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Abstract

Background/Objectives: Hybrid operating rooms combine advanced intraoperative imag-
ing, endovascular capabilities, and multidisciplinary resources within a single procedural
environment. However, their use in otolaryngology remains insufficiently characterized.
This study evaluated institutional patterns of hybrid operating room use, principal clini-
cal indications, multidisciplinary involvement, and perioperative resource utilization in
otolaryngology. Methods: We conducted a retrospective single-center study of eligible
otolaryngologic procedures performed between 1 October 2018 and 31 December 2025. Pa-
tient characteristics, operative sites, hybrid operating room applications, multidisciplinary
involvement, intraoperative blood loss, postoperative intensive care unit admission, and
length of hospital stay were analyzed. Results: A total of 55 unique procedures were
included. The median age was 46.0 years (interquartile range, 33.0–58.5 years; range,
5–76 years), and 33 patients (60.0%) were male. Computed tomography-based localization
and navigation represented the predominant application, accounting for nearly three-
quarters of procedures. The sinonasal cavity, nasopharynx, and skull base were the most
frequently treated anatomical regions, comprising approximately 60% of operative sites.
Angiography and endovascular intervention constituted the second most common applica-
tion. Multidisciplinary collaboration, most frequently involving cardiovascular surgery
and interventional radiology, was required in nearly one-quarter of procedures. Procedures
relying primarily on intraoperative imaging were associated with a median estimated blood
loss of 20 mL and a median hospital stay of 3 days. Cases requiring vascular, cardiopul-
monary, or other advanced hybrid capabilities showed greater postoperative resource
utilization, including more frequent intensive care admission and longer hospitalization.
Conclusions: The hybrid operating room served as a versatile platform for image-guided,
vascular, and multidisciplinary procedures in otolaryngology. Its capabilities were used
during the management of anatomically complex and high-acuity cases, while differences
in postoperative resource utilization appeared to reflect procedural complexity and baseline
clinical risk.
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1. Introduction
The hybrid operating room integrates intraoperative imaging, navigation, and inter-

ventional capabilities within a single operative environment. Its application has increas-
ingly expanded into otolaryngology, allowing diagnostic and therapeutic procedures to be
performed during the same anesthetic session without relocating the patient [1].

The complex anatomy of the head and neck region presents unique spatial challenges
that require robust imaging solutions. Accurate evaluation of sinonasal structures and the
skull base is fundamental to safe surgical practice [2]. Real-time intraoperative computed
tomography and integrated navigation systems may provide valuable support, particu-
larly when delineating tumor margins or navigating complex sinonasal and skull-base
anatomy [3]. These tools may assist anatomical localization and enable confirmation of the
intended procedural result before the patient leaves the operating room.

Beyond structural navigation, otolaryngology practice frequently involves highly
vascular pathologies and high-acuity scenarios requiring cross-disciplinary expertise. Ad-
vanced vascular imaging and immediate embolization are critical components in the
surgical management of vascular-rich lesions, such as advanced juvenile nasopharyngeal
angiofibroma [4]. An integrated angiographic suite may also provide immediate access to
endovascular intervention in the event of vascular complications during complex skull-base
surgery [5]. Combining open surgical approaches with immediate endovascular capabilities
in one location mitigates the severe risks associated with intraoperative patient transport
and delayed interventions.

Despite these potential applications, evidence describing hybrid operating room uti-
lization across otolaryngology remains limited. Previous reports have mainly focused
on individual procedures, selected technologies, or small case series, and little is known
about longitudinal institutional patterns of use, principal clinical indications, multidisci-
plinary participation, and perioperative resource requirements. Therefore, this retrospective
study evaluated the evolving institutional utilization, principal clinical applications, mul-
tidisciplinary involvement, and perioperative resource requirements of otolaryngology
procedures performed in a hybrid operating room over a seven-year period.

2. Materials and Methods
2.1. Study Design, Data Extraction, and Patient Selection

A retrospective institutional review was conducted to identify and evaluate otolaryn-
gology procedures performed within the hybrid operating room over the study period from
1 October 2018 to 31 December 2025. This study used a complete retrospective census rather
than random or convenience sampling. All potentially eligible otolaryngology procedures
performed in the hybrid operating room during the defined study period were screened,
and all procedures meeting the prespecified eligibility criteria were included. Following the
installation of the hybrid operating room at our institution in 2018, a structured pathway
was used to identify and verify eligible procedures, as detailed in Figure 1. Potentially
eligible medical records were initially captured through three distinct avenues to ensure a
comprehensive sample. These search strategies included identifying procedures specifically
scheduled in designated hybrid operating rooms, querying medical records for clinical
narratives containing hybrid-related terminology, and extracting cases associated with
hybrid-specific imaging or interventional procedure codes. Following this initial broad
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identification, a manual review of all source records was systematically performed to
confirm true eligibility. This verification process encompassed the evaluation of operative
reports, intraoperative imaging records, picture archiving and communication system
(PACS) data, anesthesia records, and nursing documentation. Procedures were rigorously
evaluated and subsequently excluded if the hybrid suite was utilized merely as a standard
operating theater without the actual application of its integrated imaging, interventional,
or advanced support capabilities. Additional predefined exclusion criteria involved cases
lacking documented evidence of intraoperative imaging or intervention, cancelled proce-
dures, duplicate or incorrectly coded records, and surgeries in which the otolaryngology
service was not substantively involved. Upon applying these rigorous criteria, a final
eligible cohort of 55 confirmed unique procedures was established for subsequent analysis.

