operation. It was reported 
that cerebral oxygen saturation levels started from 87%±4% and were 75%±5% at end 
of operation, which remained unchanged up to 24 hours (73%±3%) postoperatively. 
The study by Bishay et al. comprised both of 6 congenital diaphragmatic hernia (CDH) 
patients and 2 patients with esophageal atresia (EA). However, due to lung hypoplasia in 
CDH patients, conclusions from this study may not apply on esophageal atresia patients. 
Furthermore, application of up to 10 mmHg CO2 pneumothorax pressure was applied, 
usually lower pressures are recommended to avoid major physiological impact as stated 
in this thesis in chapter 5. The initially reported cerebral oxygenation was 87%, this is 
relatively high and could possibly be related to the induction of anesthesia. Per and 
postoperative values around 75% are now considered within normal range for neonates 
[79-81]. These authors state in the title of their paper that cerebral oxygen saturation is 
decreased during surgery for CDH and EA. Considering the potential tamponade-like and 
congestive effect by thoracoscopic procedural pressure exerted on the cardiopulmonary 
system in EA patients, cerebral oxygenation levels should be further elucidated with lower 
insufflation pressures. Burgmeier et al. investigated 10 EA patients and 5 CDH patients 
with major cardiac anomalies during thoracoscopic surgery (applied pressures ranging 
8-15 mmHg, median 9 mmHg) [82]. The authors report that all surgical procedures could 
be performed without hemodynamic instability. In another study by Mortellaro et al., 
high-frequency oscillating (HFO) ventilation to facilitate stability during EA thoracoscopic 
surgery was investigated [83]. They report a mean (range) intraoperative pH of 7.34 
(7.15-7.52), pCO2 of 42.8 mmHg (18-79 mmHg), pO2 of 157 mmHg (63-249 mmHg), and 
an SaO2 of 98.3% (92-99%). The authors conclude that the HFO ventilation allowed for 
good intraoperative exposure with good oxygenation and CO2 elimination for preventing 
acidosis. Subsequently, Bishay et al. published a pilot randomized trial that compared 
open and thoracoscopic EA and CDH surgery in which thoracoscopic repair of CDH was 
associated with severe and prolonged intraoperative hypercapnia and acidosis [84]. 
Because of the evidence-based reported outcomes presented in the discussed literature 
above, thoracoscopic repair is no longer performed in CDH patients. However, interestingly 
for EA patients there were no differences between open versus thoracoscopic surgery 
regarding peroperative paCO2, pH, or paO2 as monitored for up to 24 hours.
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Abstract
Background
In 1998, the one-year experience in minimally invasive abdominal surgery in children at 
a pediatric training center was assessed. Seven years later, we determined the current 
status of pediatric minimally invasive surgery in daily practice and surgical training.

Methods
A retrospective review was undertaken of all children with intra-abdominal operations 
performed between 1 January 2005 and 31 December 2005.

Results
The type of operations performed ranged from common interventions to demanding 
laparoscopic procedures. 81% of all abdominal procedures were performed laparoscopically, 
with a complication rate stable at 6.9%, and conversion rate decreasing from 10% to 7.4%, 
compared to 1998. There were six new advanced laparoscopic procedures performed in 
2005 as compared to 1998. The children in the open operated group were significantly 
smaller and younger than in the laparoscopic group (p<0.001 and p=0.001, respectively). 
The majority (64.2%) of the laparoscopic procedures were performed by a trainee. There 
was no difference in the operating times of open versus laparoscopic surgery, or of 
procedures performed by trainees versus staff surgeons. Laparoscopy by trainees did not 
have a negative impact on complication or conversion rates.

Conclusions
Laparoscopy is an established approach in abdominal procedures in children, and does 
not hamper surgical training.

Keywords: Pediatric surgery, Minimally invasive surgery, Training



25

Implementation of pediatric minimally invasive surgery

Background
In adults, the known advantages of minimally invasive surgery are improved cosmesis 
due to smaller incisions, and fewer postoperative ileus and pain, which results in less 
analgesic use, less respiratory morbidity, shorter hospital stays, and a swift return to 
preoperative activities [1]. In pediatric surgery, minimally invasive surgery has been 
introduced at a slower pace, in part because the patients are smaller, the operations are 
often already performed through small incisions, and many of the conditions that require 
surgery are rare, and therefore require a longer training period [2]. Davenport stated 
in 2003 that the majority of procedures in children were still conventional rather than 
laparoscopic [3]. In addition, in the early 1990s, prudence was widely advocated [4,5] 
and it is well known that a surgeon’s experience and learning curve are very important 
predictors of outcome.

On the other hand, in 1998 we found that of all abdominal surgery performed in our 
hospital, already as much as 60% had been performed by minimally invasive techniques 
as opposed to laparotomy, with a conversion rate of 10.1% (mainly appendicitis) and a 
complication rate of 6.8% [6]. Moreover, as we described earlier, trainees easily learned 
the laparoscopic pyloromyotomy procedure without any increase in the complication rate 
[7]. However, it could be speculated that with an increase in laparoscopic procedures, 
the surgical training of a trainee might be compromised since the procedures are more 
strenuous than in open surgery and therefore require intensive training.

In this study we retrospectively assessed all consecutive abdominal surgical procedures 
in 2005. We evaluated the current use of minimally invasive surgery and open surgery 
in pediatric patients, in order to determine its role in the training of surgical trainees.

Patients and methods
All consecutive children undergoing an abdominal surgical procedure in the Department 
of Pediatric Surgery of the University Medical Center Utrecht during a period of one 
year (1 January 2005 to 31 December 2005) were included. All medical data was 
retrieved from the patients’ files, including gender, age, weight, procedure, emergency or 
planned, operating surgeon (one surgical resident, two fellows and four staff surgeons), 
duration of operation, intra operative surgical and technical problems, conversions, and 
complications. Well-supervised surgical residents and fellows in pediatric surgery — 
henceforth referred to as trainees, unless stated otherwise — were distinguished from 
staff surgeons, and it was noted by whom a procedure was performed. A procedure 
was defined as an emergency procedure when it was performed within 12 hours after 
diagnosis. The pyloromyotomies were considered a planned procedure. The postoperative 
course was reviewed, and complications, re-interventions and time to follow-up were 
assessed. The type of operation was graded according to its complexity as easy, difficult, 
or demanding using the grading of Costi et al. for laparoscopic procedures in adults [8], 
modified for pediatric laparoscopies by Metzelder et al. [9].

For the record, it should be noted that in our department no resections of solid 
tumors or urologic procedures are performed.

For laparoscopic procedures, a standard open introduction technique of the first port 
through the inferior umbilical fold was used. Laparoscopy was performed routinely with 
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reusable instruments and devices, mostly 3–5 mm ports (Storz® Tutlingen, Germany). The 
maximum intra-abdominal pressure was kept at 8 mmHg and the maximum flow at 5 L/
min in older children, and at 5 mmHg and 2 L/min in infants. Monopolar electrocautery 
devices were used. At the end of the operation all port sites were closed by use 
of a resorbable suture. In laparoscopic-assisted surgery, dissection was performed 
laparoscopically followed by a small local incision to perform an anastomosis outside 
of the abdominal cavity.

Statistical analysis was performed using independent sample Mann-Whitney t-test.
Significance was determined by a p value less than 0.05. SPSS (Inc Chicago, Illinois) 

software package for Windows was used. Results are presented as mean ± standard 
deviation, or median (range).

Results
In total, 231 patients underwent abdominal surgery in 2005, of which 44 (18.9%) were 
performed via laparotomy and 187 (81%) were performed laparoscopically. Patient 
characteristics are summarized in Table 1.

As compared to 1998, six new procedures were performed in a minimally invasive 
fashion in 2005 (n=14), of which all but one were classified as demanding procedures, 
and are indicated by an asterisk in Table 3. A trainee was the operating surgeon in 72.7% 
of the open procedures (Table 2) versus 64.2% in the laparoscopic group (Table 3). The 
percentage of the laparoscopic procedures classified as difficult and performed by a 
trainee was 48%.

Of the open procedures, 40.9% were planned compared to 74.8% of the laparoscopic 
procedures. Of the minimally invasive procedures, the trainees performed 35% of the 
planned procedures and 66.7% of the emergency procedures. A trainee performed 72% 
of all emergency procedures that were conventionally operated.

Intraoperative and postoperative complications were encountered in 12 patients (6.9%) 
that underwent laparoscopic operations (see Table 4). Two complications (incomplete 
myotomy and bleeding) occurred in one patient. In the open group, the complication rate 
was 4.4%. The conversion rate from laparoscopy to laparotomy was 7.4% (Table 5). The 
reason for conversion in the majority of patients (n=4) was distention of the bowel and/
or adhesions that prevented good overview. Intraoperative complications (i.e., bleeding) 
caused conversion in three patients. In four patients, a diagnostic laparoscopy identified 
generalized peritonitis, and in two patients, intussusception was found; all followed by 
conversion [10]. The small diameter of the intestine together with multiple atresia did 
not permit laparoscopic duodenoduodenostomy in one patient.

Table 1. Patient characteristics.

Open Laparoscopy
Median age (range) 15 (0–25 weeks) 76 weeks (0 days–17 years) p=0.001 
Under one year of age 30 (68.1%) 89 (48.7%)
Under four weeks of age 20 (45.5%) 25 (14.4%)
Mean weight, in kg (range) 3.6 (0.76–61) 8.2 (0.76–90) p<0.001
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Table 2. Indications for laparotomy.

Laparotomy Total number
Performed by 

trainees
Performed by 
staff surgeons

Easy
Appendectomy 3 2 1
CAPD* 3 3 0
Difficult
Entero-enterostomy/adhesiolysis 10 7 3
Ventral hernia** 8 5 3
Resection of the ileum 4 2 2
Intussusception 3 3 0
Adhesion 3 3 0
Gastroschisis closure 3 2 1
Ileostomy 2 2 0
Demanding
Subtotal colectomy 1 1 0
Derotation/adhesiolysis 1 1 0
Duodenoduodenostomy 1 1 0
Diaphragm closure 0 1 1
Total 44 32 12

* CAPD, Continuous ambulant peritoneal dialysis
** Omphalocele

The mean duration of the laparoscopies did not significantly differ from the duration 
of the open procedures (p=0.104). The duration of pyloromyotomies performed by 
the trainees (n=36) was 44.6±15.9 minutes versus 37.3±16.7 minutes for staff surgeons 
(n=14;p=NS). Follow-up median was six months (1–613 days).

Discussion
In the Wilhelmina University Children’s hospital in 2005, 81% of 231 abdominal procedures 
were performed by minimally invasive surgery, compared to 60% of 244 procedures 
in 1998 [6]. Since 1998, the conversion rate has decreased from 10 to 7.4%, whilst the 
complication rate remained unchanged (6.8% in 1998 vs. 6.9% in 2005; Tables 4 and 
5). The indication for laparoscopic surgery has been broadened with the addition of 
six different procedures, five of which are amongst the most difficult operations. This 
increase in the use of laparoscopic procedures during the past seven years is partly due 
to complete establishment of the laparoscopic approach by the surgeons, and probably 
also due to the acceptance and skills of staff (i.e., anesthetists, nurses).

Meanwhile, children in the open group were significantly smaller and younger 
than in the laparoscopic group (p<0.001 and p=0.001, respectively), indicating that 
there is specific a group of patients deemed not suitable for laparoscopic surgery. 
In addition, more than half of the laparotomies performed would not benefit from 
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Table 3. Indications for laparoscopy by performing surgeon.

Laparoscopic procedure Total number
Performed by 

trainees
Performed by 
staff surgeons

Easy
Appendectomy 22 20 2
Diagnostic 11 5 6
Hernia, inguinal rec* 1 1 1
Total 34 25 9
Difficult
Cholecystectomy 1 0 1
Cholecystotomy 1 0 1
Colostomy 1 1 0
Hernia, incisional 1 0 1
Colectomy, subtotal 1 0 1
Gastrostomy 39 36 3
Intussusception 2 2 0
Perforation 1 0 1
Pyloromyotomy 50 36 14
Splenectomy 7 3 4
Thal 16 11 5
Transverso-transversostomy 1 0 1
Abscess evacuation 1 1 0
Total 122 90 32
Demanding
Duodenoduodenostomy 7 0 7
Gastrocolic fistula 1 0 1
Hirschsprung, Duhamel 1 0 1
Ileorectal anastomosis* 1 0 1
Ileumresection* 1 0 1
Kasai* 4 0 4
Laparoscopic-assisted cecumresection 1 0 1
Obstruction, adhesiolysis 5 2 3
Pyloromyotomy, redo** 4 2 2
Rectosigmoid res, transanal* 1 0 1
Retroperitoneal lymph node biopsy 1 1 0
Diaphragm closure 1 0 1
Subtotal colectomy with J-pouch* 1 0 1
Thal, redo 2 0 2
Total 31 5 26

* New procedure performed laparoscopically since 1998
** Two were referred from elsewhere
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Table 4. Intraoperative and postoperative complications in all laparoscopies (n=187).

Complications of laparoscopy
Total 

number
Performed 
by trainees

Performed by 
staff surgeons

Incomplete myotomy in pyloromyotomy 2 2 0
Mucosal injury in pyloromyotomy, laparoscopic repair 1 1 0
Abcesses postappendectomy, followed by laparotomy 2 1 1
Bleeding (see conversion) 3 1 2
Anastomotic leakage
One in duodenuduodenostomy; laparoscopic repair
One in ileoanal pouch, open repair

2 0 2

Portsite hernia, local repair 1 0 1
Dysphagia after reflux surgery, laparoscopic repair 1 0 1
Tear endobag in appendectomy 1 1 0
Total 13 6 7

Table 5. Events leading to conversion and laparotomy by performing surgeon.

Conversion
Total 

number
Performed 
by trainees

Performed by 
staff surgeons

Lack of overview due to peritonitis/adhesions 4 2 2
Lack of overview due to bowel distention 4 2 2
Lesion art epigastrica in appendicitis 1 1 0
Venous bleeding crus in redo-Thal 1 0 1
Bleeding, redo pyloromyotomy 1 0 1
Small diameter of the intestine 1 0 1
Insufficient result scopic reduction intussusception 2 2 0
Total 14 7 7

an endoscopic approach, given the indications such as gastroschisis and adhesiolysis 
(Table 2).

The operating time of the laparoscopic group was not significantly longer than that 
of the open group, reflecting that laparoscopy has become a standard procedure. This 
adds favor for minimally invasive procedures: Laparoscopy does not take longer, and 
therefore does not affect operating schedules in a negative manner. Moreover, the 
duration of surgery performed by trainees is no different than when the same procedures 
are performed by staff surgeons. This contradicts the concern expressed by some that 
the trainees might not be able to gain sufficient expertise.

We found that a trainee was the operating surgeon in as many as 64.2% of all 
laparoscopic procedures, and 48% of all minimally invasive procedures classified as 
difficult (Table 3). All together, the complication and conversion rates were not increased 
in the patients on which trainees operated as compared to staff surgeons.

Trainees in a pediatric laparoscopic training center can perform laparoscopic 
procedures in children with good results, which is in concordance with the findings 
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of others [11]. As we described earlier, trainees learned to perform a laparoscopic 
pyloromyotomy, which can be classified as an easy procedure, without an increase in the 
complication rate [7]. In this study, we have shown that the more difficult procedures 
are equally well performed by trainees. Furthermore, the increase in laparoscopic 
procedures as opposed to conventional procedures does not imply that trainees perform 
fewer procedures: they are still able to perform a significant amount of operations, and 
develop skills in minimal invasive surgery.

In conclusion, in a pediatric laparoscopic training center, up to 81% of all abdominal 
procedures are currently performed by minimally invasive surgery. Operating time is no 
different between laparoscopy and conventional surgery. Residents or fellows do not 
take significantly longer to operate than staff surgeons. In addition, the trainees perform 
up to 64% of all laparoscopic procedures, which indicates not only that they are able to 
perform more difficult procedures, but also that minimally invasive surgery does not 
necessarily hamper surgical training.
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Abstract
Background
Thoracoscopic repair of esophageal atresia is considered to be one of the more advanced 
pediatric surgical procedures, and it undoubtedly has a learning curve. This is a single-
center study that was designed to determine the learning curve of thoracoscopic repair 
of esophageal atresia. 

Methods
The study involved comparison of the first and second five-year outcomes of thoracoscopic 
esophageal atresia repair.

Results
The demographics of the two groups were comparable. There was a remarkable reduction 
of postoperative leakage or stenosis, and recurrence of fistulae, in spite of the fact that 
nowadays the procedure is mainly performed by young staff members and fellows.

Conclusions
There is a considerable learning curve for thoracoscopic repair of esophageal atresia. 
Centers with the ambition to start up a program for thoracoscopic repair of esophageal 
atresia should do so with the guidance of experienced centers.
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Introduction
It has been 10 years since the first feasibility studies on thoracoscopic repair of esophageal 
atresia in neonates were first published [1–3]. Since then, the thoracoscopic approach has 
become more widespread [4–8]. Recently, in a British survey 46 % of the participating 
pediatric surgeons indicated that they were intending to start with the thoracoscopic 
approach for esophageal atresia repair [9].

Thoracoscopic repair of esophageal atresia is considered to be one of the more 
advanced pediatric surgical procedures. What is the learning curve of this procedure?

During the first five years the thoracoscopic repair of esophageal atresia was mainly 
performed by the senior pediatric surgeons, whereas during the second five years 
the procedure was mainly performed by younger staff members and fellows under 
supervision of the senior staff.

This is a single-center study comparing the first five years of thoracoscopic repair 
of esophageal 

Materials and methods
The operative technique for thoracoscopic correction of esophageal atresia has been 
extensively described elsewhere [10]. Here only the refinements, that in our opinion 
have led to further reduction of complications, will be explicited. The first important 
factor is the ligation of the fistula with a transfixing Vicryl 3 × 0 ligature, that will not 
come off later during any event. A second important factor is the use of a stabilizing 
first suture on the back wall that is drawn out through the thoracic wall and fixed with 
a mosquito clip (Fig. 1a, b). This will make maneuvering easier without crushing the 
tissue with forceps. The third factor is the use of a running suture whenever possible, 
because this will secure a watertight anastomosis, where sometimes the space between 
two interrupted sutures may be too big and lead to leakage (Fig. 2a, b). Finally, the 
experience of the senior surgeons, who always assist in the procedures, will avoid the 
pitfalls usually made by beginning teams. When the primary surgeon tends to make the 
wrong decision, the senior surgeon intervenes and puts the primary surgeon back on 
the right track. Principally, no chest tube is left behind.

Early postoperative follow-up is based on clinical symptomatology. The child usually is 
extubated the following day or the second day, and feeding through the transanastomotic 
tube is started. When there is no more saliva retention, oral feeding can be started on 
day 3–5. Only when the patient develops a temperature or is experiencing pulmonary 
compromise is a thoracic X-ray made. If there is effusion in the right thoracic cavity, a sign 
of anastomotic leakage, a thoracic drain is placed through one of the trocar incisions for a 
few days until the leak dries up. Only when doubt persists is a contrast study performed. 
Also in the further follow-up, contrast studies are only performed when symptoms of 
stenosis, such as swallowing difficulties (i.e., feeding difficulties) arise. All children with 
esophageal atresia receive ranitidine during the first month of life. In case of stenosis, 
balloon dilatation is carried out under general anesthesia. If the stenosis persists or 
recurs too often, a laparoscopic antireflux operation may be considered.

Between May 2000 and December 2010 a total of 72 patients with type C esophageal 
atresia underwent thoracoscopic repair in our department. This time period was split into 
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two segments: 2000–2005 and 2006–2010. Demographic data, co-morbidity, operative 
data, and postoperative follow-up were compared.

Statistical analysis was performed with the Wilcoxon rank sum test for continuous 
variables. For categorical variables the chi-square test and Fisher’s exact test were used.

Results
The demographics are displayed in Table 1. There were 41 consecutive patients with type 
C esophageal atresia in the first period and 31 consecutive patients in the second. Both 
populations were comparable as to gestational age, birth weight, and associated anomalies.

The outcome of surgery is displayed in Table 2. The smallest child was born after 
34.3/7 weeks of gestation and weighed 1,025 g, indicating that premature and low-birth-
weight neonates are principally approached thoracoscopically. There was no difference 
in operating time between the first and second time periods. Conversion was necessary 
in two patients in the period 2000–2005. In the first child, that occurred early in our 
experience when only 5 mm trocars were available in our hospital; low birth weight and 
small size required conversion to prevent damage to the ribs. The second patient did 
not tolerate CO2 insufflation and later was diagnosed with an undetected atrial septal 
defect (ASD) type II requiring cardiac surgery. Median admission time in the ICU and 
hospital were not significantly different.

Postoperative leakage decreased markedly in the period 2005–2010 (22 to ≥8 %). 
The incidence of postoperative stenosis had diminished from 16 to 6 patients (38 to ≥19 

Table 1. Demographics of patients with esophageal atresia.

Demographics 2000–2005 2006–2010
No. patients 41 31
Gestational age (weeks) 37.5/7 37.4/7
Birth weight (g) 2660 2620
Associated anomalies 28 (68 %) 16 (51 %)

Table 2. Postoperative outcome in two time periods, 2000–2005 and 2006–2010.

Operative results 2000–2005 2006–2010 P value
Median operating time (min) 155 160
Conversion 2 2 (long gap)
Median IC admission (days) 4 4
Median feeding time (days) 4.56 4.25
Median admission time (days) 16.5 14.3
Postoperative leakage 9 (22 %) 2 (8 %) 0.082
Recurrent fistula 2 (4 %) 0
Postoperative stenosis 16 (38 %) 6 (19 %) 0.062
Postoperative death 1 1
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%). Recurrent fistulae were not present in the second time period. In both time periods 
there had been one death. The first was a child with Feingold syndrome whose parents 
refused further treatment. The second child, a twin, was born extremely prematurely 
and was dysmature at a birth weight of 830 g at 31.6/7 weeks, and had a tracheal rupture 
during surgery.

