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Abstract
Background: Preoperative planning in surgery and pre-flight planning in commercial and military aviation share a common structural 

architecture. Both domains require the reconciliation of incomplete information, finite resources and escalating environmental risk within 
compressed time frames, and both are vulnerable to the same class of failure: the cognitive overload of a single decision-maker operating inside 
a system whose complexity has outgrown individual human capacity. While much of the translational literature on aviation-derived safety has 
concentrated on intraoperative checklists and team training, the intellectual parallel between pre-flight planning and preoperative surgical strategy 
has been comparatively neglected.

Objective: To perform a structured comparative analysis of the phases of aviation flight planning and their direct counterparts in surgical 
preoperative optimization, and to evaluate the evidence supporting the transfer of aviation-derived planning and debriefing methodologies into 
surgical practice.

Methods: A narrative comparative review was conducted following a structured search of PubMed/MEDLINE, Scopus, Web of Science and 
the Cochrane Library, supplemented by regulatory and industry documentation from the Federal Aviation Administration and the World Health 
Organization, and by the principal biomedical engineering literature on computational surgical planning. Searches covered the period January 
1990 to October 2026. One hundred and eight records were screened and 106 sources meeting pre-specified relevance criteria were retained. The 
two workflows were decomposed into seven functionally comparable domains, and each domain was analyzed for structural homology, available 
outcome evidence, and transferability constraints. Spinal instrumentation-specifically the accuracy of pedicle screw placement-was adopted as 
the principal worked example in the planning domains, replacing the laparoscopic cholecystectomy exemplar used in earlier formulations of this 
framework.
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Introduction

Surgery and aviation are the two industrial-scale human 
activities in which a well-trained professional acts directly on a 
physical system whose failure can kill people, in real time, without 
the possibility of pausing to consult a colleague. The comparison 
between them is not a rhetorical device invented by health services 
researchers; it is a structural observation that has been made 
repeatedly, and productively, for more than two decades [1,2]. The 
translation of aviation-derived paradigms into clinical practice has 
been associated with measurable reductions in adverse events, 
most visibly through the World Health Organization Surgical Safety 
Checklist [3,4]. That translation, however, has been selective. 
Attention has concentrated overwhelmingly on the intraoperative 
phase: on the checklist, on the time-out, on team communication, 
on crisis resource management training. The pre-procedural 
phase-the interval in which a surgeon gathers information, weighs 
competing risks, allocates resources, selects an approach and 
commits to a strategy-has attracted far less comparative scrutiny, 
despite being structurally the closest analogue to flight planning, 
and arguably the phase in which the greatest volume of latent error 
is generated.

The scale of the problem justifies the effort. An estimated 
313 million surgical procedures are performed worldwide each 
year, and at least 4.2 million people die within thirty days of an 
operation, roughly half of those deaths occurring in low- and 
middle-income countries [5,6]. In high-income settings, adverse 
events occur in approximately 14.4 per cent of surgical patients, 
and systematic review evidence indicates that between 38 and 
52 per cent of surgical adverse events are potentially preventable 

[7,8]. The WHO estimates that up to one in four patients is harmed 
in hospital care in low- and middle-income countries, with 134 
million adverse events annually contributing to around 2.6 million 
deaths [9]. These figures are no longer controversial. What remains 
contested is the causal structure: whether the residual burden 
of preventable surgical harm is best addressed by more rigorous 
execution of intraoperative processes, or by better design of the 
decision-making that precedes the incision.

This article argues for the latter. We propose that surgical 
preoperative optimization and aviation flight planning are 
homologous processes that have been independently optimized 
within two different industries, and that the differences between 
them are as instructive as the similarities. We decompose both 
workflows into seven functionally comparable domains, examine 
each for structural correspondence and for the strength of available 
outcome evidence, and then identify where the analogy breaks 
down. Throughout, spinal instrumentation is used as the principal 
worked example, because it is the surgical domain in which 
the mapping between pre-procedural plan and intraoperative 
execution is most literal and most precisely measurable: a planned 
trajectory in three-dimensional space, an instrumented deviation 
from it, and an outcome-neurological, mechanical or vascular- 
that follows directly from the magnitude and direction of that 
deviation. Finally, we argue that the most consequential and least 
implemented element of the aviation model is not the checklist but 
the mandatory, non-punitive, post-mission debriefing, and that its 
systematic adoption represents the next frontier in surgical quality 
improvement. In doing so we take seriously the substantial critical 
literature that has questioned how far the aviation metaphor can 

Abstract
Results: Six of the seven domains demonstrated substantive structural homology: information gathering maps onto diagnostic imaging, 

three-dimensional reconstruction and patient-specific virtual planning; weight-and-balance and fuel planning map onto surgical armamentarium, 
implant sizing and blood product logistics; route and weather planning with alternate selection maps onto strategic surgical routing and pre-defined 
conversion trigger points; the decision funnel maps onto the contraction of intraoperative decision latitude as unrecognized deviation accumulates; 
emergency procedures and quick reference handbooks map onto standardized algorithms for major intraoperative complications; and pre-
departure checklists map onto the WHO Surgical Safety Checklist. The seventh domain, systematic non-punitive post-procedure debriefing, is where 
the analogy becomes prescriptive rather than descriptive, and identifies the principal cultural divergence between the two industries. Evidence for 
the checklist domain is strong, with pooled data indicating reductions in postoperative morbidity and mortality in the order of one third. Evidence 
in the navigated instrumentation domain is quantitative and robust: pooled accuracy across 78 studies and 51,161 screws was 95.5 per cent for 
CT navigation, 93.1 per cent for freehand, 91.5 per cent for fluoroscopy-assisted and 90.5 per cent for robot-assisted placement, with the thoracic 
spine consistently the least accurate segment. Evidence for briefing, debriefing and team training is directionally positive but heterogeneous, and 
a cluster-randomized trial of aviation-based team training added to an existing checklist programmer found improvement in both arms without a 
between-arm difference.

Conclusions: The aviation flight-planning paradigm offers a coherent, operationally useful organizing framework for surgical preoperative 
optimization. Its value is greatest where it is applied at the level of the planning process rather than imported as specific artefacts or devices. 
Three constraints qualify the transfer: the irreducible biological unpredictability of the patient, the heterogeneity of the surgical team relative to 
a flight crew, and the absence in healthcare of a centralized, mandatory accident-investigation infrastructure. Adoption of a routine, non-punitive, 
multidisciplinary post-procedure debriefing model is the single most defensible and least costly extension of the analogy, and remains the least 
consistently implemented.
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be pushed in medicine, and we attempt to be precise about which 
parts of it survive scrutiny.

Materials and Methods

This study is a narrative comparative review with a structured 
search strategy and pre-specified analytical domains. It is not 
a systematic review and does not claim the methodological 
guarantees of one; the objective was conceptual synthesis rather 
than the pooling of effect estimates, and the comparison of two 
industries with profoundly different evidence cultures does 
not admit a single unified quality appraisal instrument. Where 
quantitative findings are cited, they are reported as published, with 
the design and limitations of the source stated. A structured search 
of PubMed/MEDLINE, Scopus, Web of Science and the Cochrane 
Library was conducted for the period 1 January 1990 to 15 October 
2026, with no language restriction beyond the requirement that an 
English-language abstract or full text be retrievable.