Figure 1. Study flowchart for identifying eligible otolaryngology hybrid operating room procedures.

Selection for the hybrid operating room was determined during preoperative planning
according to the anticipated need for intraoperative computed tomography or navigation,
immediate procedural verification, angiographic or endovascular intervention, or advanced
cardiopulmonary support. Decisions were made on a case-by-case basis by the treating
otolaryngology team, with multidisciplinary consultation when required. No uniform
allocation protocol was applied throughout the entire study period.

2.2. Hybrid Operating Room Environment and Procedural Setup

The hybrid operating room integrates high-resolution intraoperative imaging, optical
navigation, and advanced interventional capabilities within a single operative space [6].
At our institution, the hybrid operating room was equipped with both a floor-mounted
robotic angiography system (ARTIS Pheno; Siemens Healthineers, Erlangen, Germany)
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and a sliding computed tomography gantry (Siemens Healthineers, Erlangen, Germany).
The robotic C-arm provided high-resolution fluoroscopy, digital subtraction angiography,
and rotational three-dimensional imaging, whereas the sliding computed tomography
system enabled acquisition of conventional cross-sectional images within the operative
suite without transferring the anesthetized patient to a separate radiology department.
Together, these systems supported immediate anatomical assessment, lesion localization,
navigation registration, vascular evaluation, and post-procedural verification during the
same anesthetic session. The operating room also incorporated a high-definition endoscopic
imaging system (KARL STORZ SE & Co. KG, Tuttlingen, Germany) and, when indicated, a
robot-assisted surgical platform (da Vinci Surgical System; Intuitive Surgical, Sunnyvale,
CA, USA).

Representative intraoperative deployment of the imaging system and the operating
room configuration are shown in Figure 2. By incorporating a robotic C-arm or sliding
computed tomography gantry, the surgical suite enables surgeons to perform immediate
anatomical assessments without necessitating high-risk patient transport. The typical pro-
cedural workflow in this specialized environment begins with standard patient positioning
and registration using navigation arrays. This preparatory phase is seamlessly followed
by the deployment of the intraoperative imaging system to acquire precise cone-beam
computed tomography scans. These resulting scans are then directly imported into the
surgical navigation workstation to facilitate the precise localization of critical neurovascular
structures, complex tumor margins, or obscure sinonasal boundaries [7]. Furthermore, the
room is equipped with an integrated angiographic suite. This inclusion permits immediate
transitions from open surgical resection to endovascular interventions, such as selective
angiography or embolization, should high-acuity vascular scenarios arise [8]. Advanced
cardiopulmonary support, including extracorporeal membrane oxygenation, was available
when required for selected high-risk airway procedures. Ultimately, this multifaceted setup
allows diagnostic imaging, definitive surgical resection, immediate procedural verification,
and multidisciplinary interventions to be executed concurrently and efficiently.

 

Figure 2. Hybrid operating room environment and intraoperative imaging setup: (A) Intraoperative
deployment of the robotic imaging system, enabling fluoroscopy, digital subtraction angiography,
and rotational three-dimensional imaging during surgery. (B) Schematic representation of the
integrated hybrid operating room configuration, showing the spatial relationship among the operative
table, imaging gantry, da Vinci Single Port system, and surgical team. This arrangement permits
intraoperative imaging, navigation, robot-assisted surgery, and multidisciplinary intervention within
the same procedural environment.
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2.3. Clinical Variables and Data Collection

For each eligible procedure, demographic, clinical, procedural, and perioperative data
were extracted from the electronic medical record. Demographic variables included age,
sex, and documented comorbidities. Clinical variables included the primary diagnosis,
anatomical site, prior treatment history, and whether the procedure involved robot-assisted
surgery or multidisciplinary participation. Procedural variables included the type of hybrid
operating room modality used, the principal clinical application, anesthesia duration,
operative duration, estimated blood loss, postoperative intensive care unit admission,
duration of intensive care unit stay, postoperative intubation, nasogastric tube use, and
total hospital length of stay.

