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ABSTRACT 36 
Objective: 37 

Objective assessment for endoscopic sinus surgery skill proficiency is 38 
challenging, partly due to the great diversity of anatomies. Recently developed 3D-39 
printed sinus models provide standardized anatomy with realistic tissue-feel. In this 40 
study, we developed a method to evaluate endoscopic sinus surgery skill proficiency 41 
through pre- and post-operative image analysis of CT images of dissected 3D sinus 42 
models and validated it by comparing to other surgical proficiency indices. 43 
 44 
Methods: 45 

Forty-seven otolaryngologists performed endoscopic sinus surgery for 3D 46 
sinus models. CT images of each postoperative 3D model were taken. The region 47 
growing method, an image segmentation technique, was utilized to assess the surgical 48 
space expansion. The region of interest (ROI) was defined as the space within nasal 49 
cavity and paranasal sinuses and continuous from the anterior nostril with a width of 50 
more than 4.00 mm kept. The volume of ROI was estimated and compared with 51 
conventional assessment methods such as board-certification, the objective structured 52 
assessment of technical skills score, and the number of experienced surgery cases. 53 
Further, the 3D-CG images of ROI were created. The completion of surgical steps 54 
within the allocated time was evaluated based on the 3D-CG and compared with the 55 
recorded endoscopic video.  56 

 57 
Results: 58 
 The volume in postoperative models was 24.48±4.34 cm3 across all 59 
participants, respectively. The postoperative volume was significantly larger in board-60 
certified participants (certified; 25.51±4.22 cm3 vs. uncertified; 22.87±4.14 cm3, 61 
p=0.03). The volume is positively correlated to the objective structured assessment of 62 
technical skills score (r=0.72, p<0.01) and the number of experienced cases (r=0.51, 63 
p=0.01).  The accuracy of the 3D-CG judgement for completion of a surgical middle 64 
meatal antrostomy, sphenoidotomy, and frontal sinusotomy were 91.3%, 69.6%, and 65 
84.8%, when compared to recorded endoscopic video, with high sensitivity and 66 
specificity.  67 
 68 
 69 
Conclusion: 70 
 The combination of standardized 3D models and image analysis provides a 71 
simple and objective tool for the assessment of surgical skill proficiency. 72 
 73 
Key words: ESS, 3D-printer, surgical education, chronic rhinosinusitis, 3D slicer 74 
 75 
 76 
 77 
 78 

79 
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INTRODUCTION 80 
Endoscopic Sinus Surgery (ESS) is the standard of care for the management of 81 

chronic rhinosinusitis refractory to appropriate medical treatment [1]. ESS is 82 
performed to reduce the inflammatory burden and widen the sinus ostia to facilitate 83 
the ventilation, drainage and most importantly increase access to topical therapies. 84 
Compared to many other surgeries, ESS holds unique features, requiring delicate two-85 
handed handling of an endoscope and surgical instruments in three-dimensionally 86 
complex paranasal sinuses viewed on a two-dimensionally monitor. This is not 87 
necessarily intuitive and not easy for residents to acquire the skills. Furthermore, the 88 
paranasal sinuses are directly adjacent to vital structures including the orbits and skull 89 
base, which associates the surgery with significant risk. These factors require 90 
residents to spend significant time and effort acquiring the competency of the 91 
surgeries, as a learning curve for acquiring ESS was reported [2]. The mainstream of 92 
ESS training has been on-the-job training in theatres, where registrars perform the 93 
surgeries under the supervision of the senior surgeon. This is inevitably associated 94 
with poorer outcomes from poor tissue handling and trauma to collateral structures as 95 
well as a higher rate of direct and indirect complications. With increasing social 96 
demand for patients’ safety during surgical training and the work hour restriction in a 97 
residency program, ESS training ideally should be optimized, and the assessment for 98 
ESS skill proficiency is in demand.  99 