The search combined four concept blocks. The first addressed 
aviation operations and human factors, using terms including 
aeronautical decision making, DECIDE model, flight planning, 
fuel reserve, alternate aerodrome, NOTAM, weather briefing, 
quick reference handbook, crew resource management, and 
line-oriented flight training. The second addressed surgical and 
perioperative safety broadly, using terms including preoperative 
planning, surgical safety checklist, surgical debriefing, morbidity 
and mortality conference, crew resource management in surgery, 
non-technical skills, situational awareness, intraoperative 
adverse event, and failure to rescue. The third addressed spinal 
instrumentation specifically, using terms including pedicle screw, 
pedicle screw accuracy, pedicle screw misplacement, Gertzbein-
Robbins classification, medial breach, lateral breach, triggered 
electromyography, intraoperative navigation, robot-assisted spine 
surgery, three-dimensional printed drill guide, and learning curve. 
The fourth addressed cognitive and organizational mechanisms, 
using terms including cognitive load, working memory, fixation 
error, plan continuation bias, automation complacency, shared 
mental model, high reliability organization, psychological safety, 
and speaking up.

Because aviation safety is documented substantially outside the 
peer-reviewed biomedical literature, the search was supplemented 
by primary regulatory and industry sources, including the 
Federal Aviation Administration Pilot’s Handbook of Aeronautical 
Knowledge and Aviation Weather Handbook, the Skyboard 
aviation safety reference maintained by EUROCONTROL, and 
accident-analytic publications from the Embry-Riddle Aeronautical 
University scholarly repository [10–14]. Patient safety policy 
documentation was drawn from the WHO Global Patient Safety 
Action Plan 2021–2030 and the WHO Safe Surgery programmer 
pages [9,15]. Technical literature on computational surgical 
planning and on instrumentation accuracy was retrieved through 
the same databases.

Records were screened by title and abstract against four pre-
specified inclusion criteria: the record addressed at least one 
aviation safety or flight-planning construct; the record addressed at 

least one surgical or perioperative construct; the record permitted 
a substantive inference about transferability, mechanism or 
outcome; and the record was a peer-reviewed study, systematic 
review, clinical guideline, regulatory document or authoritative 
industry reference. Conference abstracts without retrievable full 
text, opinion pieces without substantive argument, and commercial 
promotional material were excluded. Grey literature was excluded 
except where it represented the primary source documentation of 
a regulatory standard, in which case it was treated as a primary 
document rather than as evidence of effect.

One hundred and eight records were screened, and 106 sources 
were retained in the final synthesis. Because the review spans two 
evidence cultures with incompatible hierarchies of evidence, sources 
were categorized into three tiers for interpretive purposes rather 
than scored on a single scale. Tier 1 comprised randomized and 
cluster-randomized trials, prospective cohorts with independent 
outcome evaluation, and prospective diagnostic accuracy studies. 
Tier 2 comprised systematic reviews and meta-analyses, national 
audits and registry analyses, and large retrospective cohorts. Tier 
3 comprised regulatory standards, industry guidance, narrative 
reviews of mechanism, and theoretical or conceptual contributions. 
No meta-analysis was performed and no formal risk-of-bias 
instrument was applied; the narrative reports the design of each 
cited study so that the reader can weigh it directly.

The comparative analytic framework was constructed 
iteratively. Aviation flight planning was decomposed from the 
FAA Pilot’s Handbook of Aeronautical Knowledge, the Aviation 
Weather Handbook, and the Skyboard fuel-planning definitions 
into its functional stages: acquisition of aircraft status and of route 
and aerodrome information; weight and balance computation; 
fuel requirement computation including reserves and alternate 
fuel; route selection with continuous in-route weather evaluation; 
alternate aerodrome selection; the progressive narrowing of 
decision options as environmental risk increases; rehearsal of 
emergency procedures through memory items and quick reference 
handbooks; and pre-departure verification against standard 
checklists [10,11,13]. These stages were then interrogated against 
the surgical literature to identify the closest functional counterpart 
in preoperative optimization, whether or not the surgical literature 
describes the practice in aviation terms. Where a functional 
counterpart was identified, the domain was retained; where no 
credible counterpart existed, the absence was recorded as a finding 
rather than forced into the framework. Seven domains survived 
this process, and each is analyzed below for structural homology, 
mechanism, available outcome evidence, and transferability 
constraints.

For the worked example, spinal instrumentation was selected 
as the domain in which the plan–execution–outcome chain is most 
directly quantifiable. Three features determined the choice. First, 
the plan is explicit and geometric: a trajectory defined in three-
dimensional space, with a measurable angular and linear deviation 
from the achieved instrument position. Second, deviation is graded 
by an internationally used ordinal instrument, the Gertzbein-
Robbins classification, which assigns breaches of 0–2 mm, 2–4 
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mm and greater than 4 mm to ascending grades and permits 
pooling across studies. Third, the consequences of specific breach 
directions are anatomically predictable and clinically documented, 
which allows a directional error to be traced to a specific class 
of harm rather than to a generic complication. This replaces the 
laparoscopic conversion exemplar used in earlier formulations of 
this framework, which illustrated the same principle but did not 
permit the same precision of measurement.

Two analytical conventions are applied throughout. First, 
structural homology is distinguished from demonstrated effect: 
establishing that two processes are functionally analogous does 
not establish that importing the practice from one to the other 
improves outcomes, and we mark the distinction explicitly in each 
domain. Second, the analysis treats the aviation analogy as a source 
of hypotheses about system design rather than as a validated 
intervention, and the burden of proof is placed on the proposed 
transfer rather than on those who decline it.

Results: Domain-by-Domain Comparison

The comparative decomposition yielded seven functional 
domains in which aviation flight planning and surgical preoperative 
optimization perform a structurally corresponding task Table 
1, supplied as a separate PDF, summarizes the mapping together 

with the strength of the supporting evidence and the principal 
transferability constraint identified for each domain. The spinal 
instrumentation evidence base is reported in Table 2 and is carried 
through the discussion as the principal worked example.

The two tables below accompany the article “Drawing the 
Flight Path of Surgery: A Comparative Analysis of viation Flight 
Planning and Surgical Preoperative Optimisation”. Table 1 maps 
the seven functional domains of aviation flight planning onto their 
surgical counterparts and grades the strength of the supporting 
evidence. Table 2 reports the quantitative accuracy of pedicle 
screw placement by technique, with the directional consequence of 
breach, and supports the spinal instrumentation worked example 
carried through the planning domains of the discussion (Table 1).

	 Key to the Evidence Strength Column

Strong denotes a consistent effect across randomized, 
prospective or multi-cohort evidence. Moderate to strong denotes 
a consistent direction of effect with heterogeneous magnitude. 
Moderate denotes supportive but procedure-specific evidence. 
Directional denotes a plausible mechanism with limited outcome 
evidence. Grading follows the three evidence tiers described in 
Materials and Methods (section 2) (Table 2).

	 Directional Consequence of Breach

Table 1: Structural correspondence between aviation flight planning and surgical preoperative optimization.

Aviation Domain Surgical Counterpart
Evidence

strength
Principal Constraint

Information gathering:

aircraft status, NOTAMs, route

limits

Diagnostic imaging, CT/MRI, 3D

reconstruction, patient-specific

virtual planning

Moderate to

strong

Anatomy is not standardized;

value of added imaging is

procedure-specific

Weight, balance and fuel

reserve computation

Instrumentation, implant sizing,

blood ordering and reserve

Moderate to

strong

Over-ordering wastes a shared

resource unlike surplus fuel

Route and weather planning

with alternate aerodrome

selection

Strategic routing with

pre-briefed conversion and

bail-out trigger points

Moderate
Plan continuation bias is

under-measured in surgery

The decision funnel and

continuous ADM loop

Contraction of intraoperative

decision latitude; curvature of

the error–harm relationship

Moderate
No validated real-time instrument

for surgical decision latitude

Emergency procedures,

memory items, quick

reference handbook

Cognitive aids and algorithms for

major complications
Directional

Outcome transfer less well

established than training effect

Pre-departure checklist

verification

WHO Surgical Safety Checklist

(Sign In, Time Out, Sign Out)
Strong

Communication items are the

least reliably performed

Mandatory non-punitive

post-mission debriefing

Routine post-procedure surgical

debriefing
Directional

Schedule pressure; hierarchy

limits speaking up
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Table 2: Accuracy of pedicle screw placement by technique, with the directional consequence of breach.