Discussion
Thoracoscopic repair of esophageal atresia is considered to be one of the more advanced 
endoscopic procedures in pediatric surgery [5, 7, 8]. For this type of advanced procedure, 
a learning curve has to be taken into account [8]. The thoracoscopic repair of esophageal 
atresia in our department has been performed for 10 years now. In the present study, a 
comparison was made between the first and second five-year time periods to determine 
if there had been a change in outcome, reflecting a learning curve. This learning curve 
could then be considered by other centers that are planning to start a program for 
thoracoscopic repair of esophageal atresia.

The patients treated in both five-year periods were comparable in terms of gestational 
age, birth weight, and associated anomalies.

The duration of operation remained unchanged. This can be explained by the fact 
that in the second time period other staff members and fellows principally performed 
the procedure under supervision of one of the senior pediatric surgeons. The operating 
surgeons could thus practice the procedure at their own speed, but with the parachute 
of the supervising senior surgeon to guarantee quality control. This is an issue for centers 
that wish to start up the thoracoscopic approach for correction of esophageal atresia. 
Because of the considerable learning curve, it is advisable for less experienced surgeons 
to perform the procedure under the guidance of an experienced endoscopic surgeon.

The length of postoperative stay in the intensive care unit did not seem to lessen 
in the second five-year time period. This was likely due to an unchanged, conservative 
postoperative treatment protocol used in the ICU. Ceelie et al. [11] had concluded in 
their study that endoscopic surgery had no effect on postoperative pain management. 
However, they had failed to adjust their pain protocol to the new approach, resulting 
in a similar outcome as before. These findings have led to alterations in our current 
postoperative treatment protocol for patients who have undergone thoracoscopic 
esophageal atresia repair. Patients will now only receive morphine based on their pain 
score. This may make it possible for the patients to be weaned from the ventilator earlier.

The time to first feeding had also not changed for the same reasons as mentioned 
above. This too has now been changed in the postoperative treatment protocol. Feeding 
through the transanastomotic tube will be started on the second postoperative day, 
and oral feeding will be commenced as soon as the child displays no more excessive 
saliva production. We believe that this may ultimately result in a shorter hospital stay.

The digital measurement in the Picture Archiving and Communication System (PACS) 
of the length of the proximal esophagus and distance to the carina are good predictors 
for risk of postoperative leakage in children with esophageal atresia and distal fistula, 
because of the more or less fixed position of the esophagus and trachea in the thoracic 
cage [12]. In this study we demonstrated that patients with a proximal esophagus 
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measuring less than 7 mm, and a distance from the carina to the proximal esophagus 
of more than 13.5 mm, have an increased risk for postoperative leakage after primary 
repair of their esophageal atresia. We have used this technique since and operated on 
an additional 20 children. Of these children, 5 fulfilled the criteria described above, but 
only 2 indeed had postoperative leakage.

Overall there was a remarkable reduction in postoperative leakage from 22 to 8 
%. Although the difference was not significant due to the small numbers, we believe 
that increased surgical expertise and the technical adjustments (Figs. 1,2) led to this 
reduction in postoperative leakage. Summarizing, these adjustments were (1) ligation 
of the fistula with a transfixing Vicryl 3 × 0 ligature; (2) use of a stabilizing first suture; 
(3) use of a running suture; (4) supervision by an experienced surgeon. The reduction 
of postoperative leakage in our study was similar to that observed in patients who had 
undergone laparoscopic repair of their duodenal atresia. The use of traction sutures and 
incorporating running sutures resulted in a more watertight anastomosis [13]. A similar 
report on technique was published by Shimotakahara et al. [14]. The fact that nowadays 
young colleagues and fellows perform the operation did not increase the leakage rate. 
Other endoscopic series describe a leakage rate of 11.5 to 27 % [4, 7, 15, 16].

Fig. 1. Running suture of posterior 
wall. Upper esophagus (u), distal 
esophagus (d), and lung (L). A stay 
suture (S) stabilizes the esophagus for 
suturing. b Drawing of the picture in a 
schematically displaying the posterior 
wall of the upper (u) and distal (d) 
esophagus, where a running suture 
has been laid. This running suture is 
tied to the stay suture (S) laid at the 
posterior wall. The collapsed lung (L) 
is at the lower end.
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In the initial period two patients had a recurrent fistula. Since the use of transfixing 
sutures to close the fistula was begun, no more recurrences have been observed. Other 
series describe 1.9 to 4 % recurrent fistulae [4, 15].

The incidence of postoperative stenosis had also decreased, from 38 to 19 %. It is 
not clear if this was due to the operative technique and/or to increased experience. 
However, we know that in the beginning of implementing the thoracoscopic approach 
the magnification of the image resulted in performing a too small an incision in the 
proximal esophagus. Stricture formation or stenosis occurred in 14 to 34.6 % in other 
series [4, 7, 15, 16].

The thoracoscopic repair of esophageal atresia remains a challenge for many pediatric 
surgeons. Nevertheless in a British survey [9] 46 % of the pediatric surgeons have indicated 
that they would like to start implementing this procedure. It is obvious that it will be 
important to know the pitfalls and the techniques to perform a safe anastomosis. As this 
study has demonstrated, there is a considerable learning curve, but under guidance of 
experienced pediatric endoscopic surgeons an extended learning curve can be avoided. 
Centers with the ambition to start up a program for thoracoscopic repair of esophageal 
atresia should do so with guidance of experienced centers.

Fig. 2. Start of a running suture along 
the anterior side of the esophagus (this 
can be the same suture used for the 
posterior wall after it has been tied 
to the stay suture). Upper esophagus 
(u), distal esophagus (d), and lung 
(L), as well as the stay suture(S), are 
marked. b Drawing of the picture in a 
demonstrating the start of the anterior 
running suture.
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Overall the outcome of thoracoscopic repair of esophageal atresia can very well 
compete with the outcome of open esophageal atresia repair found in the literature 
[5, 8, 15]. The additional advantages of the endoscopic approach are better cosmesis 
and avoidance of possible thoracic wall deformities. Newly adjusted protocols for 
thoracoscopic esophageal atresia repair in the future will further have to demonstrate 
their advantage over open surgery in relation to postoperative complications, ICU and 
admission time and long-term sequelae, such as esophageal stenosis.
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Abstract
Background
The CO2 pneumoperitoneum, which is used for laparoscopic surgery, causes local 
and systemic effects in patients. Concern arises about what the pressurized anoxic 
environment of the CO2 pneumoperitoneum has on intestinal healing. Earlier experimental 
work showed a negative correlation between intestinal healing and the applied intra-
abdominal pressure. To further elucidate this, we developed a rat model, in which 
enterotomy healing can be compared after open or laparoscopic surgery. Possible 
mechanisms of injury, such as impaired neoangiogenesis or injury through hypoxia-
induced pathways were studied.

Methods
A new experimental mechanically ventilated rat model was developed. An enterotomy 
was made and closed via laparotomy (group I) or laparoscopy under CO2 pressures of 5 
mmHg (group II) or 10 mmHg (group III). Intestinal healing was tested in vivo after 1 week 
by bursting-pressure analysis. The effect of the operative procedure on neoangiogenesis 
was tested by counting factor VIII positive vessels in biopsies of the perianastomotic 
granulation tissue after 1 week. Intestinal anoxia was tested by quantifying HIF-1α protein 
levels in intestinal biopsies, taken before the enterotomy closure.

Results
The bursting pressures were significantly lower after laparoscopic surgery at 10 mmHg 
CO2 pneumoperitoneum (group III) compared with rats that had undergone open surgery 
(group I) or laparoscopic surgery at 5 mmHg CO2 pneumoperitoneum (group II). There was 
no significant quantitative difference between the three groups in the neoangiogenesis 
nor was there a difference in the amount of HIF-1α measured in the intestinal biopsies.

Conclusions
We developed a surgical model that is well fitted to study the effects of pneumoperitoneum 
on intestinal healing. With this model, we found further evidence of CO2 pressure-
dependent hampered intestinal healing. These differences could not be explained by 
difference in neoangiogenesis nor local upregulation of hypoxic factors.

Keywords: Anastomosis healing, Rat model, CO2, Pneumoperitoneum, Neoangiogenesis, 
HIF-1 alpha
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Introduction
With the growing number of minimally invasive procedures, concern arises about 
the possibly detrimental effect of CO2 pneumoperitoneum on intestinal healing. We 
hypothesized that the pressurized anoxic carbon dioxide environment influences early 
intestinal healing of enterotomies. Earlier experimental work showed that increased 
abdominal pressure causes impaired anastomotic healing [1-4]. To further examine this 
phenomenon, we developed a rat model, in which enterotomy healing can be compared 
after open or laparoscopic surgery. Possible mechanisms of injury such as impaired neo-
angiogenesis or injury through hypoxia induced pathways were studied.

Materials and Methods
Animals
Male Wistar Albino rats, weighing 300 to 350 grams were obtained from Harlan, Zeist, 
The Netherlands. After arrival at our animal facility, they were housed under standard 
laboratory conditions and acclimatized for one week to a 12-hour light/dark cycle and 
room temperature between 22˚C and 24˚C. They received normal rodent chow and water 
ad libitum. After the surgical procedure, body weight was measured daily as a function 
of well being and of bowel function.

The rats were divided into three groups; Group I) a group in which the operation 
was performed as an open procedure, Group II) a group in which the operation was 
performed via laparoscopy with maximal insufflation pressure of 5 mmHg, and Group 
III) a laparoscopic group with insufflation pressure of maximum 10 mmHg. 

All experiments were performed in accordance of the Animal Welfare Committee of 
the University Medical Center Utrecht.

Surgical procedure
Perioperative analgesia consisted of intramuscular Temgesic® administration for 
24 hours. After induction of anesthesia with isoflurane, the trachea was intubated 
with a 14 G Venflon catheter. A Bear Cub® infant respiratory ventilator was used for 
maintaining isoflurane inhalation anesthesia at a rate of 40 x/min and at pressures of 
18 mmHg over 8 mmHg PEEP. The rats were shaved and the abdomen was disinfected. 
Animals were operated on a heated operating table in a ¾ supine-right side position. 
For the laparoscopic procedure 3 mm instruments were used (Karl Storz, Tuttlingen, 
Germany).The instruments were disinfected with alcohol prior to surgery. Three 
3.5 mm trocars were placed in the abdominal midline. The trocars were placed in 
purse string sutures, to prevent any air leak. A CO2 pneumoperitoneum of either 
5 or 10 mmHg with a flow of 0.5 L/min was applied by an Endoflator (Karl Storz, 
Tuttlingen, Germany). One trocar was used for a 3 mm 30˚ scope. The camera was 
fixed to the operation table. Instruments were placed through two trocars, placed 
cranially and caudally of the camera in the midline. In open surgery, the abdomen 
was opened via a midline incision. The operative procedure was similar in all groups. 
The laparotomy time of the open procedure was matched to the time needed for 
laparoscopic procedure of the previous rat. This way we achieved comparable total 
operative time in all groups. 
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The procedure was started with inspection of the abdomen, and identification of the 
coecum. A segment of the terminal ileum, at approximately 5 cm from the ileocoecal 
junction was identified and brought to the left side of the abdomen. After gently 
evacuating intestinal content with non-traumatic forceps, an incision of half of the 
circumference at the anti-mesenteric side was made. A biopsy was taken from the distal 
side of the enterotomy for quantification of hypoxia induced factors. The biopsies were 
taken at 10 +/- 2 minutes in group II, and at 11 +/- 3 minutes in group III after installation 
of the pneumoperitoneum (NS). In open surgery, the interval between intubation and 
the biopsy was matched to the interval that was recorded in the laparoscopic procedure 
of the previous rat. Then the enterotomy was closed with five interrupted absorbable 
5.0 (Vicryl™, Ethicon) sutures. The first laparoscopic suture was exteriorized through 
the opposite abdominal wall, to keep the segment in view of the fixed camera during 
the further closure of the enterotomy. The trocars were removed under laparoscopic 
vision. The abdominal wall was closed in two layers with absorbable 4.0 sutures (Vicryl™, 
Ethicon). The rats were extubated after regaining consciousness. 

Bursting pressure
The strength of the enterotomy was tested in vivo after one week by measuring the 
bursting pressure [1]. The abdomen was accessed via a midline laparotomy under 
isoflurane inhalation anesthesia. The segment with the enterotomy was ligated on one 
side, and the other side was connected via a cannula to an infusion pump with saline 
solution. A pressure transducer and recorder were connected via a side-arm of the 
canulla. The saline solution filled the segment with a constant rate of 60 ml/hour. A 
rapid decline of pressure was recorded when burst occurred. The maximum pressure 
achieved just prior to burst was recorded as the bursting pressure [9].

Immunohistochemistry
A biopsy of the anastomotic line was excised after the bursting pressure experiment. A 
quantification of the neoangiogenesis in the granulation surrounding the anastomosis 
was performed by counting factor VIII-positive vessels. The procedure was described 
previously [9]. In short; the segment was first fixed with formaldehyde 4%, and embedded 
in paraffin. The granulation was identified after section of the biopsies and eosin-staining 
with hematoxylin. The selected tissue was deparfinized and incubated for 10 minutes in 
hydrogen peroxide. After pretreatment with pepsin, the slides were preincubated with 
normal goat serum for 15 minutes. Then the tissue was incubated for one hour with a 
polyclonal antibody against factor VIII (DAKO, Carpinteris, CA). Followed by incubation with 
a biotinylated goat anti-polyvalent secondary antibody with large-volume streptavidin 
peroxidase (Lab Vision, Fremont, CA), which was followed by 3,3’-diaminobenzide 
tetrahydrochloride as chromogen. Sections were counterstained with hematoxylin and 
dehydrated.

Granulation tissue surrounding the anastomotic line was analyzed microscopically 
(x40 objective, x10 ocular). Factor VIII-positive vessels were counted in four different 
fields. Angiogenesis was expressed as the average number of vessels per field.

HIF-1a determination by bead-based immunoassay
One hundred μl PBS containing 10 μl/ml of a cocktail of protease inhibitors (Sigma, 
Zwijndrecht, the Netherlands) was added to frozen biopsies which were subsequently 
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grinded with a mortar and pastel cooled in liquid nitrogen. The homogenates were 
stored at −80 °C until analysis of HIF-1a. Homogenates were thawed, centrifuged for 
5 minutes (10.000 × g) and the supernatant was used for determination of HIF-1a. To 
that end, 50 μl of the undiluted biopsy supernatant or standard recombinant HIF-1a 
(Bioconnect, Huissen, the Netherlands) was incubated with anti-HIF-1a antibody-coated 
beads (Bioconnect, Huissen, the Netherlands and Luminexcorp, Austin, TX, USA) in a 
96 well 1.2 μm filter plate. After 60 minutes of incubation, a biotinylated secondary 
rabbit anti-human HIF-1a antibody (Abcam, Cambridge, UK) was added to each well 
and incubated for another 60 minutes. After subsequent incubation for 30 minutes 
with streptavidin-PE (Bio-Rad, Veenendaal, the Netherlands) the fluorescence intensity 
of the beads was measured using the Bio-Plex system in combination with the Bio-Plex 
Manager software version 5.0 (Bio-Rad). HIF-1a concentrations were calculated from an 
8 point standard curve, ranging from 20.000 to 9,14 picogram/ml. Total protein content 
in the supernatants was quantified using a BCA® protein assay kit (Pierce, Rockford, IL, 
USA). HIF-1a concentrations are expressed as pg/mg biopsy protein.

Statistical analysis
Analysis of the data was performed with SPSS 15.0 for Windows software on a PC. Analysis 
was performed by using the Mann-Whitney U test. Differences between groups were 
considered to be statistically significant when a P value smaller than 0.05 was found.

Results
The rats were randomly assigned to one of three groups. Group I consisted of rats 
undergoing open surgery (N=23), group II rats were operated by laparoscopy under 5 
mmHg CO2 pressure (N=23) and group III rats underwent the laparoscopic procedure 
under 10 mmHg CO2 pressure (n=23). In group I, two rats were excluded, one because of 
respiratory failure due to intubation injury, and one for technical failure at the bursting 
pressure measurement. In group II, two rats were excluded due to respiratory failure 
due to intubation injury. In group III all rats were included. All rats were weighed prior 
to surgery, and during the week after surgery. Initial weight and weight loss after one 
week was comparable in all groups (table 1). Total operation time, from intubation to 
extubation was similar in all groups, because we matched the operation time of rats in the 
open surgery group to the time needed for a procedure from the previous laparoscopic 
surgery group. Also the total pneumoperitoneum time was similar in both laparoscopic 
groups (group II and III) (table 1). 

The bursting pressures at one week were significantly lower in group III (10 mmHg 
CO2 pneumoperitoneum) as compared to rats that had undergone open surgery (group 
I) or laparoscopic surgery at 5 mmHg CO2 (group II) pneumoperitoneum (Table 1, Figure 
1). There was no difference in bursting pressure if we compared group I (open) and 
group II (5 mmHg CO2).

Neoangiogenesis was quantified by measuring factor VIII-positive vessels in the 
granulation tissue that surrounds the anastomosis. There was no significant difference 
in the quantified neoangiogenesis between the three groups (table 1). 

As a marker of peroperative ischemia, we quantified HIF-1a concentrations in the intestinal 
biopsies taken during surgery. The amount of HIF-1a was similar in all groups (table 1). 
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Table 1. Characteristics of the three experimental groups.

Group I, open 
surgery

Group II (5 
mmHg)

Group III (10 
mmHg) P

N 21 21 23
Weight at surgery  
(g) (range)

362 (329–409) 373 (346–416) 368 (338–404) 0.378

Weight 1 week after 
surgery (g) (range)

353 (326–415) 363 (334–405) 357 (317–393) 0.451

Mean operation time 
minutes mean (range)

58 (43–75) 56 (43–71) 55 (43–72 0.115

Duration of 
pneumoperitoneum,  
min (range)

_ 43 (29–57) 43 (29–64) 0.716

Bursting pressure  
(mmHg, mean) (SEM)

292 (6.9) 279 (7.6) 253 (7.4) 0.005 between 
group I and III 
0.0175 between 
II and III

Angiogenesis, F VIII-
positive vessels/view, 
mean (SD)

18.6 (9.3) 19.8 (10) 16.4 (10.1) NS

HIF-1α concentration in 
biopsies (pg/μg) protein, 
mean (SD)

3.01 (1.4) 2.64 (1.7) 2.76 (1.5) NS

Group I rats had undergone open surgery. Groups II and III had undergone laparoscopic 
surgery at 5 and 10 mmHg CO2 pneumoperitoneum, respectively.
Mean weight before surgery and at 1 week is stated in grams.
Mean operative time from intubation to extubation and total pneumoperitoneum time are 
stated in minutes.
Mean bursting pressure of the operated intestinal segment after 1 week is expressed in 
mmHg.
Angiogenesis in the granulation tissue was measured by counting Factor VIII-positive vessels
Values are expressed as mean number of vessels per field and SD.
HIF-1α concentration of perioperative intestinal biopsies are expressed as pg/μg biopsy 
protein.

Discussion
We set up this study to determine the effect of the intra-abdominal CO2 pneumoperitoneum 
pressure on intestinal healing. Earlier experimental work in rats had shown a correlation 
of applied intra-abdominal pressures and impaired anastomotic strength at five to seven 
days. Kologlu found this effect after applying intra-abdominal pressures of over 6 mmHg 
for four days [2]. Polat tested the effect of pressures over 14 mmHg applied for one hour 
[1]. Ozgun found impaired anastomotic healing if the applied pressure was more than 12 
mmHg for three hours [3]. No influence on anastomotic healing was found if low pressures 
of 3 or 6 mmHg were applied for two sequential periods of 15 minutes [4]. Although 
these studies support the hypothesis, that increased abdominal pressure might impair 
anastomotic healing, some caution has to be taken interpreting these results. Some of 
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the applied pressures are substantially higher than pressures that we would normally 
recommend for laparoscopy in children and to a lesser extent in adults. Moreover all 
animals in these series underwent open surgery via a laparotomy, after a period of 
abdominal insufflation. Thus the actual surgery on the intestines was not performed 
during the pneumoperitoneum, under the influence of the CO2 environment. As the rats 
were not intubated, they were not mechanically ventilated with sufficient end-expiratory 
pressures, to prevent pulmonary failure, caused by the pneumoperitoneum. Studies have 
shown that with intubation, this ventilation regime can maintain arterial oxygenation for 
a prolonged time in rats [5,6] and in mice [11]. Therefore we designed our model to test 
the intestinal healing in rats that that were mechanically ventilated, and that underwent 
either an open or a true laparoscopic procedure. The results confirm the earlier conclusion 
that there is a pressure dependant effect on laparoscopic enterotomy healing.

As a measure of this healing we chose to test the enterotomy strength at one 
week as published earlier [1]. We found a pressure dependant negative effect of the 
CO2 pneumoperitoneum on the enterotomy healing. If a pressure of only 5 mmHg CO2 
was applied, this negative effect was not seen. Recent experimental work showed that 
ischemia induced injury has greatest impact on intestinal anastomotic healing in the first 
two days after surgery [7]. In our study a similar effect was still seen after a prolonged 
interval of seven days.

To clarify the mechanisms that cause this pressure dependant impaired healing, we 
hypothesized that the pressurized anoxic environment might impair the early stages 
of intestinal healing. One measure of the quality of intestinal anastomotic healing is 
neoangiogenesis in the granulation tissue, which surrounds the anastomosis. Reparative 
angiogenesis is considered an essential step in anastomotic healing [8]. Impairing 
angiogenesis with antiangiogenic medication impairs intestinal anastomotic healing [9]. 
To quantify neoangiogenesis, we counted F VIII-positive vessels. We found no correlation 

Figure 1. In vivo bursting pressures of intestinal 
loops. One week after enterotomy closure, via 
open surgery (group I), or laparoscopic surgery 
at 5 mmHg CO2 pneumoperitoneum (group II), 
or 10 mmHg CO2 pneumoperitoneum (group 
III). Bursting pressures are expressed as means 
and SEM. P=0.005 between group I and III, 
P=0.0175 between group II and III.



52

Part II Chapter 4

between the impaired anastomotic bursting pressure and the vessel density at the 
anastomosis. So we conclude that the applied pneumoperitoneum does not cause its 
effect on intestinal healing through impairment of the neoangiogenesis.

