Additional file 1 (scenarios)
Clinical scenarios and example model responses
	Table S1. Full text of the 24 clinical scenarios, grouped by complication category

	No.
	Difficulty
	Clinical scenario
	Question

	Sinus augmentation complications

	1
	Intermediate
	A 56-year-old male underwent sinus augmentation with the lateral window technique for implant placement in the right maxillary first molar area. During membrane elevation, a 7 mm Schneiderian membrane perforation was identified. The sinus cavity was clean, without active infection, and the perforation margins were well defined.
	What is the most appropriate intraoperative approach in this situation?

	2
	Difficult
	A 58-year-old male was scheduled for transcrestal sinus floor elevation with simultaneous implant placement in the posterior maxilla, where residual bone height measured approximately 5 mm. During sinus membrane elevation, a positive Valsalva maneuver indicated a leak, raising suspicion that graft material had entered the sinus cavity. Implant placement achieved primary stability of about 10 Ncm, but the implant exhibited slight rotation within the osteotomy.
	What is the most appropriate clinical approach in this situation?

	3
	Expert
	A 58-year-old male underwent lateral sinus augmentation with simultaneous implant placement. Three weeks postoperatively, he developed severe maxillary pain, nasal discharge, and facial tenderness. Clinical and radiographic evaluation indicated acute maxillary sinusitis and infection related to the graft material.
	What is the most appropriate treatment approach in this situation?

	4
	Difficult
	During sinus augmentation, a wide membrane perforation occurred in a 62-year-old female. The perforation was repaired with a collagen membrane, and grafting was completed. Three months later, CBCT evaluation showed significant graft resorption and residual bone height less than 4 mm, which was insufficient for implant placement.
	How should the implant treatment plan be revised in this situation?

	Intraoperative and early postoperative implant complications

	5
	Intermediate
	A 59-year-old male underwent implant placement in the mandibular molar region. During osteotomy, the buccal cortical plate was perforated. Following placement, 2-3 mm of the titanium surface was exposed on the buccal aspect at the platform level. The implant achieved primary stability of approximately 30 Ncm.
	What is the most appropriate clinical approach in this situation?

	6
	Expert
	A 61-year-old male developed numbness and paresthesia of the lower lip within 24 hours after implant surgery in the posterior mandible. CBCT imaging showed the implant apex contacted the superior cortex of the mandibular canal and penetrated approximately 1-2 mm into the canal.
	What is the most appropriate clinical approach in this situation?

	7
	Difficult
	A 65-year-old male experienced sudden, profuse bleeding during osteotomy preparation for implant surgery in the anterior mandible (interforaminal region). A hematoma quickly formed in the floor of the mouth, and the patient reported difficulty swallowing.
	What is the most appropriate clinical approach in this situation?

	8
	Difficult
	A 63-year-old female underwent implant placement in the posterior mandible. The implant achieved primary stability of approximately 5 Ncm. It rotated within the osteotomy and advanced uncontrollably in the socket. No cortical perforation or profuse bleeding was observed.
	What is the most appropriate intraoperative clinical approach in this situation?

	Early postoperative implant complications

	9
	Intermediate
	A 57-year-old female received a posterior mandibular implant with a healing abutment using a one-stage protocol. Three weeks postoperatively, she reported discomfort at the implant site. Examination revealed moderate implant mobility, but radiographs showed no peri-implant bone loss.
	What is the most appropriate clinical approach in this situation?

	10
	Difficult
	A 62-year-old male received a posterior mandibular implant. One month later, he presented with drainage at the implant site. Examination revealed a fistula at the crest and localized tenderness. Radiographs showed irregular radiolucency and early bone loss around the coronal implant.
	What should be the most appropriate initial clinical approach in this situation?

	11
	Expert
	A 62-year-old female underwent second-stage surgery following healing of a posterior mandibular implant. During abutment torquing, one implant rotated with the surrounding bone. No clinical signs of infection were present.
	What is the most appropriate surgical approach in this situation?

	12
	Difficult
	A 58-year-old male received a two-stage posterior mandibular implant. At the three-week follow-up, the cover screw was exposed through a 2-3 mm mucosal dehiscence. Mild localized tenderness was noted, without suppuration, active bleeding, fever, or significant swelling.
	What is the most appropriate initial clinical approach in this situation?