Technique
Pooled fully-Interpedicular or Safe-Zone

Accuracy
Source and Evidence Tier

Intraoperative CT navigation 95.5%
Systematic review and meta-analysis, 78

studies, 51,161 screws [95]; Tier 2

Freehand 93.1% As above [95]; Tier 2

Fluoroscopy-assisted 91.5% As above [95]; Tier 2

Robot-assisted 90.5%
As above [95]; confirmatory umbrella

review [96]; Tier 2

Augmented reality navigation
Unacceptable breaches (GRS grade C–E):

0.7% vs 3.6% freehand (p = 0.013)
Comparative cohort [97]; Tier 2

Patient-specific 3D-printed

guides

Superior to freehand in spinal deformity;

reduced total radiation dose

Prospective randomized clinical trial, Level I [98]; 
Tier 1

Patient-specific 3D-printed

guides (cadaveric)

Entry-point accuracy 0.76 ± 0.52 mm;

angular accuracy 3.22 ± 2.34°
Cadaveric accuracy study [103]; Tier 2

Freehand breaches concentrated at L5 and were predominantly 
medial (n = 22)-that is, toward the spinal canal and the traversing 
nerve root. Augmented reality breaches concentrated at L4 and 
were predominantly lateral, while the overall rate of clinically 
unacceptable breach was significantly lower than freehand [97]. 
Medial breaches of less than 2 mm in the lumbar spine produced no 
neurological deficit in any study identified, across thirteen studies. 
Medial breaches of 2–4 mm increased the risk of neurological 
deficit, with one such case developing radiculopathy requiring 
surgical revision. Innon-lumbar segments, medial breach carries 
a materially higher risk of spinal cord injury [99,100]. Risk of 
vertebral artery injury in the sub axial cervical spine is governed by 
a measurable safety margin-the combined distance of the vertebral 
artery from the lateral and medial walls of the transverse foramen-
and the decision to revise should rest on the patient’s clinical 
condition and breach status, rather than on screw position alone 
[115]. Verification caveat: triggered electromyography has very 
high specificity but only fair sensitivity for detecting mispositioned 
screws, with a reported sensitivity of 43.4 per cent at a threshold 
below 5 mA. It functions as a warning indicator rather than 
as a navigation display, and should be briefed and interpreted 
accordingly [108,112]. Source: synthesis of the literature reviewed 
in the accompanying article. Breach grading follows the Gertzbein-
Robbins classification (grade 0, screw within pedicle; grade 1, 
breach <= 2 mm; grade 2, breach > 2–4 mm; grade 3, breach > 4 
mm). Reference numbers correspond to the reference list of the 
article.

Two features of the evidence base are worth stating before 
the domains are examined individually. The first is that the spinal 
instrumentation literature is quantitative in a way that most surgical 
planning literature is not: accuracy is expressed as a proportion of 
acceptable screws within a large denominator, permitting direct 
comparison between techniques. Pooled analysis across 78 studies, 

7,858 patients and 51,161 screws reported fully-interpedicular 
accuracy of 95.5 per cent for intraoperative CT navigation, 93.1 per 
cent for freehand technique, 91.5 per cent for fluoroscopy-assisted 
placement and 90.5 per cent for robot-assisted placement, with 
thoracic screws associated with lower accuracy across techniques 
and robot assistance showing fewer thoracic breaches than 
freehand or fluoroscopy [95]. The second is that the relationship 
between the magnitude of deviation and the probability of harm 
is continuous rather than binary, and is stratified by both direction 
and vertebral level [99,100]. These two features together make 
spinal instrumentation the most rigorous available test case for the 
planning hypothesis advanced in this article.

Discussion

Information Gathering: The Flight Plan and the 
Diagnostic Reconstruction

A pilot’s preparation begins with the assembly of an operational 
picture that is deliberately broader than the flight itself. Aircraft 
status and airworthiness, airman certification and currency, 
aerodrome conditions and notices to airmen, and airspace and route 
limitations are all integrated before any performance computation 
is attempted [10,11]. The distinctive feature of this process is not 
the volume of data but its standardization: the categories are fixed, 
the ordering is conventional, and the briefing is structured so that 
a lapse in one category is detectable by its omission from a fixed 
sequence. The system is designed so that the pilot does not have to 
remember what to look for in surgery the functional counterpart 
is the diagnostic and anatomical appraisal that precedes the 
incision, and in spinal instrumentation the correspondence is 
unusually literal because both professions are working from a 
three-dimensional spatial model of a structure they must traverse 
without error. 
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Computed tomography, magnetic resonance imaging and 
three-dimensional reconstruction act as the surgeon’s spatial 
chart, and the evidence supporting them is now substantial. A 
systematic review of three-dimensional reconstruction in liver 
surgery encompassing 47 studies and 7,724 patients found that 
preoperative three-dimensional reconstruction was used for 
planning in 87.2 per cent of included studies and contributed to 
increased accuracy of resection [16,17]. Virtual surgical planning 
in orthognathic surgery has reached comparable maturity, with 
125 of 133 assessable patients in one systematic review achieving 
a successful outcome against a 2 mm mean difference criterion 
[18]. Broader systematic review confirms that virtual, augmented 
and mixed reality occupy a genuine, if maturing, role in bridging 
conventional imaging and intraoperative execution [20]. In the 
spine, however, the information-gathering step has reached a 
degree of formalization that goes beyond imaging interpretation. 
Patient-specific three-dimensional virtual surgical planning 
translates the preoperative computed tomography into planned 
screw trajectories and then into a physical or digital guide that 
reproduces those trajectories in the operating theatre [101,102].

Cadaveric accuracy assessment of customized drill guides for 
pedicle and lateral mass screw insertion in the cervical and upper 
thoracic spine found an overall entry-point accuracy of 0.76 ± 
0.52 mm and three-dimensional angular accuracy of 3.22 ± 2.34° 
[103]. A prospective randomized clinical trial with independent 
outcome evaluation-Level I evidence-compared freehand insertion 
with patient-specific three-dimensional printed guides in spinal 
deformity and found the guides more accurate, with reduced total 
radiation dose even when the low-dose preoperative planning 
computed tomography was taken into account [98]. In a clinical 
series of cervical pedicle screws placed with patient-specific 
guides, 107 of 115 screws (93.1 per cent) were completely within 
the peduncle, with mean sagittal and transverse angular deviations 
of 2.94° and 3.04° respectively [104]. The comparison sharpens a 
specific point about failure modes. The aviation literature is explicit 
that operating without adequate navigation instrumentation 
in instrument meteorological conditions produces spatial 
disorientation, and that the resulting accident rate is high enough 
to be a defining hazard of the environment [10].

The surgical equivalent is the surgeon who prepares a pedicle 
track from tactile feedback and a mental model rather than from 
a verified spatial representation. The consequence is quantifiable: 
pooled accuracy across 78 studies and 51,161 screws was 95.5 
per cent for intraoperative CT navigation against 93.1 per cent for 
freehand and 91.5 per cent for fluoroscopy-assisted placement, 
and systematic review of prospective in vivo studies found the 
proportion of screws fully contained within the peduncle ranged 
from 69 to 94 per cent using freehand technique, from 28 to 85 
per cent with fluoroscopy guidance, and from 89 to 100 per cent 
with CT navigation [95,105]. A meta-analysis of 3,442 patients and 
43,305 screws reported average safe-zone accuracy of 91.4 per cent 
for freehand or fluoroscopy against 97.3 per cent for navigation 
[106]. The mechanism is consistent with the aviation account: it 
is not more data in the cockpit that prevents disorientation, it is 

reliable presentation of the spatial situation.

