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Intraoperative failure of the robotic workflow in spine surgery: incidence, failure modes 1 

and predictors of conversion to freehand or navigated technique. A systematic review 2 

and meta-analysis of proportions 3 

 4 

ABSTRACT 5 

Purpose. Robot-assisted spine surgery has been assessed almost entirely through pedicle 6 

screw accuracy. Intraoperative conversion to freehand or navigated technique has not been 7 

synthesised as a primary outcome. We estimated its incidence, applied a pre-specified failure-8 

mode taxonomy and examined predictors of conversion. 9 

Methods. Systematic review and meta-analysis of proportions, registered on PROSPERO 10 

before searching. MEDLINE, Europe PMC and Cochrane CENTRAL were searched on 18 11 

September 2026 using a robot-and-spine strategy with a workflow-failure overlay. Clinical 12 

series of ten or more patients reporting a conversion numerator with a matched denominator 13 

were eligible; overlapping cohorts were collapsed. Random-effects logit DerSimonian–Laird 14 

models estimated per-case any conversion (Grade 2 or 3) and Grade 3 total abandonment, 15 

with Clopper–Pearson study intervals and 95% prediction intervals. Series silent on 16 

conversion were not treated as reporting zero. 17 

Results. Thirteen independent sources (2,728 robot-attempted cases) entered the per-case 18 

models. Pooled any-conversion incidence was 3.6% (95% CI 2.1–6.3) with a 95% prediction 19 

interval of 0.5–23.6% (I² 81%). Most contributing numerators capture total abandonment 20 

only, so 3.6% is a lower bound on the primary outcome rather than an estimate of it. Grade 3 21 

abandonment was 2.8% (1.7–4.6; 95% PI 0.6–13.2). Sources including the first institutional 22 

cases pooled at 7.1% (4.5–11.0) against 1.4% (0.8–2.6) in later or larger series. First-23 



generation Mazor platforms pooled higher than third-generation Mazor and floor-mounted 24 

ExcelsiusGPS. Registration and tracking accounted for 57% and the instrument–bone 25 

interface for 23% of 74 classified mechanisms; that denominator is stated mechanisms and 26 

not the 76 case-level conversion events, and a single source contributes 20 of the 74, so these 27 

percentages must not be applied to case counts. 28 

Conclusion. A single pooled percentage is not sufficient for procurement planning. The 29 

prediction intervals, and not the pooled values of 3.6% and 2.8%, are the planning figures: 30 

conversion in a new series is compatible with anything between approximately 1 in 200 cases 31 

and 1 in 4, and most of that spread reflects platform generation and operator experience. 32 

Certainty in the pooled incidence is very low. Accuracy estimates that exclude converted 33 

screws overstate what the device delivers in practice. 34 

Keywords. Robot-assisted spine surgery; Conversion to freehand; Robot abandonment; 35 

Registration failure; Pedicle screw; Meta-analysis of proportions 36 

INTRODUCTION 37 

Robot-assisted spinal instrumentation has been evaluated almost entirely through pedicle 38 

screw accuracy [1]. Systematic and umbrella reviews have pooled Gertzbein–Robbins grades, 39 

facet joint violation, radiation exposure, blood loss and length of stay against freehand and 40 

navigated techniques [2–6]. The outcome that determines whether a robot can be used at all 41 

in a given case has not been synthesised: how often the robotic workflow fails during surgery, 42 

obliging the surgeon to revert to freehand or navigated placement. 43 

Conversion is a within-paper outcome that is not indexed. It rarely appears in a title, is often 44 

absent from the abstract and has no MeSH term. Individual series report registration failure, 45 

cannula skiving, guide-wire slippage, displacement of the reference array and abandonment 46 

of the robot, usually within a single sentence of the complications paragraph [7–13]. High-47 



volume multicentre series now report abandonment as a named endpoint [14–16], and 48 

learning-curve analyses have shown conversion falling after the first thirty cases [8]. These 49 

data have not been pooled, no common taxonomy has been applied, and predictors have not 50 

been examined. 51 

Units preparing a capital business case need to know whether the robot is abandoned in 1 in 52 

20 cases or 1 in 200; accuracy meta-analyses generally exclude converted screws, removing 53 

the most difficult screws and raising reported accuracy; and credentialling depends on 54 

whether conversion is a learning-curve effect or is driven by platform and anatomy. This 55 

paper reports the incidence synthesis, failure-mode taxonomy and predictor analysis specified 56 

in a protocol registered before any search was run. 57 

METHODS 58 

Protocol, registration and reporting 59 

The review follows a protocol registered on PROSPERO before any search was run. 60 