Anesthesia duration was defined as the interval from anesthesia induction to comple-
tion of anesthesia care. Operative duration was defined as the interval from skin incision
or initiation of the principal surgical procedure to completion of surgery. Intensive care
unit and hospital lengths of stay were calculated from the corresponding admission and
discharge dates. When discrepancies were identified among source records, the operative
report and anesthesia record were considered the primary sources for procedural timing,
whereas discharge documentation was used for hospitalization outcomes.

For procedures involving angiography or endovascular intervention, the clinical intent
was categorized from the operative and angiographic records as either preoperatively planned
and integrated into the operative session or unplanned emergency/rescue management.

2.4. Classification of Hybrid Operating Room Applications

Each procedure was assigned a single principal hybrid operating-room application to
avoid double-counting. The predefined categories were (1) computed tomography localiza-
tion or navigation, (2) immediate procedural verification, (3) angiography or endovascular
intervention, and (4) advanced cardiopulmonary support. Computed tomography local-
ization or navigation included procedures in which intraoperative imaging was used to
localize lesions, define anatomical relationships, guide surgical navigation, or identify
difficult anatomical targets. Immediate procedural verification referred to repeat imaging
performed after the principal intervention to confirm lesion removal, hardware removal,
or completion of the intended surgical result. Angiography or endovascular intervention
included selective angiography, embolization, balloon-assisted procedures, carotid stenting,
and covered-stent placement. Advanced cardiopulmonary support referred to procedures
performed using extracorporeal membrane oxygenation.

When more than one hybrid operating room capability was used during the same
procedure, the principal application was assigned according to the primary clinical objec-
tive documented in the operative report. Procedures were classified as angiography or
endovascular intervention when vascular assessment, protection, embolization, or rescue
treatment was the principal purpose, even if intraoperative computed tomography or
robot-assisted surgery was also used. Otherwise, imaging-based procedures were classified
according to whether imaging was used primarily for localization/navigation or for imme-
diate procedural verification. Principal application categories were mutually exclusive. In
contrast, modality-based analyses reflected all technologies used during the procedure and
were not necessarily mutually exclusive; therefore, a single procedure could contribute to
more than one modality-based subgroup. Robot-assisted surgery was recorded separately
as an overlapping modality and was not considered a principal application category.

2.5. Multidisciplinary Involvement

Multidisciplinary participation was defined as direct procedural involvement by at
least one specialty in addition to otolaryngology–head and neck surgery during the same
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operative session. Participating specialties included cardiovascular surgery, interventional
radiology, plastic and reconstructive surgery, neurosurgery, thoracic surgery, and the
extracorporeal membrane oxygenation team. Consultation without direct procedural
participation was not classified as multidisciplinary involvement.

2.6. Study Outcomes

The primary study outcome was the distribution of principal hybrid operating room
applications across the study period. Secondary outcomes included annual and cumulative
procedural volume, anatomical distribution, multidisciplinary participation, and perioper-
ative characteristics according to hybrid operating room modality. Perioperative outcomes
included anesthesia duration, operative duration, estimated blood loss, postoperative
intensive care unit admission, intensive care unit length of stay, postoperative intubation,
nasogastric tube use, and total hospital length of stay.

As the study was descriptive and included clinically heterogeneous procedures, no
causal comparisons among hybrid operating room modalities were prespecified. The single
extracorporeal membrane oxygenation-supported procedure was presented descriptively
and was not included in formal comparative testing.

2.7. Data Verification and Quality Control

Data extraction was performed using a structured case-review form. Basic demo-
graphic and hospitalization data were initially extracted by a postgraduate-year physi-
cian, while procedural details and hybrid operating room modality were reviewed by
an otolaryngology resident. Eligibility, multidisciplinary participation, and application
classification were subsequently verified by an attending otolaryngologist. Ambiguous
cases and discrepancies were adjudicated by the principal investigator.

Duplicate cases were identified using the medical record number and procedure date.
The previously published cases described in the Oral Oncology letter were retained in the
present longitudinal cohort to preserve the complete institutional experience, but were
identified as previously reported cases and counted only once [1]. The present study
addressed a distinct research question focused on institutional utilization, procedural
categories, multidisciplinary integration, and perioperative characteristics.

2.8. Statistical Analysis

Continuous variables were assessed for distribution and are presented as median and
interquartile range because most perioperative variables were non-normally distributed.
Categorical variables are presented as numbers and percentages. Annual case numbers
were calculated by year of surgery, and cumulative case accrual was displayed graphically.
Analyses were primarily descriptive owing to the clinical heterogeneity and small size of
several modality-based subgroups, particularly the extracorporeal membrane oxygenation
group. Counts from overlapping modality-based subgroups were not summed to derive the
overall cohort size. The temporal association between calendar year and annual procedural
volume was assessed using Spearman’s rank correlation coefficient. Statistical analyses
were performed using SPSS Statistics version 28.0 (IBM Corp., Armonk, NY, USA).