High intraperitoneal CO2 pressures of 15 mmHg can cause peritoneal hypoxia in a 
mouse model with controlled respiratory support [12]. Therefore we investigated whether 
there was evidence of ischemia at the anastomotic site. For this purpose we measured 
the amount of Hypoxia Inducible Factor 1-a (HIF-1a) in biopsies, that were taken during 
the surgical procedure. HIF-1a is a protein that is produced constantly in intestinal tissue. 
Under well oxygenated conditions it decays rapidly. But under anoxic conditions, it is not 
degraded and it becomes the first step in an ischemia cascade [10]. We hypothesized 
that the acidotic anoxic carbon dioxide environment would cause higher levels of HIF-1a 
in the laparoscopic biopsies, that were taken after 10-11 minutes after installation of 
the pneumoperitoneum. But HIF-1a levels were not higher in the laparoscopic groups 
compared to open surgery. Therefore we conclude that the applied pneumoperitoneum 
pressures do not cause their effect on intestinal healing through an anoxic pathway.

In this paper we present our model to test intestinal healing in open and laparoscopic 
surgery in rats. We designed the model to test intestinal healing under experimental 
conditions, which better resemble true laparoscopic or open intestinal surgery. As 
concluded in earlier experimental work, we also found a CO2 pressure dependant impaired 
healing of intestinal anastomosis as compared to open surgery. The model is technically 
feasible, and reproducible. It is well fitted to study the effects of pneumoperitoneum on 
intestinal healing. In order to elucidate this phenomenon, we sought to find mechanisms 
of injury. Neither impaired neoangiogenesis nor local upregulation of hypoxic factors 
seem to be the mechanisms of action. Therefore we would like to continue researching 
via which mechanisms these effects take place.
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Abstract
Objective
To evaluate the effect of CO2-insufflation with 5 and 10 mmHg on cerebral oxygenation 
and hemodynamics in neonates.

Background
An increasing percentage of surgical interventions in neonates are performed by minimal 
invasive techniques. Recently, concerns have been raised regarding a decrease of cerebral 
oxygenation in neonates during thoracoscopy as a result of CO2-insufflation.

Methods
This was an animal experimental study. Piglets were anesthetized, intubated, ventilated, 
and surgically prepared for CO2-insufflation. Insufflation was done with 5 or 10 mmHg 
CO2 during 1 h. Arterial saturation (SaO2), heart rate (HR), mean arterial blood pressure 
(MABP), and cerebral oxygenation (rScO2) were monitored. CFTOE, an estimator of 
cerebral oxygen extraction ((SaO2 − rScO2)/SaO2)), was calculated. Arterial blood gases 
were drawn every 15′: pre (T0), during (T1-T4) and after CO2-insufflation (T5).

Results
Ten piglets (4 kg) were randomized for 5 (P5) and 10 (P10) mmHg CO2-insufflation. 
Two P10 piglets needed resuscitation after insufflation, none P5. Linear mixed-effect 
modeling of paCO2, pH, and SaO2 showed that values were dependent on time and 
time squared (p < 0.001) but were not different between the 5 and 10 mmHg groups. 
Analysis demonstrated significant changes over time in heart rate and MABP between 
the 5 and 10 mmHg groups, with a significant higher heart rate and lower blood pressure 
in the 10 mmHg group (p < 0.001). For rScO2 and cFTOE, no group differences could be 
demonstrated, but a significant effect of time was found: rScO2 increased and cFTOE 
decreased (p < 0.001).

Conclusions
Insufflation of CO2 during thoracoscopy with 10 mmHg caused more severe hemodynamic 
instability and seems to be related with a decrease of cerebral perfusion as represented 
by a higher oxygen extraction. CO2-insufflation of 5 mmHg for thoracoscopy seems to 
have no adverse effects on cerebral oxygenation.

Keywords: Thoracoscopy, CO2, Cerebral oxygenation, Neonatal surgery, Esophageal 
atresia, Pediatric Endoscopy.
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Introduction
Nowadays, an increasing percentage of major surgical interventions in neonates is 
performed by minimally invasive techniques, such as thoracoscopic repair of esophageal 
atresia [1, 2, 3]. Thoracoscopy enables shorter duration of postoperative assisted 
ventilation and less days of sedation use [4], whereas thoracotomy may be associated with 
detrimental musculoskeletal outcomes like weakness of the latissimus dorsi musculature, 
winging of the scapulae and thoracic scoliosis [5,6].  

The mortality of patients with esophageal atresia decreased to <5% and attention 
shifted to morbidity and long-term outcome, with mostly anastomotic stenosis and 
gastroesophageal reflux [7]. In recent years, however, concerns have been raised 
regarding impaired neurodevelopmental outcome in these patients. The cause of 
this neurologic impairment in these patients is currently unknown and most likely 
multifactorial [8,9]. The neonatal brain is extremely vulnerable for external changes 
because of an immature auto-regulatory system and hemodynamic instability, especially 
within the first days to weeks after birth in neonates [10].  

Only scarce information is available about the effects of pneumothorax by insufflation 
of CO₂ on the cerebral oxygenation and perfusion during thoracoscopy in neonates 
[11]. Where it seems to be safe in adults, recently concerns have been raised about the 
application in neonates [12,13] where high intrathoracic pressures up to 10 mmHg have 
been used. This is in contradiction to our normal clinical practice where a capnothorax 
in neonates is created using pressures of only 3 to a maximum of 5 mmHg and a flow 
of 1 L/min which seemingly does not result in the aforementioned disturbing effects.   

Near infrared spectroscopy is a non-invasive method to continuously monitor 
the regional cerebral oxygen saturation (rScO₂) and is an estimator of cerebral tissue 
perfusion. rScO₂ is not only influenced by the arterial oxygen saturation but also by other 
parameters influencing cerebral hemodynamics and oxygenation like mean arterial blood 
pressure (MABP), mean airway pressure, hemoglobin concentration and also paCO₂. 
Hypercapnia causes cerebral vasodilatation and increased perfusion, while hypocapnia 
causes vasoconstriction and decreased perfusion [14].

This study aimed to test the hypothesis that high-pressure insufflation of CO₂ with 10 
mmHg during thoracoscopy in newborn piglets compromises the hemodynamic stability 
and the regional cerebral oxygen saturation (rScO₂) while insufflation with 5 mmHg, used 
in normal clinical practice in our hospital,  will not. 

Methods
This was an animal experimental study to test the difference in effect of creating a 
pneumothorax with 5 mmHg and 10 mmHg CO₂ in newborn piglets. The study protocol 
was approved by the Animal Experimental Board of the University of Utrecht, the 
Netherlands. Surgical preparation and veterinary care was given by a veterinary technician 
in the animal laboratory. 

Surgical preparation and anesthesia of the piglets
Ten Dutch store piglets of 10 to 14 days of age were included. A standard anesthesia 
protocol was used for all the piglets. The piglets were given premedication of 0.7 mg/
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kg midazolam i.m., 13 mg/kg ketamine i.m. and 0.05 mg/kg atropine i.m.. Induction of 
anesthesia was given by administering a bolus of 4 mg/kg intravenous thiopental after 
an arterial catheter was inserted. For general anesthesia 0.011 mg/kg/h sufentanil was 
given, 0.09 mg/kg/h cisatracurium and 1 mg/kg/h midazolam for maintenance. Tracheal 
intubation was performed after administering pain medication by meloxicam 0.4 mg/kg 
and lidocain locally. The oxygenation and ventilation was set to maintain a peripheral 
oxygenation of > 90%, pH 7.40-7.50 and paCO₂ 35-50 mmHg.

Monitoring of cerebral oxygenation and oxygen extraction
The rScO₂ measured by NIRS was used to monitor changes in the cerebral oxygenation. 
Although rScO₂ is not a robust quantitative measure of cerebral oxygenation, it can be 
reliably used to detect substantial changes in cerebral oxygenation. The rScO₂ reflects 
oxygen saturation in veins, capillaries and arteries. The NIRS monitor ((INVOS 5100-P 
Cerebral Oximeter; Covidien, Mansfield, Massachusetts)) was used with the small adult 
sensor (Somanetics SomaSensor® no. 4100-SSA Adult/Disposable). This is a transducer 
containing a light emitting diode and two distant sensors that was attached to the 
frontoparietal side of the piglets head. The rScO₂ was calculated from the differential 
signals obtained from the two sensors [15]. 

The fractional cerebral tissue oxygen extraction (cFTOE) represents the balance 
between oxygen delivery and oxygen consumption. An increase in cFTOE might reflect 
an increase in oxygen extraction by the brain tissue, and a decrease in cFTOE suggests 
that there is less utilization of oxygen by brain tissue, in relation to the supply of oxygen 
[16, 17]. The cFTOE is formulated as a ratio by ((SaO₂ - rScO₂) / SaO₂)) [18].

Experiment 
The near infrared sensor was placed right frontoparietal on the shaved head of the piglet, 
after which premedication was given (figure 1). After induction of anesthesia a 5 mm 
trocar was inserted in the fifth intercostal space of the right hemi-thorax. Insufflation was 
initiated with either 5 or 10 mmHg CO₂ during one hour with continuous non-invasive 
NIRS-monitoring. The physiologic parameters end tidal CO₂ (etCO₂), arterial saturation, 
heart frequency (HF) and mean arterial blood pressure (MABP) were monitored. Arterial 
blood gases for paCO2 and pH were drawn every 15 minutes before, during and after 
insufflation of CO₂ (figure 2). 

Statistical analysis
Data from the monitor were extracted to Excel workbooks. The mean (SD) or median 
(range) of all parameters were calculated for every 15-minute block. 

Data were analyzed using a linear mixed-effect model (R-software version 2.15.0; 
package nlme) with time, squared time, and group (5 mmHg versus 10 mmHg) as 
independent variables, including interactions with time and squared time, and individual 
pig as a random factor. A p-value of 0.05 was considered significant. Models were 
simplified using Occam’s Razor based on Akaike Information Criterion. 
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Figure 1. Set-up of experiment.

Figure 2. Timeline experiment.

Results
Ten piglets (≈4 kilograms) were included in this study and were randomized into two 
different pressure groups, either CO₂-insufflation with 5 mmHg (P5) or CO₂-insufflation 
with 10 mmHg (P10). 

At baseline, the vital parameters between P5 and P10 were not different and within 
normal limits. (table 1). Also rScO₂ and cFTOE were not different between the groups, 
the rScO₂ was 42%±3 with a cFTOE of 0.58 ± 0.02 in P5 and the rScO₂ was 37% ± 8 in 
P10 with a cFTOE of 0.61 ± 0.06. 

The procedure was terminated prematurely in two P10-piglets (piglets 2 and 8) due 
to the need of resuscitation. Termination of the procedure occurred in none of the P5. 
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After the experiment all the piglets, including those in which the procedure was terminated 
prematurely, were thoracoscopically examined and in none of the animals damage or 
hemorrhages were present.

Piglets 5 mmHg
The vital parameters of the P5 showed a stable arterial saturation, heart rate and MABP 
during CO₂-insufflation and after desufflation and were within normal limits (figure 3).

The paCO₂ increased and the pH decreased significantly. The rScO₂ (%) increased 
and the cFTOE decreased over time. 

Piglets 10 mmHg
In 3 piglets in P10 a complete registration was obtained, in two piglets there were missing 
monitor results at T4 during the resuscitation in which we stopped the insufflation of 
CO₂. Consequently, we report the results of the resuscitated piglets in the 10 mmHg 
group individually. 

The vital parameters of 3 non-resuscitated P10-piglets showed a decrease in arterial 
saturation. The rScO₂ (%) increased and the cFTOE decreased over time (figure 4). The 
heart rate and paCO₂ increased significantly and the MABP and pH decreased.

In piglet 2 the MABP dropped from 95 to 68 mmHg (figure 5) and the heart rate 
increased to 206 beats per minute after insufflation. The ventilation had to be adjusted 
frequently. After a new ventilation problem occurred the CO₂-insufflation had to be 
stopped and resuscitation started after T3. 

The heart rate of piglet 8 increased from 169 beats per minute to 258. The insufflation 
of CO₂ was stopped prematurely because of the severe decrease in MABP (73 mmHg to 
22 mmHg), there were no measurements at T4. The piglet needed resuscitation (figure 6). 

P5 versus P10 
Analysis using the mixed-effect model demonstrated significant changes over 
time in heart rate and MABP between the P5 and P10 groups, with a significant 
higher heart rate and lower blood pressure in the P10 group (p<0.001).  
For rScO₂ and cFTOE no group differences could be demonstrated, but a significant 
effect of time was found: rScO₂ increased and cFTOE decreased (p<0.001). 
Linear mixed effect modeling of paCO₂, pH and SaO₂ showed that values were dependent on 
time and time squared (p<0.001), but were not different between the P5  and P10 groups.

Table 1. Baseline characteristics of P5 and P10.

T0 P5 P10 p-value
HR 172 ± 31 152 ± 18 NS
MABP (mmHg) 78 ± 13 84 ± 8 NS
SaO₂ (%) 97.9 ± 0.4 97.4 ± 0.3 NS
paCO₂ (mmHg) 36 ± 4 35 ± 5 NS
pH (AU) 7.46 ± 0.03 7.43 ± 0.04 NS
rScO₂ (%) 42 ± 3 37 ± 8 NS
cFTOE 0.58 ± 0.02 0.61 ± 0.06 NS

Variables in mean±SD; NS: not significant
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Figure 3. Vital parameters 
of the two groups, 5 
mmHg CO₂-insufflation 
(dark grey line) and 10 
mmHg (light grey line). 
The mean values of heart 
rate (HR, a), mean arterial 
blood pressure (MABP, b), 
arterial CO₂ (paCO₂, c), 
arterial saturation (%, d), 
regional cerebral oxygen 
saturation (rScO₂, e) and 
cerebral fractional tissue 
oxygen extraction (cFTOE, 
f). At T4, missing values 
of piglets 2 and 8 are 
presented.

Figure 4. Vital parameters and rScO₂ of P10. MABP in mmHg , heart rate beats per minute, arterial 
saturation (%), rScO₂ (%), paCO₂ (mmHg).
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Figure 6. Vital parameters and rScO2 of piglet 8 (10 mmHg). Note: MABP in mmHg, heart rate 
beats per minute, arterial saturation (%), rScO2 (%), paCO2 (mmHg). The insufflation was stopped 
prematurely because of the severe drop in blood pressure, the piglet needed resuscitation after T3.

 

Fig. 5 Vital parameters and rScO2 of piglet 2 (10 mmHg). Note: MABP in mmHg, heart rate beats per 
minute, arterial saturation (%), rScO2 (%), paCO2 (mmHg). After CO2‐insufflation, the heart rate 
increases, and the MABP drops. The ventilation had to be adjusted frequently. Due to a ventilation 
problem, the insufflation had to be stopped, and the piglet needed resuscitation after T3 

 

Fig. 6 Vital parameters and rScO2 of piglet 8 (10 mmHg). Note: MABP in mmHg, heart rate beats per 
minute, arterial saturation (%), rScO2 (%), paCO2 (mmHg). The insufflation was stopped prematurely 
because of the severe drop in blood pressure, the piglet needed resuscitation after T3 

Figure 5. Vital parameters and rScO2 of piglet 2 (10 mmHg). Note: MABP in mmHg, heart rate 
beats per minute, arterial saturation (%), rScO2 (%), paCO2 (mmHg). After CO2-insufflation, the 
heart rate increases, and the MABP drops. The ventilation had to be adjusted frequently. Due to a 
ventilation problem, the insufflation had to be stopped, and the piglet needed resuscitation after T3.
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Discussion
The results of this animal experimental study show that intrathoracic CO₂-insufflation with 
10 mmHg causes a severe loss of hemodynamic stability, even resulting in resuscitations 
in contradiction to stable hemodynamic parameters in piglets insufflated with 5 mmHg. 
Nevertheless, in this study we observed a cerebral oxygenation that increased during 
thoracoscopy with 5 mmHg and 10 mmHg CO₂-insufflation. In P10 there was an increased 
paCO₂ up to 70 mmHg observed during procedure with a severe acidosis, where in P5 
a milder acidosis was observed, although no significant difference was demonstrated. 
In both groups the ventilation was adjusted where needed to maintain normal values.

Two recent publications by Bishay show that thoracoscopy in infants with pressures 
as high as 10 mmHg is associated with an extended decrease of rScO₂, measured by near 
infrared spectroscopy (NIRS), and hypercapnia with extreme severe acidosis [12, 13]. 

The devastating results from these studies could not be reproduced in this animal 
experimental model. The former outcomes could greatly restrain the application of 
thoracoscopic procedures being performed in neonates, such as esophageal atresia 
repair. The initial values of cerebral oxygenation in this study were higher than 
normally observed in humans [19]. We suggest that this discrepancy is caused by 
a different sensor being used which gives a 10% higher value or that it is due to a 
high FiO₂ during the induction of anesthesia [20]. Although in this study the values 
always remained within the normal limits, it stresses the importance of starting the 
neuromonitoring preoperatively at the ward, to assess the normal values of the patient.  
Given the advantages of minimal invasive surgery techniques it is important to emphasize 
the possibilities of thoracoscopy with pressures up to 5 mmHg. Although in our experiment 
suprafysiologic values of paCO₂ up to 70 mmHg and in a few cases a pH of 7.10 were 
observed, they are not near the extreme hypercarbia and hypercapnea of up to 120 
reported earlier by Bishay. One should take into account by interpreting these results 
the high pressures of up to 10 mmHg and 4 L/min flow that were used during those 
procedures. Because a significant decrease in the rScO₂ can be damaging, we gave 
preference to evaluate the effects of CO₂-insufflation of up to 10 mmHg in this animal 
experimental model. Previous research showed that a nadir rScO₂ of less than 35% [21] 
is associated with impairments in neurodevelopment [8, 10]. 

How can we explain our results? Even though we saw a severe loss of hemodynamic 
stability in the 10 mmHg group, we observed that cerebral oxygenation increased over 
time. The decrease in MABP could have been antagonized by the vasodilatating effect 
of the raised paCO₂. Kaiser et al [22] showed that progressive hypercapnia results in a 
loss of autoregulation of the brain. We speculate that the difference in hemodynamic 
stability is caused by exceeding the central venous pressure which results in a decreased 
venous return and a compromised cardiac output [7]. Higher heart rate and lower mean 
arterial blood pressure suggests a loss of hemodynamic stability, apart from the necessity 
of resuscitations with this pressure. 

We underline that it is important to be aware of extreme hypercarbia and acidosis 
during this procedure, by frequently drawing blood gases, also for the maintenance 
of cerebral autoregulation. In neonates the end tidal CO₂ is no reliable estimator for 
arterial CO₂ like it is in adults [23]. In normal practice the ventilation has to be adjusted 
after insufflation of CO₂, during this experiment as well, to maintain a normal saturation. 
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Although the differences were not significant, the cerebral tissue oxygen extraction 
(cFTOE) was higher in P10 at all time points in comparison to P5, which reflects a higher 
oxygen extraction in P10. The difference in cFTOE between P5 and P10 might have become 
significant during an extended procedure. This suggests that, although a high paCO₂ 
causes vasodilatation and thus increased cerebral perfusion, there was a mild and not 
significant decrease in cerebral perfusion as represented by a higher oxygen extraction 
in P10. A possible explanation is the exceeding of the central venous pressure with high 
intrathoracic pressure, which could compromise the cerebral perfusion. 

The limitation of this study is the relative small number of piglets in each group. We 
do believe the harmful effect of CO₂-insufflation with 10 mmHg is so profound that a 
larger number of piglets will only mark the hemodynamic instability more. In order to 
draw valid conclusions we used conservative statistical tests, which all became highly 
significant. Furthermore piglets are not the same as neonates, with a lower cerebral 
oxygenation like we observed according to Kurth [24] and Chien [25]. However we do 
think these results are representative as the trend of the cerebral oxygenation is more 
important than the absolute value [19]. There was no continuous registration of all 
parameters, thus the relation between blood pressure and rScO₂ as an estimator of 
autoregulatory ability could not be measured [10, 26]. In the future a prospective, human 
study is required to confirm the effects of CO₂-insufflation with 5 mmHg on cerebral 
oxygenation hemodynamics and with neurodevelopmental follow-up. Such a study is 
currently underway in our hospital.

In conclusion, this animal experimental model shows that insufflation of CO₂ during 
thoracoscopy with a pressure of 10 mmHg caused a severe hemodynamic instability with 
a decrease in blood pressure and an increased heart rate. Although higher CO₂-levels 
are related with higher brain perfusion by cerebral vasodilation, insufflation with 10 
mmHg seemed to be related with a decrease of cerebral perfusion as represented by a 
higher oxygen extraction. 

Special attention should be given to the possible suprafysiologic paCO₂ values reached 
during CO₂-insufflation. CO₂-insufflation of 5 mmHg for thoracoscopy seems to have no 
adverse effects on cerebral oxygenation in this animal study.
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Abstract
Background 
Little is known about the direct consequence of pneumoperitoneum (PP) on microcirculation 
and its influence on the quality of tissue perfusion. This study aimed to investigate the 
intraoperative effects of carbon dioxide (CO2) gas PP on microcirculation density and 
perfusion in neonates receiving laparoscopic surgery for hypertrophic pyloric stenosis.

Methods
In a single-center observational study, the oral microcirculation in 12 neonates receiving 
laparoscopic pyloromyotomy was investigated. Intraoperative hemodynamic parameters, 
intermittent buccal mucosa capillary density measurements (pre- and postoperative), and 
continuous intraoperative sublingual microcirculation measurements (i.e., vessels with a 
diameter <25 µm) of total vessel density (TVD), perfused vessel density (PVD), proportion 
of perfused blood vessels (PPV), blood vessel diameters (BVd), and microvascular flow 
index (MFI) were obtained before (at baseline), during, and after PP insufflation in all 
patients using sidestream dark-field imaging for the duration of the complete surgical 
procedure.