	Late complications

	13
	Intermediate
	A 60-year-old male returned for follow-up two years after implant placement. Clinical examination showed bleeding on probing around the implant. Radiographs indicated stable marginal bone levels, and no suppuration was present.
	What is the most appropriate treatment approach in this case?

	14
	Difficult
	A 65-year-old female presented with bleeding on probing, mild suppuration, and a 6 mm probing depth around a posterior mandibular implant. Radiographs showed 3-4 mm of horizontal bone loss. The cement-retained implant crown had a suspected submucosal margin. Earlier radiographs indicated a more coronal bone level. The implant was not mobile.
	What is the most appropriate clinical approach in this case?

	15
	Expert
	A 67-year-old male presented three years after implant placement with vertical bone loss of 5 mm or more around the implant, bleeding on probing, and suppuration. Radiographs revealed an intrabony (crater-like) defect. Previous non-surgical treatment did not result in clinical improvement.
	What is the most appropriate treatment approach in this case?

	16
	Difficult
	A 62-year-old male presented with recurrent abutment screw loosening in an implant-supported crown in the posterior mandible. Clinical examination identified a distal cantilever extension on the crown. The screw had been tightened to the recommended torque and the occlusion adjusted, but loosening persisted.
	What is the most appropriate approach for definitive resolution of this problem?

	Hard tissue augmentation complications

	17
	Intermediate
	A 55-year-old female patient received guided bone regeneration (GBR) for horizontal bone augmentation in the posterior mandible during implant treatment planning. A resorbable collagen membrane was used over the graft. Three weeks postoperatively, a 2-3 mm membrane exposure was observed at the surgical site.
	What is the most appropriate clinical approach in this situation?

	18
	Expert
	A 60-year-old male patient underwent ridge augmentation in the posterior maxilla for implant treatment planning, with a d-PTFE membrane placed over the graft. Three weeks later, he presented with pain and swelling at the surgical site. Examination showed no membrane exposure, but pain and swelling persisted over the grafted area.
	What is the most appropriate clinical approach in this situation?

	19
	Difficult
	A 52-year-old male patient underwent GBR with a non-resorbable rigid-reinforced membrane for an advanced horizontal defect in the posterior mandible. Four weeks postoperatively, about 6 mm of membrane exposure developed, with malodor, pain, and suppuration.
	What is the most appropriate clinical approach in this situation?

	20
	Difficult
	A 54-year-old male patient underwent GBR for horizontal hard tissue augmentation in the posterior mandible. Three days later, he presented with bruising and swelling in the buccal area. The flap line remained closed, with no membrane exposure, suppuration, active bleeding, fever, or increasing pain. These findings were consistent with a stable hematoma or ecchymosis.
	What is the most appropriate clinical approach in this situation?

	Peri-implant soft tissue / mucogingival complications

	21
	Intermediate
	A 52-year-old male presented with less than 1 mm of keratinized mucosa around a posterior mandibular implant. He reported discomfort during oral hygiene and function. The implant was stable with no bone loss.
	What is the most appropriate clinical approach in this situation?

	22
	Difficult
	A 35-year-old female presented with mucosal recession and metallic shine-through at the implant neck of an anterior maxillary implant-supported crown. Radiographs showed proper implant position and no bone loss.
	What is the most appropriate approach for esthetic improvement in this situation?

	23
	Difficult
	A 48-year-old female completed healing after anterior maxillary implant placement. Examination showed thin peri-implant soft tissue under 2 mm with translucency. The prosthetic phase had not started.
	What is the most appropriate approach before the prosthetic stage in this situation?

	24
	Expert
	A patient with peri-implantitis showed radiographic bone loss exceeding 50% of the implant length. Despite prior surgical treatment, clinical examination revealed a deep peri-implant pocket with bleeding on probing or suppuration.
	What is the most appropriate clinical approach in this situation?

	Each scenario was preceded by the standardized prompt described in the Methods and shown in Table S2. Difficulty levels (intermediate, difficult, expert) were assigned during scenario development. The set comprised 6 intermediate, 12 difficult, and 6 expert-level scenarios.