2.9. Ethical Considerations

The study was approved by the Institutional Review Board of Tungs’ Taichung Metro-
Harbor Hospital (approval no. 115010-T). The requirement for informed consent was
waived due to the retrospective study design and the use of de-identified clinical data. The
study was conducted in accordance with the Declaration of Helsinki. All clinical images
used for publication were de-identified before analysis and figure preparation.
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3. Results
3.1. Patient and Procedural Characteristics

A total of 55 unique otolaryngology procedures performed in the hybrid operating
room were included in the final cohort. The median patient age was 46.0 years (interquartile
range, 33.0–58.5 years; range, 5–76 years), and 33 patients (60.0%) were male. The most
common primary anatomical site was the sinonasal cavity, nasopharynx, or skull base,
accounting for 33 procedures (60.0%). Among these 33 procedures, 30 (90.9%) were endo-
scopic sinus procedures performed for chronic rhinosinusitis. The remaining procedures
comprised one transsphenoidal surgery for a benign pituitary adenoma, one procedure for
recurrent nasopharyngeal carcinoma, and one procedure for chordoma. This was followed
by the neck or thyroid in 10 (18.2%) procedures, the oral cavity or mandible in 5 (9.1%), the
oropharynx or larynx in 4 (7.3%), and the salivary glands in 3 (5.5%).

Robot-assisted surgery was performed in 4 cases (7.3%), while 13 procedures (23.6%)
involved direct multidisciplinary participation. Comorbidity data were available for
47 procedures. Hypertension was the most frequently documented comorbidity, occurring
in 9 patients (19.1%), followed by diabetes mellitus in 4 (8.5%), cardiovascular or cere-
brovascular disease in 2 (4.3%), hyperlipidemia in 2 (4.3%), and gout in 3 (6.4%). Chronic
hepatitis and asthma were each documented in 1 patient (2.1%). Detailed demographic
and procedural characteristics are summarized in Table 1.

Table 1. Patient and procedural characteristics of the otolaryngology hybrid operating room
study cohort.

Characteristic Overall Cohort (n = 55)

Age (IQR), years 46.0 (33.0–58.5)
Age range, years 5–76
Sex

Male 33 (60.0)
Female 22 (40.0)

Primary anatomical site
Sinonasal cavity, nasopharynx, or skull base 33 (60.0)
Neck or thyroid 10 (18.2)
Oral cavity or mandible 5 (9.1)
Oropharynx or larynx 4 (7.3)
Salivary gland 3 (5.5)

Robot-assisted procedures 4 (7.3)
Documented multidisciplinary procedures 13 (23.6)
Comorbidities documented in available records
(n = 47)

Hypertension 9 (19.1)
Diabetes mellitus 4 (8.5)
Cardiovascular or cerebrovascular disease 2 (4.3)
Hyperlipidemia 2 (4.3)
Gout 3 (6.4)
Chronic hepatitis 1 (2.1)
Asthma 1 (2.1)

3.2. Temporal Evolution of Hybrid Operating Room Utilization

The cumulative number of otolaryngology hybrid operating room procedures in-
creased from 2018 through 2025, reaching 55 unique procedures by the end of the study
period (Figure 3). Annual procedural volume showed a positive association with calendar
year (Spearman’s ρ = 0.735, p = 0.038). The largest annual increase occurred in 2023, pri-
marily reflecting expanded use of intraoperative computed tomography for localization,
navigation, and procedural verification. Early applications were predominantly vascular
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or high-risk multidisciplinary procedures, including angiography, embolization, carotid
stenting, and advanced cardiopulmonary support. Beginning in 2022, utilization expanded
substantially, driven primarily by intraoperative computed tomography, lesion localization,
navigation support, and immediate procedural verification.

Figure 3. Annual number of otolaryngology hybrid operating room procedures according to principal
application, 2018–2025. Each procedure was counted once according to its principal hybrid operating
room application. The 2018 observation period began on 1 October 2018 and therefore represents a
partial calendar year.

The largest annual increase occurred in 2023, when the cumulative number of proce-
dures rose from 13 to 43. This transition reflected a shift from selected rescue or vascular-
protection applications toward more routine incorporation of intraoperative imaging into
operative planning, localization, and confirmation of procedural results.

3.3. Principal Clinical Applications and Multidisciplinary Involvement

Computed tomography localization or navigation remained the most common prin-
cipal application, accounting for 41 procedures (74.5%). Representative uses included
endoscopic sinus surgery, localization of deep-neck lesions, identification of teeth, fixation
plates, screws, and other difficult anatomical targets, and support for operative planning.
Immediate procedural verification was the principal application in 2 procedures (3.6%)
and was used to confirm lesion removal, hardware removal, or completion of the intended
anatomical result.