Results
With the exception of a significantly elevated end-tidal CO2 (34±4 mmHg to 40±8 mmHg, 
p<0.05 vs. before (baseline); 1-way ANOVA) during intraoperative insufflation, no significant 
differences were found between time points for intraoperative hemodynamic parameters. 
Pre- and postoperative buccal capillary density revealed no significant changes in mucosal 
perfusion. Analysis of continuous intraoperative sublingual microcirculation parameters 
revealed a statistically significant increase in BVd during insufflation (8.8±2.4 to 9.3±2.5 
μm, p<0.05; 1-way ANOVA) and a significant decrease after exsufflation (8.2±2.3 μm, 
p<0.01 vs. during and p<0.05 vs. before; 1-way ANOVA respectively), no other significant 
differences were found between time points for other microcirculatory parameters.

Conclusion 
The installation of CO2 gas PP during laparoscopic pyloromyotomy procedures regulates 
microcirculatory perfusion by inducing changes in microvascular diameters, but does 
not alter microcirculation density in neonates.

Keywords
laparoscopy; microcirculation; neonate; pneumoperitoneum; SDF imaging



73

Neonatal microcirculation during laparoscopy

Introduction
A growing number of patients with hypertrophic pyloric stenosis (HPS) are treated by 
laparoscopic surgery [1]. Despite cosmetic and reduced emetic advantages associated 
with laparoscopic pyloromyotomy, some concerns remain about the safety of this 
procedure with respect to neonatal physiology. Recently, it was reported that neonates 
subjected to thoracoscopic diaphragmatic hernia repair and esophageal atresia operations 
showed a decrease in cerebral oxygenation assessed by transcranial near-infrared 
spectroscopy (NIRS) [2]. It is unknown however, whether pneumoperitoneum (PP) during 
pyloromyotomy has similar effects.

The sublingual region is commonly used as a surrogate representing central 
microhemodynamics in clinical studies and serves as a window for monitoring blood 
flow [3-7]. The sublingual microcirculation can be quantified using sidestream dark-field 
(SDF) imaging [8], which is a commercially available noninvasive optical spectroscopic-
technique. Using this technique, the oral microcirculation was shown to be an important 
prognostic marker of clinical outcome in patients subjected to pharmacological therapy 
[9-11], tissue grafting [3], and surgical interventions [4, 5]. Furthermore, alterations in 
sublingual microcirculation were found to be directly related to outcome in patients 
with severe sepsis and septic shock [6, 7]. 

Several pediatric intensive care studies in both term and preterm neonates have 
considerably increased our knowledge of neonatal buccal mucosa and cutaneous 
microcirculation [12-17]. However, no previous studies have investigated the neonatal 
sublingual mucosa; nor have any studies determined the effects of neonatal or pediatric 
surgery on sublingual microcirculation. Therefore, we measured neonate sublingual 
microcirculation in a minimally invasive surgical procedure.

The study aimed to test the hypothesis that carbon dioxide (CO2)-driven PP induces 
changes in microcirculatory parameters associated with density of the vessels (an oxygen 
diffusion-related parameter) and perfusion of the vessels (a convection-related parameter 
based on flow characteristics and vascular diameters), as assessed by SDF imaging. By 
implementing a conventional intermittent data acquisition method for evaluating the 
buccal microcirculation perioperatively and introducing for the first time continuous 
intraoperative microcirculation measurements before, during, and after insufflations 
for the duration of the full laparoscopic procedure, we assessed the safety of minimally 
invasive surgery in neonates at the microcirculatory level.

Abbreviations
ANOVA analysis of variance
AU arbitrary units
AVA automated vascular analysis
AVI audio video interleave
BVd blood vessel diameter
CCD charge-coupled device
DVI  digital video imaging
HPS hypertrophic pyloric stenosis
IAP intra-abdominal pressure
IV intravenous 

LCD liquid crystal display
MFI microvascular flow index
NIRS near-infrared spectroscopy
PP pneumoperitoneum
PPV proportion of perfused vessels
PVD perfused vessel density
RBC red blood cell
ROI region of interest
SDF sidestream dark-field
TVD total vessel density
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Methods
The study design and protocol were reviewed and approved by the institutional Medical 
Ethics Committee of the Wilhelmina Children’s Hospital of the University Medical 
Center Utrecht. The parents of the patients enrolled in this investigation received a full 
explanation of the study guidelines and procedures, and written informed consent was 
waived by the Medical Ethics Committee because this study was based on observation 
alone and involved no interventions. This study was performed in compliance with the 
principles established in the Helsinki Declaration.

Patients
This single-center observational study was conducted between June 2010 and September 
2011 in the Department of Pediatric Surgery of the Wilhelmina Children’s Hospital of 
the University Medical Center Utrecht. Neonates with a diagnosis of HPS referred to 
the Department of Pediatric Surgery for laparoscopic pyloromyotomy were eligible to 
participate in the study. 

Patient inclusion in this study was arbitrary and based on the availability of the 
principal investigators. The study included 12 patients (11 males and 1 female) with a 
mean age of 34±17 days and a mean body weight of 4.2±0.8 kg. The diagnosis of HPS 
was determined by repeated diagnostic ultrasound [18]. 

On the evening of hospital admission, blood gas and electrolyte levels were evaluated 
and the patients received intravenous (IV) infusions to restore any electrolyte or metabolic 
disturbances. The morning before the operation, a follow-up electrolyte and blood gas 
analysis was performed, and patients were considered eligible for surgery when plasma 
chloride levels returned to within the normal range.

Anesthesia protocol
A standard anesthesia protocol was used for all the neonates. Anesthesia was induced 
with sevoflurane in 100% oxygen; after insertion of an IV catheter, intubation was 
facilitated by atracurium-induced muscle relaxation. The left side of the oral cavity was 
used for positioning of the microcirculation-imaging instrument. Hence the ventilator 
tube was fixed on the right corner of the oral commissure. 

All patients received an IV infusion of Ringer’s lactate at 10 mL/kg. Anesthesia was 
maintained with sevoflurane in an oxygen/air mixture. Pain management consisted of 
a caudal block (bupivacaine 1 mL/kg + adrenaline 1.25 mg/mL) and acetaminophen 15 
mg/kg (Perfalgan 10 mg/mL IV, Bristol-Myers Squibb Pharmaceuticals Ltd., Middlesex, 
UK). Opioids and prophylactic antibiotics were considered not necessary and omitted 
in all cases.

Surgical procedure
All laparoscopic pyloromyotomy procedures were performed by the same surgeon 
(SHAJT) according to a previously described technique [19]. Briefly, PP was created with a 
5-mm infraumbilical camera trocar and insufflation of 8 mmHg intra-abdominal pressure 
(IAP) with 5 L of CO2. Through two 3-mm stab wounds, 3-mm reusable instruments were 
inserted into the peritoneum. After proper fixation of the pylorus via a postpyloric grip, an 
endotome was used to perform a longitudinal pyloromyotomy incision from the pyloric 
vein towards the stomach wall. The hypertrophied muscle fibers were subsequently split 
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apart with an endoscopic spreader. Mucosal integrity or continuity was confirmed by 
insufflation of the stomach with a maximum of 50 ml of air through a nasogastric tube.

Microvascular imaging technique
Both the buccal and sublingual microcirculation were evaluated using SDF imaging 
technology (MicroScan Video Microscope System, MicroVision Medical, Amsterdam, 
The Netherlands). The details of this technique have been described elsewhere [20, 21]. 
Briefly, the SDF technique is incorporated into a portable handheld video microscopy 
instrument enabling noninvasive real-time intravital observations of mucosal subsurface 
microcirculation. By utilizing concentrically positioned stroboscopic light-emitting diodes 
placed around the exterior tip of a central light guide, green light at a wavelength of 530 
nm epiilluminates, penetrates, and scatters into the region of interest (ROI) as hemoglobin 
in erythrocytes absorb the light, resulting in clear images of intraluminal circulating red 
blood cells contrasted by a bright background. 

All imaging was performed using a 5x objective lens system (onscreen magnification 
of 380x), which consecutively produced images captured by a CCD video camera 
with a 720×576 pixel resolution, resulting in a 1.0×0.75 mm imaged tissue segment. 
All measurements were recorded on a Sony DSR-11 DVCAM™ video recorder (Sony, 
Shinagawa-ku, Tokyo, Japan), stored on digital video imaging (DVI) tapes, and viewed 
on a 19-inch Samsung SyncMaster 932mv LCD monitor (Samsung, Seoul, South Korea) 
with a 1,440×900 screen resolution.

SDF measurements
All microcirculation data acquisitions were performed by the same investigator (DMJM) 
with extensive clinical experience using SDF imaging. All measurements were obtained in 
the same operating theater kept at a constant temperature of 22±1ºC with the patients 
resting in a supine position on a heated (36±1ºC) operating table. Before the acquisition 
of all microcirculation data, excess secretions such as saliva or debris in the oral cavity 
was gently removed through absorption by insertion and careful rolling of a large cotton 
swab or roll on the designated ROI.

Buccal microcirculation measurements
Acquisition of buccal capillary density measurements was performed by gently positioning 
the imaging probe lens covered with a sterile disposable cap (MicroScan Lens, MicroVision 
Medical, Amsterdam, The Netherlands), perpendicularly over the left buccal mucosa at 
a distance of 1 cm from the oral commissure. Without applying pressure and by gently 
gliding the imaging probe over the ROI, a 2-min video recording of 10 adjacent sites was 
obtained after induction of anesthesia and orotracheal intubation before the start of 
the surgical procedure (preoperatively) and at the end of the surgical procedure before 
extubation (postoperatively) in all patients. To ensure that no pressure artifacts were 
present during image acquisition, the SDF probe objective was withdrawn briefly and 
then advanced again between image recordings.

Sublingual microcirculation measurements
Directly after obtaining the preoperative buccal microcirculation measurements, the 
patient’s head was slightly rotated 45º towards the left shoulder to facilitate insertion 
of the SDF imaging probe sublingually via the left side (Fig. 1). With a clean stack of 
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folded hospital towels used for support, the SDF probe was carefully positioned and 
advanced left sublingually towards the mucosa at the base of the tongue adjacent to 
the frenulum linguae. From this point on, with proper focus and contrast adjustments, 
the SDF probe was gently manipulated until there were no pressure artifacts, bubbles, 
or excess saliva that could interfere with the quality of the microcirculation recording 
on the ROI. To ensure added stability for continuous reproducibility, the investigator 
manually supported the probe on the ROI for the complete duration of the laparoscopic 
procedure (i.e., a mean recording time of 29±9 min).

Microvascular analysis
All data stored on DVI tapes were converted into AVI files for offline analysis using 
Adobe Premier Pro 1.5 (Adobe Systems Incorporated, San Jose, California, USA). Buccal 
microcirculation image analysis was performed by isolating one image frame per adjacent 
site from the pre- and postoperative 2-min recordings (20 in total). By navigating through 
the extended intraoperative recordings of the sublingual microcirculation with a video 
time counter, video clips of 20 s (three total) corresponding to measurements before 
insufflation (baseline), 10 min after insufflation (during), and 10 min after exsufflation 
(after) were captured. The criteria for selecting both image frames and video clips for 
analysis were based on image resolution, clarity and elimination of pressure induced 

Fig. 1 Perioperative setup of sidestream dark-field (SDF) imaging instrument sublingually in a 
neonate
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artifacts in accordance with a consensus conference based on microcirculation data 
acquisition and analysis [22]. All subsequent microcirculation data analysis materials 
were randomized and analyzed by the same experienced investigator (DMJM).

Buccal capillary density was quantified by counting the total number of capillary 
loops per visual field, as previously described elsewhere [10], on a 19-inch Samsung 
SyncMaster 932mv LCD monitor (Samsung, Seoul, South Korea) with a 1,440×900 screen 
resolution. The mean capillary density obtained from the 10 isolated frames for each 
time point was recorded and expressed as the mean number of capillaries ± SD per 
millimeter squared (cpll/mm2).

Sublingual microcirculatory analysis (i.e., vessels <25 μm) of total vessel density 
(TVD: mm vessel/mm2) and perfused vessel density (PVD: mm perfused vessel/mm2), 
proportion of perfused vessels (PPV: %) [6] and microvascular flow index (MFI: score 
based on determination of the predominant flow type in four quadrants defined as 
absent (0), intermittent (1), sluggish (2) or normal (3)) [23, 24] were performed on the 
same computer monitor as described earlier using the Automated Vascular Analysis 
(AVA version 3.0) software package (MicroScan Video Microscope System, MicroVision 
Medical, Amsterdam, The Netherlands). 

Derived from the skeletonization procedure performed to obtain TVD, the analysis of 
blood vessel diameters (BVd) was performed by selecting 5 blood vessels at random in 
each of the four image quadrants (i.e., 20 in total) and subsequently selecting a location 
on the vessel segment (e.g., a bifurcation or vascular crossing) as a landmark for obtaining 
reproducible (continuous) diameter measurements across all time points. Hence, the 
same BVd was measured for each of the 20 blood vessels in all three 20-s video clips 
corresponding to before, during, and after PP insufflation.

Statistical analysis
All data analysis was performed using GraphPad Prism version 5.0 for Windows (GraphPad 
Software Inc., La Jolla, California, USA). Normal distribution of all parameters and 
microcirculation data was confirmed with the D’Agostino and Pearson omnibus normality 
test. Comparative analysis of blood gas, electrolytes, and buccal capillary density was 
performed using a two-sided paired t-test. All basic intraoperative hemodynamic 
parameters and microcirculation parameters (i.e., TVD, PVD, PPV, BVd) were evaluated 
for statistical significance using one-way analysis of variance (ANOVA) for repeated 
measurements with a Bonferroni post hoc test. Furthermore, to correct for biological 
variations in vascular density between patients, both TVD and PVD data were also 
normalized into percentages with respect to baseline and analyzed. MFI was evaluated 
using the Friedman test with a Dunn’s multiple comparison test for paired nonparametric 
repeated measurements. Differences detected with a p-value of less than 0.05 were 
considered statistically significant. All data are presented as mean ± SD. 
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Results
Table 1 summarizes patient demographic and clinical characteristics and Table 2 presents 
mean blood gas and electrolyte values at hospital admission and after metabolic 
resuscitation prior to the surgical procedure. All laparoscopic procedures were scheduled 
approximately at the same time of day (between 12:30 and 14:30) and were uneventful. 

Table 1. HPS patient demographics and clinical characteristics.

Demographics:
Age [days] 34 ± 17
Gender [male:female] 11 : 1
Weight [kg] 4.2 ± 0.8

Procedural times:
Anesthetic [min] 63 ± 10
Operative [min] 29 ± 9

All data are presented in mean ± SD.

Table 2. Blood gas and electrolyte parameters at hospital admission (HA) and on the morning 
of the operating day (OD).

HA OD p-value
pH [AU] 7.44 ± 0.06 7.40 ± 0.04 0.028
pCO2 [mmHg] 39.6 ± 12.5 42.0 ± 4.6 0.572
pO2 [mmHg] 46.9 ± 20.2 54.8 ± 12.5 0.153
HCO3 [mmol/L] 28.4 ± 5.3 25.6 ± 2.3 0.034
Base excess [mmol/L] 3.9 ± 5.2 0.6 ± 2.6 0.016
Na+ [mmol/L] 138.5 ± 2.8 139.4 ± 1.8 0.201
K+ [mmol/L] 4.7 ± 0.8 5.1 ± 0.6 0.103
Cl– [mmol/L] 95.4 ± 27.6 110.6 ± 3.4 0.002

Bold values indicate statistically significant 
All data are presented in mean ± SD
AU arbitrary units, pCO2 partial pressure of carbond dioxide, pO2 partial pressure of oxygen, 
HCO3 bicarbonate, Na+ sodium, K+ potassium, CL– chloride

Perioperative buccal capillary density
The buccal mucosa was easily accessible and provided good contrast for vascular 
enumerations in each of the 240 isolated SDF video frames. A typical image frame used 
for determining buccal capillary density is presented in Fig. 2 (a supplementary video 
file of the buccal microcirculation coinciding with Fig. 2 is available online). Comparisons 
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between pre- and postoperative mean buccal capillary density assessments revealed no 
statistically significant differences (18±4 cpll/mm2 versus 18±5 cpll/mm2 respectively).

Intraoperative hemodynamic and microcirculatory parameters
All systemic hemodynamic parameters obtained before (baseline), during, and after 
laparoscopic insufflation are presented in Table 3. A significant increase in end-tidal 
CO2 was found during CO2 gas PP installation (p<0.05 vs. baseline; 1-way ANOVA), which 
returned to normal after cessation of the PP. No other significant changes were observed 
in the remaining hemodynamic parameters.

Continuous intraoperative microvascular measurements were successfully performed 
in all 12 neonates. The SDF imaging setup enabled continuous monitoring and data 

Fig. 2 A typical sidestream 
dark-field (SDF) video frame 
of neonate buccal mucosa 
microcirculation. Branching-
off of the nutritive vascular 
plexus in the reticular layer, 
the subepithelial microvascular 
capillaries (shown in the image) 
are characterized by an array of 
hairpin-shaped capillary loops 
with an ascending arterial and 
a descending venous limb with 
loop tops arching towards the 
epithelium. Capillary density 
was determined by counting 
the total number of capillary 
loops per visual field

Table 3. Basic intraoperative hemodynamic parameters obtained before (baseline), during and 
after carbon dioxide (CO2) gas pneumoperitoneum 

BEFORE DURING AFTER
Body temperature [°C] 36 ± 3 37 ± 1 37 ± 1
Systolic pressure [mmHg] 60 ± 12 65 ± 10 64 ± 13
MAP [mmHg] 40 ± 9 42 ± 6 41 ± 9
Diastolic pressure [mmHg] 29 ± 8 32 ± 5 29 ± 8
Heart rate [bpm] 146 ± 13 145 ± 18 141 ± 19
SpO2 [%] 99 ± 2 98 ± 2 98 ± 2
etCO2 [mmHg] 34 ± 4 40 ± 8 * 36 ± 4

All data are presented in mean ± SD
MAP mean arterial pressure, SpO2: saturation of peripheral oxygen, etCO2 end-tidal carbon 
dioxide
* p<0.05 vs. before insufflation (baseline)
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acquisition of sublingual microcirculation across the entire surgical procedure. All 36 
video clips used for quantifying microcirculatory parameters were of high quality and 
demonstrated proper balance in contrast and brightness levels with no pressure-induced 
artifacts. 

During PP insufflation, BVd increased from 8.8±2.4 to 9.3±2.5 μm (p<0.05 vs. 
before (baseline); 1-way ANOVA) (Fig. 3A vs. Fig. 3B) and subsequently decreased after 
exsufflation to 8.2±2.3 μm (p<0.01 vs. during and p<0.05 vs. baseline; 1-way ANOVA) 
(Fig. 3C) (a supplementary video file of the sublingual microcirculation coinciding with 
panels A, B, and C in Fig. 3 is available online); no statistically significant differences were 
found for any of the other microcirculatory parameters. 

An example of a typical SDF image analysis procedure using the AVA 3.0 software 
is presented in Fig. 4. All comparative analysis of microcirculatory parameters before, 
during, and after the installation of PP are presented in Table 4.

Discussion
The present study was designed to investigate the intraoperative effects of CO2 gas PP 
on the microcirculation in neonates undergoing laparoscopic surgery. We performed 
microcirculation measurements in both the left buccal and sublingual mucosa to assess 
if changes could be reflected in the microvasculature as a result of elevated CO2 and 
an IAP of 8 mmHg. Our results demonstrated that the installation of CO2 gas PP during 
laparoscopic pyloromyotomy procedures alter microcirculatory perfusion by inducing 
changes in microvascular diameters but does not alter microcirculation density in 
neonates. Furthermore, the implementation of a continuous monitoring approach using 

Fig. 3 Intraoperative sidestream dark-field (SDF) imaging of the sublingual microcirculation in a 
neonate before (baseline, A), during (B), and after (C) carbon dioxide (CO2) gas pneumoperitoneum. 
The images demonstrate consistent reproducibility at all time points across the surgical procedure. 
To demonstrate changes in vascular diameters in the microcirculation images, 6 ovals have been 
inserted in panel A that coincide with the same vasculature observed in panels B (dotted ovals) 
and C (dashed ovals). Panel B illustrates microvascular vasodilation (dotted ovals) with subsequent 
recruitment of microvasculature (arrows) during insufflation; the darker contrasting of blood 
indicates an increase in RBCs and blood flow. In panel C, reduced vascular diameters and decreased 
contrasting of blood in the image shows a reduction in RBCs and blood flow respectively after 
cessation of pneumoperitoneum. Despite observing inherent changes in vascular calibers driven 
by CO2 gas through laparoscopic pneumoperitoneum, no significant differences in microcirculation 
densities were found 
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SDF imaging during a surgical procedure could be successfully achieved in neonates 
treated with minimally invasive laparoscopic operations.

Minimally invasive surgical procedures have become an important part of standard 
care in many pediatric surgical centers [1, 25]. Although the safety and feasibility of 
laparoscopic procedures merit its use in a myriad of applications, little is known about 
the long-term effects of these types of surgical interventions. The clinical outcomes and 
postoperative benefits of both open and laparoscopic pyloromyotomy are comparable. 
However, an advantage towards decreased anesthetic and operative times, rapid general 
postoperative recovery, and shorter hospital stay favors laparoscopic procedures [25, 26]. 

Table 4. Serial intraoperative microcirculatory measurements obtained with sidestream dark-field 
(SDF) imaging before (baseline), during, and after 8 mmHg CO2 gas insufflation.

