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Abstract

Background—Three-dimensional printing (3DP) has become popular for development of 

anatomic models, preoperative planning, and production of tailored implants. A novel 

laparoscopic, transgastric procedure for distal esophageal mucosectomy was developed. During 

this procedure a space holder had to be introduced into the distal esophagus for exposure during 

suturing. The production process and evaluation of a 3DP space holder are described herein.

Material and methods—Computer-aided design software was used to develop models printed 

from polylactic acid. The prototype was adapted after testing in a cadaveric model. Subsequently 

the device was evaluated in a non-survival porcine model. A mucosal purse-string suture was 

placed as orally as possible in the esophagus, in the intervention group with and in the control 

group without use of the tool (n=8 each). The distance of the stitches from the Z-line was 

measured. The variability of stitches indicated the suture quality.

Results—The median maximum distance from Z-line to purse-string suture was larger in the 

intervention group (5.0 [3.3-6.4] versus 2.4 [2.0-4.1] cm;P=0.013). The time taken to place the 

sutures was shorter in the control group (P<0.001). Stitch variance tended to be greater in the 

intervention group (2.3 [0.9-2.5] versus 0.7 [0.2-0.4] cm;P=0.051). The time required for design 

and production of a tailored tool was below 24 h.

Conclusions—3DP in experimental surgery enables rapid production, permits repeated 

adaptation until a tailored tool is obtained, and ensures independence from industrial partners. 

With the aid of the space holder more orally located esophageal lesions came within reach.
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Introduction

There is rising interest in the use of three-dimensional printing (3DP) in medicine and 

particularly in surgical disciplines.1–4 When 3DP was introduced more than 30 years ago, 

the technique was expensive and exclusive. Nowadays, however, 3DP has become affordable 

and printers are commercially available. It has become possible to produce an individual 

product in a short amount of time. As a consequence, 3DP has gained importance in 

different fields of surgery for preoperative planning and better intraoperative orientation.5–8 

The 3D models are based on high-quality radiological images of complex anatomical 

structures. Furthermore, 3DP is used to create prototypes of individual implants. In 

preclinical experiments, surgical instruments such as trocars for laparoscopy, retractors, and 

implants such as ureteral stents have been printed and tested in porcine models and humans.

9,10

However, there is scant literature on the production of prototypes for experimental surgery 

using 3DP. A novel laparoscopic surgical procedure aimed at resecting the distal esophageal 

mucosa with the aid of a circular surgical stapler. The procedure, intended for use in patients 

with dysplastic Barrett’s esophagus,11 involved placement of two submucosal purse-string 

sutures in the distal esophagus. The instruments and the stapler were introduced 

transabdominally and transgastrically. As the distal esophagus is narrow and the exposure of 

the mucosal esophageal aspect critical, there was a need for a customized space holder to be 

inserted in order to expose the esophageal mucosa. The goal was to ensure sufficient 

exposure of the esophageal mucosa and achieve an adequate height to reach Barrett mucosa 

extensions. We describe herein the production process of a 3DP tool and the evaluation of 

the printed space holder in a porcine model.

Material and methods

The idea of the esophageal space holder derived from existing anal retractors that expose the 

anal canal and enable the surgeon to place a purse-string suture in the mucosa of the anal 

canal. Such tools are used for stapled hemorrhoidopexy.12 The prototype of the esophageal 

space holder was developed and evaluated in a multi-step process. Instrument requirements 

were determined by anatomical measurements in an ex vivo porcine esophageal specimen 

(Fig. 1) and the size of laparoscopic suturing instruments. The space holder needed to 

advance along the distal esophagus without tension and ensure good exposure of the 

mucosa. The aperture of the space holder had to be large enough to permit placement of 

sutures with laparoscopic instruments. This includes a surgical needle holder and the needle 

of a polypropylene monofilament suture (Surgipro II, Covidien™, Dublin, Ireland) with 19 

mm diameter. After 3DP (Fig. 2), prototypes (Fig. 3) were tested in ex vivo porcine 

esophageal specimens in a box trainer and adjustments were made according to the need of 

the surgeon (Table 1).
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The final space holder was evaluated in whole-body freshly euthanized German Landrace 

pigs that had previously been used for experimental pancreatic resection. Ethical approval 

was obtained from the local animal care committee in Karlsruhe, Germany (reference 

number: 35-9185.81/G-63/15). The animals had been sacrificed by an intravenous injection 

of 30 mmol KCl under general anesthesia before testing the space holder. A single surgeon 

(DCS) performed all procedures in this experiment. He has extensive experience in 

laparoscopic surgery and holds a certificate in advanced laparoscopic surgery from the Swiss 

Association for Laparoscopic and Thoracoscopic Surgery (SALTS).