So far, various ESS skill assessments have been proposed, including use of 100 
scoring systems [3] or motion analysis [4]. These have all assessed the surgical 101 
process in theatre, and none have assessed how the anatomy of paranasal sinuses has 102 
changed with surgeries. Considering the purpose of ESS to optimize the paranasal 103 
sinuses anatomy to regulate inflammation, the postoperative morphology of paranasal 104 
sinuses also should be assessed, as well as the surgical process. One of the reasons 105 
that such morphology-focused skill assessment has not been established is the great 106 
diversity of paranasal sinus anatomy. This inter-patient variability also makes it 107 
difficult to assess the acquisition of surgical skills amongst residents, as case 108 
difficulty cannot be standardized.   109 

Recently developed advanced manufactured 3D printed sinus models, 110 
generated from high resolution computed tomography (CT) dicoms of actual patients 111 
undergoing surgery provides standardized anatomy with realistic tissue-feel. Such 112 
models and their CT scans are therefore well suited for standardized assessment of the 113 
acquisition of surgical skills [5].  114 

In this study, we developed a method to evaluate ESS skill proficiency 115 
through pre and post-operative image analysis of the CT images of dissected 3D sinus 116 
models and discussed its feasibility and validity by comparing to other ESS 117 
proficiency indices.  118 
 119 
MATERIALS AND METHODS 120 
Participants 121 

The institutional review board approved the present study (No. 018-043). This 122 
study was performed as a sub-analysis of the previously published study on the 123 
surgical training using 3D sinus models [6, 7]. A total of 47 otolaryngologists 124 
volunteered for this study. The purpose and design of the study was explained to the 125 
participants in advance, and written informed consent was obtained from all 126 
participants. The participant questionnaire collected information regarding participant 127 
age, sex, dominant hand, certification system status, years of experience as an 128 
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otolaryngologist, and previous experience with ESS cases. The participants were 129 
categorized into two groups, board-certified or uncertified, based on their specialist 130 
status as defined by the certification system of the Japanese Society of 131 
Otolaryngology Head and Neck Surgery.   132 

 133 
Simulation surgeries 134 

The participants were allocated 45 minutes to perform ESS surgeries on the 135 
right paranasal sinus cavity of the 3D-printed sinus models (FuseTec, Adelaide, South 136 
Australia). The details of the surgical training process have been described in previous 137 
studies [6]. The models were 3D-printed from the CT scans of actual patients with 138 
chronic rhinosinusitis and validated for ESS training [6]. The right side of the model 139 
used in the study hold an Onodi cell without Haller cells, concha bullosa, nor septal 140 
deviation. The frontal sinus drainage pathway was surrounded by an agger nasi cell, a 141 
supra agger frontal cell, a bulla ethmoid, and a supra bulla cell. More details of 142 
anatomical characteristics are written in previous report [6]. The order that the 143 
surgical steps to be performed was standardized as follows.  144 

Step 1: uncinectomy 145 
 Step 2: middle meatal antrostomy 146 
 Step 3: anterior ethmoidectomy 147 
 Step 4: posterior ethmoidectomy 148 
 Step 5: sphenoidotomy 149 
 Step 6: frontal sinusotomy  150 
The details of the simulation surgeries were described in the previously published 151 
paper [6]. 152 

The surgical skills of the participants were assessed by an experienced 153 
rhinologist (MS) according to the Objective Structured Assessment of Technical 154 
Skills score of the ESS (ESS-OSATS) [3]. Another experienced rhinologist (YN) 155 
scored 24 randomly selected videos, and the results were evaluated by calculating the 156 
correlation coefficient and the intraclass correlation coefficient between the scores of 157 
the two rhinologists. Furthermore, videos of all surgeries were blindly scored for 158 
“progress status” defined as the number of the surgical steps that the participants had 159 
completed by the end of the allocated time. The detail of these assessment methods 160 
was described in the previous publications [6].  161 