Reporting follows PRISMA 2020 [17], PRISMA-S for the search [18] and SWiM for the 61 

narrative elements [19]. Certainty was assessed using GRADE adapted for incidence 62 

questions [20]. Screening and full-text assessment against locked eligibility criteria were 63 

carried out independently by two reviewers, with disagreements resolved by a third. Data 64 

were extracted in duplicate. 65 

Outcome definitions 66 

Definitions were locked before extraction because the primary literature does not use 67 

consistent terminology. Grade 0 denotes a case completed with robotic guidance throughout 68 

and Grade 1 a recoverable interruption (re-registration, re-scan, re-docking, arm 69 

repositioning, replanning or re-attachment of the reference array) with robotic technique 70 



retained for all planned screws. Grade 2 denotes partial conversion, in which at least one 71 

planned screw is abandoned from the robotic workflow and completed freehand or by 72 

navigation while the robot is used for the remainder. Grade 3 denotes total abandonment for 73 

the rest of the case. 74 

The primary outcome is the per-case proportion with Grade 2 or Grade 3 failure; Grade 3 is a 75 

pre-specified secondary outcome. Grade 1 is expected to be substantially under-captured and 76 

was not pooled, and per-case and per-screw denominators were not combined in any model. 77 

Each event was also coded to a six-part mechanism taxonomy, from A, registration and 78 

tracking, to F, unclassifiable, set out in full in Table 5. Authors' own labels were recorded 79 

verbatim but did not determine the grade. 80 

Eligibility criteria 81 

Human clinical studies of robot-assisted spinal surgery were eligible in any region, for any 82 

indication, at any age, on any platform with a robotic end-effector, with designs limited to 83 

randomised trials, comparative and single-arm cohorts and consecutive series of ten or more 84 

patients or fifty or more robotically planned screws. A study had to report conversion, 85 

abandonment or workflow failure as a numerator with a matched denominator, including an 86 

explicit statement of zero events. Cadaveric, phantom, animal and simulation studies, case 87 

reports, reviews, navigation without a robotic end-effector, and studies in which the robot-88 

arm denominator could not be separated were excluded. No language restriction was applied; 89 

the date limit was 1 January 2005. 90 

Information sources and search 91 

Searches were run on 18 September 2026 in MEDLINE via PubMed (n = 1,902), Europe 92 

PMC (n = 1,406) and Cochrane CENTRAL with the randomised-trial subset via PubMed (n = 93 

182). OpenAlex was queried as a proxy for Embase- and Scopus-indexed journals but 94 



returned HTTP 429, a protocol deviation likely to have under-sampled Embase-only records; 95 

CNKI, Wanfang and KoreaMed were not searched. Identification used protocol Strand B, 96 

combining robot-and-spine terms with a workflow-failure overlay, with a hand-assembled 97 

seed set and citation chasing from included papers and the major accuracy reviews [2–6]. 98 

Strand A (robot AND spine, no outcome terms) was not run, which over-samples series that 99 

named conversion and makes a literature-wide reporting-completeness percentage impossible 100 

to calculate. Corresponding authors of silent series were not contacted and no PRESS review 101 

was obtained. Final strategies are in the supplementary file. 102 

Selection, extraction and management of overlap 103 

Records were deduplicated by PMID and DOI, and 96 clinical reports were read in full for a 104 

matched conversion numerator. Overlapping cohorts were identified by authorship, 105 

institution, platform, study dates and sample size, and the largest or most completely reported 106 

source retained: Hu 2013 within Hu 2014 [7,8]; Wallace 2020, reporting the same first 106 107 

ExcelsiusGPS cases as Jain 2019 [9]; three Lee reports overlapping the four-centre series of 108 

Lee 2022 (n = 722), which was retained for the primary models, its matched platform arms 109 

being used only in the platform subgroup [14–16,21]; and Pojskić 2021 within Pojskić 2025 110 