BEFORE DURING AFTER
TVD [mm/mm2] 42.6 ± 3.7 41.4 ± 4.8 43.2 ± 4.0
TVD [%] 100 ± 0 97 ± 9 102 ± 12
PVD [mm/mm2] 42.6 ± 3.7 41.4 ± 4.8 43.2 ± 4.0
PVD [%] 100 ± 0 97 ± 9 102 ± 12
PPV [%] 95 ± 3 96 ± 4 97 ± 3
BVd [μm] 8.8 ± 2.4 9.3 ± 2.5 * 8.2 ± 2.3 * #

MFI [AU] 3 ± 0 3 ± 0 3 ± 0

All data are presented in mean ± SD
TVD total vessel density, PVD perfused vessel density, PPV proportion of perfused vessels, 
BVd blood vessel diameter, MFI microvascular flow index, AU arbitrary units
* p<0.05 vs. before insufflation (baseline)
# p<0.01 vs. during insufflation

Fig. 4 Typical completed 
microcirculation analysis procedure 
using the automated vascular 
analysis (AVA 3.0) software. The 
selection of all the blood vessels, 
or skeletonization, is illustrated by 
the red contour lines in combination 
with the black filling of the vascular 
lumens and is an important 
component in determining total 
vessel density (TVD), perfused vessel 
density (PVD), and proportion of 
perfused vessels (PPV). Each vessel 
has been assigned a microvascular 
flow index (MFI) score of 3 (i.e. 
continuous flow). Microvascular 
analyses was based on evaluating 
blood vessels smaller than 25 μm
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Despite additional cosmetic and reduced emetic advantages associated with 
laparoscopic pyloromyotomy, some concerns about the safety of these procedures 
remain because little is known about what influence the installation of a PP has on 
neonatal physiology, particularly tissue microcirculation. Recent clinical research has 
shown a decrease in cerebral oxygenation with the use of transcranial NIRS in neonates 
during thoracoscopic diaphragmatic hernia repair and esophageal atresia operations 
which persisted up to 24 hours postoperatively [2]. Although the results of thoracoscopic 
repair may be associated with acidosis and decreased cerebral oxygen saturation, it is 
unknown whether these trends may influence the future neurological development of the 
young brain. Moreover, the data obtained from these studies cannot provide sufficient 
information on the origin of poor cerebral oxygenation as a complication emerging from 
either diffusion- or convection-related microvascular perfusional impairment. 

Recently, another study demonstrated that neonates born with major birth 
defects requiring either cardiac or non-cardiac surgery were at high risk of adverse 
neurodevelopment outcomes [27]. With this in mind, we investigated whether CO2-
mediated PP influences sublingual microvascular perfusion dynamics. 

It is unknown whether PP during pyloromyotomy could be deleterious for cerebral 
perfusion as described during thoracoscopic surgery [2]. The use of CO2 gas for laparoscopic 
PP is advantageous since it can easily diffuse into the circulation via the peritoneum and 
can easily be expelled and cleared by the lungs. However, besides introducing large 
amounts of CO2 gas, continuous insufflation induces an increase in IAP which subjects the 
diaphragm to a positive pressure forcing it upwards and causing stiffness of the inferior 
thoracic wall. This reduces total lung volume and introduces a ventilation-perfusion 
mismatch and intrapulmonary shunting resulting in hypercapnia [28]. Moderate to severe 
hypercapnia affects cardiac function and elicits vasodilatory effects [28-30]. 

In the current study, vasodilation was measured in the microcirculation during CO2 
gas PP. Conversely, after cessation of PP, restoration of ample O2 may have reset blood 
vessel calibers by increasing vascular tone. Interestingly, only changes in microvascular 
diameters were seen. No changes in tissue microcirculatory vascular density occurred 
throughout the procedure (i.e. no recruitment or closure of the microvasculature). Hence, 
no robust perfusion changes were triggered by the elevated CO2.

Furthermore, the reversible vasodilation observed during PP serves as a strong 
indicator denoting the sensitivity of the microcirculation measurements capable of 
registering even the smallest responses in the sublingual microvasculature. Because a 
common vascular pathway exists that provides both the sublingual area and the brain 
with blood, no microcirculatory instabilities in the current study indicate the possibillity 
of low cerebral oxygenation because all sublingual microcirculation remained well 
perfused or filled with blood.

The microcirculation, particularly the oral sublingual microcirculation, has been 
investigated using noninvasive optical spectroscopically based imaging instruments 
such as SDF imaging [8] and its predecessor, the orthogonal polarization spectral (OPS) 
imaging device [31]. The application of these instruments for microvascular research have 
identified oral microcirculation in recent years as an important prognostic ROI for clinical 
monitoring of both disease pathophysiology and the course of therapeutic response. 

Most clinical microcirculation studies have been performed in adults and have focused 
on the prognostic value of the sublingual microcirculation. Conversely, as pediatric studies 
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in both term and preterm neonates continue to generate clinical knowledge on neonatal 
and infant microcirculation, research has yielded data primarily from only two ROI, the 
axillary cutaneous tissue [15-17] and buccal mucosa [12-14]. Although these areas provide 
an opportunity for investigating subepithelially derived tissue microcirculation, both 
are sensitive to thermal influences, which complicate interpretation of intermittently 
acquired data.

To our knowledge, no previous studies have advanced towards sublingual 
microcirculatory research in neonatal and pediatric surgical medicine. Because laparoscopic 
pyloromyotomies are relatively short surgical procedures, careful consideration is 
warranted in attempts to extrapolate the results of the current study for prolonged or 
extended laparoscopic procedures. The implementation of a continuous monitoring 
approach using vital microvascular imaging techniques during a surgical procedure is 
both of great value in obtaining reproducible measurements and in attempting to map 
out even minute physiological responses in tissue perfusion dynamics associated with 
intraoperative maneuvers. However, because continuous measurement approaches 
favor reproducibility during data acquisitions, careful planning with a surgical team is 
advised to avert motion-induced repositioning of imaging instruments.

In conclusion, this is the first clinical study to approach the sublingual microcirculation 
in neonates in a direct intraoperative setting. Our data supports the safety of laparoscopic 
pyloromyotomies with respect to neonatal microcirculation because CO2-driven 
PP regulates microvascular perfusion dynamics but does not change overall tissue 
microvascular density during these short procedures. 

Although we find that our results justify the continued use of laparoscopic 
pyloromyotomy for the treatment of HPS, extended research on the effects of minimally 
invasive surgery should address the role of the microcirculation physiology in infants 
undergoing application of CO2 PP during longer laparoscopic procedures and alternatively 
IAPs. In the future, basic knowledge of a patient’s clinical microcirculation status a priori 
may help to identify if, so to speak, a ‘poor’ microcirculatory status would predispose a 
patient to negative outcomes directly related to laparoscopic PP. Ongoing investigations 
will provide more information regarding both basic and interventional data on the 
microcirculation in the direct perioperative setting.
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Abstract
Background
Concern remains about the safety of carbon dioxide (CO2) pneumoperitoneum (PP) in 
young infants having surgery for pyloric stenosis via laparoscopy. Interests here mainly 
focus on possible jeopardized organ perfusion and in particular brain oxygenation with 
possible adverse neurodevelopmental outcome. The aim of this study was to investigate 
the intraoperative effects of CO2 gas PP on cerebral oxygenation during laparoscopic 
surgery for hypertrophic pyloric stenosis in young infants.

Methods
In this single-center prospective observational study, we investigated brain oxygenation 
in 12 young infants receiving laparoscopic pyloromyotomy with CO2 PP, with a pressure of 
8 mm Hg and flow of 5 L/min. Intraoperative hemodynamic parameters and transcranial 
near-infrared spectroscopy (tcNIRS) to assess regional cerebral oxygen saturation (rScO₂) 
were monitored continuously during the whole procedure. Parameters were analyzed in 
four intervals: before insufflation (T0), during (start (T1), end (T2)), and after cessation 
of the CO₂ PP (T3).

Results
Blood pressure and etCO2 increased during the procedure; (MAP (T0) 35±5 to (T2) 43±9 
mmHg), (etCO2 (T0) 35±4 to (T3) 40±3 mmHg). The rScO2 remained stable throughout 
the whole anesthetic period. In none of the patients the rScO2 drop below the safety 
threshold of 55 (rScO2 (T0) 68±14 to (T3) 71±9 %).

Conclusion
Our results indicate that a laparoscopic procedure with a CO2 PP of 8 mm Hg can be 
performed under safe anesthetic conditions in the presence of gradually increasing blood 
pressure and etCO2 without altering regional brain oxygenation levels.

Keywords: Cerebral oxygenation Laparoscopy Near-infrared spectroscopy Young infants 
Pneumoperitoneum
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Introduction
In many pediatric surgical centers, laparoscopic correction has become the standard 
treatment for patients with hypertrophic pyloric stenosis (HPS) [1]. Although the procedure 
is considered safe when performed by experienced pediatric surgeons, some concern 
remains regarding the safety of applying a carbon dioxide (CO2) pneumoperitoneum (PP) 
in neonates [2]. In a recent report we evaluated the effect of the PP on the sublingual 
microcirculation [3]. Installation of a CO2 gas PP during laparoscopic pyloromyotomy 
altered microcirculatory perfusion by inducing changes in microvascular diameter but 
did not alter microcirculation density. We concluded that, based on these findings, it 
is justified to continue performing laparoscopic pyloromyotomies in young infants, as 
no robust perfusion changes were triggered by the elevated paCO2 levels that indicate 
altered hemodynamics to the head and neck region.

Neonates undergoing surgery for cardiac and non-cardiac congenital defects are at risk 
for adverse neurodevelopmental outcome [4]. Although the origin of brain damage seems 
to be multifactorial and mostly unknown, concerns have been raised about the effects of 
surgery on neonatal brain development. Even short surgery for HPS may be associated 
with anesthesia or procedure related respiratory, hemodynamic, and metabolic events 
that may have an impact on brain health resulting in subsequent neurodevelopmental 
impairment [5-7]. A recent study reports that CO2 insufflation in thoracoscopic surgery 
in young infants had a negative influence on cerebral oxygenation and perfusion [8]. 
Whether PP during laparoscopic pyloromyotomy hampers cerebral oxygen levels and 
hemodynamics is unknown. 

In this study we investigated the effects elicited by CO2 PP during laparoscopic 
pyloromyotomy on cerebral oxygenation. We applied transcranial near-infrared 
spectroscopy (tcNIRS) to assess regional cerebral oxygen saturation (rScO₂) continuously 
as a measurement providing a way to monitor cerebral oxygenation in neonates. Cerebral 
NIRS is widely used to monitor brain oxygenation during neonatal cardiovascular surgery 
and for brain monitoring in critically ill premature neonates [9-13]. The aim of this 
study was to investigate the effects of the installation of a CO2 PP on hemodynamics 
and cerebral oxygenation and thus assess the safety of minimally invasive laparoscopic 
surgery in young infants.

Abbreviations
cFTOE cerebral fractional tissue oxygen  
 extraction
etCO2  end-tidal carbon dioxide
FiO2 fraction of inspired oxygen
Hb hemoglobin
HPS hypertrophic pyloric stenosis
IAP intra-abdominal pressure
IV  intravenous 
NIRS near-infrared spectroscopy

paCO2 partial pressure of arterial   
 carbon dioxide
PP pneumoperitoneum
RBC red blood cell
rScO₂ regional cerebral oxygen   
 saturation
ROI region of interest
SaO2 arterial oxygen saturation
tcNIRS transcranial NIRS
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Methods
The institutional Medical Ethical Committee of the University Medical Center Utrecht 
reviewed and approved the study guidelines and procedures for this investigation. 
Parents were informed about the study design and procedures and informed parental 
consent was obtained from both parents of each participating neonate. This study was 
performed in compliance with the principles established in the Helsinki Declaration, 
version Fortaleza, October 19, 2013.

Patients
In this single center prospective observational study, patients eligible for participation in 
this study were enrolled between February 2013 and February 2014. Patients diagnosed 
with HPS, confirmed by diagnostic ultrasound [14], referred to the pediatric surgical 
department of the Wilhelmina’s Children’s Hospital of the University Medical Center 
Utrecht were included in this study. Inclusion of patients was random and was dependent 
on the availability of the principal investigators. At hospital admission capillary blood gas 
and electrolyte levels were evaluated in order to resuscitate electrolyte or metabolic 
disturbances by intravenous (IV) infusions. The morning after admission blood gas and 
electrolytes were checked; all patients were eligible for surgery when, after one night 
of resuscitation, plasma chloride levels had normalized.

Anesthesia
All patients were subjected to a standardized anesthesia protocol. For the induction of 
anesthesia sevoflurane, up to 8% inspired concentration, was used with a 100% fraction 
of inspired oxygen (FiO2). After muscle relaxation with atracurium the infants were 
intubated. All patients received an IV Ringer’s lactate infusion of 10 mL/kg. After induction, 
pain management consisted of a single caudal block injection with bupivacaine 1 mL/kg 
+ adrenaline 1.25 mg/mL. In addition, acetaminophen/paracetamol 10 mg/mL IV was 
administered. Anesthesia was maintained with an oxygen/air mixture and sevoflurane. 
None of the patients that were included in the study received any opioids or antibiotics.

Surgery 
All surgery was performed in the same operating theater with a stable room temperature 
of 22±1˚C. The patients were placed in a supine position on a heated operating table 
(36±1˚C). The table was tilted 10-20 degrees reverse Trendelenburg for laparoscopic 
access of the upper abdomen. All laparoscopic pyloromyotomies were performed 
according to an earlier described technique [15]. In short, the PP was created through 
a 5 mm infraumbilical camera-trocar placed via an open approach. An intra-abdominal 
pressure (IAP) of 8 mmHg was achieved with a flow of 5 L insufflation with CO2. Through 
two 3-mm stab wounds (one right lower quadrant, one epigastric region) two 3-mm 
reusable instruments were inserted directly into the peritoneal cavity. 

The pylorus was fixated using a post-pyloric grip. Using an endotome, the hypertrophied 
muscular layer of the pylorus canal was longitudinally incised from the pyloric vein toward 
the stomach wall. Subsequently the muscle layer was spread with an endoscopic spreader. 
Insufflation of the stomach was used to confirm mucosal integrity; this was performed 
with a maximum of 50 mL of air through a nasogastric tube.
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Regional cerebral oxygenation
Changes in rScO2 was monitored using a two-wavelength (730 and 810 nm) near-infrared 
spectrometer (INVOS 5100 (Covidien, Mansfield, Ma USA). Prior to induction of anesthesia 
at the clinical ward, a transducer (small adult SomaSensor SAFB-SM) containing a light-
emitting diode and two distant sensors (30 and 40 mm) was placed on the frontoparietal 
side of the infant’s head and attached with an elastic bandage to prevent displacement. 
Ambient light rScO2 was calculated from differential signals obtained from two sensors, 
expressed as the venous-weighted percentage of oxygenated hemoglobin (oxygenated 
hemoglobin/total hemoglobin (with total hemoglobin = oxygenated hemoglobin + 
deoxygenated hemoglobin)). Because this parameter provides absolute values, rScO2 is 
less subject to movement artifacts, and important comparisons over time are possible. 
The normal value of rScO2 in neonates and infants is 61 ± 12 [16]. rScO2-levels are 
considered safe with values above 55% [17]. To investigate the balance between oxygen 
delivery and oxygen consumption, cFTOE can be formulated as a ratio: (SaO2 − rScO2)/
SaO2. An increase in cFTOE reflects an increase of the oxygen extraction by brain tissue, 
and a decrease suggests less utilization of oxygen by brain tissue in comparison with 
the oxygen supply [18]. The rScO2 and cFTOE were monitored during the whole surgical 
procedure and continued after exsufflation.

Data acquisition
Intraoperative hemodynamic parameters and data on rScO2 and cFTOE, measured by 
NIRS, were continuously monitored and stored for offline analysis (INVOS 4100-5100; 
Covidien, Mansfield, MA, USA). All data were collected and processed in an SPSS (IBM 
SPSS Statistics, version 20) database together with physiological and clinical data from the 
hospital records. Analysis of the NIRS data and intraoperative hemodynamic parameters 
was performed using locally developed software (SignalBase; University Medical Center 
Utrecht, Utrecht, The Netherlands). Data was collected during four intervals that lasted 
5 minutes: (T0) during anesthesia before induction of the PP, (T1) after induction of the 
PP, (T2) before the end of the PP, and (T3) after cessation of the PP before extubation.

Statistical analysis
With a sample size of twelve, a single-group repeated measures analysis of variance 
(RM ANOVA) with a 0.05 significance level, variance of means of 5.3, and a standard 
deviation of 2.4 has a 90% power to detect 10% difference in means across the 4 levels 
of the repeated measures factor. Differences between time points with a p-value of 0.05 
were considered statistically significant. Normal distribution of all data was confirmed by 
Shapiro-Wilk Normality Test. Blood gas and electrolyte analyses at hospital admission was 
performed using a two-sided paired t-test. All other remaining intraoperative parameters 
were independently analyzed across the four perioperative time points using RM ANOVA. 
All data were analyzed using SPSS and are presented as mean ± SD or median and range.

Results
Thirteen male patients diagnosed with HPS, confirmed by diagnostic ultrasound were 
eligible for inclusion in this study. One patient was excluded from the study because 
an extension in standard operational time transpired due to an accidental mucosal 
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laceration requiring surgical closure. In one patient the applied pressure of the CO2 PP 
was temporarily set to 10 mmHg to safely gain access to the abdomen at the start of the 
laparoscopic procedure. This patient was included in the study as none of the measured 
parameters were influenced by the temporarily increased applied pressure. 

Table 1 presents demographics and clinical characteristics of the 12 patients included 
in this study. Median gestational age was 39 (36–41) weeks. Median age at surgery was 
38 (15-62) days. All patients had undergone an uneventful laparoscopic procedure. 

Table 1. Hypertrophic pyloric stenosis patient demographics and clinical characteristics.

Demographics N=12
    Gestational age  (weeks) 39 (36–41)
    Born preterm (n(%)) 2 (17%)
    Gender  (M:F) 12:0
    Birth weight  (kg) 3.5 (2.4–4.4)
    Birth weight z-score -0.27 (-1.13–(-0.96))
    Apgar score                   1 min 9 (7-9)
                                             5 min 10 (7-10)
Day of surgery
    Age (days) 38 (15-62)
    Weight (kg) 3.7 (2.9-5.4)
Procedural times
    Anesthetic  (min) 69±15
    Operative  (min) 32±11
    Insufflation  (min) 21±12

All data are presented as median (range) or mean ± SD.

Table 2. Blood gas and electrolyte parameters at hospital admission (HA) and on the morning 
of the day of surgery (OD).

HA OD p-value
pH  [AU] 7.42 ± 0.06 7.4 ± 0.05 0.249
pCO₂  [mmHg] 43.3 ± 8.4 41.0 ± 4.2 0.537
pO₂  [mmHg] 46.2 ± 17.8 55.8 ± 21.7 0.709
HCO3 [mmol/L] 28.8 ± 4.8 25.7 ± 3.0 0.081
Base excess  [mmol/L] 4.3 ± 4.7 1.7 ± 3.3 0.106
Na+  [mmol/L] 138.4 ± 2.2 138.8 ± 2.4 0.611
K+  [mmol/L] 4.7 ± 0.7 5.0 ± 1.0 0.427
Cl-  [mmol/L] 98.4 ± 6.5 107.4 ± 3.8 0.001

All data are presented as mean ± SD.
Bold p-value indicates statistical significance.
AU arbitrary units, pCO2 partial pressure of carbon dioxide, pO2 partial pressure of oxygen, 
HCO3 bicarbonate, Na+ sodium, K+ potassium, Cl- chloride.
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Insufflations lasted on average 21±12 min. Table 2 shows the mean blood gas and 
electrolyte values at hospital admission and after metabolic correction prior to surgery. 
In the 12 patients, only the chloride levels had changed significantly after one night of 
intravenous correction (Cl- admission 98.4 ± 6.5, Cl- day of surgery 107.4 ± 3.8 mmol/L 
(reference range 99 - 108 mmol/L)).

Intraoperative hemodynamic and cerebral perfusion parameters
Table 3 represents all intraoperative hemodynamic parameters obtained before 
insufflation (T0), during (start (T1), end (T2)) and after cessation of the CO₂ PP (T3). The 
blood pressure under anesthesia started low but increased during the procedure (MAP 
(T0) 35±5 to (T2) 43±9 mmHg), (normal MAP values of term non-anesthetized infants at 
age 30 days: 59±4 mmHg [19]). There was a significant increase in applied FiO2 at the end 
of surgery prior to the extubation (FiO2 (T0) 32±5 to (T3) 59±3%). The etCO2 increased 
during the CO2 PP, it remained significantly elevated at the end of the procedure (etCO2 
(T0) 35±4 to (T3) 40±3 mmHg). The MAP and etCO2 data are summarized in Fig. 1.

Continuous monitoring of cerebral oxygenation was successful in all 12 neonates. The 
rScO2 remained stable throughout the whole anesthetic period. In none of the patients 
the rScO2 dropped below the safety threshold of 55 % (rScO2 (T0) 68±14 to (T3) 71±9%). 
The cFTOE showed a gradual decline during the PP and was significantly lowered after 
PP cessation, prior to extubation (cFTOE (T0) 0.32±0.1 to (T3) 0.25±0.1). The rScO2 and 
cFTOE data are summarized in Fig. 2.

Discussion
The aim of this study was to investigate the effects of the installation of a CO2 PP on the 
hemodynamics and cerebral oxygenation of young infants receiving pyloromyotomies. We 

Table 3. Intraoperative hemodynamic parameters obtained before CO2-insufflation (T0), during 
CO2-insufflation (start (T1), end (T2)), and after exsufflation (T3).

BEF (T0) DUR (T1) DUR (T2) AFT (T3)
Body temperature [˚C] 37±0.4 37±0.4 37±0.5 37±0.5
Systolic pressure [mmHg] 56±8 59±7 65±10* 64±8*
MAP [mmHg] 35±5 38±5 43±9* 41±6*
Diastolic pressure [mmHg] 24±4 27±4 32±8* 30±6*
Heart rate [bpm] 141±12 146±14 139±15 136±14
SpO₂ [%] 98±2 97±3 98±2 98±2
FiO₂ [%] 32±5 35±8 34±7 59±29*
etCO₂ [mmHg] 35±4 36±4 39±4* 40±3*
rScO₂ [%] 68±14 69±15 69±11 71±9
cFTOE 0.32±0.1 0.32±0.1 0.28±0.1 0.25±0.1*

All data are presented as mean ± SD
*p<0.05 vs. T0
MAP mean arterial pressure, SpO₂ saturation of peripheral oxygen, FiO2 fraction of inspired 
oxygen, etCO₂ end-tidal carbon dioxide, rScO2 regional cerebral oxygen saturation, cFTOE 
cerebral fractional tissue oxygen extraction
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applied tcNIRS to assess the effects of insufflation with CO2 and an IAP of 8 mmHg. The 
results demonstrate that a laparoscopic procedure with a CO2 PP can be performed under 
safe anesthetic conditions with a low baseline blood pressure that gradually increases 
and with an increasing etCO2. With continuous brain monitoring using NIRS we were 
able to ascertain that regional brain oxygenation remained unaltered throughout the 
whole anesthetic period. Furthermore, our results suggest that CO2 PP, with a pressure 
of 8 mmHg and flow of 5 L/min, did not hamper cerebral oxygenation. 