Angiography or endovascular intervention was the principal application in 11 pro-
cedures (20.0%). Of these, nine were planned preoperatively and performed as an inte-
grated component of the same operative session for vascular assessment, embolization,
carotid protection, or stent placement. Two procedures were performed as unplanned
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emergency/rescue interventions, including one for bleeding requiring transarterial em-
bolization and one requiring urgent stent placement. These procedures included selective
angiography, embolization, carotid stenting, covered-stent placement, bleeding control, and
vascular protection. One procedure (1.8%) required advanced cardiopulmonary support
with extracorporeal membrane oxygenation during high-risk thyroid and airway surgery.

Multidisciplinary participation included cardiovascular surgery in 11 procedures
(20.0%), interventional radiology in 11 (20.0%), plastic and reconstructive surgery in 3
(5.5%), neurosurgery in 1 (1.8%), and thoracic surgery or the extracorporeal membrane
oxygenation team in 1 (1.8%). Because multiple departments could participate in the same
procedure, departmental involvement was not mutually exclusive. The distribution of
principal applications and multidisciplinary contributions is presented in Table 2.

Table 2. Principal clinical applications and multidisciplinary involvement in hybrid operating
room procedures.

(A) Principal clinical applications

Principal Application No. of
Procedures (%) Representative Procedures Principal Reason for Hybrid Operating

Room Use

CT localization/
navigation 41 (74.5)

Endoscopic sinus surgery;
deep-neck, dental, or hardware
localization

Anatomical localization, navigation
support, and operative planning

Immediate procedural
verification 2 (3.6) Post-resection CT; confirmation

after lesion or hardware removal

Confirmation of lesion removal, anatomical
result, or completion of the intended
procedure

Angiography/endovascular
intervention 11 (20.0) Angiography; embolization; carotid

or covered-stent placement
Vascular assessment, bleeding control,
carotid protection, or stent placement

Advanced
cardiopulmonary support 1 (1.8) ECMO-supported thyroid surgery Airway and cardiopulmonary protection

during high-risk surgery

(B) Multidisciplinary departmental involvement

Department No. of Procedures (%) Principal Contribution

Cardiovascular Surgery 11 (20.0) Carotid stenting, covered-stent placement,
angiography, and vascular protection

Interventional Radiology 11 (20.0) Angiographic assessment, identification of
bleeding sources, and embolization

Plastic and Reconstructive Surgery 3 (5.5) Reconstruction following complex
oncologic or cervical surgery

Neurosurgery 1 (1.8) Management of a skull-base complication
involving carotid injury

Thoracic Surgery/ECMO team 1 (1.8) Extracorporeal support for severe airway
compromise

Departments were not mutually exclusive because more than one specialty could participate in the same procedure.
Abbreviations: CT, computed tomography; ECMO, extracorporeal membrane oxygenation.

3.4. Perioperative Characteristics and Resource Utilization

Perioperative characteristics varied according to the hybrid operating room modality
used (Table 3). These modality-based data are presented descriptively because the sub-
groups represented different clinical indications, baseline risks, and levels of procedural
complexity. Robot-assisted procedures had a median anesthesia duration of 580 min (in-
terquartile range, 450–612 min), a median operative duration of 335 min (250–368 min),
and a median estimated blood loss of 115 mL (40–188 mL). Three of the four robot-assisted
procedures (75.0%) required postoperative intensive care unit admission, and the median
hospital length of stay was 12 days (7–19 days).
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Table 3. Perioperative characteristics and short-term outcomes according to hybrid operating
room modality.

Characteristic
Robot-Assisted

Procedures
(n = 4)

Angiography/
Endovascular
Intervention

(n = 11)

Intraoperative CT
Procedures

(n = 42)

ECMO-
Supported
Procedure

(n = 1)

Overall Cohort
(n = 55)

Operative variables

Anesthesia duration, min 580 (450–612) 468 (269–571) 143 (113–177) 480 168 (118–218)

Operative duration, min 335 (250–368) 300 (174–335) 64 (46–102) 500 85 (50–122)

Estimated blood loss, mL 115 (40–188) 60 (28–205) 20 (10–50) 65 25 (10–72)

Postoperative care

Postoperative intensive care
unit admission 3 (75.0) 11 (100.0) 2 (4.8) 1 (100.0) 13 (23.6)

Intensive care unit length of
stay, days 2 (1–2) 2 (2–4) 0 (0–0) 12 0 (0–0)

Postoperative intubation 2 (50.0) 7 (63.6) 0 (0.0) 1 (100.0) 8 (14.5)

Postoperative intubation
duration, days 1 (0–2) 1 (0–2) 0 (0–0) 4 0 (0–0)

Nasogastric tube use 1 (25.0) 5 (45.5) 3 (7.1) 1 (100.0) 8 (14.5)

Nasogastric tube duration, days 0 (0–0) 0 (0–3) 0 (0–0) 4 0 (0–0)

Hospital outcome

Hospital length of stay, days 12 (7–19) 12 (9–22) 3 (3–5) 16 3 (3–6)

Note: Data are presented as median (interquartile range) or number (percentage). Modality-based subgroups
may overlap; therefore, subgroup counts should not be summed. The ECMO-supported procedure is presented
descriptively, and no between-group comparisons were performed.

