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INTRODUCTION

The advent of three-dimensional (3D) model printing has 

made the technology available for operative planning, model 
design and education at reasonable costs. The use of these mod-
els for preoperative planning in plastic surgery has been report-
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ed in craniofacial and breast reconstruction. Computed tomog-
raphy (CT) studies are routinely obtained by most surgeons in 
planning complex microsurgical reconstruction [1]. The two-
dimensional (2D) CT images can be reconstructed into 3D im-
ages and printed as physical models. 3D model printing im-
proves visualization of anatomical structures in space compared 
to 2D data [2]. Sotsuka et al. [3] described using a 3D perfora-
tor model as an aid to elevate deep inferior epigastric perforator 
(DIEP) flap. Despite these reports, there is a paucity of evidence 
on whether the use of 3D models affects clinical or operative 
outcomes. In this retrospective review, we report the outcomes 
of microsurgical breast reconstruction using conventional CT 
angiography (CTA) compared with 3D printed models for pre-
operative planning. We also provide examples that illustrate the 
value of 3D printed models for operative planning in three dif-
ferent complex reconstructive scenarios: neck burn contracture, 
lower extremity lymphedema and breast reconstruction. 

METHODS 

This is a retrospective, single-center review study reporting the 
use of 3D models for complex microsurgical reconstruction. 
This study was conducted in compliance with the Institutional 
Review Board (IRB No. 56724). Patients undergoing complex 
reconstruction with microsurgical techniques underwent CT 
imaging for surgical planning. Written consent was obtained 
from the above patients for use and release of their medical histo-
ry, photographs and images for publication. An order was placed 
for 3D reconstruction and model printing by our institution’s 3D 
lab. Segmentation was performed on the patient’s CT scan imag-
es using Terarecon Aquarius (TeraRecon Inc., Foster City, CA, 
USA). During this process, relevant anatomy was selected and 
isolated as individual masks, which were then exported as stan-
dard tessellation language (STA) files. These files were imported 

into the 3D design software Materialise 3-Matic (Materialise NV, 
Leuven, Belgium) to be cropped, refined, labeled, and assigned 
color and material properties. The project was printed on a J735 
(Stratasys, Rehovot, Israel) using PolyJet technology, which uti-
lizes ultraviolet (UV) cured polymers that are printed in a jetting 
process. Fig. 1 shows an example of a 3D model (anterior and lat-
eral views). The models were then used in preoperative surgical 
discussions with trainees and made available in the operating 
room on the day of surgery. Patients underwent reconstructive 
surgery and were managed using a standardized free-flap proto-
col postoperatively.

Fifty-eight abdominal-based breast free-flaps performed using 
conventional CTA (2017–2018) were compared with a matched 
cohort of 58 breast free-flaps performed with 3D printed mod-
els (2018–2019). Matching was based on unilateral versus bilat-
eral as well as DIEP versus muscle-sparing transverse rectus ab-
dominis myocutaneous (MS-TRAM) status. Preoperative deci-
sion-making to undergo a DIEP versus MS-TRAM flap, as well 
as whether the decision changed during flap harvest, flap har-
vest time and postoperative complications were recorded. All 
flaps were performed by microsurgical fellows and the senior 
author. Examples of three cases of complex reconstruction using 
3D modeling are reported. 

Categorical variables were compared using the chi-square test 
and continuous variables with t-test. Significance was set at a P-
value of 0.05. All analysis was performed with SPSS version 25.0 
(IBM Corp., Armonk, NY, USA).

RESULTS

There were 54 bilateral cases (27 patients) and four unilateral 
cases in each group (Tables 1, 2). There was no change in pre-
operative decision on type of flap harvested in all cases in 3D 
print group (100%), compared with 24.1% change in conven-

Fig. 1. 3D model of abdominal perforators

(A) Anterior view and (B) lateral view. 3D, three dimensional.
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tional CTA group.
There was a significant reduction in flap harvest time (CTA vs. 