After the completion of all participants’ surgeries, CT images of the 162 
postoperative 3D models were taken with a 16-slice multidetector-row CT scanner 163 
(Hitachi, Tokyo, Japan) with collimation of 0.63 mm at 120 kV and 200 mA or less 164 
and a rotation time of 1.0 sec.  165 

 166 
 167 
Image analysis 168 

To date, no method has been established for comparison of postoperative sinus 169 
morphology in three dimensions. This study focused on the volume of the nasal cavity 170 
and paranasal sinuses estimated by image analysis and compared that with other ESS 171 
proficiency indices (ESS-OSATS and previous experienced cases).   172 

Image analysis software 3D Slicer [8] was used to estimate the volume. The 173 
region growing method was utilized to assess the surgical space expansion within the 174 
nasal cavity and paranasal sinuses. This method can segment areas or spaces 175 
contiguously from any arbitrary point. The region of interest (ROI) was defined as the 176 
space within nasal cavity and paranasal sinuses and continuous from the anterior 177 
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nostril with a width of more than 4.00 mm kept. The width threshold was set for the 178 
analysis because all the sinuses even in preoperative condition are anatomically 179 
continuous to the anterior nostril through their own drainage pathways, even though 180 
some pathways are less than 1 mm. Therefore, without the threshold for the width, the 181 
ROI would always contain all the space within the sinuses, regardless of pre- and 182 
post-surgeries. Grobler et al. report that 3.95 mm is the minimum dimension to ensure 183 
penetration for maximum efficacy of topical sinus medications [9], and one of the 184 
major purposes of surgery is to improve their efficacy. Therefore, the threshold of 185 
4.00 mm was chosen as the minimum value that can be set with the 3D Slicer above 186 
3.95 mm.  187 

A computed graphic (CG) model was created from the CT images and 188 
processed, and the volume of the ROI was measured according to the following 189 
procedure (Fig. 1.). First, a CG model of the paranasal sinus was constructed from the 190 
CT images (Fig. 1. A). The outer frames of the 3D models (the anterior nostril, the 191 
frontal sinus, and the maxillary sinus) was virtually blocked (Fig. 1. B). The walls of 192 
the nasal cavity were inflated by 2.00 mm prior to the region growing (Fig. 1. C). This 193 
means virtually blocking the passage below 4.00 mm and excluded the space more 194 
peripheral than the point. Then, region growing method was performed using the 195 
anterior nostril as a seed point to search for passages through to identify the ROI (Fig. 196 
1. D). After the region growing was applied, the walls of the nasal cavity that had 197 
been inflated were deflated (Fig. 1. E) and the ROI was obtained by inflating the 198 
surface of the grown region by 2.00 mm (Fig. 1. F and G). The volume of the ROI 199 
was then measured (Fig. 1. H). Although Fig. 1. A-H show the sectional views on the 200 
representative plane (the sagittal plane) to show the measurement flow, the analysis 201 
was performed in 3-dimensional space containing the other axial and coronal planes.  202 
  203 
The progress status of surgeries judged with 3D-CG  204 
Based on the CG images of the ROI mentioned above (Fig. 2), it was judged by a 205 
rhinologist whether the ROI reached to the maxillary, sphenoid, and frontal sinuses, 206 
respectively. The progress status based on CG images were compared to those on the 207 
recorded videos. In the video-based assessment, each surgical step was judged as 208 
achieved if the ostium of each sinus was widened regardless of the size of them. 209 
 210 
Statistical analysis 211 

Aggregated data were presented in the results in the form of mean ± standard 212 
deviation. The Shapiro-Wilk test was applied to examine the normal distribution of 213 
the aggregated participant data. The correlation coefficients between the volumes of 214 
the ROI and the other proficiency scores were analyzed with Pearson's correlation 215 
coefficient for parametric data and Spearman's rank correlation coefficient for 216 
nonparametric data, respectively.  217 