A transferability caution applies, and it is the same one that 
applies to the aviation case. Aviation information gathering is 
standardized across a global fleet because aircraft, procedures and 
reporting formats are standardized. Vertebral anatomy is not, and 
the value of additional imaging is segment-specific: the thoracic 
spine is consistently the least accurate segment across techniques, 
and robot assistance has been shown to reduce thoracic breaches 
relative to freehand and fluoroscopy [95]. The lesson to import 
is the discipline of a fixed and complete information set for each 
defined procedure, with explicit criteria for adequacy, rather than 
the adoption of any particular modality or device.

Resource and Logistics Balancing: Weight, Fuel and the 
Surgical Instrumentalism

Aircraft performance is governed by weight and balance 
limitations, and the flight plan computes a fuel figure composed of 
taxi fuel, trip fuel, contingency fuel, alternate fuel and final reserve 
fuel [10,13]. The consequences of getting these numbers wrong 
are asymmetric and unforgiving: excess weight degrades climb 
gradient, while insufficient fuel produces starvation at the least 
convenient point of the flight. Final reserve fuel is defined as the fuel 
required to fly for thirty minutes above the alternate aerodrome, 
and the prohibition on planning a flight that infringes it is explicit 
[13]. The reserve exists because the plan is expected to be wrong.

The surgical counterpart is the preparation of the operative 
armamentarium: specialized instrumentation, implant sizing 
across the anticipated range, backup trays, consumable hemostatic 
agents, intraoperative imaging capability and blood products. 
The analogue of fuel reserve in this domain is blood availability 
and patient blood management, structured around three pillars: 
optimizing the patient’s own red cell mass, minimizing blood 
loss, and optimizing physiological tolerance of anemia [23,24]. 
Preoperative optimization of hemoglobin and iron stores, and the 
deliberate timing of elective surgery to allow that optimization 
to take effect, are explicit recommendations in national guideline 
frameworks [25]. The maximum surgical blood ordering schedule is 
a procedure-specific instrument designed to order sufficient blood 
for 85 to 90 per cent of patients undergoing a given operation, and 
its implementation reduces cross-matched units, waste and cost 
while preserving safety [26,27]; analysis across 53,526 patients 
and 1,632 procedures estimated that eliminating unnecessary 
orders would free annual hospital charges in the order of $211,448 
at a single institution [28].

In spinal instrumentation the reserve calculation has additional 
structure, because the instrumentation itself is the reserve. The 
requirement is not only that the planned implant be available 
across a range of diameters and lengths, but that the means of 
executing a trajectory change be present before the first screw 
is placed. The literature on revision thresholds is explicit that 
apparent malposition is commonly corrected during the operation, 
and that doing so extends operative duration, increases radiation 
time and tissue trauma, increases blood loss, and reduces pull-
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out strength of the revised screw [107]. This is an argument for 
pre-briefed contingency capacity rather than for improvisation: if 
the decision to revise is to be taken expeditiously, the equipment, 
the neuromonitoring and the team’s mutual understanding of 
the threshold must all be established before the relevant screw is 
placed.

Where the analogy diverges is in the cost of misjudging the 
other direction. Over-ordering blood wastes a scarce shared 
resource and, in low- and middle-income settings, can deprive 
another patient; excess fuel principally costs money. And unlike 
fuel, an implant removed after malposition cannot be returned 
to the reserve-the revision consumes it. This asymmetry argues 
for centralized, procedure-level protocols rather than individual 
surgeon discretion-precisely the structure that aviation has 
adopted and surgery largely has not.

Strategic Routing and Environmental Risk: The Flight 
Path and the Screw Trajectory

Aviation flight planning mandates the selection of alternate 
destination aerodromes and the continuous evaluation of in-
route weather [10-12]. The specification of an alternate is not a 
contingency in the colloquial sense; it is a mandatory component of 
the plan, briefed before departure, with its own approach minima, 
fuel availability and ground conditions assessed in advance [12]. The 
FAA Aviation Weather Handbook is explicit that a weather briefing 
is advisory in nature and that the final decision as to whether a 
flight can be conducted safely rests solely with the pilot, and that 
the go or no-go decision should be reached by weighing current 
and forecast conditions rather than by seeking an authoritative 
instruction [11]. The pilot is thus the responsible decision-maker, 
but the decision must be made against a structure that has already 
forced the identification of escape routes.

Spinal instrumentation is the clearest surgical instantiation of 
this domain, because the route and the structure being navigated 
are the same object. The planned trajectory is the flight path; the 
pedicle is the corridor; and the medially deviated screw is the 
aircraft that has drifted into terrain. The pre-briefed alternate 
takes a specific and measurable form: the threshold for abandoning 
a trajectory. The recognized proxies for that threshold are the 
triggered electromyography response and the intraoperative 
imaging check. Systematic review and meta-analysis of triggered 
electromyography found that a current threshold of 10–12 mA with 
a pulse duration of 300 µsec provided the most accurate testing 
parameters for detecting misplaced screws, and concluded that 
the technique has very high specificity but only fair sensitivity 
for detecting mispositioned pedicle screws [108]. Subsequent 
work has refined the interpretation: thresholds of 6 mA or below 
are considered indicative of breach, 6–8 mA a possible breach, 
above 8 mA generally safe, and above 12 mA contact with neural 
structure is rare [109]. A retrospective analysis of 8,584 pedicle 
screw stimulations found that screw stimulation at or below 8 mA 
served as an accurate rule-in test for postoperative neurological 
deficit, warranting intraoperative re-evaluation or replacement of 
the screw [110]. Earlier large-series work on 2,450 consecutively 

placed screws reached a compatible conclusion with a stricter 
cut-off: a positive response below 5.0 mA was highly specific for 
a medial breach but poorly sensitive, while responses at higher 
thresholds were associated with a high rate of false positives [111].

The critical feature for the aviation analogy is what triggered 
electromyography cannot do. It’s very high specificity and only fair 
sensitivity means that a reassuring threshold does not establish 
correct placement; it establishes only the absence of a detected 
breach. In the language of the cockpit, the instrument is a warning 
light, not a navigation display. Systematic review of intraoperative 
neuromonitoring across 9,957 cases has accordingly questioned its 
standalone utility for lumbar pedicle screw placement, and reported 
that a threshold below 5 mA carried a sensitivity of only 43.4 per 
cent for detecting pedicle wall breaches [112]. The operational 
consequence is that the decision to continue a trajectory must 
rest on a pre-briefed combination of evidence -imaging check, 
stimulation threshold, tactile feedback and the surgeon’s appraisal 
of bone quality- established before the case begins, rather than on 
the interpretation of a single intraoperative reading under time 
pressure.

The mechanism that both industries are defending against is 
a well-documented bias. Aviation calls it plan continuation error, 
or get-there-itis; accident analysis in general aviation has found 
that among environment-related fatal accidents, the decision to 
depart into forecast adverse weather was the single most prevalent 
subcategory, accounting for 56 per cent of that category in one 
analysis [14]. In spinal instrumentation the equivalent phenomenon 
is the decision to accept a track that tactile feedback or a borderline 
stimulation threshold has already flagged as doubtful, because the 
pedicle has been prepared, because extraction requires declaring 
that something has gone wrong, or because the instrumentation 
set is already mounted. The structural remedy in both industries 
is the same: the threshold must be chosen and briefed before the 
trajectory is started, when the decision is cheap and unemotional, 
because it will not be chosen well at the moment it becomes 
necessary.