3D, 117.7 ± 14.2 minutes vs. 109.8 ± 11.6 minutes; P = 0.001) 
when all flaps in both groups were compared. This reduction was 
evident when bilateral flaps were compared (CTA vs. 3D, 119.02±  
13.5 minutes vs. 110.7 ± 11.2 minutes; P = 0.001), but not in uni-
lateral cases (CTA vs. 3D, 99.5 ± 13.7 minutes vs. 97.0 ± 10.23 
minutes; P = 0.78). There was also a significant reduction in flap 
harvest time for MS-TRAM flaps (P = 0.001), but not for DIEP 
flaps (P = 0.844) when comparing the 3D print group to the 
CTA group (Table 3).

There was no flap loss in either group. There was a 50% reduc-
tion in flap take-back rates in the 3D print group, though this was 
not significant (CTA vs. 3D, 3.4% vs. 1.7%; P = 0.563). There 
was no significant difference in other postoperative complica-
tions (CTA vs. 3D, 3.4% vs. 1.7%; P = 0.563). 

Case examples illustrating application of 3D model
Burn contracture of the neck
A 65-year-old female with 75% total body surface area burn 18-
year prior presented with progressively-worsening neck flexion 

Flap type No. Average flap 
harvest time (min)

Intraoperative 
decision change 

Flap 
take-back

Flap 
loss 

Flap 
complications Comments

Conventional CT group
   DIEP 1 120.0 0 0 0 NA -
   MS-TRAM 3  92.6 2 (66.7) 1 (33.3) 0 1 (33.3) Venous anastomosis revised
   Total 4  99.5 2 (50.0) 1 (25.0) 0 1 (25.0)
3D model group -
   DIEP 1 112.0 0 0 0 NA
   MS-TRAM 3   92.0 0 0 0 NA
   Total 4   97.0 0 0 0 NA

Values are presented as average or number (%).
CT, computed tomography; 3D, three dimensional; DIEP, deep inferior epigastric perforator flap; MS-TRAM, muscle-sparing transverse rectus abdominis myocutaneous flap; 
NA, not available.

Table 1. Outcomes of unilateral breast reconstruction comparing conventional CT and 3D model use in operative planning

Flap type No. Average flap 
harvest time (min)

Intraoperative 
decision change 

Flap 
take-back

Flap 
loss Complication Comments

Conventional CT group
   DIEP 15 122.2 4 (26.7) 1 (6.7) 0 1 (6.7) Hematoma
   MS-TRAM 39 117.8 8 (20.5) 0 0 0 -
   Total 54 119.0 12 (22.2) 1 (1.9) 0 1 (1.9)
3D Model group
   DIEP 15 121.9 0 1 (6.7) 0 1 (6.7) Hematoma, revision of 

venous anastomosis
   MS-TRAM 39 106.4 0 0 0 0 -
   Total 54 110.7 0 1 (1.9) 0 1 (1.9)

Values are presented as average or number (%).
CT, computed tomography; 3D, three dimensional; DIEP, deep inferior epigastric perforator flap; MS-TRAM, muscle-sparing transverse rectus abdominis myocutaneous flap.

Table 2. Outcomes of bilateral breast reconstruction comparing conventional CT scan and 3D model use in operative planning

Flap type Outcome Conventional 
CT planning

3D model 
planning P-value

Unilateral Flap harvest time (min) 99.5 97.0 0.78

Flap take-back rate (%) 25 0 NA

Complication rate (%) 25 0 NA

Bilateral Flap harvest time (min) 119.0 110.7 0.001

Flap take-back rate (%) 1.9 1.9 NA

Complication rate (%) 1.9 1.9 NA

DIEP Flap harvest time (min) 122.1 121.3 0.844

Flap take-back rate (%) 6.3 6.3 NA

Complication rate (%) 6.3 6.3 NA

MS-TRAM Flap harvest time (min) 116.0 105.4 0.001

Flap take-back rate (%) 2.4 0 NA

Complication rate (%) 2.4 0 NA

All flaps Flap harvest time (min) 117.7 110.0 0.001

Flap take-back rate (%) 3.4 1.7 0.563

Complication rate (%) 3.4 1.7 0.563

CT, computed tomography; 3D, three dimensional; NA, not available; DIEP, deep 
inferior epigastric perforator flap; MS-TRAM, muscle-sparing transverse rectus 
abdominis myocutaneous flap.