The volume of the ROI was compared between the two classes of board-218 
certified and uncertified and between the three classes shown below. The participants 219 
were divided into three classes according to their ESS-OSATS score (the top 1/3, the 220 
middle 1/3, and the bottom 1/3 of ESS-OSATS score). The participants were also 221 
divided into three classes according to the number of experienced cases (the top 1/3, 222 
the middle 1/3, and the bottom 1/3 of the experienced cases). The thresholds were set 223 
so that the number of participants in each class was equal. The Kruskal-Wallis 224 
followed by the Wilcoxon rank-sum test were applied for comparison among the three 225 
groups. The Wilcoxon rank-sum test was also utilized for comparison of the volume 226 
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of the ROI between board-certified and uncertified. The significance level was 227 
defined as a p-value of less than 0.05. All the analyses were performed using JMP 11 228 
(SAS Institute Inc.). The 3D-CG models were created, and analyses performed, by 229 
individuals blinded to the surgical participants information. 230 
 231 
 232 
RESULTS 233 
Participant demographics 234 

In the simulation surgeries, 46 cases were analysed, excluding one subject 235 
with a skull base injury. Table 1 shows a summary of participants’ backgrounds. 236 
Among the 46 participants, 28 were board-certified while 18 were uncertified. The 237 
ESS-OSATS scores for board-certified participants were significantly higher than for 238 
uncertified (63.61±11.54 for board-certified participants and 43.50±11.31 for 239 
uncertified, p<0.0001). Table 2 shows the classification of the participants based on 240 
the ESS-OSATS scores. The number of previously performed surgical cases was 241 
352.32±613.76 for board-certified and 10.17±15.09 for uncertified surgeons. Table 3 242 
shows the results of dividing the participants into three classes based on the number of 243 
experienced cases. 244 
 245 
Comparison of volume of ROI based on board certification 246 

The volume of the ROI in postoperative models was 24.48±4.34 [cm3] across 247 
all participants. One participant’s model had to be excluded from this study due to a 248 
large skull base defect. 249 

The ROI was significantly higher for board-certified participants (certified; 250 
25.51±4.22 [cm3] vs. uncertified; 22.87±4.14 [cm3], p=0.0307) (Fig. 3). 251 
 252 
Comparison with ESS-OSATS 253 

A significant positive correlation was found between ESS-OSATS and the 254 
volume of the ROI (r=0.7179, p<0.0001) (Fig. 4. A). The volume of the ROI in the 255 
top 1/3 of ESS-OSATS score was significantly larger than those in the middle and 256 
bottom 1/3 (the top 1/3; 28.38±2.47 [cm3], the middle 1/3; 23.78±3.28 [cm3], and the 257 
bottom; 1/3 21.32±3.92 [cm3]) (Fig. 4. B). 258 
 259 
Comparison with the number of experienced cases 260 

The volume of the ROI was analysed in association with experienced ESS-261 
cases. Spearman's rank correlation coefficient revealed a significant positive 262 
correlation between the number of experienced cases and the volume of the ROI 263 
(r=0.5123, p=0.0003) (Fig. 4. C). The volume of the ROI in the top 1/3 of the number 264 
of experienced cases was significantly larger than those in the middle and bottom 1/3 265 
(the top 1/3; 27.08±3.24 [cm3], the middle 1/3; 23.60±4.44 [cm3], and the bottom 1/3; 266 
22.42±4.09 [cm3]) (Fig. 4. D). 267 
 268 
Comparison of progression with endoscopic evaluation 269 