The Cognitive Continuum: The Decision Funnel and the 
Curvature of Harm

The decision funnel describes a dynamic cognitive model in which 
the available option set contracts as time passes and environmental 
hazard increases. In flight, a pilot approaching a convective system 
begins with a wide range of lateral and vertical deviations; as the 
aircraft closes on the hazard, the window for simple avoidance 
narrows until the pilot is confined to high-risk emergency man 
oeuvres. This is not merely a metaphor about shrinking options. 
It is a statement about the cost of late recognition: an identical 
hazard, recognized earlier, is cheap to avoid; recognized later, it is 
expensive to survive.

The aeronautical decision-making literature has responded 
with a formal continuous loop. The DECIDE model directs the pilot 
to Detect the change, Estimate the correction required, choose a 
desirable outcome, identify actions, Do the necessary actions, and 
evaluate the effect of the action, and it is explicitly a loop rather 
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a one-time preflight checklist [32,33]. The specific failure 
the loop is designed to catch is that the pilot may be running 
an outdated version of the problem: undetected, the deviation 
from plan proceeds uncorrected until the option set has already 
collapsed.

Spinal instrumentation offers an unusually precise instantiation 
of the funnel, because the relationship between the magnitude of 
deviation and the probability of harm is documented as a continuous 
function with a distinct threshold rather than as a binary event. A 
systematic review of the risk of neurological deficit in medially 
breached pedicle screws assessed by computed tomography found 
that none of the sub-2 mm medial breaches in lumbar vertebrae 
caused any neurological deficit across thirteen studies, while a 
medial breach of 2–4 mm increased the risk of neurological deficit, 
with one such case developing radiculopathy requiring surgical 
revision [99]. A separate review noted an incidence of nerve 
root injury risk at the 6 mm computed tomography deviation 
level [113]. In non-lumbar segments, medial breach carries a 
materially higher risk of spinal cord injury [99,100]. Directional 
analysis of a comparative cohort reinforces the point: freehand 
breaches concentrated at L5 and were predominantly medial, 
whereas augmented reality breaches concentrated at L4 and were 
predominantly lateral [97].

This is the funnel expressed anatomically. The first millimeter of 
medial deviation is tolerated, and correctly so; the second is where 
the risk begins to climb steeply. A system that reacts only when the 
screw is already in the canal has waited until the terminal part of 
the funnel, where the available corrective actions are extraction, 
revision with alternative instrumentation and management of an 
established deficit. A system that reacts in the first millimeter has 
the option of a trajectory change at negligible cost. The empirical 
foundation for the cognitive account is also now available: 
systematic review of objective cognitive workload assessment in 
surgery confirms that cognitive overload impairs clinical decision-
making and performance, that up to one third of surgical errors can 
be attributed to fatigue and excessive workload, and that burnout 
is significantly associated with surgical errors [37,38]. Prospective 
assessment of surgeons working post-call has found significantly 
poorer non-technical skills ratings for situational awareness, 
decision-making, and communication and teamwork, even where 
discrete error counts did not rise [39,40]. Systematic review of 
cognitive support systems in the operating room indicates that 
such technologies reduce measured mental workload, but that 
their clinical evidence base remains immature and ergonomic 
limitations have hindered adoption [41,42].

The practical implication of the funnel is that the decisive 
intervention point is early, and that its target is recognition 
rather than rescue. The curvature of the harm function in spinal 
instrumentation makes this unusually concrete: the intervention 
sequence-tap, image, stimulate, rod-is itself a series of decision gates, 
and each gate that closes removes options. This is a substantially 
different proposition from improving performance in the terminal 
part of the funnel, and it explains why crisis management training, 
valuable as it is, cannot substitute for early recognition.

Crisis Management and Contained Contingencies: Flight 
Emergencies and Iatrogenic Injury

Aviators mitigate in-flight crises by training intensively for 
worst-case scenarios and by relying on memory items and quick 
reference handbooks that prescribe an ordered sequence of actions 
under time pressure [10,43]. The design logic rests on two premises: 
that severe emergencies degrade the capacity for novel reasoning, 
and that the correct sequence of actions is known in advance and 
therefore should not have to be reconstructed in the moment.

Medical culture has historically treated complications as 
unpredictable anomalies rather than as expected structural events. 
The evidence no longer supports that framing, and in spinal 
instrumentation the taxonomy of harm is unusually well defined. 
A mispositioned screw may cause dural tear, nerve root irritation 
with radicular pain, motor or sensory dysfunction, vascular injury, 
cerebrospinal fluid leak, visceral injury, pedicle fracture and 
implant loosening [113,114]. The vascular dimension is segment-
specific and has been experimentally characterized: cadaveric work 
on sub axial cervical pedicle screw malposition has validated a “safe 
zone” hypothesis defined by the combined distance of the vertebral 
artery from the lateral and medial walls of the transverse foramen, 
with a significant correlation between the safety margin and the 
intraformational area occupied by screws in causing vertebral 
artery damage [115]. That study concluded that the decision for 
revision surgery should be based on the patient’s clinical condition 
and breach status-whether the vessel is displaced or injured- 
rather than on screw position alone [115]. This is a direct surgical 
analogue of the aviation principle that a warning indication must 
be interpreted in the context of the actual system state, not acted 
on reflexively.

Delayed presentations deserve particular emphasis because 
they are the surgical equivalent of the latent failure. One report 
documents a neurological deficit appearing six years after 
adolescent idiopathic scoliosis correction, caused by a medially 
misplaced thoracic pedicle screw [116]. A systematic review of 
mispositioned lumbosacral screws reported misplacement in the 
lumbosacral canal exceeding 8.7 per cent, with revision undertaken 
early in patients showing frank neurological compromise and 
conservative management attempted in those with milder findings 
[113]. The concept of failure to rescue formalizes the same insight 
at the hospital level: death after a complication is not simply the 
gravity of the complication but a property of the system’s capacity 
to recognize and treat it, and between-hospital variation in failure 
to rescue after major surgery is substantial [49,50]. Systematic 
review of intraoperative adverse event grading has nonetheless 
documented a persistent lack of standardization, which limits 
comparison and impedes the very learning that aviation derives 
from classification [47,48].

The aviation-derived recommendation is therefore that major 
procedural complications should be treated as pre-rehearsed 
contingencies rather than as failures. In spinal surgery this means 
procedure-specific cognitive aids for defined catastrophic events- 
major vascular injury during anterior approaches, air embolism, 
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spinal cord monitoring signal loss, cerebrospinal fluid fistula- held 
in the operating theatre and rehearsed in situ. Simulation-based 
crisis resource management training has an established evidence 
base: deliberate practice with focused feedback is a requirement for 
non-technical skill acquisition, briefings that build shared mental 
models improve team performance during subsequent crises, and 
interprofessional crisis simulation has been shown to improve team 
coordination measured on validated instruments [51-53]. Evidence 
for transfer to patient outcomes is more limited. A national stepped-
wedge cluster-randomized trial of in-situ simulation-based team 
training in New Zealand public hospitals could not attribute 
improved patient outcomes to the intervention, plausibly reflecting 
high baseline teamwork and surgical performance, dilution of effect 
over the intervention periods, and confounding by the COVID-19 
pandemic [54].

The honest reading is that the mechanism is sound, the training 
technology is mature, and the outcome evidence is thinner than 
the enthusiasm for it. Rehearsed algorithms plausibly shorten 
response latency and reduce omission error during crises, which is 
what they are designed to do; whether that translates into reduced 
mortality at scale remains less well established than the aviation 
analogy implies.

Operational Safeguards: Checklists and the Verification 
of Trajectory

Checklists in aviation are not memory tests. They are structural 
verification tools designed to catch human error before it translates 
into an accident, and the human factors literature on their design 
is explicit about the conditions under which they work: checklist 
content must be confined to items that are important, that are not 
already reliably performed, and that are not readily verifiable by 
other means [43]. The recognition that approximately 80 per cent 
of aviation accidents are related to human factors, with the largest 
concentrations in the landing and takeoff phases, explains why 
verification is concentrated at those phase boundaries [32].