[22,23]. PRoGRSS may share centres with the Lee Stealth cohort and was dropped in a 111 

sensitivity analysis [24]. Table 2 maps the overlap. An explicit statement of zero events with 112 

a matched denominator was eligible; a missing statement was not treated as zero and was not 113 

imputed. Studies with a numerator but no matched case denominator were used only in the 114 

per-screw display. 115 

Risk of bias 116 

RoB 2, ROBINS-I and the JBI case-series checklist [25–27] do not address ascertainment of 117 

an unindexed outcome. A bespoke domain was applied to every source, recording whether 118 



conversion was pre-specified, whether a definition was given, whether the cohort was 119 

consecutive, whether collection was prospective, whether the denominator was explicit, and 120 

whether industry relationships were declared. Industry relationships were recorded separately 121 

from the risk-of-bias judgement. 122 

Synthesis 123 

The protocol specified a random-intercept logistic generalised linear mixed model (GLMM) 124 

as the primary mixed model and logit DerSimonian–Laird for reporting [28]. Analyses used 125 

Python 3. The reported model is inverse-variance DerSimonian–Laird on the logit scale with 126 

a 0.5 continuity correction confined to zero-event and all-event studies; study-level intervals 127 

are Clopper–Pearson and uncorrected [29,30]. A Breslow–Clayton penalised quasi-likelihood 128 

GLMM is reported as the protocol-specified mixed model, and the Freeman–Tukey double-129 

arcsine transformation as sensitivity only, because back-transformation at the harmonic mean 130 

sample size is a recognised source of bias and no conclusion rests on it [31]. 131 

For each model we report the pooled proportion, its 95% confidence interval, τ², I², Q with its 132 

p value, and a 95% Higgins–Thompson prediction interval [32]. The protocol specified that if 133 

I² exceeded 85% and subgroups did not explain it, the forest plot would be shown without a 134 

pooled diamond. Pre-specified subgroups were platform family, inclusion of the learning 135 

curve, design, outcome pre-specification, era, geography and industry funding. Leave-one-out 136 

analysis and exclusion of industry-related and overlapping-alternative sources were pre-137 

specified sensitivity analyses. 138 



RESULTS 139 

Study selection 140 

After deduplication, 2,022 unique records were screened; 96 were read in full and 24 141 

provided a matched count. After overlap mapping, 13 independent sources contributing 2,728 142 

robot-attempted cases entered the per-case models [8–13,16,22,24,33–36]. Six sources 143 

contributing 2,745 planned screws entered the per-screw display [9,12,37–40]. Lonjon 2016 144 

reported four of 40 screws placed manually after failed robotic assistance but did not state 145 

how many cases these occupied, so only the per-screw figure was used [37]. Devito 2010 and 146 

van Dijk 2015, the latter having excluded aborted cases, could not yield an unbiased rate and 147 

were not pooled [41,42], and large accuracy series silent on conversion were not treated as 148 

reporting zero [43,44]. Figure 1 shows the PRISMA flow. 149 

Characteristics of included sources 150 

The 13 sources were published between 2012 and 2026 and cover eight platform designations 151 

from four manufacturers. One is a randomised trial [12], two are prospective non-randomised 152 

series [24,34] and ten are retrospective. Ten pre-specified conversion or abandonment as an 153 

outcome and eight include first robotic cases. Two have declared industry relationships or are 154 

industry-supported registries [8,24]. Seven sources are from the United States and three from 155 

Germany, with one each from Italy, China and the United Kingdom, and case numbers range 156 

from 30 to 722. Tables 1 to 3 give the design, platform, numerator and verbatim definition for 157 

each source, the overlap map and the ascertainment domain. 158 

Two denominators are narrower than the cohort reported elsewhere in the same source and 159 

are carried through as published. Baig Mirza 2026 reports 2 of 39 documented cases rather 160 

than all 50 consecutive patients, because checklist fields were introduced progressively [33]; 161 

Singh 2025 reports 2 of 56 drawn from 85 consecutive operations after excluding those 162 



without 90-day follow-up [36]. If conversion can occur in the excluded cases, both rates are 163 

conditioned on documentation or follow-up rather than on exposure and are likely upper 164 

bounds at those units. 165 

Any conversion per case 166 

Seventy-six conversion events occurred in 2,728 robot-attempted cases. The pooled 167 

proportion was 3.6% (95% CI 2.1–6.3), with high heterogeneity (I² 81%, τ² 0.82, Q 63.2 on 168 

12 degrees of freedom, p < 0.001) and a 95% prediction interval of 0.5–23.6%. The 169 

prediction interval rather than the point estimate describes what a unit should expect: in a 170 

future series drawn from the same population of studies, conversion of between roughly 1 in 171 