Procedures involving angiography or endovascular intervention had a median anes-
thesia duration of 468 min (269–571 min), a median operative duration of 300 min
(174–335 min), and a median estimated blood loss of 60 mL (28–205 mL). All 11 patients
in this subgroup were admitted to the intensive care unit postoperatively. The median
intensive care unit stay was 2 days (2–4 days), and the median hospital length of stay
was 12 days (9–22 days). Postoperative intubation was required in 7 patients (63.6%), and
nasogastric tube use was documented in 5 (45.5%).

Procedures involving intraoperative computed tomography had a median anesthesia
duration of 143 min (113–177 min), a median operative duration of 64 min (46–102 min),
and a median estimated blood loss of 20 mL (10–50 mL). Two of 42 patients (4.8%) required
postoperative intensive care unit admission, and the median hospital length of stay was
3 days (3–5 days).

The single extracorporeal membrane oxygenation-supported procedure required
480 min of anesthesia and 500 min of operative time, with an estimated blood loss of
65 mL. The patient required 12 days of intensive care, 4 days of postoperative intubation,
4 days of nasogastric tube use, and a total hospital stay of 16 days.

Across the entire cohort, the median anesthesia duration was 168 min (118–218 min),
the median operative duration was 85 min (50–122 min), and the median estimated blood
loss was 25 mL (10–72 mL). Thirteen patients (23.6%) required postoperative intensive
care unit admission, 8 (14.5%) required postoperative intubation, and 8 (14.5%) required
nasogastric tube placement. The median hospital length of stay was 3 days (3–6 days).
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4. Discussion
4.1. Principal Findings

This seven-year single-center study describes the institutional patterns of hybrid oper-
ating room utilization in otolaryngology. Unlike previous procedure-specific reports, the
present study characterizes longitudinal institutional utilization across multiple otolaryn-
gology indications and hybrid operating room capabilities. Among 55 eligible procedures,
computed tomography-based localization or navigation was the predominant principal
application, accounting for approximately three-quarters of the cohort. Angiography
or endovascular intervention represented the second major application, while approxi-
mately one-quarter of procedures involved direct participation by specialties other than
otolaryngology–head and neck surgery.

The findings suggest two principal patterns of use. The first comprised image-guided
localization, navigation, and procedural verification, particularly in sinonasal, nasopha-
ryngeal, skull-base, deep-neck, oral, and maxillofacial procedures. The second comprised
selected vascular and high-acuity procedures requiring angiography, endovascular inter-
vention, or advanced cardiopulmonary support. The differences in anesthesia duration,
intensive care utilization, and hospitalization across these groups should be interpreted
primarily as reflecting differences in case selection and clinical complexity rather than
comparative effects of the technologies used.

4.2. Evolution from High-Risk Vascular Procedures to Broader Image-Guided Applications

The temporal pattern observed in this cohort suggests an evolution in the institutional
role of the hybrid operating room. Initial use was concentrated in complex vascular and
high-risk multidisciplinary procedures, including embolization, carotid stenting, vascular
protection, and extracorporeal membrane oxygenation-supported surgery. From 2022
onward, use expanded to a broader range of otolaryngology procedures, particularly those
involving intraoperative computed tomography, lesion localization, navigation support,
and immediate procedural verification [1].

This evolution reflects a transition from selective use in rescue or high-acuity situations
toward more routine incorporation of intraoperative imaging into surgical planning and
execution. The hybrid operating room therefore functioned not only as a setting for vascular
intervention but also as an intraoperative diagnostic environment in which anatomical
information could be acquired, interpreted, and applied during the same anesthetic session.
Similar transitions toward integrated diagnostic and therapeutic workflows have been
reported in other hybrid operating room settings [5,6,9,10].

4.3. Intraoperative Computed Tomography, Localization, and Procedural Verification

Intraoperative computed tomography was used primarily for anatomical localization,
navigation, and confirmation of the intended surgical result. The relevance to otolaryn-
gology is particularly evident in the complex three-dimensional anatomy of the sinonasal
cavity and skull base, the proximity of the orbit, cranial nerves, and major vessels, and
the restricted field of view encountered during endoscopic procedures. Altered anatomy,
limited exposure, and previous treatment may further complicate conventional surgical ori-
entation [2,3,11]. Cone-beam computed tomography provides detailed three-dimensional
assessment of complex sinonasal anatomy and may complement intraoperative navigation
in selected procedures [2].