The completion of surgery within the allocated time was evaluated based on 270 
the 3D-CG of the ROI. Forty-one participants completed Step 2, 13 participants 271 
completed Step 5, and 5 participants completed Step 6. A representative example of 272 
3D-CG is shown in Fig. 2. A representative case from the bottom 1/3 of ESS-OSATS 273 
score is shown in Fig. 2 (A, B, and C) and that from the top 1/3 is in Fig. 2 (D, E, and 274 
F). The endoscopic evaluation showed that 45 participants completed Step 2, 27 275 
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participants completed Step 4, 25 participants completed Step 5, and 12 participants 276 
completed Step 6. A comparison of the results of the 3D-CG assessment with those 277 
from visual assessment of the recorded endoscopic video are shown in Table 4. With 278 
the endoscopic evaluation as the standard, the accuracy of the 3D-CG judgement for 279 
presence of a surgical middle meatal antrostomy, sphenoidotomy, and frontal 280 
sinusotomy were 91.3%, 69.6%, and 84.8%, respectively. The sensitivity and 281 
specificity of middle meatal antrostomy were 91.1% and 100%, respectively. The 282 
sensitivity and specificity of sphenoidotomy were 48.0% and 95.2%, respectively. 283 
The sensitivity and specificity of frontal sinusotomy were 41.7% and 100%, 284 
respectively. 285 
 286 
DISCUSSION 287 

To our knowledge this is the first such study to examine the feasibility of 288 
surgical skill assessment using CT images of 3D sinus models after simulation 289 
surgeries of its kind in any surgical field, with all other previously published studies 290 
in other surgical disciplines (urology, cardiology, orthogeriatric, and so on) [10-12] 291 
using 3D analysis of CT scans for preoperative planning or surgical simulation rather 292 
than, for skills assessment.   293 

The methods described above provide a tool for the assessment of surgeons 294 
training in ESS based on the change in total volume of the paranasal sinuses (quality) 295 
and their ability to progress through surgical steps in a given time period (efficiency). 296 
The methods also showed a high positive correlation to conventional assessment 297 
methods such as ESS-OSATS and the number of experienced cases. This positive 298 
correlation was found even when surgeons without any previous ESS experience were 299 
excluded in the analysis (data not shown).  300 

Several methods have previously been described for assessing ESS 301 
proficiency, such as ESS-OSATS and the number of previous ESS cases. ESS-302 
OSATS is a well-designed method but is labor-intensive, time-consuming and 303 
associated with subjectivity, as each recorded video is evaluated by assessors. 304 
Pleasingly despite its subjectivity high interrater validation has been documented 305 
[13].  Although one would expect a higher level of skills in more experienced 306 
surgeons who have performed more cases, this is not always the case and may not 307 
reflect actual proficiency. In the present study, we assessed the morphological change 308 
of the paranasal sinuses by analysing their CT images. In contrast to imaging human 309 
specimens, dozens of 3D model CTs can be imaged simultaneously. The image 310 
analysis can also be automated with a standard laptop due to the standardized 311 
paranasal sinus anatomy of the 3D printed models. These advantages not only remove 312 
the subjectivity of the assessment process but also are less laborious and time 313 
consuming in the assessment of ESS skills.   314 

To the contrary, additional costs and resources are required when considering 315 
the implementation of the present methods in real-world situations. This is especially 316 
true when compared to ESS-OSATS, which can be done only with paper-printed 317 
checklists. However, besides the 3D models, the only ones used were commercially 318 
available laptop PC and clinical CTs, which most educational facilities have already 319 
equipped. Since the CT image processing is done using software available at no cost, 320 
no additional expenses are incurred. In terms of time efficiency, scoring the ESS-321 
OSATS takes as long as the surgeries themselves (set to 45 minutes in this study), 322 
because the assessors are required to watch surgical videos all long. In contrast, our 323 
proposed method requires approximately one minute for 3D reconstruction from CT 324 
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images and about 20 minutes for the construction of the ROI using the region growing 325 
method and its volume measurement. Therefore, the entire process can be completed 326 
in less than 30 minutes per case. Furthermore, unlike ESS-OSATS evaluations, our 327 
proposed method does not require specialized surgical expertise for scoring. 328 
Therefore, it has a significant advantage in user training, as it allows even non-329 
specialists and trainees to perform objective assessments. Although ESS-OSATS, 330 
which can be adopted regardless of cost and resources, remains more practical, 331 
combining the two methodologies will contribute to a more comprehensive skill 332 
assessment. 333 
 To date there are only few studies using imaging to assess the completeness of 334 
surgery in patients with sinus disease. Several published studies have used the post-335 
operative Lund Mackay score [14, 15], but this scoring system is more a reflection of 336 
disease extent than surgical completeness.  To address this Okushi et al. proposed the 337 
residual ethmoid cell (REC) score to assess the completion rate of ethmoidectomy in 338 
postoperative CT images [16]. Although this is an excellent system, and does allow an 339 
indirect assessment of surgical proficiency, the extreme variability of sinus anatomy 340 
in humans, makes it difficult to make direct head to head comparisons between 341 
surgeons.  342 