	Table S2. Example question and the full responses generated by the four models (Scenario 1)

	Standardized prompt: Think as an experienced implant surgeon. Evaluate the clinical scenario I am about to present in light of the most up-to-date guidelines and robust scientific evidence, and formulate the most appropriate treatment plan. What is the most appropriate intraoperative approach in this situation?

	Scenario 1 (Intermediate): A 56-year-old male underwent sinus augmentation with the lateral window technique for implant placement in the right maxillary first molar area. During membrane elevation, a 7 mm Schneiderian membrane perforation was identified. The sinus cavity was clean, without active infection, and the perforation margins were well defined.

	Model
	Response

	Claude 4.6
	This is a well-defined clinical scenario with clear decision criteria. Let me lay out the management framework and then illustrate the decision pathway.
The 7 mm perforation is the critical data point here. The literature — including Pjetursson et al., Meleo et al., and the ITI Consensus Statements — stratifies perforations into small (<5 mm), medium (5–10 mm), and large (>10 mm). A 7 mm tear places you in the medium category, which is manageable without aborting the procedure, but demands precise technique.Here is the full clinical rationale behind each step:
Why not abort? The sinus is clean, there is no active sinusitis, and the perforation margins are well-defined — all three favorable predictors for successful intraoperative repair. Studies by Ardekian et al. and Hernández-Alfaro et al. confirm that clean, contained perforations ≤ 10 mm, managed with membrane patching, yield survival rates comparable to unperforated cases (>95% at 3–5 years).
The repair — collagen membrane patch. This is the current evidence-based standard. A resorbable collagen membrane (Bio-Gide or equivalent) is the most widely validated material. It should overlap all perforation margins by a minimum of 3–5 mm, be shaped to the sinus cavity's curvature, and positioned so it does not fold or displace when graft particles are introduced. Some surgeons use a figure-of-eight suture through the lateral window to anchor the patch, though this is not universally practiced.
Valsalva verification. Ask the patient to gently exhale against a pinched nose (or use nasal air insufflation if under general anesthesia). No visible membrane movement or air egress through the patch = adequate seal. If the patch lifts or
shifts, it must be repositioned before grafting proceeds.
Graft material selection. With a repaired perforation, several authors recommend using a slower-resorbing xenograft (e.g., deproteinized bovine bone mineral, DBBM) rather than autograft alone. Autograft resorbs rapidly, and the collagen scaffold may not fully mature before volume loss occurs. A 50/50 mix of autograft and DBBM, or DBBM alone, is a reasonable choice.
Postoperative imperatives. These are non-negotiable and should be communicated clearly:
No nose-blowing for at least 3 weeks
Sneeze with mouth open
No CPAP use if applicable (coordinate with the patient's pulmonologist)
Nasal decongestants for 5–7 days to maintain ostial patency
Systemic antibiotics and, if available, antral lavage
CBCT at 5–6 months to assess graft consolidation before implant placement
Implant timing. With an unperforated sinus, many surgeons place the implant simultaneously if primary stability is achievable. With a repaired perforation, the dominant consensus — including the 2014 EAO and 2019 ITI guidance — is to defer implant placement to a second stage at 6–9 months, allowing the repaired membrane and graft to fully mature without the additional risk of implant-related mechanical disruption.
In short: identify, patch, verify, graft carefully, and defer implant placement. The 7 mm perforation with favorable local conditions is entirely manageable without abandoning the procedure.