At present there are still growing numbers of surgical indications that can be managed 
by minimally invasive techniques [20], especially for cases involving treatment of pyloric 
stenosis. An increasing number of pediatric surgeons perform these operations through 
laparoscopy [1]; although open and laparoscopic pyloromyotomies have comparable 
clinical outcomes, laparoscopic surgery favors advantages supportive of shorter operative 
procedures, reduced hospital stay, faster return to feeding, and improved overall 
cosmetic result [21-23].

Despite all the clinical advantages favoring minimally invasive procedures, some 
concerns remain regarding the safety associated with laparoscopic or thoracoscopic 
interventions in neonates. These concerns focus mostly on the impact of the applied 
pressurized CO2 rich environment on neonatal hemodynamics and organ perfusion 
[24, 25]. Recently, a decrease in cerebral oxygenation was described in children that 

Fig. 2. Graph illustrating correspon-
ding intraoperative trends for rScO2 
and cFTOE before insufflation (T0), 
during (start (T1), end (T2)), and after 
cessation of the CO₂ pneumoperito-
neum (T3). All data are presented as 
mean ± SD. rScO2 regional cerebral 
oxygen saturation, cFTOE cerebral 
fractional tissue oxygen extraction.

Fig. 1. Graph illustrating correspon-
ding intraoperative trends for MAP 
and etCO2 before insufflation (T0), 
during (start (T1), end (T2)), and after 
cessation of the CO₂ pneumoperito-
neum (T3). All data are presented 
as mean ± SD. MAP mean arterial 
pressure, etCO₂ end-tidal carbon 
dioxide.
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underwent thoracoscopic surgery for esophageal atresia and congenital diaphragmatic 
hernia. This reduced cerebral oxygenation effect remained for up to 24 hours after 
surgery [8]. Diminished perioperative cerebral oxygen saturation is correlated with poor 
neurodevelopment outcomes in cardiothoracic surgery in neonates [26, 27]. In a previous 
study, we assessed the effects of the PP on sublingual vasculature during laparoscopic 
pyloromyotomies [3]. The CO2 gas PP affected the microcirculatory perfusion by altering 
the microvascular diameter but left perfused vessel density, an oxygen diffusion-related 
parameter, unhindered. We concluded that these findings suggest that laparoscopic 
pyloromyotomy in young infants is safe, as the elevated blood CO2 levels triggered no 
robust perfusion changes. 

In this study we sought to determine the safety of laparoscopy concerning cerebral 
oxygenation by describing the hemodynamic response and its effect on cerebral oxygen 
saturation in young infants receiving pyloromyotomy. All patients had an uneventful 
anesthesia during the surgical procedure and postoperative recovery. Initial blood 
pressure was low in comparison to non-anesthetized term infants at age 30 days (MAP 
values 35±5 vs 59±4 mmHg [19]). Currently normal values of blood pressure for infants 
under anesthesia are not available. The blood pressure increased during the PP and after 
exsufflation; similar findings are reported between adults and neonates [28, 29]. The 
neonatal cardiovascular response to the PP is complex. Probably the mildly elevated IAP 
increases venous return and raises peripheral arterial resistance [30].

The cFTOE decreased gradually (not significant) during the PP, and was significantly 
decreased during the phase prior to extubation. A decrease in the cFTOE indicates an 
increased delivery of oxygen to the brain with stable consumption. Increased oxygen 
delivery is caused by either 1) intracerebral microvascular dilatation possibly due to the 
vasodilatatory effect of the elevated paCO2 levels [31] (as was also seen in the sublingual 
region during PP [3]), 2) Increased blood pressure (as described in this study), and 3) an 
increased FiO2 especially, like we saw at the end of surgery, as part of the pre-oxygenation 
of the patient prior to extubation. Whether the raised FiO2 has beneficial or deleterious 
effects is unknown. Studies in (premature) neonates and young infants indicate that an 
increase in FiO2 can cause a harmful hyperoxygenation of the brain [32, 33].

The rScO2 remained unchanged throughout the whole procedure. Also in none of 
the patients the rScO2 came below or in the vicinity of the pre-set safety threshold. 
We conclude that the cerebral oxygenation as an estimator of cerebral perfusion was 
preserved during the PP despite the relatively low blood pressure just after starting 
anesthesia. We believe that these findings contribute to establishing a rational for 
ascertaining the safety of laparoscopic correction of neonates with pyloric stenosis.

In this study we excluded one patient with a prolonged PP due to a mucosal laceration. 
Therefore this study only addresses the outcome of a short laparoscopic intervention with 
a pressure of 8 mmHg. No conclusion can be drawn for procedures that require longer PP 
or higher PP pressures. Therefore we believe that monitoring brain oxygenation might 
still be indicated during longer laparoscopic and thoracoscopic interventions in babies 
and (small) children. Future studies should focus on the long-term effects of these types 
of surgical procedures, especially when it addresses their impact on the neonatal brain 
and consequently on prevention of adverse neurodevelopmental outcome.



96

Part III Chapter 7

References
1. Oomen MW, Hoekstra LT, Bakx R, Ubbink 

DT, Heij HA. Open versus laparoscopic 
pyloromyotomy for hypertrophic pyloric 
stenosis: a systematic review and meta-
analysis focusing on major complications. 
Surg Endosc 2012;26:2104-2110

2. Kalfa N, Allal H, Raux O, Lardy H, Varlet 
F, Reinberg O, Podevin G, Héloury Y, 
Becmeur F, Talon I, Harper L, Vergnes P, 
Forgues D, Lopez M, Guibal MP, Galifer 
RB. Multicentric assessment of the safety 
of neonatal videosurgery. Surg Endosc 
2007;21:303-308 

3. Tytgat SH, van der Zee DC, Ince C, 
Milstein DM. Carbon dioxide gas 
pneumoperitoneum induces minimal 
microcirculatory changes in neonates 
during laparoscopic pyloromyotomy. 
Surg Endosc 2013;27:3465-3473

4. Laing S, Walker K, Ungerer J, Badawi N, 
Spence K. Early development of children 
with major birth defects requiring 
newborn surgery. J Paediatr Child Health 
2011;47:140-147

5. Hansen TG, Pedersen JK, Henneberg SW, 
Morton NS, Christensen K. Educational 
outcome in adolescence following pyloric 
stenosis repair before 3 months of age: 
a nationwide cohort study. Paediatr 
Anaesth 2013;23:883-890

6. Walker K, Halliday R, Holland AJ, Karskens 
C, Badawi N. Early developmental 
outcome of infants with infantile 
hypertrophic pyloric stenosis. J Pediatr 
Surg 2010;45:2369-2372

7. Williams R, Black I, Sartorelli K. Re: Early 
developmental outcome of infants with 
infantile hypertrophic stenosis. J Pediatr 
Surg 2011;46:1298-1299

8. Bishay M, Giacomello L, Retrosi G, 
Thyoka M, Nah SA, McHoney M, De 
Coppi P, Brierley J, Scuplak S, Kiely EM, 
Curry JI, Drake DP, Cross KM, Eaton S, 
Pierro A. Decreased cerebral oxygen 
saturation during thoracoscopic repair 
of congenital diaphragmatic hernia and 
esophageal atresia in infants. J Pediatr 
Surg 2011;46:47-51

9. van Bel F, Lemmers P, Naulaers G. 
Monitoring neonatal regional cerebral 
oxygen saturation in clinical practice: 

value and pitfalls. Neonatology 
2008;94:237-244

10. Tobias JD, Russo P, Russo J. Changes in 
near infrared spectroscopy during deep 
hypothermic circulatory arrest. Ann Card 
Anaesth 2009;12:17-21

11. Williams GD, Ramamoorthy C. Brain 
monitoring and protection during 
pediatric cardiac surgery. Semin 
Cardiothorac Vasc Anesth 2007;11:23-33

12. Toet MC, Lemmers PM. Brain monitoring 
in neonates. Early Hum Dev 2009;85:77-84

13. Lemmers PM, Molenschot MC, Evens 
J, Toet MC, van Bel F. Is cerebral oxygen 
supply compromised in preterm infants 
undergoing surgical closure for patent 
ductus arteriosus? Arch Dis Child Fetal 
Neonatal Ed 2010;95:F429-434

14. Blumhagen JD, Maclin L, Krauter 
D, Rosenbaum DM, Weinberger E. 
Sonographic diagnosis of hypertrophic 
pyloric stenosis. AJR Am J Roentgenol 
1988;150:1367-1370

15. Najmaldin A, Tan HL. Early experience 
with laparoscopic pyloromyotomy for 
infantile hypertrophic pyloric stenosis. J 
Pediatr Surg 1995;30:37-38

16. Weiss M, Dullenkopf A, Kolarova A, 
Schulz G, Frey B, Baenziger O. Near-
infrared spectroscopic cerebral 
oxygenation reading in neonates and 
infants is associated with central venous 
oxygen saturation. Paediatr Anaesth 
2005;15:102-109

17. Pellicer A, Greisen G, Benders M, Claris 
O, Dempsey E, Fumagalli M, Gluud C, 
Hagmann C, Hellström-Westas L, Hyttel-
Sorensen S, Lemmers P, Naulaers G, 
Pichler G, Roll C, van Bel F, van Oeveren 
W, Skoog M, Wolf M, Austin T. The 
SafeBoosC phase II randomised clinical 
trial: a treatment guideline for targeted 
near-infrared-derived cerebral tissue 
oxygenation versus standard treatment in 
extremely preterm infants. Neonatology 
2013;104:171-178

18. van Bel F, Lemmers P, Naulaers G. 
Monitoring neonatal regional cerebral 
oxygen saturation in clinical practice: 
value and pitfalls. Neonatology 
2008;94:237-244



97

Brain oxygenation during laparoscopy

19. Pejovic B, Peco-Antic A, Marinkovic-
Eric J. Blood pressure in non-critically ill 
preterm and full-term neonates. Pediatr 
Nephrol 2007;22:249-257

20. te Velde EA, Bax NM, Tytgat SH, de Jong 
JR, Travassos DV, Kramer WL, van der Zee 
DC. Minimally invasive pediatric surgery: 
Increasing implementation in daily 
practice and resident’s training. Surg 
Endosc 2008;22:163-166

21. Jia WQ, Tian JH, Yang KH, Ma B, Liu 
YL, Zhang P, Li RJ, Jia RH. Open versus 
laparoscopic pyloromyotomy for pyloric 
stenosis: a meta-analysis of randomized 
controlled trials. Eur J Pediatr Surg 
2011;21:77-81

22. Hall NJ, Pacilli M, Eaton S, Reblock 
K, Gaines BA, Pastor A, Langer JC, 
Koivusalo AI, Pakarinen MP, Stroedter 
L, Beyerlein S, Haddad M, Clarke S, 
Ford H, Pierro A. Recovery after open 
versus laparoscopic pyloromyotomy 
for pyloric stenosis: a double-blind 
multicentre randomised controlled 
trial. Lancet 2009;373:390-398

23. Siddiqui S, Heidel RE, Angel CA, Kennedy 
AP Jr. Pyloromyotomy: randomized 
control trial of laparoscopic vs open 
technique. J Pediatr Surg 2012;47:93-98

24. Bishay M, Giacomello L, Retrosi G, 
Thyoka M, Garriboli M, Brierley J, 
Harding L, Scuplak S, Cross KM, Curry 
JI, Kiely EM, De Coppi P, Eaton S, Pierro 
A. Hypercapnia and acidosis during 
open and thoracoscopic repair of 
congenital diaphragmatic hernia and 
esophageal atresia: results of a pilot 
randomized controlled trial. Ann Surg 
2013;258:895-900

25. Metzelder ML, Ure BM. [Minimally 
invasive pediatric surgery]. Chirurg 
2010;81:71-80

26. Hoffman GM, Brosig CL, Mussatto KA, 
Tweddell JS, Ghanayem NS. Perioperative 

cerebral oxygen saturation in neonates 
with hypoplastic left heart syndrome 
and childhood neurodevelopmental 
outcome. J Thorac Cardiovasc Surg 
2013;146:1153-1164

27. Toet MC, Flinterman A, Laar Iv, Vries 
JW, Bennink GB, Uiterwaal CS, Bel 
Fv. Cerebral oxygen saturation and 
electrical brain activity before, during, 
and up to 36 hours after arterial switch 
procedure in neonates without pre-
existing brain damage: its relationship to 
neurodevelopmental outcome. Exp Brain 
Res 2005;165:343-350

28. Kwak HJ, Park SK, Lee KC, Lee DC, Kim JY. 
High positive end-expiratory pressure 
preserves cerebral oxygen saturation 
during laparoscopic cholecystectomy 
under propofol anesthesia. Surg Endosc 
2013;27:415-420

29. Li LW, Zhang W, Ai YQ, Li L, Peng ZQ, Wang 
HW. Influence of laparoscopic carbon 
dioxide pneumoperitoneum on neonate 
circulation and respiration. J Int Med Res 
2013;41:889-894

30. Baroncini S, Gentili A, Pigna A, Fae 
M, Tonini C, Tognù A. Anaesthesia for 
laparoscopic surgery in paediatrics. 
Minerva Anestesiol 2002;68:406-413

31. Kaiser JR, Gauss CH, Williams DK. The 
effects of hypercapnia on cerebral 
autoregulation in ventilated very 
low birth weight infants. Pediatr Res 
2005;58:931-935

32. Baerts W, Lemmers PM, van Bel F. 
Cerebral oxygenation and oxygen 
extraction in the preterm infant during 
desaturation: effects of increasing 
FiO(2) to assist recovery. Neonatology 
2011;99:65-72

33. Sola A. Oxygen in neonatal anesthesia: 
friend or foe? Curr Opin Anaesthesiol 
2008;21:332-339



Stefaan H.A.J. Tytgat 
Maud Y.A. van Herwaarden,  
Lisanne J. Stolwijk,  
Kristin Keunen,  
Manon J.N.L. Benders, 
Jurgen C. de Graaff 
Dan M.J. Milstein, 
David C. van der Zee, 
Petra M.A. Lemmers,

Accepted for publication Surg Endosc. 2015



8
Neonatal brain oxygenation  

during thoracoscopic correction  
of esophageal atresia



100

Part III Chapter 8

Abstract
Background
Little is known about the effects of carbon dioxide (CO2) insufflation on cerebral 
oxygenation during thoracoscopy in neonates. Near-infrared spectroscopy (NIRS) can 
measure perioperative brain oxygenation (regional cerebral oxygen saturation (rScO2)). 

Aims
To evaluate the effects of CO2 insufflation on rScO2 during thoracoscopic esophageal 
atresia (EA) repair.

Methods
Observational study during thoracoscopic EA repair with 5 mmHg CO2 insufflation 
pressure. Mean arterial blood pressure (MABP), arterial oxygen saturation (SaO2), partial 
pressure of arterial carbon dioxide (paCO2), pH, and rScO2 were monitored in 15 neonates 
at seven time points: baseline (T0), after anesthesia induction (T1), after CO2-insufflation 
(T2), before CO2-exsufflation (T3), and postoperatively at 6 (T4), 12 (T5), and 24 hours (T6).

Results
MABP remained stable. SaO2 decreased from T0 to T2 (97±3% to 90±6% (p<0.01)). PaCO2 
increased from T0 to T2 (41±6 mmHg to 54±15 mmHg (p<0.01)). pH decreased from T0 
to T2 (7.33±0.04 to 7.25±0.11 (p<0.05)). All parameters recovered during the surgical 
course. Mean rScO2 was significantly higher at T1 compared to T2 (77±10% to 73±7% 
(p<0.05)). Mean rScO2 levels never dropped below a safety threshold of 55%.

Conclusion
The impact of neonatal thoracoscopic repair of EA with insufflation of CO2 at 5 mmHg 
was studied. Intrathoracic CO2 insufflation caused a reversible decrease in SaO2 and pH 
and an increase in paCO2. The rScO2 was higher at anesthesia induction but remained 
stable and  within normal limits during and after the CO2 pneumothorax, which suggest 
no hampering of cerebral oxygenation by the thoracoscopic intervention. Future studies 
will focus on the long-term effects of this surgery on the developing brain.

Keywords: cerebral oxygenation, esophageal atresia, neonate, thoracoscopy, near infrared 
spectroscopy



101

Brain oxygenation during thoracoscopy

Introduction
Congenital esophageal atresia (EA) with tracheo-esophageal fistula (TEF) is principally 
corrected in the neonatal phase. Increasingly, the correction of atresia and closing of 
the fistula is performed via a thoracoscopic approach [1]. A low-pressure carbon dioxide 
(CO2) pneumothorax (PT) environment collapses the right lung enough to visualize the 
atresic esophagus and TEF. The procedure is performed under permissive hypercapnic 
conditions [2,3]. Recent literature addressing thoracoscopic procedures in neonates 
has specified some concerns regarding the extra CO2 load of applied PT with decreased 
venous return under elevated intrathoracic pressure. This may be hazardous to neonatal 
physiology [4] and the developing central nervous system. In particular, impairment 
of cerebral oxygenation levels in neonates undergoing thoracoscopic procedures has 
been reported [5].

During surgical procedures and at the patient bedside, neonatal brain hemodynamics 
and oxygenation can be assessed by transcranial near-infrared spectroscopy (tcNIRS). This 
tcNIRS permits continuous noninvasive monitoring over extended periods of time. Until 
now tcNIRS monitoring was not a standard procedure in most neonatal intensive care 
units (NICU)’s and in OR’s during surgery of newborns. However, in recent years more 
information has become available concerning the relationship between low cerebral 
oxygenation monitored by NIRS and the occurrence of brain damage among newborns 
and young children [6-8]. Currently NIRS monitoring is routinely performed in our NICU 
and in our OR during thoracoscopic correction of EA. Thus far NIRS findings during 
thoracoscopic correction of EA of only two patients have been reported [5]. The aim 
of the present study was to investigate tcNIRS in the perioperative period of neonates 
elected for minimally invasive EA reconstruction.

Methods
Guidelines and procedures for this investigation were reviewed and approved by the 
institutional Medical Ethics Committee of the University Medical Center Utrecht. Parents 
were informed about the study design and procedures and informed parental consent was 
obtained from both parents of each participating neonate. This study was performed in 
compliance with the principles established in the Helsinki Declaration (version Fortaleza, 

Abbreviations
CO2 carbon dioxide 
EA esophageal atresia
FiO2 fraction of inspired oxygen
Hb hemoglobin
MABP mean arterial blood pressure
NICU neonatal intensive care unit
NIRS near-infrared spectroscopy
paCO2 partial pressure of arterial   
 carbon dioxide

Pmax maximum inspiratory pressure
PT pneumothorax
rScO2 regional cerebral oxygen   
 saturation
SaO2 arterial oxygen saturation
tcNIRS transcranial near-infrared   
 spectroscopy
TEF tracheo-esophageal fistula
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October 19, 2013). NIRS monitoring is already used as a standard clinical monitoring tool 
in the NICU of the Wilhelmina Children’s Hospital.

Patients
In this single-center prospective observational study, 15 patients diagnosed with EA 
with TEF (Type C atresia), admitted to the NICU of the Wilhelmina Children’s Hospital 
of the University Medical Center Utrecht were enrolled between January 2012 and 
September 2014. Preoperative workup consisted of screening for associated anomalies 
(VACTERL) including ultrasound of the heart and aorta to exclude right descending aortic 
involvement. Before surgery arterial and venous lines were placed for monitoring blood 
pressure, arterial blood sampling, and venous access respectively. A suction drain was 
placed in the proximal esophageal pouch to prevent aspiration.

Anesthesia
All patients were subjected to a standardized anesthesia protocol. For the induction of 
anesthesia sevoflurane (6-8% inspired concentration) was used with a 40-100% fraction 
of inspired oxygen (FiO2). After muscle relaxation with atracurium (0.5 mg/kg) the infants 
were tracheally intubated. Thoracoscopy was performed with both lungs ventilated. 
Anesthesia was maintained with sufentanil and an oxygen/air mixture and sevoflurane. 
During the procedure tcNIRS values and simultaneously monitored heart rate, blood 
pressure, arterial oxygen saturation (SaO2), and end tidal CO2 values were collected 
and stored in a high frequency rate (0.5Hz) on a PC (Bedbase software, UMC Utrecht, 
NL). Every 30 minutes blood samples (blood gas; Hb) were taken as part of the routine 
clinical procedure during thoracoscopic neonatal surgery. The aim was to establish stable 
anesthetic conditions based on the rScO2, SaO2 values, end tidal CO2 values and blood 
gas analysis by adjustment of respiratory settings in frequency, maximum inspiratory 
pressure (Pmax) and FiO2. Hypotension was prevented with fluid expansion or inotropes. 
The CO2 gas insufflation was temporarily stopped if the applied PT caused insufficient 
ability to adequately ventilate the patient.