In this study, region growing method was applied. Region growing method is 343 
a popular method for image analysis in the field of information technology. However, 344 
if it was applied as it is for the paranasal sinuses, whose cells are all spatially 345 
continuous to the anterior nostrils due to natural drainage pathways, the ROI would 346 
always be all the sinuses regardless of pre- or post-surgeries and would not reflect the 347 
surgical proficiency. It is therefore necessary to introduce a threshold for the width of 348 
the corridor within the sinuses. The threshold of 4.00 mm was chosen because [9] 349 
reported that 3.95 mm is the minimum dimension to ensure penetration for maximum 350 
efficacy of topical sinus medications, however the threshold may not accurately 351 
reflect surgical completeness or clinical relevance. Therefore, in this study, various 352 
thresholds from 2.0 mm to 6.0 mm were also tested, resulting in similar results (see 353 
Supplementary figure 1 for results for thresholds of 3 mm, 4 mm, and 5 mm).   As 354 
shown in Supplementary figure 1 (C), when the threshold is 5.0 mm, it is difficult to 355 
distinguish between the bottom 1/3 and middle 1/3, but the top 1/3 is clearly different 356 
from the bottom 2/3 and can be easily distinguished. When the threshold is 3.0 mm, as 357 
in the case of 4.0 mm, there are clear differences between the bottom 1/3, middle 1/3, 358 
and top 1/3 groups. Therefore, regardless of the threshold, it is possible to distinguish 359 
surgical skill based on ROI volume. 360 