	ChatGPT 5.4
	For a 7 mm Schneiderian membrane perforation during a lateral window sinus augmentation, with a clean sinus and well-defined tear margins, the most appropriate intraoperative management is to repair the perforation and continue the sinus grafting procedure, rather than aborting it. The best-supported approach for a 5–10 mm perforation is a slow-resorbing collagen membrane used to seal the defect and contain the graft; resorbable sutures, PRF, or a hemostatic agent can be added only if needed to stabilize the repair. (PMC)
In practical terms, I would:
Stop further traction to avoid enlarging the tear.
Gently complete limited membrane elevation around the defect only as needed.
Place a resorbable collagen membrane to cover the perforation and recreate a stable compartment for graft containment.
Proceed with graft placement cautiously only after verifying that graft particles will not escape and the membrane repair is stable.
Place the implant simultaneously only if primary stability and compartment control are predictable; perforations up to 10 mm can generally still be managed with continuation of augmentation, and repaired perforations do not appear to significantly reduce implant survival overall. (PMC)
Why this is the best answer here:
A 7 mm tear = medium-sized perforation. Recent systematic-review guidance specifically recommends slow-resorbing collagen membrane repair for 5–10 mm defects. (PMC)
Modern evidence indicates that a properly repaired perforation is not, by itself, a reason to terminate the procedure and does not clearly worsen implant survival. (PMC)
Techniques reserved for larger defects (>10 mm) or unstable repairs include more complex reconstruction and often delayed implant placement. (PMC)
Best single answer:
Repair the 7 mm perforation with a resorbable slow-resorbing collagen membrane and continue the sinus augmentation, using resorbable sutures/PRF only as adjuncts if needed for stabilization.
A practical exam-style wording would be:
“Medium perforation (7 mm): cover with a resorbable collagen membrane, confirm stable graft containment, then proceed with sinus grafting; do not abort solely because of the perforation.”

	Gemini 3.1
	As an experienced implant surgeon, I can assure you that encountering a Schneiderian membrane perforation is the most common complication during a lateral window sinus augmentation, occurring in roughly 10% to 40% of cases. A 7 mm tear falls into the moderate category (typically defined as 5 to 10 mm).
Because the sinus cavity is clean, devoid of active infection, and the margins are well-defined, the prognosis for successfully repairing this defect and continuing with the augmentation is excellent. Abandoning the procedure is unnecessary.
Here is the most appropriate, evidence-based intraoperative approach to manage this scenario:
1. Tension Release and Mobilization
The first and most critical step is to stop elevating directly at the site of the tear. You must carefully continue elevating the intact membrane circumferentially around the perforation. Mobilizing the membrane extensively releases the elastic tension on the tissue, preventing the 7 mm tear from propagating into a larger defect when the patient breathes or when you place the graft.
2. The Repair (Barrier Membrane Technique)
For a 7 mm defect, the gold standard approach is a repair using a resorbable collagen membrane. Suturing the membrane inside the sinus is technically difficult and often unnecessary for a defect of this size.
Selection: Choose a slow-resorbing, pliable collagen membrane (such as a native porcine or bovine collagen barrier).
Placement: Introduce the membrane dry or slightly moistened into the sinus cavity. Position it to cover the perforation completely.
Extension: The barrier must extend at least 3 to 5 mm beyond the well-defined margins of the tear in all directions to ensure an adequate seal. The
natural moisture and negative pressure of the sinus will help the collagen membrane adhere to the roof of the elevated Schneiderian membrane.
3. The "Loma Linda Pouch" Technique (Optional but Recommended)
If the tear feels unstable, you can utilize the pouch technique. This involves placing a large collagen membrane against the medial, anterior, and posterior walls of the elevated sinus, essentially creating a new, artificial "floor" or "pouch." This isolates the torn Schneiderian membrane entirely from the particulate bone graft you are about to place.
4. Careful Graft Placement
Once the barrier is secure, you can proceed with placing the bone graft.
Pack the particulate graft material with extreme care.
Direct your condensing forces toward the bony floor and the medial wall of the sinus rather than upward toward the repaired membrane. This prevents displacing your collagen patch into the sinus cavity.
5. Decision on Implant Placement
The decision to place the implant simultaneously or stage the procedure should not be dictated by the repaired perforation, but rather by the residual crestal bone height.
Simultaneous Placement: If you have at least 3 to 4 mm of native crestal bone to achieve robust primary stability, you can place the implant during this surgery.
Staged Placement: If primary stability cannot be achieved, simply pack the graft, close the lateral window with another barrier membrane, and wait 6 to 9 months before placing the implant.
Post-Operative Considerations
While this is an intraoperative approach, it is vital to adjust your postoperative protocol. Provide broad-spectrum antibiotic coverage (e.g., Amoxicillin/Clavulanate) to prevent graft infection from sinus flora, prescribe systemic decongestants to keep the ostium patent, and strictly instruct the patient on sinus precautions (e.g., sneezing with the mouth open, no using straws, and no nose blowing for at least two weeks).