Table 3. Univariate analysis comparing outcomes between 
conventional CT scan and 3D model use in operative 
planning for all flaps
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contracture. She was managed with early burn excision and skin 
grafting at the time of injury. She gradually developed limited 
neck extension and lateral rotation, loss of oral competence, and 
drooling. Physical examination revealed microstomia, microge-

nia, and neck scar contracture extending to her lower lip. She 
had limited donor sites on her trunk with only an area of normal 
skin and soft tissue present in the right upper lateral back avail-
able as a donor site. Vascularity to the area was uncertain due to 
the extensive burn injury in the vicinity. CTA was obtained 
which showed availability of recipient vessels in neck as well as a 
suitable thoracodorsal artery perforator (TAP) at the donor site 
(Fig. 2). A 3D model was printed for preoperative planning that 
showed the location and course of the perforator which aided in 
the precise design of the fasciocutaneous flap. The patient un-
derwent successful harvest of a right TAP flap based on a septo-
cutaneous perforator, neck scar release and resurfacing with the 
free TAP flap (Fig. 2). The patient had an uncomplicated post-
operative course. 

Surgical treatment of lymphedema 
A 67-year-old male with chronic stage 2 right lower extremity 
lymphedema secondary to right inguinal lymph node dissection 
and radiation therapy for treatment of Hodgkin lymphoma in 
childhood. He also has significant peripheral vascular disease 
with right common femoral artery thrombosis that was treated 

Three-dimensional (3D) modeling using computed tomography an-
giography (CTA) identifies the availability of a thoracodorsal artery 
perforator flap in a burn patient with limited donor sites (A). Ar-
rows indicate a thoracodorsal artery perforator on preoperative 3D 
CTA (A). Preoperative imaging guides intraoperative dissection of a 
thoracodorsal artery perforator flap harvest (B) for neck burn scar 
contracture.  

Fig. 2. 3D model in complex burn reconstruction

A B

Fig. 3. 3D model for vascularized lymph node transfer

Preoperative computed tomography angiography 
(CTA) (A) and three-dimensional (3D) printed 
model (B) demonstrate the availability of the me-
dial circumflex femoral recipient vessels for vas-
cularized lymph node transfer (C). The preopera-
tive images and model accurately predict the 
anatomy seen intraoperatively. The white arrows 
indicate the medial circumflex femoral artery. Pre-
operative CTA (D) and 3D printed model (E) dem-
onstrate a patent lateral sural artery recipient site 
for vascularized lymph node transfer. The preop-
erative models accurately guide the intraoperative 
dissection (F). The white and black arrows demon-
strate the lateral sural artery. 3D printed model (H) 
based on preoperative CTA (G) accurately predicts 
the availability of anterior tibial artery recipient 
site for vascularized lymph node transfer. The 
models accurately reflect the vascular anatomy 
encountered intraoperatively (I). The white and 
black arrows indicated the anterior tibial artery. F

I

E

H

D

G

CBA
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with a right ilio-popliteal arterial bypass and saphenous vein 
graft. The graft was revised once with stent placement due to 
postoperative stenosis. The patient’s lymphedema worsened 
markedly following this vascular surgery intervention. He pre-
sented for vascularized lymph node transfer after having failed 
conservative therapy.