The broader utility of intraoperative cone-beam computed tomography and navigation
for lesion localization, procedural guidance, and immediate verification has also been
demonstrated in thoracic, urological, and orthopedic procedures [12–17]. In the present
otolaryngology cohort, updated three-dimensional imaging was used to localize deep

https://doi.org/10.3390/diagnostics16142273

https://doi.org/10.3390/diagnostics16142273


Diagnostics 2026, 16, 2273 12 of 17

lesions, teeth, fixation plates, screws, and other difficult anatomical targets [18,19]. Repeat
imaging after the principal intervention also enabled immediate confirmation of lesion or
hardware removal and completion of the intended anatomical result.

Procedures involving intraoperative computed tomography showed different periop-
erative profiles from those involving vascular or advanced support capabilities, including
differences in operative and anesthesia duration, estimated blood loss, and hospitalization.
These differences most likely reflect case selection, baseline risk, and procedural complexity
and should not be interpreted as comparative effects of the technologies used.

4.4. Angiography, Endovascular Intervention, and High-Acuity Surgery

An important feature of the hybrid operating room is the ability to combine surgical
and endovascular treatment without transferring an anesthetized patient to a separate
interventional suite. In the present cohort, angiography and endovascular intervention
were used in approximately one-fifth of procedures for indications including bleeding-
source identification, embolization, carotid stenting, covered-stent placement, and vascular
protection. Most endovascular procedures were planned as integrated components of the
operative session, whereas two cases demonstrated the rescue capability of the hybrid
operating room for unexpected vascular emergencies. This integrated workspace is highly
relevant for tumors demanding immediate devascularization before excision, such as
advanced juvenile nasopharyngeal angiofibroma [4].

Immediate access to angiography and endovascular treatment provided an additional
management option during complex surgery. Streamlined transitioning between open or
endoscopic surgical resection and endovascular intervention without relocating the patient
offers an important operational advantage by avoiding the need to transfer an anesthetized
or clinically unstable patient between procedural areas [20]. Furthermore, advanced in-
traoperative navigation combined with immediate angiographic capabilities provides an
additional option for vascular assessment and management when unexpected hemorrhage
or vascular injury occurs within the intricate confines of the skull base [21]. Similar hybrid
workflows have been used in neurosurgical, trauma, and vascular settings to provide
immediate angiographic assessment and endovascular treatment without transferring the
patient between procedural areas [22–28].

The single extracorporeal membrane oxygenation-supported procedure further il-
lustrates the potential role of the hybrid operating room in patients with severe airway
compromise or anticipated cardiopulmonary instability [29–32]. Combining open cervi-
cothoracic access with continuous physiological support mirrors complex trauma config-
urations, where bedside angiographic assessments and ECMO stabilization are handled
simultaneously within a unified surgical field. Because this application was represented by
only one case, it should be considered an illustrative high-acuity use rather than evidence
of a generalizable outcome benefit.

4.5. Multidisciplinary Integration and Clinical Implications

The hybrid operating room provided a common procedural environment for
otolaryngology–head and neck surgery, cardiovascular surgery, interventional radiology,
plastic and reconstructive surgery, neurosurgery, and thoracic surgery. Feasibility data
utilizing monoplane robotic C-arm systems highlight the optimization of multi-specialty
workflows for endovascular access and cross-disciplinary interventions within shared
hybrid rooms [6,24]. In our study, cardiovascular surgery and interventional radiology
were the most frequently involved specialties, principally contributing to angiography, em-
bolization, carotid stenting, covered-stent placement, and vascular protection. Plastic and
reconstructive surgery participated in reconstruction after complex oncologic or cervical
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procedures, while neurosurgical and thoracic teams supported selected skull-base and
extracorporeal membrane oxygenation-assisted cases.

The value of this multidisciplinary model lies in the ability to coordinate imaging,
surgical resection, vascular intervention, reconstruction, and advanced physiologic support
within a single operative episode. The physical convergence of traditional surgical equip-
ment and advanced interventional radiology systems demands a high level of coordination
among diverse specialists, which requires standardized communication, clearly defined
responsibilities, and consistent adherence to safety protocols [33]. Furthermore, complex
skull-base surgeries and salvage procedures for unexpected vascular injuries may benefit
from coordinated access to surgical and endovascular expertise [34]. Such integration
reduces delays between diagnostic assessment and intervention and avoids transport of
unstable or anesthetized patients [9,21].

Nevertheless, successful implementation requires coordinated scheduling, clearly de-
fined team roles, familiarity with imaging and radiation-safety protocols, and institutional
investment in specialized equipment and personnel. Radiation protection should follow
the principle of as low as reasonably achievable through dose optimization, appropri-
ate collimation, minimization of repeated imaging and fluoroscopy, adequate shielding,
personal dosimetry, and staff training. Attention should also be given to cumulative occu-
pational exposure among personnel who regularly participate in hybrid operating room
procedures [34,35].