Surgery 
All surgery was performed in the same operating theater with a stable room temperature 
of 22±1°C. In one patient rigid bronchoscopy was performed prior to surgery to assess 
possible concomitant tracheomalacia and to locate the TEF. The patients were placed in 
a left laterally recumbent position on a heated operating table (36±1°C) and tilted 10-20° 
reverse Trendelenburg. All thoracoscopic EA repairs were performed through the right 
thoracic cavity according to earlier described techniques [9]. In short, the PT was created 
through a 5 mm intercostal camera-trocar placed via an open incisional procedure. An 
intrathoracic pressure of 5 mmHg was achieved with a flow of 1 L/min insufflation with 
CO2. Two trocars were placed through two 3 mm wounds (one caudo-dorsal and one 
cranio-anterior from the camera-trocar). If necessary, an extra trocar was placed to 
manipulate the lung out of sight to maximize the operating field-of-view. The azygos 
vein was coagulated and transected when it blocked exposure of the TE junction; the 
TEF was subsequently ligated with a transfixing absorbable 4.0 Vicryl suture close to 
the trachea. After transection of the distal esophagus, the proximal pouch was opened. 
Finally, both ends of the esophagus were anastomosed with interrupted 5.0 absorbable 
Vicryl sutures over a naso-gastric feeding tube.
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Regional cerebral oxygenation
To measure rScO2, the INVOS 5100c near-infrared spectrometer (Covidien, Mansfield, 
Ma USA) was used. The NIRS-determined rScO2 was used as an estimator for changes 
in regional cerebral oxygenation. This measurement provides absolute values, is less 
sensitive to movement artifacts, and allows for comparison over time. The transducer, 
containing a light-emitting diode and two distant sensors (i.e. small adult sensor; SAFB-SM, 
Covidien) was carefully positioned and fixed gently to the frontoparietal surface of the 
infants head using an elastic band, at the NICU. Differential signals are obtained from 
these two sensors and from these signals the rScO2 is calculated. The rScO2 measures 
the oxygen saturation of the brain tissue. In a mixture of venous (70-80%), arterial, 
and capillary blood the oxygenated hemoglobin (Hb) / total Hb (oxygenated Hb+ non-
oxygenated Hb) is calculated. Although it still cannot be used as a robust quantitative 
measurement of cerebral oxygenation, it can serve as a trend monitoring device to 
detect substantial changes in regional tissue oxygen saturation [10]. The rScO2 was 
monitored during the entire surgical procedure and continued after the patient had 
returned to the NICU. Detected rScO2 levels are considered within safe reference range 
in (preterm) neonates when values are between 55-85% [11-14]. When rScO2 values 
exceeded reference limits, anesthetic interventions were made according to our NICU 
protocol as described by Pellicer et al and Naulaers et al [15-17].

Data acquisition
Intraoperative hemodynamic parameters and data on rScO2, measured by NIRS (INVOS 
4100-5100; Covidien, Mansfield, MA, USA), were continuously monitored and stored 
for offline analysis using locally developed software (BedBase/SignalBase; University 
Medical Center Utrecht, Utrecht The Netherlands). Data were analyzed during seven 
intervals that lasted 10 minutes. These seven time points were: baseline at the NICU 
ward (T0), directly after anesthesia induction (T1), 30 min after PT CO2-insufflation (T2), 
30 min before PT CO2-exsufflation (T3), and postoperatively at 6 hours (T4), 12 hours 
(T5), and 24 hours (T6).

Statistical analysis
Data analysis was performed using IBM SPSS statistics software package (IBM® SPSS® 
Statistics version 20, IBM Corp. Armonk, NY, USA). Data sets are presented as mean ± 
standard deviation or as median and range when indicated. The data at different time 
points was analyzed by related parametric or non-parametric methods as appropriate. 
When no differences were found in an overall analysis across all seven time points, 
for clinical reasons, analysis subsequently focused on differences between baseline, 
anesthesia induction and the initial phases of the surgical procedure. Differences between 
two time points were analyzed with a Student t-test. Differences between time points 
with a p-value <0.05 were considered statistically significant.

Results
Fifteen patients with type C EA (with distal TEF) had complete data registration and were 
eligible for analysis. Table 1 presents demographics and clinical characteristics of the 
patients in this study. Eight patients had associated comorbidities, of which two patients 
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had a right descending aorta and two patients had non-cyanotic cardiac malformations 
that required surgical correction at a later stage; one patient with dextrocardia and partial 
anomalous pulmonary venous connection (PAPVC) and one patient with a malaligned 
ventricular septal defect with overriding aorta. All patients had an overall uneventful 
thoracoscopic correction of EA. Median time in the OR was 211 [126-387] minutes and 
the median time of PT was 130 [74-260] minutes.

Intraoperative hemodynamic and cerebral oxygenation parameters
Figure 1 summarizes selected perioperative hemodynamic and cerebral oxygenation 
parameters. All patients remained normothermic during surgery (data not shown). The 
applied FiO2 was 0.68±0.24 at T1 (anesthesia induction), 0.59±0.17 at T2 and 0.49±0.16 
at T3 (end of insufflation) (p<0.05). Median inspiratory Pmax [range] was 21 [14-26] 
cmH2O at T2 and 20 [17-28] cmH2O at T3. Median respiratory frequency was 42 [30-90] 
at T2 and 40 [28-69] at T3. Changes in MABP were not significant and measurements 
remained within physiological range (Fig. 1A). Hypotension was prevented by fluid 
expansion and administration of dopamine in a range of 1-20 mcg/Kg/min in 10 of 15 
(66%) patients at T2 and to 12 of 15 (80%) patients at T3. A significant decrease in SaO2 
was observed at PT application. SaO2 decreased from 97±3% at T0 (baseline) to 90±6% 
at T2 (PT application) (p<0.01). SaO2 recovered to normal ranges during the procedure 
(Fig. 1B). PaCO2 increased from 41±6 mmHg at T0 to 54±15 mmHg at T2 (p<0.01), and 
then recovered to normal ranges during the procedure (Fig. 1C). Arterial sampled pH 

Table 1. Patient characteristics of 15 patients that had a thoracoscopic correction of an esophageal 
atresia with tracheo-esophageal fistula. Data are presented as median [range].

Clinical characteristics N=15 
Gender (M:F) 10:5 
Gestational age (weeks) 39 [36-42] 
Postnatal age at surgery (days) 2 [1-7] 
Birth weight (grams) 2962 [2155-4490] 
Apgar score
after 1 minute 9 [4-10] 
after 5 minutes 9 [5-10] 
Other comorbidity 
No comorbidity N=7 
One or more associated anomalies N=8

Cor vitium stable hemodynamics 4
Cor vitium requiring later surgery 2 
Right descending aorta 2
Tracheomalacia 2 
Duodenal atresia 1 
Anal atresia 1
Vertebrae / rib deformity 5

Duration (min)
Time on OR 211 [126-387]
Surgery 148 [83-274]
Pneumothorax 130 [74-260]
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decreased from 7.33±0.04 at T0 to 7.25±0.11 at T2 (p<0.05). It then recovered to normal 
ranges during the procedure (Fig. 1D). Continuous monitoring of cerebral oxygenation 
was successful in all 15 neonates. Mean rScO2 was significantly higher at T1 compared 
to T2; 77±10% and 73±7% respectively (p<0.05). In none of the neonates the mean rScO2 
dropped below the safety threshold of 55% during or after surgery (Fig. 1E).

Discussion
The aim of this study was to investigate the effects of the installation of a CO2 PT on 
the hemodynamics and cerebral oxygenation of neonates receiving thoracoscopic 
correction of EA. We observed that surgery with an intrathoracic pressure of 5 mmHg 

Figure 1. Perioperative physiological 
parameters and cerebral oxygenation data 
at baseline (T0), anesthesia induction (T1), 30 
minutes after CO2 insufflation (T2), 30 minutes 
before ending CO2 insufflation (T3) and in the 
postoperative phase at 6 hours (T4), 12 hours 
(T5), and 24 hours (T6). MABP mean arterial 
blood pressure (Fig. 1A), SaO₂ saturation of 
peripheral oxygen (Fig. 1B), paCO2 partial 
pressure of arterial carbon dioxide (Fig. 1C), 
arterial sampled pH (Fig. 1D), rScO2 regional 
cerebral oxygen saturation (Fig. 1E). Significant 
differences are marked (*) and are presented in 
the figures with Student t-test p-values.

A

C

E

B

D
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can be performed while the MABP remains within normal limits. Application of the 
PT initially lowers SaO2, raises paCO2, and lowers arterial pH levels. These parameters 
were corrected through the course of surgery by changes in the ventilation. Under 
these conditions cerebral saturation remained within the safety range during the 
whole procedure. Furthermore, in the postoperative phase cerebral oxygenation and 
all other monitored parameters remained within normal limits. Our results suggest 
that a thoracoscopic procedure with a CO2 PT set at a pressure of 5 mmHg and flow of 
1 L/min can be performed under conditions that allow for reversible arterial blood gas 
disturbances, with cerebral NIRS values that are elevated during anesthesia induction 
but that remain stable during and after the PT application.

A large number of pediatric surgical indications can be successfully managed by 
minimally invasive techniques [18], especially for cases involving treatment of EA. 
In an increasing number of pediatric surgical centers these atresias are managed by 
thoracoscopic interventions [19]. Although benefits of either open or thoracoscopic 
approach to EA surgery remain to be proven in randomized studies [20], the thoracoscopic 
approach favors advantages supportive of less postoperative pain, shorter hospital stay 
[21], less scoliosis caused by ribfusion, decreased respiratory impairment, and improved 
overall cosmetic result [3,22,23].

Despite plausible clinical advantages favoring thoracoscopic EA surgery, concerns 
have been raised regarding the safety of these thoracoscopic interventions in neonates. 
These concerns focus mostly on the impact of the applied pressurized CO2 PT on 
neonatal hemodynamics and organ perfusion [3,4,20,24,25]. Intrathoracic CO2 insufflation 
collapses the lung, which adversely affects the O2 and CO2 exchange causing hypoxia and 
hypercarbia. Another factor that causes hypercarbia is the excess systemic CO2 load that 
is absorbed from the thoracic cavity during the PT CO2 gas insufflation [5]. Hypoxia and 
especially hypercarbia with a lowered pH cause vasodilatation of the cerebral vessels 
in the neonate [26-28]. When lower arterial oxygen saturation causes lower cerebral 
oxygen supply, the hypercarbia-induced vasodilatation can compensate for the reduced 
cerebral oxygen supply if blood pressure remains adequate. Diminished perioperative 
cerebral oxygen saturation during neonatal cardiothoracic surgery is correlated with poor 
neurodevelopment outcomes [6,7] and brain magnetic resonance imaging abnormalities 
at one year [8]. Recently, Bishay et al. [5] reported that severe perioperative hypercarbia, 
acidosis, and decreased cerebral oxygenation were seen in neonates that underwent 
thoracoscopic surgery for EA and congenital diaphragmatic hernia. It is proclaimed that 
the reduction of the cerebral oxygenation lingered for up to 24 hours postoperatively. 
However, in the paper by Bishay et al. [5] the rScO2 value at the start of operation of 
87% was very high, possibly due to initial hyper-oxygenation. It decreased to 75% at the 
end of operation. Also in the postoperative phase, cerebral oxygenation levels remained 
within reference range.

Furthermore, in the published series on neonatal thoracoscopic interventions [5,20] 
that describe the negative impact of CO2 application, PT pressures of up to 10 mmHg 
were applied. A recent experimental study in piglets showed that 10 mmHg PT pressures 
caused severe hemodynamic instability and decreased cerebral perfusion whereas 
these conditions remained stable with PT pressures of 5 mmHg [29]. The results from 
this piglet study suggest that the applied pressure of 5 mmHg, as used routinely in our 
clinic, has no severe adverse effects and seems safe to use in thoracoscopic procedures.
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In response to the concerns about thoracoscopic EA surgery Conforti et al. concluded 
that cerebral oxygenation remains stable during open EA correction [30]. The results 
of our present study show that this conclusion is not exclusively reserved for open EA 
correction but that it is also possible during thoracoscopic surgery. We believe that close 
monitoring and a close collaboration between neonatologists, anesthesiologists, and 
pediatric surgeons is essential for achieving stable physiologic conditions with sustained 
brain oxygenation levels. According to the anesthesia protocol, fluid expansion and 
inotropes were applied to prevent blood pressure from declining below physiological 
limits during the thoracoscopic procedure. Moreover, in the present study we observed 
that in the initial phase of surgery, installation of the PT caused arterial saturation to drop. 
To allow adequate ventilation, CO2 PT insufflation was then stopped until the patient 
had recovered. If reinstallation of CO2 PT persisted in causing low oxygen saturation, 
insufflation pressures were not increased but an additional trocar was introduced to 
gently move the lung away from the operating field-of-view. Initial hypercarbia and 
consequent acidosis was alleviated during the operation by continuous adjustment of 
ventilator settings. Acceptable limits of perioperative CO2 blood gas values are as yet 
not known [2,31]. However, to ascertain CO2 and pH levels stayed within acceptable 
range, adequacy of ventilation is confirmed by arterial blood gas analysis at 30-min 
intervals [20,30].

Whether the initial hypercapnia, which can have strong vasoactive effects [2,26-28] 
and the acidosis, recorded in our study, could be detrimental for the developing neonatal 
brain is unknown [31,32]. These blood gas results are comparable though to those seen 
during open EA surgery. In our study the initial paCO2 during the pneumothorax was 54 
mmHg. It was 56 mmHg in a series of patients that were operated via (open) thoracotomy 
in the study by Bishay et al. [20]. Also, the resulting acidosis in our series with a pH of 
7.25 is comparable to a pH of 7.26 in the study of Bishay et al. [20]. In our study, cerebral 
oxygenation remained stable and not jeopardized during or after the thoracoscopic 
procedure. The initial increased cerebral NIRS values prior to the surgical procedure are 
also described in other studies of open or thoracoscopic neonatal surgery [5,30]. This 
could be a consequence of an increased supply of oxygen at the phase of anesthesia 
induction. Also in our study the highest median FiO2 was recorded at this time (0.68±0.24). 

In conclusion, thoracoscopic EA repair can be performed without the need for 
conversion or extended procedural times with CO2-insufflation pressures that are sustained 
around 5 mmHg. Cerebral oxygenation was stable within the normal range during and 
after the procedure. Close perioperative monitoring of neonatal brain oxygenation and 
close collaboration between surgeons, anesthesiologists and neonatologists will remain 
part of our operative protocol for patients undergoing thoracoscopic reconstruction of 
EA. Future studies in our institution will focus on the long-term effects of these types of 
surgery in neonates and the aim of understanding and avoiding impact on the neonatal 
brain with adverse neurodevelopmental outcomes.
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General discussion and future perspectives
Introduction
The work presented in this thesis addresses issues that concern the implementation of 
minimally invasive surgery into current pediatric surgical practice and the impact of this 
surgery on the neonatal physiology and brain oxygenation. The increasing number of 
diseases that can be treated with minimally invasive surgery, especially in the newborns, 
raise questions about the safety of these procedures. The pneumothorax (PT) and 
pneumoperitoneum (PP) that is applied by carbon dioxide (CO2) insufflation may have 
consequences on the sometimes immature cardiovascular system. The pressurized 
environment can influence the microvasculature at the anastomosis with subsequent 
impaired healing. Absorption of CO2 causes acidosis. Excess loads of CO2 can be cleared 
by mechanical ventilation. Only little information is available on the additional impact 
of the CO2 insufflation. The impact on anastomosis healing, neonatal physiology, distant 
sublingual microvasculature and cerebral oxygenation is addressed in this thesis.

Part I Implementation into current surgical practice
The first part of this thesis describes the implementation of minimally invasive surgery 
into current pediatric surgical practice. Chapter 2 discusses all abdominal surgical 
procedures that were performed in our institution in 2005 [1]. Results are compared with 
a similar study of 1998 [2]. Of all surgical procedures in 2005, 81% was performed via 
laparoscopy compared to 60% in 1998. Overall complication rate had remained stable 
at 6.9%. Conversion rate dropped from 10% to 7.4%. The majority of the laparoscopic 
procedures was performed by trainees (64.2%). Procedures performed by trainees did not 
have a negative impact on the complication or conversion rates. Based on these results, 
we may conclude that laparoscopy has become an established modality in abdominal 
procedures in children and neonates and that this does not hamper surgical training as 
the majority of the procedures can be performed by trainees.

In chapter 3 we describe the learning curve that our institution went through in the 
thoracoscopic repair of esophageal atresia [3]. This type of surgery is considered one 
of the most challenging pediatric surgical procedures. To study the learning curve for 
this procedure we compared the first five years with the following five years in which 
it was performed in our department. In the first five years the procedure was mostly 
performed by senior pediatric surgeons, while in the following five years it was mainly 
performed by younger staff members and fellows. During the second period postoperative 
leakage decreased from 22% to 8% and rate of anastomotic stenosis requiring dilatation 
decreased from 38% to 19%. There also was no recurrence of the tracheo-esophageal 
fistula in the second period as opposed to 4% in the first period. These data support 
that there seems to be an institutional learning curve for this advanced thoracoscopic 
procedure. Although it is technically demanding, it is possible to train younger staff to 
carry out this procedure while still improving peri-operative outcome. To achieve this, 
guidance by experienced surgeons is mandatory. Moreover continuous adjustments to 
surgical technical aspects remains essential. Knowledge of this learning curve should 
be considered by other pediatric surgical centers that want to start a program for 
thoracoscopic repair of esophageal atresia.
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Part II Physiological effects of minimally invasive surgery in animal models
In part II of this thesis animal studies are presented in which the effect of application of 
CO2 PP and PT is studied. In chapter 4 the influence of the CO2 PP on intestinal healing 
of anastomoses is tested in a rat model [4]. Earlier animal studies found that high intra-
abdominal pressure was correlated with impaired intestinal healing. We designed a rat 
model of a fully laparoscopically created intestinal anastomosis. Rats were intubated 
to prevent pulmonary failure caused by the PP. Three groups were studied. One group 
underwent open surgery, one with laparoscopic surgery with a PP pressure of 5 mmHg 
and one with laparoscopic surgery with PP pressure of 10 mmHg. In vivo bursting 
pressure after one week was lower after laparoscopic surgery at 10 mmHg PP compared 
with open surgery or laparoscopic surgery with 5 mmHg PP pressure. There was no 
difference between groups in local neoangiogenesis nor in local upregulation of hypoxic 
factor HIF-1 alpha. In our surgical model we found further evidence of CO2 PP pressure 
dependant disturbancies of intestinal healing, which could not be explained by differences 
in neoangiogenesis nor local upregulation of hypoxic factors.

In chapter 5 we describe the effect of CO2 insufflation with 5 and 10 mmHg during 
thoracoscopy on cerebral oxygenation and hemodynamics in piglets [5]. Piglets were 
intubated and a CO2 PT was installed for 1 hour. In the 10 mmHg group 40% of the 
piglets had to be resuscitated. Piglets in this group had significantly higher heart rates 
and lower blood pressures compared to the 5 mmHg group. By applying near infrared 
spectroscopy we were able to assess cerebral oxygenation. In the 10 mmHg group we 
noticed possible decreased cerebral perfusion as the cerebral extraction of oxygen was 
increased. Carbon dioxide insufflation at 5 mmHg seemed to have no adverse effects. 
From this piglet study we conclude that high intra thoracic carbon dioxide insufflation 
pressures possibly should be avoided in neonatal surgery.

Part III Physiological effects of minimally invasive surgery in neonates and small infants 
In part III of this thesis we studied the effects of laparoscopic and thoracoscopic surgery 
on neonatal physiology, microvasculature and cerebral oxygenation. In chapter 6 we 
aimed to study the intra-operative effect of the CO2 PP on microcirculation density 
and perfusion in young infants receiving laparoscopic surgery for hypertrophic pyloric 
stenosis [6]. There was a significant elevation in end tidal CO2. Using sidestream dark-field 
imaging, sublingual microcirculation was continuously monitored. Sublingual blood vessel 
diameters increased during the PP and decreased after ending the PP. We concluded that 
the CO2 PP influences microvascular perfusion dynamics but does not change overall 
tissue microvascular density. We believe that these findings justify our continued use 
of laparoscopic pyloromyotomy for the treatment of hypertrophic pyloric stenosis, as 
only minimal microcirculatory changes were seen.

In chapter 7 we describe investigations on the intra-operative effects of CO2 gas PP 
on the cerebral oxygenation during laparoscopic surgery for hypertrophic pyloric stenosis 
in young infants [7]. Blood pressure and end tidal CO2 increased during the procedure. 
Brain oxygenation, which was assessed with near infrared spectroscopy, remained stable 
throughout the whole procedure. We concluded that laparoscopic pyloromyotomy can 
be performed with safe anesthetic conditions with unaltered cerebral oxygenation. 
This is important as hampered oxygenation in neonates is correlated with adverse 
neurodevelopmental outcomes [8].
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In chapter 8 we evaluate the influence of CO2 insufflation in the thoracic cavity during 
thoracoscopic surgery for esophageal atresia [9]. To visualize the operating field, the 
ipsilateral lung is collapsed by the insufflated CO2 gas. The increased PT pressure may 
influence the cardiovascular system and cerebral oxygenation. During the prolonged 
surgical procedure we collected physiological data and continuously recorded cerebral 
oxygenation. The intrathoracic CO2 insufflation of up to 5 mmHg pressure caused a 
reversible decrease in arterial oxygenation and pH and an increase in arterial CO2 pressure. 
Blood pressure was maintained within physiological limits by fluid expansion and inotrope 
medication. Cerebral oxygenation measured with near infrared spectroscopy remained 
stable. This suggests that the reversible physiological changes did not hamper cerebral 
oxygenation. Based on these findings we continued performing thoracoscopic corrections 
of esophageal atresia. Close collaboration between anesthesiologists, neonatologists 
and pediatric surgeons with close physiological and cerebral monitoring has become 
part of the protocolized standard care in our department.

Conclusions from this thesis and future perspectives
The number of surgical interventions in neonates and young infants that are managed 
by minimally invasive techniques is increasing. For many procedures, studies have 
shown adequate feasibility with good clinical outcomes. Depending on the technical 
difficulty of the procedure a learning curve will remain indispensible. This has led to 
a more general implementation of procedures that are considered less demanding 
like laparoscopic pyloromyotomy. For more demanding procedures like thoracoscopic 
esophageal atresia surgery such general acceptance is still lacking [10]. We believe that 
experienced surgeons should be available to guide the trainee through the surgical 
procedure during the learning curve. In future such demanding surgical interventions 
will be probably performed mainly in selected centers of excellence.

Although we found rapid implementation of many forms of minimally invasive surgery 
in the pediatric surgical practice, we found relatively little research that addresses its 
safety for the neonates and small children. From studies in animals we can conclude 
that increased abdominal pressure by a CO2 PP of up to 10 mmHg causes diminished 
intestinal anastomotic healing. When a 10 mmHg PT is installed in piglets this leads to 
severe cardio respiratory failure. Even nowadays studies are published in which these 
pressures are applied in neonatal thoracoscopic surgery [11]. We learned from our animal 
studies that higher PT pressures than 5 mmHg should be avoided.