The patient’s physical exam revealed dense right medial groin 
scar from prior radiation therapy, fibrofatty deposition through-
out the leg and positive Stemmer’s sign. Due to his complex sur-
gical history and vasculopathy, preoperative CT and magnetic 
resonance angiography were obtained to assess for recipient 
vessels. A 3D model of the vasculature of his right lower extrem-
ity was constructed to aid in surgical planning to avoid injury to 
the vascular graft and to identify target recipient vessels before 
proceeding. He subsequently underwent tandem vascularized 
lymph node transfers from the omentum to the right thigh, calf 
and ankle with thigh anastomosis to the medial circumflex ves-
sels, calf anastomosis to the lateral sural artery and ankle anasto-
mosis to the anterior tibial artery (Fig. 3). The patient had de-
layed wound healing postoperatively that eventually healed and 
his lymphedematous swelling continues to improve. 

Breast reconstruction in patient with history of abdominal surgery
A 41-year-old female with left breast cancer and prior cesarean 
section through an infraumbilical vertical incision. She planned 
to undergo a bilateral mastectomy and desired DIEP flap recon-
struction. A 3D model of her perforator anatomy was recon-
structed from her CTA of the abdomen. Target perforators were 
identified preoperatively and flap harvest confirmed the accura-
cy of the 3D printed model (Fig. 4). The patient had an uncom-
plicated postoperative course. 

DISCUSSION

In this retrospective review, we report our experience applying 
3D printed models to complex microsurgical reconstruction. 
Our results of 116 abdominal-based breast reconstruction flaps 

showed 3D printing technology overall resulted in a statistically 
significant reduction flap harvest times with no change in post-
operative complications. A more significant finding was that 
there was no deviation from the preoperative surgical plan with 
the use of 3D printed models. The use of 3D models reduced 
flap harvest times with statistical significance for bilateral DIEP 
and MS-TRAM flaps, while there was a decreasing trend but no 
significant difference in flap harvest times for unilateral flaps. 
This suggests that there is more time saving with longer cases 
where the value of having an intraoperative vascular road map-
ping becomes apparent. We also describe three examples of 
complex cases where the 3D printed model was essential for 
surgical planning to demonstrate the utility of this technology. 

This is the first report, to our knowledge, to analyze clinical 
outcomes after 3D printing use in microsurgical reconstruction. 
We consider the finding of no change in preoperative decision-
making of type of flap harvested (DIEP vs. MS-TRAM) in the 
3D model group as a significant contributor to the improved 
flap harvest efficiency, as this allows the trainees and senior sur-
geon to approach the flap harvest with increased confidence 
that a deviation from the preoperative plan is unlikely. This ac-
curacy was also critical for the success of the three complex re-
constructive cases described.

The 3D model is a more accurate representation of the real-
world anatomy compared to 2D images. The surgeon can ma-
nipulate (rotate) the model to get a 360° view of the surgical 
area. This also trains novice surgeons to think in three dimen-
sions. An additional benefit of the 3D models is that they show 
the course of the vasculature and its depth in relation to adjacent 
soft tissues (such as intramuscular course) that allow the sur-
geon to plan surgery without unnecessary maneuvers.

The burn reconstruction case elucidates this point as the pa-
tient had limited donor site and potentially damaged recipient 
neck vessels. The use of CTA with printed model allowed us to 
create an accurate surgical roadmap, choosing a TAP flap over a 
myocutaneous latissimus dorsi flap and guided our perforator 
dissection as well as recipient vessel exposure. The lymphedema 

Fig. 4. 3D printed model for breast reconstruction

Three-dimensional (3D) printed model (center) 
accurately predicts the vascular anatomy seen 
intraoperatively in a patient that was planned 
for a 3-perforator deep inferior epigastric per-
forator (DIEP) on the right and 2-perforator 
DIEP on the left, and the dissection is centered 
around these perforators (yellow arrows). The 
surgeon went straight for them and felt very 
comfortable sacrificing everything else based 
on 3D model.
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patient’s significant vascular disease and history of surgery and 
radiation would have made identifying target recipient vessels, 
understanding spatial orientation of the vascular pedicles, and 
avoiding the vascular graft and stent difficult without the CTA 
with 3D print. 