Cost is another important consideration in hybrid operating room implementation.
These facilities require substantial capital investment and ongoing equipment, mainte-
nance, and personnel costs. Published economic evaluations suggest that cost-effectiveness
depends on procedural volume, case selection, institutional workflow, and the poten-
tial to avoid patient transfer or additional procedures, with favorable findings reported
in selected vascular and trauma settings [36,37]. However, these findings are context-
specific, and the cost-effectiveness of hybrid operating room utilization in otolaryngology
remains uncertain.

From a practical perspective, the present findings suggest that hybrid operating
room utilization in otolaryngology may be organized around two broad clinical pathways.
The first involves image-guided localization, navigation, and procedural verification in
anatomically complex but generally lower-acuity procedures. The second involves vascular
or cardiopulmonary support for high-risk oncologic, skull base, airway, or hemorrhagic
conditions. Recognizing these distinct pathways may assist institutions in case selection,
staffing, equipment planning, and the development of multidisciplinary protocols.

4.6. Integration with Robot-Assisted Surgery

Robot-assisted surgery represented another complementary use of the hybrid op-
erating room in this cohort. Four procedures incorporated a robot-assisted approach,
primarily for complex head and neck or deep-space lesions in which restricted access,
altered anatomy, or proximity to major vascular structures increased procedural difficulty.
The hybrid environment supplemented the enhanced visualization and instrument dex-
terity of the robot-assisted platform by providing intraoperative computed tomography
localization, immediate anatomical assessment, and, when necessary, coordinated vascular
intervention. Similar integration of robotic systems with intraoperative imaging and navi-
gation has been described in other surgical disciplines, supporting the broader feasibility
of image-guided robotic procedures within the hybrid operating room environment [38,39].
However, given the small and heterogeneous subgroup, these findings support feasibility
rather than comparative benefit.
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4.7. Limitations

This study has several limitations. First, its retrospective design relied on the accuracy
and completeness of electronic medical records, operative reports, imaging records, and
procedure codes. Some procedures may have been missed if hybrid operating room use
was incompletely documented, while the clinical purpose or timing of imaging could not
always be reconstructed with certainty.

Second, selection for the hybrid operating room was based on individualized preoper-
ative clinical and technical assessment rather than uniform allocation criteria throughout
the study period. Decisions reflected the anticipated need for intraoperative imaging or
navigation, procedural verification, endovascular intervention, or advanced cardiopul-
monary support, with multidisciplinary consultation when indicated. Selection bias related
to case complexity, clinical judgment, and evolving institutional practice therefore cannot
be excluded.

Third, this was a single-center study conducted in an institution with a specific combi-
nation of imaging systems, surgical expertise, and multidisciplinary resources. The findings
may not be directly generalizable to centers with different equipment, referral patterns,
staffing models, or thresholds for hybrid operating room use.

Fourth, the cohort was clinically heterogeneous, ranging from image-guided local-
ization procedures to complex vascular, robot-assisted, and extracorporeal membrane
oxygenation-supported procedures. This heterogeneity limits the interpretability of pooled
perioperative data and precludes direct comparison among procedural groups. In addi-
tion, some modality-based subgroups were not mutually exclusive because individual
procedures could incorporate more than one hybrid operating room capability.

Fifth, the study did not include a conventional operating room control group. It
therefore cannot determine whether hybrid operating room use reduced complications,
operative time, blood loss, transport-related risk, reoperation, or cost. Patient radiation
dose, occupational exposure, cumulative staff exposure, and the impact of intraoperative
imaging on real-time surgical decision-making were not systematically documented. Long-
term functional, oncologic, and quality-of-life outcomes were not assessed.

Finally, several early complex cases had been described previously in a brief report [1].
These cases were retained to provide a complete longitudinal account of institutional
utilization, were identified as previously reported, and were counted only once. The present
analysis addresses a broader and distinct research question focused on temporal evolution,
clinical applications, multidisciplinary integration, and perioperative characteristics. Future
prospective multicenter studies should define standardized indications, record whether
intraoperative imaging changes surgical management, compare hybrid and conventional
operating room workflows, and evaluate radiation exposure, resource utilization, costs,
complications, and long-term clinical outcomes.

5. Conclusions
The hybrid operating room has evolved into an integrated procedural platform for

otolaryngology, extending from selected vascular and high-acuity interventions to broader
applications in intraoperative imaging, anatomical localization, navigation, and procedural
verification. In this single-center cohort, computed tomography-based applications pre-
dominated, particularly for procedures involving the sinonasal cavity, nasopharynx, and
skull base, whereas angiographic, endovascular, and cardiopulmonary support capabilities
were used during the management of more complex cases requiring multidisciplinary
participation. The observed differences in perioperative resource utilization primarily
reflected variation in case complexity and clinical severity rather than comparative effec-
tiveness among modalities. Further prospective multicenter studies are needed to establish
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standardized indications and evaluate safety, complications, radiation exposure, workflow
efficiency, and long-term clinical outcomes.
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