As shown in Table 4, the sensitivity of the 3D-CG-based Region of Interest 361 
(ROI) detection was lower for sphenoidotomy and frontal sinusotomy than middle 362 
meatus antrostomy. This discrepancy can be attributed to the different criteria for the 363 
achievement of a surgical step between the two assessment methods. In the video-364 
based assessment, a surgical step was considered achieved if the ostium of sinuses 365 
was widened to any extent, regardless of the size of the opening. In contrast, in the 366 
3D-CG-based ROI assessment, the step was judged as achieved only when the ostium 367 
widened enough for the sinus to continue to the anterior nostril with a width of more 368 
than 4.00 mm kept. That is, the criteria for the 3D-CG-based ROI assessment were 369 
stricter than the video-based assessment. As the video assessment was used as the 370 
gold standard in this study, this led to the ROI-assessment exhibiting low sensitivity 371 
and high specificity. This is especially true in cases of the sphenoid and frontal 372 
sinuses, which tend to have more narrow openings than the maxillary sinus.  373 
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This study has several limitations. Although the 4 mm threshold for an 374 
adequately opened sinus ostium was set with goal of producing a sinus cavity 375 
amenable to high volume nasal irrigation, the result did not guarantee whether the 376 
water actually washed out the segmented space when nasal rinsing. Secondly, the 377 
assessment of the presence of complications such as orbital breach, skull base injuries, 378 
catastrophic bleeding, and nasal septal perforation were not included in this current 379 
study, but would be necessary in any complete assessment of surgical proficiency. As 380 
the model is designed to be inserted into and detached from the face-basement every 381 
training, the medial orbital wall, internal carotid arteries, and the skull base of the 382 
model is exposed and can be easily investigated from outside for complications [17]. 383 
Indeed, five complications were found among the 47 surgeries, including injuries to 384 
the nasolacrimal duct (n=3), lamia papyracea (n=1), and the skull base (n=1) [6]. The 385 
model with the skull base injury was excluded from this study as the defect was over 386 
4 mm and the ROI could not be measured, while the others were included as the 387 
defects were less than 4 mm. This suggests that other evaluations, such as 388 
postoperative reviewing of 3D models from outside, are necessary to assess safety. 389 
Also, the proposed method could not evaluate bleeding management as current 3D 390 
models cannot replicate bleeding. The methodology of this study was also unable to 391 
assess for preservation of the middle and superior turbinates, two key landmarks in 392 
sinus surgery. In the assessment, it could be highly evaluated in cases where the 393 
turbinates are resected, as the ROI would be enlarged; however, the unnecessary 394 
resection of the turbinate carries the risk of empty nose syndrome. In the future, it 395 
would be beneficial to establish standardized assessment methods for the proper 396 
preservation of anatomical structures, such as automatic image analysis, to compare 397 
the shape and position of turbinates before and after simulation surgeries.  With the 398 
advantage of 3D-printed models replicating the turbinates at the same position, shape, 399 
and size, automatic image analysis could be easily achieved. Further studies will be 400 
necessary to establish comprehensive assessment frameworks. Third, only one form 401 
of 3D printed models was used in this study. Further study is necessary to examine if 402 
the postsurgical assessment of CT scans described in this study can be generalized to 403 
other forms of 3D printed models. As some participants also performed simulation 404 
surgeries for the left (contralateral) side of the model, we attempted to create the CG 405 
images of the ROI with the same method, finding similar results. (data not shown). 406 
This implies that the method could apply to other models with different anatomies, 407 
although further validation is necessary. In addition, even if evaluations can be 408 
established, future real-world studies are needed to determine whether the evaluation 409 
methods contribute to safety and outcomes in clinical cases. Lastly, skill sets for the 410 
region growing method in image analysis are required for assessors when considering 411 
the implementation for clinical and educational situations. Despite these limitations, 412 
this pilot study demonstrates the potential of combining the 3D printed models with 413 
CT image analysis to assess surgical skill, to provide a simple and objective measure 414 
of post-operative surgical outcomes under standardized conditions.  415 
 416 
CONCLUSION 417 
 The use of 3D printed sinus models with standardized anatomy and CT image 418 
analysis provides a simple and objective tool for assessment of skill in ESS. 419 
 420 
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 TABLE 503 
Table 1. Characteristics of Participants 504 
 505 
Characteristics Certified Uncertified 
Years of Otolaryngologist     

0-10 5 (10.9%) 18 (39.1%) 
11-20 15 (32.6%) 0 (0%) 

21- 8 (17.4%) 0 (0%) 
Previous experience with ESS cases     

0 0 (0%) 5 (10.9%) 
1-10 1 (2.2%) 8 (17.4%) 

11-50 9 (19.6%) 5 (10.9%) 
51-200 9 (19.6%) 0 (0%) 

201- 9 (19.6%) 0 (0%) 
Sex     

Male 24 (52.2%) 16 (34.8%) 
Female 4 (8.7%) 2 (4.3%) 

Dominant hand     
Right 26 (52.2%) 17 (37.0%) 