Development of the prototype

The prototype was created using the computer-aided design (CAD) software Autodesk® 

Inventor (Version 2016, Autodesk, San Rafael, CA, USA) and Autodesk® Meshmixer 

(Version 10.10.170, Autodesk). The 3D model was printed with the Ultimaker 2 (Ultimaker 

B.V., Geldermalsen, Netherlands) using polylactic acid (PLA) (Ultimaker). The 3D printer 

works by fused filament fabrication, distributing and adding melted PLA two-dimensionally 

to construct the model layer by layer (Fig. 2). Time needed for development of the space 

holder and production costs were evaluated. The prototypes were tested in a cadaveric 

stomach model (purchased from a butcher) in a box trainer until the final model was 

dimensioned.

Evaluation in the animal model

The final version of the prototype esophageal space holder was evaluated in freshly 

sacrificed German Landrace pigs. The full technique of laparoscopic transgastric stapler-

assisted mucosectomy (SAM) is depicted in Figure 4 and has been reported in detail 

elsewhere.11 In brief, after laparoscopic placement of three transabdominal intragastric 

trocars and establishment of 12-mmHg pneumogastrium, two submucosal purse-string 

sutures using monofilament suture material are placed in the distal esophagus. A circular 

stapler is then introduced via a gastrostomy to perform a circular mucosectomy. In the 

current experiment, the procedure was performed up to the placement of the more proximal 

of the two purse-string sutures in the esophagus. The surgeon placed the suture as far 

proximal from the Z-line as possible. In the control group (n=8) the suture was placed 

without the esophageal retractor (Fig. 5a). In the intervention group (n=8) the suture was 

placed with the aid of the printed space holder (Fig. 5b). After insertion of the space holder 

into the stomach it was gently positioned in the distal esophagus by means of laparoscopic 

graspers (Video 1). After placement of the purse-string suture, the ends of the suture were 

secured with clips. A median laparotomy was performed and the esophagogastric junction 

was resected. In the control group a purse-string suture was placed as far orally as possible 

in the distal esophagus without the aid of a space holder (Video 2).

Outcome measures

The outcome was evaluated in the macroscopic surgical specimen of the esophagogastric 

junction. The primary outcome measure was the distance of the sutures above the Z-line, 

measured at 6 and 12 o’clock in lithotomy position (Fig. 6). The secondary endpoints were 

intraoperative complications (injury to the esophagus, esophageal perforation, transmural 

stitches), the time needed to place the suture, including insertion of the retractor in the 
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intervention group, and suture quality. The difference in length between the longest and 

shortest stitch was measured as surrogate marker for suture regularity, and the height 

difference between the 6 o’clock and the 12 o’clock stitch as surrogate marker for suture 

skewness.

Statistics

For this pilot study on a novel surgical tool there are no literature data on which a sample 

size calculation might be based. The reproducibility of results in a pilot study is, however, 

usually determined after the procedure has been carried out in 6-8 animals.13,14

Statistical analysis was performed using SPSS® Statistics Version 22 (IBM, Armonk, New 

York). Given the low sample size, non-parametric data distribution was assumed. 

Continuous data were expressed as median and interquartile range. Proportions between 

groups were compared using a Mann–Whitney test, while categorical variables were 

compared using a two-sided Fisher’s exact test. A two-sided p-value ≤ 0.05 was considered 

to show a statistically significant difference.