While successful DIEP flap dissection is now commonplace, 
perforator selection is sometimes unreliable with CTA alone. 
This leads to intraoperative changes in plans once perforators 
are exposed during surgery. The 3D model allows the surgeon 
to judge the relative size of the perforators and their proximity 
to each other and the main pedicle. This knowledge helps the 
surgeon to design the flap. In general, a single perforator DIEP 
was performed when a dominant large perforator is available. 
When there are several small perforators in close proximity ( < 2 
cm), then a multi-perforators DIEP was performed. When there 
were multiple small perforators spaced > 2 cm apart, then MS-
TRAM was performed. 

The 3D print models are made to scale and are actual replicas 
of actual abdominal vasculature, usually mirroring our findings 
intraoperatively. When using CTA alone, several cases required 
a change in surgical plan from DIEP to MS-TRAM and vice 
versa due to specific intraoperative findings. Often times, the 
size of the perforators are actually larger or smaller than what is 
seen on CTA, and the intramuscular course of the perforators is 
more complex intraoperatively necessitating a change in surgical 
plan from DIEP to MS-TRAM. When using 3D model, there 
was no change in preoperative surgical plan which suggests the 
added value of having an accurate 3D view of the entire operat-
ing field. The model therefore significantly reduces the proba-
bility of surgical plan change and is a powerful tool for training 
and improving efficiency, as shown by our analysis.

Our finding that 3D printed model use improved efficiency 
and reduced harvest time in bilateral DIEP and MS-TRAM 
flaps may be related to the larger sample size in these popula-
tions with less power to detect a significant difference in the 
unilateral flaps. It may also be due to the shorter dissection time 
for a unilateral flap, making any gains marginal. There was also 
statistically significant reduction in MS-TRAM flap harvest 
time which may be explained by the surgeon having more confi-
dence to commit to which perforators to take with the flap due 
to better understanding of the vascular anatomy. The flap take-
back and flap loss results are also reassuring, suggesting a trend 
towards improved postoperative outcomes. 

Multidetector CT scanning has proven to be an essential com-
ponent of preoperative planning in breast reconstruction, reduc-
ing operating time while improving flap success rates and de-
creasing operative stress [4-7]. These preoperative CT scans are 
already routinely obtained by many surgeons during the workup 

for autologous reconstructions. 3D printing is a type of additive-
layer manufacturing which has recently become available for 
clinical use, after decades of industrial applications [8]. 3D 
models in our lab have used Vat polymerization-based printing, 
one of three types of 3D printing. These models use the data 
from the CTA studies at a reasonable added cost. At our institu-
tion, the added cost to print an abdominal 3D model is about 
$102.

Previous clinical application of 3D printed models in other 
surgical fields such as ENT (ear, nose, and throat), head and 
neck, urology, cardiothoracic and orthopedic surgery have 
shown they are useful in preoperative surgical planning [9,10]. 
Other studies by Marconi et al. [11], Chen et al. [12], and Pujol 
et al. [13] have shown that 3D model use improved anatomic 
understanding in medical students, surgeons and radiologists.

Gillis and Morris [2] described the first use of 3D printing to 
produce perforator vascular anatomy in surgical planning in 
2014. Since then, several other authors have described their ex-
perience with 3D printed models in complex reconstruction 
[14-17]. 

Complex microsurgical reconstruction is increasingly offered 
across the United States, but still remains limited to tertiary cen-
ters in urban areas [18]. Widespread adoption of 3D printing use 
could allow more cases to be performed due to increased effi-
ciency, shorter flap harvest times and safer/improved outcomes.

Limitations of our study include the retrospective nature and 
relatively small number of the unilateral flaps. However, we an-
ticipate that our results are likely to be strengthened with more 
patients and higher statistical power, given that similar advan-
tages have been described in other fields, such as musculoskele-
tal oncology [19].

In conclusion, 3D print model use for surgical planning in 
complex microvascular reconstruction is advantageous for sur-
geon and trainee education, for preoperative and intraoperative 
technical decision-making. Use of 3D print model reduces flap 
harvest time with similar postoperative complications.
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