Left 2 (8.7%) 1 (4.3%) 
 506 
 507 
Table 2. Categorization of participants based on ESS-OSATS score. 508 
 509 
  Range of ESS-OSATS Number of participants 
The top 1/3 65-90 15 (32.6%) 
The middle 1/3 49-64 16 (34.8%) 
The bottom 1/3 18-48 15 (32.6%) 
 510 
 511 
Table 3. Categorization of participants based on number of experienced cases 512 
 513 
  Number of experienced cases Number of participants 
The top 1/3 100-3000 17 (37.0%) 
The middle 1/3 21-99 13 (28.3%) 
The bottom 1/3 0-20 16 (34.8%) 
 514 
 515 
 516 
 517 
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Table 4. Comparison of the difference between the endoscopic findings and the 3D-518 
CG findings of ROI 519 
 520 

Middle meatal antrostomy 
(Step 2) 

Assessment with 3D-CG 
Completed Uncompleted 

Assessment with recorded 
Endoscopic video 

Completed 41 4 
Uncompleted 0 1 

 521 
 522 

Sphenoidotomy 
(Step 5) 

Assessment with 3D-CG 
Completed Uncompleted 

Assessment with recorded 
Endoscopic video 

Completed 12 13 

Uncompleted 1 20 
 523 
 524 

Frontal sinusotomy 
(Step 6) 

Assessment with 3D-CG 
Completed Uncompleted 

Assessment with recorded 
Endoscopic video 

Completed 5 7 

Uncompleted 0 34 
 525 

526 
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FIGURES LEGENDS 527 
 528 
Figure 1. The CT image of the sagittal plane shows the volumetric measurement flow.  529 

The actual measurement was performed in three dimensions, although this 530 
figure shows only the sagittal plane as an example. The yellow part is the bony wall 531 
of nasal cavity and paranasal sinuses after the surgery. The brown part is the 532 
expansion area. The green part is the result of region growing. The light blue part is 533 
the region of interest (ROI). The red point is the seed point. (A) The CG model was 534 
constructed from CT images (yellow). (B) The anterior nostril, frontal sinus, and 535 
maxillary sinus were blocked to prevent the region growing method from spreading 536 
outside. (C) The walls of the paranasal sinus were inflated to virtually block the 537 
pathways of 4 mm or less. (D) Using the anterior nostril as the seed point (Red), the 538 
region growing method was performed (Green). (E) The walls of the nasal cavity that 539 
had been inflated were returned. (F and G) The ROI was obtained by inflating the 540 
segmented area. (H) The volume of the ROI was measured. Note that in this 541 
representative case, the participant completed the maxillary and ethmoid sinuses but 542 
was unable to create a pathway of 4.00 mm or more to the sphenoid and frontal 543 
sinuses. Therefore, the ROI contains the maxillary and ethmoid sinuses but not the 544 
sphenoid and frontal sinuses. 545 
 546 
Figure 2. The CG models constructed from CT images of postoperative 3D sinus 547 
models.  548 

Representative CG models of uncertified and board-certified surgeons were 549 
compared. View of sinus (yellow) and the region of interest (ROI) (light blue) from 550 
the sagittal (A, D), coronal (B, E), and axial (C, F) planes. The ROI is shown for an 551 
uncertified surgeon in A, B and C, and ROI for a board-certified surgeon in D, E and 552 
F. 553 
 554 
Figure 3. The volume of the region of interest (ROI) for board-certified and 555 
uncertified. 556 
 557 
 558 
Figure 4. Comparison results of other ESS proficiency indices and the volume of the 559 
region of interest (ROI). 560 
  (A) Correlation between the volume of the ROI and the Objective Structured 561 
Assessment of Technical Skills score of the ESS. (B) Box plot of volume of the ROI 562 
in three classes by the Objective Structured Assessment of Technical Skills score of 563 
the ESS. (C) Correlation between the volume of the ROI and the number of 564 
experienced cases. (D) Box plot of volume of the ROI in three classes by the number 565 
of experienced cases. 566 
 567 
 568 
Supplementary figure 1. Box plots of volume of the ROI in three classes by the 569 
Objective Structured Assessment of Technical Skills score of the ESS for various 570 
thresholds. 571 
 572 
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