We found that if PP pressures of up to 8 mmHg is applied in laparoscopic pyloromyotomy 
surgery there is only a minimal distant microvascular response. Possibly the reversible 
sublingual vasodilatation is caused by the hypercarbia through absorbed carbon dioxide 
from the pneumoperitoneum. Carbon dioxide is a potent vasodilatator [11]. The minute 
changes measured sublingually had no effect on overall cerebral oxygenation. This 
remained unchanged during the short surgical procedure. Based on this knowledge we 
believe that it is safe to continue performing laparoscopic pyloromyotomies, as cerebral 
oxygenation and possibly subsequent neurodevelopment are not at risk. Thoracoscopic 
esophageal atresia surgery can be more hazardous on neonatal physiology when 
compared to laparoscopic pyloromyotomy surgery. This is a longer procedure (median 
pneumothorax time of 130 minutes). There is one collapsed lung and the increased intra 
thoracic pressure can affect cardiac function. By close collaboration with anesthesiologist 
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and neonatologists we were able to create an operative protocol that can maintain 
physiological parameters within acceptable limits. With applied PT pressures of maximum 
5 mmHg we found unhampered stable cerebral oxygenation.

In the coming years we will continue to improve pediatric surgical minimal invasive 
techniques. Hopefully this will lead to even less surgical trauma and faster patient 
recovery. Whether stable physiology and unhampered cerebral oxygenation truly have no 
effects on later neurodevelopment is still unknown. Studies that are currently underway 
will focus on these possible late consequences of neonatal minimally invasive surgery. 
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Summary
A growing number of pediatric surgical indications can be managed by minimally 
invasive techniques. Proponents of minimally invasive surgery claim that there is less 
surgical trauma, faster recovery and better cosmetic outcome. The magnification of 
the operative field and the ability to access and perform surgery in limited anatomical 
spaces has advantages that are especially appealing to pediatric surgeons. The general 
patient populations include small children and even prematurely born neonates that 
require surgery in the first days of their lives. With the advent of smaller instruments 
and video scopes, the first feasibility studies on different pediatric surgical procedures 
were published some 25 years ago. Since then many institutes described several series 
of pediatric patients that were treated by laparoscopy or thoracoscopy. Introduction of 
new techniques led to studies that described a learning curve, which had to be passed 
to master the surgical procedure. For some therapeutic indications it then was possible 
to set up randomized controlled trials to compare open and minimally invasive surgery. 
For more rare, complex, or multi factorial surgical indications this seemed more difficult 
to organize. 

The research presented in this thesis focuses on different components of pediatric 
minimally invasive surgery and is separated into three parts. Part I describes how minimally 
invasive surgical treatments in our hospital have evolved since their introduction. In 
chapter 2 we describe all abdominal surgical procedures that were performed in our 
institution in 2005, the results are compared with an earlier evaluation of our practice in 
1998. We found that 81% of all abdominal procedures were performed by laparoscopy, 
compared to 60% in 1998. While there were comparable complication rates , conversion 
to open surgery dropped to 7.4% compared to 10% seven years earlier. Trainees performed 
64% of all procedures, which did not have a negative impact on outcome. In this thesis 
we conclude that laparoscopic procedures have become an established approach in 
children and neonates in our pediatric surgical training center. In chapter 3 the learning 
curve is described that our institution went through when comparing two periods in 
time when esophageal atresia was corrected via thoracoscopy. We compared the years 
2000 to 2005 with the years 2005 to 2010. The earlier period was a time when the senior 
pioneering staff performed the procedures. In the latter period, the surgery was mainly 
performed by the junior staff, accompanied or guided by senior staff members; the 
results showed that complications dropped in the second period. Anastomotic leakage 
decreased from 22% to 8% and the acquired postoperative stenosis of the anastomosis 
dropped from 38% to 19%. It was concluded that there clearly exists an institutional 
learning curve for this technically demanding pediatric surgical procedure. Supervision 
and guidance by senior staff members that have mastered the procedure seems to be 
a prerequisite for pediatric surgical centers that aim to start introducing this technique.

In part II we describe two papers that studied the effect of the applied 
pneumoperitoneum or pneumothorax in animal models. In chapter 4 we tested the 
effect of the applied pneumoperitoneum on intestinal anastomotic healing. A rodent 
experimental model was designed in which intubated rats that either had jejunal enteric 
surgical anastomosis via an open or laparoscopic procedure with different carbon dioxide 
pneumoperitoneum pressures. The findings reveal that there was impaired anastomotic 
healing when high pressures (10 mmHg) were applied as compared to open surgery or 
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low (5 mmHg) pneumoperitoneum pressures; no proof was found supporting that the 
impaired healing was caused by local upregulation of hypoxic factors or by diminished 
neoangiogenesis. In chapter 5 the physiological response to the application of low (5 
mmHg) or high (10 mmHg) pneumothorax in piglets was addressed. High-pressure 
pneumothorax application led to severe impairment of cardiovascular functions, which 
was accompanied by higher cerebral oxygen extraction, possibly by impaired cerebral 
perfusion. In conclusion, based on the piglet study, low-pressure pneumothorax for 
neonates seems safe and high-pressure pneumothorax application should be avoided 
due to the possible deleterious cardiovascular repercussions. 

In part III the effect of minimally invasive surgery on vascular response, physiology, 
and cerebral perfusion in neonates and small children is investigated. Chapter 6 evaluates 
the sublingual vascular response with the application of 8 mmHg pneumoperitoneum 
during laparoscopic correction of pyloric stenosis in young infants. Elevation of the 
end tidal carbon dioxide during the pneumoperitoneum was accompanied by an 
increased sublingual microvascular dilatation, this effect was abolished when the 
pneumoperitoneum stopped. In chapter 7 the effect of pneumoperitoneum on cerebral 
oxygenation in a similar group of patients was investigated. Brain oxygenation recorded 
by near-infrared spectroscopy remained stable during the laparoscopic procedure with 
8 mmHg pneumoperitoneum pressure. From these two studies it was concluded that 
this laparoscopic procedure for the treatment of pyloric stenosis only induces a minimal 
reversible microvascular response and that it has no effect on cerebral oxygenation. 
These studies support our department’s belief in that laparoscopic pyloromyotomy 
can be performed under safe physiological conditions. In chapter 8 the impact of 
thoracoscopic surgery in neonates was assessed. During esophageal atresia corrections, 
intrathoracic carbon dioxide insufflation with a maximum pressure of 5 mmHg caused 
a reversible oxygen saturation drop, hypercarbia, and acidosis, all of which remained 
within acceptable limits. Blood pressure fluctuations could be avoided by fluid expansion 
or inotropic support; cerebral oxygenation remained stable during the procedure. It is 
our believe that esophageal atresia can safely be corrected by thoracoscopy if there 
is a close collaboration between the anesthesiologists, neonatologists and pediatric 
surgeons. Furthermore, close monitoring and protocolized management of physiological 
parameters can result in stable anesthetic conditions with sustained cerebral oxygenation 
in neonates during prolonged thoracoscopic surgery.

Finally, in chapter 9 the findings of the research presented in this thesis are summarized 
and discussed. The objective of this thesis was to gain more understanding on what 
impact minimally invasive surgery has on neonates and small infants. Late consequences 
of minimally invasive surgery early in the child’s life are subjects of current and further 
research, with a focus of gaining knowledge on the effects of this surgery on the 
neurodevelopment of the developing child.
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Samenvatting
Een toenemend aantal chirurgische ingrepen kan plaatsvinden via minimaal invasieve 
technieken. Voorstanders van minimaal invasieve chirurgie stellen dat er minder 
chirurgisch trauma optreedt, dat sneller postoperatief herstel mogelijk is en dat een 
beter cosmetisch resultaat kan worden geboekt. Opereren via deze technieken lijkt in het 
bijzonder geschikt voor de kinderchirurgie, omdat er door de videolenzen een vergroting 
mogelijk is van het operatie gebied en omdat het de kans biedt om te opereren in kleinere 
ruimtes. De kinderchirurgische patiëntenpopulatie omvat onder andere kleine kinderen 
en prematuur geboren baby’s, die geopereerd moeten worden in de eerste dagen na de 
geboorte. Na de introductie van kleinere videosystemen werden zo’n 25 jaar geleden 
de eerste artikelen gepubliceerd waarin de eerste kinderchirurgische kijkoperaties 
werden beschreven. Hierna publiceerden diverse kinderchirurgische centra series van 
operaties, die waren uitgevoerd door middel van laparoscopie of thoracoscopie. Nadat 
voor verschillende kinderchirurgische operaties leercurves waren beschreven werd het 
mogelijk om voor sommige indicaties gerandomiseerde studies op te zetten, waarin 
open en minimaal invasieve technieken werden vergeleken. Voor de meer zeldzame, 
complexe kinderchirurgische ziektebeelden leek dit vooralsnog moeilijk te organiseren.

In dit proefschrift worden verschillende aspecten van de minimaal invasieve 
kinderchirurgie beschreven. In deel I beschrijven we hoe de minimaal invasieve 
kinderchirurgie zich heeft ontwikkeld in het Wilhelmina Kinderziekenhuis. In hoofdstuk 2 
worden de buikoperaties beschreven, die in 2005 in ons ziekenhuis zijn uitgevoerd. 
De resultaten werden vergeleken met een gelijksoortige studie uit 1998. Het aantal 
operaties dat laparoscopisch werd verricht was gestegen van 60% in 1998 naar 81% in 
2005. Het percentage complicaties was vergelijkbaar. Het percentage conversies naar 
open chirurgie daalde van 10% naar 7.4%. In 2005 werd 64% van de laparoscopische 
ingrepen verricht door een assistent-in-opleiding of een fellow. Dit leidde niet tot een 
toename van het aantal complicaties. We concluderen in dit proefschrift dat minimaal 
invasieve chirurgie in ons ziekenhuis zich heeft bewezen als de standaard benadering 
voor kinderchirurgische abdominale indicaties. In hoofdstuk 3 wordt onze institutionele 
leercurve beschreven van de thoracoscopische correctie van oesophagusatresie. De jaren 
2000-2005 en 2005-2010 worden vergeleken. In de eerste periode werd de operatie 
voornamelijk uitgevoerd door (pionierende) staf-chirurgen; in de tweede periode 
voornamelijk door jongere (nog lerende) stafleden, begeleid door ervaren stafleden. Er 
waren minder chirurgische complicaties in de tweede periode. Het percentage lekkages 
van de anastomose verminderde van 22% naar 8%. Het percentage stenoseringen van de 
anastomose (waarvoor oprekken noodzakelijk was) daalde van 38% naar 19%. Er lijkt een 
institutionele leercurve te zijn voor deze technisch complexe thoracoscopische operatie. 
Kinderchirurgische centra, die overwegen deze procedure te introduceren, wordt 
geadviseerd om dit te doen onder begeleiding van ervaren kinderchirurgische experts.

In deel II van dit proefschrift beschrijven wij twee dierexperimentele studies waarin 
de effecten van het pneumoperitoneum en de pneumothorax worden bestudeerd. 
In hoofdstuk 4 testten wij het effect van het pneumoperitoneum op de genezing van 
darmanastomosen. We ontwikkelden een model waarin, bij geïntubeerde ratten, een 
dunne darmnaad werd aangelegd via een open of laparoscopische benadering met 5 
mmHg of 10 mmHg CO2 pneumoperitoneum. De genezing van de darmanastomose 
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was verminderd als deze was aangelegd tijdens een 10 mmHg pneumoperitoneum, in 
vergelijking met de anastomosen die waren aangelegd via de open procedure of tijdens 
een pneumoperitoneum met een druk van 5 mmHg. Dit verschil in genezing kon niet 
worden verklaard door lokaal verhoogde hypoxische factoren of lokaal verminderde 
neo-angiogenese. In hoofdstuk 5 werd het effect van een hoge druk (10 mmHg) en een 
lage druk (5 mmHg) CO2 pneumothorax getest op de fysiologie van biggen. Het toepassen 
van een hoge druk pneumothorax had ernstige cardiorespiratoire consequenties, met 
mogelijk verminderde cerebrale perfusie. Conclusies van deze twee studies zijn dat hoge 
insufflatie drukken tijdens pneumoperitoneum en pneumothorax dienen te worden 
voorkomen, aangezien er aanwijzingen zijn dat hierdoor de darmnaadgenezing wordt 
verstoord en dat er een ernstige bedreiging kan optreden van de cardiorespiratoire en 
cerebro-vasculaire dynamiek.

In deel III bespreken wij studies naar de effecten van minimaal invasieve chirurgie op 
de fysiologie van neonaten en baby’s. In hoofdstuk 6 wordt een studie beschreven naar 
de microvasculaire sublinguale respons op het pneumoperitoneum bij baby’s tijdens een 
operatieve correctie van pylorushypertrofie. Het 8 mmHg CO2 pneumoperitoneum gaf 
aanleiding tot verhoogde end tidal CO2 waarden, waarbij de sublinguale microvasculatuur 
was verwijd. Deze effecten stopten toen het pneumoperitoneum werd opgeheven. In 
hoofdstuk 7 werd bij een zelfde patiëntenpopulatie de cerebrale oxygenatie vastgelegd 
door middel van near-infrared spectroscopy. Het pneumoperitoneum met 8 mmHg 
veroorzaakte geen verandering in de cerebrale oxygenatie. Op basis van deze data 
concluderen wij dat de laparoscopische correctie met drukken van 8 mmHg CO2 
pneumoperitoneum veilig lijkt omdat er slechts een kleine passagère vasculaire respons 
is, zonder bedreiging van de cerebrale perfusie. In hoofdstuk 8 wordt de impact van de 
pneumothorax op de neonatale fysiologie en cerebrale perfusie bestudeerd. Tijdens 
de thoracoscopische correctie van oesophagusatresie met CO2 pneumothoraxdrukken 
van maximaal 5 mmHg werd een reversibele daling in zuurstof saturatie gezien, 
samen met een verhoogde arteriële CO2 en acidose. Al deze waarden bleven binnen 
acceptabele grenzen. Fluctuaties van de bloeddruk werden voorkomen door i.v. infusie 
en inotropische medicatie. De cerebrale oxygenatie werd op deze wijze niet verstoord 
tijdens of na de ingreep. Het lijkt ons mogelijk om veilig bij neonaten thoracoscopisch 
oesophagusatresie te corrigeren. Hiervoor is wel een goede samenwerking tussen 
neonatologen, anesthesiologen en kinderchirurgen noodzakelijk. Ook dient er gewerkt te 
worden volgens geprotocolleerde fysiologische controles en interventies om zo stabiele 
anesthesiologische condities te bereiken met een onbedreigde cerebrale oxygenatie.

In hoofdstuk 9 worden alle belangrijke conclusies van dit proefschrift samengevat. Het 
doel was om meer kennis te krijgen van de effecten die de implementatie van minimaal 
invasieve chirurgie heeft op de dagelijkse praktijk en van de mogelijke impact op de 
neonatale fysiologie en cerebrale oxygenatie. Het huidige en toekomstige onderzoek 
in ons ziekenhuis is er op gericht om de late consequenties van deze chirurgie bij jonge 
baby’s in kaart te brengen. Met name zal gekeken worden of er late verstoringen zijn in 
de neuromotorische ontwikkeling van het opgroeiende kind.
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Een aantal mensen wil ik in het bijzonder danken. Dit proefschrift is tot stand gekomen 
dankzij hun hulp en medewerking.

Als eerste wil ik de ouders van onze patiënten bedanken voor hun bereidheid om 
mee te werken aan ons onderzoek. Zij gaven hiervoor toestemming in de periode dat 
hun baby net was geboren of wanneer hun baby een paar weken na geboorte werd 
opgenomen omdat deze niet meer kon drinken. Mijn proefschrift behandelt de verdere 
ontwikkeling en toepassing van minimaal invasieve kinderchirurgie bij deze neonaten. 
Daarnaast brengen wij de potentieel negatieve effecten in kaart, die kijkoperaties op deze 
baby’ s kunnen hebben. Onze focus ligt op het voorkomen van verstoring/ vermindering 
van zuurstofvoorziening naar de hersenen tijdens de operatie. 

Mijn promotor Prof. dr. D.C. van der Zee, beste David, dank dat je mij gesteund hebt 
in mijn promotietraject. Je hebt van het Wilhelmina Kinderziekenhuis in Utrecht een 
internationaal centrum voor minimaal invasieve kinderchirurgie gemaakt. Ik ben trots 
op de zorg die wij kinderen hier kunnen bieden. Zeker bij de meer complexe ingrepen 
ben jij altijd de expert die de oplossingen aanbiedt. Daarnaast coördineer jij de follow-up 
van patiënten die zijn geboren met oesophagusatresie. Ik hoop de komende jaren nog 
veel van jou te leren. Ook wil ik graag bijdragen aan de verdere groei van onze afdeling.

Prof. Dr N.M.A. Bax, beste Klaas, in een e-mail van lang geleden gaf je commentaar 
op mijn eerste voorstellen voor experimenteel onderzoek. Naast veel inhoudelijke 
aanwijzingen schreef je op 16 oktober 2005 : “Ik ben er zeker van dat dit een goede lijn is 
waarop te promoveren valt.” Ik ben blij dat jouw voorspelling nu eindelijk is uitgekomen!

Dan Milstein, beste Dan, ik ben vereerd dat jij mijn copromotor wil zijn. We begonnen 
met ritjes tussen Amsterdam en Utrecht om microcirculatie-metingen te doen bij baby’s 
met pylorus hypertrofie. Soms ging de operatie niet door vanwege de spoedoperatie 
planning. Ons humeur werd er niet minder om, we hadden genoeg te bespreken! In de 
jaren daarna was jij de meest kritische maar ook de meest behulpzame mede-auteur 
van de verschillende artikelen. Je hebt een heel scherp oog voor kwaliteit, met een 
enorme drive en een fijne dosis humor. Wat mij betreft is dat een heel sterke combinatie. 
Thanks, Bro!

Mijn paranimfen Justin de Jong en Sander Zwaveling, beste Justin en Sander, er 
wordt wel eens gezegd dat je als startend kinderchirurg nog zo’n tien jaar nodig hebt 
om het vak in zijn volle breedte te kunnen beheersen. In de afgelopen tien jaar waren 
jullie mijn maten. Ik heb met jullie alle ups en downs meegemaakt. Fijn dat jullie tijdens 
mijn promotie dan ook beiden aan mijn zijde staan. Wat mij betreft zullen wij nog heel 
lang samenwerken, in welke constructie dan ook. 

Petra Lemmers en Lisanne Stolwijk, jullie zijn de connectie naar de neonatologie. 
Petra, dank voor je steun, uitleg en slimme aanwijzingen. Vooral bij de twee hoofdstukken 
over de cerebrale NIRS-metingen was jouw sturende hulp van onschatbare waarde voor 
mij. Daarnaast was het met regelmaat ook erg verhelderend om met jou de voortgang 
van dit promotietraject te bespreken. Dank daarvoor! 

Lisanne, ongelofelijk hoe snel jij data, grafieken, plaatjes of teksten kan aanleveren. 
Mooi ook om te zien dat jij tijdens de operaties op de OK echt als autoriteit wordt 
beschouwd door de andere specialisten. Als jij bedenkelijk kijkt naar de NIRS-waarden, 
dan stoppen de chirurgen met opereren en beginnen de anesthesiologen direct aan de 
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knoppen te draaien. In 2014 kreeg je al de IPEG Best Basic Science Award. Volgens mij 
is dat pas het begin.

De XPDTNSNWMNTN crew, beste Aernout, Arjan, Bart, Hendrik, Jacco, Johan, Joop, 
Joost, Marc, Remco, het gaat al lang niet meer om het skiën. Het is de reis die telt. Eigenlijk 
zou iedereen zo’n vriendengroep moeten hebben, om er elk jaar een aantal dagen mee 
op een berg te zitten. Het is vooral de combinatie van de gesprekken; enerzijds is er 
broederlijk advies, anderzijds kan het voorkomen dat je door een gehaktmolen wordt 
getrokken en vervolgens nog eens goed gegrild. Al met al kom ik altijd weer een stuk 
wijzer terug. Dank daarvoor, op naar XPDTNSNWMNTN2016!!

Mijn collega kinderchirurgen van het WKZ en het PMC, beste Daisy, Maud, Sheila, 
Caroline, David, Hugo, Marc, Kees, Sander, het afgelopen jaar is het PMC gestart in 
Utrecht. De afdelingen kinderchirurgie van het WKZ en het PMC ontwikkelen zich als 
twee sterke groepen, waarbij er sprake is van goede onderlinge samenwerking en 
kruisbestuiving. Het is fantastisch om in deze inspirerende collegiale omgeving als 
kinderchirurg te werken. 

Marjan en Marianne, het secretariaat vormt het centrum van de afdeling. Alles komt 
hier samen. Door jullie enorme betrokkenheid zie ik jullie ook als het kompas van de 
afdeling. Naast al jullie dagelijks werk hebben jullie mij enorm gesteund om mijn promotie 
mogelijk te maken. Heel hartelijk dank daarvoor.

De artsen, assistenten, verpleegkundigen, operatieassistenten, anesthesiologen, 
anesthesie medewerkers van het WKZ, als je als chirurg promoveert op een klinisch 
onderwerp dan ben je aan heel veel mensen dank verschuldigd. Dank voor alle hulp en 
medewerking. Het is fijn om in het WKZ met iedereen samen te werken.

De hele Tytgat en Swart familie, dank voor het geduld dat getoond is in afwachting 
van deze promotie. Fijn dat ik twee families heb die mij steunden en aanmoedigden. 
Zeker als het eens tegen zat heeft jullie steun mij enorm geholpen. Laten we er een fijn 
feest van maken!

Jasper, Olivier en Marijn, hoewel ik elke dag met plezier naar mijn werk ga, vind ik het 
nog fijner om thuis te komen en te horen hoe het jullie is vergaan. Jullie worden mooie 
mensen met heel diverse fijne karakters. Ik ben een heel trotse vader.

Marjolijn, ik hou veel van jouw eigenwijze impulsieve optimistische stijl. Je hebt de 
gave om mij altijd weer de goede kant op te duwen. Het is duidelijk dat ik zonder jouw 
liefdevolle hulp dit niet had kunnen bereiken. Heel graag kies ik er voor om heel vaak 
met jou er op uit te trekken. Meer heb ik eigenlijk niet nodig….
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atresia. During his work as a pediatric surgeon he developed an interest in the possible 
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