200 and 1 in 4 cases is compatible with these data. Study-level Clopper–Pearson intervals 172 

ranged from 0 of 40 (Yan 2022) and 0.6% (PRoGRSS 2026) to 7 of 30 (Ringel 2012, 9.9–173 

42.3%). In Figure 2 a dagger marks sources reporting Grade 3 only, for which the 174 

contribution is a lower bound; because most numerators are of that kind, the pooled 3.6% is 175 

itself a lower bound on the primary outcome and should be quoted as one. The penalised 176 

quasi-likelihood GLMM, which accommodates zero-event studies without a continuity 177 

correction, gave 3.4% (1.9–6.0) and Freeman–Tukey 3.3% (1.6–5.4); the point estimate was 178 

stable across transformations and the prediction interval remained wide under all of them. 179 

Grade 3 total abandonment 180 

Pooled Grade 3 incidence was 2.8% (95% CI 1.7–4.6; 95% PI 0.6–13.2; I² 69%, τ² 0.50). 181 

Ringel 2012 reported Grade 2 events only, in which a cannula entered soft tissue and the 182 

robot was retained for the remaining screws, and enters this model as 0 of 30. Jain 2019 183 

reported five Grade 3 and two Grade 2 cases, so the Grade 3 model uses 5 of 106. Pojskić 184 

2025 requires the same distinction: its nine abandonments among 109 robot-attempted 185 

surgeries are partial, the arm being replaced by a navigated drill guide for the affected 186 



trajectories while the remainder of each construct was completed robotically, which meets the 187 

Grade 2 definition. Three further operations at that unit, planned for robotic placement but in 188 

which the arm was never used because of installation or restart problems arising before any 189 

screw was placed, lie outside the 109-surgery denominator and are counted in neither model. 190 

The prediction interval of 0.6–13.2% answers the procurement question in its narrowest form, 191 

namely how often the robot leaves the field altogether (Fig. 3). 192 

Per-screw conversion 193 

Six sources provided a matched screw denominator, ranging from Jain 2019 (5 of 636, 0.8%, 194 

excluding five cases aborted before any screw was placed) to Lonjon 2016 (4 of 40, 10.0%), 195 

with Ringel 2012, Avrumova 2021, Oh 2024 and Abel 2023 between them (Table 4). I² was 196 

81%, below the pre-specified threshold of 85%, so the pooled estimate of 4.4% (2.7–7.1) is 197 

permissible. Figure 4 omits a pooled diamond because the observed range, approximately 1 198 

in 125 to 1 in 10 screws, is the more useful statement and because the Jain denominator is 199 

biased downwards by the exclusion of aborted cases. 200 

Platform family 201 

Platform generation and operator experience are confounded in these data, and the platform 202 

subgroups follow the same pattern as the experience subgroups below. First-generation 203 

Mazor (SpineAssist) pooled at 13.1% (95% CI 3.9–35.8) across two sources, although I² with 204 

two studies is uninformative, and Renaissance at 6.5% with I² of 95%, which is not 205 

interpretable as a platform effect. ExcelsiusGPS pooled at 2.9% (1.1–7.5; I² 58%) across four 206 

sources, third-generation Mazor at 1.5% (0.5–4.7), and Cirq, two European implementation 207 

series, at 7.2% (4.0–12.6; I² 0%). The single TiRobot source reported no abandonment in 40 208 

cases (0.0–8.8) [34]. In Figure 5 the matched platform arms of Lee 2021 and Lee 2023 209 

replace the mixed-platform Lee 2022 cohort, so the subtotals are drawn from a partly 210 



different analysis set and do not sum to the primary denominator of 2,728 cases; the figure 211 

legend and Supplementary Table S11 give every platform arm with its numerator, 212 

denominator and model, and reconcile the two analysis sets. Mounting type could not be 213 

separated from platform. 214 

Small-study effects 215 

Funnel inspection did not suggest small-study effects that would change the interpretation 216 