The WHO Surgical Safety Checklist adapted this concept to 
surgery, dividing the operation into Sign In, Time Out and Sign 
Out, and its introduction was associated with reductions in both 
death and complications in a diverse group of hospitals [3]. In 
the original prospective study of 3,733 consecutive non-cardiac 
surgical patients, the rate of death fell from 1.5 per cent to 0.8 per 
cent and inpatient complications from 11.0 per cent to 7.0 per 
cent [3]. Subsequent cohort analysis in a single tertiary center 
covering 25,513 adult patients found a comparable reduction in 
in-hospital mortality [55], and a five-year implementation analysis 
demonstrated statistically significant reductions in mortality 
and length of admission [56]. Compliance, however, remains the 
binding constraint. Clinical audit of checklist use has repeatedly 
found that the items which promote communication between team 
members are the most poorly performed, and that the items most 
easily reduced to a tick-confirming identity and site-are the ones 
most reliably completed [57].

Spinal instrumentation adds a verification layer that has no direct 
aviation equivalent in the pre-departure checklist, but does have 

one in the post-departure cross-check: the intraoperative imaging 
check of screw position. Here the literature is explicit about the 
limits of the instrument. Triggered electromyography has very high 
specificity but only fair sensitivity [108], and a large-series review 
questioned its standalone utility for lumbar screw placement [112]. 
This is a genuine and constructive complication for the analogy: in 
aviation, a verification step that fails to detect a dangerous condition 
reliably would be redesigned or supplemented. The surgical answer 
has been to supplement the electrical check with an imaging check, 
which is precisely the redundancy principle underlying aviation’s 
use of independent, non-overlapping verification methods.

The broader literature on whether aviation-derived training 
adds to the checklist alone is more sobering. A prospective parallel-
group cluster-randomized trial across 31 hospitals, all of which 
had already implemented a surgical safety checklist a median of 19 
months earlier, randomized operating room teams to an aviation-
based crew resource management training programmer. The risk of 
major adverse events fell from 8.8 to 5.5 per cent in the intervention 
hospitals, but a comparable improvement occurred in the control 
arm, and the trial found no difference between arms [58,59]. An 
umbrella review of crew resource management in healthcare 
has concluded that the evidence base is heterogeneous and that 
the question of whether aviation-style team training changes 
outcomes is not settled [60,61]. Systematic review of operating 
room teamwork nonetheless supports the association between 
structured team training, briefing and debriefing, team familiarity 
and a positive safety climate on one hand and lower postoperative 
morbidity and fewer adverse events on the other, though effects on 
mortality are inconsistent [62].

Three conclusions follow. First, the checklist is a validated 
instrument and its adoption was the correct first move. Second, 
adding aviation-derived training on top of an established checklist 
programmer does not automatically produce additional outcome 
benefit. Third, the mechanism by which checklists work is 
communicative rather than procedural, and the communicative 
items are exactly the ones that get dropped when implementation is 
superficial. The WHO itself notes that the checklist is not intended 
to be comprehensive and encourages local modification [63], a 
point frequently overlooked when a service imports a fixed artefact.

Closing the Loop: Debriefing, Hierarchy and the Learning 
Curve

The most significant cultural divergence between modern 
surgery and aviation lies in post-procedure analysis. Elite military 
aviation mandates a meticulous, non-punitive debriefing after 
every mission regardless of outcome, dissecting human factors, 
communication gaps and micro-errors to refine collective 
performance continuously. Surgical debriefing, by contrast, is 
frequently perfunctory or omitted entirely under schedule pressure 
unless a catastrophic outcome occurs, and the postoperative phase 
has been described in the literature as the forgotten phase of the 
surgical safety checklist [64,65]. This asymmetry matters because 
the debrief is the mechanism by which the other six domains are 
continuously recalibrated. Without it, a checklist becomes a ritual 
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a one-time preflight checklist [32,33]. The specific failure 
the loop is designed to catch is that the pilot may be running 
an outdated version of the problem: undetected, the deviation 
from plan proceeds uncorrected until the option set has already 
collapsed.

Spinal instrumentation offers an unusually precise instantiation 
of the funnel, because the relationship between the magnitude of 
deviation and the probability of harm is documented as a continuous 
function with a distinct threshold rather than as a binary event. A 
systematic review of the risk of neurological deficit in medially 
breached pedicle screws assessed by computed tomography found 
that none of the sub-2 mm medial breaches in lumbar vertebrae 
caused any neurological deficit across thirteen studies, while a 
medial breach of 2–4 mm increased the risk of neurological deficit, 
with one such case developing radiculopathy requiring surgical 
revision [99]. A separate review noted an incidence of nerve 
root injury risk at the 6 mm computed tomography deviation 
level [113]. In non-lumbar segments, medial breach carries a 
materially higher risk of spinal cord injury [99,100]. Directional 
analysis of a comparative cohort reinforces the point: freehand 
breaches concentrated at L5 and were predominantly medial, 
whereas augmented reality breaches concentrated at L4 and were 
predominantly lateral [97].

This is the funnel expressed anatomically. The first millimeter of 
medial deviation is tolerated, and correctly so; the second is where 
the risk begins to climb steeply. A system that reacts only when the 
screw is already in the canal has waited until the terminal part of 
the funnel, where the available corrective actions are extraction, 
revision with alternative instrumentation and management of an 
established deficit. A system that reacts in the first millimeter has 
the option of a trajectory change at negligible cost. The empirical 
foundation for the cognitive account is also now available: 
systematic review of objective cognitive workload assessment in 
surgery confirms that cognitive overload impairs clinical decision-
making and performance, that up to one third of surgical errors can 
be attributed to fatigue and excessive workload, and that burnout 
is significantly associated with surgical errors [37,38]. Prospective 
assessment of surgeons working post-call has found significantly 
poorer non-technical skills ratings for situational awareness, 
decision-making, and communication and teamwork, even where 
discrete error counts did not rise [39,40]. Systematic review of 
cognitive support systems in the operating room indicates that 
such technologies reduce measured mental workload, but that 
their clinical evidence base remains immature and ergonomic 
limitations have hindered adoption [41,42].

The practical implication of the funnel is that the decisive 
intervention point is early, and that its target is recognition 
rather than rescue. The curvature of the harm function in spinal 
instrumentation makes this unusually concrete: the intervention 
sequence-tap, image, stimulate, rod-is itself a series of decision gates, 
and each gate that closes removes options. This is a substantially 
different proposition from improving performance in the terminal 
part of the funnel, and it explains why crisis management training, 
valuable as it is, cannot substitute for early recognition.

Crisis Management and Contained Contingencies: Flight 
Emergencies and Iatrogenic Injury

Aviators mitigate in-flight crises by training intensively for 
worst-case scenarios and by relying on memory items and quick 
reference handbooks that prescribe an ordered sequence of actions 
under time pressure [10,43]. The design logic rests on two premises: 
that severe emergencies degrade the capacity for novel reasoning, 
and that the correct sequence of actions is known in advance and 
therefore should not have to be reconstructed in the moment.

Medical culture has historically treated complications as 
unpredictable anomalies rather than as expected structural events. 
The evidence no longer supports that framing, and in spinal 
instrumentation the taxonomy of harm is unusually well defined. 
A mispositioned screw may cause dural tear, nerve root irritation 
with radicular pain, motor or sensory dysfunction, vascular injury, 
cerebrospinal fluid leak, visceral injury, pedicle fracture and 
implant loosening [113,114]. The vascular dimension is segment-
specific and has been experimentally characterized: cadaveric work 
on sub axial cervical pedicle screw malposition has validated a “safe 
zone” hypothesis defined by the combined distance of the vertebral 
artery from the lateral and medial walls of the transverse foramen, 
with a significant correlation between the safety margin and the 
intraformational area occupied by screws in causing vertebral 
artery damage [115]. That study concluded that the decision for 
revision surgery should be based on the patient’s clinical condition 
and breach status-whether the vessel is displaced or injured- 
rather than on screw position alone [115]. This is a direct surgical 
analogue of the aviation principle that a warning indication must 
be interpreted in the context of the actual system state, not acted 
on reflexively.