Results

Development of the prototype

The initial model design process took 4 h for a resident who was familiar with the CAD 

software. The time needed to print each prototype was 5 (4.3 – 5.9) hours. Four prototypes 

were printed, with various adjustments of the dimensions (Table 1). In the first prototype the 

chosen material density was too low. Therefore the space holder was too brittle and fragile 

and could not be pushed into the esophagus (Fig. 3a). The apical inner diameter of the 

second prototype of the space holder was too small and thus it was impossible to maneuver 

the needle of the purse-string suture, which had a diameter of 19 mm. Furthermore, the outer 

diameter of the lower end of the space holder was too large for it to be advanced into the 

esophagus (Fig. 3b). Therefore, prototypes with a thinner wall and a smaller cap were 

produced. The third prototype had an excessively large lateral aperture, impairing good 

exposure of the esophageal mucosa (Fig. 3c). The final prototype had a larger apical inner 

diameter and a smaller distal outer diameter. The needle could comfortably be maneuvered 

within the whole aperture of the space holder and the tool could be advanced as far as 

necessary into the esophagus (Fig. 3d). The purchase price of the printer used was € 2,500 

and the annual licensing fee for the software was € 2,000. The production costs were € 5 per 

disposable tool.

Evaluation in the animal model

The weight and sex of the animals in the two groups did not differ significantly (Table 2). 

Insertion of the retractor into the esophagus was feasible in all eight pigs. The retractor kept 

the esophagus open, and while turning the tool with the open third of the circumference, 

stiches could be placed as intended (Fig. 5). The median distance from Z-line to purse-string 

suture, measured at 6 and 12 o’clock in lithotomy position in each animal, was greater in the 

intervention group (P=0.013 and P=0.017). In neither group were any of the expected 

complications (injury to the esophagus, esophageal perforation, transmural stitches) 

Steinemann et al. Page 4

J Surg Res. Author manuscript; available in PMC 2018 May 21.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



observed (P=1.0). The time taken up by suture placement was shorter in the control group 

(P<0.001). In the intervention group, the overall procedure time included the time needed to 

introduce the space holder into the esophagus. Variability of stitch height in relation to the 

Z-line tended to be greater in the intervention group (P=0.051), but there was no difference 

in suture quality in terms of variance in stitch length (Table 2).

Discussion

The need for a customized surgical tool arose during the development of SAM as a novel 

surgical technique for resection of Barrett’s epithelium (BE).11 In SAM a purse-string 

suture marks the proximal resection border and must be placed orally to the BE. The space 

holder developed in this experiment brought a significantly higher proportion of the distal 

esophagus within reach compared with intraesophageal sutures without the aid of the space 

holder. The ability to reach more orally sited lesions is of crucial importance, enabling the 

use of SAM in long-segment BE.

The process from initial idea to 3D-printed esophageal space holder required less than 24 h 

of working time. After initial assessment in an organ model the tailored tool could be 

repeatedly adapted in a multi-step process until it fulfilled the purpose. Since the printing 

and prototyping process was carried out in-house, the necessary adjustments could be made 

quickly.

In terms of material properties, the final space holder showed no deformation during the 

experiments, including positioning with the laparoscopic grasper, despite its relatively thin 

wall. Although this stability is desired, a more flexible and pliable material for the space 

holder might facilitate intra-esophageal suturing.

An anticipated disadvantage of the space holder was the increased time it took to perform 

the purse string suture. Furthermore, the ability to control the stitches was impaired, as 

shown by a tendency towards greater variability of stitch height. This might be explained by 

the task of intraesophageal suturing being more difficult when the space holder is used. The 

rigid space holder limits the freedom of movement. However, for the success of SAM it is 

crucial that the purse-string suture be placed exactly proximal to the oral border of the BE in 

order to ensure complete resection.

The requirement for 3DP prototyping is the availability of a 3D printer and dedicated 

software. Furthermore, user know-how in CAD software is a prerequisite. The most time-

consuming step in development of a 3D model is processing the requirements in the 

software. In the current experiment the model was designed in the CAD software based on a 

simple drawing and anatomic measurements by a resident who was familiar with the 

software and had worked with it for more than 100 hours. The design of the model took less 

than half of a working day; however, more time might be needed if the designer has less 

experience with the CAD software. Once the model has been designed in the software, the 

production process from idea to first prototype can be completed in less than 24 h, 

depending on the size and complexity of the printed model.17–19 In this study the printing 

time for one model was 5 hours. After preliminary testing of the prototype, adaptation could 
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be rapidly performed in the software. The rapid production time and the low threshold for 

adaptations of the prototypes are important advantages of self-produced 3DP models relative 

to prototype development with external industrial partners. In the later stages of 

development of SAM and when it comes to clinical introduction, however, the space holder 

should be commercially produced and certified for clinical use.