(Fig. 6). Funnel asymmetry is unreliable for proportions, and the dominant bias in this 217 

literature is selective reporting of conversion, which a funnel restricted to the series that did 218 

report it cannot detect. 219 

Failure modes 220 

Seventy-four events with a stated mechanism were coded (Fig. 7, Table 5). This is not a 221 

complete census and its denominator is stated mechanisms rather than converted cases. Two 222 

sources contribute at event rather than case level: Ringel 2012, ten skived cannulae in seven 223 

cases, and Wandvik 2024, 20 classified events in five abandoned attempts. Lee 2022 (18 224 

events), Baig Mirza 2026 (two) and two of the nine Pojskić 2025 abandonments give no 225 

mechanism and are absent. The percentages below are therefore proportions of classified 226 

mechanisms, not of the 76 case-level conversion events, and are sensitive to Wandvik 2024 227 

alone supplying 20 of the 74. 228 

Category A, registration and tracking, accounted for 42 events (57%), the largest 229 

contributions being 12 registration failures and software crashes in Hu 2014, 14 tracking 230 

events in Wandvik 2024 and all four PRoGRSS abandonments. Category B, the instrument–231 

bone interface, accounted for 17 (23%), chiefly ten skived cannulae in Ringel 2012 and six 232 

skive or soft-tissue events in Wandvik 2024. Category D, hardware and software, accounted 233 

for 14 (19%), including seven Cirq-arm failures in Pojskić 2025, five attributed to ergonomic 234 



problems and two to technical problems. Category C accounted for one event, a conversion 235 

for severe scoliosis. Categories E and F were empty, which more likely reflects reporting 236 

practice than an absence of team or organisational failure. Table 5 gives the source-by-source 237 

breakdown. 238 

Sensitivity analyses 239 

Removing PRoGRSS moved the pooled any-conversion estimate from 3.6% to 4.3% (2.6–240 

7.3), and removing both industry-related sources gave 4.0% (2.2–7.2). Leave-one-out 241 

estimates ranged from 3.1% when Ringel 2012 was omitted to 4.3% when PRoGRSS was 242 

omitted, so no single source accounts for the finding (Fig. 8). The prediction interval 243 

remained an order of magnitude wide in every sensitivity analysis. 244 

Learning curve and operator experience 245 

The pre-specified subgroup that shifts the estimate is experience. Eight sources including the 246 

first institutional series pooled at 7.1% (95% CI 4.5–11.0; 95% PI 2.0–22.0; I² 52%). Five 247 

later or larger sources pooled at 1.4% (0.8–2.6; 95% PI 0.3–7.7; I² 49%), the lowest 248 

heterogeneity of any subgroup examined. Hu 2014 provides the within-surgeon 249 

demonstration: conversion to manual placement occurred in 17% of cases 1 to 30 and in 4 to 250 

8% thereafter, while malposition of the screws the robot did place remained between 0 and 251 

1.4% across all five blocks of 30 [8]. Lee 2022 reported abandonment falling from 10.3% in 252 

2016 to 1.1% in 2019 [16]. Figures 9 and 9b show both datasets and the pooled experience 253 

split. 254 

Certainty of evidence 255 

Certainty for the incidence of any conversion is very low (Table 6). Risk of bias is serious 256 

because most sources are retrospective and ascertainment often incidental; inconsistency is 257 



serious; imprecision is serious once the prediction interval is taken as the estimand of interest; 258 

and publication and selective-reporting bias is very serious, since Strand A was not run, silent 259 

series were not imputed, and the sample consists of authors who chose to report the outcome. 260 

Indirectness is not serious. The Grade 3 estimate is also of very low certainty. The learning-261 

curve split is low rather than very low, because inconsistency falls and two independent 262 

designs point in the same direction. No estimate reaches moderate or high certainty. 263 

DISCUSSION 264 

Principal findings 265 

The pooled any-conversion incidence of 3.6% and the pooled Grade 3 incidence of 2.8% 266 

describe the studies analysed here. Neither describes the next unit to install a system, and 267 

neither should enter a business case as a planning figure: in a future series resembling those 268 

analysed, the proportion of robot-attempted cases losing at least one screw from the robotic 269 

workflow is compatible with values between 0.5% and 23.6%, and total abandonment with 270 

values between 0.6% and 13.2%. 271 

Operator experience accounts for much of that spread: 7.1% in series that include the first 272 

institutional cases against 1.4% in later or larger series, where heterogeneity fell to 49%. The 273 

single-surgeon SpineAssist series of Hu shows the same pattern within one practice, while 274 

malposition among completed robotic screws did not change [8]. Conversion therefore 275 

behaves as a learning-curve and platform-generation phenomenon whereas malposition does 276 

not, and credentialling should be designed around that distinction. 277 

Registration technique and reference-array management, which together account for more 278 

than half of classified mechanisms, are amenable to training, whereas skiving depends on 279 