Delayed presentations deserve particular emphasis because 
they are the surgical equivalent of the latent failure. One report 
documents a neurological deficit appearing six years after 
adolescent idiopathic scoliosis correction, caused by a medially 
misplaced thoracic pedicle screw [116]. A systematic review of 
mispositioned lumbosacral screws reported misplacement in the 
lumbosacral canal exceeding 8.7 per cent, with revision undertaken 
early in patients showing frank neurological compromise and 
conservative management attempted in those with milder findings 
[113]. The concept of failure to rescue formalizes the same insight 
at the hospital level: death after a complication is not simply the 
gravity of the complication but a property of the system’s capacity 
to recognize and treat it, and between-hospital variation in failure 
to rescue after major surgery is substantial [49,50]. Systematic 
review of intraoperative adverse event grading has nonetheless 
documented a persistent lack of standardization, which limits 
comparison and impedes the very learning that aviation derives 
from classification [47,48].

The aviation-derived recommendation is therefore that major 
procedural complications should be treated as pre-rehearsed 
contingencies rather than as failures. In spinal surgery this means 
procedure-specific cognitive aids for defined catastrophic events- 
major vascular injury during anterior approaches, air embolism, 
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spinal cord monitoring signal loss, cerebrospinal fluid fistula- held 
in the operating theatre and rehearsed in situ. Simulation-based 
crisis resource management training has an established evidence 
base: deliberate practice with focused feedback is a requirement for 
non-technical skill acquisition, briefings that build shared mental 
models improve team performance during subsequent crises, and 
interprofessional crisis simulation has been shown to improve team 
coordination measured on validated instruments [51-53]. Evidence 
for transfer to patient outcomes is more limited. A national stepped-
wedge cluster-randomized trial of in-situ simulation-based team 
training in New Zealand public hospitals could not attribute 
improved patient outcomes to the intervention, plausibly reflecting 
high baseline teamwork and surgical performance, dilution of effect 
over the intervention periods, and confounding by the COVID-19 
pandemic [54].

The honest reading is that the mechanism is sound, the training 
technology is mature, and the outcome evidence is thinner than 
the enthusiasm for it. Rehearsed algorithms plausibly shorten 
response latency and reduce omission error during crises, which is 
what they are designed to do; whether that translates into reduced 
mortality at scale remains less well established than the aviation 
analogy implies.

Operational Safeguards: Checklists and the Verification 
of Trajectory

Checklists in aviation are not memory tests. They are structural 
verification tools designed to catch human error before it translates 
into an accident, and the human factors literature on their design 
is explicit about the conditions under which they work: checklist 
content must be confined to items that are important, that are not 
already reliably performed, and that are not readily verifiable by 
other means [43]. The recognition that approximately 80 per cent 
of aviation accidents are related to human factors, with the largest 
concentrations in the landing and takeoff phases, explains why 
verification is concentrated at those phase boundaries [32].

The WHO Surgical Safety Checklist adapted this concept to 
surgery, dividing the operation into Sign In, Time Out and Sign 
Out, and its introduction was associated with reductions in both 
death and complications in a diverse group of hospitals [3]. In 
the original prospective study of 3,733 consecutive non-cardiac 
surgical patients, the rate of death fell from 1.5 per cent to 0.8 per 
cent and inpatient complications from 11.0 per cent to 7.0 per 
cent [3]. Subsequent cohort analysis in a single tertiary center 
covering 25,513 adult patients found a comparable reduction in 
in-hospital mortality [55], and a five-year implementation analysis 
demonstrated statistically significant reductions in mortality 
and length of admission [56]. Compliance, however, remains the 
binding constraint. Clinical audit of checklist use has repeatedly 
found that the items which promote communication between team 
members are the most poorly performed, and that the items most 
easily reduced to a tick-confirming identity and site-are the ones 
most reliably completed [57].

Spinal instrumentation adds a verification layer that has no direct 
aviation equivalent in the pre-departure checklist, but does have 

one in the post-departure cross-check: the intraoperative imaging 
check of screw position. Here the literature is explicit about the 
limits of the instrument. Triggered electromyography has very high 
specificity but only fair sensitivity [108], and a large-series review 
questioned its standalone utility for lumbar screw placement [112]. 
This is a genuine and constructive complication for the analogy: in 
aviation, a verification step that fails to detect a dangerous condition 
reliably would be redesigned or supplemented. The surgical answer 
has been to supplement the electrical check with an imaging check, 
which is precisely the redundancy principle underlying aviation’s 
use of independent, non-overlapping verification methods.

The broader literature on whether aviation-derived training 
adds to the checklist alone is more sobering. A prospective parallel-
group cluster-randomized trial across 31 hospitals, all of which 
had already implemented a surgical safety checklist a median of 19 
months earlier, randomized operating room teams to an aviation-
based crew resource management training programmer. The risk of 
major adverse events fell from 8.8 to 5.5 per cent in the intervention 
hospitals, but a comparable improvement occurred in the control 
arm, and the trial found no difference between arms [58,59]. An 
umbrella review of crew resource management in healthcare 
has concluded that the evidence base is heterogeneous and that 
the question of whether aviation-style team training changes 
outcomes is not settled [60,61]. Systematic review of operating 
room teamwork nonetheless supports the association between 
structured team training, briefing and debriefing, team familiarity 
and a positive safety climate on one hand and lower postoperative 
morbidity and fewer adverse events on the other, though effects on 
mortality are inconsistent [62].

Three conclusions follow. First, the checklist is a validated 
instrument and its adoption was the correct first move. Second, 
adding aviation-derived training on top of an established checklist 
programmer does not automatically produce additional outcome 
benefit. Third, the mechanism by which checklists work is 
communicative rather than procedural, and the communicative 
items are exactly the ones that get dropped when implementation is 
superficial. The WHO itself notes that the checklist is not intended 
to be comprehensive and encourages local modification [63], a 
point frequently overlooked when a service imports a fixed artefact.

Closing the Loop: Debriefing, Hierarchy and the Learning 
Curve

The most significant cultural divergence between modern 
surgery and aviation lies in post-procedure analysis. Elite military 
aviation mandates a meticulous, non-punitive debriefing after 
every mission regardless of outcome, dissecting human factors, 
communication gaps and micro-errors to refine collective 
performance continuously. Surgical debriefing, by contrast, is 
frequently perfunctory or omitted entirely under schedule pressure 
unless a catastrophic outcome occurs, and the postoperative phase 
has been described in the literature as the forgotten phase of the 
surgical safety checklist [64,65]. This asymmetry matters because 
the debrief is the mechanism by which the other six domains are 
continuously recalibrated. Without it, a checklist becomes a ritual 
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a)	 Adopt a fixed, procedure-specific preoperative information 
set with explicit adequacy criteria, and require documented 
personal review of the imaging and of the planned trajectories 
by the operating surgeon.

b)	 Implement procedure-level maximum blood ordering 
schedules and structured preoperative coordination between 
surgical, anesthetic and transfusion services, mirroring the 
fuel-planning meeting logic.

c)	 Define and document the verification package for each 
instrumented procedure before the case begins: which 
check is used at which level, what its known sensitivity and 
specificity are, and what result constitutes a stop. Triggered 
electromyography should be understood and briefed as a 
highly specific but only fairly sensitive warning indicator, not 
as a navigation display [108,112].

d)	 Require a documented, pre-briefed trajectory-change criterion 
for each instrumented level, expressed in anatomical terms 
and in millimeters, and communicate it to the whole team 
before the first screw is placed.

e)	 Introduce a mandatory pre-incision briefing of no more than 
two minutes covering the plan, the anticipated difficulty, the 
levels of greatest risk and the specific findings the team should 
be watching for.

f)	 Place procedure-specific cognitive aids for defined catastrophic 
events in the operating theatre and rehearse them in situ 
rather than only in the simulation center.

g)	 Institute a routine postoperative debrief of no more than three 
minutes, held before room turnover, structured around what 
went well, what deviated from plan, and what should change 
next time.

h)	 Feed debriefs outputs into a registry-linked morbidity and 
mortality process with explicit follow-up on actions, so that 
debrief data become quality improvement input rather than 
commentary.

i)	 Instrument the pathway, not the intention: measure briefing 
compliance, debrief completion rate, trajectory-criterion 
documentation, revision and conversion rates, and Gertzbein-
Robbins-graded breaches against pre-planned trajectories, and 
audit them as process measures alongside outcome measures.