	DeepSeek V3.2
	This is a common but critical intraoperative complication. As an experienced implant surgeon, my approach is guided by the principle that a watertight seal of the graft space is paramount to prevent graft migration, sinusitis, and implant failure.
Given the parameters—a 7 mm perforation (classified as medium to large), clean sinus cavity, well-defined margins, and the lateral window technique—the most appropriate intraoperative approach is a controlled, staged repair rather than immediate implant placement.
Here is the step-by-step treatment plan based on current ITI (International Team for Implantology) consensus guidelines and systematic reviews:
1. Assessment and Hemostasis
Do not suction aggressively: Suction near the perforation site will enlarge the tear.
Assess mobility: A 7 mm tear is substantial enough that attempting to suture the membrane directly is often futile due to tissue friability.
Control bleeding: Gently place moistened gauze or a gelatin sponge (e.g., Surgicel) for 2–3 minutes to ensure a dry field, but avoid manipulating the edges further.
2. Membrane Repair Technique
For a perforation of this size (≥5 mm), the current evidence strongly favors the use of a resorbable collagen membrane (e.g., Bio-Gide) as a "patch" rather than attempting primary closure of the Schneiderian membrane itself.
Technique: I would trim a resorbable collagen membrane to extend 3–5 mm
beyond the perforation margins on all sides.
Placement: This patch is placed internally (intrasinus) against the bony window, or occasionally externally (between the
bone and the elevated membrane), to create a scaffold
Fixation: While suturing the membrane is ideal, it is technically difficult via a lateral window. I typically use fibrin glue (Tisseel) to seal the patch to the native membrane margins, or I rely on the pressure of the graft material and the bone window to stabilize it. Current literature suggests that a dual-layer technique (collagen membrane + graft) yields the lowest perforation-related complication rates.
3. Grafting Strategy
Because the perforation is 7 mm (not a pinhole), I will delay implant placement (staged approach).
Rationale: Immediate implant placement in the presence of a perforation >5 mm increases the risk of graft migration into the sinus and failure of osseointegration due to micromovement and contamination.
Graft Material: I will use a slow-resorbing, particulate xenograft (deproteinized bovine bone mineral) .
Why: It is hydrophilic and has a high surface area, which helps to stabilize the clot and the collagen patch. It does not collapse like allografts can under pressure.
Technique: I hydrate the graft in sterile saline, mix it with autologous blood (or PRF), and gently condense it against the repaired membrane. I overfill the window slightly to compensate for potential shrinkage.
4. Window Closure
I will not primary close the lateral window with a membrane if the internal repair is secure.
Instead, I place a resorbable collagen membrane over the bony window externally to protect the graft and prevent soft tissue ingrowth from the buccal flap.
The mucoperiosteal flap is then closed with mattress sutures (e.g., PTFE) to achieve tension-free primary closure.
5. Treatment Timeline
Healing Period: I allow 6 to 9 months for graft maturation.
Re-entry: At re-entry, the graft is typically well-integrated. I will then place the implant following the standard manufacturer’s protocol.
Summary of Evidence-Based Justification
ITI Consensus (2022): For perforations >5 mm, a staged approach with a collagen membrane patch is recommended over immediate implant placement to reduce the risk of postoperative sinusitis (which is reported to be as high as 20% in immediate placement scenarios with large perforations).
Systematic Reviews (Corbella et al., 2023): The use of a collagen membrane to seal the perforation, combined with a staged grafting protocol, yields implant survival rates comparable to non-perforated cases (95%+).
Conclusion: In this scenario, I would repair the perforation with a resorbable collagen membrane and fibrin sealant, graft with DBBM, cover the window, perform primary soft tissue closure, and delay implant placement by 6–9 months.

	Responses are reproduced verbatim as generated by each model for the representative scenario. The corresponding scores assigned during evaluation are shown in the example completed evaluation form (Table S5).