platform and technique. The randomised trial of Ringel, using a bed-mounted first-generation 280 

hexapod, recorded at least one converted screw in 23% of cases together with robotic 281 



accuracy inferior to freehand [12]; later floor- and table-mounted systems with integrated 282 

navigation have not reproduced that, which reflects platform generation rather than a reason 283 

to disregard the trial. The two Cirq implementation series [22,33] sit closer to early-284 

generation rates, consistent with early institutional experience rather than a mature platform 285 

effect. 286 

Implications for the accuracy literature 287 

Every accuracy meta-analysis cited above shares the same hidden selection: screws the robot 288 

could not place are removed from the denominator and the remainder graded, and the 289 

resulting 97 to 98% Grade A or B is then set against freehand series that have no equivalent 290 

exclusion. Almost no included study reported Gertzbein–Robbins grades for converted 291 

screws separately, so only a directional statement is possible. Hu 2013 aborted 110 of 1,085 292 

planned screws (10%) and reported 98.9% accuracy among the 960 placed [7]; Ringel 2012 293 

converted 10 of 146 screws and reported 85% Grade A or B among those implanted, already 294 

lower than freehand in that trial [12]; van Dijk 2015 excluded aborted cases before 295 

calculating 97.9% [42]. If a converted-screw fraction of 5 to 10% is counted as not Grade A 296 

or B, a published accuracy of 98% corresponds to an intention-to-treat accuracy of 88 to 297 

93%. That arithmetic illustrates direction and approximate size; it is not a pooled estimate 298 

and is not carried into the abstract or conclusion. Units comparing a robot with freehand 299 

technique on accuracy alone are comparing two different analysis sets. 300 

Relation to device-surveillance data 301 

Analyses of the FDA Manufacturer and User Facility Device Experience (MAUDE) database 302 

for Mazor X and ExcelsiusGPS describe precision issues as the majority of reported adverse 303 

events, with robot abandonment in about a third and mean delays of the order of an hour [45]. 304 

MAUDE provides a numerator without a denominator and was pre-specified as narrative 305 



context only, but it is consistent with the dominance of Categories A and B in the clinical 306 

series and a reminder that series which never mention conversion are not a safe source of 307 

zeros. 308 

Limitations 309 

Strand A was not run, so reporting completeness could not be estimated and the included 310 

sources are those whose authors named the outcome; no literature-wide completeness 311 

percentage is offered, because none can be calculated from a sample assembled in this way. 312 

OpenAlex records were not retrieved and CNKI and Wanfang were not searched, so some 313 

Embase- and Scopus-only records may have been missed and TiRobot experience rests on a 314 

single 40-case source. Most any-conversion numerators capture Grade 3 only, so Grade 2 is 315 

under-captured and 3.6% is a lower bound. Body mass index, bone quality, revision status 316 

and surgeon volume were too sparsely reported to support the pre-specified meta-regression. 317 

PRoGRSS may overlap the Lee Stealth cohort, although removing it does not change the 318 

prediction interval. No corresponding author was contacted and no PRESS review was 319 

obtained. 320 

Two further limitations concern what is being pooled. The included platforms are not 321 

equivalent devices: shared-control systems, supervised end-effector positioning systems and 322 

passive navigated alignment arms differ in what abandonment means and in what remains 323 

available once the robotic component is withdrawn. The failure-mode census is also not on 324 

the same footing as the incidence models, its denominator being stated mechanisms, with two 325 

sources contributing event-level counts and one supplying 20 of the 74 classified events, so 326 

the taxonomy percentages must not be applied to the 76 case-level conversion events. None 327 

of this argues for withholding the prediction interval. It argues for reading the point estimate 328 



as a description of a reporting-selected sample and the prediction interval as the range 329 

available for planning. 330 

Implications for practice and research 331 

For procurement, the first year of use should be modelled at a conversion rate near 7% rather 332 

than at the mature rate of approximately 1%, and total abandonment at approximately 3% 333 

with an upper range in double figures on a first-generation platform or during the learning 334 

curve. The upper limits of the prediction intervals, and not the pooled point estimates, should 335 

set the contingency. For credentialling, these data support structured proctoring through 336 

approximately the first thirty cases, and do not support treating conversion as a random 337 

device fault thereafter, at least on current third-generation and floor-mounted platforms. 338 