Two implementation principles are drawn from the evidence 
and are worth stating because they are commonly violated. First, 
the mechanism of a checklist is communicative, and compliance 
audits that count ticked boxes while omitting team introduction 
and shared-risk discussion measure the wrong thing; the 
communication items are both the most valuable and the most 
fragile [57,67]. Second, local adaptation is not a concession but a 
condition of effectiveness. The WHO explicitly invites modification 
of its checklist to fit local practice [63], and the cluster-randomized 
evidence suggests that successful implementation of aviation-based 
team training requires adaptation of its principles to the surgical 
milieu rather than faithful transplantation [58,59]. Transferring a 

foreign artefact wholesale is the most reliable way to produce the 
appearance of compliance without the behavior.

Future Directions

Four research priorities emerge, the fourth of which is 
specific to the worked example. The first is instrumented process 
measurement in the planning domain: the aviation comparison is 
supported largely by structural argument, and the planning domain 
lacks an instrument analogous to Cassandra. Deploying Cassandra-
graded adverse event capture alongside documented planning 
artefacts would allow the central hypothesis of this article to be 
tested rather than asserted [44-46]. The second is the economics 
and feasibility of debriefing at scale in resource-constrained 
systems, since the objections raised in high-income settings concern 
time and throughput, and these constraints bind harder where the 
perioperative mortality burden is concentrated [5,6,9]. The third 
is the refinement of objective cognitive workload measurement, 
including through pupillometry and heart-rate variability; real-time 
feedback on overload that enables timely intraoperative adjustment 
is directly analogous to the workload-management function of crew 
resource management, and would convert the decision funnel from 
a conceptual model into a monitorable operational state [37,94].

The fourth priority is specific to spinal instrumentation and is, in 
our view, the most consequential. The literature currently reports 
accuracy as an aggregate proportion of acceptable screws. What 
it does not report, and what the aviation analogy demands, is the 
conditional question: given a documented deviation at a defined 
magnitude and direction, what was the probability and severity 
of harm, and what corrective action was taken at which point in 
the case? Systematic review of the risk of neurological deficit in 
medially breached screws has begun this work by stratifying by 
breach magnitude and vertebral level [99], and the cadaveric safe-
zone work on vertebral artery injury has begun it for the vascular 
dimension [115]. What is needed is a prospective instrument that 
records, for every instrumented screw, the planned trajectory, the 
achieved trajectory, the direction and magnitude of any deviation, 
the verification findings at the time of decision, and the action 
taken-so that the relationship between deviation geometry, timing 
of recognition and clinical outcome becomes empirically estimable 
rather than inferred. That instrument would be the surgical 
equivalent of the flight data recorder, and without it the planning 
hypothesis of this article remains, precisely, a hypothesis.

Conclusions

Preoperative surgical planning and pre-flight aviation planning 
are homologous processes, and the homology is structural rather 
than metaphorical. Both domains require the integration of 
incomplete information into a committed plan, the allocation of 
finite resources with asymmetric penalties for underestimation, 
the pre-selection of escape routes before the moment of need, the 
preservation of decision latitude by early recognition of deviation, 
verification against a standardized sequence, and the systematic 
conversion of individual experience into organizational learning. 
Six of the seven domains examined display substantive structural 
correspondence, and spinal instrumentation provides the closest 
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available instantiation of the analogy because the plan, the deviation 
and the consequence are all directly measurable.

Spinal instrumentation also demonstrates the analogy’s value 
at its most concrete. Pooled accuracy across 78 studies and 51,161 
screws ranges from 90.5 per cent for robot-assisted placement to 
95.5 per cent for intraoperative CT navigation, with freehand at 
93.1 and fluoroscopy-assisted at 91.5 per cent, and the thoracic 
spine is consistently the least accurate region [95]. The relationship 
between error and harm is continuous rather than binary: sub-2 
mm medial breaches in the lumbar spine produced no neurological 
deficit in any study identified, while 2–4 mm medial breaches 
increased the risk of deficit, and non-lumbar medial breach carries 
a materially higher risk of spinal cord injury [99,100]. Freehand 
breaches concentrate at L5 and are predominantly medial-
toward the canal and the traversing root [97]. This is the decision 
funnel expressed in anatomy, and it establishes that the decisive 
intervention point is early, geometric and measurable, not late and 
heroic.

The strength of the case for transfer is not uniform across 
domains. In information gathering, resource planning and 
checklists, the analogy is largely descriptive of practices surgery 
has already validated, with checklist implementation associated 
with reductions in morbidity and mortality of roughly one third 
and a consistent direction of effect across cohorts and national 
audits [3,55,56]. In strategic routing, the decision funnel and crisis 
management, the analogy is generative: it reframes existing but 
sporadic surgical practices as systematic operational requirements. 
In routine post-procedure debriefing, the analogy is prescriptive 
and identifies the largest remaining gap. The evidence for the 
debriefs specific value in a skills-learning domain is unusually 
direct, because instrumentation accuracy improves measurably 
with accumulated experience-from 5.1 to 2.0 per cent malposition 
across successive patient cohorts in navigated lumbar placement, 
with significant improvement after approximately thirty screws 
[118,119]. That improvement represents knowledge acquired at 
the cost of the earlier patients, and a contemporaneous structured 
debrief is the only mechanism that would preserve it.

Three constraints must qualify the conclusion. The irreducible 
biological and geometric unpredictability of the patient-reinforced, 
in this domain, by a tolerance for error sometimes smaller than the 
resolution of the instruments used to plan and verify it-means that 
some residual deviation reflects neither planning nor execution 
failure [99,121]. The heterogeneity of the surgical team relative 
to a two-person flight crew means that interventions designed 
for a cockpit operate under assumptions that do not hold in an 
operating theatre, with the interpretation of neuromonitoring by a 
person other than the operator being a specific instance [89]. And 
the absence in healthcare of a mandatory, independent, technically 
authoritative investigation function means that importing the 
debrief without the apparatus that gives a debrief consequence 
reproduces form without function [90,91].

Surgery should therefore not become aviation, and the frequent 
invocation of aviation as a rhetorical standard of perfection 

obscures more than it clarifies. What surgery can take from aviation 
is a discipline of planning: a fixed and complete information set 
for each defined procedure, an explicit resource and reserve 
calculation, a pre-briefed escape route measured in millimeters 
and degrees, an instrumented awareness of the narrowing decision 
window, a rehearsed response to the predictable catastrophe, 
documented knowledge of what each verification instrument can 
and cannot detect, and-above all-the routine, unhurried, blame-free 
examination of what actually happened. The first seven are largely 
within the reach of individual teams. The eighth requires a change 
in what operating theatres treat as the end of a case, and it is the 
one on which the durability of all the others depends.
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