Although 3DP is considered cost effective by many, one has to bear in mind the initial 

investments in software and hardware.15,20,21 Several research groups have stated that the 

cost to the final 3D print represents a limitation.7,22,23 A range of investment between 

€ 13,000 and € 40,000 has been reported for software and hardware. However, the hardware 

has become considerably cheaper in recent years. In our experiment the printer cost € 2,500 

and the yearly licensing fee for the software was € 2,000. The cost per disposable space 

holder was very low, at € 5. Given that the printer used was a basic version of a model aimed 

at the general public and the software was shared among several groups in our department, 

the actual costs of 3DP prototypes are low and may be reduced even further with a wider 

range of open-access software.5,18 Compared to a prototype development in partnership 

with an industrial company, 3DP is inexpensive.

Secrecy is of crucial importance during the development of a surgical innovation. A lack of 

confidentiality may impede retention of the intellectual property and later patenting of a 

novel surgical method.25 Therefore, it is potentially hazardous to seek industrial 

collaboration at an early stage of development. Dependency on industry is avoided by rapid 

self-production of prototypes. In the present study no patent was requested. Nevertheless, at 

a later stage of development intellectual property may be secured before industrial 

cooperation is sought.

Conclusion

The present study describes the use of 3DP for a self-produced prototype used in 

experimental esophageal surgery. 3DP enabled production of a space holder for 

intraesophageal suturing, fulfilling the aim of higher intraesophageal suture placement, and 

therefore permitting higher intraesophageal resection. The advantages of 3DP in 

experimental surgery are its speed, the possibility of multiple adaptations, its cost 

effectiveness and the freedom from dependence on industrial partners. The development of 

novel surgical methods involving a medical device may be facilitated by the use of 3DP.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. 
Gastroesophageal junction in porcine cadaver model used for definition of the dimensions of 

the space holder.
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Fig. 2. 
3D printing of the designed retractor using Ultimaker 2.
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Fig. 3. 
Different prototypes of the retractor (A-C) and the final version (D).
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Fig. 4. 
Stapler-assisted mucosectomy: With the aid of three transabdominal-transgastric trocars, a 

purse-string suture is placed in the distal esophagus without (A) or with the retractor (B). 

The anvil of a circular stapler is introduced into the distal esophagus and the purse-string 

suture is knotted (C). After firing of the stapler a circular mucosectomy specimen is obtained 

while staples approximate the mucosa borders (D).
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Fig. 5. 
Exposure of the esophageal epithelium from an intragastric perspective: (a) without and (b) 

with 3D-printed space holder.
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Fig. 6. 
Assessment of the quality of the purse-string suture, including stitch variability in tissue 

explant. The z-line is marked in red.
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Table 1

Dimensions of the first and final versions of the esophageal space holder

Characteristic First space holder Final space holder

Length (mm) 50 50

Apical diameter (mm) 10 17

Basal diameter (mm) 26 19

Wall thickness (mm) Not defined 6 mm

Aperture diameter One third of circumference One third of circumference

Aperture length (mm) 35 45
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Table 2

Evaluated parameters of the esophageal space holder

Objectives With retractor (n=8) Control (n=8) p

Weight of animal (kg) 42.3 (40.2 – 44.9) 39.5 (36.2 – 42.9) 0.122

Sex of animals (m:f) 5 : 3 4 : 4 1.0

Height above Z-line at 6 o’clock° (cm) 5.0 (3.3 – 6.4) 2.4 (2.0 – 4.1) 0.013

Height above Z-line at 12 o’clock° (cm) 3.8 (2.1 – 5.3) 2.3 (1.3 – 3.8) 0.017

Time needed for procedure (min) 20.2 (12.8 – 23.3) 5.9 (4.3 – 6.9) <0.001

Variability of stitch height* (cm) 2.3 (0.9 – 2.5) 0.7 (0.2 – 1.4) 0.051

Stitch distance$ (cm) 0.4 (0.3 – 1.2) 0.4 (0.3 – 1.2) 1.00

°
in lithotomy position

*
Difference between stitch at 3 o’clock and at 9 o’clock

$
Difference between longest and shortest luminal stitch
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