For trialists and registry designers, conversion should be reported as a pre-specified graded 339 

endpoint with a matched denominator, a stated mechanism, and an explicit statement of 340 

whether converted screws enter the accuracy analysis; where a denominator is restricted by 341 

documentation or follow-up, that restriction should be stated alongside the rate. Box 1 sets 342 

out a minimum reporting set. Series that remain silent on conversion should be treated as 343 

uninformative rather than as reporting zero, and an intention-to-treat accuracy re-analysis 344 

counting converted screws as failures is overdue. 345 

CONCLUSION 346 

Intraoperative conversion from robotic to freehand or navigated technique occurs often 347 

enough to belong in a capital business case and, in mature series, infrequently enough to be 348 

missed if it is not specifically sought. Across 13 independent sources the pooled any-349 

conversion incidence was 3.6% (95% prediction interval 0.5 to 23.6) and total abandonment 350 

2.8% (0.6 to 13.2). Those pooled percentages describe the studies analysed, rest on very low 351 

certainty evidence, and are lower bounds to the extent that most numerators capture total 352 



abandonment only; the prediction intervals are the figures a unit should plan against, and 353 

most of the spread is attributable to operator experience and platform generation. Registration 354 

and tracking failures, followed by skiving at the instrument–bone interface, dominate among 355 

the series that state a mechanism. Accuracy figures that exclude the screws the robot could 356 

not place do not describe what the device delivers in practice. 357 

 358 
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 501 

Figure legends 502 

Intraoperative failure of the robotic workflow in spine surgery: incidence, failure modes and 503 
predictors of conversion to freehand or navigated technique 504 

PROSPERO CRD420261506933. Figures 1 to 9b. High-resolution PNG and PDF files accompany this 505 
submission. 506 

Fig. 1  PRISMA 2020 flow diagram 507 

Identification used protocol Strand B, an outcome-term overlay applied to a robot-and-spine 508 

strategy, together with a known-item seed set and citation chasing across MEDLINE via 509 

PubMed, Europe PMC and Cochrane CENTRAL on 18 September 2026. OpenAlex was 510 

attempted and returned HTTP 429, so those records were not retrieved. Strand A (robot AND 511 

spine, with no outcome terms) was not run. Series silent on conversion were not imputed as 512 

zero. Lonjon 2016, Avrumova 2021, Abel 2023 and Oh 2024 appear in the per-screw display 513 

only, because their per-case denominator is unmatched. Devito 2010 and van Dijk 2015 could 514 

not yield an unbiased rate and were not pooled; van Dijk 2015 excluded aborted cases from its 515 

published denominator. 516 

Fig. 2  Forest plot of any reported conversion (Grade 2 or 3) per robot-attempted case 517 

Random-effects DerSimonian–Laird model on the logit scale. Squares are study proportions, 518 

horizontal bars are Clopper–Pearson 95% confidence intervals and square size is proportional 519 

to inverse-variance weight. The crimson diamond is the pooled estimate with its 95% 520 

confidence interval. The gold bar is the 95% Higgins–Thompson prediction interval, which is 521 

the figure a unit should use for planning. A dagger marks sources that reported Grade 3 only, 522 

for which the contribution is a lower bound on the primary outcome. k = 13, 76 events in 2,728 523 

cases; pooled 3.6% (95% CI 2.1–6.3); 95% prediction interval 0.5–23.6%; I² 81%, τ² 0.82. 524 



Fig. 3  Forest plot of Grade 3 total abandonment per robot-attempted case 525 

Model as for Figure 2, restricted to total abandonment of the robotic workflow for the 526 

remainder of the case. Ringel 2012 enters as 0 of 30, having reported Grade 2 events only. Jain 527 

2019 enters as 5 of 106. Pooled 2.8% (95% CI 1.7–4.6); 95% prediction interval 0.6–13.2%; I² 528 

69%. 529 

Fig. 4  Per-screw conversion, display only 530 

Six independent sources with a matched screw denominator. I² of 81% sits just below the pre-531 

specified threshold of 85%, so a pooled estimate is reported in Table 4, but the forest is drawn 532 

without a diamond because the observed range, from 0.8% in Jain 2019 to 10% in Lonjon 2016, 533 

is the more useful statement. Jain 2019 is biased downwards because the five aborted cases are 534 

absent from the 636-screw denominator. Avrumova 2021 counts freehand conversions only 535 

(21 of 364); a further 17 screws converted to K-wire technique are not included. 536 

Fig. 5  Subgroup forest plot by platform family 537 

Navy diamonds are family subtotals. The crimson diamond and gold bar are the overall logit 538 

DerSimonian–Laird estimate and prediction interval from the primary non-overlapping set. In 539 

this figure only, the matched Lee 2021 Mazor X and Stealth arms and the Lee 2023 Renaissance 540 

arm replace the mixed-platform Lee 2022 cohort, so the subtotals are drawn from a partly 541 

different analysis set and do not sum to the primary denominator of 2,728 cases. First-542 

generation Mazor sits well above floor-mounted ExcelsiusGPS and third-generation Mazor. 543 

Cirq, represented by two European implementation series, pools at 7.2% with I² of 0%. 544 

Platform generation is confounded with operator experience. Every source and arm entering 545 

each subgroup is listed with its numerator and denominator in supplementary Table S11. 546 

Fig. 6  Funnel plot on the logit scale 547 

Funnel asymmetry is unreliable for proportions and cannot detect the dominant bias in this 548 

literature, which is selective reporting of conversion as an outcome. Series that never mention 549 

conversion do not appear in this plot. 550 



Fig. 7  Failure-mode taxonomy among 74 classified mechanisms 551 

Not a complete census, and the denominator is stated mechanisms rather than converted cases. 552 

Only events with a stated mechanism are coded. Registration and tracking account for 42 of 74 553 

(57%), the instrument–bone interface for 17 of 74 (23%), hardware and software for 14 of 74 554 

(19%) and anatomy for 1 of 74 (1%). Categories E and F were empty among classified events. 555 

Wandvik 2024 contributes 20 of the 74 because that paper set out to classify limitations. Lee 556 

2022 and Baig Mirza 2026 reported abandonment without a mechanism and are absent. 557 

Fig. 8  Leave-one-out sensitivity analysis for any conversion 558 

Each row is the logit DerSimonian–Laird pooled proportion after omission of the named 559 

source. Estimates run from 3.1% when Ringel 2012 is omitted to 4.3% when PRoGRSS is 560 

omitted. No single source accounts for the finding, and the prediction interval remains an order 561 

of magnitude wide under every omission. 562 

Fig. 9  Learning curve within a single surgeon and across a multicentre series 563 

Left panel: Hu 2014, single surgeon, SpineAssist. Conversion to manual placement occurred 564 

in 17% of cases 1 to 30 and in 4 to 8% thereafter, while malposition of the screws the robot did 565 

place remained between 0 and 1.4% across all five blocks of 30. Conversion behaves as a 566 

learning-curve phenomenon; malposition among completed robotic screws does not. Right 567 

panel: Lee 2022 (n = 722) reported abandonment falling from 10.3% in 2016 to 1.1% in 2019. 568 

Fig. 9b  Pooled any conversion by inclusion of the learning curve 569 

Random-effects DerSimonian–Laird estimates for the two pre-specified experience subgroups. 570 

Eight sources including the first institutional series pool at 7.1% (95% CI 4.5–11.0; 95% 571 

prediction interval 2.0–22.0; I² 52%). Five later or larger sources pool at 1.4% (95% CI 0.8–572 

2.6; 95% prediction interval 0.3–7.7; I² 49%), the lowest heterogeneity of any subgroup 573 

examined. 574 

 575 



FIGURES 

Intraoperative failure of the robotic workflow in spine surgery 

Figure 1. PRISMA 2020 flow diagram. 

 

 

Figure 2. Any conversion (Grade 2 or 3) per robot-attempted case. 



 

 

Figure 3. Grade 3 total abandonment per robot-attempted case. 



 

 

Figure 4. Per-screw conversion, display only. 



 

 

Figure 5. Subgroup forest by platform family. 



 

 

Figure 6. Funnel plot on the logit scale. 



 

 

Figure 7. Failure-mode taxonomy among classified events. 



 

 

Figure 8. Leave-one-out sensitivity. 



 

 

Figure 9. Learning curve (Hu 2014 and Lee 2022). 

 

 

Figure 9b. Learning-curve split, pooled any conversion. 



 

 



Supplementary Files

This is a list of supplementary files associated with this preprint. Click to download.

02Tables.docx

05Supplementarysearchandextraction.docx

https://assets-eu.researchsquare.com/files/rs-11128619/v1/6e1b7450abf2cd9c7930a6ed.docx
https://assets-eu.researchsquare.com/files/rs-11128619/v1/f212e215372cbe0a3ba8e7d0.docx

